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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 
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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 The papers were not peer reviewed and are reproduced here as they were 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: 
 

1. In-Forest Wood Property Assessment 
2. Evaluation of Structural Timber 
3. Evaluation of Engineered Wood Products 
4. Urban Tree Defect Assessment and Risk Analysis I 
5. Condition Assessment and Evaluation of Wood Structures I 
6. Wood Material Characterization I 
7. Urban Tree Defect Assessment and Risk Analysis II 
8. Condition Assessment and Evaluation of Wood Structures II 
9. Wood Material Characterization II 
10. Evaluation of Seedlings and Young Trees for Genetic Improvement 
11. Evaluation of Round Wood 
12. Poster Session 

We express our sincere appreciation and gratitude to members of the Organizing Committee, 
International Nondestructive Testing and Evaluation of Wood Symposium Series, for their 
efforts in making this symposium a success:  
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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 

8



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 
quality 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.  
 
 

 
 

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) 
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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.  
 

 
 

Figure 2—Measuring crown parameters from t-LiDAR method (Popescu et al. 2008) 
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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 MOEdyn. 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 
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Email: voichitabucur@yahoo.fr  
 
 
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 15th 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 20th 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.  
 
 

 

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) 

Instrument Violinmaker 

 
Manufactured 

date 
AD 

Analysed 
rings 

number – 
bass side 

 
Dendrochronological 
date – top, bass side  

AD 

 
Difference 

(years) Note 

Viola da 
gamba 

Vogel H 
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 19th 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 Ötztal 
– 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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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) 

 
 

a) Map of the site  

 
 

b) Principal component analysis   

 
 

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-1 and 5100 and 4500 
cm-1 (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 20th 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-1. 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)  

Parameters Units Italy 
Italian Alps 

Italy 
Apennines Switzerland Austria 

Tyrol 
Germany 
Bavaria 

Mean value 1/100 mm 117 160 130 134 142 
Standard 
deviation  1/100 mm 29 50 33 34 42 

Coeff. of 
variation  % 25 50 25 25 30 

 
Table 3―Master 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) 

 
Nr. 

Violins - 
Code of 
Instrument  

 
Master chronology  

 
Maker  Town of 

origin 
Dendrodate 
Year - AD 

Test t 
Significant 

value 

1 2002/304 Siebenlist-Kerner 
(1984) Austria F. Breton Paris 

France 1698 8.8 

2 1988/018 Siebenlist-Kerner 
(1984) Austria Anonymous Mirecourt 

France 1816 7.4 

3 1988/237 Paneveggio 
Italien Alps G. Gabbrielli Florence 

Italy 1749 9.8 

4 Bm901 Ital006 Cortina, Italy I. Sderci Florence 
Italy 1953 5.8 

5 1988/017 Germ5 North Bavaria J. Gagliano Naples 
Italy 1765 7.7 

 
 
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 
quality 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 techniques 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. 
 

 
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). 

 

 
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. 
 

                
Figure 4. Electronically regulated resistance drilling 
in a standing tree using a Resistograph tool (photo 
credit: Frank Rinn). 

Figure 5. Resistance drilling profile obtained from a 
Norway spruce (Picea abies) revealing density 
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 (Görlacher and 
Hättich 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 (r2 = 0.67 reported by 
Ceraldi et al. 2001, r2 = 0.44 reported by Zhang et al. 2009, r2 = 0.89 reported by Park et al. 2006, r2 = 
0.93 reported by Bouffier et al. 2008, r2 = 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 × 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 grandis×Eucalyptus 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 
quality 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 (Jerrymjr 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. 

34



 
Figure 1—Schematic diagram of time-of-flight (TOF) stress wave measurement on 
standing trees (L=test span). 

 

 
Figure 2—Three-dimensional geometry model constructed using COMSOL software 
(Model 2). 

 

 

Figure 3—Two-dimensional geometry model constructed using COMSOL software 
(Model 2). 
 

Table 1—Parameters of the 3D geometry models for Chinese larch. 
Variable a Model 1 Model 2 Model 3 Model 4 

L (cm) 500 500 500 500 
D (cm) 20 30 40 50 
r (cm) 5 7.5 10 12.5 
r1(cm) 
r2(cm) 

5 
10 

7.5 
15 

10 
20 

12.5 
25 

aL, length of model; D, diameter of model; r, radius of layer 1; r1, inner radius 
of layer 2; r2, outer radius of layer 2 
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Table 2—Elastic constants and density of Chinese larch heartwood. 
Modulus of elasticity 

(MPa) a 
Modulus of rigidity 

(MPa) b Poisson’s ratio c Density  
(Kg ⋅m-3) 

LE  6792.08 RTG  414.58 RTυ  0.76  
TE  282.27 LRG  426.86 LRυ  0.21 500 
RE  342 LTG  375.23 LTυ  0.28  

a
LE ,longitudinal modulus of elasticity; TE , tangential modulus of elasticity; RE , radial modulus of elasticity 

b
RTG ,shear modulus in R-T plane; LRG , shear modulus in L-R plane; LTG , shear modulus in L-T plane 

c
LTυ ,Poisson’s ratio of R-T direction; LRυ , Poisson’s ratio of L-R direction; RTυ , Poisson’s ratio of L-T direction 

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

Modulus of elasticity 
(MPa) 

Modulus of rigidity 
(MPa) Poisson’s ratio Density  

(Kg ⋅m-3) 
LE  10137 RTG  555.56 RTυ  0.81  
TE  387.82 LRG  430.05 LRυ  0.26 750 
RE  914.95 LTG  445.78 LTυ  0.36  

a
LE ,longitudinal modulus of elasticity; TE , tangential modulus of elasticity; RE , radial modulus of elasticity 

b
RTG ,shear modulus in R-T plane; LRG , shear modulus in L-R plane; LTG , shear modulus in L-T plane 

c
LTυ ,Poisson’s ratio of R-T direction; LRυ ,Poisson’s ratio of L-R direction; RTυ ,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: 
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Where A is the amplitude of the pulse and f is the frequency.  

 
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 45º angle with respect to the longitudinal axis, the impact force acting on the start 
sensor is also in a 45 º 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 Fz(t), and each 
component is 141.4 N. According to the frequency analysis of the actual impact signals, the frequency 
of the pulses was 41 10× (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: 𝑢𝑢𝑖𝑖 = 0 (𝑖𝑖 = 𝑥𝑥,𝑦𝑦, 𝑧𝑧)  (2) 
 

Initial velocity: 𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝜕𝜕

= 0 (𝑖𝑖 = 𝑥𝑥,𝑦𝑦, 𝑧𝑧)   (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： 2 2 2
2( ,0 500)

0
x y r z

u
l + = ≤ ≤

∂
=

∂
                    (4) 

Low-reflection condition： ( ) ( )p s
u un C n n C t t
t t

σ ρ ρ∂ ∂
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∂ ∂
     (5) 

 
Where l is the unit normal vector of boundary, 2r is the large radius of the model (i.e. outer radius 
of layer 2), σ is the stress of particle, n and t are the unit normal vectors and unit tangent vectors 
of boundary, respectively, Cp is the longitudinal wave velocity, Cs is the shear wave velocity, ρ 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). 

 

 

Figure 6—Meshing of a 3D model (Model 2). 
 
 

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

 
 
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= 700μs. 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 (t=100, 200, 300, 400, 500, 600, 700 , 800, 900, 
1000, 1100, 1200, 1300μs), 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 numbers 
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 μs ). 

 
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= 700μs 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, 1300μs), 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).  
 

 
 

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, 1300μs). 
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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 (R2) 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.  
 
 

 
Figure 11—Wave propagation distance defined by the leading edge of the wavefront (Model 2). 

 
 

  
 
Figure 12—Relationship between wave 
propagation time and propagation distance. 

Figure 13—Relationship between wave velocity 
and tree diameter. 
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Figure 14—Wave propagation time difference in relation to diameter-distance ratio 
(D/L). 

 
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 (TOFmax–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 
quantify 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/ω    (Nm s/rad)                                        (1) 
 
Where T is drilling torque (Nm) and ω 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= ρV2                                                          (2) 

 
where V (m/s) is the acoustic velocity, ρ (kg/m3) 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 S2 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, S2, S3).  These layers are differentiated by the 
degree of orderliness and orientation of the crystalline portion of the cellulose. The S2 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 31o12΄16΄΄N and 
longitude 81o58΄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 

51



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, 23oC 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 80oC 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 30oC 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 121oC 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 85oC 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) 

                                       𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐺𝐺𝐻𝐻𝐻𝐻𝐻𝐻𝐺𝐺𝐺𝐺 + 𝑋𝑋𝑋𝑋𝐻𝐻𝐺𝐺𝐺𝐺 + 𝐴𝐴𝐴𝐴𝐺𝐺𝐴𝐴𝐴𝐴𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑀𝑀𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺  Equation 1 

                                        𝐶𝐶𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐺𝐺𝐻𝐻𝐻𝐻𝐻𝐻𝐺𝐺𝐺𝐺 − (1
3
∗ 𝑀𝑀𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)     Equation 2 

                                      𝐻𝐻𝐻𝐻𝐻𝐻𝐴𝐴𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻    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 S2 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/cm3 for cellulose, 1.49g/cm3 for hemicellulose, and 1.4 
g/cm3 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 S2 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 

 

Table 2 - Full multiple linear regression models of chemistry, density and MFA for predicting MOR, 
MOE and velocity.   
 MOR MOE Log velocity 
 Coefficient SE R2 Coefficient SE R2 Coefficient SE R2 
Model 1 74.47*** 1.49 76.39 7.97*** 0.23 72.9 4.44*** 0.05 59.13 
Cellulose 1.95ns 1.74  0.84** 0.27  0.22*** 0.06  
Hemicelluloses 5.18** 1.72  1.00*** 0.26  0.14* 0.06  
Lignin 1.41 ns 1.67  0.17ns 0.25  -0.04ns 0.05  
OWD 13.6*** 1.68  1.62*** 0.26  0.21*** 0.06  
MFA -0.89 ns 1.54  -0.05ns 0.23  0.08 ns 0.05  
          
Model 2 74.47*** 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 -1.06ns 2.23  -0.12ns 0.31  -0.06ns 0.06  
Disk density 9.99*** 2.13  1.15*** 0.31  0.20** 0.06  
MFA -1.06ns 2.21  -0.07ns 0.30  0.07 ns 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 

 

 

 

 

 

 

 

 

 

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 

 Mean  Standard deviation Minimum  Maximum 
Disk density (DD) (g/cm3) 0.57 0.06 0.47 0.73 
Outerwood density (OWD) (g/cm3) 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 (o) 23.88 2.15 19.35 28.05 
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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 

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

 
 

 
 
 
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, 

Hitman® HM200 

Hitman® PH330 

Hitman® LG640 
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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  
                           “app” 
 
 
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 x ST300 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.  

3. 1 x Tx s/n 0026.  
4. 1 x HM200.  
5. 1 x Panasonic Tough book field laptop and P121-010-ST Connect program to record the ToF 

measurements (Lab testing).  
6. Testing hammer.  
7. Tape measure.  

 
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.  
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.  
4. Connect the ST300 to the P121-010-ST Connect program.  
5. Ensure the algorithm settings are standard.  
6. Perform 100 hit samples. For each set of hits, record the ToF measurements.  
7. 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.  
 
 
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 

Log 1 320 370 2640 Radiata 

Log 2 275 300 2590 Radiata 

Log 3 290 345 2635 Douglas fir 

Log 4 250 300 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.  
4. Use the STConnect software with the Toughbook to record 5 lots of 20 ToF measurements.  
5. Repeat steps 3-4 for the ST330 (s/n 0058) tooling.  
6. 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).  
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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 μs and 2 μs. The standard deviation of the ToF data using the ST300 was between 
5 μs and 6 μs. 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 [µs] Std. Dev  [µs] Average ToF [µs] Std. Dev  [µs] 

Test 1 
302 6 315 2 

Test 2 
302 6 315 1 

Test 3 
303 5 315 1 

 

 

 

Figure 1: Raw data 
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 μs. The standard 
deviation of the ToF readings using the ST300 
was between 2 μs and 3 μs. This implied that the 
variance of the ST300 measurements was 
between 2 to 3 times larger than that of the 
ST330. 

  
Table 2: Rx Readout data 

 ST300 ST330 

 Average ToF  [µs] Std. Dev  [µs] Average ToF  [µs] Std. Dev  [µs] 

Test 1 251 2 262 1 

Test 2  251 2 263 1 

Test 3 255 3 262 1 
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Figure 2: Data taken from Rx readout 
 

 

 

 

 

 

 

 

 

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 μs away from the “real” ToF value of the test specimen. The SoM 
calculation method is described in the Appendix. 
 

Figure 3: Cumulative Standard Error of the 
Mean 

Assuming a test of 100 hits would be sufficiently 
close to the “real” ToF value of the test specimen, 
a two tailed t-test could be carried out to produce 
a ToF measurement within a pre-defined 
tolerance and a specified confidence interval 
(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 
or minus 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 
±3 μs 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 

selected tooling accuracy  
 
 
 
 
 
 
 
 
 
 

 
 
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 

Nominal Distance  
[mm] Average ToF [µs] Standard Dev. 

[µs] Average ToF [µs] Standard Dev. 
[µs] Average ToF [µs] Standard Dev. 

[µs] 

500 113 9 88 9 148 4 

1000 241 6 201 4 287 0 

1500 378 7 319 6 436 6 

Nominal Distance  
[mm] 

Average Velocity 
[km/s] 

Standard Dev. 
[km/s] 

Average Velocity 
[km/s] 

Standard Dev. 
[km/s] 

Average Velocity 
[km/s] 

Standard Dev. 
[km/s] 

500 3.65 0.33 4.31 0.50 3.37 0.10 

1000 3.63 0.09 4.36 0.09 3.48 0.08 

1500 3.64 0.06 4.35 0.08 3.44 0.05 

 
 

Table 3: ST330 Average ToF and Wave Velocity at Nominal Distances 
 

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

Nominal Distance  
[mm] Average ToF [µs] Standard Dev. 

[µs] Average ToF [µs] Standard Dev. 
[µs] Average ToF [µs] Standard Dev. 

[µs] 
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500 115 1 96 1 148 3 

1000 257 3 214 1 291 3 

1500 396 2 344 1 441 3 

Nominal Distance  
[mm] 

Average Velocity 
[km/s] 

Standard Dev. 
[km/s] 

Average Velocity 
[km/s] 

Standard Dev. 
[km/s] 

Average Velocity 
[km/s] 

Standard Dev. 
[km/s] 

500 3.51 0.02 3.90 0.04 3.38 0.06 

1000 3.46 0.03 4.10 0.02 3.44 0.03 

1500 3.47 0.01 4.01 0.01 3.40 0.02 

 
 

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 
constant throughout the log’s length and is not 
dependant on probe separation, the trend of 
velocity across the different probe distances 
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 μs, 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. 
 

66



Figure 6: ST300 Comparison of Wave Velocity 
at Different Lengths* 

 
*Note: Sequential Hit Number 0-100 are at a probe distance 
of 500 mm, 100-200 are at a probe distance of 1000 mm and 
200-300 are at a probe distance of 1500 mm. 
 
 
 
 
 
 
 
 

 
 
Figure 7: ST330 Comparison of Wave Velocity 

at Different Lengths* 
 

*Note: Sequential Hit Number 0-100 are at a probe distance 
of 500 mm, 100-200 are at a probe distance of 1000 mm and 
200-300 are at a probe distance of 1500 mm. 
 
 
 
 
 
 
 
 

 
Table 4: Uncertainty Error in Wave Velocity Measurements 

 Brass Bar Radiata Douglas fir 
 ST300 ST330 ST300 ST330 ST300 ST330 

Nominal Distance  [mm] Error [±km/s] Error [±km/s] Error [±km/s] Error [±km/s] Error [±km/s] Error [±km/s] 

500 0.07 0.08 0.10 0.10 0.16 0.13 

1000 0.04 0.04 0.05 0.04 0.07 0.06 

1500 0.03 0.03 0.03 0.03 0.04 0.04 

 
 
 
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 μs and 6 μs for each test. The standard deviation for each test from the 
ST330 data was found to be between 1 μs and 2 μs. From the averaged ToF data taken from the Rx 
display the standard deviation across 100 sequential hits was found to be between 2 μs and 3 μs for each 
test using the ST300 and 1 μs 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 μs and 9 μs in Radiata pine and between 4 μs 
and 9 μs in Douglas fir logs. The variance for the ST330 ToF measurements was between 1 μs and 3 μs in 
Radiata pine and 1 μs 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: 

𝜎𝜎𝑠𝑠 = �∑ (𝑥𝑥𝑖𝑖 − �̅�𝑥)2𝑛𝑛
𝑖𝑖=1
𝑛𝑛 − 1

 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =
𝜎𝜎𝑠𝑠
√𝑛𝑛

 

Where: 

𝑆𝑆𝑆𝑆𝑆𝑆 cumulative standard error of the mean. 

𝑛𝑛 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. 

𝜎𝜎𝑠𝑠 is the cumulative standard deviation. 

𝑥𝑥 is the ToF data. 

�̅�𝑥 is the subset ToF mean. 
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Confidence Interval 
Table 5: Two tailed t-test 

 
 
Assuming the mean ToF of infinite hits will approximately equal to the ToF of the sampled tree, the 𝑡𝑡0.95 
value for an infinite set is:  
𝑡𝑡0.95 value = 1.960  
The confidence interval or error about the sample mean (�̅�𝑥) is: 
 𝜀𝜀0.95 = 𝑡𝑡0.95 �

𝜎𝜎𝑠𝑠
√𝑛𝑛
� 

Where: 𝜎𝜎𝑠𝑠 = Cumulative standard deviation of sample,  𝑛𝑛 =  number of samples or hits taken.  
The error (±𝜀𝜀0.95 [µ𝑠𝑠] ) will mean you are confident that the mean of your sample data will be within 
±𝜀𝜀0.95 [𝑢𝑢𝑛𝑛𝑢𝑢𝑡𝑡] 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. “𝑣𝑣 ± 𝐸𝐸0.95[𝑘𝑘𝑘𝑘/𝑠𝑠]” for example “3.15±.02 
km/s”. 

where: 

 𝑣𝑣 = 𝐷𝐷
�̅�𝑥
  is the velocity [km/s] 

�̅�𝑥 is the average ToF of the hit data 

𝐸𝐸0.95 is the error of the velocity measurement 

 

The error of the velocity measurement will be propagated by: 
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𝐸𝐸0.95 =  𝑣𝑣 ∗ �
𝜀𝜀0.95

�̅�𝑥 
� 

 

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 𝑡𝑡 = 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: 
 

𝑘𝑘𝑖𝑖 =
0.6745(𝑥𝑥𝑖𝑖 − 𝑥𝑥�)

𝑆𝑆𝑀𝑀𝑀𝑀
 

Where: 

𝑥𝑥𝑖𝑖 is the data value (i.e. ToF) 

𝑥𝑥� is the median of the data subset 

𝑛𝑛 is the data subset size 

𝑆𝑆𝑀𝑀𝑀𝑀 is the median absolute deviation: 

𝑆𝑆𝑀𝑀𝑀𝑀 =
∑ |𝑥𝑥𝑖𝑖 − 𝑥𝑥�|𝑛𝑛
𝑖𝑖=1

𝑛𝑛
 

If |𝑘𝑘𝑖𝑖| > 𝑡𝑡 then the data point 𝑥𝑥𝑖𝑖 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 𝑘𝑘𝑖𝑖  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 İzmit districts, respectively. These stands were 
consist of adjacent parts where five hybrid poplar clones, I-214 (Populus nigra×P. deltoides), I-45/51 (P. 
nigra×P. deltoides), I-77/51 (P. deltoides), S307 (P. nigra), and 89M (P. nigra) were planted with initial 
spacing of 2×2 m, 3×2 m, 3×3 m, and 4×3 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 I-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 I-45/51 and 89M at both growing sites. The highest values were observed in S307 and I-
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, Izmit. 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 “I-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% “I-214” and “I-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; Hernández 
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 Hernández et al. (1998) 
pointed out significant but weak negative correlations between wood density or mechanical properties and 
growth rate in P. deltoides×nigra. 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 I-214 (Populus nigra×P. deltoides), I-45/51 (P. 
nigra×P. deltoides), I-77/51 (P. deltoides), S307 (P. nigra), and 89M (P. nigra) were planted with initial 
spacing of 2×2 m, 3×2 m, 3×3 m, and 4×3 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.  
 

 
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 
 

𝐶𝐶𝑇𝑇 =
𝑆𝑆

𝑇𝑇𝑇𝑇𝑇𝑇
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where CT 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).  
 

 
Figure 2— Experimental setup for acoustic measurements. 

 

 
Figure 3— Experimental setup for radial bending (left) and compression parallel to grain (right) 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 Izmit 
district. The acoustic velocity of the I-214 and I-45/51 clones (P. nigra×P. 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 m²) where the latter clones were identical. However, when the planting density 
increased to 4.5 m² and 6 m² 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 I-214 and I-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 I-214 and I-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 Izmit district 

Clones 

Planting density (m²) 

4.5 6 9 12 

I-214 3861,8 (263,9) 
DE* 

3784,2 (280,4) 
CD 

3610,8 (251,1) 
B 

3437,2 (228,1) 
A 

I-45/51 3840,8 (338,8) 
DE 

3646,8 (244,7) 
BC 

3659,1 (271,7) 
BC 

3538,2 (140,6) 
AB 

I-77/51 3811,5 (296,8) 
CD 

4123,4 (236,6) 
FGH 

4162,0 (220,4) 
GH 

4004,8 (198,2) 
EFG 

S307 4198,3 (250,2) 
H 

3991,4 (277,4) 
EF 

4118,1 (175,9) 
FGH 

3897,7 (192,5) 
DE 

89M 3843,3 (248,7) 
DE 

3775,6 (330,8) 
CD 

3992,3 (235,3) 
EF 

3844,3 (285,6) 
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 I-214 and I-45/51 clones (P. nigra×P. deltoides) were found significantly lower than the 
others while I-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 I-214 clone that the highest velocity values 
were obtained at the lowest planting space (4.5 m²) and inversely the lowest velocities were obtained at 
the highest planting space (12 m²). 
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Table 2—Acoustic velocity measurments results for Ipsala district 

Clones 

Planting density (m²) 

4.5 6 9 12 

I-214 3763,4 (448,3) 
BC 

3625,3 (193,5) 
B 

3692,5 (242,9) 
B 

3783,4 (257,4) 
BC 

I-45/51 3891,1 (253,7) 
CD 

3305,4 (220,8) 
A 

3784,2 (267,1) 
BC 

3454,3 (241,9) 
A 

I-77/51 4242,1 (210,0) 
G 

3770,8 (195,0) 
BC 

3954,7 (240,2) 
D 

3752,1 (169,1) 
BC 

S307 4120,9 (193,8) 
EFG 

4183,9 (142,9) 
FG 

4018,2 (165,8) 
DE 

3743,2 (207,5) 
BC 

89M 4053,6 (344,7) 
DEF 

3758,4 (321,9) 
BC 

3906,4 (204,7) 
CD 

3632,6 (165,3) 
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 I-214 and I-45/51 clones which also had the lowest 
velocity values. However, when the planting space increase to 9 m² and 12 m², the bending strength of I-
45/51 were significantly higher than I-214 and identical with the other clones. The strengt values obtained 
from I-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 Izmit district 

Clones 

Planting density (m²) 

4.5 6 9 12 

I-214 6,60 (0,91) 
A 

7,03 (0,46) 
AB 

6,61 (0,61) 
A 

7,63 (1,36) 
BCD 

I-45/51 7,04 (0,69) 
AB 

7,50 (1,28) 
BC 

8,60 (0,83) 
FGH 

8,38 (0,93) 
EFG 

I-77/51 8,61 (0,98) 
FGH 

9,14 (0,87) 
H 

8,78 (0,76 ) 
FGH 

8,91 (0,62) 
GH 

S307 7,78 (0,78) 
CDE 

8,26 (0,98) 
EFG 

8,76 (0,91) 
FGH 

8,63 (0,75) 
FGH 

89M 7,38 (1,09) 
BC 

8,46 (1,35) 
FG 

8,17 (0,65) 
DEF 

8,36 (1,30) 
EFG 

*p<0,05     
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Table 4—Parallel compression strength test results for Izmit district 

Clones 

Planting density (m²) 

4.5 6 9 12 

I-214 17,44 (1,60) 
AB 

17,79 (1,41) 
BC 

17,51 (1,22) 
AB 

16,52 (2,08) 
A 

I-45/51 17,64 (1,28) 
ABC 

16,49 (1,27) 
A 

18,79 (2,20) 
C 

17,72 (1,39) 
BC 

I-77/51 21,58 (1,86) 
EF 

22,40 (1,61) 
F 

21,61 (1,36) 
EF 

22,02 (1,57) 
F 

S307 22,58 (2,02) 
F 

20,57 (1,67) 
DE 

21,75 (1,57) 
EF 

22,23 (1,71) 
F 

89M 20,39 (1,93) 
D 

21,72 (2,91) 
EF 

21,48 (2,17) 
DEF 

20,35 (2,35) 
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 I-214 and I-45/51 clones at all planting spaces. The 
other clones were found close to each other and higher than I-214 and I-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 I-77/51 depending on the planting density.  I-214 and I-45/51 
clones reached the highest compression strength at 6 m² planting space, while I-77/51 and 89M clones 
reached the highest value at 9 m².  
 

Table 5—Radial bending strength results for Ipsala district 

Clones 

Planting density (m²) 

4.5 6 9 12 

I-214 8,93 (1,08) 
CDE 

8,37 (0,92) 
ABC 

8,07 (0,67) 
A 

8,35 (0,95) 
ABC 

I-45/51 8,85 (0,95) 
BCDE 

8,65 (0,66) 
ABCD 

8,19 (0,56) 
AB 

8,66 (0,73) 
ABCD 

I-77/51 10,13 (0,86) 
HIJ 

9,39 (0,72) 
EFG 

8,93 (1,14) 
CDE 

9,98 (0,84) 
GHI 

S307 10,67 (1,11) 
J 

8,96 (0,59) 
CDE 

9,56 (0,98) 
EFGHI 

9,72 (0,76) 
FGHI 

89M 9,45 (1,82) 
EFGH 

9,23 (0,86) 
DEF 

8,39 (1,14) 
ABC 

10,21 (1,07) 
IJ 

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

Clones 

Planting density (m²) 

4.5 6 9 12 

I-214 17,45 (0,96) 
A 

19,27 (1,40) 
C 

18,15 (1,74) 
ABC 

17,07 (1,82) 
A 

I-45/51 18,87 (1,19) 
BC 

19,13 (1,60) 
C 

17,99 (1,33) 
AB 

18,94 (1,33) 
BC 

I-77/51 22,74 (1,38) 
G 

21,59 (1,49) 
EFG 

22,67 (1,49) 
G 

21,79 (1,41) 
FG 

S307 22,47 (1,56) 
FG 

22,33 (1,31) 
FG 

21,40 (1,64) 
DEF 

20,40 (1,14) 
D 

89M 21,58 (1,28) 
EFG 

20,62 (2,21) 
DE 

22,51 (1,93) 
FG 

21,36 (1,48) 
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 I-214 clone, according to t-test results, there was no significant difference between Izmit 
and Ipsala at 4.5 m², 6 m², and 9 m² spacing with regards the acoustic velocity while significant difference 
was found at 12 m². However, in I-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 Izmit 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 I-214 and I-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 I-214 and I-45/51 
clones were found significantly lower than the I-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 I-214 and I-
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 G1 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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(a) 

 
 

(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.  
 
 

 
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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(a) 

 
 

(b) 

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. 
 

 
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 × 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 

87



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 × 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 × 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. 
 

 
 

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 RPI 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 (Fb) 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 Fb 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 α = 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 × 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 × 8 southern 
pine lumber  
Overall Mean Median COV 
Pith (%) 54.7* –  – 
RPI 4.5 3.7 57.0 
LW (%) 42.5 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 × 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 
(10.0%) 

0.55 
(10.0 %) 

0.52 
(9.0 %) 

0.57 
(10.5 %) 

0.52 
(8.3%) 

0.55 
(9.3 %) 

0.50 
(7.8 %) 

MOE 10.6a 
(20.6 %) 

10.9a 

(19.4 %) 
10.0b 

(21.1 %) 
12.0a 

(18.3 %) 
10.0b 

(19.1 %) 
11.0a 

(19.3 %) 
9.2b 

(18.4 %) 

MOR 39.0 
(33.2 %) 

40.3 
(36.1 %) 

37.1 
(27.7 %) 

44.4 
(36.2%) 

36.8 
(29.4%) 

40.5 
(33.6 %) 

34.6 
(27.8 %) 

Coefficient of variation (shown in parenthesis) 
*ns indicates no statistical difference at α = 0.05 within groups 
aIndicates 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. 
 
 
 
 
 
 
 
 
 
 

(a) (b) (c) 
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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(a) (b) (c) 
Figure 3. Boxplots of lumber in upper and lower classes of rings per inch for (a) modulus of elasticity 
(MOE); (b) and modulus of rupture (MOR) of No. 2 2 × 4 southern pine lumber  
 
 
 
 
 
 
 
 
 
 

(a) (b) (c) 
Figure 4. Boxplots of lumber in upper and lower classes of percentage of latewood for (a) modulus of 
elasticity (MOE); (b) and modulus of rupture (MOR) of No. 2 2 × 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 × 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 × 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 × 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 × 4s and 2 × 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 
 

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

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

• Pith appears to have less impact on 2 x 8s compared to 2 × 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 Gonçalves 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 2100mm 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. 
 
 

 
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). 
 

 
Figure 2. Points for sclerometric and ultrasonic tests 

 

 
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 (Eq. 1), that was used to estimation of the maximum 
load applied in the flexural test (Eq. 2).  
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𝑓𝑓𝑡𝑡𝑡𝑡,𝑒𝑒𝑒𝑒𝑡𝑡  =  𝑓𝑓𝑐𝑐0
0.77      (1) 

 
where ft0,est is the estimated tensile strength (MPa),  fc0 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: 
 

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑓𝑓𝑡𝑡0,𝑚𝑚𝑚𝑚𝑚𝑚∗𝐼𝐼∗2
𝐿𝐿
3∗
ℎ
2

     (2) 

 
where Fmax is the maximum flexural estimated load supported by beam (N), I is the beam’s inertial 
moment (m4), 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 (fc0), estimated maximum load (Fmax) and the load levels 
applied on the beams. 

 Beam 1 Beam 2 Beam 3 
fc0 (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). 
 

       

Figure 5. EPOCH 1000 (OLYMPUS NDT, EUA) and ultrasonic testing. 
 
 

𝑉𝑉 = 𝑏𝑏
𝑡𝑡       (3) 

 
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.s-1. With this velocity and with the use of 1MHz transducers, by Equation 
4, the wavelength results in approximately 1.6mm.  
 

𝑉𝑉 = 𝜆𝜆 ⋅ 𝑓𝑓     (4) 
 
where V is the wave velocity (m.s-1); 𝜆𝜆 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 
Level 

 SI* SDev** Skewness Kurtosis  
WV*** 

(m/s) 
SDev** Skewness Kurtosis 

Beam 1 

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 
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 

Beam 2 

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 
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 

Beam 3 

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 
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 

*     SI =  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 

Load 
Level 

NSI* Mean Group**  
Load 
Level 

NSI* Mean Group**  
Load 
Level 

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 
Level 

NWV* Mean Group**  
Load 
Level 

NWV* Mean Group**  
Load 
Level 

NWV* Mean Group** 

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 1923.4 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 2011.5 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: 
 
● 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. 
 
● 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 (Divós 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 2×4 (38 × 89 mm2) and 
611 pieces of 2×6 (38 × 140 mm2). The average moisture content when tested was 11.4%, and 
the average air-dried density of was 557 kg·m-3. 
 
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). 
 

 
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:  
  

𝐸𝐸𝑡𝑡𝑡𝑡 = 𝑓𝑓2𝑊𝑊𝑆𝑆3

𝐾𝐾𝑑𝑑𝐼𝐼𝐼𝐼
                                                                (1) 

 
where Etv 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), Kd is the constant of free vibration of a 
simply supported beam, 2.47, I is specimen moment of inertia, bd3/12 (m4), b is width (m), d is 
depth (m), g is acceleration due to gravity (9,807 m.s-2). 
 
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 (l) to length (lt) 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-200TM). 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: 
 

𝐶𝐶 = 2.𝐿𝐿
∆𝑡𝑡

                                                                  (2) 
 
where C is stress wave velocity (m.s-1), L is length of specimen (m), and Δt 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. 
 

𝐸𝐸𝑆𝑆𝑊𝑊 = 𝜌𝜌.𝐶𝐶2                                                            (3) 
 
where Esw is dynamic modulus of elasticity, ρ is the density at 12% moisture content (kg.m-3), 
and C is stress wave velocity (m.s-1). 
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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 (α=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 

MORa 
(MPa) 

2 × 4 55.39 53.76 10.89 121.35 20.76 37.5% 
2 × 6 45.88 44.66 7.70 99.25 17.93 39.1% 

 
MOEb 
(MPa) 

2 × 4 10855 10747 3616 19141 2798 25.8% 
2 × 6 10414 10252 3650 18270 2395 23.0% 

 
dMOEFAK

c 

(GPa) 
2 × 4 11.51 11.49 3.95 21.42 3.03 26.3% 
2 × 6 11.16 10.82 3.82 20.77 2.89 25.9% 

 
dMOEDIR

d 
(GPa) 

2 × 4 11.65 11.54 3.93 21.59 3.05 26.2% 
2 × 6 11.25 10.93 4.08 21.05 2.88 25.6% 

 
dMOEFAL

e 
(GPa) 

2 × 4 11.02 10.97 3.81 20.46 2.89 26.2% 
2 × 6 11.95 11.53 4.11 26.31 3.14 26.3% 

 
dMOEEDGE

f 
(GPa) 

2 × 4 11.61 11.50 4.26 20.80 2.93 25.2% 
2 × 6 11.19 10.90 4.17 20.30 2.67 23.9% 

 
dMOEFLAT

g 
(GPa) 

2 × 4 11.51 11.41 4.16 20.50 3.00 26.1% 
2 × 6 11.31 11.07 3.93 21.60 2.86 25.3% 

a Modulus of Rupture 

b Static bending MOE value 
c Longitudinal vibration MOE value from Fakopp lumber grader  
d Longitudinal vibration MOE value from Director HM200  
e Longitudinal vibration MOE value from Falcon A-Grader 
f Edgewise transverse vibration MOE value 
g 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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(a) 

Dynamic MOE (GPa) from Director HM200
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(b) 
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Dynamic MOE (GPa) from Falcon A-Grader
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(c) 

Dynamic MOE (GPa) from edgewise transverse vibration
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(d) 

Dynamic MOE (GPa) from flatwise Transverse Vibration
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(e) 

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; Divós & 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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(a) 

Dynamic MOE (GPa) from Director HM200
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(b) 
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Dynamic MOE (MPa) from Falcon A-Grader
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(c) 

Dynamic MOE (GPa) from edgewise transverse vibration
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(d) 

Dynamic MOE (GPa) from flatwise transverse vibration
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(e) 

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 β0 and β1 are used in the generalized model static property = β0 + β1·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 

 
Size 

Modulus of elasticity (MPa) 

Tool β0 β1 r2 Standard 
error (u) 

Durbin- 
Watson 

2x4 

FAK 0.6191 0.0010 0.8593 1.1368 2.0111 
DIR 0.6271 0.0010 0.8695 1.1011 1.9270 
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 

2x6 

FAK -0.3599 0.0011 0.8415 1.1511 1.7321 
DIR -0.1130 0.0011 0.8236 1.2101 1.7043 
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.  

 
Size 

Modulus of rupture (MPa) 

Tool β0 β1 r2 Standard 
error (u) 

Durbin- 
Watson 

2x4 

FAK 6.4932 0.0906 0.3855 2.3761 1.7436 
DIR 6.5668 0.0917 0.3905 2.3798 1.7365 
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 

2x6 

FAK 6.4187 0.1034 0.4119 2.2172 1.6386 
DIR 6.6862 0.0994 0.3833 2.2625 1.6272 
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  
Knotty lumber 
Clear lumber 

dMOE x MOE = 0.87 
dMOE x MOE = 0.95 

Porter et al. (1972) Clear lumber dMOE x MOE = 0.90-0.92 
Shmulsky et al. (2006) Southern pine dowels dMOE x MOE = 0.81 

dMOE x MOR = 0.42 
Yang et al. (2015) Southern pine dimensional 

lumber 
dMOE x MOE = 0.92 
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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 
Lumber Material 

Reported 
properties 

Correlation MOE x dynamic 
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 r2 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, r2). 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 r2 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 r2 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 r2 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 
 
• All tools tested are able to predict MOE. The differences between tools are minimum. 
• Transverse vibration flatwise and longitudinal vibration MOE showed slightly lower 
correlation with static MOE compared to transverse vibration edgewise. 
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• Vibration methods were not reliable to predict MOR. 
•  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. 
• 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 
1st, 3rd, and 7th 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, 
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Where 𝐷𝐷1,𝐷𝐷2 are the flexural rigidities of the plate; 𝐷𝐷66 is the torsional rigidity; 𝐸𝐸1 and 𝐸𝐸2 are Young’s 
modulus in x, and y directions; G12 is in-plane shear modulus; 𝜈𝜈21 𝜈𝜈12 are Poisson’s ratios; 𝑢𝑢3is the 
displacement of the plate. 
 
For a free-free plate, 𝑋𝑋(𝑥𝑥),𝑌𝑌(𝑦𝑦) 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): 
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   (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; 𝜌𝜌 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: 

𝐸𝐸1 = 4𝜋𝜋2𝑓𝑓2(2,0)𝜌𝜌𝑎𝑎4
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      (4) 

 
When 𝑖𝑖 = 2; and 𝑗𝑗 = 1; equation 2 can be express as: 
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When 𝑖𝑖 = 2; and 𝑗𝑗 = 2; equation 2 can be express as: 
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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 (ρ), frequencies and the Poisson’s 
ratios of a panel are given. 
 

X

Y

Z

 
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, Brüel and Kjær Copenhagen, 
Denmark), an accelerometer (type 4507-B-004, Brüel and Kjær Copenhagen, Denmark), an impact 
hammer (model 2302-10, Brüel and Kjær, 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 2—Experimental setup for modal testing of a full-size OSB panel. 
 
 

 
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 ºC 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 
(mm) 

No. of  
panels  

Material source Note Manufactures a 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   

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

 

 
Figure 4—Vibration test of a full-size OSB panel 

 

 
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 (𝐺𝐺12) of type C specimens will be determined based on ASTM D3044 (ASTM 2006c). 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—Matrix of specimens and mechanical tests.  

Mechanical tests Specimen  
Type 

Thickness 
(mm) 

Length 
(mm) 

Width 
(mm) 

No. of specimens  
per panel 

Total no. of 
specimens 

Pure moment test 
(ASTM D 3043, method C) A 

18 1220 1220 1 5 
15 1220 1220 1 5 
13 1220 1220 1 5 
11 1220 1220 1 5 
6 1220 1220 1 5 

Center-point flexure test 
(ASTM D 1037) B 

18 482 76 12 60 
15 432 76 12 60 
13 356 76 12 60 
11 330 76 12 60 
6 203 76 12 60 

Shear test 
(ASTM D 3044) C 

18 457 457 2 10 
15 457 457 2 10 
13 457 457 2 10 
11 457 457 2 10 
6 203 203 2 10 

 
Internal bond test (Tension 
perpendicular to surface) 
(ASTM D 1037) 
 

D 

18 51 51 8 40 
15 51 51 8 40 
13 51 51 8 40 
11 51 51 8 40 
6 51 51 8 40 

Falling ball impact test 
(ASTM D 1037) E 

18 254 223 2 10 
15 254 223 2 10 
13 254 223 2 10 
11 254 223 2 10 
6 254 223 2 10 

Poisson’s ratios test 
 F 

18 254 51 4 20 
15 254 51 4 20 
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 1st and 2nd order were flexural along the 
length direction; the mode shapes at the 3rd, 4th, and 5th order were flexural along the length direction 
combined with torsion; and the mode shapes at the 6th and 7th 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 1st, 3rd, 7th 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 3rd order 
and OSB 18-3 and OSB20-3 at the 7th 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 2nd, 4th, 5th, and 6th 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.  
 

 
 

Figure 6—Mode shapes of OSB 15-2 identified through experimental modal analysis. (a) 1st mode 
(2, 0); (b) 2nd mode (3, 0); (c) 3rd mode (2, 1); (d) 4th mode (4, 0); (e) 5th mode (3, 1); (f) 6th mode 
(3, 1); (g) 7th mode (2, 2).  

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

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

OSB12-2 12 (2,0)b (3,0) (2,1)b (4,1) (3,2) (2,2) (2,2)b 
OSB12-3 12 (2,0)b (3,0) (2,1)b (3,1) (4,1) (4,1) (2,2)b 
OSB15-2 15 (2,0)b (3,0) (2,1)b (4,0) (3,1) (2,2) (2,2)b 
OSB15-3 15 (2,0)b (3,0) (2,1)b (3,1) n/a c (3,2) (2,2)b 
OSB18-2 18 (2,0)b n/a c (2,1)b (3,1) (1,2) (4,2) (2,2)b 
OSB18-3 18 (2,0)b (3,0) n/a c (2,1) (4,1) (0,2) (3,2) 
OSB20-2 20 (2,0)b n/a c (3,0) (2,1) (3,1) (1,2) (2,2)b 
OSB20-3 20 (2,0)b (3,0) (2,1)b (4,0) (3,1) (4,1) (3,2) 

a Nominal thickness; b Same as the mode in a completely free-free condition; c 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 1st, 3rd, and 7th 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 ∆f. 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 8th and 9th order, which could be due to the misidentification of the 
frequency orders. For example, in OSB12-2 panel, the 9th order from the modal analysis was actually 
closer to the 8th order from the vibration test, rather than the 9th 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 (R2=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.  

Sample no. Method 
Frequency order 

1 2 3 4 5 6 7 8 9 

OSB 12-2 
Modal test 6.99 13 15.7 17.4 25.2 33 36.2 41.4 56.4 
Vibration test 7.01 12.71 15.94 17.65 26.01 35.49 37.24 56.30 75.94 

 ∆f 0.02 -0.29 0.24 0.25 0.81 2.49 1.04 14.9 19.54 

OSB 12-3 
Modal test 7.49 11.1 15.3 17 21.5 26.3 34.3 38.1 43.4 
Vibration test 7.48 11.03 15.15 17.02 21.43 26.33 33.77 38.09 43.13 

 ∆f -0.01 -0.07 -0.15 0.02 -0.07 0.03 -0.53 -0.01 -0.27 

OSB 15-2 
Modal test 9.3 16.2 20 22.8 25.5 28.4 39.8 43.4 48.9 
Vibration test 9.30 16.16 19.96 22.77 25.26 28.32 39.91 43.35 48.33 

 ∆f 0 -0.04 -0.04 -0.03 -0.24 -0.08 0.11 -0.05 -0.57 

OSB 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 14.67 17.38 19.43 20.62 26.56 29.79 39.03 41.73 

 ∆f -0.05 -0.13 -0.22 -0.07 -0.08 0.06 -0.01 0.13 0.63 

OSB 18-2 
Modal test 10.8 17.2 22.4 31.9 37.4 44.5 49.9 52.1 56.4 
Vibration test 10.90 17.17 22.97 32.22 37.43 44.54 48.38 49.66 51.71 

 ∆f 0.1 -0.03 0.57 0.32 0.03 0.04 -1.52 -2.44 -4.69 

OSB 18-3 
Modal test 11.2 13.9 15.7 19 23.1 23.7 32.5 38.2 49.3 
Vibration test 11.03 13.49 15.39 18.93 23.33 25.33 27.22 33.06 46.01 

 ∆f -0.17 -0.41 -0.31 -0.07 0.23 1.63 -5.28 -5.14 -3.29 

OSB 20-2 
Modal test 12.1 15.4 20.7 26 35.9 47.2 54.9 58.7 64 
Vibration test 12.07 15.33 20.73 26.33 36.00 47.26 54.89 58.54 64.02 

 ∆f -0.03 -0.07 0.03 0.33 0.1 0.06 -0.01 -0.16 0.02 

OSB 20-3 
Modal test 12.4 20.3 25.5 28.5 31 36.5 47.8 54.3 73.4 
Vibration test 12.36 20.25 25.45 28.28 30.98 36.56 47.69 54.33 73.03 

 ∆f -0.04 -0.05 -0.05 -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. 

 
 

 
Figure 8—Relationship between frequency from vibration test and frequency from 
modal analysis. 

 
 
Conclusions 
 
The results of modal analysis indicated that vibration modes are affected by the support conditions. Under 
the two nodal-line support condition, the 1st, 3rd, and 7th 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 (Gxy) 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 Ex, Ey and Gxy 
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 × 1220 mm (length × 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): 
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where Dx and Dy are the flexural rigidities along the major and minor directions of the plate, D1 is the 
equivalent rigidity; Dxy is the torsional rigidity; ρ is the mass density of the plate; h is the thickness of the 
plate; xyν and yxν  are the Poisson’s ratios; and Ex, Ey, and Gxy 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): 

 

31 2 4
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2π x y xym n D

a b a b a b
f D D D
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αα α α

ρ
= + + +                                       (6) 

 
where f(m, n) 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 α1(m, n), α2(m, n), α3(m, n), and 
α4(m, 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 αk are given in Table 1 (Nakao et al. 1985). 
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Nodal lines
 

Nodal lines
 

(a) (b) 

Nodal lines
 

Nodal lines
 

(c) (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 

α1 α2 α3 α4 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, Ey, and Gxy of a full-size MDF panel can be 
derived as follows: 
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where  xy yx   is substituted with 0.01 for most wood materials (Hearmon 1946). 

 

When the panel geometry size (a, b, h) and density (ρ) 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 code Panel sizes  
(thickness × width × length, mm) Average density (kg/m3) 

MDF12 12.0 × 1220 × 2440 803 
MDF15 15.0 × 1220 × 2440 723 
MDF18 18.2 × 1220 × 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, Brüel and 
Kjær, Copenhagen, Denmark). The vibrational response of the full-size MDF panel tested was measured 
by an accelerometer (type 4507-B-004, Brüel and Kjær, Copenhagen, Denmark), following the impact by 
an impulse hammer (model 2302-10, Brüel and Kjær, 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.  
 

 
Figure 2-System diagram of modal testing and 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 × 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, Gxz), one Poisson’s ratio ( xyν ), density (ρ), and geometry 
size (a, b, h). Among them, Ex and Ey 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 Gxy 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 
Gyz and Gxz 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. 

Panel Code 
MOE (GPa) Shear Modulus (GPa) Poisson’s Ratio 

Ex Ey Gxy Gyz Gxz xyν  

MDF12 4.09 4.22 1.99 0.12 0.13 
0.3 MDF15 3.28 3.39 1.60 0.16 0.21 

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.  

Panel Code Initial Calculated Frequencies (Hz) 
1 2 3 4 5 6 7 8 9 

MDF12 4.70 8.85 13.67 14.77 16.98 18.43 19.83 23.53 33.09 
MDF15 5.53 10.42 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 Ex, Ey, and Gxy, as three main input parameters, need to be refined. Those initially-estimated 
three elastic constants were updated according to the following equations [4]: 
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Where N is number of iterations; f FE 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 Ex (1), Ey (1), and Gxy (1) were updated according to 
Equations (11)–(13), respectively. The updated Ex (2), Ey (2), and Gxy (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 (Ex, Ey, and 
Gxy) 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 (∆ ) 
can be defined as the frequency change as a specific elastic constant change: 
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Where f (m,n)[inc] represents the calculated frequency of mode (m, n) when the input specific elastic 
constant in the FE model increases 10%, and f (m,n)[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 Ex 
was increased by 10% from its reference value and a new FM calculation was performed. Relative 
deviations between f (m,n)[inc] and f (m,n)[ref] of the first nine modes of vibration were calculated. Similar 
calculations were performed for Ey and Gxy. Scatterplots were used to indicate results of sensitivity 
analysis for full-size MDF panels tested. 
 

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

Panel Code Elastic Constants (GPa) 
Ex Ey Gxy 

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.  
 
 
 
 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

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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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

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). 

 
Table 6-The first nine natural frequencies of the full-size MDF panels obtained through the experimental and 
theoretical modal analysis a. 

Order 

Panel Code 
MDF12 MDF15 MDF18 

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 

a 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 Ex; frequencies of the third, fifth and ninth orders, 
namely modes (2, 1), (1, 1), and (2, 2), are most sensitive to the change in Gxy; 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 Ex, Ey, and Gxy. 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 Ex, 
Ey, and Gxy. 
 
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 Ey of full-size MDF panels are (2, 0) 
and (0 or 1, 2), and the sensitive modes for calculating Gxy 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 Ex, Ey, and Gxy of full-size MDF panels based on Equations (7), (8), 
and (10), respectively. 
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(a) 

 
(b) 

 
(c) 

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 ( xE , yE ) as well as the shear modulus in the plane ( xyG ), 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/m3) 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 (Lekhnitskiĭ, 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 iiε is normal strain, E is Young's modulus, iiσ  is normal stress,  ν  is Poisson’s ratio, ijε is shear 

strain, ijG is shear modulus and ijσ 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 
(Lekhnitskiĭ, 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). 
 

 
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 ANSYS, 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 ,numiψ and the experiment ,expiψ and determines the 
consistency of the eigenmodes (Allemang and Brown, 1982).  
  

 ( ) ( )
( )( )

2T
,exp ,num

T T
,exp ,exp ,num ,num

i j

ij
i i j j

MAC
ψ ψ

ψ ψ ψ ψ
=   (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 EXP

iω  and NUM
iω , 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 α  and β . Optimization has shown that the 
combination of 0.2α =  and 0.8β =  is a suitable choice for the inverse parameter determination. 
 

 
EXP NUM

1 1
1

n n
i i

iiEXP
i ii

q MAC
ω ω

α β
ω= =

−
= + −∑ ∑    (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 xyG .  

 
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 
quality 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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a)  b) 
Figure 3— Comparison between the 
experimental (exp.) and numerical 
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. 

 
 
Table 1 shows an investigation with 
differently sized plate dimensions for the  
19 mm p.b.. The inversely determined 
material parameters show an average 
deviation of 2.2% with the maximimum 
differerence  being 7.2%. In view of the 
imhomogeneity of a p.b., these values are  
very low and show  good reproducibility  
of the process. In addition to this, it becomes 
clear that non-linear effects, which could  
be caused by plate sizes of different sizes, are 
so small that their influence is hardly  
noticeable. 
 
Compared to the parameter set known from 
Albers for a 19 mm p.b., a good agreement is 
also shown. Only the modulus of elasticity in 
the z-direction and the shear modulus xzG  

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. 
 

Mode (exp.) exp. EF.  m.u. EF err. MAC Mode (m.u.) 
 (Hz) (Hz) (%)   

 
434.91 435.82 0.21 0.94 

 

 
475.85 475.9 0.01 0.98 

 

 
999.53 1003.51 0.40 0.95 

 

 
1370.24 1364.31 -0.43 0.97 

 

 
1604.01 1615.67 0.72 0.94 

 

 
Table 1— Different board sizes,  identical base material 
Parameter Model Updating Literature 

 
 

300 x 194 
mm2 

320 x 300 
mm2 

400 x 485 
mm2 

Albers [1970] 

xE [MPa] 2779 2728 2719 2636 

yE [MPa] 3201 3266 3279 3103 

zE [MPa] 480 462 496 206 

xyG [MPa] 274 269 273 228 

yzG [MPa] 253 250 247 211 

xzG [MPa] 1478 1455 1512 1153 

xyν  0.269 0.265 0.275 0.22 

yzν  0.282 0.276 0.284 0.25 

xzν  0.274 0.273 0.279 0.24 
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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 TRUTM 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). 
 

  
(a) 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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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.  
 

  
(a) Image of log (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. 

 
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 
4 69 73 4 5.80 
5 65 64 1 1.54 
6 63 68 5 7.94 
7 90 94 4 4.44 
8 95 93 2 2.10 
9 97 93 4 4.12 

 
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®.  
 

 
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. 
 

  
(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. 

 

 
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 caption is Resistograph® experiment 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. 

 
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). 

 
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 (εmax) 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: 
 
 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐ℎ cos (𝛼𝛼), (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: 
 
 𝑀𝑀𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤 = 𝐴𝐴 𝜌𝜌

2
𝑣𝑣2𝑐𝑐𝑤𝑤ℎ𝑐𝑐𝑐𝑐, (2) 

 
where: Α - crown surface area, 

ρ - air density, 
v - wind velocity 
cw - aerodynamic drag factor 
hcr - 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 Mwind to Mcrit, we can calculate the so-called Safety Factor (SF) that indicates the tree trunk 
stability: 
 
 𝑆𝑆𝐹𝐹 = 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑀𝑀𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤
, (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 ρair V2 (4) 
 

where ρair 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. 
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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 (pcrit) using the elastic limit (EL).  
- Safety factor calculation using the formula below: 

 
 𝑆𝑆𝐹𝐹 = 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑀𝑀𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤
= 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤

𝑝𝑝𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤𝑤𝑤ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤
= 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑝𝑝𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤
 (5) 

 
where pwind is 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 (hcr) 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. 
 

 
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.) 
(‰/Pa) 

Elastic 
limit (‰) 

Critical wind 
pressure (Pa) 

Safty factor 

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 
quantify 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 
Huqiao, 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℃ 
to a constant weight and weighed again. Weight per unit length of healthy wooden core (mj′) was 
calculated as 
 

1

j

L
m

m j =
′                                  (1) 

 
Where mj′ is the weight per unit length of healthy wooden core, mj is the weight of health wooden core 
got out nearby the decayed wooden core, and L1 is the length of healthy wooden core. The estimated 
weight of decayed wooden core circumstanced healthy (mf′) was calculated as  
 

0Lmm jf ×′=′                           (2) 

 
Where mf′ is the estimated weight of decayed wooden core circumstanced healthy, mj′ is the weight 
per unit length of healthy wooden core, and L0 is the length of decayed wooden core. The weight loss 
rate of wooden core(Es) was calculated as 
 

%100
'

'-m ff
s ×=

fm
mE                                 (3) 

 
Where Es is the weight loss rate of wooden, mf′ is the estimated weight of decayed wooden core 
circumstanced healthy, mf 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 (Ed) 
was calculated as 

%100-

0

d0
d ×=

R
RRE                                (4) 

 
Where Ed is the decayed degree by ERT, R0 is the average ER value of the detected direction in the 
same healthy tree species cross-sections, in Ω; Rd is the average ER value of the detected direction in 
a decayed cross-section, in Ω. 

 

 
 

Fig.1 Resistance distribution of cross- section 

 

 

 

 
 

Resistograph measuring direction 
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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 
 

%100
-

j

fj
y ×=

V
VV

E                                (5) 

 
Where Ey is the decayed degree detected by SWT, Vj is the average velocity of stress wave in the same 
healthy tree species cross-sections, m/s; Vf is the average velocity of stress wave of the detected 
direction in a decayed cross-section, m/s. 
 

 

 
 

Fig.3 The velocity distribution of stress wave about cross-section 

 

 

Resistograph measuring 
direction 
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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 
 

2
hH

D
LE +
×=                              (6) 

 
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(Ez) was 
calculated as formula (7) 
 

%100
max

Z ×=
E

EE                                  (7) 

 
Where Ez 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 
(Ed), the decayed degree tested by SWT (Ey) and the decayed degree tested by Resistograph (Ez) were 
statistically analyzed (Table.1). 

 
 

Fig.4 Resistance curve of cross-section by Resistograph 
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Tab. 1 Statistics of Various test results 
 

decayed 
degree 

(%) 
category average 

value 
maximum 

value 
minimum 

value 
standard 
deviation skewness kurtosis normality test 

Es＜30 

Ed 22.82 55.80 2.30 14.83 0.49 -0.70 followed the normal 
distribution 

Ey 24.46 63.90 0.00 17.26 0.79 -0.13 followed the normal 
distribution 

Ez 25.30 79.20 0.00 18.52 0.60 0.06 followed the normal 
distribution 

30≦
Es≤50 

Ed 35.51 58.00 14.20 9.78 0.06 -0.21 followed the normal 
distribution 

Ey 45.50 76.00 19.50 10.04 0.51 0.16 followed the normal 
distribution 

Ez 42.92 69.10 25.70 10.24 0.71 -0.14 followed the normal 
distribution 

Es﹥50 

Ed 51.71 66.00 25.60 14.29 -0.14 0.65 followed the normal 
distribution 

Ey 73.21 91.00 41.20 17.22 -0.88 -0.45 followed the normal 
distribution 

Ez 73.94 92.70 55.90 12.68 0.01 0.16 followed the normal 
distribution 

 
3.1 The relation between Ed and Es 
 
SPSS software was used to conduct the regression analysis between Ed and Es and the analysis results 
are shown as following: 
The correlation coefficient (R) between Ed and Es is 0.7188(P<0.01), and the regression equation is 
 

Ed=0.6659Es+11.852                               (8) 
 
When Es was divided into three parts as Es＜30%, 30%≤Es＜50% and Es≥50%, some diffidence 
were explored. When Es＜30%, The correlation coefficient (R) between Ed and Es is 0.8230 (P<0.01), 
and the regression equation is 
 

Ed=1.3033Es+4.2855                               (9) 
 
When 在 30%≤Es＜50%, the correlation coefficient (R) between Ed and Es is 0.2602 (P<0.01), and 
the regression equation is 
 

Ed=0.75769Es+13.427                             (10) 
 
When Es≥50%, the correlation coefficient (R) between Ed and Es is 0.5522 (P<0.01), and the 
regression equation is 
 

Ed=1.3622Es-30.292                               (11) 
 
The results are shown in Figs.5. 
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Fig. 5 Relationship between result of measuring resistance Ed 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=0.9993Es+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  
 

Ey=1.2501Es+5.9497                               (13) 
 
When 在 30%≤Es＜50%, the correlation coefficient (R) between Ey and Es is 0.658 (P<0.01), and the 
regression equation is 
 

Ey=1086Es+1.268                                  (14) 
 
When Es≥50%, the correlation coefficient (R) between Ey and Es is 0.791 (P<0.01), and the 
regression equation is 
 

Ey=2.011Es-47.8                                   (15) 
 
The results are shown in Figs.6. 

 
 
 
 
 
 

 

 

 

Fig. 6 Relationship between result of Stress Wave Ey and the truth value of degree of decay Es 

0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0

100.0

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0

E
y
(
%
)

Es(%)

174



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

Ez=1.08Es+5.317                                 (16) 
 
When Es＜30%, The correlation coefficient (R) between Ez and Es is 0.711 (P<0.01), and the 
regression equation is 
 

Ez=1.311Es+2.538                                (17) 
 
When 在 30%≤Es＜50%, the correlation coefficient (R) between Ez and Es is 0.58 (P<0.01), and the 
regression equation is 
 

Ez=1.184Es-2.398                                 (18) 
 
When Es≥50%, the correlation coefficient (R) between Ez and Es is 0.914 (P<0.01), and the 
regression equation is 
 

Ez=4.177Es-182.63                         (19) 
 
The results are shown in Figs.7. 
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Fig. 7 Relationship between result of Resistance Ez 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 (Ed) 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 

 

Es% 
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distribution range, wood structural damage and mechanical strength. Both Ed and Es reflect the wood 
decayed degree. In this study, when Es＜30%, there is significant correlation between Ed and Es, and 
the correlation coefficient is the highest (Yang 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 (Ey) 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 
Ey and Es, because both methods can indicate the decayed degree of standing trees. In this study, when 
30%≤Es＜50%, there is a significant correlation between Ey 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 Ez and Es  
 
Decay leads to the decrease of the wood density and strength, therefore the decayed degree tested by 
Resistograph (Ez) 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 Ez and Es embody decayed degree and have a strong correlation in theory. In this study, when Es

﹥50%, there is a significant correlation between Ez 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, Ez fitted Es better than Ed 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%≤Es＜50%, Ey had a relatively high fitting degree with Es, and when Es﹥
50%, Ez 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 
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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 
(Ed) and truth-value of the decayed degree (Es), and when Es＜30%, Ed 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(Ey) 
and truth-value of the decayed degree (Es), and when 30%≤Es＜50%, Ey 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 (Ez) and truth-value of the decayed degree (Es), and when Es﹥50%, Ez 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%.  
 

180

mailto:Raquel@agr.unicamp.br


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. 
 

  
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. 1a) 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% VMAX, orange 20-30% 
of VMAX, yellow 30-50% of VMAX, green 50-70% of VMAX, blue 70-80% of VMAX and black 80-100% 
of VMAX). 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 (λ) and defect size (Bucur 2006). In general, the 
detection sensitivity is about λ/2 (Bucur 2006). In the case of the Liquidambar styraciflua specimen, 
the maximum velocity (integral area) was 2000 m.s-1, so λ ≅ 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 (VMAX): red : VMIN to 20% VMAX, orange 20-30% of 
VMAX, yellow 30-50% of VMAX, green 50-70% of VMAX, 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 
Liquidambar 
styraciflua 1,83 2,29 -0,46 

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

 
Centrolobium sp (a) 

A1 A2 A3 

 
Liquidambar styraciflua (b) 

B1 B2  

 
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 São 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 (VMAX) obtained in each disc (red : VMIN to 20% VMAX, orange 20-30% of 
VMAX, yellow 30-50% of VMAX, green 50-70% of VMAX, 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) 

  
Tabebuia ochraceae (c) 

  
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 VMAX, 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 Liquidambar 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 Gonçalves (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). 
 

 
  

a b c 
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, Yf) 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 (VMAX) 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:  

 
1. VMIN up to 20% of VMAX: red 
2. from 20% to 30% of VMAX: pink 
3. from 30% to 50% of VMAX: yellow 
4. from 50% to 70% of VMAX: green 
5. from 70% to 80% of VMAX: orange 
6. from 80% up to VMAX: brown 

 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 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 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 7b 

 
 

  
Disk 11a 

 Disk 16b 

  
  

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 ISO13822 
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Japan, yamaguch@kenken.go.jp 
 
 
Abstract 
 
Timber structures degrade biologically, and need assessment for those preservation and renovation. ISO 
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 ISO 13822 ‘Bases for design of structures’ (ISO. 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  

 
Figure 1 – ‘Time-Dependent Reliability’ of ISO 13822 Annex E 
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Reduction of Safety Factor 
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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 ISO13822. 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 (AIJ) 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. 
 
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 
does not include the effect of dimensions of threads, NWR 
is correlated with timber density better than withdrawals.   
 

lR
WW

t

R
RN ××
=

π
                               (1)  

 
where NWR  is Normalized withdrawal resistance (N/mm2) 
, WR  is Withdrawal resistance  (N) , Rt  is Diameter of 
threads  (peak to peak, mm), π is  Circular constant,  l  is  
Length of probethread (mm). 

 
Figure 2 – Probe    Photo 1 –  Thread Screwed into Timber 
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Figure 3 – Cylindrical Shear Plane around 
Thread Diameter 
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Density Estimation of Sound Timber from Screw 
Withdrawals 
 
Relationships between density D and normalized withdrawal 
resistance NWR (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 NWR are 
shown in Equation (2). Square of coefficients of correlation 
(R2) between density D and NWR was 0.923. (Yamaguchi. 
2013) 

1745.0032.0 +×= RN WD            (2) 
 

where NWR  is Normalized withdrawal resistance (N/mm2) 
and  D is Timber density  (g/cm3). 

 
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  
 

            
 Figure 5 –Nominal Densities of Strength Classes       Figure 6 – Probe Withdrawals of Strengh Classes 
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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 Equation1 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) 

    
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. 
 

9386.7797.43 −×= DE           (3) 
486.4547.166 −×= Dfb           (4) 

2481.7385.66 −×= Dfc           (5) 

1944.3668.13 −×= Dfs           (6) 
 

Where E  kN/mm2 is MOE,  fb N/mm2 is bending strength, fc  N/mm2 is compression strength,  fs  N/mm2 is 
shear strength and D g/cm3 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. 

1464.2329.25' −×= DE     (7) 
7253.37.172' −×= Dfb      (8) 
1645.5684.98' −×= Dfc     (9) 
2862.2711.21' −×= Dfs     (10) 

where E’  kN/mm2 is MOE,  fb‘ N/mm2 is bending strength, fc‘ N/mm2 is compression strength, fs‘  N/mm2 is 
shear strength and D g/cm3 is density of ‘clear wood’ 

                
Figure 9 – MOE and Density                                   Figure 10 – Bending and Density 

           
Figure 11 – Compression and Density                       Figure 12 – Shear and Density 

 
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, Equation 
4, Equation 5 and Equation 6 using densities D.  MOE, bending, compression and shear strengths of 
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 of 
decayed softwood in early stage of decay 5 to 10% weight loss (Stalnaker et al. 1997). Mizumoto 
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 
expected. These weight losses are replaced to density 
reductions assuming those timber volumes are constant during 
deterioration.  
 
Table 1 – Weight Loss and Residual Mechanical Properties  

of Timber Decayed by Fungi   
 Imamura Mizumoto Stalnaker Imamura 
 White-rot Brown-rot  Brown-rot 
Weight Loss 10% 10% 5-10% 10% 
Bending 65% 50% 30% 25% 
Compression  50% 55%  
Shear  80% 80%  

 
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  
 
 
 
 
 
 
 
 
 
 
 
 

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.  

 
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 12th 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 (Íñiguez 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. 

 

Species Date N 
Average 

Cross-section 
bxh (mm) 

CoV (%) 

b h A W I 

1 

2007 

80 149x199 0.5 0.5 0.9 1.3 1.8 
75 147x246 1 0.7 1.3 1.8 2.3 

2 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 1.4 2.2 3.1 
60 195x247 1.1 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, II and III) 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. 

 

Species 
Size 

bxh (mm) - 
L (m) 

Number 
pieces 

Global 
density, ρG 
mean-CoV 
(kg/m3 - %) 

Local 
density, ρL 
mean-CoV 
(kg/m3 - %) 

Ratio 
 

ρG/ ρL 

Small clear 
specimen 

kg/m3 

Scots p. 
200x250-4.7 601) 531-10.4 511-10.5 1.039 

500-520-5404) 150x200-5.2 601) 507–8.3 496-9.4 1.022 
100x150-4.0 252) 511-5.7 499-8.3 1.024 

Laricio p. 
200x250-5.0 601) 589-11.4 592-14.9 0.995 

510-540-5504) 150x200-4.0 601) 598-10.3 586-13.4 1.021 
100x150-4.0 252) 578-6.7 559-9.8 1.034 

Maritime p. 100x150-4.0 252) 569-5.6 546-4.7 1.042 530-540-5504) 

Radiata p. 

150x250-5.6 751) 506-7.5 493-8.7 1.026 
420-470-5004) 

5005) 
150x200-4.5 801) 493-8.4 475-9.8 1.038 
100x150-4.0 252) 503-10.0 498-10.8 1.010 
80x120-2.5 1503) 515-11.1 501-11.6 1.028 

mean values:         8.7        10.2 1.025  
b, h, L width, depth and length 
1) Íñiguez 2007; 2) Llana 2016; 3) Montón 2012; 4) EN 350:2016; 5) 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); c) The wood extractor is a new device for in-situ density estimation of timber 
pieces, based on weighing the residue generated by conventional drilling (Martínez 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 (Íñiguez-González 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: 
 

Ed = ρ·v2        (1) 
 
where Ed is the dynamic modulus of elasticity, v is the wave propagation velocity and ρ 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 45º 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 (Hörig, 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 (µ). 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 µ values are partially related. Therefore, the uncertainty of µ 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 (ρ were 670 kg/m3 
and 575 kg/m3 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  
 

[ ] [ ] [ ]Sε σ= ⋅  

1 0 0 0

1 0 0 0

12 0 0 0
2

0 0 0 1 0 02
0 0 0 0 1 0
0 0 0 0 0 1

RL TL
E E EL R TLL LL

LR TRRR RRE E EL R TTT TT
LT RTRT RTE E EL R T TLTL

LRLR

ν ν

ε σ
ν νε σ

ε σ
ν νε σ

σε
σε

− − 
 
     − −              = ⋅  − −                   
 
  

(1) 

where, [S] is the compliance tensor, [σ] and [ε] are stress and strain tensor respectively.  
 
Under Voigt’s notation, they become matrixes and vectors as shown previously. Ei is the Young’s 
modulus along axis i. Gij is the shear modulus, which load is in direction j working on the plane which 
normal is in direction i. νij 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 LR

E ER L

ν ν
= , TL LT

E ET L

ν ν
=  and RT TR

E ER T

ν ν
= . Therefore, the orthotropic constitutive equation 

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]-1 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 ν 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 20oC 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 Z100, 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, 20oC). 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 α=45o 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 
velocitiesa 

Explanation 

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 

Vij/ij Wave velocity of quasi-shear wave with propagation along 1 1
2 2

T

n  =  
 

 

(α= 45o angle between the i and j directions) and particle motion on the 
i - j plane 

a i,j Є L, 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 20oC. 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 technique. 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; Gonçalves et al. 2011; Ozyhar et al. 2013b). 

Table 2 Equation to calculate the stiffness components from the ultrasound wave velocities 
Specimen 
type 

Wave 
velocitiesa 

Explanation 

I VLL 2
11 LLc Vρ=  

 VRR 2
22 RRc Vρ=  

 VTT 2
33 TTc Vρ=  

 VRT/VTR ( )2 2
44 2RT TRc V Vρ ρ= +  

 VTL/VLT ( )2 2
55 2TL LTc V Vρ ρ= +  

 VLR/VRL ( )2 2
66 2LR RLc V Vρ ρ= +  

II VRT/RT
a 

( )( )2 2
23 22 44 33 44 44/ /2 2RT RT RT RTc c c V c c V cρ ρ= + − + − −  

III VTL/TL
a ( )( )2 2

31 11 55 33 55 55/ /2 2TL TL TL TLc c c V c c V cρ ρ= + − + − −  

IV VLR/LR
a ( )( )2 2

12 11 66 22 66 66/ /2 2LR LR LR LRc c c V c c V cρ ρ= + − + − −  

 i,j Є L, R, T 
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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 ν 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 I (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 ν, is not influenced by this assumption. However, it leads to 
an over estimation of E (Ozyhar et al. 2013b). 

2
i ii iiE c Vρ≈ =  for all i Є 1, 2, 3 

( )2 2
(9 )(9 ) 2ij ji i j i j ij jiG G c V Vρ ρ− − − −= = = +   for all i,j Є 1, 2, 3 and i ≠ 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 ν. 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 ν (Eq. (3). With assumptions that the nominal values of the ν 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 I are available during the ultrasonic measurement. 

11
1

1
RT TR

L L L
LR RL RT TR TL LT LR RT TL RL LT TR

c E k E υ υ
υ υ υ υ υ υ υ υ υ υ υ υ

−
= ⋅ = ⋅

− − − − −
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33
1

1
LR RL

T T T
LR RL RT TR TL LT LR RT TL RL LT TR

c E k E υ υ
υ υ υ υ υ υ υ υ υ υ υ υ

−
= ⋅ = ⋅

− − − − −
 (3) 

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 
ν of UT-FSI method were also calculated and presented in Table 3. The cross-validations were made 

226



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 

 

Table 3 Data evaluation results of Walnut (Juglans regia L.) and Cherry (Prunus avium L.) at 20oC/ RH 65% 

 

Moreover, the Poisson's ratio (ν) 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 
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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 ν. Moreover I 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 ν 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 (ν), however, no clear trend of moisture 
influence can be observed. The UT-FSI method requires the measurement of multiple specimen types 
(type I, II, III and IV). 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 ∆EL=47%, ∆ER=133% 
and ∆ER=34%. The exact correction factors for the simplified method based on nominal ν 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. ∆ET of walnut nd cherry wood; ∆EL and ∆ER of 
beech wood). In other exceptional cases (e.g. ∆EL, ∆ER of walnut and cherry wood), the UT-FSI 
although providing inaccurate Poisson’s ratios, still gave the best estimation (for walnut wood the ∆EL 
of UT-FSI =2% while the ∆EL 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 {ε} can be expressed 
in the stress components by {ε} = [S]{σ} where [S] is the compliance matrix of the material. The 
relationship is as follows 
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where EL, ER, ET, are moduli of elasticity, µij are Poisson’s ratios, and Gij are shear moduli in i-j planes 
(Sadd 2009). Poisson’s ratio µij is defined by –εj/εi for a stress in the i direction. Because the compliance 
matrix is symmetric, only nine elastic constants  are independent and hence Poisson’s ratio µij = µjiEi/Ej 
for i,j = L, R, and T.  

 
Figure 1—Three principal axes of wood assuming wood as orthotropic material 

 
The inverse relationship of Eq. (1) is as follows 
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or, in the condensed form, {σ} = [C]{ε}, where [C] = [S]-1 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 

T (tangential) 

 

 

R (radial) 
Fiber direction 

  
 

L (longitudinal) 

231



constants, it is not the case for the constitutive matrix. The first three diagonal components of the 
constitutive matrix are 
 

 
2 2 2
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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 EL, ER, ET,  µLR, µLT, and µRT.  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 = EL, C22 = ER, and C33 = ET.  Furthermore, if all moduli of elasticity are 
the same (= E) and all Poisson’s ratios are the same (= µ), then Equations (3), (4), and (5) reduce to the 
equation for isotropic material, i.e. C11 = C22 = C33 = E(1 - µ2)/(1-3µ2 - 2µ3) = E(1 - µ)/[(1+µ)(1-2µ)]. 
 
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 ρ, it can be proven (Bucur 2006) that the wave 
travels in the longitudinal direction of the material such that 
 
 2

11 LC Vρ=  (6) 
 
where VL is the wave speed in the longitudinal direction. Similarly, if the ultrasonic longitudinal wave 
propagates in the radial and tangential directions, then C22 = ρVR

2 and C33 = ρVT
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 
 
 2

i iE Vρ=  (7) 
 
where i = longitudinal, radial, and transversal. This is the same as assuming that C11 = EL, C22 = ER, and 
C33 = ET.  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 
 
 2

i i iE k Vρ=  (8) 
 
to reflect the difference between moduli of elasticity (EL, ER, and ET) and the first three diagonal 
components of the constitutive matrix (C11, C22, and C33). The correction factors ki is the ratio between 
moduli of elasticity Ei and the diagonal components of the constitutive matrix Cii, i.e. 
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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 EL is 
approximated by multiplying static bending modulus of elasticity, Esb, by a factor of 1.10. The diagonal 
components of constitutive matrix C11, C22, and C33 in the table are computed using Equations (3), (4), 
and (5). Finally, the correction factors kL, kR, and kT 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 (kL, kR, and kT) of 
28 species with known elastic properties. 

 

No Species EL  ER  ET  µLR µLT µRT C11 C22 C33 kL kR kT 
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 

13 
Cedar, northern 
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 0.485 0.423 0.442 12784 823 436 0.97 0.88 0.88 
18 Larch, western 14190 1121 922 0.355 0.276 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, kL, is 0.96 with 
standard deviation of 0.02. This means that the coefficient of variation (c.o.v.) of kL 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 kR and kT are only 12.87%. and 12.83%, respectively. 
These small values of coefficient of variations indicate that the correction factors are sufficiently accurate.  
 

 
Figure 3— Boxplots of correction factors kL, kR, and kT 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 kL 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 Edyn 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 (EL, ER, ET), shear modulus (GLR, GLT, GRT) 
and Poisson’s ratio (µLR, µRL, µRT, µTR, µLT, µTL) 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), El 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 (Nüve, 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±1ºC 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 (Edyn) was calculated using obtained USV with 
equation 1. 
 
 Edyn = ρ V2 106 (1) 
 
where Edyn, is elasticity modulus (N/mm2), ρ, is sample density (kg/m3), and V, is ultrasonic sound 
propagation velocity (m/s). 
 
Universal Test Machine (UTM, Mares, İstanbul, 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.    
        

 𝐸𝐸𝑖𝑖 =  ∆𝜎𝜎𝑖𝑖
∆𝜀𝜀𝑖𝑖

=  𝜎𝜎𝑖𝑖,2−𝜎𝜎𝑖𝑖,1
𝜀𝜀𝑖𝑖,2−𝜀𝜀𝑖𝑖,1

   𝑖𝑖 ∈ 𝑅𝑅 (2) 
 
where Ei; is Young modulus (N/mm2), 𝜎𝜎, is stress values and ε, 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, Edyn and 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/cm3 while treated (210ºC for 8 hours) one decreased up to 0.45 g/cm3. 
Untreated density of Turkish red pine wood reported as 0.53 g/cm3 by Ateş et al. (2009). 
 

Table 1 - Density, Sound Velocity, Edyn, and Young’s modulus values in L direction of Turkish 
red pine wood 

Temp. 
ºC Hour Density 

(g/cm3) 

Velocity 
(m/s) Edyn (N/mm2) Young’s Modulus 

(N/mm2) 
Mean Cov Mean Cov Mean Cov 

120 

Control 0.49 5196.82 3.60 13464.68 6.99 8709.47 10.22 
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 

150 

Control 0.50 4967.10 5.57 12482.05 4.40 8430.81 9.90 
2 0.49 5321.01 10.0 13950.08 7.18 9144.77 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 

180 

Control 0.49 5135.86 2.95 13175.01 5.36 8468.52 8.33 
2 0.48 5065.92 3.46 12424.46 6.75 8384.68 11.23 
5 0.46 5032.96 5.37 11794.86 10.11 7984.69 11.47 
8 0.45 4978.10 6.57 11555.93 9.79 7866.42 12.47 

210 

Control 0.50 5258.92 4.16 13929.56 6.65 8655.24 7.81 
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 Edyn in L direction is seen in Figure 1 and it is clearly seen that 
each temperature levels and exposure durations have effects on Edyn values. Edyn 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 Edyn but then decreased a bit for 5 hours 
and became lower than control value for 8 hours duration. Edyn 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 Edyn 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. 
     

 
Figure 1- Effects of temperature and exposure duration on Edyn 

 
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 Güntekin 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), Ilic (2003) and Teles et al. (2011). 
        

 
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. 
   

 
Figure 3 – Effects of temperature and duration on Young’s modulus 

 
Correlation between Edyn and Young’s Modulus is presented in Figure 4 and results pointed out that 
there is a strong relation between them. Best correlation (R2: 0.94) obtained between 120°C control 
and 180°C 8 hours groups. Minimum correlation (R2: 0.82) calculated between 150°C 5 hours and 
210°C 8 hours groups. 
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Figure 4 - Correlation between the Edyn and Young’s Modulus 

 
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. 
 
Edyn values predicted more than Young’s modulus that obtained by static test. Up to 22% decrease 
calculated from Edyn 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 Edyn 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 (GLR or C66, GLT or C55, GRT or C44) of Black 
Pine (Pinus nigra Arnold.) wood determined by using NDT test method. EPOCH 650 ultrasonic flaw 
detector and Panametrics-NDTTM 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 (EL, ER, ET), shear modulus (GLR, 
GLT, GRT) and Poisson’s ratio (µLR, µRL, µRT, µTR, µLT, µTL). 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 

245

mailto:tugbayilmaz@sdu.edu.tr


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/m3. 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 (Güntekin and Yılmaz Aydın 2016). And Shear 
modulus can be estimated dynamically using terms of Compliance matrix (GRL or C66, GLT or C55, GRT 
or C44)  or stiffness matrix [S] (1/G23, 1/G13 and 1/G12) which is inverse of compliance matrix [C] seen 
in equation 1. 
 

 

 

 

(1) 

 
where Gij are the shear modulus (Bodig and Jayne 1993). 
 
Using these matrixes, Shear moduli terms (Gij or Cij) of main diagonal were defined using following 
equations: 
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 C44 = CRT = ρ ((VRT + VTR) / 2)2 10-6 (2) 
 C55 = CLT = ρ ((VLT + VTL) / 2)2 10-6 (3) 
 C66 = CRL = ρ ((VRL + VLR) / 2)2 10-6 (4) 

 
where Gij or Cij are terms of the main diagonal in the matrix or Shear modulus (N/mm2), ρ is the 
density of the wood (kg/m3), and Vα or Vij is the wave velocity in the α direction (m/s). 
 
Six shear wave velocities (VLR, VLT, VRL, VRT, VTL and VTR), along the principles axes of anisotropy, 
were measured by EPOCH 650 ultrasonic flaw detector (compliance with EN12668-1 (2010)) with 
using Panametrics-NDTTM 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/m3 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. Güntekin and Yılmaz Aydın (2016) determined 
average density of Black pine as 530 kg/m3 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), Ilic (2003) and Teles et al. (2011) couldn’t observe either positive or negative.  
  

Table 1-Average density of samples and distance between transducers 

 
Density 
(kg/m3) 

Distance between transducers (mm) 

 
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 VLR, VLT and VRT and calculated as 2.48, 2.13 and 1. All 
measured velocities are in the range that Bucur (2006) reported. Güntekin and Yılmaz Aydın (2016) 
measured VLT 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 Ilıc (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) 

 
VLR VLT VRT 

Average 1374.91 (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/mm2, respectively as seen in Table 3. Values in parenthesis are ratios 
between GRT, GLT and GLR. There are different ratios between GRT, GLT and GLR in 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 GLR ≈ GLT > GRT. 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 GLR 
than GLT (Brabec et al. 2017).          
 

Table 3-Calculated shear modulus values and ratios between them. 

 Shear Modulus (N/mm2) 

 GRT GLT GLR 
Average 166.34 (1) 755.36 (4.54) 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) GLR , GLT and GRT 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 GRT 

(166N/mm2) is agreeing with the results of Guntekin and Yılmaz Aydın (2016). They found 159 (-
4.4%), 527 (-43%), and 743 (-38%) N/mm2 for GRT, GLT, and GLR, respectively.        
 
Hering et al (2012) and Bucur and Archer (1984) reported 1,50 and 1,43 GLR/GLT ratio, respectively, 
for beech (Fagus sylvatica L.) wood determined using ultrasonic wave. Güntekin et al. (2016a) 
calculated 1,39 and 2,06 GLR/GLT  and GLT/GRT  ratios for beech wood determined using ultrasonic 
wave, respectively. Also they reported 1,14 and 3,43 GLR/GLT  and GLT/GRT  ratios for oak wood, 
respectively. According to Bachtiar et al. (2017) GLR/GLT  and GLT/GRT  ratios calculated using 
ultrasonic measurement values are 1,4 and 3,77 for Walnut and 1,24 and 3,92 for Cherry wood, 
respectively. Güntekin et al. (2016b) noted 1,35 and 3,62 GLR/GLT  and GLT/GRT  ratios for Calabrian 
pine wood determined using ultrasonic wave, respectively. Also they reported 1,17 and 3,1 GLR/GLT  
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and GLT/GRT  ratios for Cedar wood, respectively. In this study GLR/GLT  and GLT/GRT  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. (Güntekin and Yılmaz Aydın, 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.    
 
Acknowledgement 
 
This study is a part of 2016.07.01.501 project which supported by Duzce University Scientific 
Research Projects Coordinatorship. 
 
References 
 
Bachtiar, E.V.; Sanabria, S.J.; Mitting, J.P. [and others]. 2017. Moisture-dependent elastic 
characteristics of walnut and cherry wood by means of mechanical and ultrasonic test incorporating 
three different ultrasound data evaluation techniques. Wood Sci Technol. 51: 47-67 
 
Baradit, E.; Niemz, P. 2012. Elastic constants of some native Chilean wood species using ultrasound 
techniques. Wood Research. 57(3): 497-504. 
 
Beall, F.C. 2002. Overview of the use of ultrasonic technologies in research on wood properties. 
Wood Sci. Technol. 36(3):197-212. 
 
Bergman, R.; Cai, Z.; Carll, C.G. [and others]. 2010. Wood handbook - Wood as an engineering 
material. Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products Laboratory. 
 
Bodig, J.; Goodman, J.R. 1973. Prediction of elastic parameters of wood. Wood Sci. 5: 249-264. 
 
Bodig, J.; Jayne, B.A. 1982. Mechanics of wood and wood composites. NY: Van Nostrand Reinhold 
Company Inc. 
 
Bodig, J.; Jayne, B.A. 1993. Mechanics of wood and wood composites. Malabar, FL: Krieger 
Publishing Company. 
 

249



Brabec, M.; Lagana, R.; Milch, J. [and others]. 2017. Utilization of digital image correlation in 
determining of both longitudinal shear moduli of wood at single torsion test. Wood Sci, Technol. 51: 
29-45. 
 
Brandner, R.; Gehri, E.; Bogensperger, T. [and others]. 2007. Determination of modulus of shear and 
elasticity of glued laminated timber and related examinations. CIB W 18-40-12-2, Bled, Slovenia. 
 
Bucur, V. 2006. Acoustics of wood. Berlin, Germany: Springer Verlag. 
 
Bucur, V.; Archer, R. 1984. Elastic constants for wood by an ultrasonic method. Wood Sci Technol. 
18(4): 255–265 
 
Dackermann, U.; Elsener, R.; Li, J. [and others]. 2016. A comparative study of using static and 
ultrasonic material testing methods to determine the anisotropic material properties of wood, 
Construction and Building Materials. 102: 963-976. 
 
EN 12668-1. 2010. Non-destructive testing - Characterization and verification of ultrasonic 
examination equipment - Part 1: Instruments, European Standards. 
 
Gerhards. C.C. 1982. Longitudinal stress waves for lumber stress grading: factors affecting 
applications. Forest Prod. J. 32(2): 20-25. 
 
Ghelmeziu, N.; Beldie, I.P. 1972. On the characteristics of resonance spruce wood. Catgut Acoust Soc 
Newsl. 17: 10-16. 
 
Gillis, P.P. 1972. Orthotropic elastic constants of wood. Wood Science and Technology. 6: 138-156. 
 
Goncalves, R.; Trinca, A.J.; Cerri, D.G.P. 2011. Comparison of elastic constants of wood determined 
by ultrasonic wave propagation and static compression testing. Wood Fiber Sci. 43: 64-75. 
 
Goncalves, R.; Trinca, A.J.; Pellis, B.P. 2014. Elastic constants of wood determined by ultrassound 
using three geometries of specimens. Wood Sci Technol. 48: 269–287 
 
Güntekin, E.; Yılmaz Aydın, T. 2016. Determination of elastic constants for Anatolian Black pine 
wood using ultrasound. World Conference on Timber Engineering, 22-25 August, Vienna. 
 
Güntekin, E.; Yılmaz Aydın, T.; Aydın, M. 2016a. Elastic constants of oriental beech (Fagus 
orientalis L.) and sessile oak (Quercus petraea), 2nd International Furniture Congress, 13-15 October, 
Muğla, Turkey.  
 
Güntekin, E.; Yılmaz Aydın, T.; Aydın, M. 2016b. Elastic constants of Calabrian pine and cedar, 
International Forestry Symposium, 07-10 December, Kastamonu, Turkey. 
 
Haines, D. 1979. On musical instrument wood. Catgut Acoust Soc Newsl, 1(31): 23-32 
 
Hearmon, R.F.S. 1948. The elasticity of wood and plywood. Forest Products Research Special Rep 7. 
H.M. Stationery Office, London, England; Department of Science and Industry Research.  
 
Hearmon, R.F.S.;  Barkas, W.W. 1941. The effect of grain direction on Young’s moduli and rigidity 
moduli of beech and Sitka spruce. Proc Physc Soc. 53: 674-680. 
 
Hering, S.; Keunecke, D.; Niemz, P.2012. Moisture-dependent orthotropic elasticity of beech wood. 
Wood Sci Technol. 46: 927-938. 
 

250



Ilic, J. 2003. Dynamic MoE of 55 species using small wood beams. Holz als Roh und Werkstoff. 61: 
167-172. 
 
Koponen, S.; Toratti, T.; Kanerva, P. 1991. Modelling elastic and shrinkage properties of wood based 
on cell structure. Wood. Sci. Technol. 25: 25-32. 
 
Krauss, A.; Kúdela, J. 2011. Ultrasonic wave propagation and Young´s modulus of elasticity along 
the grain of Scots pine wood (Pinus Sylvestris L.) varying with distance from the pith. Wood 
Research. 56(4): 479- 488. 
 
Miller, P.H. 2001. EN 380 Notes on wood and timber as a marine material. 
https://www.usna.edu/Users/naome/phmiller/courses/EN380docs/wood.doc [Access Date: 28 March 
2017]. 
 
Neumann, A.J. 1988. Identification and evaluation of the elastic properties of solid wood depending 
on the moisture and anisotropy. Dresden, Germany: Dresden Technical University. M.S. thesis. 
 
Oliveira, F.G.R.; Sales, A. 2006. Relationship between density and ultrasonic velocity in Brazilian 
tropical woods. Bioresource Technology. 97: 2443-2446. 
 
Oliveira, F.G.R.; de Campos, J.A.O.; Pletz, E. [and others]. 2002. Nondestructive evaluation of wood 
using ultrasonic technique. Maderas. Ciencia y technologia, 4(2): 133-139. 
 
Ozyhar, T.; Hering, S.; Sanabria, S.J. [and others]. 2013. Determining moisture-dependent elastic 
characteristics of beech wood by means of ultrasonic waves. Wood Sci. Technol. 47(2): 329-341. 
 
Sadd, M.H. 2014. Elasticity, theory, applications, and numerics, NY, USA: Elsevier. 
 
Scheer, C. 1986. Holzbau-Taschenbuch, Band 1.8. Auflage ed. Berlin, Germany: Ernst and Sohn. 
 
Teles, F.T.; Del Menezzi, C.S.; de Souza, F. [and others]. 2011. Nondestructive evaluation of a 
tropical hardwood: Interrelationship between methods and physical-acoustical variables. Ciência da 
Madeira. 02(01): 01-14. 
 
Vazquez, C.; Goncalves, R.; Bertoldo, C. [and others]. M. 2015. Determination of the mechanical 
properties of Castanea sativa Mill. using ultrasonic wave propagation and comparison with static 
compression and bending methods. Wood Sci Technol. 49: 607-622. 

251

https://www.usna.edu/Users/naome/phmiller/courses/EN380docs/wood.doc


Physical and Mechanical Characterization of Roots  
 

 

Nina M. O. Cavalcanti* 
Master student, Laboratory of Nondestructive Testing – LabEND, School of Agricultural Engineering 
- FEAGRI - University of Campinas - UNICAMP, Brazil  
 E-mail: nina.ocavalcanti@gmail.com 
 
Cinthya Bertoldo 
Professor, Laboratory of Nondestructive Testing - LabEND, School of Agricultural Engineering - 
FEAGRI - University of Campinas – UNICAMP, Brazil. E-mail: cinthya.bertoldo@feagri.unicamp.br 
 
João Pedro O. Ferreira 
Undergraduate student, Laboratory of Nondestructive Testing – LabEND, School of Agricultural 
Engineering - FEAGRI - University of Campinas - UNICAMP, Brazil  
 E-mail: j146639@dac.unicamp.br 
 
Raquel Gonçalves 
Professor, Laboratory of Nondestructive Testing – LabEND, School of Agricultural Engineering - 
FEAGRI - University of Campinas - UNICAMP, Brazil –  
E-mail: raquel@agr.unicamp.br 
 
* Corresponding author  
 
 
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; ingá (Inga cf sessilis (Vell.) Mart; Mogno (cf 
Swietenia macrophylla King); Pau d´alho (Gallesia cf integrifólia (Spreng.) Harms; Ipê 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 (Vsat). After drying in 
an oven until reached the anhydrous condition, the cylinder was weighed again to obtain the dry mass 
(m0).  

    
a b c d 

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 (VL = tL/L); 
radial considering the smaller diameter (VRd = d/td); radial considering the bigger diameter 
(VRD=D/VD) 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 (ρbas=m0/Vsat). The longitudinal 
direct velocity and basic density was also used to calculate de stiffness coefficient (CLL = ρbas VLL

2). 
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. Ipê 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 (VL) and in radial direction on smaller 
(VRd) and bigger diameter (VRD) and average velocity in indirect measurement (VS); basic density (ρbas) and 
stiffness coefficient (CLL) of roots. 

Species VL VS VRD VRd ρbas CLL 
Tamboril 2896 2649 1446 1435 300 2516 
Ingá 2916 2941 1829 1874 450 3826 
Mogno 3317 3831 1494 1533 290 3191 
Pau d’alho 1 2680 2491 1352 1373 380 2729 
Ipê rosa 3502 3931 2155 2232 440 5396 
Aroeira salsa 1 2235 2105 1648 1657 370 1848 

Average among species* 2924 
(15.5%) 

2991 
(24.8%) 

1654 
(18.0%) 

1684 
(19.1%) 

372 
(18.1%) 

3251 
(38.2%) 

Velocity variation among species 57% 87% 59% 63% 55% 192% 
*values in parenthesis are the coefficient of variation 

 

 

Figure 3. Means velocity plot considering the types of measurement  
Legend: velocity in direct measurement in longitudinal (VL) and in radial direction on smaller (VRd) and 

bigger diameter (VRD) 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  (VL) 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. Nüve 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 (Nüve, 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±1ºC 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 (Edyn) was calculated using 
these USV with equation 1. 
 
 Edyn = ρ V2 106 (1) 
 
where Edyn, is elasticity modulus (N/mm2), ρ, is sample density (kg/m3), 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.          
 

 𝐸𝐸𝑖𝑖 =  ∆𝜎𝜎𝑖𝑖
∆𝜀𝜀𝑖𝑖

=  𝜎𝜎𝑖𝑖,2−𝜎𝜎𝑖𝑖,1
𝜀𝜀𝑖𝑖,2−𝜀𝜀𝑖𝑖,1

   𝑖𝑖 ∈ 𝑅𝑅 (2) 
 
where Ei; is Young modulus (N/mm2), 𝜎𝜎, is stress values and ε, is strain values.  
 
Results and Discussion 
 
Average density, sound velocity (V), Edyn and 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/cm3 and but decreased up 
to 0.65 g/cm3 by increase of temperature and exposure duration. Maximum decrease occurred at 210 
ºC temperature and 8 hours exposure conditions. Efe and Çağatay (2011) reported the density of 
untreated oriental beech wood as 0.71 g/cm3. 
 
Temperature and duration effect on Young’s modulus (ER) 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. 
            

 
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 Edyn in R direction is seen in Figure 2. It is seen that all 
temperature and duration levels have effects on Edyn. 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.  
     

 
Figure 2 - Effect of temperature and exposure duration on Edyn in R direction 

 
Table 1- Density, Sound Velocity, Edyn, and Young’s modulus values in R direction 
of beech wood 

 

Temp. 
ºC Hour Density 

(g/cm3) 

Velocity 
(m/s) Edyn (N/mm2) Young’s modulus 

(N/mm2) 
Mean Cov Mean Cov Mean Cov 

120 

Control 0.70 2165.97 2.29 3353.01 4.38 1812 8.84 
2 0.69 2185.85 5.77 3300.43 7.49 1846 8.36 
5 0.69 2208.11 3.54 3367.27 5.73 1920 10.65 
8 0.69 2207.47 4.01 3392.47 5.72 1980 7.76 

150 

Control 0.69 2176.79 2.75 3049.79 6.67 1858.12 8.43 
2 0.68 2205.98 6.38 3313.23 7.83 1905.28 6.92 
5 0.68 2225.79 2.83 3368.99 4.61 1950.44 8.76 
8 0.67 2175.18 3.55 3171.56 4.13 1823.46 9.62 

180 

Control 0.69 2135.58 5.53 3293.81 8.57 1802.73 7.94 
2 0.68 2175.03 2.25 3201.69 4.43 1757.18 8.16 
5 0.67 2138.27 4.66 3074.31 6.95 1680.45 9.91 
8 0.67 2125.88 3.40 3037.52 6.67 1643.08 11.64 

210 

Control 0.70 2137.05 2.09 3251.12 4.64 1846.24 8.40 
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 2249.34 8.09 1516.90 13.18 

*cov = coefficient of variation (%) 
 
Correlation (R2) between Edyn 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 (R2: 0.94) seen between control groups of 150 
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and 210°C temperature. Weakest correlation (R2: 0.84) seen between 180 and 210°C temperature and 
2 and 8 hours exposure durations, respectively.          
 

 
Figure 3 - Correlation between the Edyn and Young’s modulus 

 
Conclusion 
 
It is seen that temperature and exposure duration have effects on Young’s modulus and Edyn 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 Edyn 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 m in 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 (IA) 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 and Bell 1992, James et al. 2006 Moore and Maguire, 2008). An 
excellent literature review by James et al. (2014) summarizes research activity in dynamic tree evaluation 
These models rely on physical models or finite element modeling and account for many of the above 
factors. However, taking all of these factors in consideration is not possible from a practical point of view. 
This work focuses on uprooting safety, based on load and inclination measurements only, similar to the 
accepted pulling method. 
 
The dynamic tree evaluation method is available and commercialized by Argus Electronics (TMS, 2015). 
The method is based on the tree root collar inclination measurement. The measured inclination is 
compared with inclination measured on other trees. The tree which shows higher inclination is considered 
weak. Details of this technique can be seen in Argus Electronics publications. 
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Figure 1— Simultaneous inclination and wind velocity data showing no immediate correlation 
between the two factors. 

 
 
Based on literature data and on our own experience, there is no direct and immediate relationship between 
wind load and trunk inclination (Figure 1). Tree inclination is often minimal during high wind gusts, 
while extreme trunk movement sometimes occurs later, in a relative lull. The reason for this is that leaves, 
twigs, branches and trunk form a very complex system, not unlike a damped multiple pendulum. The 
behavior of such systems is extremely sensitive to the initial boundary conditions, and is virtually 
impossible to predict long term. This type of behavior is called chaotic motion, and multiple pendulums 
are also dubbed chaotic pendulums for this reason. 
 
The branches and the trunk constitute a nonlinear vibrating system. Forced vibrations are induced by 
dynamic wind load, and the relationship between the tree trunk inclination and wind load is nonlinear. 
The same is true in static pulling tests, where nonlinear material characteristics are observed.  
 
Unfortunately, this type of nonlinear and chaotic system is virtually impossible to model by deterministic 
methods. However, chaotic systems may be studied using statistical methods (Strogatz 2014). In the long 
run the system will realize all possible states, and the averages of the parameters over a certain period 
provide meaningful information. Therefore, in our study, the relationship between averages of wind load 
and trunk inclination data over various periods of time was investigated. 
 
The goals of the research were, as follows: 

– to investigate the possibility of using statistical methods for finding a relationship between 
wind load and tree inclination 

– to develop a practical uprooting safety determination method based on wind loading 
– to verify the applicability of the method based on practical experience 

 

271



Theoretical considerations 
 
According to the established safety determination technique (described by Wessoly and Orb, 1998) the 
uprooting safety of a tree is expressed by the so-called safety factor, which is calculated, as follows: 
 
 𝑆𝑆𝑆𝑆 = 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑀𝑀𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤
, (1) 

 
where Mcrit is the torque required for uprooting the tree, and Mwind is the torque exerted by the wind on the 
base of the tree, at a given wind velocity. Mcrit is usually estimated based on a the results of a static 
pulling test, where a load is exerted on the tree via a cable until a safe 0.25 degrees of inclination is 
reached. Mcrit is estimated based on the load-inclination curve, which follows a special second order 
tangential relationship, which is extrapolated to determine the maximum torque. 
 
For a given wind velocity, Mwind is calculated using the following formula: 
 
 𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝐴𝐴𝑝𝑝𝑤𝑤𝑐𝑐𝑤𝑤ℎ𝑐𝑐𝑐𝑐,  (2) 

 

where:  A  – crown area (estimated by the safety expert) 
 pw  – wind pressure ( 𝜌𝜌 2� 𝑣𝑣2) 
 cw  – experimental drag factor (Wesolly and Orb 1998) 
 hcr  – crown centerpoint height (estimated by the safety expert) 
 
The interpretation of the safety factor is fairly straightforward. A SF below one means that a wind 
velocity corresponding to Mwind is likely to uproot the tree. Trees with SF above 1.5 are considered safe, 
and in-between these two values there is a region of uncertainty. 
 
Unfortunately, some uncertainty is involved in the above calculation. Crown area and crown centerpoint 
height is subject to estimation errors, not to mention that in some instances (e.g. in diseased trees), the 
crown may be less then contiguous. The drag factors used for the estimation, determined for several 
species by Wesolly and Orb (1998), are shown to be reliable by practical experience, but within-species 
variation may also affect their values. Last, but not least, trees tend to behave erratically in actual wind 
load conditions, and their safety may not be correctly determined by static loading. 
 
As mentioned before, there is no immediate relationship between momentary wind conditions and tree 
collar inclination, due to the complicated architecture of leaves, twigs branches and tree trunk that makes 
it impossible to create a deterministic model of tree movement in the wind. However, using a statistical 
approach and considering the tree movement and wind load over longer periods of time may yield an 
acceptably good relationship between these two factors. In that case, Mcrit could be calculated from actual 
wind load data, rather than the static loading curve, and (1) can be expressed, as follows: 
 
 𝑆𝑆𝑆𝑆 = 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑀𝑀𝑤𝑤𝑐𝑐𝑤𝑤𝑤𝑤
= 𝐴𝐴𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑤𝑤ℎ𝑐𝑐𝑐𝑐

𝐴𝐴𝑝𝑝𝑤𝑤𝑐𝑐𝑤𝑤ℎ𝑐𝑐𝑐𝑐
= 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑝𝑝𝑤𝑤
, (3) 

 
where pcrit is the maximum wind pressure that the tree can withstand with out uprooting, and is 
determined from the wind pressure-inclination curve analogously to Mcrit in the static pulling test. This 
method does not require crown area and centerpoint height estimation or the drag factor, which eliminates 
much of the uncertainty in the traditional method. Also, the determining pcrit from actual wind load data is 
likely to provide a better estimate than the Mcrit value originating from static testing 
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Materials and methods 
 

 
a. 

  
b.         

 
c. 

 
d. 

 
Figure 2—a: Measurement setup, b: Cup type anemometer, c: Ultrasonic anemometer,  
d: Dual-axis inclinometer 

 
 
Dynamic uprooting safety evaluation tests were carried out using the authors’ own measurement setup 
(Figure 2). A cup type anemometers or an ultrasonic anemometer was used for wind velocity 
measurements, both with 1 second sampling rates. The anemometers were always positioned several 
meters above the tops of trees or nearby buildings, where their interference was negligible. Both 
instruments worked equally well for dynamic root evaluation. The anemometers were equipped with a 
data logger and a precise GPS-based clock. 
 
Inclination sensors used in the experiments had to be sensitive enough to pick up inclination at very low 
wind speeds (10 – 30 km/h). The instrument has a bubble type biaxial inclinometer, with a sampling 
frequency of 10 Hz and a resolution of 0.001 degree. The inclinometer is equipped with a data logger and 
GPS timer (also provides location data if needed), for precise synchronization of wind pressure and 
inclination data. Precise time data is stored together with measured data. A mounting palate with 3 pins 
and a ball head were used to attach the inclinometer at the bottom of the tree trunk. The inclinometer’s 
operating range is ± 2 degrees. Fine position tuning of the inclinometer was possible by the photo ball 
head, but software tare was also applied. A single screw secured the mounting plate to the tree collar. The 
injury caused by the screw is minor and not harmful for the tree. After finishing data collection, we 
removed the screw. Data collection periods varied between 1 hour and 2 days. 
 
Each time the weather conditions were suitable (wind gust velocities higher than 20 km/h), wind speed 
and inclination data was collected. A total of 25 trees of various species (Magnolia, Pinus, Picea, Larix, 
Quercus, Fagus, Acer, Ginko, and Betulus spp.) were evaluated over a 4 month period, in 6 different 
locations in Hungary, Italy and Slovakia. The distance between the anemometer and the trees varied 
between 15 m and 5.6 km.  
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Since, at the given rate, almost 80 thousand data points are collected every hour, evaluation by 
spreadsheet software was too slow for our purposes. An evaluation software dedicated for wind and 
inclination data analysis was created by the FAKOPP company. The main steps of the evaluation are: 
 

– software tare on inclination data 
– determination of the total inclination from “X” and “Y” values, 
– wind pressure calculation from wind velocity and air density (Pwind=  ρ/2 V2)  
– pairing wind pressure and inclination data 
– selecting averaging time window and averaging. 
– fitting the tangent function to the measured points. 
– calculation of the critical wind pressure. 

 
Typical averaging time was 5 minutes, i.e. 300 velocity data points and 3000 inclination data points 
collected in that time window was averaged to create a single data pair. This significantly reduced number 
of data points used to analyze the correlation between wind pressure and inclination.  
 
 
Evaluation and results 
 
Typical results and reliability of estimation 

a.  

b.  

Figure 3— a: Relationship between wind pressure and inclination. b: The upper and lower margin 
of estimated critical wind speed as the function of the maximum wind pressure. 
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Figure 3a shows a typical DRE test result of a Norway spruce tree. In this test, the data collection took 4 
hours, with a 5 minute averaging time window, and a distance between anemometer and tree was 5 km. 
The highest wind gust velocity during the whole data set was 56 km/h. In this case, the correlation 
coefficient was 0.86. The estimated critical wind pressure – that would uproot the tree – is 4220 +/-650 
Pa. This was determined by similar methods as used in the pulling test (extrapolating a tangent curve 
fitted to the inclination-force graph). This allows for the safety factor evaluation for a given wind speed. 
Based on a highest anticipated wind gust velocity of 120 km/h, (a wind pressure of 667 Pa), the uprooting 
safety factor is 4220/667= 6.3, means tree root structure is safe.  
 
The correlation coefficients we found throughout our examination were in the range of 0.78 and 0.97, 
based on 25 trees, depending on the distance between anemometer and tree location.  
 
To determine the minimum wind gust velocity, where the DRE test would provide applicable results, the 
critical wind pressure at various maximum wind pressures was examined. Using the same data set as 
above, we used partial data set that included only the data up to a given wind pressure value. Taking the 
maximum measured wind pressure as 100% we calculated the critical wind pressure for the ranges of 0-
100%, 0-90%, 0-80%, etc. The calculated critical wind pressure’s upper and lower boundary (statistical 
confidence interval) is plotted as the function of the maximum wind pressure in Figure 3b. At low wind 
pressures, the error becomes high. Above 30 Pa (roughly 25 km/h wind velocity) critical wind pressure 
prediction is reliable. 
 
 
The effect of averaging window size and tree-to-anemometer distance 

 

Figure 4— The correlation coefficient between the wind pressure and inclination as a funcion of 
statistical window size for three specimens of varying tree-to anemometer distances (as indicated) 
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Figure 4 shows the effect of averaging window size on the correlation coefficient between wind pressure and 
inclination, at three different tree-to-anemometer distances. An averaging window of 1s (i.e. using the data without 
averaging) results in a very low correlation coefficient of 0.3-0.4. Increasing the window size leads to improving 
correlations, but also requires longer data collection periods for acquiring a sufficient number of data points. 
 
Figure 4 also demonstrates the effect of tree-to-anemometer distance. Larger distances result in lower 
correlation coefficients. Using larger statistical window sizes (and increased testing periods) can compensate 
for this problem. It is best to position the anemometer as close to the tree as possible, but acceptable correlation 
(above 0.8) is achievable if the distance is no larger than 5 km. One anemometer can serve a 5 km radius area. 
 
 
Reproducibility and practical application 
 
We have tested the reproducibility of DRE. In strong winds (70 km/h velocity), the obtained safety factor 
was 1.9 +/- 0.1. Given the same tree a month later, when wind velocity was 34 km/h, the measured safety 
factor was 1.6 +/- 0,3.   
 
We have successfully tested the DRE technique in controlling tree pruning of Prunus armeniaca. Strong 
pruning, around 50% crone area loss resulted increase in safety factor from 3.4 to 6.7. Similar results 
were found in Prunus domestica. The effect of wind direction was tested as well. In typical wind direction 
(NW) the safety factor was 20% higher compared to measuring in a SW wind.  
 
Finally, a week maple tree’s case demonstrated the practical applicability of the new method in a dramatic 
way. The dynamic test showed this tree to be in danger of uprooting (SF<1 for wind speeds in excess of 
70 km/h.) Static pulling tests showed similar results. Finally, the tree was uprooted in relatively windy 
weather, at 63 km/h wind speed. 
 
Advantages and disadvantages 
 
The advantages and disadvantages of the proposed dynamic root evaluation method over the conventional 
pulling test method are summarized, as follows:  
 

– The pulling test is an accepted test method, but it requires an anchor point and the application 
of high loads. Manual input of crown area and the aerodynamic drag factor is necessary for 
safety factor calculation. The pulling test is possible only in low wind speeds below 25 km/h. 
The test procedure is slow, tedious and uses static loading.  

 
– The Dynamic Root Evaluation technique is a new technique, not yet established for uprooting 

safety evaluation. It is fast, requires no crown area or aerodynamic drag factor, and the applied 
load is realistic, dynamic. The major limitation is that the required wind gust velocity is 25 
km/h or higher. Testing periods are similar or higher than those of the static testing, but the 
method allows simultaneous assessment of several trees (with little additional cost in terms of 
equipment or time), and the operator does not need to be present during data collection. 

 
 
Summary and conclusions 
 
Traditional, static testing for tree uprooting safety determination methods have several disadvantages. 
Using actual wind measurements have several advantages, but there is no immediate relationship between 
wind pressure and. The statistical approach proposed in this article offers a viable method for correlating 
wind pressure and tree inclination. The conclusions of our study are, as follows: 
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– The statistical approach of averaging wind pressure and inclination data, respectively, over an 

approx. 5-10 min interval yields reasonably good correlation between these parameters, above 
25 km/h wind velocity. 

– A method was proposed whereby the critical wind pressure is calculated from the pressure-
inclination curves the same way as Mmax in the traditional pulling test, and is compared to 
reference wind pressure values to calculate the safety factor.  

– According to preliminary experience, the results a repeatable, comparable to pulling test SF 
determination results, and correctly indicate the effect of tree crown pruning. 

– Tree-to-anemometer distances are negatively correlated to the reliability of the method, but 
sufficient accuracy is possible at distances up to 5 km. 

 
Further investigations will follow to provide further proof for the reliability of the new method, as well as 
to extend its applications in various real-life scenarios. 
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Abstract 
 
This research is part of the assessment of the structural timber members of an existing old building. An 
experimental campaign on the mechanical characterization of historic timber members using combined 
non-destructive test (NDT) and destructive (DT) methods were carried out in order to determine the 
correlations between the test results. In particular, fir (abies cilicica), spruce (picea abies) and chestnut 
(castanea sativa) wood were evaluated. Ultrasonic stress wave test was carried out as non-destructive 
method. Modulus of elasticity in bending and bending strength tests were carried out as destructive 
tests. The evaluation show that, the coefficients of determination varied according to species and 
strong correlations were obtained for softwoods (fir and spruce). About 57-73% of the strength 
properties could be explained by dynamic modulus of elasticity (MoED) for fir and spruce specimens. 
However, the coefficient of correlations for chestnut were relatively weak, which can be explained by 
the small number of specimens and also the heterogeneous structure of hardwoods. Based on the 
correlations between the acoustic measurements and the strength properties of structural members, we 
can conclude that the acoustic NDTs can be used efficiently in the in-situ assessment of the timber 
buildings’ safety and residual structural capacity for fir and spruce. However, further investigations are 
needed with larger sample sizes for chestnut wood. 
 
 
Keywords: Non-destructive methods, wood structures, destructive tests, fir wood, chestnut wood, spruce 
wood 
 
 
Introduction 
 
The assessment of old timber buildings has gained importance in recent years, due to the large heritage 
of the old cities which needs to be preserved. In order to determine the type of intervention, the 
residual structural capacity and condition of buildings has to be surveyed (Calderoni 2010). 
Consequently, the number of evaluation techniques has increased and the requirement for reliable 
assessment methods became crucial. In existing old structures this evaluation cannot be carried out by 
destructive methods, which can cause the loss of structural integrity. Visual inspection together with 
non-destructive methods are the most used diagnosis techniques in the assessment of safety and 
residual structural capacity of the buildings (Machado and Palma 2011; Morales et al. 2014). Visual 
inspection is the oldest non-destructive method which does not require any special tool and depend on 
the assignment of defects and decays of wood. However this method can sometimes be misleading due 
to the knowledge of the specialist. Visual inspection has to be applied by experts in order to prevent 
failures which could lead large-scale replacement of building members. Also, other non-destructive 
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methods (NDT) has to be carried out together with visual inspection to increase the reliability of 
survey (Calderoni 2010; Feio and Machado 2015; Faggiano et al. 2011). 
 
NDTs are applied with special tools and techniques to get information about the internal structure of 
wood and the level of deterioration. Ultrasonic stress wave is one of the most used NDT in the 
evaluation of timber building members. This technique depends on the acoustic properties of the 
material and is applied in two different ways; direct and indirect replacement of two sensors (Sousa 
2013). In direct method the sensors are placed in line with each other at the ends of the building 
member. Nevertheless, in existing buildings direct method is usually inapplicable due to most of the 
members are covered up or have inaccessible ends. For this reason the sensors are placed to the 
surfaces of the members, which is called indirect method. After the placement of sensors the 
transmission time of the stress wave is measured to determine the wave transmission velocity. The 
dynamic modulus of elasticity can also be calculated by using transmission velocity and density of the 
specimen. In particular, it can be mentioned that longer transmission times generally implies defects or 
deteriorations in ultrasonic stress wave technique. 
 
Although NDTs are widely used in the evaluation of timber members because of their simplicity and 
cheapness, experimental data from different species are needed in order to reduce the uncertainty of 
non-destructive tests. Therefore, destructive tests are carried out together with NDTs to increase the 
efficiency of these techniques and obtain additional correlations with the strength properties of wood. 
Correlations between non-destructive and destructive tests of different species have been studied in 
previous researches. Strong correlations were obtained for most of the structural wood species.  
 
In this context, an experimental campaign including non-destructive and destructive tests was carried 
out to evaluate the strength properties of structural timber members of an old building. Ultrasonic 
stress wave tests were performed as NDTs while modulus of elasticity in bending and bending 
strength parallel to grain tests were carried out as destructive tests. The objective of this research is to 
provide reliable NDT-DT correlations between strength properties of timber based on statistical 
analysis. 
 
Materials and methods 
 
Testing material 
 
Test specimens were extracted from different parts of a typical old building in Istanbul, Kadıköy, built 
up at the beginning of 20th century (Figure 1). The floors, interior walls and stairs of the building are 
constructed from timber members supported by two masonry walls. At the top floor load-bearing walls 
and roof are also constructed from timber.  
 

 
Figure 1 – Facade from 80’s 
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In particular, 35 structural elements from fir (abies cilicica), spruce (picea abies) and chestnut 
(castanea sativa) wood were extracted from the building. Initially the specimens were visually 
inspected and then they were sawn into small specimens. After being sawn into small sizes they were 
evaluated with non-destructive and destructive tests. 
 
Method and equipment 
 
Non-destructive and destructive tests were carried out in order to obtain correlations between strength 
parameters. Before the experiments the specimens were sawn with a minimum length of 16 times the 
height of the section as mentioned in the related EN standards. Visual inspection (V), determination of 
density (D), determination of moisture content (MC) and ultrasonic tests (U) have been carried out as 
non-destructive tests. Bending strength (B) and modulus of elasticity (MoES) tests were carried out as 
destructive tests. 
 
Table 1 – The experimental stage, dimensions and specimen numbers 

Specimen Number Size 

Roof Ridgepole 8 40×40×640 

Roof board 70 15×15×250 

Rafter 24 40×40×640 

Wall Stud 19 30×30×495 

Nogging 8 40×40×640 

Diagonal brace 4 40×40×640 

Floor Flooring 80 20×20×330 

Floor beam 24 40×40×640 

 
The presence of natural defects, sawing defects and biological attacks of the specimens were identified 
by visual inspection. Before measurement of density, the specimens were conditioned in a climatic room 
at constant temperature (20±2ºC) and humidity (65±5%). The average density was determined as 
recommended by EN 408 for a moisture content of 12% by measuring the mass (m) and volume (V) of 
the specimens with the formula; 
 
ρ12= m/V (kg/m3)          (1) 
 
The moisture content of the specimens was measured in accordance with EN 13183-1 standard. The 
specimens were oven-dried and weighed before and after the oven drying period. Then the moisture 
content were determined according to the formula; 
 
MC= (mH - mO) / mO×100         (2) 
 
Here mH is the initial mass and mO is the oven-dried mass.  
 
Ultrasonic test 
 
Ultrasonic wave transmission time was measured by using Sylvatest Duo equipment, with conical 
probes at 22 kHz. The equipment emits a wave from transmitter sensor to the receiver sensor and 
determines the average time of flight (ToF) obtained from 5 consecutive readings for each 
measurement. Measurements were performed with direct method by placing sensors at the ends of 
each specimen (Figure 2). Wave velocity was determined according to the equation; 
 
V = L/ToF (m/s)          (3) 
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where L is the length of the specimen and ToF is time of flight.  
 
The dynamic modulus of elasticity (MoED) was determined by using velocity (V) and density (ρ) of the 
specimen with the equation; 
 
MoED= V2×ρ (N/mm2)          (4) 
 

 
Figure 2 – Direct ultrasonic stress wave measurement 

 
Bending strength and MoES in bending 
 
The bending strength of timber pieces were determined by three-point bending test using Lloyd LS100 
Universal test machine. The applied force has been transferred to the specimen by steel devices and 
the deflection has been measured at the middle of the specimen by steel transducers which are located 
both on the loading device and on the specimen (Figure 3). 
 
The modulus of elasticity in bending was determined by the test machine already described. By 
loading the specimen at a constant rate; the minimum load, maximum load and deformation of the 
specimens were measured. The modulus of elasticity in bending (MoES) is determined by the given 
formula; 
 

Ew= 𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥

𝑙𝑙3

4𝑏𝑏ℎ3
(N/mm2)         (3) 

 
Here, ΔP is the increase of load in Newtons, Δf is the increase of deformation, l is span, b is width and 
h is depth of the specimen in millimeters.  
 

 
Figure 3 – Bending strength test  

 
Results and discussion 
 
According to test results it can be mentioned that; although the building was approximately a hundred 
years old, the building members were considerably preserved due to its constant moisture amount and 
continuous residential and commercial use.  
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As the results of visual inspection, the specimens were affected by some defects such as checks, cracks 
and insect attacks. Nevertheless mechanical deformation was not observed on any specimen. The 
moisture content of all specimens has been measured between 10-12%, in line with a healthy wood 
specimen’s moisture content in normal ambient conditions. The arithmetic mean values of non-
destructive tests are presented in Table 2. According to the obtained results the densities are mostly 
appropriate with the literature values. However, wall and floor specimens of fir have lower densities.  
 
The wave velocity values of chestnut specimens are in good accordance with other research results 
(Lourenço et al. 2007). The average values of ultrasonic wave velocity differ between the specimen 
groups of softwood tree species (fir, spruce) and most of the groups have appropriate values with the 
literature stated for softwoods. Wall specimens of fir again have lower values than the other specimen 
groups (USDA 2015). 
 
Table 2 – The experimental results of non-destructive tests 

Member Specie Density Wave velocity parallel to grain 

ρ (kg/m3) V (m/s) 

Roof Fir 426.40 (57.50) 6050.75 (621.05) 

Wall Fir 402.32 (16.89) 5083.23 (529.50) 

Chestnut 569.79 (40.13) 4879.53 (300.60) 

Floor Fir 411.93 (34.70) 5680.15 (199.24) 

Spruce 482.90 (66.60) 5596.17 (438.17) 
 
The results of destructive tests are given in Table 3 in terms of arithmetic mean values. The values 
given between brackets are the standard deviation results. According to the test results; the wall 
specimens of fir wood have low strength values, while roof and floor specimens are in accordance 
with the literature (Calderoni et al. 2006; Korkut 2008; Feio et al. 2004; Sousa 2013). The bending 
strength and MoES values for chestnut and spruce wood are again in good accordance with the 
literature and other research results (Bozkurt and Göker 1996; Korkut 2008; Berkel 1970; Sousa 
2013).  
 
Table 3 – The experimental results of destructive tests 

Member Specie Bending 

Bending strength (MOR) Modulus of elasticity 

fb (N/mm2) MoES (N/mm2) 

Roof Fir 66.84 (21.39) 10009.86 (3050.91) 

Wall Fir 46.20 (11.15) 6294.41 (906.25) 

Chestnut 65.84 (13.12) 8643.58 (1314.05) 

Floor Fir 54.17 (12.17) 8277.08 (1298.81) 

Spruce 67.25 (17.67) 9973.12 (2180.84) 
 
As a conclusion most of the specimens have values in accordance with the literature. However, both 
the density and strength values of the wall specimens of fir are lower than the literature values given 
for new fir wood.  
 
Correlations between destructive (DT) and non-destructive tests (NDT) 
 
The results of non-destructive and destructive tests were statistically analyzed by means of linear 
regressions, using SPSS program. The importance of regression is evaluated by the coefficient of 
determination (R2). The coefficients of determination, as result of regression analysis between 
destructive and non-destructive tests, and the equations are given in Table 4.  
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Table 4. Coefficient of determination (R2) of regression analysis between non-destructive and destructive test results 

 Fir Spruce Chestnut 

Property R2 Equation R2 Equation R2 

V -MoES 0.73 MoES =4.2946×V-15374 0.63 MoES =4.0683×V-12906 0.53 

MoED - MoES 0.71 MoES =0.6212×MoED+279.7 0.73 MoES =0.5448×MoED+903.56 0.32 

V - fb 0.55 fb =0.0225×V-69.45 0.61 fb =0.0333×V-119.79 0.30 

MoED - fb 0.57 fb =0.0037×MoED+6.4658 0.68 fb =0.004×MoED+2.3918 0.21 
 
 
The efficiency of the regressions differed by species type. The coefficient of correlation values were 
high for softwoods (fir and spruce) but lower correlations were obtained for chestnut. Fir and spruce 
have very similar performance and coefficient of correlation results.  
 
The dynamic modulus of elasticity (MoED) is a good predictor for softwoods. About 57-73% of the 
strength properties can be explained by dynamic modulus of elasticity (MoED), while 43-73% of the 
strength properties can be explained by velocity. However, although chestnut have high strength 
values, there was only one reasonable coefficient of correlation value obtained between destructive 
and non-destructive tests. 
 
Conclusion 
 
This article aims to assess the mechanical properties of different wood species by using destructive 
and non-destructive tests. According to the results obtained from destructive tests, all of the species 
had good strength properties, and softwoods (fir and spruce) have similar strength properties. 
However, the wall specimens for fir have lower strength properties than the other groups. 
 
Linear regressions were proposed for strength properties of wood specimens by using ultrasonic stress 
wave method together with destructive tests. The efficiency of regressions were high for softwoods 
(fir and spruce) but lower correlations were obtained for chestnut. Dynamic modulus of elasticity was 
a better predictor of strength properties, while velocity is also a good predictor for fir and spruce. 
About 57-73% of the strength properties can be explained by dynamic modulus of elasticity (MoED) 
and 55-73% of the strength properties can be explained by velocity for softwoods. For chestnut, the 
values of the coefficient of determination were relatively low. The only reasonable result was between 
velocity and modulus of elasticity (R2=0.53). This was probably caused by the small number of 
specimens and from the heterogeneous structure of hardwoods. 
 
As a conclusion, ultrasonic tests can be recommended for the evaluation of softwoods due to the good 
coefficients of determination obtained. Although good strength properties were obtained for chestnut 
wood, it cannot be easily evaluated by this technique. However, further investigations are needed with 
large sample sizes of chestnut wood. 
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Abstract 
 
This report describes the testing plan and preliminary results in an ongoing project to assess the efficacy 
of using ground-penetrating radar (GPR) to detect internal moisture and fungal decay within Douglas-fir 
beams. Initially, the test beams were assessed using a variety of physical, mechanical, and nondestructive 
evaluation (NDE) test methods including micro-resistance drilling, Janka hardness, stress wave 
transmission, and GPR. After initial baseline assessment, test beams were inoculated with brown-rot 
fungus, Fomitopsis pinicola, and exposed to just above-ground conditions 22 miles (35.4 km) north of 
Gulfport, Mississippi, USA. Test beam specimens were inspected in the field at 6, 12, and 17 months of 
exposure using GPR, moisture measurements, and stress wave transmission. Select specimens were 
removed from the field during each site visit and returned to USDA Forest Service, Forest Products 
Laboratory, where the NDE tests were repeated. In addition, computer tomography (CT) scans were taken 
of a subset of the returned specimens. Finally, destructive Janka hardness testing provided insight into 
mechanical property change during exposure. The GPR scans were compared with the NDE, CT scans, 
and hardness results. It was found that the GPR scan was sensitive to the presence of internal moisture, 
which will be useful in locating areas of potential decay. 
 
Keywords: ground-penetrating radar, fungus, brown-rot, Douglas-fir, sawn timber, glulam, weather 
exposure 
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Introduction 
 
The 2014 Federal Highway Administration (FHWA) National Bridge Inventory indicates there are more 
than 40,000 wood or timber roadway bridges in the United States (USDOT 2014). To ensure continued 
safe usage of these bridges, regular maintenance and inspection is necessary. There are many well-known 
and reliable wood inspection techniques such as stress wave measurement, transverse vibration, and 
resistance drilling to name a few (Ross 2015). Many of the techniques require point by point inspection, 
which makes a comprehensive evaluation of the entire bridge structure a time-consuming undertaking as 
well as a safety risk because of limited access and passing traffic. Several techniques require specialized 
equipment that is too bulky to be moved into the field. As processing speed and computing power 
increases, so does the availability of advanced, field-ready tools that can process large amounts of data in 
sufficiently short times, which makes their use during routine inspections feasible. 
 
Ground-penetrating radar (GPR) is a tool used for a variety of inspection purposes including concrete and 
masonry structures, paved and unpaved roads, ground imaging, archeological sites, and ice-covered areas 
to name a few examples. Currently available commercial GPR units are simple to use and provide near 
instantaneous and easily interpreted inspection data. Until recently, the use of GPR on wood and wood 
structures was a little-explored area. 
 
Muller (2003) found that GPR was a reliable method for locating internal defects such as piping and rot in 
timber girders as large as 16.7 in. (425 mm) in diameter. The GPR results in that study closely correlated 
to the defects located using test microdrilling and post inspection cutting of the examined wood girders. 
 
Rodriguez-Abad et al. (2011) examined 7.9- by 3-in. (200- by 75-mm) timbers of maritime pine (Pinus 
pinaster Ait.) and showed that signal amplitude, propagation velocity, and spectral composition varied 
significantly between propagation directions parallel to grain as opposed to those perpendicular to grain. 
No significant differences were noticed between propagation directions that were parallel to the radial 
axis and those parallel to the tangential axis. Martínez-Sala et al. (2013) presented similar findings and 
expanded the study to examine the variation in parameters previously listed with respect to 12 species 
commonly used for commercialized sawn timber in Spain. It was found that, for all examined species, 
longitudinal versus transverse dielectric wood behavior was clearly identifiable. 
 
Riggio et al. (2014) gives brief overviews of several nondestructive wood inspection techniques including 
GPR. Advantages and disadvantages of GPR are listed, and a frequency range of 1.5 to 2.5 GHz is 
recommended for wood inspection. Maï et al. (2014) showed that dielectric permittivity was affected by 
moisture content of the wood, fiber direction, and wood density. A subsequent study found that GPR 
provided the possibility of estimating wood dielectric permittivity. As a result, GPR was assessed as a 
promising technique for moisture evaluation and early stage diagnosis of timber structures (Maï et al. 
2015). 
 
Hans et al. (2015a, 2015b) explored the use of GPR to determine the moisture content (MC) of frozen and 
thawed logs. In that study, it was found that a partial least square (PLS) regression between the signal 
amplitude and MC led to robust models that had greater accuracy when attempting to estimate MC from 
the GPR signal. A related study examined the use of propagation velocity (PV) to measure MC. Although 
the PLS method yielded a more accurate prediction of MC, the PV method covered a larger wood volume 
than the PLS method and was more easily transferable among GPR equipment with the same center 
frequency (Hans et al. 2015c). 
 
A major concern with any wood inspection tool is its ability to detect internal decay. Internal decay is 
often found in areas of elevated internal moisture. In this project, the efficacy of using GPR to detect 
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internal moisture and fungal decay within Douglas-fir beams is examined. This report is an update of 
Senalik et al. (2016) in which the research project was described but included no data from the test 
specimens. 
 
Research study 
 
The goal of these research efforts is to find fast, reliable nondestructive inspection technique(s) for 
covered timber bridges. Ideally, the technique(s) will require access to only one side of the inspected 
object, detect moisture pockets, detect voids, require minimal setup time, collect data quickly, provide 
instantaneous results in a manner easily interpreted at the inspection site, and penetrate through asphalt to 
underlying wood. Several techniques were initially evaluated by several industry representatives in a 
laboratory setting. All industry representatives tested the same specimens in a blind study. Techniques 
used were GPR, microwave, impact echo, ultrasound, and shear wave tomography. GPR was the 
inspection technique that best satisfied the criteria and therefore was selected for further in-depth 
investigation. The entire selection process is described in Wacker et al. (2016). 
 
Objectives and field test setup 
 
The objective of the research study was to assess the ability of GPR to detect internal decay and moisture 
in wood beams with cross-sectional sizes representative of those used in covered timber bridges. Douglas-
fir specimens of varying degree of internal decay activity were created through fungal inoculation and are 
undergoing field exposure across a range of time from 6 to 48 months. At regular 6-month intervals 
throughout the decaying process, the specimens were examined using a variety of nondestructive 
techniques including GPR. At the conclusion of the study, bench marks for measuring efficacy of GPR 
for detecting internal pockets of fungal decay will be created through visual assessments, NDE 
evaluation, CT imaging, and hardness profile mapping of cut-away cross sections of the specimen 
interiors. 
 
Material and methods 
 
Douglas-fir specimens with internal decay were created from sawn timber and glulam beams with cross-
sectional sizes representative of those used in covered timber bridges. Figure 1 shows the total number of 
specimens as well as the months of exposure. Four specimen cross-sectional sizes were selected for the 
study: 5.125- by 9-in. (130- by 229-mm) glulams, 5.125- by 7.5-in. (130- by 191-mm) glulams, 3.5- by 
5.5-in. (89- by 140-mm) sawn timbers, and 3.5- by 7.25-in. (89- by 184-mm) sawn timbers. Six 11-ft 
(3.4-m) or longer beams of each cross-sectional size were selected and cut into four 32-in. (0.8-m) 
specimens for a total of 96 specimens (4 cross sections × 6 beams per cross section × 4 specimens per 
beam). There were three duplicates of each cross section for each time interval of testing. The cutting of 
each beam yielded remnants, which were used for initial cross-sectional hardness testing. 
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Figure 1. Number of specimens and months of exposure (12 specimens for each exposure 
subgroup). 

 
Partial-depth circular holes were drilled into each specimen to serve as fungal growth cavities as shown in 
Figure 2a. The holes were nominally 1 in. (25 mm) diameter and 3 in. (76 mm) deep. The holes were 
located on the ends and top of each specimen. The hole on the end was centered at the midheight and 
midwidth of the specimen cross section and drilled parallel to the longitudinal axis. The holes on top were 
centered midwidth. Figure 2b shows holes drilled into six-laminate glulam specimens. 
 

  

a. b. 
Figure 2. Fungal cavity holes in specimens: (a) locations of the drilled holes (units shown are 
inches); (b) holes drilled in a six-laminate glulam. 

 
Initial baseline data were collected on the specimens. The baseline data provided the control against 
which post-exposure data were compared. Data collected included mass, MC, stress wave transmission 
time, microresistance drilling, GPR scanning, and Janka hardness. MC was collected using a Delmhorst 
R-2000 electrical resistance moisture meter with two 3-in. (76-mm) insulated probes from Delmhorst 
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Instrument Company (Towaco, New Jersey, USA). Stress wave time was measured using the Fakopp 
Microsecond Timber from Fakopp Enterprises (Agfalva, Hungary). Microresistance drilling was 
performed on selected specimens using the PD 400 Resistograph from IML Wood Testing Systems 
(Moultonborough, New Hampshire, USA). Several GPR scans were taken of each specimen using a SIR 
4000 GPR data acquisition system (Geophysical Survey Systems, Inc., Salem, New Hampshire, USA) 
with a 2.0-GHz palm antenna. The center frequency of the palm antenna was 2.0 GHz, but the frequencies 
emitted and received ranged between 500 MHz and 4 GHz. During post-collection data analysis, narrower 
frequency ranges were explored to determine what, if any, frequency range was particularly sensitive to 
the presence of brown-rot. The data acquisition system and antenna were purchased from Geophysical 
Survey Systems, Inc. A 2-in.- (51-mm) thick piece was cut from each beam remnant, and Janka hardness 
tests were performed using an Instron 5587 testing machine (Instron, Norwood, Massachusetts, USA). 
Measurements were taken across the cross section (parallel to grain) as shown in Figure 3; however, 
additional measurements were taken on the sides of each specimen (perpendicular to grain). It was 
assumed that beams were sufficiently consistent that the hardness profile obtained from the Janka tests of 
the remnant was representative of the hardness profiles of all specimens cut from that beam. 
 

  
a. b. 

Figure 3. Janka hardness testing: (a) sawn timber remnant undergoing Janka hardness test; (b) 
hardness test impressions across glulam remnant cross section. 

 
After initial data collection, one end of each specimen was placed in a water tank for 14 days. The water 
was sufficiently deep to cover the holes drilled near the ends of the specimens by no less than 2 in. (51 
mm). At the end of the soaking period, the specimens were removed and wet sawdust previously 
inoculated with Fomitopsis pinicola, a brown-rot fungus capable of attacking Douglas-fir, was placed in 
each hole that had been below water level (Fig. 4). The soaking supplied water to the wood that the 
brown-rot would have used to establish itself and promote fungal growth. The holes were then sealed with 
cork stoppers. The specimens were then placed back into the soaking tanks with the opposite end below 
water level. After 14 days, the process was repeated with the holes on the opposite end of the specimen. 
 
The inoculated specimens were shipped to the USDA Forest Service, Harrison Experimental Forest 
(HEF), approximately 22 miles (35.4 km) north of Gulfport, Mississippi, USA. The site was chosen as an 
ideal location to promote fungal growth because of its warm climate, high yearly rainfall, and high 
average relative humidity. Local temperature and precipitation data were recorded by a weather station at 
HEF. A field site was cleared down to soil level. Surrounding trees provided shade during most of the day 
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other than midday when the sun was directly overhead; otherwise, sun–shade was not a controlled 
variable. Two layers of ultraviolet resistant, 8 mil black landscaping plastic were placed on the ground to 
prevent plant growth under the specimens. The specimens were raised off the ground approximately 7 in. 
(178 mm) using treated wood blocks to prevent external decay caused by ground contact. Once in place, 
each inoculated specimen was scanned with the GPR unit to provide a baseline against which post-
exposure scans were compared. Black plastic covers were then placed over each specimen. The covers 
were approximately 18 in. (457 mm) long to protect the area of the beam between the two inoculated 
holes. The covers minimized rain contact with the middle portion of the beam, lowering the possibility 
that surface decay developed in that region and increasing the likelihood that when decay occurred within 
the center region, it grew internally from the fungal cavities rather than from the external surface. Small 
holes approximately 0.25 in. (6 mm) wide were drilled through each cork to allow moisture to enter the 
fungal cavities. The specimens were installed in the field on January 12th, 2016. Specimen placement as 
well as specimen scanning using the GPR tool is shown in Figure 5. 
 

   
Figure 4. Inoculating specimens with Fomitopsis pinicola, brown-rot. 

 
 

  
Figure 5. Specimens as positioned on site, and GPR scanning of specimens. 
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In 6-month intervals, USDA Forest Service, Forest Products Laboratory (FPL), researchers have returned 
to the test site for data collection. The return dates were July 2016 (6 months), January 2017 (12 months), 
and June 2017 (17 months). A limited pilot study conducted by FPL using Douglas-fir beams inoculated 
in a manner similar to those in this report showed that noticeable fungal growth could begin within 6 
months in favorable conditions. Data collection included GPR scanning, MC readings, stress wave 
transmission time, and a visual assessment of the specimen condition. In addition, 12 predetermined 
specimens (three of each cross section) were retrieved during each site visit and returned to FPL. The 
retrieved specimens were reconditioned to 12% MC and then cut into 2-in. (51-mm) pieces along the 
length and perpendicular to the longitudinal axis. Janka hardness tests were performed across the cross 
section to obtain a hardness profile, which was compared with the original hardness profile for each beam 
as an indicator of the extent of fungal decay within each specimen (Green et al. 2006). 
 
The process will be repeated until the final 12 specimens are retrieved after 48 months of exposure. The 
interval testing and the range of exposure times should increase the likelihood that data will be collected 
on specimens with internal decay ranging in severity from incipient, in which the wood is not perceptibly 
impaired, to advanced, in which the destruction is readily recognized (Ross 2010). At the conclusion of 
those 48 months, it is expected that the body of collected data will include GPR scans, NDE data, and 
hardness profiles for each of the four cross-section types from a period of 0 to 48 months in 6-month 
increments. 
 
Results 
 
To date, there were four site visits: at 0 months (when the specimens were initially placed), 6 months, 12 
months, and 17 months. MC measurements taken on a random selection of the specimens at the site 
during each visit showed that MC was relatively consistent between specimens. Table 1 shows the 
average percentage MC during initial installation and during each subsequent site visit. 
 
Table 1. Percentage moisture content at the end and center of the specimens by months of exposure 

Location 0 months 6 months 12 months 17 months 
End of specimen ~25 24.0 25.5 27.9 
Center of specimen 11.3 19.1 19.4 18.1 
 
A set of typical time domain and frequency domain plots collected by the GPR unit are shown in Figure 
6. The specimen examined was C13. The plots were collected with the antenna on the top surface of the 
specimen (the surface with two drilled holes as shown in Figure 2a). To facilitate data clarity in Figure 6a, 
the time domain magnitude data shown are natural logs of the absolute values of the time domain data 
multiplied by the original sign for the individual data points. The process enhances the visibility of low 
magnitude peaks and valleys. Figure 6b has the frequency domain data subsequently described. Figure 6c 
is a side view of the specimen constructed from CT images. The CT images were collected on July 25, 
2017. The bright object on the top surface of the specimen is the metal ID tag. In the CT image, pixel 
brightness is directly and linearly proportional to density. The four drilled fungal cavities illustrated in 
Figure 2 are clearly visible. The bright areas around the fungal cavities are moisture that has moved into 
the wood from the cavities. The CT image and time domain plots are aligned such that the vertical black 
dashed lines across the plots and CT image represent the same location within the specimen. The 0-month 
plot (top) shows a relatively small amount of variation along the length. There are distinct positive peaks 
and distinct negative valleys. The 6-month plot (second from top) has variation in the signal visible near 
the ends where the fungal cavities are present, although distinct peaks and valleys are still visible. In the 
12-month plot, the time domain signals around both fungal cavities have shifted positively causing the 
loss of distinct negative valleys. The 17-month time domain plot shares many characteristics with the 12-
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month plot. The fungal cavities have caused a loss of positive peaks on one end and a loss of negative 
valleys on the other. The fungal cavity at the 6-in. (15-cm) mark causes peaks that are mainly negative, 
whereas the cavity at 26 in. (66 cm) has peaks that are mainly positive. One complicating factor of the 
time domain plots is the high potential of internal features to clutter the image. Knots, voids, and moisture 
cavities are all reflectors that are visible to the GPR unit. Although the raw time domain data plots reveal 
the location of internal features, identifying what the feature represents can be a challenge. 
 
In an effort to find a more consistent identifier for internal moisture and fungal decay, the time domain 
data were converted into the frequency domain. The associated frequency domain plots computed from 
the time domain signal data are shown in Figure 6b. The GPR antenna has a center frequency of 2 GHz. 
The red dashed line in Figure 6b shows the 2-GHz frequency band. The majority of the signal energy in 
the 0-month plot was at 2 GHz, as expected. All frequency domain plots were normalized to the 
maximum value present in the 0-month plot; therefore, a loss of magnitude in later months is visible as a 
shift from red to yellow, then to green, and finally to blue. As the moisture increased from field exposure, 
the magnitude of the 2-GHz signal decreased. There was a noticeable drop in the 2-GHz magnitude 
between the 0- and 6-month scans along with an associated increase in MC in the center of the specimens 
according to Table 1. Between the 6- and 12-month scan, there was another drop of 2-GHz magnitude and 
a shifting of the center frequency slightly lower, both of which were expected results of increased MC, 
but no increase in MC was recorded between those visits. During the 6-month visit, the 3-day inspection 
period had several passing showers. The passing showers probably increased the recorded MC results 
from the 6-month visit. At the 12- and 17-month visits, the magnitude of the signal along the 2-GHz 
signal was relatively consistent compared with the 0- and 6-month data; however, the regions of moisture 
caused the signal magnitude to noticeably decrease along the 2-GHz band. In addition, signal magnitude 
above 2 GHz decreased to a greater extent than signal magnitude below 2 GHz. This was expected 
because the electromagnetic wave speed through water is slower than through air or dry wood. The drop 
in magnitude associated with the fungal cavities was largely consistent for all specimens examined, 
indicating that MC was probably the source of the signal magnitude loss. Cross-sectional hardness 
profiles of the 6-month group have shown no indication of internal decay. Time of flight measurements 
taken during the 17-month visit, likewise, showed no indication of internal decay. The changes in the 
frequency magnitude are probably attributable to internal moisture. All CT scans of specimens retrieved 
from the field show the presence of moisture around the fungal cavities (Fig. 7). 
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Figure 6. Through depth time and frequency domain plots at 0, 6, 12, and 17 months: (a) top four plots are 
time domain; (b) lower four plots are frequency domain (red dashed lines show the 2-GHz frequency 
band); (c) CT cross section of the specimen in which fungal cavities are visible and bright areas are internal 
moisture. Black dashed vertical lines show the boundary of moisture regions across all plots and images.  
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Figure 7. CT images of specimen cross sections after 17 months of field exposure showing 
internal moisture. 

 
Summary 
 
In this study, GPR was investigated for suitability for inspecting large timber bridge components. One 
focus of the study was the efficacy of using GPR to detect fungal decay and moisture pockets within 
Douglas-fir beams. A total of 96 specimens were created from two sizes of glulam beams and two sizes of 
sawn timber beams. The beams selected were of sizes typically used in covered timber bridge 
applications. Initially, the beams were assessed using a variety of physical, mechanical, and NDE test 
methods including, microresistance drilling, Janka hardness, stress wave transmission, and GPR. These 
data provided a baseline to which field-exposed specimens were compared. The specimens were 
inoculated with brown-rot fungus, Fomitopsis pinicola, and transported to HEF, 22 miles (35.4 km) north 
of Gulfport, Mississippi, USA. In January 2016, the specimens were placed outside at HEF to promote 
fungal growth. FPL researchers returned after 6, 12, and 17 months to evaluate the specimens using GPR 
scanning, stress wave, and visual assessment. During each visit, a subset of the specimens were retrieved 
from the field and returned to FPL. The returned specimens were subjected to visual assessments, NDE 
evaluation, CT imaging, and hardness profile mapping of specimen cross sections. At the time of this 
report (17+ months of field exposure), no testing method showed indications of internal decay in the 
specimens. Time domain and frequency domain data collected from the specimens using GPR showed a 
strong connection between signal magnitude and internal moisture pockets. Future work on this study will 
focus on developing a metric to positively identify internal moisture as well as assess the ability of GPR 
to detect internal fungal decay within the Douglas-fir specimens when it develops. 
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Abstract 
The research reported here focuses on the use of time and frequency domain analysis techniques for 
assessing the internal condition of timbers. Several large timbers obtained from a historic public viewing 
tower were evaluated with acoustic-based nondestructive testing techniques. Waveforms were captured 
and analyzed using both time and frequency domain techniques. The slope of the phase with respect to 
frequency shows potential to be a metric that is more sensitive to the presence of internal decay than time 
of flight. 
 
Keywords: timber, deterioration, acoustic signals, time domain, frequency domain, phase 
 
 
Introduction 
 
Wood is used extensively for both interior and exterior applications in the construction of a variety of 
structures. The deterioration of an in-service wood member may result from a variety of causes during the 
life of a structure. It is important, therefore, to periodically assess the condition of wood used in structures 
to determine the extent of deterioration so that degraded members may be replaced or repaired to avoid 
structural failure. 
 
Assessment of the condition of wood in a structure can be conducted for a variety of reasons. Code 
compliance, historic preservation, or alternative uses of a structure are frequently cited reasons for 
conducting a condition assessment. A structural condition assessment consists of the following: (1) a 
systematic collection of data pertaining to the physical and mechanical properties of materials in use; (2) 
analysis and evaluation of the data collected; and (3) developing recommendations regarding portions of 
an existing structure that affect its current or proposed use. Such an assessment relies on an in-depth 
inspection of the wood members in the structure. During these inspections, a wide variety of techniques 
are used to assess the condition of the wood. Visual, resistance drilling (probing), and stress wave or 
ultra-sound-based techniques are all used either individually or collectively to inspect in-service wood. 
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These techniques are discussed in detail in Wood and Timber Condition Assessment Manual, Second 
Edition (White and Ross 2014). 
 
A significant volume of research has been devoted to the use of sound waves for locating areas of 
deterioration in timber structures, and a practical set of guidelines for their use has been prepared by the 
USDA Forest Service, Forest Products Laboratory (FPL) (Ross et al. 1999). In summary, the transmission 
of sound in wood is affected significantly by the presence of deterioration. Consequently, ultrasound and 
stress-wave-based technologies have been developed and are widely used to inspect wood structures 
(Allison et al. 2008; Brashaw et al. 2005; Clausen et al. 2001; Emerson et al. 2002; Franca et al. 2015; 
Ross et al. 1999, 2006) and have been used for the assessment of culturally significant historic ships and 
artifacts (Ross et al. 1998, Wang et al. 2008, Dundar and Ross 2012). 
 
A simple, inexpensive stress-wave timer is commonly used in inspections. Sensors are placed on opposite 
sides of a timber. The timber is then struck, generating a stress wave. The time it takes for the wave to 
travel between the sensors is measured by the timer and recorded. Transmission times for wood from 
several species are known and are used as a baseline. Transmission times significantly longer than 
baseline values indicate the presence of deteriorated wood. 
 
Currently used stress-wave timing equipment uses simple electronic circuitry to process the waveforms, 
with simple time domain evaluation techniques. Information on the use of more advanced signal 
processing techniques, specifically those that use frequency domain analysis techniques, for evaluating 
wood exposed to in-service conditions is lacking. One laboratory study using frequency analysis was 
McGovern et al. (2011) in which the wave dispersion qualities of 1-in. (25-mm) loblolly pine cubes of 
varying decay were assessed. The objective of the research described here was to examine the use of both 
time and frequency domain stress wave techniques to evaluate several large timbers that were exposed to 
a variety of in-service conditions for more than 80 years. 
 
Background on tower 
 
FPL was contacted in late 2015 to assist engineers from the Wisconsin Department of Natural Resources 
(DNR) in evaluating the condition of timbers in a historic viewing tower located in Wisconsin’s Peninsula 
State Park. Located in Door County, Eagle Tower (Fig. 1a) was a 75-ft (22.9-m) tall observation tower 
that sat atop a 180-ft (54.9-m) limestone bluff. From its top platform, one could see Peninsula State Park, 
surrounding islands in Lake Michigan, and Michigan’s Upper Peninsula. 
 
The tower structure was built in 1932. It replaced the original tower built on Eagle Bluff, which was 
constructed in 1914. This iconic tower stood as one of the most unique landmarks in Wisconsin. 
Peninsula State Park is visited by more than a million people every year. 
 
The DNR periodically examined the structure using visual inspection techniques. Engineers looked for 
signs of distress, such as failed members and those showing evidence of attack by decay fungi or 
carpenter ants or nesting activity by local bird populations. After an extensive inspection, the DNR 
concluded that the main structural members were severely deteriorated and, consequently, closed the 
structure. The tower was dismantled September 19, 2016. 
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History of tower 
 
The original tower on Eagle Bluff was constructed in 1914 at a cost of $1,061.92. The tower was 76 ft 
(23.2 m) tall, and it stood 225 ft (68.9 m) above Lake Michigan. It was constructed during the summer of 
1914 to serve as a fire tower with the expectation it would become a tourist attraction. The ledger of 
Peninsula’s first manager, A.E. Doolittle, lists payment to men for fire watch duty. 
 
A construction crew cut logs and boards from timber in the park using tools and saws available at the 
time. To erect the tower, they first raised the center pole. Then they used the center pole to raise other 
support poles. Three trees composed each corner pole, with platforms between the separate trees. 
Horizontal landing support beams were added, followed by planks for decking at the three levels. 
 
A telephone line connected the tower to the manager’s residence and the local exchange so that fires 
could be quickly reported. Historical records indicate there was a large buildup of fire-prone material in 
the park. Peninsula’s last significant fire was in 1921. 
 
The original tower was dismantled. Eagle Tower was built in 1932. Foreman Sam Erickson and crew used 
horses, tractors, trucks, and other machinery. They wrapped cable around nearby trees to raise poles. A 
stump wrapped with rusty cable can still be seen a short distance from the tower, along the road leading 
towards Eagle Terrace (GPS coordinates N45.16275 W 87.19730). Untreated western redcedar poles 
were shipped from Washington State. 
 
Eagle Tower was 75 ft (22.9 m) tall and stood 250 ft (76.2 m) above water level. Safety improvements 
were made in 1972, including slanting the top deck railings. Hardware and decking were replaced and 
stained in subsequent years. 
 

  
a. b. 

Figure 1. Eagle Tower prior to and after disassembly; (a) Eagle Tower just prior to disassembly; 
(b) sections cut from the four vertical supports of Eagle Tower. 
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Materials and methods 
 
This study focused on six sections taken from the four western redcedar support legs of the tower as 
shown in Figure 1b. Timber inspection was performed on February 6th, 2017, at Peninsula State Park in 
Door County Wisconsin. The sections measured between 3 (0.9) and 6 ft (0.9 and 1.8 m) in length. The 
diameters of the sections measured between 12.5 and 16.5 in. (31.8 and 41.9 cm). The poles were given 
the identifiers B1, B2, B3, G1, G2, and G3. Two nondestructive testing tools were used in the inspections: 
a Fakopp Microsecond Timer from Fakopp Enterprise Bt. (Agfalva, Hungary) and Tree Check Sonic 
Wave Tree Decay Detector from Allison Tree, LLC (Verona, Wisconsin). Measurements were taken 
perpendicular to grain orientation, 6 in. (15.2 cm) from the end of the pole and then at 1-ft (30.5-cm) 
increments starting 1 ft (30.5 cm) from the end of the pole. 
 
The Fakopp Microsecond Timer records the time of flight (ToF) of mechanical waves between two 
probes that are driven into the surface of the poles. The probes were installed on opposite sides of the pole 
at the locations described, and the ToF values of the waves were recorded and are shown in Tables 1 and 
2. Tables with SI units are in the Appendix. 
 
The Tree Check Sonic Wave Tree Decay Detector records the ToF between two accelerometers that are 
installed on awls that are driven into the surface of the poles. In addition, the waveform signal is recorded. 
The signal is recorded as 1,280 data points at a sampling rate of 20 kHz. Recording begins after a 
threshold voltage is surpassed; therefore, the recorded signal does not contain lead zeros. The probes were 
installed on opposite sides of the pole at the locations described above and the ToF values of the waves 
were recorded as shown in Table 1 for B group and Table 2 for G group. The waveforms were recorded 
for time and frequency analysis. A representative recorded waveform, the magnitude plot, and the phase 
plot are shown in Figure 2. 
 
The recorded points were also given a designation based on a combination of the visible characteristics of 
the poles and ToF measurements. There were six designations: rot, transition, end of log, above hole, 
below hole, and good. A designation of rot indicated there was evidence of decay. Evidence of decay 
included visible indications of decay or a ToF above 400 µs/ft (1,300 µs/m). ToF measurements above 
400 µs/ft (1,300 µs/m) are indicative of internal decay. A designation of transition was given to points 
between areas with the designation of rot and other areas. A test location adjacent to the end of the poles 
was given the designation of end of log. Previous experience of the authors (Senalik et al. 2010) with 
frequency analysis of signals collected near the end of beams and poles led to the creation of the end of 
log group because proximity to the end can create unique signal content unseen elsewhere in the log. At 
some locations, holes existed that had been part of the timber’s use within the tower. For a pole section 
with a drilled hole, the original vertical orientation of the pole section was determined. The test location 
that was located above the hole was given the designation above hole, and the two test locations below 
the hole were given the designation below hole. In the absence of any visible signs of rot, decay 
indications from ToF, or drilled holes, a test location was designated as good. There was a caveat to the 
designation process. A rot designation preempted all others. For example, a test location at the end of a 
log with visible signs of rot would be designated rot rather than end of log. 
 
The frequency analysis occurred in two parts: magnitude and phase. The two plots are shown in Figure 
2b. In a nondispersive material, all frequency components of a signal travel at the same rate; therefore, the 
signal received is similar in frequency content to the source signal. In a dispersive material, such as wood, 
the frequency content alters as it passes through the material. In a dispersive material, waves can have 
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frequency-dependent velocities; however, the bulk of the energy signal travels at a speed known as the 
group velocity. Group velocity for dispersive materials is given in the following equation (Sachse 1978): 
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where group velocity, Vg, is dependent on three unknowns: the distance between the source and receiver, 
do, the amount of time the wave is in the material (which is the ToF), to, and the slope of the line relating 
the frequency to phase, dφ/dω. For brevity, this term will be referred to in this report as the phase–
frequency slope (PFS). 
 
The ToF has been used as a metric for gauging internal decay of in-service wood for several decades, but 
PFS has not been examined for that purpose. Because wood becomes more dispersive as decay advances 
and PFS relies on more signal information than ToF, it was believed that PFS may provide a metric more 
sensitive to the presence of decay than ToF. To determine PFS, the upper and lower frequencies must be 
defined. The lower bound frequency was taken to be 1 Hz. The upper bound frequency was chosen such 
that 80% of the signal energy was below the upper bound frequency. The limit of 80% was chosen 
because it encompassed the majority of the signal energy, was normally within a relatively narrow range 
of frequencies between 1,500 and 2,000 Hz, and the range of frequencies that made up the final 20% of 
the signal energy varied widely between measurement locations and had a disproportionally large 
influence on the final slope values. 
 

  
a. b. 

Figure 2. Representative (a) time domain and (b) frequency domain plots. Thick blue line is the 
normalized magnitude. The thin orange line is phase angle. The vertical dashed line is at the 
frequency that 80% of the signal energy is below. The solid black line shows the phase–frequency 
slope (PFS). 

 
The expectation of the results was that the rot group would have the highest PFS and ToF and the 
transition group would have the second highest PFS and ToF. After those groups, expectations were not 
clear. Experience indicated that the group with the next highest amount of decay was likely to be the 
below hole group, or the area immediately below drilled bolt holes. Water intruding into the pole around 
the bolt hole would probably pool in the hole and create an environment conducive for decay. The next 
group would probably be the above hole group but only if enough water entered the drilled hole to wet 

PFS = 
dφ
dω
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both above and below the bolt. The good group would probably have the lowest PFS and ToF. No 
expectation could confidently be made regarding the end of log group. Because the pole sections were cut 
from larger poles, the top and bottom cross-sectional surfaces were not exposed to the elements during the 
80-year service. The pole sections were placed on their sides so water was not allowed to pool on the 
newly cut top cross sections or come in contact with the newly cut bottom cross sections. 
 
Results 
 
The data collected in Tables 1 and 2 are shown in Figure 3. Individual data points are shown as small 
symbols. The large symbol is the average for the group. As expected, the rot group had both the highest 
average ToF and PFS. The second highest average PFS was the below hole B group; however, the 
average ToF was comparable with the good G group. The transition group had the third highest average 
PFS and the second highest average ToF. The end of log, above hole, and good groups had closely 
overlapping ToF and PFS values. 
 

 
Figure 3. Time of flight versus phase–frequency slope. The small symbols represent the data 
points within each designation group. The large symbols represent the average value for the group. 
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Table 1. Time of flight (ToF), phase–frequency slope (PFS), and designation groups for poles B1, B2, and B3 

Loc. (ft) 
Fakopp ToF (µs/ft) Tree Check ToF (µs/ft) Tree Check PFS (µs/ft) Designation groupa 

B1 B2 B3 B1 B2 B3 B1 B2 B3 B1 B2 B3 
0.5 244 372 4,101 484 778 7,775 200 325 1,198 R R E 
1 197 296 5,695 364 428 8,493 188 320 2,728 R R G 
2 208 317 3,822 289 500 5,623 184 297 3,748 T T G 
3 217 316 3,999 272 395 3,702 211 340 2,703 G E G 
3.5 — — — — — — 265 392 5,199 — — T 
4 200 290 6,325 — — — 430 538 8,095 T — R 
4.5 — — — — — — 605 844 10,805 — — R 
5 435 535 7,137 — — — 750 929 14,835 R — R 
aDesignation groups: R = rot, T = transition, E = end of log, A = above hole, B = below hole, G = good. 
 
Table 2. Time of flight (ToF), phase–frequency slope (PFS), and designation groups for poles G1, G2, and G3 

Loc. (ft) 
Fakopp ToF (µs/ft) Tree Check ToF (µs/ft) Tree Check PFS (µs/ft) Designation groupa 

G1 G2 G3 G1 G2 G3 G1 G2 G3 G1 G2 G3 
0.5 168 265 2,401 197 304 4,379 178 290 4,886 E E E 
1 168 276 2,918 191 306 2,322 177 283 3,260 G A G 
2 195 302 6,784 188 293 5,927 168 271 7,013 B B B 
3 180 287 5,429 234 345 3,940 172 284 7,168 B B B 
4 — — — — — — — — — A G A 
5 185 282 4,159 198 296 3,990 173 281 4,691 R E E 
aDesignation groups: R = rot, T = transition, E = end of log, A = above hole, B = below hole, G = good. 
 
Concluding comments 
 
Six pole sections from the disassembled Eagle Tower in Peninsula State Park in Door County, Wisconsin, 
were studied using advanced frequency analysis techniques that examined the magnitude and phase 
within the frequency domain. During inspection, data were separated based on a combination of visible 
characteristics and ToF values at the measurement location. The six groups were rot, transition, end of 
log, above hole, below hole, and good. Expected results were obtained for each group except for the 
below hole group. Although it was considered likely that rot was present below the drilled holes because 
of the intrusion of water during the service life, it is unknown as to why the ToF measurement would 
similar to the good group. A more in-depth inspection has been deemed necessary to evaluate the use of 
PFS as a nondestructive inspection method. Permission has been obtained to retrieve the six pole sections 
inspected in this project and transport them to FPL in Madison, Wisconsin, for further study, including 
the use of microresistance drilling. If the test locations of the below hole group are shown to possess 
decay, then the PFS method appears to be more sensitive to the presence of internal decay than the 
currently accepted method of using ToF. 
 
  

304



Appendix 
 
Figure 3 and Tables 1 and 2 are reproduced here in SI units as Figure A1 and Tables A1 and A2, 
respectively. Two data points are not shown on Figure A1 that are shown in Figure 3; the two data points 
that have the highest ToF and PFS values were excluded in Figure A1. The two excluded points were 
clearly indicated as rot by ToF, PFS, and visual inspection. As such, they were omitted in favor of 
producing a figure in which the other data points could be more clearly viewed. 
 

 
Figure A1. Time of flight versus phase–frequency slope. The small symbols represent the data 
points within each designation group. The large symbols represent the average value for the group. 

 
Table A1. Time of flight (ToF), phase–frequency slope (PFS), and designation groups for poles B1, B2, and B3 

Loc. (m) 
Fakopp ToF (µs/m) Tree Check ToF (µs/m) Tree Check PFS (µs/m) Designation groupa 

B1 B2 B3 B1 B2 B3 B1 B2 B3 B1 B2 B3 
0.15 801 1,220 13,455 1,588 2,552 25,509 656 1,066 3,930 R R E 
0.30 646 971 18,684 1,194 1,404 27,864 617 1,050 8,950 R R G 
0.61 682 1,040 12,539 948 1,640 18,448 604 974 12,297 T T G 
0.91 712 1,037 13,120 892 1,296 12,146 692 1,115 8,868 G E G 
1.07 — — — — — — 869 1,286 17,057 — — T 
1.22 656 951 20,751 — — — 1,411 1,765 26,558 T — R 
1.37 — — — — — — 1,985 2,769 35,449 — — R 
1.52 1,427 1,755 23,415 — — — 2,461 3,048 48,671 R — R 
aDesignation groups: R = rot, T = transition, E = end of log, A = above hole, B = below hole, G = good. 
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Table A2. Time of flight (ToF), phase–frequency slope (PFS), and designation groups for Poles G1, G2, and G3 

Loc. (ft) 
Fakopp ToF (µs/m) Tree Check ToF (µs/m) Tree Check PFS (µs/m) Designation groupa 

G1 G2 G3 G1 G2 G3 G1 G2 G3 G1 G2 G3 
0.15 551 869 7,877 646 997 14,367 584 951 16,030 E E E 
0.30 551 906 9,573 627 1,004 7,618 581 928 10,696 G A G 
0.61 640 991 22,257 617 961 19,446 551 889 23,009 B B B 
0.91 591 942 17,812 768 1,132 12,927 564 932 23,517 B B B 
1.22 607 925 13,645 650 971 13,091 568 922 15,390 A G A 
1.52 797 1,188 19,767 768 1,115 16,417 653 889 28,314 R E E 
aDesignation groups: R = rot, T = transition, E = end of log, A = above hole, B = below hole, G = good. 
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Abstract 
 
The aim of this study was to investigate the correlations between the mechanical properties determined by 
micro-size and standard-size test specimens in Scots pine (Pinus sylvestris L.) wood. Eight trees with 
straight stems were selected as sample trees. Logs of 3 m in length were cut from each tree at a height of 
0.30 m, and then 6-cm-thick planks, including the central pith, were cut from these logs. The micro-size 
and standard-size specimens for bending, tensile and compression tests were prepared from these planks. 
The bending strength, modulus of elasticity in bending, tensile strength and compression strength values 
were determined using micro- and standard-size samples. A regression analysis was used to determine the 
relationship between the standard- and the micro-size specimens in individual trees and all trees. The 
regression analyses indicated a strong, positive linear relationship between the mechanical properties of 
the micro- and standard-size specimens. The correlation coefficients ranged from 74.9 to 83.9 for bending 
strength, ranged from 73.7 to 79.8 for modulus elasticity,ranged from 71.9 to 82.1 for tensile strength, and 
ranged from 72.0 to 85.2 for compression strength. 
 
Keywords: micro-size test, standard-size test, mechanical properties, scots pine 
 
 
Introduction 
 
To determine the mechanical properties of wood, the approach to use both structural-size and small-size 
clear specimens has grown in popularity. In recent years, micro-size specimens have been used to 
evaluate the mechanical properties of earlywood and latewood sections, wood strands, and fibers 
(Plagemann 1982; Hunt et al. 1989; Deomano and Zink-Sharp 2004; Zink-Sharp and Price 2004; Wu et 
al. 2005; Cai et al. 2007; Hindman and Lee 2007; Jeong 2008; Jeong et al. 2009; Roszyk et al. 2016; 
Buyuksari et al, 2016). In previous studies, researchers used various specimen dimensions and loading 
rates according to the purpose of the study. 
 
Micro-size specimens have the ability to be used to determine the mechanical properties of wood when 
obtaining standard-size test specimens is not possible. To avoid damaging the wood material for use in 
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various applications, the mechanical properties could be determined using micro-size test specimens. 
Moreover, the test specimens of structural wood material could be taken periodically and their mechanical 
properties determined. Thus, changes in the mechanical properties of the wood over time could be 
observed. With the development of micro-size tests, the strength losses from the length of exposure could 
be determined for the structural applications of the wood. This information would provide a solid base for 
a true assessment of the necessity of wooden structure renewal (Buyuksari et al, 2016).  
 
There is limited information concerning a comparison of the mechanical properties of micro- and 
standard-size specimens. In previous studies, researchers compared their findings for micro-size test 
specimens with the published values in the Wood Handbook (Green et al. 1999) for standard-size 
specimens (Deomano 2001; Zink-Sharp and Price 2006; Cai et al. 2007). Deomano (2001) reported that 
the bending strength (MOR) and modulus elasticity (MOE) values of the micro-size specimens were 
lower than those of standard-size specimens for southern yellow pine, sweet gum, and yellow poplar, 
except for the MOR of yellow poplar. Cai et al. (2007) found that for willow, yellow poplar, red oak, and 
loblolly pine strands, the tensile strengths were, respectively, 31.1%, 44.2%, 36.2%, and 73.4% lower 
than that of standard-size specimens. Zink-Sharp and Price (2006) stated that the compression strength of 
the micro-size specimens was close to, but lower than, the handbook values for the sweet gum, yellow 
poplar, and maple wood species. The aim of this paper is to investigate the correlations between the 
mechanical properties determined by micro-size and standard-size test specimens in Scots pine (Pinus 
sylvestris L.) wood. 
 
Materials and methods 
 
Materials 
 
Sample trees were harvested from Bolu Forest Enterprises in the northwestern part of Turkey. Eight trees 
with straight stems were selected as sample trees. Logs of 3 m in length were cut from each tree at a 
height of 0.30 m, and then 6-cm-thick planks, including the central pith, were cut from these logs. The 
micro- and standard-size test specimens were prepared from these planks. The cutting plan of the test 
specimens is shown in Fig. 1. All of the specimens were conditioned in a climate chamber at a 
temperature of 20 °C and a relative humidity of 65% for three weeks to reach a target moisture content of 
12% prior to testing. 
 

 

Figure 1. Cutting plan of standard- and micro-size flexural test specimens  
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Methods 
 
The specimens were cut according to the International Organization for Standardization (ISO) to 
determine the bending strength (ISO 13061-3 2014) and modulus of elasticity in bending (ISO 13061-4 
2014). The standard-size test specimens were prepared with dimensions of 20 mm × 20 mm × 360 mm for 
the flexural test. In the three-point bending test, the load was applied tangential to the annual rings, and 
the span/thickness ratio was 15. A Lloyd  (Lloyd Instruments, LS100, FL, USA) universal testing 
machine with a 10-kN load cell was used for the standard-size tests.  
 
The micro-size tests were performed with a Zwick (Zwick GmbH & Co., ZO50TH, Ulm, Germany) 
universal testing machine using a 100-N load cell. The same ISO standards were used as a guide for the 
micro-size specimens. The micro-size flexural test specimens were approximately 0.8 to 1.2 mm x × 5.0 
mm × 50.0 mm. The tests were performed with a three-point bending fixture. The same span/thickness 
ratio, 15, was used for both the micro-size and standard-size bending tests. The micro-size bending test 
specimen and test setup are shown in Fig. 2.  
 
Data Analyses and Statistical Methods 
 
A regression analysis was used to determine the relationship between the standard- and the micro-size 
specimens. The correlation coefficient, equation, F value and significance values between the mechanical 
properties of standard- and the micro-size specimens. 
 
Results and Discussion 
 
The correlation coefficients, equations, F values, and significance between bending strength of micro- and 
standard-size samples of Scots pine wood are shown in Table 2. 
 

Table 2. The correlations between bending strength of micro- and standard-size samples of Scots pine wood 
Tree 

Number Correlation coefficient Equation F value Sig. 

1 0,78 y = 0,688x + 22,785 80,4 0,000 

2 0,80 y = 1,0064x + 5,4949 39,5 0,000 
3 0,84 y = 0,6684x + 31,106 76,0 0,000 
4 0,78 y = 0,5143x + 41,226 78,3 0,000 
5 0,75 y = 0,5673x + 37,213 43,5 0,000 
6 0,78 y = 0,6764x + 37,864 51,2 0,000 
7 0,80 y = 0,6271x + 30,519 50,8 0,000 
8 0,83 y = 0,6468x + 34,127 55,0 0,000 

All 0,78 y = 0,736x + 25,83 460,5 0,000 

 
The correlation graphichs of tree 1, tree 3 and all values between bending strength of micro- and standard-
size samples of Scots pine wood are shown in Figure 2 a, b, and c, respectively. 
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(a) 

     
(b) 

 
(c) 

Figure 2. Correlation graphichs of tree 1 (a), tree 3 (b) and all trees (c) between bending strength of micro- and 
standard-size samples of Scots pine wood  
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The regression analyses indicated that the bending strength of micro- and standard-size samples of Scots 
pine wood had a good relationship at the 95 % confidence level. The correlation coefficients ranged from 
0.75 to 0.84. 
 
The correlation coefficients, equations, F values, and significance between the modulus of elasticity of 
micro- and standard-size samples of Scots pine wood are shown in Table 3. 
 
Table 3. The correlations between the modulus of elasticity of micro- and standard-size samples of Scots pine wood 

Tree 
Number Correlation coefficient Equation F value Sig. 

1 0,77 y = 2,4999x + 2693,8 68,3 0,000 

2 0,79 y = 1,7055x + 3508,1 35,0 0,000 

3 0,78 y = 1,3309x + 6498,9 49,8 0,000 

4 0,80 y = 2,0341x + 3476,3 87,8 0,000 

5 0,74 y = 2,3976x + 3818,7 41,6 0,000 

6 0,80 y = 1,3493x + 6818,6 48,1 0,000 

7 0,74 y = 0,9125x + 7334,8 27,5 0,000 

8 0,77 y = 2,201x + 3137,3 29,9 0,000 

All 0,81 y = 1,930x + 4187 535,2 0,000 

 
The correlation graphichs of tree 4, tree 7 and all values between the modulus elasticity of micro- and 
standard-size samples of Scots pine wood are shown in Figure 3a, b, and c, respectively. 
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(b) 

 
(c) 

Figure 3. Correlation graphichs of tree 4 (a), tree 7 (b) and all trees (c) between modulus elasticity of micro- and 
standard-size samples of Scots pine wood  

 
The regression analyses indicated that the modulus of elasticity of micro- and standard-size samples of 
Scots pine wood had a good relationship at the 95 % confidence level. The correlation coefficients ranged 
from 0.74 to 0.81. 
 
The correlation coefficients, equations, F values, and significance between tensile strength of micro- and 
standard-size samples of Scots pine wood are shown in Table 4. 
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Table 4. The correlations between tensile strength of micro- and standard-size samples of Scots pine wood 
Tree 

Number Correlation coefficient Equation F value Sig. 

1 0,77 y = 0,853x - 3,3481 24,3 0,000 

2 0,81 y = 0,651x + 29,62 15,8 0,004 

3 0,75 y = 0,812x + 6,470 18,3 0,000 

4 0,79 y = 0,371x + 38,68 36,8 0,000 

5 0,82 y = 0,8159x + 7,8908 28,9 0,000 

6 0,77 y = 0,4148x + 44,865 25,4 0,000 

7 0,72 y = 0,3886x + 39,493 17,1 0,000 

8 0,73 y = 0,351x + 30,01 19,2 0,000 

All 0,71 y = 0,486x + 30,10 141,6 0,000 

 
The correlation graphichs of tree 4, tree 7 and all values between tensile strength of micro- and standard-
size samples of Scots pine wood are shown in Figure 4a, b, and c, respectively. 
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Figure 4. Correlation graphichs of tree 4 (a), tree 7 (b) and all trees (c) between tensile strength of micro- and 
standard-size samples of Scots pine wood  

 
The regression analyses indicated that the tensile strength of micro- and standard-size samples of Scots 
pine wood had a good relationship at the 95 % confidence level. The correlation coefficients ranged from 
0.71 to 0.82. 
 
The correlation coefficients, equations, F values, and significance between compression strength of 
micro- and standard-size samples of Scots pine wood are shown in Table 5. 
 

Table 5. The correlations between compression strength of micro- and standard-size samples of Scots pine wood 
Tree 

Number Correlation coefficient Equation F value Sig. 

1 0,81 y = 0,7913x + 12,085 70,4 0,000 

2 0,78 y = 0,763x + 10,785 55,8 0,000 

3 0,85 y = 0,8006x + 15,497 89,8 0,000 

4 0,81 y = 0,8538x + 9,5309 81,8 0,000 

5 0,72 y = 0,6972x + 15,273 40,8 0,000 

6 0,79 y = 0,8609x + 15,194 68,9 0,000 

7 0,79 y = 1,0309x + 3,4012 56,1 0,000 

8 0,78 y = 0,6349x + 19,08 59,1 0,000 

All 0,82 y = 0,938x + 7,651 636,4 0,000 

 
The correlation graphichs of tree 3, tree 5 and all values between compression strength of micro- and 
standard-size samples of Scots pine wood are shown in Figure 5a, b, and c, respectively. 
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Figure 5. Correlation graphichs of tree 3 (a), tree 5 (b) and all trees (c) between compression strength of micro- and 
standard-size samples of Scots pine wood  

 
The regression analyses indicated that the compression strength of micro- and standard-size samples of 
Scots pine wood had a good relationship at the 95 % confidence level. The correlation coefficients ranged 
from 0.72 to 0.85. 
 
Conclusions 
 
The regression analyses indicated that the bending strength, modulus of elasticity, tension strength, and 
compression strength of micro-size and standard –size samples had a good relationship at the 95 % 
confidence level. The correlation coefficients ranged from 74.9 to 83.9 for bending strength, ranged from 
73.7 to 79.8 for modulus elasticity,ranged from 71.9 to 82.1 for tensile strength, and ranged from 72.0 to 
85.2 for compression strength. 
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Abstract 
 
This research aimed to study the influence of reduction the polyhedral specimen, in 
dimension and number of faces, in values of the twelve elastic parameters involved in the 
wood characterization by ultrasound. For acchive the objective we used polyhedral specimens 
with 26 faces  with two different sizes and also polyhedral specimens with 18 faces. One of 
polyhedral specimen with 26 faces had the face dimension greater than the transducer 
diameter and the other one smaller. The polyhedral with 18 faces has the face dimension 
greather than the transducer diameter. The tests were performed using ultrasound equipment 
and longitudinal and shear 1000-kHz transducers. The results indicated that only two (ER and 
GLT) of the twelve elastic parameters calculated showed statistically significant differences 
according to the size and/or the specimen geometry used. The remaining parameters have 
values statistically equivalent using the three polyhedral specimens. 
 
Keywords: Poisson’s ratio, elastic constants, modulus of elasticity. 
 
 
Introduction 
 
Brazil has part of the largest tropical forest in the world, as well as other large forest reserves, 
although wood does not stand out as a fundamental material in the construction sector. This is due to 
the traditions of masonry construction, a lack of constructive techniques and a lack of knowledge of 
the mechanical properties of wood. The use of wood has the advantages of comfort, durability, energy 
savings, and fast assembly, as well as wood is a sustainable material, come from a renewable resource 
and bringing nature to urban environments. 
 
Increasingly precise and potent computer programs have made knowledge of material properties 
essential. Acquiring this knowledge is particularly difficult when dealing with wood, because as an 
orthotropic material it has different proprieties in the three main directions (Longitudinal, Radial and 
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Tangential). Knowing its behavior implies determining 12 elastic parameters – 3 longitudinal 
elasticity modules (EL, ER, ET), 3 shear modules (GLR, GLT, GRT) and 6 Poisson ratios (νLR, νLT, νRL, 
νRT, νTL, νTR).   
 
All these properties can be determined through static testing, but such tests are costly and arduous. 
Mascia (1991) and Furlani (1995) presented a methodology for determining compliance matrix using 
static compression test. For such test, 6 prismatic specimens were used in each sample. From the three 
specimens retrieved from the symmetry axis, the three Young modules can be obtained, as well as the 
six Poisson ratios. The three shear modules can be found using specimens obtained out of axes on the 
three symmetry planes. Six strain gages are bonded to each specimen. 
 
François (1995) suggested a 26-faced polyhedron as a specimen to determine the elastic constants of 
wood using wave propagation. The advantage of this specimen is that it allows obtaining all the 
elements of the stiffness matrix using a single polyhedron. 

 
Trinca (2011) evaluated the test's methodology using ultrasound to determine the elastic constants in 
wood using three specimen geometries: prismatic, multi-faced disc, and 26-faced polyhedron. The 
author concluded that all three geometries present equivalent results, but the 26-faced polyhedron 
implies in reduced sampling and is easier to product.  
 
Although the polyhedral test specimen, used in the characterization of the wood, is already well 
established (Trinca, 2011; Gonçalves et al., 2011, Bertoldo et al., 2013, Gonçalves et al., 2014 and 
Vázquez et al., 2015) and presents good results for calculate the properties of longitudinal and 
transverse modulus of elasticity, the values obtained for the Poisson ratio still show some divergences. 
The difficulty of obtaining these parameters (Poisson ratio) is mainly related to the slope of the 
growth rings, which can only be greatly minimized in very small test specimens. Therefore, the 
challenge of this work was to evaluate the possibility of reducing the size of the test piece, which 
nowadays is limited to the size of the transducer face. This reduction has the purpose of decrease the 
slope of the growth rings, which hampers the wave propagation in a unidirectional way, mainly in the 
radial and tangential directions. 
 
Considering what was presented, the objective of this research was to compare the results of the 
complete characterization of the wood using polyhedron of 26 faces with dimensions traditionally 
used with polyhedrons of 26 faces with reduced face dimensions and with polyhedron with 18 faces. 
 
 
Metodology 
  
The polyhedrons were obtained from Amazonian's specie Dinizia excels Ducke. The wood was used 
to make the three types of polyhedral, one of them with 26 faces, traditionally used in our research 
group, with 55 mm face-to-face distance; the second with 26 faces and 30 mm face-to-face distance, 
and the last one with 18 faces and 35 mm face-to-face dimension. 
 
We used 5 specimens for each type and dimension of polyhedron. Only for the polyhedron with 55 
mm face-to-face distance we used 6 specimens, totaling 16 polyhedral specimens (Figure 1). 
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                                     a                                  b                                      c 

Figure 1 – Polyhedron with 18 faces (a), polyhedron with 26 faces and reduced size (b) and 
polyhedron with 26 faces and 55 mm face-to-face distance (c). 

 
After the specimens’ preparation, we performed ultrasonic tests (EPOCH 4, Panametrics, USA) to 
obtain the wave propagation velocities. 
 
Ultrasound tests were performed using compression and shear transducers, with flat faces, and 1.0 
MHz-frequency. For the tests with compression waves we used medical gel as coupling media 
between the material and the transducer and for the tests with shear transducers we used glucose syrup 
as coupling media (Figure 2).   
 

 
Figure 2 – Ultrasound test on polyhedron. 

 
From the ultrasonic tests we obtained the time of wave propagation (t) between opposite faces of the 
polyhedron (L) and calculate the propagation velocity (VLL) using Equation 1. 

 
𝑉𝑉𝐿𝐿𝐿𝐿 = 𝐿𝐿

𝑡𝑡
                                                             (1) 

 
The velocity results were used to determine the stiffness matrix [C], using the Christoffel equations 
(Equations 2 to 10). 
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C11 = CLL = ρ.VLL
2                                         (2) 

C22 = CRR = ρ.VRR
2             (3) 

          C33 = CTT = ρ.VTT
2                                                                              (4) 

            C44 = CRT = ρ. ((VRT + VTR) / 2) 2                                                     (5) 
            C55 = CLT = ρ. ((VLT + VTL) / 2) 2                                                      (6) 
            C66 = CLR = ρ. ((VLR + VRL) / 2) 2                                                              (7) 

           (C12 + C66) n1. n2 = [(C11n1
2 + C66n2

2 – ρ Vα
2).( C11n1

2 + C66n2
2 – ρ Vα

2)]1/2                         (8) 
           (C23 + C44) n2. n3 = [(C22n2

2 + C44n3
2 – ρ Vα

2).( C44n2
2 + C33n3

2 – ρ Vα
2)]1/2                         (9) 

           (C13 + C55) n1. n3 = [(C11n1
2 + C55n3

2 – ρ Vα
2).( C55n1

2 + C33n3
2 – ρ Vα

2)]1/2                      (10) 
 
Where ρ (kg.m-3) is the apparent density (≅ 12% moisture content) of the wood; in equations 8, 9 and 
10, Vα is the wave velocity out of axes with angle α, n1 = cos α, n2 = n3 = sin α, where α = 45 ° due 
to the shape of the specimen. The sub-indexes L, R and T indicate the longitudinal, radial and 
tangential directions of wave propagation and polarization, respectively. 
 
After the stiffness matrix [C] calculation, we performed its inversion [C]-1 obtaining the compliance 
matrix [S], which allows to calculate the elastic parameters and the Poisson ratios. 
 

 
On compliance matrix [S] the axes 1, 2, 3 can be replaced by the three wood directions: Longitudinal 
(L), Radial (R) and Transversal (T), respectively. 
 
 
Results 
  
The average density of Dinizia excelsa Ducke, used in this research, was 1124 kg.m-3 with coefficient 
of variation (CV) of 2.2%. 
 
According to the Brazilian standard (ABNT NBR 7190/97), the coefficient of variation (CV) 
acceptable for stiffness is 28% and for wood strength is 18%. In the same standard, there is no 
reference value for the coefficient of variation of the Poisson ratio. Considering the data of this 
research, the coefficient of variation of the modulus of elasticity range from 1.0 for the transverse 
modulus in the LR plane (longitudinal-radial) for the polyhedron with 18 faces, until 12.6 for the 
longitudinal modulus (EL) for the polyhedron with 26 faces of traditional size (Table 1). 
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Table 1 – Average elastic parameters and coefficients of variation (CV) for the different 
shapes and sizes polyhedrons used in the research. 

Elastic 
parameters 

26 faces of 
tradicional size 

26 faces of 
reduced size 18 faces 

Mean CV (%) Mean CV (%) Mean CV (%) 
EL (MPa) 8477  12.6 7359 6.6 8456 4.8 
ER (MPa) 2368 6.4 2043 3.9 2138 9.7 
ET (MPa) 2284 6.6 2195 4.0 2274 5.0 

GRT (MPa) 851 10.6 925 1.8 918 2.0 
GLT (MPa) 1806 7.4 1540 7.8 1540 7.0 
GLR (MPa) 1773 6.2 1796 5.5 1857 1.0 

νRL 0.34 8.3 0.33 5.4 0.32 1.4 
νTL 0.21 11.1 0.24 11.1 0.22 9.9 
νLR 1.22 5.8 1.27 5.3 1.28 8.4 
νTR 0.14 26.6 0.14 32.8 0.14 12.8 
νLT 0.80 8.5 0.79 6.9 0.80 12.0 
νRT 0.13 22.4 0.13 29.6 0.14 16.4 

EL is the Young’s modulus in the longitudinal direction, ER is the Young’s modulus in the radial 
direction, ET is the Young’s modulus in the tangential direction, GRT is the shear modulus in the 
radial–tangential plane, GLT is the shear modulus in the longitudinal–tangential plane, GLR is the 
shear modulus in the longitudinal–radial plane, νLR is the longitudinal– radial Poisson’s ratio, νLT 
is the longitudinal–tangential Poisson’s ratio, νRT is the radial–tangential Poisson’s ratio, νRL is the 
radial–longitudinal Poisson’s ratio, νTL is the tangential–longitudinal Poisson’s ratio, and νTR is 
the tangential–radial Poisson’s ratio. 

 
The reduction of polyhedral specimen size, by reducing the face size or by reducing the number of 
faces (18 faces), was able to reduce the coefficient of variation of eleven from twelve parameters 
obtained through the characterization of the wood by ultrasound (Table 1). This reduction probably 
occurs due to the slope decrease of the growth rings. 
 
The Poisson ratios values, obtained using ultrasound tests (Table 1), were superior to those proposed 
by Bodig and Jayne (1982). This result has also been found by Preziosa et al. (1981 and 1982), Bucur 
and Archer (1984), Bucur (2006), Trinca (2011), Gonçalves (2011), Ozyhar (2013), Bertoldo et al. 
(2013) and Vázquez et al. (2015). 
 
Considering the values of the elastic parameters, obtained through the 26-faces polyhedrons with 
55mm face to face distance (commonly used for the characterization of the wood by ultrasound), as 
reference, the statistical indicated that only for two elastic parameters (ER, GLT) there was statistically 
significant difference (P-value <0.05) among specimens’ formats evaluated (Table 2).  
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Table 2 – Elastic and statistical parameters for the three formats of specimens 
evaluated. 

Elastic 
parameters 

26 faces of 
tradicional size 

26 faces of 
reduced size 18 faces 

EL (MPa) 8477 (a) 7359 (b) 8456 (a) 
ER (MPa) 2368 (a) 2043 (b) 2138 (b) 
ET (MPa) 2284 (a) 2195 (a) 2274 (a) 

GRT (MPa) 851 (a) 925 (a) 918 (a) 
GLT (MPa) 1806 (a) 1540 (b) 1540 (b) 
GLR (MPa) 1773 (a) 1796 (a) 1857 (a) 

νRL 0.34 (ab) 0.33 (b) 0.32 (a) 
νTL 0.21 (a) 0.24 (a) 0.22 (a) 
νLR 1.22 (a) 1.27 (a) 1.28 (a) 
νTR 0.14 (a) 0.14 (a) 0.14 (a) 
νLT 0.80 (a) 0.79 (a) 0.80 (a) 
νRT 0.13 (a) 0.13 (a) 0.14 (a) 

* Letters in parentheses indicate the result of the statistical analysis of comparisons of 
mean (multiple range test). 

 

In the case of polyhedron with 26 faces and reduced size, although the size of the face is smaller than 
the size of the transducer diameter, violating one of the theory aspects related to wave propagation, 
this infraction was not enough to bring differences on results for the elastic parameters of the wood 
obtained by ultrasound. 
 
The reduction of the number of polyhedral faces to 18, eliminating unused faces from the polyhedron 
with 26 faces (commonly used in the characterization of wood by ultrasound), reduce the complexity 
and time to the specimen preparation. 
 
 
Conclusion 

 
The results of the research indicated that only two (ER and GLT) from twelve elastic parameters 
involved in wood characterization, presented a statistically significant difference due to size 
reduction and/or shape alteration on test specimen. The reductions of the coefficients of variation, 
obtained with the reduction of the polyhedron size and consequent decrease of the growth rings 
inclination, increase the reliability of the ultrasonic method to obtain the elastic parameters of the 
wood, especially for the Poisson ratios.  
 
Further research using other species should be carried out considering the polyhedral shapes adopted 
in this work, in order to verify if the same behavior is repeated. 
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Abstract 
 
The aim of this study was to investigate the relationships between non-destructive and destructive test 
results of bent Beech wood at different radii. The sample trees were harvested from Duzce Forest 
Enterprises in the northwestern part of Turkey. Two trees from each wood species having straight stems 
and with approximately 40 cm diameter were selected and two 4-m long logs from each tree were cut. 
The logs were sawn to timber at 8 cm thickness. Samples having 2x2 cm cross-sections and different 
lengths were prepared from this timber. The prepared samples except for control group were steamed, 
bended and setted. The steaming was carried out at two different steam pressures (0.2 and 1.3 atm) and 
steaming times (36 and 6 min). The samples were bended at 300 mm, 200 mm and 100 mm radius. The 
setting process was performed with a drying room setting and a high frequency setting. Non-destructive 
(ultrasonic velocity) and micro-mechanical (modulus of elasticity, bending, tension and compression 
strength parallel to fibers) properties of bended and unbent samples were determined. Non-destructive 
measurements in the parallel direction were taken on one surface of unbent samples and in the two 
(convex and concave) surfaces of bended samples. Micro-mechanical test samples were cut from convex 
and concave surfaces of bent wood. Relationships between nondestructive and micro-mechanic tests were 
determined with regression analyses. The regression analyses indicated that the velocity parallel to the 
fibers and the bending strength, modulus of elasticity in bending, tension strength, and compression 
strength on both surfaces had a good relationship at the 95 % confidence level.  
 
Keywords: bent wood, bending radii, non-destructive test, destructive test 
 
 
Introduction 
 
Bending of solid wood is a well-known process that has been used for many years. Bent wood are used in 
production of furniture, arched windows and doors, baskets, barrels, boats and ships, tool handles, 
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sporting goods, agricultural implements and musical instruments (Stevens and Turner 1970). Bending of 
wood demonstrates variations depending on many factors such as radius of bending, species, moisture 
content, thickness and width of wood, steaming time, fiber direction and defects (Niemiec and Brown 
1995). Some pre-treatments such as steaming, immersion in boiling water, pre-compression application 
and chemical substances are used to improve the bending qualities of wood. Steaming is the most 
commonly used method for softening of wood. When a piece of wood is bent, tension stress occurs in the 
outer (convex) side due to fiber elongation while compression stress occurs in the inner (concave) side as 
the fibers contract (Stevens and Turner 1970). Thus, convex and concave sides of bent wood are 
differently affected in bending process. However, there is no study about how these sides are affected. 
After being bent, the piece should be cooled and dried while held in by a setting method to maintain the 
curved shape (Rowell 1999). 
 
Mechanical properties of wood can be determined using destructive and non-destructive evaluation 
(NDE). The structural size samples, small size clear samples, and microscale size samples are used 
destructively. In recent years, microscale size samples have been used to determine mechanical properties 
of earlywood and latewood sections, wood strands, and fibers (Groom et al. 2002; Mott et al. 2002; 
Deomano and Zink-Sharp 2004; Hindman and Lee 2007; Jeong 2008; Jeong et al. 2009; Buyuksari et al. 
2016; Roszyk et al. 2016 ). The NDE is defined as the science of identifying the physical and mechanical 
properties of a piece of a given material without altering its ultimate usability (Ross 1992). NDE is an 
important tool for the characterization of wood. It has been used for sorting or grading structural products, 
in situ assessment of wood members, detection of defects and predicting mechanical properties of wood 
(Zombori 2001). NDE offers advantages compared to conventional wood characterization methods, such 
as the possibility of evaluating the properties of wood without extracting test specimens, faster analysis of 
large populations, and adaptability to standardized production line routines (Oliveira 2002). 
 
There are lots of studies about the correlations between non-destructive and destructive test results and 
generally used standard size wood samples in the destructive tests. However, there is no information on 
the correlation between non-destructive tests and micro-size samples destructive test. The aim of this 
study was to investigate the relationships between non-destructive and destructive test results of bent 
Beech wood at different radii. 
 
Materials and methods 
 
Materials 
 
Sample trees were harvested from Duzce Forest Enterprises in the northwestern part of Turkey. Two trees 
having straight stems and with approximately 40 cm diameter were selected and 4-m in length were cut 
from each tree at a height of 0.30 m. The logs were sawn to 8 cm thickness timbers. Samples with a 2 x 2 
cm cross-section and varying lengths (31.4 cm for groups F and I, 62.8 cm for groups E, H and J, 94.2 cm 
for groups D and G) were prepared from these timbers sources. Cutting plan of the different groups from 
the trees is shown in Figure 1. The study plan used is shown in Table 1.   

 
 

Figure 1. Cutting plan of the different groups from the lumbers 
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Table 1. Experimental design 
Group Steaming pressure (atm) Setting method Bending radii (mm) 

A Non-steamed - - 
B 0.2 - - 
C 1.3 - - 
D 0.2 Drying Room (DR) 300 
E 0.2 DR 200 
F 0.2 DR 100 
G 1.3 High Frequency (HF) 300 
H 1.3 HF 200 
I 1.3 HF 100 
J 1.3 DR 200 

 
The prepared samples except for control group were steamed, bended and setted. The steaming was 
carried out at two different steam pressures (0.2 and 1.3 atm) and steaming times (36 and 6 min). The 
samples were bended at 300 mm, 200 mm and 100 mm radius. The setting process was performed with a 
drying room setting and a high frequency setting.  
 
Methods 
 
Determination of velocity parallel to the fibers 
 
Measurements in the parallel direction were taken with a Fakopp Ultrasonic Timer on one surface of the 
unbent samples and on the convex and concave surfaces of the bent samples. The velocity parallel to the 
fibers was calculated by the following equation:        
 

V = (d*1000) / (t- 6,1)                   (1) 
 
where V is velocity parallel to the fibers (m/s); d is distance (mm); t is transit time (µs); 6.1 is time 
correction.  
 
Determination of micro-mechanical properties 
 
The micro-size test samples were cut from convex and concave sides of bent wood samples. Bending 
strength, modulus of elasticity (MOE) in bending, compression strength and tension strength were 
determined. A Minimat 2000 Miniature Materials Tester from Rheometric Scientific, Inc. was used for 
bending and tension tests. The Minimat tester contained an integral 200 N load cell. Data acquisition 
software was used with testing machine to continually monitor the load and displacement. Compression 
test was performed MTS universal testing machine with 1000 N load cell. 
 
Bending tests used samples that were approximately 50.0 mm long, 5.0 mm wide and 1.3 mm thick. The 
tests were performed flatwise with a three-point bending fixture. The load was applied in the direction 
tangential to the annual rings. Spans were 18.11 mm and 24.4 mm for convex and concave sides, 
respectively. The span was greater for concave side samples due to increased deflection of samples. The 
maximum load and load-deflection curve were used to calculate the bending strength and MOE using 
following formulas: 

σB = (3 * Pmax * Ls) / (2 * b * h2)                          (2) 
 

MOE = (δP * Ls3) / (4 * b * h3 * δf)                (3) 
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where, σB is bending strength, Pmax is maximum load, Ls is span, b is width (radial) of sample, h is 
thickness (tangential) of the sample, δF is change of force, and δf is deflection in elastic region. 
 
Tension test specimens were approximately 50 mm (L) × 5.0 mm (R) × 1.3 mm (T) and the 5 mm width 
of the specimen was reduced to 0.8 mm with a sanding drum to get dog-bone shape. From the ultimate 
load, the tensile strength was calculated. Compression test specimens had 3 x 3 x 5 mm dimensions. 
Tension and compression strengths were calculate from following formulas: 
 

σT,C = Pmax / A                   (4) 
 

where, σT,C is tension and compression strength, Pmax is maximum load and A is cross section area of the 
samples. 
 
Statistical Analyses 
 
Relationships between nondestructive and micro-mechanic tests were determined with regression 
analyses. The correlation coefficient, equation, F value and significance values between velocity values 
and micro-mechanical properties on both concave and convex sides. 
 
Results and Discussion 
 
The correlation coefficients, equations, F values, and significance between velocity parallel to fibers and 
bending strength on both convex and concave side of Beech wood are shown in Table 2 and Table 3, 
respectively. 
 

Table 2. The correlations between convex side velocity parallel to fibers and bending strength of Beech wood 
Group Correlation coefficient Equation F value Sig. 

A 0.84 y = 0.0972x – 286.08 22.37 0.001 
B 0.89 y = 0.0639x – 147.64 33.75 0.000 
C 0.90 y = 0.0978x – 288.95 64.41 0.000 
D 0.83 y = 0.0618x – 157.91 26.15 0.000 
E 0.82 y = 0.1044x – 272.56 22.43 0.001 
F 0.91 y = 0.0663x – 137.29 70.49 0.000 
G 0.82 y = 0.1068x – 378.71 23.65 0.001 
H 0.80 y = 0.3525x – 1291.2 17.54 0.002 
I 0.80 y = 0.0771x – 174.57 17.83 0.002 
J 0.83 y = 0.0959x – 256.56 22.07 0.001 

 
Table 3. The correlations between concave side velocity parallel to fibers and bending strength of Beech wood 
Group Correlation coefficient Equation F value Sig. 

A 0.84 y = 0.0972x – 286.08 22.37 0.001 
B 0.89 y = 0.0639x – 147.64 33.75 0.000 
C 0.90 y = 0.0978x – 288.95 64.41 0.000 
D 0.85 y = 0.0638x – 186.84 30.98 0.000 
E 0.82 y = 0.0721x – 170.03 18.69 0.002 
F 0.89 y = 0.081x – 164.66 37.42 0.000 
G 0.79 y = 0.0901x – 298.66 16.82 0.002 
H 0.81 y = 0.0699x – 164.89 19.84 0.001 
I 0.82 y = 0.0278x – 20.149 13.76 0.008 
J 0.85 y = 0.0694x – 178.75 23.68 0.001 
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The correlation graphichs of convex side of group C  and concave side of group G between bending 
strength and velocity paralllel to the fibers are shown in Figure 2 and Figure 3. 

                                
Figure 2. The correlation graphich of convex side of group C 

 

       
Figure 3. Correlation graphich of concave side of group G 

 
The regression analyses indicated that the velocity parallel to the fibers and the bending strength on both 
surfaces had a good relationship at the 95 % confidence level.  The correlation coefficients ranged from 
0.80 to 0.91 for convex side, and from 0.81 to 0.90 for concave side. 
 
The correlation coefficients, equations, F values, and significance between velocity parallel to fibers and 
MOE on both convex and concave side of Beech wood are shown in Table 4 and Table 5, respectively. 
 

Table 4. The correlations between convex side velocity parallel to fibers and MOE of Beech wood 
Group Correlation coefficient Equation F value Sig. 

A 0.86 y = 10.487x - 34637 29.05 0.000 
B 0.83 y = 4.4314x – 8942.1 26.45 0.000 
C 0.94 y = 9.0197x – 27976 90.30 0.000 
D 0.86 y = 7.0513x – 23378 33.30 0.000 
E 0.84 y = 8.4336x – 22369 33.61 0.000 
F 0.88 y = 8.4423x – 25815 31.38 0.000 
G 0.87 y = 9.3075x – 35322 32.30 0.000 
H 0.85 y = 16.199x – 56965 31.03 0.000 
I 0.79 y = 6.4816x – 18175 11.50 0.012 
J 0.85 y = 7.4298x – 20210 36.09 0.000 
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Table 5. The correlations between concave side velocity parallel to fibers and MOE of Beech wood 

Group Correlation 
coefficient Equation F value Sig. 

A 0.86 y = 10.487x - 34637 29.05 0.000 
B 0.83 y = 4.4314x – 8942.1 26.45 0.000 
C 0.94 y = 9.0197x – 27976 90.30 0.000 
D 0.82 y = 2.3798x – 7154 20.69 0.001 
E 0.81 y = 2.584x – 6112.5 19.17 0.001 
F 0.90 y = 1.8839x – 3367.7 49.05 0.000 
G 0.84 y = 1.7428x – 4534.5 28.83 0.000 
H 0.83 y = 4.9471x – 13737 22.71 0.001 
I 0.78 y = 2.5477x – 4946.7 11.10 0.013 
J 0.95 y = 1.9878x – 4285.4 77.40 0.000 

 
The correlation graphichs of convex side of group D and concave side of group E between MOE and 
velocity paralllel to the fibers are shown in Figure 4 and Figure 5. 
 

                                 
Figure 4. The correlation graphich of convex side of group D 

 

 
Figure 5. Correlation graphich of concave side of group E 

 
The regression analyses indicated that the velocity parallel to the fibers and the MOE on both surfaces 
had a good relationship at the 95 % confidence level. The correlation coefficients ranged from 0.79 to 
0.94 for convex side, and from 0.78 to 0.95 for concave side. 
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The correlation coefficients, equations, F values, and significance between velocity parallel to fibers and 
tensile strength on both convex and concave side of Beech wood are shown in Table 6 and Table 7, 
respectively. 
 

Table 6. The correlations between convex side velocity parallel to fibers and tensile strength of Beech wood 

Group Correlation 
coefficient Equation F value Sig. 

A 0.79 y = 0.3874x – 1485.9 17.12 0.002 
B 0.87 y = 0.1096x – 325.44 29.13 0.000 
C 0.87 y = 0.1611x – 542.81 41.17 0.000 
D 0.81 y = 0.17x – 643.61 19.11 0.001 
E 0.79 y = 0.1406x – 400.69 20.61 0.001 
F 0.84 y = 0.0809x – 196.14 26.61 0.000 
G 0.86 y = 0.1793x – 707.66 37.20 0.000 
H 0.89 y = 0.3824x – 1399.6 41.16 0.000 
I 0.84 y = 0.094x – 262.24 17.45 0.004 
J 0.84 y = 0.1053x – 285.02 22.94 0.001 

 
Table 7. The correlations between concave side velocity parallel to fibers and tensile strength of Beech wood 

Group Correlation 
coefficient Equation F value Sig. 

A 0.79 y = 0.3874x – 1485.9 17.12 0.002 
B 0.87 y = 0.1096x - 325.44 29.13 0.000 
C 0.87 y = 0.1611x – 542.81 41.17 0.000 
D 0.82 y = 0.1434x – 517.03 29.70 0.000 
E 0.86 y = 0.1272x – 327.72 43.52 0.000 
F 0.87 y = 0.1201x – 271.69 21.00 0.003 
G 0.81 y = 0.0791x – 218.47 13.03 0.009 
H 0.81 y = 0.3774x – 1179.1 14.86 0.005 
I 0.82 y = 0.1868x – 457.03 12.86 0.012 
J 0.87 y = 0.1109x – 283.41 29.10 0.000 

 
The correlation graphichs of convex side of group G and concave side of group J between tensile strength 
and velocity parallel to the fibers are shown in Figure 6 and Figure 7. 
 

                         
Figure 6. The correlation graphich of convex side of group G 
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Figure 7. Correlation graphich of concave side of group J 

 
The regression analyses indicated that the velocity parallel to the fibers and the tensile strength on both 
surfaces had a good relationship at the 95 % confidence level. The correlation coefficients ranged from 
0.79 to 0.89 for convex side, and from 0.79 to 0.87 for concave side. 
 
The correlation coefficients, equations, F values, and significance between velocity parallel to fibers and 
compression strength on both convex and concave side of Beech wood are shown in Table 8 and Table 9, 
respectively. 
 
Table 8. The correlations between convex side velocity parallel to fibers and compression strength of Beech wood 
Group Correlation coefficient Equation F value Sig. 

A 0.86 y = 0,0763x - 267,88 34,05 0,000 
B 0.87 y = 0,0657x - 230,47 19,02 0,005 
C 0.88 y = 0,0541x - 168,72 36,54 0,000 
D 0.87 y = 0,0335x - 96,054 22,60 0,002 
E 0.85 y = 0,0419x - 103,91 41,75 0,000 
F 0.85 y = 0,0243x - 33,961 30,68 0,000 
G 0.85 y = 0,0407x - 141,87 23,95 0,001 
H 0.89 y = 0,0721x - 224,96 32,47 0,000 
I 0.85 y = 0,0496x - 136,01 18,92 0,003 
J 0.88 y = 0,047x - 128,87 32,66 0,000 

 
Table 9. The correlations between concave side velocity parallel to fibers and compression strength of Beech wood 
Group Correlation coefficient Equation F value Sig. 

A 0.86 y = 0,0763x - 267,88 34,05 0,000 
B 0.87 y = 0,0657x - 230,47 19,02 0,005 
C 0.88 y = 0,0541x - 168,72 36,54 0,000 
D 0.81 y = 0,024x - 52,969 16,51 0,003 
E 0.79 y = 0,0171x - 6,6584 18,93 0,001 
F 0.87 y = 0,039x - 54,709 28,90 0,000 
G 0.84 y = 0,0405x - 121,68 19,32 0,002 
H 0.88 y = 0,0727x - 190,81 42,89 0,000 
I 0.87 y = 0,1095x - 246,34 25,90 0,001 
J 0.88 y = 0,0263x - 37,121 32,07 0,000 
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The correlation graphichs of convex side of group H and concave side of group I between compression 
strength and velocity parallel to the fibers are shown in Figure 8 and Figure 9. 
 

                      
Figure 8. The correlation graphich of convex side of group H 

 

 
Figure 9. Correlation graphich of concave side of group I 

 
The velocity parallel to the fibers and the compression strength on both surfaces had a good relationship 
at the 95 % confidence level. The correlation coefficients ranged from 0.85 to 0.89 for convex side, and 
from 0.79 to 0.88 for concave side. 
 
Conclusions 
 
The regression analyses indicated that the velocity parallel to the fibers and the bending strength, modulus 
of elasticity in bending, tension strength, and compression strength on both concave and convex sides had 
a good relationship at the 95 % confidence level. 
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Abstract 
 
The linear thermal expansion coefficient of robinia pseudoacacia material is measured in fiber direction. 
Measured data are compared with sound velocity in fiber direction. All together 18 pieces of 5 by 5 by 300 
mm specimen are tested, representing a wide velocity range from 4400 m/s to 5500 m/s. The resolution of 
the displacement sensor is under 100 nm and it was a reliable and sensitive tool for testing minor 
displacement in the range of 0,4 mm. The applied temperature interval for the thermal expansion coefficient 
determination was 25 to 45oC. High correlation coefficient of 0.93 was found between the two quantities. 
An increasing sound velocity is related to a decreasing thermal expansion coefficient. This experimental 
result is indirectly supporting our hypothesis that linear thermal expansion coefficient and sound velocity 
in fiber direction are depending on the microfibril angle of wood, but direct verification of the hypothesis 
is necessary. 
 
 
Introduction 
 
The linear thermal expansion coefficient of solid wood in fiber direction is rather low, lower than metals. 
Temperature change results minor dimension changes, much less, than shrinkage in case of moisture 
content change. For this reason, little attention was focused on the determination of thermal expansion 
coefficient of solid wood. The definition of the linear thermal expansion coefficient (α) is: 
 

𝛼𝛼 = 1
𝑙𝑙0

𝑑𝑑𝑙𝑙
𝑑𝑑𝑑𝑑

;   (1/℃)       (1) 
 

here: 𝑙𝑙0 initial length (m) 
 dl change in length due to temperature change (m) 
 dt temperature change (℃) 
 
In fiber direction the linear thermal expansion coefficient of yellow birch is 3.57 10-6 1/℃, in radial direction 
32.2 10-6 1/℃ and in tangential direction 39.4 10-6 1/℃. Data are from Richard C.Weatherwax (1956), Forest 
Product Laboratory. Similar values can be found in F. Kolmann (1968). Thermal expansion coefficient is 
strongly depends on anatomical orientation. Values perpendicular to fiber direction are roughly 10 times 
higher than in fiber direction. 
 
The aim of our investigation is to find a link between thermal expansion coefficient and microfibril angle. 
However, because we had no access to MFA determination instrument, we selected sound velocity 
determination as indirect indicator of MFA. Our hypothesis is that thermal expansion coefficient is 
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increasing with decreasing sound velocity in fiber direction. The paper presents the results of the experiment 
that supports this hypothesis. 
 
 
Materials and methods 
 
Robinia pseudo acacia (black locust) was selected as raw material for the experiment. The sample 
dimensions were 5 by5 by 300 mm. Small cross-sectional dimensions were used to achieve thermal 
equilibrium relative quickly. All of the 18 samples were defect free, no slope of grain and conditioned at 
room temperature before the experiment. Moisture content was rather uniform, between 10.5 and 11.7%. 
Samples were wrapped by thin plastic layer before the start of the test procedure to prevent moisture content 
change during the whole procedure. An important specimen selection criteria was to cover a wide range of 
sound velocities in fiber direction which was between 4400 and 5500 m/s. Samples representing low 
velocities were taken from juvenal wood section. 
 
Measurements were done inside a Sapratin made climate chamber. The air temperature was controlled. The 
selected temperature levels were 25, 30, 35, 40 and 45 oC. After moving to the next temperature level, 
roughly 30 minutes was necessary to reach equilibrium state, where dimension change stopped. For safety 
the duration of each temperature step was around 1 hour. Figure 1 shows the sample inside the climate 
chamber.  
 

 
 

Figure 1. The experimental setup inside a climate chamber. The sensor on the left is a 
capacitor type extensometer. The specimen is placed on rubber foam. A steel frame is 
holding the extensometer, sample and the reference point on the right. 

 
 

The sample is standing on a foam support. On the left-hand side of the sample there is a sensor. The sensor 
is a prototype version of a high sensitivity displacement sensor. The working range of the displacement 
sensor is only 0.4mm, but the resolution is around 100 nm. The sensor is a capacitor type displacement 
sensor. The sensitive component is a capacitor in parallel plate arrangement where one plate is moving 
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together with the sample. The plate size is 100 by 100 mm. The calibration curve of the displacement sensor 
is shown on figure 2.  
 

 
Figure 2. The calibration curve of the prototype displacement sensor. 
 
 

The pink line on Figure 2 is the theoretical calibration curve, given by next formula: 
 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑙𝑙𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (µ𝐷𝐷) = 1 060 000
capacity(pF)−3500

− 73.6    (2) 

 
The actual resolution depends on the position of the capacitor plate. The resolution is 10 nm at the sensitive 
end, just before the plates are in contact while it is 100 nm at the other end of the working range. This 
resolution is sufficient to measure minor displacements of the specimens during temperature change 
because one step of 5oC temperature change results in a displacement of around 10 µm. Figure 3 indicates 
the sample displacement versus time.  
 

 
 

Figure 3. Robinia pseudoacacia specimen displacement versus time over the whole 
measurement process which took about 7 hours. 
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We had only one high sensitivity displacement sensor, so we measured displacement of the 18 samples one 
by one, so we spent 1 month with data collection. After cooling down the sample, we determined the sound 
velocity in fiber direction using ultrasonic time of flight, the applied frequency was 45 kHz. 
 
 
Results and discussion 
 
The basis of the evaluation is formula (1). Dimensional change occurred not only on wood sample, but also 
on the steel frame shown on Figure l. To compensate this effect, the following formula was used: 
 

𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑 = 𝛼𝛼𝑠𝑠𝑑𝑑𝑎𝑎𝑎𝑎𝑙𝑙 − 𝛼𝛼𝑤𝑤𝑤𝑤𝑤𝑤𝑑𝑑      (3) 
 

where αapparent is the apparent thermal expansion coefficient determined by the data collected, shown on 
Figure 3, αsteel is the thermal expansion coefficient of steel: 12.5 10-6 1/oC and αwood is the thermal expansion 
coefficient of the wood sample. The accuracy of the wood material linear thermal expansion coefficient 
depends on the accuracy of the steel data taken from the Tipler (2008). Our result, the linear thermal 
expansion coefficient of robinia in fiber direction as a function of sound velocity is shown on Figure 4. We 
assumed linear relationship. The correlation coefficient between the two quantities is 0.93.  

 

 
 

Figure 4. The linear thermal expansion coefficient of robinia in fiber direction as a 
function of sound velocity 

 
The linear relationship and the high correlation coefficient gives us the possibility for predicting the thermal 
expansion coefficient from the measured sound velocity using the following empirical formula: 
 

α𝑎𝑎𝑤𝑤𝑟𝑟𝑟𝑟𝑎𝑎𝑟𝑟𝑎𝑎,𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙𝑎𝑎𝑙𝑙(10−6 1/℃) = 39.6 − 6.69 ∙ 𝑉𝑉𝑠𝑠𝑤𝑤𝑠𝑠𝑎𝑎𝑑𝑑(𝑘𝑘𝑘𝑘
𝑠𝑠

)     (4) 
 

y = -6.6896x + 39.587
R² = 0.857
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The above formula gives us the thermal expansion coefficient in fiber direction in the temperature range 
between 25 and 45 ℃ and is valid for robinia pseudoacacia only.  
 
 
Conclusion 
 
The high correlation of 0.93 strongly supports the hypothesis that thermal expansion coefficient 
and sound velocity in wood material are not independent physical properties. Thermal expansion 
coefficient is increasing with decreasing sound velocity in fiber direction. It is very likely that micro fibril 
angle is the link between the two measured quantities, but more experimental data would be necessary to 
verify hypothesis.  
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Abstract 
 
There is a wide variety of tropical species in Brazil whose could be used on a sustainable way for timber, 
but it is necessary to know their elastic properties. This research aimed to characterize wood tropical 
species using ultrasonic waves propagation. For the tests, we used 18 polyhedrons with 26 faces from 6 
tropical species grown in Amazon Forest. The stiffness matrix was determined using ultrasound 
equipment and 1000-kHz frequency longitudinal and transverse wave transducers. The elastic properties 
and Poisson’s ratio, obtained by non-destructive tests, were compared with the results from Literature and 
also analyzed using expected relations among elastic parameters. The elastic parameters obtained by 
ultrasound present values in agreement with other researches and inside expected ranges for a material 
with great variability, showing the potential of the technique in characterizing the wood.  
 
 
Keywords: modulus of elasticity, Poisson ratio, elastic parameters  
 
 
Introduction 
 
The use of wood in civil construction has become an important alternative for the global sustainability. 
There are some researches focused on some species from Brazilian Amazonian Forest that has possibility 
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of being reforested for commercial uses. In addition, there are companies that use tropical wood in a 
sustainable way. But the proper use of wood as structural members requires the knowledge of its 
properties. The complete characterization of the wood is performed through the achievement of 12 
constants to describe its elastic behavior: three longitudinal moduli, three shear moduli and six Poisson 
ratios. 
 
The methodology to the compliance matrix determination through compression tests requires a high 
quantity of material (Mascia 1991, Furlani 1995). For only one sample it is necessary 6 prismatic 
specimens. Three specimens removed on symmetric axes (Longitudinal (L), Radial (R) and Tangential 
(T)) allow to calculate the three longitudinal modulus of elasticity and the six Poisson’s ratio, while three 
samples taken out of symmetric plans (LR, LT and RT) allows obtaining the three shear moduli. 
 
François (1995) proposes a polyhedron with 26 faces as specimen to the determination of the elastic 
constants of the wood through acoustic tests. This geometry has the advantage of allowing the 
achievement of all stiffness matrix elements using only one specimen. 
 
Gonçalves et al (2014) compared the results obtained by the characterization of wood using three 
geometries for the specimens (prism, multifaceted disk and 26-surface polyhedron). For the tests, the  
authors used three species of wood (Eucalyptus saligna, Apuleia leiocarpa, and Goupia glabra). To 
compare the results with static tests, the prismatic specimens were tested also in compression.  In general, 
for the three geometries evaluated, the authors found longitudinal and shear modulus obtained by 
ultrasound statistically equivalent to those obtained by compression tests. The polyhedral specimen 
showed better results and were considered the best option by the authors, considering the results and also 
the reduction of the number of specimen’s necessary to the tests (one for polyhedron, 3 for disks and 4 for 
prismatic ones). 
 
Several studies (Gonçalez et al., 2001; Bucur, 2006; Gonçalves et al., 2011) emphasize that the absolute 
values of the elastic constants obtained by the acoustic method are higher than those obtained by the static 
test. This behavior is explained by the process of the tests – while the tests using wave propagation is an 
adiabatic process, the static one is isothermal (Gonçalves et al. 2014).  
 
Considering the importance of the knowledge of the properties of different species of tropical wood and 
the results obtained in Literature using wave propagation to access the stiffness matrix, this study aimed 
to characterize 6 species of wood from the Amazon region using ultrasound. 
 
 
Material and Methods 
 
Six species of tropical wood were used (Bertholletia excelsa, Hymenolobium petraeum Ducke, Caryocar 
brasiliense, Peltogyne lecointei Duckei, Dinizia excelsa Ducke, Apuleia Ieiocarpa). For each specie were 
prepared 18 polyhedron with 26 faces (FRANÇOIS, 1995; TRINCA, 2011). The polyhedrons were made 
with the faces oriented on the axes longitudinal (L), radial (R) and tangential (T), with 60 mm between 
opposite sides.  
 
The specimens were tested with ultrasound (EP1000, Olympus, EUA) (Figure 1), with longitudinal and 
transversal 1000-kHz frequency transducers, flat faces. The ultrasonic tests were performed to obtain the 
parameters of the stiffness matrix and its inversion, compliance matrix. 
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Figure 1 — Ultrasound test. 
 
The longitudinal velocities on L (or 1), R (or 2) and T (or 3) axes (V11, V22  and V33) were obtained by 
positioned the longitudinal transducers on parallel faces. Likewise, using the same position but shear 
transducers were obtained shear velocities in planes: V44, V55, V66 . To obtain the velocities outside the 
symmetry axes (V12, V13 and V23), the shear transducers were positioned on the 45° faces of the 
polyhedral.  
 
The equations of Christoffel (Equation 1) were used to obtain terms of the diagonal of the stiffness matrix 
[C]: C11, C22, C33, C44, C55, C66. 
 

Cii = ρ.Vii
2                                 (1) 

  
Were: i = 1, 2, 3, 4, 5 e 6; ρ = density and V = Velocity of wave propagation in respective directions  
 
The numbering is related to the axes as follows 1 = L; 2 = R; 3 = T; 44 = planes 2 and 3; 55 = planes 1 e 3 
e 66 = planes 1 e 2. In the same way, the 3 non-diagonal terms (C12, C13 and C23) deducted from the 
Christoffel tensor were calculated by Equations 2, 3 and 4 respectively. 
 
(C12 + C66) n1 n2 = ± [(C11 n12 + C66 n22 - ρ Vα2) (C66 n12 + C22 n22 - ρ Vα2)]1/2                             (2) 
(C23 + C44) n2 n3 = ± [(C22 n22 + C44 n32 - ρ Vα2) (C44 n22 + C33 n32 - ρ Vα2)]1/2                             (3) 
(C13 + C55) n1 n3 = ± [(C11 n12 + C55 n32 - ρ Vα2) (C55 n12 + C33 n32 - ρ Vα2)]1/2                             (4) 
 
Were: 
α = ultrasound wave propagation angle (outside the symmetric axes) 
n1 = cos α; n2 = sen α and n3 = 0 when α  is taken related to axis 1 (Plane 12) 
n1 = cos α; n3 = sen α and n2 = 0 when α  is taken related to axis 1 (Plane 13) 
n2 = cos α; n3 = sen α and n1 = 0 when α  is taken related to axis  2 (Plane 23) 
 
After obtaining all stiffness matrix components [C], the components of the compliance matrix [S] were 
obtained by [C] inversion, with which the elastic constants were determined.  
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The elastic constants of wood are compared with values obtained in Literature and also with values 
expected to relation between the constants. These comparisons allow verify if the results are compatible 
with the basis of wood behavior.  
  
Results and discussions 
    
The data obtained through ultrasound tests using the polyhedron specimen allowed to obtain the 12 elastic 
parameter of the six tropical species tested (Table 1). 
 
Preliminary analysis showed that, as expected, the values of modulus of elasticity obtained for the 
longitudinal direction are greater than the values of the radial direction followed by the tangential 
direction (Table 1). As also expected, the coefficients of variation than those obtained for Poison ratio 
was higher than for longitudinal and shear modulus. 
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Table 1.  Acoustic parameters obtained by the flexibility matrix from the ultrasonic tests of the six species studied. 

 AM AV R P G CA 

EL 15404 
(5%) 

12307 
(1%) 

16260 
(13%) 

12981 
(5%) 

15993 
(12%) 

11434 
(9%) 

ER 2438 
(8%) 

2908 
(7%) 

2493 
(1%) 

2553 
(5%) 

2619 
(7%) 

1839 
(7%) 

ET 1619 
(1%) 

2296 
(3%) 

1874 
(2%) 

1447 
(2%) 

1908 
(7%) 

1298 
(6%) 

GRT 552 
(3%) 

739 
(2%) 

630 
(2%) 

506 
(5%) 

552 
(6%) 

419 
(1%) 

GLT 1117 
(2%) 

1345 
(7%) 

1171 
(1%) 

859 
(4%) 

804 
(2%) 

955 
(5%) 

GLR 1429 
(10%) 

2282 
(9%) 

1892 
(3%) 

1216 
(25%) 

1918 
(5%) 

1178 
(1%) 

νRL 0,13 
(26%) 

0,19 
(17%) 

0,11 
(32%) 

0,17 
(7%) 

0,14 
(2%) 

0,11 
(5%) 

νTL 0,08 
(36%) 

0,12 
(23%) 

0,09 
(17%) 

0,09 
(40%) 

0,10 
(15%) 

0,06 
(49%) 

νLR 0,84 
(12%) 

0,82 
(19%) 

0,73 
(22%) 

0,88 
(12%) 

0,87 
(4%) 

0,70 
(4%) 

νTR 0,28 
(43%) 

0,37 
(5%) 

0,43 
(7%) 

0,32 
(4%) 

0,42 
(5%) 

0,38 
(8%) 

νLT 0,75 
(32%) 

0,62 
(22%) 

0,77 
(4%) 

0,78 
(36%) 

0,84 
(11%) 

0,55 
(61%) 

νRT 0,42 
(38%) 

0,47 
(5%) 

0,58 
(9%) 

0,56 
(5%) 

0,57 
(5%) 

0,54 
(4%) 

*Values in parentheses is the coefficient of variation 
AM- Hymenolobium petraeum Ducke; AV- Dinizia excelsa Ducke; R- Peltogyne lecointei Duckei; P- Caryocar 
brasiliense; G- Apuleia Ieiocarpa ; CA- Bertholletia excelsa 
 
According to the literature there are expected relations between elastic parameters. The relations between 
EL/ET were much smaller (Table 2) than proposed by Bodig and Jayne (1982), around 20, but in the same 
magnitude order than Gonçalves et al. (2011) who obtained 8.0, 6.8 and 5.9 for two tropical wood and 
one Eucalyptus. Keunecke et al (2007) obtained ratios of EL/ET = 7.26 and 11.8 for the spruce and yew 
species and Vazquez et al. (2015) 12.6  for Castanea sativa. 
 
Considering the relation ER/ET (Table 2) the values were closer to 1.6 expected by Bodig and Jayne 
(1982). For hardwoods, the difference between properties in radial and tangential directions are smaller 
than in softwoods (Gonçalves 2011), so the values are in agreement with this condition.  
 
Gonçalves et al. (2011) shows results from Bucur (2006) for 11 species whose GLR/GRT ratios ranged 
from 3.3 to 20.8, GLT/GRT between 1.9 and 21.4, and EL/GLR between 4.1 and 21.2; from  Bucur and 
Archer (1984) with results for six species: GLR/GRT ratios between 2.89 and 16.9, GLT/GRT between 2.6 
and 13.1, and EL/GLR between 5.6 and 8.8 and Keunecke et al (2007): GLR/GRT = 4.7 for yew and 11.6 for 
spruce, GLT/GRT = 4.5 for yew and 11.1 for spruce, and EL/GLR = 9.6 for yew and 22.4 for spruce. These 
values demonstrate the great variability of results for these wood parameters and show that our results are 
within these intervals. 
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Table 2. Relationship between elastic parameters obtained by ultrasound in different axis or planes.  

 
EL/ET ER/ET GLR/GRT GLT/GRT EL/GLR 

AM 9.51 1.51 2.59 2.02 10.78 

AV 5.36 1.27 3.09 1.82 5.39 

R 8.68 1.33 3.00 1.86 8.59 

P 8.97 1.76 2.40 1.70 10.68 

G 8.38 1.37 3.47 1.46 8.34 

CA 8.81 1.42 2.81 2.28 9.71 
AM- Hymenolobium petraeum Ducke; AV- Dinizia excelsa Ducke; R- Peltogyne lecointei Duckei; P- Caryocar 
brasiliense; G- Apuleia Ieiocarpa ; CA- Bertholletia excelsa 
 
There are also relations expected to Poisson ratio and modulus of elasticity. Also for these relations the 
results obtained in this research are within expected values (Table 3) and values showed in literature. 
Vazquez et al. (2015) obtained values very close to this paper for νRL/ER (4.58) and νLR/EL (5.04) and 
greater for the other relations, mainly for νTR/ET (48.11) and νRT/ER (47.74) although both are within 
values expect by Bodig and Jayne (1982).  
 
Table 3. Relationship between terms of the compliance matrix (10-5) obtained with ultrasound an interval proposed by Bodig 
and Jayne (1982)  

 νRL/ER νLR/EL νTL/ET νLT/EL νTR/ET νRT/ER 
AM 5.3 5.5 4.9 4.9 17.3 17.2 

AV 6.5 6.7 5.2 5.0 16.1 16.2 

R 4.4 4.5 4.8 4.7 22.9 23.3 

P 6.7 6.8 6.2 6.0 22.1 21.9 

G 5.3 5.4 5.2 5.3 22.0 21.8 

CA 6.0 6.1 4.6 4.8 29.3 29.4 
Bodig and Jayne 

(1982) 1.52 a 5.13 1.37 a 4.27 1.79 a 6.14 1.59 a 6.48 20.7 a 128 21 a 104 

AM- Hymenolobium petraeum Ducke; AV- Dinizia excelsa Ducke; R- Peltogyne lecointei Duckei; P- Caryocar 
brasiliense; G- Apuleia Ieiocarpa ; CA- Bertholletia excelsa 
 
Conclusion 
 
Using ultrasound tests, it was possible determine the 12 elastic parameters of 6 Brazilian tropical species 
allowing obtain important parameter to give information about the potentiality of these species. The 
elastic parameters obtained by ultrasound present values in agreement with other researches and inside 
expected ranges for a material with great variability, showing the potential of the technique in 
characterizing the wood. 
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Abstract 
 

Fire characteristics of bamboo scrimber flooring produced from different heat-treated processes were 
investigated by thermogravimetric analysis (TGA) and cone calorimeter in this research. The results 
showed that the combustion process of samples included moisture removal, oxidative and char 
combustion. All characteristic temperatures had shifted to higher ones with the increase of heating rates. 
The activation energy of oxidative combustion stage was lower than that of char combustion stage. 
Compared with untreated samples, LBSF had a lower activation energy in both combustion stages. HBSF 
had a higher activation energy in the oxidative stage and a lower activation energy in the char stage. 
LBSF and HBSF had lower heat release rates and larger time to ignition. However, both had a higher total 
heat release, total suspended particulate, and higher heating value. The results will be rather helpful for 
guiding and promoting the utilization of bamboo scrimber flooring. 

 

Keywords: Bamboo; Bamboo scrimber flooring; Heat-treatment; Thermogravimetric analysis; Cone 
calorimeter 
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1. Introduction 
Recently, the environment-friendly decorative materials have drawn increasing attention (Song et al. 

2013). Bamboo is considered as an important non-wood forest resource and has become one of the 
alternatives to timber materials due to easy propagation and fast growth (Shao 2009). It has widely been 
used to produce flooring decoration materials. There are two main types of commercial bamboo floorings, 
bamboo scrimber flooring and laminated bamboo flooring. The utilizaiton percentage of bamboo for 
laminated flooring is lower than 50% due to its special structure. However, bamboo scrimber flooring can 
use about 90% bamboo materials during manufacturing process. Yu and Yu (2013) reported that bamboo 
reconstituted processing method was one of the most effective ways to use plantation bamboo. Bamboo 
scrimber flooring has some excellent natural decorative properties. However, poor dimensional stability 
and uneven color change have also affected the development of bamboo scrimber flooring, especially for 
outdoor environment. Heat treatment is a thermal modification technology which is considered as a 
potential solution to solve the problems above. Therefore, many scientists have been working on a variety 
of studies on heat treatment to improve the properties of final bamboo products. Salim et al. (2010) found 
the heat-treated bamboo retained majority of their original physical and strength properties after 
undergoing the heat treatment. Zhang et al. (2013) found that the color of heat-treated bamboo was 
darkened and all color parameters (L*, a*, b*) were significantly changed. Meng et al. (2016) found that 
hemicellulose contents of bamboo decreased after heat treatment. Ester formation linked to lignin 
decreased the hygroscopicity of bamboo and improved dimensional stability and durability. Qin et al. 
(2012) found that thickness swelling of bamboo boards treated by heat decreased and total color 
difference apparently changed with increasing in heat-treatment temperature.  

One of the key parameters to evaluate bamboo flooring is fire performance, which limits the 
application of bamboo flooring to a given area. Liu et al. (2014) found that bamboo with higher content of 
volatiles was easier to be burned rapidly, which led to a security risk. Shu et al. (2007) found that bamboo 
floor covering was easier to ignite and held higher flashover risk as well as greater CO yields (in early 
burning) than wood floor covering. Mena et al. (2012) investigated fire behavior of Guadua angustifolia 
kunth (a.k.) bamboo and found that it would be qualified as structural and indoor finishing building 
material. Yu et al. (2017) investigated the combustibility of boron-containing fire retardant treated 
bamboo filaments. It was also found that boron-containing flame retardants had excellent smoke 
suppression efficacy and total smoke release was decreased by 86.1% and 9.1%, respectively. To the best 
of our knowledge, there is the lack of sufficient information concerning fire performances of heat-treated 
bamboo scrimber flooring. Therefore, fire properties of bamboo scrimber flooring with different heat-
treated processes were studied by thermogravimetric analysis (TGA) and cone calorimeter in this work. 
The outcome will be beneficial for the development and guidance of bamboo scrimber flooring 
utilization. 

2. Materials and methods 
2.1 Materials 

Bamboo scrimber flooring were purchased from factory of bamboo flooring in Zhejiang Province, 
China. The raw materials, 5 years old moso bamboo (Phyllostachys heterocycla), were sampled from a 
bamboo plantation. Moso bamboo was firstly made to bamboo fiber bundles. They were heat treated with 
low temperature of 140℃ for 3 hours (LBSF) and high temperature of 190℃ for 10 hours (HBSF), 
respectively. Heat-treated bamboo fiber bundles were impregnated using phenolic formaldehyde adhesive 
then pressed firmly together in a hot press to manufacture bamboo scrimber flooring. 
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2.2 Determination of combustion characteristics 

Bamboo scrimber flooring was broken down to particles using a Wiley Mill (Thomas-Wiley). 
Samples were screened to obtain the particles with a size of 250-425 μm and were dried at temperature of 
105℃ until mass stabilized. Combustion characteristics were observed in terms of the materials mass loss 
though TA Instrument TGA Q 500 thermogravimetric analyzer (TA Instrument, USA). The particles were 
evenly and loosely distributed in an open sample pan and the initial sample weight was about 5-10mg. 
The temperature change was controlled from room temperature (30±5℃) to 800℃ with different heating 
rates of 5℃/min, 10℃/min, 20℃/min and 30℃/min. The air stream with flow rate of 60 mL/min was 
continuously passed into the furnace to investigate combustion characteristics. Three replicates of each 
TGA experiment were performed.  The combustion kinetics of bamboo scrimber were calculated based 
on the Coatse-Redfern (CR) model. The CR model is a kinetic model based on different heating rates. It is 
suitable to calculate the frequency factor and reaction order by using the activation energy (Yorulmaz et 
al. 2009). 

 

Where, α is the conversion rate, β is the heating rate, R is the universal gas constant (8.314J/mol·K), 
T is the reaction temperature, Ea is the activation energy. 

2.3 Determination of fire performances 

Bamboo scrimber flooring was cut into pieces with a size of 100 mm (length) × 100 mm (width) × 
about 10 mm (thickness) according to the requirement of ISO standard (5660-1:2002). All samples were 
dried at temperature 105℃ until mass stabilized. Fire performance of bamboo scrimber flooring were 
determined using a cone calorimeter (Fire Testing Technology LTD., UK). The tests were carried out at 
the horizontal orientation with a 50 kW/m2 flux, using an edge frame. Three replicates of each cone 
experiment were performed. 

2.4 Proximate and ultimate analysis 

Proximate and ultimate analyses of materials were determined according to the standard method. 
The determination of moisture and volatiles were performed according to GB/T 212-2008. The 
determination of inorganic ash was performed according to D1102-84. The determination of high heating 
value was performed according to ASTM E 711. The determination of C, H and N was performed 
according to GB/T 476-2008. The oxygen content was obtained by calculating the difference. 

3. Results and discussion 
3.1 Combustion characteristics 

Figure 1 showed combustion processes of bamboo scrimber flooring at heating rates of 5℃/min, 
10℃/min, 20℃/min and 30℃/min. There were three stages during combustion process of all samples. The 
mass loss at the first stage was due to moisture removal, which occurred at temperature below 150℃. The 
second stage was oxidative combustion with a temperature range from 150℃ to 350℃. The release and 
oxidative combustion of volatiles resulted in mass loss at this stage. The mass loss at the third stage was 
due to char combustion, which occurred at the temperature range from 350℃ to 500℃. Table 1 showed 
proximate and ultimate analysis of samples. There were about 80% volatiles and 20% fixed carbon for 
bamboo scrimber flooring. This indicated that oxidative combustion of volatiles was the main combustion 
stages. With the increase of heat-treatment temperature and time, volatiles of samples gradually decreased 
by 72.78% and 68.26%. Meanwhile, the main combustion of LBSF and HBSF also gradually shifted to 
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char combustion. It was found that the combustion process of bamboo scrimber flooring also shifted to 
high temperature with the increase of heating rates. This phenomenon was similar with the results of 
Munir et al. (2009) and Tonbul et al. (2009). There were also higher content of ash and lower content of 
moisture after bamboo scrimber flooring was treated by heat. The release of volatiles during heat-
treatment process resulted in ash increase. Bamboo is mainly composed of cellulose, hemicelluloses and 
lignin. These chemical compositions were subject to thermal degradation and hydroxyl groups were 
destroyed during heat-treatment process. The process decreased water absorption properties of LBSF and 
HBSF.  

 

Figure 1—Combustion process of bamboo scrimber flooring at different heating rates 

Table 1—Proximate and ultimate analysis of samples 

Samples 
Proximate analysis (%) Ultiamte analysis (%) HHV 

(MJ/kg) Volatiles Ash Moisture C H O N 

Control 79.56 1.44 4.13 49.58 5.60 44.54 0.28 19.59 

LBSF 72.78 2.00 3.75 53.08 5.58 41.20 0.14 21.03 

HBSF 68.26 2.64 3.97 55.72 5.48 38.62 0.18 22.13 

HHV is higher heat value. 

 

Thermogravimetric analysis (TGA) can be used to determine characteristic points during biomass 
combustion (García et al. 2015). Table 2 showed combustion characteristics of all samples. It was found 
that all characteristic temperatures shifted to higher ones with the increase of heating rates. Ignition 
temperatures of bamboo scrimber flooring were 221℃, 228℃, 244℃ and 250℃, corresponding to heating 
rate of 5℃/min, 10℃/min, 20℃/min and 30℃/min. Similarly, peak temperatures of that corresponding to 
the maximum mass loss rates were 259℃, 271℃, 283℃ and 290℃ at the oxidative combustion stages, then 
374℃, 389℃, 406℃ and 458℃ during the char combustion stages. The burnout temperatures of that were 
455℃, 498℃, 525℃ and 540℃ for untreated bamboo scrimber flooring. The maximum mass loss rate of 
samples was higher at oxidative combustion stage than that at char combustion stage, indicating there was 
a higher reaction activity at the oxidative combustion stage. There was about 70% mass loss at the 
oxidative combustion stage while about 30% mass loss at the char combustion stage. When bamboo 
scrimber flooring was treated by heat, characteristic temperatures at both combustion stages also shifted 
to higher ones. However, the difference of the maximum mass loss rate between oxidative combustion 
stage and char combustion stage was not significant compared with untreated bamboo scrimber flooring. 
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Table 2—Combustion characteristics of samples 

Samples 
Hr 

(℃/min) 

Ti 

(℃) 

Oxidative combusion Char combusion 
Tb 

(℃) 
Tp 

(℃) 
DTGmax 

(mg/min) W1 (wt.%) Tp (℃) DTGmax 

(mg/min) W1 (wt.%) 

Control 

5 221 259 0.90 71.03 374 0.36 26.16 455 

10 228 271 0.89 69.92 389 0.34 27.68 498 

20 244 283 0.91 69.22 406 0.30 28.43 525 

30 250 290 0.94 68.95 458 0.30 28.64 540 

LBSF 

5 224 265 0.63 52.55 426 0.56 44.27 502 

10 233 276 0.64 54.69 441 0.55 42.60 520 

20 248 287 0.59 51.05 458 0.54 45.88 556 

30 256 295 0.58 51.31 468 0.46 44.85 573 

HBSF 

5 239 273 0.62 50.93 426 0.52 45.51 518 

10 243 280 0.63 48.86 438 0.52 46.90 554 

20 254 292 0.60 47.83 453 0.51 48.92 594 

30 262 296 0.64 46.38 459 0.43 49.01 639 

Ti is ignition temperature, Tp is the peak temperature of this stage, Wl is the weight loss of this stage, Hr is 
heating rate and Tb is burnout temperature.  

 

The reaction kinetics of biomass materials is critical to predict the combustion characteristics (Islam 
et al. 2015). As an isothermal integral model, the CR model had widely been used to investigate the 
biomass combustion kinetics. Table 3 showed the kinetic parameters of bamboo scrimber flooring at 
different heating rates. The correlation coefficient of the linear relationship (R2 value) was higher, 
indicating that CR model could accurately calculate the activation energy of the samples. The activation 
energy of oxidative combustion stage was apparently lower than that of char combustion stage. The 
activation energy of bamboo scrimber flooring varied in the range of 79.77-84.81KJ/mol in the oxidative 
stage and 139.85-122.21 KJ/mol in the char combustion stage. LBSF had a lower activation energy than 
those of untreated samples in both combustion stages, with a value of 71.82-73.18KJ/mol in the oxidative 
stage and 106.17-110.97 KJ/mol in the char combustion stage. However, compared with untreated 
samples, HBSF had a higher activation energy in the oxidative stage (80.44-90.44KJ/mol) and a lower 
activation energy in the char stage (84.98-98.81KJ/mol). This was mainly attributed to the release of 
volatiles during the heat-treatment process. It also indicated that the heat-treatment decreased the reaction 
reactivity of bamboo scrimber flooring and required a higher energy to fire. For untreated samples and 
HBSF, the activation energy gradually increased in the oxidative stage and decreased in the char stage as 
heating rates increased.  
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Table 3—The kinetic parameters of samples at different heating rates (C-R model) 

Samples Combustion 
stage 

Hr 

(℃/min) 
Linear function R2 

Ea 

(KJ/mol) 

A 

(1/min) 

Control 

Oxidation 
combustion 

5 y=-9595x+4.8573  0.99368 79.77  1.23E+07 

10 y=-9689x+4.6597  0.99386 80.56  2.05E+07 

20 y=-9926x+4.7313  0.99428 82.53  3.38E+07 

30 y=-10201x+5.0337  0.99448 84.81  6.26E+07 

Char 
combustion 

5 y=-16821x+12.3880  0.96066 139.85  4.04E+10 

10 y=-15854x+10.1666  0.96389 131.81  8.25E+09 

20 y=-14778x+7.8424  0.96842 122.86  1.13E+09 

30 y=-14699x+7.3750  0.97283 122.21  9.38E+08 

LBSF 

Oxidation 
combustion 

5 y=-8755x+3.1327  0.99514 72.79  2.01E+06 

10 y=-8639x+2.6003  0.99579 71.82  2.33E+06 

20 y=-8802x+2.5768  0.99721 73.18  3.47E+06 

30 y=-8781x+2.3149  0.99809 73.00  3.56E+06 

Char 
combustion 

5 y=-12970x+5.7070  0.99058 107.83  3.90E+07 

10 y=-13348x+5.6317  0.9935 110.97  7.45E+07 

20 y=-12848x+4.1920  0.99713 106.82  2.55E+07 

30 y=-12770x+3.6375  0.99871 106.17  1.94E+07 

HBSF 

Oxidation 
combustion 

5 y=-9676x+4.4936  0.987 80.44  4.33E+06 

10 y=-10157x+5.1095  0.98533 84.45  1.68E+07 

20 y=-10319x+4.9781  0.98765 85.79  3.00E+07 

30 y=-10878x+5.8679  0.98463 90.44  1.15E+08 

Char 
combustion 

5 y=-11885x+3.8868  0.98964 98.81  2.90E+06 

10 y=-11609x+3.0107  0.99153 96.51  2.36E+06 

20 y=-11513x+2.2956  0.99065 95.72  2.29E+06 

30 y=-10222x+0.1737  0.98025 84.98  3.65E+05 

Hr is heating rate; R2 is correlation coefficient value; Ea is activation energy; A is exponential factor. 

 

3.2 Fire performances 

The heat release rate (HRR) is a key factor for evaluating fire safety of materials. Figure 2 displayed 
the HHR of bamboo scrimber flooring. There were two HRR peaks. The first peak resulted from the 
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burning of the accumulated flammable pyrolysates on the decomposed material surface and the second 
one is primarily from the flashover of the bottom layers (Xiao et al. 2016). It was found that HRR peaks 
of LBSF and HBSF shifted to right in the graph and the interval of two peaks increased. Furthermore, the 
second HRR peaks of heat-treated samples also delayed with the increase of heat-treatment temperature 
and time. This phenomenon was mainly due to the thermal decomposition of volatiles during heat-
treatment process. Liu et al. (2016) found that volatiles of bamboo had a higher reactivity and was easier 
to be ignited. Table 3 showed that the time to ignition (TTI) of bamboo scrimber flooring was 20s. When 
it was heat-treated, TTI of LBSF and HBSF gradually increased to 50s and 54s. The average HRR values 
of samples was respectively 232.94kW/m2, 163.02kW/m2 and 131.27kW/m2. HRR indicates fire intensity 
of the materials. Higher HRR means lower safety in the fire. The peak of HRR value is also considered as 
important parameter that best expresses maximum intensity of HRR (Seo et al. 2016). Heat-treated 
bamboo scrimber flooring had a higher value of the first HRR peak and lower value of the second HRR 
peak. Grexa and Lübke (2001) reported that the second HRR peak indicated the heat release rate of 
samples. The lower value of the second HRR peak further confirmed that heat-treated bamboo scrimber 
flooring had a better fire performance. 

The total heat release (THR) represents the combustion heat of the material. Higher THR indicates higher 
potential of heat energy available for material combustion. Figure 3 showed THR of bamboo scrimber 
flooring. Heat-treated samples had a higher THR compared with untreated samples. The THR values of 
samples was 106.00MJ/m2, 187.50MJ/m2 and 231.10MJ/m2. A longer time to reach the flashover stage of 
heat-treated samples resulted in this phenomenon. Table 4 showed that the time to reach the flashover 
stage of untreated samples was from 20s to 458s. However, that of LBSF and HBSF was respectively 50-
1199s and 54-1810s. It is well known that the longer combustion time, the higher THR. Furthermore, the 
higher carbon content of heat-treated samples was also responsible for its higher THR. Demirbas (2004) 
reported that carbon atoms of materials mainly affected the heating value. Results in Table 1 indicated 
that heat-treated samples had a higher HHV, such as 19.59MJ/kg (untreated samples), 21.03MJ/kg 
(LBSF) and 22.13MJ/kg (HBSF). There were in accordance with the results of THR. 

       
Figure 2—HRR curves of bamboo scrimber flooring    Figure 3—THR curves of bamboo scrimber flooring 

Table 4—Fire characteristics of bamboo scrimber flooring 

Samples 
TTI 

(s) 

TTF 

(s) 

HRRmean 
(kW/m2) 

THR 
(MJ/m2) 

TSP 

(m2) 

COmean 

kg/kg 

CO2 mean 

kg/kg 

Control 20 458 232.94 106.00 3.20 0.0119 1.77 

LBSF 50 1199 163.02 187.50 5.60 0.0218 1.67 

HBSF 54 1810 131.27 231.10 8.30 0.0502 1.89 

TTI is time to ignition, HHR is heat release rate, THR is total heat release, MLR is mass loss rate. 
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Smoke suppression properties are crucial in terms of fire safety, because the toxic smoke generated 
from fire is more lethal than heat (Chu et al., 2017). Being consistent with the results of HRR curves, the 
smoke production rate (SPR) curve of samples also exhibited two main peaks, as showed in Figure 4. 
The smoke primarily consisted of incompletely combusted polymeric fragments and steam produced from 
decomposed cell wall of biomass materials (Xiao et al., 2016). Total suspended particulate (TSP) is also 
an important parameter to describe the fire hazard of materials. Figure 5 showed TSP of bamboo 
scrimber flooring. The TSP values of samples apparently increased when they were heat-treated, 
respectively corresponding to 3.20m2 (control), 5.60m2 (LBSF) and 8.30m2 (HBSF). Bamboo, as a type of 
biomass, is mainly composed of cellulose, hemicelluloses and lignin. These chemical compositions can 
release CO and CO2 when they were fired in air environment. The CO and CO2 yield of untreated samples 
was 0.0119kg/kg and 1.77kg/kg during the combustion process. Similar, the CO and CO2 yield of LBSF 
was 0.0218kg/kg and 1.67kg/kg and that of HBSF was 0.0502kg/kg and1.89kg/kg, respectively. The high 
CO and CO2 yield of heat-treated samples could resulted in its high TSP value. 

                  

Figure 4—SPR curves of bamboo scrimber flooring      Figure 5—TSP curves of bamboo scrimber flooring 

4. Conclusions 
The combustion process of bamboo scrimber flooring included moisture removal, oxidative and char 

combustion. All characteristic temperatures shifted to higher ones with the increase of heating rates. The 
activation energy of oxidative combustion stage was significantly lower than that of char combustion 
stage. LBSF had a lower activation energy than that of untreated samples in both combustion stages. 
HBSF had a higher activation energy in the oxidative stage and a lower activation energy in the char 
stage. LBSF and HBSF had a lower HRR and a larger TTI. Both had a higher THR, TSP, and HHV. 
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Abstract 
 
In China, quality of seedlings is typically evaluated based on physical index such as root-collar 
diameter, seedling height, root length and width etc.; while wood properties of the seedlings are not 
taken into consideration. Latest research have shown that wood properties of seedlings such as 
stiffness and micro-fibril angle are highly heritable and they determine the wood quality of future 
plantations. Ultrasonic velocity, as a nondestructive measure, is closely related to wood quality and 
has been recognized as a reliable predictor of stiffness. In this study, we investigated the use of an 
ultrasonic device as a potential nondestructive tool to monitor and assess the wood quality of poplar 
(Populus×euramericana cv.’74/76’) seedlings, a common plantation species in China. A total of 200 
poplar seedling samples were selected and their ultrasonic velocities were measured at four times 
during the first growth year. Following ultrasonic measurements, 61 seedlings were randomly selected 
and cut down and the acoustic velocity of each sample was measured using a resonance method. The 
ultrasonic velocity of the seedlings measured each time was in a normal distribution and it had a 
strong positive correlation with the number of growth days. The coefficient of determination for the 
linear relationship between average velocity and growth days was 0.991. No significant correlation 
was found between ultrasonic velocity and root-collar diameter of the seedlings. Ultrasonic velocity 
measured on the seedlings was found to have a strong correlation with the velocity of the cut samples 
measured using resonance method (R2=0.805). The results of this laboratory study indicate that 
ultrasonic measurement can be used to assess quality traits of young seedlings in future genetic 
programs. 
 
Key words: Poplar seedlings; resonance acoustic velocity; ultrasonic velocity; wood quality 
 
 

Introduction 
The quality of seedlings determine survival rate of afforestation and quality of plantation growth. 
Scientific and accurate evaluation of seedling quality and reasonable grading of the seedlings play an 
important role in improving effectiveness of the afforestation. In China, quality of seedlings is 
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typically evaluated based on physical index such as root-collar diameter, seedling height, root length 
and width etc. (GB 6000-1999); while wood properties of the seedlings are not taken into 
consideration. Latest research have shown that wood properties of seedlings such as stiffness and 
micro-fibril angle are highly heritable and they determine the wood quality of future plantations (Xu 
2011), so it is very meaningful to carry out nondestructive testing and evaluation of wood quality of 
the seedlings.  
 
Ultrasonic velocity and acoustic velocity, as nondestructive measures, are closely related to wood 
quality and has been recognized as a reliable predictor of stiffness (Liang et al. 2008, Divos 2010). 
Generally, the larger velocity is, the better the wood density and mechanical properties are. In recent 
years, New Zealand scholars started to evaluate radiata pine (Pinus radiata) seedling quality using 
stress wave, two miniature accelerometers were coupled to the bark of a growing seedling stem to 
record the acoustic signals and a small striker to generate an acoustic pulse. The result shows good 
promise as a rapid and cost-effective tool for early screening of wood quality in clonal trials (Emms et 
al. 2012, 2013). In China, the stress wave has been used to study and evaluate wood mechanical 
properties of plantations (Guan and Zhao 2013, Liu et al. 2016). In essence, ultrasonic and acoustic 
waves propagating in solids all belong to stress wave (Sheng 2014), but so far, research on using 
ultrasonic to screen the seedling quality was very few.  
 
The research work presented in this paper was to measure the ultrasonic propagation velocity in poplar 
(Populus×euramericana cv.’74/76’) seedlings, a common plantation species in China, and analyze the 
measuring results, to do some basic work for future developing a rapid screening method of poplar 
seedling wood quality. 
 

Material and methods 
Poplar seedlings 
 
Poplar (Populus×euramericana cv.’74/76’) seedlings were grown in Seedling Base of Beijing Forestry 
University. They were cottage planted in April 13, 2015, with 80 cm of row space and 30 cm of 
column space. A total of 22 rows of poplar seedlings were planted, in which 200 seedlings of them 
were randomly selected as our investigation samples. Before the measuring, the 200 seedling samples 
were numbered as P-01, P-02, …, P-200.  
 
Testing instruments 
 
The instrument used was an ultrasonic device, Fakopp Ultrasonic Timer made in Hungary, has two 
identical sensors and one electronic box. The two sensors, a starter sensor and a receiver sensor, are 
pressed to the seedling stem, providing acoustic coupling between the seedling and sensor. The box 
generates ultrasonic signals for the starter sensor and receives the ultrasonic signals from the receiver 
sensor, and calculates and displays ultrasonic propagation time between the two sensors in the seedling 
stems. The ultrasonic device operated by battery, is suitable for outdoor field measurements. Figure 1 
shows an example of measuring using Fakopp Ultrasonic Timer. 
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Figure 1—Field measuring 

 
Experimental methods 
 
The investigation was taken place as three experiments, including proper distance determination 
between the two sensors, ultrasonic velocities measuring in the seedling stems and acoustic velocities 
measuring using a resonance method. 
 
Proper distance determination between the two sensors 
 
The purpose of this experiment is to determine a proper distance between the two sensors when 
measuring ultrasonic velocity in poplar seedling stems. To fully reflect the wood properties of 
seedlings, it is better to set a bigger distance between the two sensors, but the ultrasonic pulse signal 
emitted by the electronic box will continue to weaken during propagation in the seedling stems, if the 
distance is too large, the receiver sensor may not trigger the timer, resulting in no measurement results.  
 
6 seedlings were selected to do the determination. The starter sensor was put at 200 mm position 
above root ground, and the receiver sensor was put at 100 mm, 200 mm, 300 mm, 400 mm, 500 mm, 
600 mm, 700 mm, 800 mm, 900 mm and 1000 mm above the starter sensor respectively. The 
ultrasonic propagation times were measured and analyzed, then the proper distance between the two 
sensors will be chosen.  
 
Ultrasonic velocities measuring in the seedling stems 
 
After determining the proper distance between the two sensors, ultrasonic propagation times of 200 
seedling samples selected were measured, and the ultrasonic propagation velocity of each seedling was 
calculated. To reduce effects of environmental factors on the test results, the 200 seedlings 
measurements were completed on the same day. Total 4 time measurements were conducted in July 27, 
September 5th, September 23rd and November 8th of year 2015, i.e. 105 days, 145 days, 165 days and 
209 days after they were cottage planted. Simultaneously, root-collar diameters of the seedlings were 
measured and recorded. 
 

Starter sensor 
Electronic box 

Receiver sensor 
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Acoustic velocities measuring using a resonance method 
 
Acoustic resonance techniques have been used for a long time to determine the stiffness of 
construction materials. In many respects, acoustic resonance techniques provide a more useful result, 
as is evident by correlations of time-of-flight measurement results on stems to resonance results on 
logs (Wang et al. 2007). Resonance techniques are more accurate and repeatable than time-of-flight 
techniques, and generally do not require calibration and do not greatly depend on how the operator 
performs the measurements. Figure 2 shows setup of acoustic velocities measuring using a resonance 
method, the formula for acoustic velocity is 

lf
t
lv 22
==  

Where l is specimen length, t is time of an impacting pulse travel a round trip through the specimen, 
and f is frequency of the impacting pulse travel between two ends of the specimen.  
 
61 seedlings were selected and cut to measure acoustic velocities and compare these velocities with 
ultrasonic velocities. For each selected seedling, ultrasonic propagation time and its diameter were 
measured before logging. Length of a seedling specimen for the resonance test was 15 times of its 
root-collar diameter.  
 

 

Figure 2—Setup of acoustic velocities measuring using a resonance method 
 

Results and analysis 
Proper distance between two sensors 
 
Figure 3 shows experimental results of relationship between sensor space and ultrasonic velocity. It 
can be seen that when sensor spacing is less than 300mm, the velocity values are lower; when distance 
of the two sensors is from 300mm to 700mm, the ultrasonic velocity basically keeps stable; when the 
sensor spacing is greater than 700mm, some seedlings can not be measured ultrasonic propagation 
times. Therefore, considering the convenience of measuring operation, the proper distance between 
two sensors was finally set to 400 mm. 
 

Microphone

Computer

Seedling specimen

A/D card

Amplifier

Hammer

String String
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Figure 3—Relationship between sensor space and ultrasonic velocity 

 
Ultrasonic velocities of seedlings 
 
Ultrasonic velocities and root-collar diameters were measured 4 times, which conducted in July 27, 
September 5th, September 23rd and November 8th of year 2015 respectively. Table 1 shows the 
measuring results. 
 

Table 1—The results of ultrasonic velocity and root-collar diameter of the 200 seedlings 

Date 
Root-collar 

diameter Quantity 
Average 
diameter 

Maximum 
root-collar 
diameter 

Minimum 
root-collar 
diameter 

Average 
velocity 

Maximum 
velocity 

Minimum 
velocity 

(mm) (mm) (mm) (mm) (m/s) (m/s) (m/s) 

July 27 
d≤10 18 8.2 10.0  4.9  1928  2321  1476  

10<d≤20 135 15.3 20.0  10.2  2001  2382  1680  
20<d≤30 31 20.2 25.0  20.1  1898  2083  1341  

Sept. 5 

d≤10 7 7.6 9.4  5.7  2389  2513  2195  
10<d≤20 68 15.6 20.0  10.2  2516  2739  2131  
20<d≤30 84 20.6  29.9  20.2  2312  2699  1992  

d>30 5 33.3  33.3  30.5  2140  2278  2036  

Sept. 23 

d≤10 7 7.7  9.7  5.7  2464  2659  2292  
10<d≤20 60 11.8  19.5  10.2  2701  2914  2321  
20<d≤30 78 20.9  29.6  20.1  2483  2824  2222  

d>30 19 31.0  35.0  30.1  2326  2397  2182  

Nov. 8 

d≤10 7 8.0  9.9  6.4  2735  3341  2496  
10<d≤20 59 11.9  19.9  10.2  2952  3223  2699  
20<d≤30 76 21.5  29.8  20.5  2882  3341  2621  

d>30 22 32.5  36.3  30.1  2733  2961  2566  
 
Analysis of ultrasonic velocity distribution 
 
Figure 4 shows statistical distribution results of two times ultrasonic velocities measured in July 27th 
and November 8th, 2015. The abscissa is ultrasonic velocity, and left ordinate is frequency which is 
seedling numbers in each velocity range, and right ordinate is probability of normal distribution. It can 
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be seen that for each time measuring result, the ultrasonic velocity distribution is an approximately 
normal distribution, that is, although the 200 seedlings are cottage planted on the same day, the growth 
time is the same, the wave velocities are mot same, mostly concentrated near the mean velocity. The 
difference of ultrasonic velocities reflects the difference of mechanical properties, density and other 
material indexes among the seedlings. In September 5th and September 23rd, the two measuring 
results showed the similar distribution of the velocities. 
 

  

(a) Velocity distribution in July 27             (b) Velocity distribution in November 8 
Figure 4—Distribution of ultrasonic velocities 

 
Relationship between the velocity and growth days 
 
Table 2 shows average velocity, standard deviation, upper bound velocity and lower bound velocity 
calculated by normal distribution formula for the 4 time measurements. 

 

Table 2—Statistic results of the 4 time ultrasonic velocities measured 

Date 
Average velocity 

standard deviation 

Upper bound 
velocity  

Lower bound 
velocity  

(m/s) (m/s) (m/s) 

July 27 1974 149 2420 1527 
Sept. 5 2395 177 2926 1863 
Sept. 23 2544 182 3090 1998 
Nov. 8 2881 155 3348 2415 

 
Growth days, from cottage planting to 4 times measuring, were 105 days, 145 days, 165 days and 209 
days respectively. The relationships between the ultrasonic velocities and seedling growth days were 
shown in Figure 5. It can be seen that there are good correlations between the three kinds of velocities 
(average velocity, upper bound velocity and lower bound velocity) and the growth days. The 
coefficient of determination between the average velocity and growth days is 0.991. The average 
velocity increases gradually, reflecting a batch of seedlings, with same planting day and same growth 
days, their mechanical properties and densities become better with their growth. 
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Figure 5—Relationship between ultrasonic velocity and seedling growth days 

 

Relationship between the velocity and root-collar diameter 
 
As shown in Figure 6, diameters of the 200 seedlings have a certain range of distribution, and with the 
increase of the root-collar diameter, the velocity changes very little, i.e. there is almost no correlation 
between the velocity and the root-collar diameter. With increase of seedling age, the root-collar 
diameter and velocity all increase, and because there is no obvious correlation between velocity and 
diameter, so it can be concluded that a batch of seedlings, with same planting day and same growth 
days, has no obvious relationship between their wood properties and their root-collar diameters. 
 

 
Figure 6—Relationship between the velocity and root-collar diameter of seedlings 

 

Although there is no obvious correlation between the ultrasonic velocity and root-collar diameter of 

the seedlings, for seedlings with similar size of root-collar diameter, their velocities are quite different. 

Figure 7 shows the velocity distribution of seedlings that their root-collar diameters in 15~20 mm 

measured in July 27th. As you can see, this batch of seedlings velocity distribution is in range of 
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1600~2432 m/s, i.e. a batch of seedlings with same age and similar physical index such as root-collar 

diameter and seedling height, their wood properties are quite different, furthermore ultrasonic velocity 

can detect differences between emergence of the seedling wood properties. 

 

 
Figure 7—Distribution of ultrasonic velocity (July 27th, root-collar diameter 15~20 mm) 

 

Relationship between ultrasonic velocity and resonance acoustic velocity 
 
Figure 8 shows experimental results of relationship between ultrasonic velocity and acoustic velocity 
measured by the resonance method. It can be seen although ultrasonic velocity of a seedling is smaller 
than its resonance acoustic velocity, correlation between these two velocities is significant, and the 
coefficient of determination is 0.805. As the resonance method is generally accepted as an accurate 
method for measuring acoustic velocity of wood, it indicates that ultrasonic measurement can be used 
to assess quality traits of young seedlings in future genetic programs. 

 
Figure 8—Relationship between the ultrasonic velocity and resonance acoustic velocity 
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Conclusions 
 
When distance of the two sensors was from 300mm to 800mm, the ultrasonic velocity basically kept 
stable. Considering the convenience of measuring operation, the proper distance between two sensors 
in this study was finally set to 400 mm. 
 
The 200 seedlings were measured 4 times after they were cottage planted 105 days, 145 days, 165 
days and 209 days respectively. The ultrasonic velocities of every time measuring result appear an 
approximately normal distribution. i.e. although a batch of seedlings are cottage planted on the same 
day, the growth time is the same, they have the difference of mechanical properties, density and other 
material indexes among the individual seedlings. 
 
There are good correlations between the three kinds of velocities (average velocity, upper bound 
velocity and lower bound velocity) and the growth days. The coefficient of determination between the 
average velocity and the growth days is 0.991. It means the mechanical properties and densities of the 
seedlings become better with their growth. 
 
There is almost no correlation between the ultrasonic velocities and the root-collar diameters for a 
batch of seedlings with same planting day and growth days. 
 
Ultrasonic velocity of seedlings has a very good linear correlation relationship with resonance acoustic 
velocity, and the coefficient of determination is 0.805. As the resonance method is generally accepted 
as an accurate method for measuring the wave velocity of wood, it indicates that ultrasonic 
measurement can be used to assess quality traits of young seedlings in future genetic programs. 
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ABSTRACT 
 
The anticipation of knowledge of properties for the wood processing industries is important in 
management of the wood production chain. So, it is important to know how some characteristics 
propagate over time. The objective of this research was to analyze the evolution of velocity of 
ultrasonic wave propagation, diameter, height and basic density, from 3- months-old nursery seedlings 
to 6-years-old trees, cutting age used in pulp and paper companies in Brazil. The tests were conducted 
in 121 seedlings and 270 trees of three Eucalyptus clones. The velocity of ultrasonic wave 
propagation was the only property that maintained, at the cutting age (6-years-old), the coherence of 
the differentiation between clones obtained on seedlings. The diameter and height maintained 
coherence from 12-months-old up to the cutting age, while the basic density since 24-months-old.  
 
Key words: velocity of ultrasonic wave propagation; basic density; height and diameter of the stem 
 
 
Introduction 
 
In the advanced programs of genetic improvement, the velocity of wave propagation, obtained by 
indirect measurement in standing trees, has been considered efficient to select the trees by stiffness 
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(Lindström et al. 2002, Gapare et al. 2009, Gonçalves et al. 2013, Sharma et al. 2016) as for the 
juvenile wood quality (Wielinga et al. 2009). However, any parameter that is included in this type of 
analysis, especially in young trees, requires the knowledge of its behavior during the tree growth, or 
its ability to propagate with age. In this sense, there is in the literature, indicative results that the 
acoustic waves propagation velocity increases with age, especially until the transition period from 
juvenile to adult wood (Bucur 2006, Nogueira & Ballarin 2006, Oliveira et al. 2006, Innes 2007, 
Gonçalves et al. 2013). The basic density was the first variable used as a parameter to select wood 
quality in the genetic improvement programs, almost 30 years ago (Merlo et al. 2008 and Santaclara 
et al. 2011). The causes for this variable has been selected as a property par excellence is its high 
correlation with other properties of interest, and its high degree of genetic propagation (Merlo et al. 
2008 and Santaclara et al. 2011). Inheritance and density correlation with several properties are also 
reported by Padua 2009 in mentioning parameters of quality selection. Apiolaza 2009 adds that the 
correlation between the basic density of juvenile and adult wood makes it an important parameter for 
the early selection in the main programs of genetic improvement. The basic density usually increases 
abruptly in the juvenile period, more slowly during the transition period, remaining more or less 
constant at maturity. However, researchers have obtained another pattern, with uniform variation, 
increase or decrease during life, or decrease during the juvenile period and increase from maturity 
(Haygreen and Bowyer 1982, Phashin et al. Zeeuw 1982 apud Padua 2009 and Lorensani et al. 2015). 
These discrepant results show that there is no definite or consolidated pattern for the density variation 
along the tree growth. The height of the trees and their diameter at the breast height (DBH), present a 
gradual increase with age, being influenced by several factors, such as spacing between individuals 
(Simões et al. 1980 and Alves Ferreira et al. 2014), geographic localization (Bhat et al. 1987) and 
clonal differences (Neves et al. 2013), demonstrating the high sensitivity of this trait to changes from 
the environment. Considering the mentioned aspects and aiming the anticipation of wood selection, 
the objective of this research was to verify if the seedlings grading based on diameter, height, basic 
density and velocity of ultrasonic wave propagation would remain consistent throughout the trees 
growth until 6 years old (cutting age used in pulp and paper companies in Brazil). 
 
 
Material and Methods 
 
The sample was composed by 3 clones named in this study as clones A, B and C (Table 1). The 
number of nursery seedlings and trees at each age was determined according to the availability and 
logistics of the company that was the partnership in this research (International Paper). For all clones, 
it was possible to obtain nursery seedlings with 3-months-old, whereas for the trees the available ages 
were 12, 24, 48 and 72-months-old. As clone C was adopted, from the beginning of the research, as 
validation material, its tests were only planned in the nursery seedling (3-months-old) and in trees at 
the cutting age (72-months-old). From each site, 30 trees were chosen randomly, avoiding the ones of 
edge because they are more likely to have reaction wood. All seedlings and trees (Table 1) were 
submitted to ultrasonic tests as well as basic density calculation and diameter and height 
measurements. 
 
Table 1. Sampling of seedlings and trees used for ultrasound tests and basic density calculations 

Clone/age 3 12 24 48 72 Total 

A 51 30 30 30 30 171 

B 20 30 30 30 30 140 

C 50 - - - 30 80 

Total 121 60 60 60 90 391 
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To measure the height of the nursery seedlings, the stem was considered from ground line to its 
extremity, region where a budding area was located, disregarding extreme leaves. For the trees (from 
12 months onwards) the height was measured with a hypsometer (Vertex IV, Haglöf, Switzerland). 
The diameter of the nursery seedlings was measured at the ground line while in the trees at the breast 
height (DBH), considered 1.30 m from the ground, using caliper.  
 
Ultrasound equipment (USLab, Agricef, Brazil) with 45-kHz-frequency exponential tips transducers 
were used in the tests. The transducers tips are interchangeable, allowing the seedlings tests were 
made with needle tips and the tree tests with 3-mm rounded tips. The needle tips were made by the 
research group itself. For the test in the nursery seedlings a wooden support was constructed to 
positioned the probes with 150-mm distance in all measurements. The distance between the probes 
(wave propagation length) was previously established to contain at least 3 wavelengths (λ) avoiding 
wave disturbance. The seedlings were tested indirectly by ultrasound, with the transducers positioned 
at 45° with the stem axis. The indirect test allows the nursery seedling be tested alive and is the same 
methodology applied on trees. As in the case of nursery seedlings, the ultrasound test on trees was 
performed indirectly, with the transducers positioned at 45° with the trunk axis. In trees the distance 
between the transducers was 0.7 m, always adopting 0.35 m above and below the breast height (1.3 m 
from the ground line). The ultrasound test on each tree was repeated in two diametrically opposite 
positions of the trunk. With the times of waves propagation and the distances between the transducers, 
velocities were calculated for both nursery seedlings and trees. 
 
From the seedlings stem, which were approximately 150-mm long, samples from 30 to 50-mm long 
were used for basic density determination. In the case of the trees, increment borer was used to get 
cylindrical samples, 6-mm diameter, at breast height. Each sample was packed in a plastic bag and 
refrigerated for maintenance of moisture to subsequent laboratory measurements. The volume of the 
specimens was obtained in saturated condition, and then the specimens were taken to an oven at 103 ± 
2ºC until reaching to constant mass (oven dry condition), in which the weights were obtained. 
 
The parameters (diameter, height, velocity and basic density) were analyzed to verify if there are 
statistical differences among ages and among clones. Using actual average values and regression 
models (parameters x age) we also analyze if the differences among clones observed in nursery 
seedlings are maintained until the cutting age. 
 
RESULTS AND DISCUSSIONS 

 
Ultrasound 
For clones A and B, for which are obtaining velocities at different ages, it was possible evaluate that 
the average velocity (obtained at each age) increased linearly with age and that the order of velocities 
magnitude obtained on seedlings (velocities in clones B < A) remained at the cutting age. The slope of 
the linear regression model shows that the velocity-age variation in Clone A is about 6% higher than 
that of Clone B. Ikeda et al. (2015) obtained, in Japanese cedar trees tests performed in trees growth in 
different sites, 25% increase in stress wave velocity propagation measured from 2 and 6-years-old and 
14% in trees from 4 to 7-years-old.Statistical analysis using all the data obtained at each age (Table 
1), and not with the average values, shows that, in addition to increasing, velocities were statistically 
different at different ages (Table 2). It was also statistically shown that, for clones A and B, the 
velocities obtained at the same age differ from each other in all age range (Table 2), indicating 
potential of the tool to differentiate properties among clones. Nursery seedlings of Clones B and C 
presented velocities statistically equal each other and both inferior (on average 9%) to that of Clone A 
(Table 2). This same behavior was repeated at the cutting age (Table 2), but at this age the difference 
increase to about 20%, showing that the grading of nursery seedling clones by velocities remained 
until cutting age. This same result is obtained by analyzing the velocities in Clones A and B at 12, 24 
and 48 months, showing that at these ages it would also be possible to grading clones by velocity. 
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Density 
Basic density is expected to increase with age, but this parameter is very variable within and between 
trees up to 3-years-old (Raymond 2002 cited by Padua 2009). The multiple comparison test indicated 
that basic density of Clone A at 3 and 12-months-old were statistically different from each other and 
different from the densities in other ages (Table 3), while the density of  Clone B was different from 
other ages only  at 3-months-old (Table 3).  Numerically, the selection at 3-months (seedling) or 12-
months (tree) were not consistent with the density at the cutting age. From 24-months on, Clone A 
presented higher density than Clone B until the cutting age.  
 
Table 2. Average values of velocity of ultrasound wave propagation (in m.s-1) and coefficient of variation (CV 
in %) and analysis of statistical differences between ages (letters in lines) and between clones (numbers in the 
columns) 

Clone Parameter Age (months) 
3 12 24 48 72 

A Average 2249 (10.1) 2697 (7.7) 3130 (16.7) 3811 (9.2) 4654 (8.1) 
Statistical (a) (1) (b) (1) (c) (1) (d) (1) (e) (1) 

B Average 2048 (4.7) 2475 (5.6) 2835(10.5) 3133(12.3) 3852(9.6) 
Statistical (a) (2) (b) (2) (c) (2) (d) (2) (e) (2) 

C Average 2095 (7.7)    3954 (5.9) 
Statistical (a) (2)    (b) (2) 

Different letters/numbers indicate statistically different values 
 

Table 3. Average values of basic density (in kg.m-3) and coefficient of variation (%) for  clones A, B and C at 
different ages (in months) and statistical analysis differences between ages (letters in lines) and between clones 
(numbers in columns). 

  Ages (months) 
Clone Parameters 3 12 24 48 72 

A 
Average 350 (17.8) 430 (5.2) 480 (6.8) 470 (3.8) 480 (4.6) 

Statistical (a) (1) (b) (1) (c) (1) (c) (1) (c) (1) 

B 
Average 360 (15.7) 460 (4.1) 470 (10.0) 460 (5.8) 460 (5.0) 

Statistical (a) (1) (b) (2) (b) (1) (b) (1) (b) (2) 

C Average 270 (17.0)    470 (4.8) 
 Statistical (a) (2)    (b) (2) 
Different letters/numbers indicate statistically different values 
 

Diameter and height 
It is expected that the diameter and height of the trees increase over the years, however, the rate of this 
growth is dependent from site and species. Downes et al. (1993) found 1.24 m to average height 
increment for fast growing Pinus radiata from 13 to 24 months-old. Even for clones, the coefficient of 
variation of the diameter (from 7.2% to 16.1%) and of the height (from 2.6% to 14.9%) were high 
(Tables 4 and 5). The diameter presented statistical differences for all ages in both clones (Table 4). 
There was also a statistical difference between clones at different ages (Table 4). Clone B was 
statistically different from Clones A and C having larger average diameter. At the cutting age the 
three clones differed statistically, however there was an inversion and Clone A presented the largest 
average diameter (Table 4). The height also differed statistically for all ages and clones, but among 
the clones, differentiation did not occur for all ages (Table 5). In addition, the nursery seedlings did 
not differ statistically and, during growth, the position of differences were not maintained, with 
inversion at 72 months (Table 5). As previously discussed, it is important to point out that the values 
are not obtained in same trees at different ages, but are averages among tree, that can help to explain 
some unexpected behavior.  
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Table 4. Average values of diameter * (in mm) and coefficient of variation (%) of clones A, B and C at different 
ages (in months) and analysis of statistical differences between ages (letters in the lines) and between clones 
(numbers in the columns). 

  Ages (months) 
Clone Parameters 3 12 24 48 72 

A 
Average 2.5 (7.2) 64.7 (7.6) 110.6 (14.3) 124.5 (9.2) 190.1 (8.9) 

Statistical (a) (1) (b) (1) (c) (1) (d) (1) (e) (3) 

B 
Average 2.8 (12.5) 81.2 (16.1) 119.9 (12.2) 143.0 (9.1) 168.7 (6.4) 

Statistical (a) (2) (b) (2) (c) (2) (d) (2) (e) (2) 

C Average 2.5 (10.1)    139.5 (12.4) 
 Statistical (a) (1)    (b) (1) 
Different letters/numbers indicate statistically different values. *In the case of trees corresponds to the 

 diameter at breast height (DBH) 
 
Table 5. Average values of height (in m) and coefficient of variation (%) of clones A, B and C at different ages 
(in months) and analysis of statistical differences between ages (letters in Lines) and between clones (numbers 
in the columns). 

  Ages (months) 
Clone Parameters 3 12 24 48 72 

A 
Average 0.31 (9.3) 7.78 (13.7) 16.12 (2.8) 17.52 

(2.6) 28.72 (3.6) 

Statistical (a) (1-2) (b) (1) (c) (1) (d) (1) (e) (3) 

B 
Average 0.28 (4.5) 10.66 (5.8) 16.47 (14.9) 20.87 

(3.0) 26.75 (2.6) 

Statistical (a) (1) (b) (2) (c) (1) (d) (2) (e) (2) 

C Average 0.31 (10.1)    20.45 (5.7) 
 Statistical (a) (2)    (b) (1) 

Different letters/numbers indicate statistically different values 
 
Conclusions 
 
The velocity of ultrasound waves propagation allows to differentiate clones from the nursery seedling, 
and the differentiation order is maintained, in a coherent way, up to the cutting age. The velocity of 
ultrasound waves used as tool to grading clones at 12 or 24-months-old present the same behavior, 
showing that these ages could also be used to differentiate clones by acoustic methods. The density 
age-related followed the same statistical regression model of mechanical properties age-related, but 
only after 24-months-old, maintaining from this age the differentiation among the clones up to cutting 
age. The height and diameter age-related was represented by the same statistical regression model and 
the differentiation of the clones could be made from 12-months-old. In general, the results allows to 
conclude that all parameters have the potential to be used in a predictive model to anticipate grading 
clones, but the degree of this anticipation would not be the same. 
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Abstract 
 
The early selection of trees allows accelerating the processes of genetic improvement, as well as those 
related to the forest management aiming improving the quality of the wood produced. The goal of this 
research was to study parameters, measurable nondestructively in seedlings, that could be used in 
models to predict stiffness (Ets), strength (fts) and basic density (BDt) of wood from trees. The trials 
were performed in 240 nursery seedlings and in 52 72-months-old trees. In the nursery seedlings, the 
longitudinal velocity of ultrasonic wave propagation (VLs), the height (Hs) and the diameter (Ds) were 
measured, while in the trees BDt, the fts  and the Ets. The multiple regression model involving Hs and 
VLs in the nursery seedlings was the most adequate for the prediction of Ets from the wood from trees. 
For fts and BDt it was not possible to obtain statistical significant models using only parameters 
obtained nondestructively in nursery seedlings. 
  
Key words: velocity of ultrasound waves propagation, basic density, wood stiffness, wood strength, 
stem diameter, stem height   
 
 
Introduction 
 
The early selection of wood from young trees is very important for forest-based companies. In 
companies that aim to use wood as a material, prior grading allows material selection and its 
destination to application in function of its properties, avoiding unnecessary spending to process or 
benefit ones that wouldn´t have the minimum properties for which processing would be required. For 
paper and pulp companies and producers of forest plants, prior selection allows anticipating the 
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knowledge of genotypes that do not have the necessary properties to be commercially viable, avoiding 
unnecessary investments (Apiolaza et al. 2013, Gonçalves et al. 2013, Sharma et al. 2016). 
 
In order for this early selection to be made, it is necessary to use prediction models that involve 
properties that have the characteristic of propagation with age and that have a correlation with the 
future property that one wants to infer. Among the properties of interest of the forest-based companies 
are the stiffness, strength and density of the wood. On the other hand, among measurable properties in 
seedlings or in young trees, with characteristics of propagation with age and correlation with the 
properties of interest, are the acoustic properties (Lindström et al. 2002, Bucur 2006, Wang et al. 
2007, Gapare et al. 2009, Gonçalves et al. 2012, Chauhan et al. 2013, Gonçalves et al. 2013); the 
density (Wielinga et al. 2009, Lorensani et al. 2015) and the diameter and height (Simões et al. 1980, 
Neves et al. 2013). 
 
The development of nondestructive methods for evaluating young trees in order to select for adult 
wood quality is becoming increasingly important. For this reason, researchers have recently sought to 
propose protocols for this anticipation (Merlo & Santaclara 2012, Apiolaza et al. 2013, Chauhan et al. 
2013, Lorensani et al. 2015). Models of prediction of wood properties in trees have been developed 
(Santaclara et al. 2011, Merlo et al. 2014) but, in general, not comparing properties with those of trees 
of the same genotypes in other trials, nor proposing the use of models using properties obtained in 
nursery seedlings.  
 
The objective of this research was to study parameters, measurable in nursery seedlings, that could be 
used in models of prediction of stiffness, strength and density in trees. 
 
Materials and methods 
 
Sampling 
 
Sampling for the analysis of the prediction models consisted of nursery seedlings and trees of 7 
genotypes of two distinct species: 3 Eucalyptus clones and 4 Pinus pinaster progenies (Table 1). 
 
Table 1. Seedlings and Trees sampling 

Species Seedlings* Trees† 
Clone 1 50 6 
Clone 2 20 6 
Clone 3 50 6 

Progeny 15 30 8 
Progeny 18 30 9 
Progeny 19 30 8 
Progeny 23 30 9 

Total 240 52 
*Seedling 1, 2 and 3 were 3 months old, and seedling 15, 18, 19 and 23 were 6 months old. †All the trees were 
72 months old 
 
Methodology  
 
Nursery Seedling trials  
The height measurement of the seedlings (Hs) considered the entire stem, disregarding the leaves at 
the extremities (Figure 1). The diameter (Ds) was measured at the interface with the soil, or region of 
the collar. 
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Figure 1. Scheme for measuring the height of the seedlings 

 
To determine the longitudinal velocity of ultrasonic waves in stem of the nursery seedlings (Figure 2), 
a minimum distance (L) of 150 mm between the transducers was delimited from the root collar in 
order to maintain a ratio of path length (L) and wave length (λ) around 3. 

 

  
Figure 2. Ultrasound test in Eucalyptus (a) and Pinus pinaster (b) seedlings 

 
The tests were performed with ultrasound equipment (USLAB, Agricef, Brazil) and 45 kHz 
transducers, with tapered and pointed tips designed and produced by the research group. For the tests, 
the transducers were positioned at 45° (indirect test), allowing the nursery seedling to be analyzed 
without destroying it and constituting a methodology compatible with that applied to trees. With the 
ultrasonic wave propagation time, the velocity of the ultrasonic pulse that travels through the stem of 
the seedlings (VLs) was calculated. 
 
From the stem of the seedlings samples of lengths ranging from 30 to 50 mm were taken for the 
determination of the basic density. The volume of the samples was obtained in the saturated condition, 
and then the samples were taken to an oven with a temperature of 103 ± 2ºC until reaching the 
anhydrous condition, in which the weights were obtained. The dry mass and the saturated volume 
values were used to determine the basic density of the seedlings (BDs). 
With the velocity (VLs) and the basic density (DBs) in the seedling, the stiffness coefficient (CLLs - 
Equation 1) was obtained. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝑠𝑠 = 𝐷𝐷𝐷𝐷𝑠𝑠 𝑉𝑉𝐶𝐶𝑠𝑠2   Equation 1 

 
The stiffness coefficient is determined using the apparent density. However, the use of the apparent 
density of saturated wood (in the case of seedling) is not adequate, since it induces results contrary to 
those expected physically for stiffness (Sobue 1993, Mishiro 1996, Bucur 2006, Gonçalves & Leme 
da Costa 2008). Thus, we choose to calculate the stiffness coefficient using the basic density. 
Wielinga et al. (2009) obtained good correlations (R = 0.9) between the stiffness coefficient (called 
“dynamic modulus of elasticity” by the authors) calculated using the density in the green condition (as 
in this research) and calculating using the basic density. 
 
Trials on trees 
From each cut tree, a log for the static bending test and one disk for determining the basic density 
(BDt) were removed from the base. Static bending tests were conducted according to EN 408 (2010), 
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with the piece on two supports and the application of two-point loading on the thirds of the length 
(Figure 3). The distance between supports was at least 18 times the diameter in the central section of 
the log. During the test, the load (P) and the vertical displacement (f) were measured simultaneously. 
The modulus of rupture (fmt) (Equation 2) and the modulus of elasticity (EMt) (Equation 3) of the logs 
were calculated according to EN 408 (2010) adapted for the round wood. 
 

𝑓𝑓𝑚𝑚 = 3𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎
𝑏𝑏ℎ2

= 3𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎
𝐴𝐴 𝐷𝐷

                          Equation 2 
 

𝐸𝐸𝑀𝑀 = 3𝑎𝑎𝐿𝐿2−4𝑎𝑎3

2𝑏𝑏ℎ3(2𝑓𝑓40%−𝑓𝑓10%
𝑃𝑃40%−𝑃𝑃10%

− 6𝑚𝑚
5𝐺𝐺𝐺𝐺ℎ)

= 3𝑎𝑎𝐿𝐿2−4𝑎𝑎3

48 𝐼𝐼(𝑓𝑓40%−𝑓𝑓10%
𝑃𝑃40%−𝑃𝑃10%

)
                        Equation 3 

 
Where: Fmax is the maximum load (N);  a = L/3; L = span; A = transversal section area of the round timber =
𝜋𝜋𝐷𝐷2

4
;  D =  diameter of the cross − section of the log at the centre point under bark; P40% and P10% are 40% 

and 10%, respectively, of the maximum load applied to the log during the bending tests; f40% and f10% are the 
vertical displacements corresponding to the loads P40% and P10%, respectively; I = Inertia of round timber = 𝜋𝜋𝐷𝐷

4

64
   

 
Figure 3. Static bending test in logs 

 
Data analysis 
In order to obtain predictive models of tree properties (dependent variables) from properties obtained 
in nursery seedlings (independent variables), the simple correlations between these variables 
(dependent and independent) were initially evaluated. From this analysis, the linear correlation 
models were evaluated, as well as the statistic provided from the software, which evaluates several 
alternatives of simple regression models, indicating the one with the best coefficient of correlation (R) 
and determination (R2). The number of independent variables (k) to be used in multiple regression 
models should be adopted as a function of the number of observations of the sample (n), so that at 
least 2 degrees of freedom (GL) are obtained for residues (GL = n-k-1) (Volpato and Barreto 2011). 
Thus, in this research, although there were 4 variables obtained in the seedlings (independent), 
multiple regressions should contain only 2 of them, since the sampling was composed of 7 species 
(Table 1). In order to increase the possibility of using all the parameters measured in the seedlings, the 
analysis of the models also counted on the use of the stiffness coefficient (CLLs - Equation 1) and the 
relationship between height and diameter (Hs/Ds). These three parameters were also evaluated in an 
isolated way in the simple regression models. Before the multiple correlation analysis, we verified the 
existence of correlations between the independent variables that would be tested in the multiple 
regression models. Independent variables are considered to be self-correlated when the correlation 
coefficient (R) between them is greater than 0.5. In this case (R > 0.5) there will be multi-collinearity, 
undesirable in multiple correlation models. The parameters considered not auto correlated were used 
in the software to select the independent variables that allow better adjustment of the multiple 
regression model. This selection is made by the software based on the highest coefficient of 
determination (R2) and the lowest value of the Mallows Cp statistic, which is a measure of the 
deviation of the model, based on the comparison of the average total square error with the variance of 
the true error. 
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Results and discussion 
 
The normality, tested by the parameters: asymmetry, kurtosis and normal probability graph was 
statistically verified for all parameters listed in Table 2. 

 
Table 2. Average values (first row) and coefficient of variation (second row) of the parameters measured in the 
seedling: longitudinal velocity (VL,s), diameter (Ds) and height of the seedling (Hs) and the wood properties 
obtained in the trees: Basic density (DBt), modulus of elasticity (EM,t) and modulus of rupture (fm,t). 

Species 
Seedlings (3* e 6 months) Trees (72 months) 

VLs Ds Hs DBs DBt fmt EMt 
m.s-1 mm m kg.m-3 kg.m-3 MPa MPa 

Clone 1 
2249 2.48 0.31 350 480 46 8257 
10.1 7.2 9.3 17.8 4.6 12.0 18.3 

Clone 2 
2048 2.83 0.29 360 460 44 7346 
4.7 12.5 7.5 15.7 5.0 16.0 8.6 

Clone 3 
2095 2.51 0.31 270 470 48 7295 
7.7 10.1 9.2 17.0 4.80 5.7 30.6 

Progenie 15 
1816 3.30 0.33 430 440 50 2797 
9.9 11.0 7.4 11.7 7.7 16.1 25.2 

Progenie 18 
1789 3.59 0.33 430 460 59 3183 
8.2 9.2 10.4 6.4 9.0 11.3 14.1 

Progenie 19 
1735 3.46 0.31 440 460 54 2721 
11.0 9.9 11.5 16.7 11.5 28.4 31.1 

Progenie 23 
1930 3.75 0.36 440 480 49 2964 
11.1 11.32 9.7 6.3 7.8 29.8 16.8 

*Seedling 1, 2 and 3 were 3 months old, and seedling 15, 18, 19 and 23 were 6 months old. 
 

 From the parameters obtained in the seedlings (Table 2), relationships were determined (Table 
3) and also analyzed in prediction model of wood properties in the tree. 
 
Table 3. Values of relations between parameters obtained in the seedlings 

Species CLLs Hs/Ds 
Clone 1 1770 125.0 
Clone 2 1510 102.5 
Clone 3 1185 123.5 

Progenie 15 1417 100.0 
Progenie 18 1376 91.9 
Progenie 19 1324 89.6 
Progenie 23 1639 96.0 

Note: Stiffness coefficient of seedling CLLs = DBs (VL,s)2, Longitudinal velocity (VL,s), seedling diameter (Ds), 
seedling height (Hs) and basic density in seedling (DBs). 
 
Considering in isolation each parameter obtained in the seedling (independent variables), as well as 
the variables obtained from the relationships of these parameters (Table 3), it was possible to obtain 
statistically significant predictive models of the modulus of elasticity of the tree (EMt), except for the 
variable height (Hs) and stiffness coefficient (CLLs) - Table 4. The linear model correlating EMt with 
seedlings parameters was not the one with the best coefficients of correlation (R) and determination 
(R2) for any case (Table 4) but, in the case of the independent variables velocity (VLs), basic density 
(DBs) and diameter (Ds), were the ones that presented the smallest prediction errors (Table 4). The 
models to predict modulus of elasticity of the wood from trees (EMt) using only one variable obtained 
in the seedling, in general presents high values of prediction errors. 
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Table 4. Simple regression models correlating modulus of elasticity (EMt in MPa) of the wood from the tree 
with each parameter obtained in the seedling: longitudinal velocity (VLs in m.s-1), basic density (DBs in kg.m-3), 
diameter (Ds in mm), height (Hs in m), stiffness coefficient (CLLs in MPa) and relationship between height and 
diameter (Hs/Ds dimensionless). 

Parameters Model P-valor R2 (%) R Error* 
VLs EMt= -19671+12.6 VLs 0.0025 86.3 0.93 1033 
VLs EMt= sqrt(-1.02E8+34.3VLs

2) 0.0017 88.2 0.94 1272 
DBs EMt= 18154-34.0*DBs 0.0121 74.7 -0.86 1402 
DBs EMt= 1/(-0.0000911+2.23E-9*DBs

2) 0.0047 82.4 0.91 3422 
Ds EMt= 19278-4760 Ds 0.0018 88.0 -0.94 964 
Ds EMt= sqrt(-1.18E8+4.5E8/Ds) 0.0011 90.1 0.95 1154 
Hs  ns - - - 

CLLs  ns - - - 
Hs/Ds  ns - - - 
Hs/Ds MOEt = sqrt(2.12 E8 – 1.86 E7/Hs/Ds) 0.012 74.8 -0.86 1490 

*Standard error of estimative; The non-linear regression models were those proposed by the statistical program 
as being those with the highest coefficient of correlation and determination; "ns" indicates that no statistically 
significant model was found (with P-value <= 0.05) 

 
For the bending strength obtained in the wood of the trees (fmt) only the velocity obtained in the 
seedlings, had statistically significant correlations (Table 5). Apiolaza (2009) indicates that acoustic 
tools produce better results for wood selection than density. Linear models presented lower 
coefficients of determination and correlation and higher prediction errors than models with variable 
transformation (Table 5). 
 
Table 5. Simple regression models correlating the modulus of rupture (fmt in MPa) of the wood from the tree 
with each parameter obtained in the seedling: longitudinal velocity (VLs in m.s-1), basic density (DBs in kg.m-3), 
diameter (Ds in mm), height (Hs in m), stiffness coefficient (CLLs in MPa), height to diameter ratio (Hs/Ds 
dimensionless). 

Parameters Model P-valor R2 (%) R Error* 
VLs fmt = 90.4 – 0.0207*VLs 0.0447 58.6 -0.76 3.56 
VLs fmt = 1/(0.037 – 32.1/VLs) 0.0304 64.2 -0.80 3.37 
DBs  ns - - - 
Ds  ns - - - 
Hs  ns    

CLLs  ns - - - 
Hs/Ds  ns - - - 

 
For the basic density obtained in the wood of the trees (DBt) no parameter obtained in the seedlings 
presented a statistically significant correlation. Apiolaza (2009) points out that below 15-years-old, 
density has a very weak correlation with acoustic properties. This result may be related to the radial 
variation pattern of this parameter, which is very large (Lenz, 2011). Watt et al. (2010) and Lindström 
et al. (2002) showed that for clones with ages varying from 3 to 12-years-old, there are strong 
correlations between MOE and microfibril angle, but that the correlations between MOE and density 
are very weak or moderate.  
 
Considering the 6 independent variables (parameters measured in the seedlings - Table 2 and 
composition of these parameters - Table 3) that can be used in the models, the only ones that are not 
auto correlated (R< 0,50) are CLLs (with no variable) and Hs with VLs. 

 
With the unrelated independent variables, the statistical software selected the most appropriate 
variables to be inserted in the multiple regression model. In no case the CLLs variable was selected for 
the multiple regression models. It is important to remember that the calculation of CLLs was made 
based on the basic density of the seedlings, which, according to several authors mentioned earlier, is a 
very unstable parameter in such young plants. For the modulus of elasticity obtained in the wood from 
trees (EMt), one model was selected, considering independent variables not correlated with each other 
(Table 6). From a practical point of view, obtaining these parameters (speed and height) is easy and 
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nondestructive. Kijidani et al. (2014) in a study with the species Chamaecyparis obtusa concluded 
that the greater height of the young plant correlates with the greater stiffness of the adult wood, 
because it has negative effect on the microfibril angle, a result that corroborates the height of the plant 
as a significant variable in the model obtained in our research. Li et al. (2007) found a statistically 
significant correlation between tree height and wood stiffness. 

 
Table 6. Multiple regression models correlating the modulus of elasticity (EM,t in MPa) of the wood from the 
tree with parameters, without collinearity, obtained in the seedling: longitudinal velocity (VLs in m.s-1) and 
height (Hs in m). 

Model P-valor R2 Error* 
Regression VLs Hs Hs/Ds CLLs*   

EMt = -2504 + 10.8*VLs - 
42572*Hs 0.0002 0.0003 0.0048  ns 98.5 384 

*Coefficient of stiffness of seedling (CLLs = DBs*VLs
2) where, DBs is the basic density obtained in the 

seedling. “ns” non-significant variable in the model 
 

Comparing the statistical parameters of the multiple regression models (Table 6) with those of the 
simple regression (Table 4), it is verified that the variability of the modulus of elasticity of the tree 
wood (EMt) is better explained by the multiple correlation. Watt et al. (2010) point out that, since the 
MOE is the criterion for which wood is classified, it is preferable that genetic selection be made 
taking this parameter directly and not the density or the microfibril angle. Watt and Zoric (2010) 
analyzed models of correlation between modulus of elasticity and dimensional (diameter, height, 
height/diameter) and environmental (temperature and rainfall occurrence) parameters, age and 
planting density for Pinus radiata. The authors concluded that age, height/diameter ratio and 
minimum autumn temperature accounted for 96% of the variability of the modulus of elasticity. 
 
For the bending strength (fmt) and basic density (DBt) obtained in the wood of the tree, no multiple 
regression model involving independent variables not auto correlated were statistically significant. 
The magnitude of variation of these parameters may explain this result. The coefficient of variation of 
the density and of the bending strength of the clones and progenies varied 3% and 10%, respectively, 
while for the modulus of elasticity the CV was 52%. A similar result was obtained by Lindström et al. 
(2002), with great differences of density variation (19%) and modulus of elasticity (89%). Lindström 
pointed out that density alone did not allow differentiate clones, but if associated with the microfibril 
angle the differentiation is possible. 
 
The wood stiffness is increasing from the pith to the bark, but the most significant variations occur in 
the wood near the pith (Xu and Walker 2004, Wu et al. 2004), validating the good prediction results 
obtained in this research, as well as future prospects of anticipation of the knowledge of wood 
properties still in very young trees.  
 
Conclusions 
 
The multiple regression model involving the height and the longitudinal velocity of ultrasonic waves 
along the grain direction of the seedlings stem, was the most adequate for the prediction of the wood 
stiffness from trees. To the prediction of the wood bending strength from trees, the simple regression 
model, using the longitudinal velocity of ultrasonic waves allowed a statistically significant 
prediction. However, the wood density from the trees cannot be predicted by any model involving 
parameters obtained in seedlings of the same clones or progenies.  
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Abstract 
 
We examined the effect of clone differences and initial plant density on the acoustic measurements and the 
mechanical properties in hybrid poplar wood from different clones; I-214 (Populus nigra×P. deltoides), I-
45/51 (Populus nigra×P. deltoides), I-77/51 (P. deltoides), 89M (P. nigra), and S307 (P. nigra). The 
experiments were carried out on a 12 years old stand composed of adjacent part to be planted with initial 
spacing of 2×2 m, 3×2 m, 3×3 m, and 4×3 m. Twenty five sample trees for every clones and initial spacing, 
500 trees in total, were measured by Fakopp Microsecond Timer to determine the wave velocity parallel to 
grain and dynamic modulus of elasticity (ED) in standing trees. Total of 100 sample trees, five from every 
clones and initial spacing, were cut down and a 1m-length-logs were taken from where the acoustic 
measurements were performed. The standard size test specimens were tested for the basic density at 12% 
moisture content (MC), bending strength, static modulus of elasticity in bending (ES) and compression 
strength parallel to grain. The results showed that the basic density varied from 0.32 to 0.42 g/cm3. The 
lowest wood density was determined in I-214 clone while the highest value was determined in 77/51 clones. 
We found significant differences between the clones in terms of the wave velocity. The lowest velocity 
values were obtained in I-214 and I-45/51 clones while the highest values were found in 77/51, S307. The 
basic density and the destructive tests results also confirmed the acoustic measurement results obtained 
from the standing trees. As for the plant density, the results were complicated. We couldn’t observed any 
comprehensible results in nondestructive and destructive test in terms of plant density. Strong correlations 
were found between the ED and ES, MOR and compression strength. The results showed that the acoustic 
velocity measurements performed on the standing trees have a promising potential to use for managing 
hybrid poplar plantations by monitoring the wood properties. 
 
Keywords: acoustic measurmenets, poplar clones, plant density, wood density, wood strength 
 
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 
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origins have continued in the experimental nurseries of the Poplar Research Institute, Izmit. 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 
yield. Breeding programs focus on black poplars (Populus nigra L.) as one of the main poplar species in 
the country. P.x euramericana “I-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% “I-214” and “I-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; Hernández 
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 Hernández et al. (1998) 
pointed out significant but weak negative correlations between wood density or mechanical properties and 
growth rate in P. deltoides×nigra. 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 trees from different clones by stress wave 
nondestructive test techniques in order to determine the effects of clone differences and initial plant 
density on the wood quality of standing trees. The changing in the mechanical properties of the poplar 
wood depending on the clones and planting density was also investigated by destructive tests performed 
on small clear specimens. The results from destructive and non-destructive tests were compared to 
evaluate the reliability of the acoustic measurements. 

387



Materials and Methods 
 
Experimental stand 
 
An experimental poplar plantations planted by The Izmit Poplar Research Institute for research purposes 
in Izmit district was selected as the sample site. These plantation was composed of adjacent parts where 
five hybrid poplar clones that are I-214 (Populus nigra×P. deltoides), I-45/51 (P. nigra×P. deltoides), I-
77/51 (P. deltoides), S307 (P. nigra), and 89M (P. nigra) were planted with initial spacing of 2×2 m, 3×2 
m, 3×3 m, and 4×3 m. Figure 1 shows the plantation plan of the experimental site. Each part of the stand 
had 25 poplar trees at the age of 12. Therefore, 500 trees were sampled for the acoustic measurements.  
 

 
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. A total of 500 poplar trees were measured with Microsecond Timer device developed by 
FAKOPP Enterprise. 
 
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; 
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𝐶𝐶𝑇𝑇 =
𝑆𝑆

𝑇𝑇𝑇𝑇𝑇𝑇
 

 
where, CT is tree acoustic velocity (m/s), and S is distance between the two probes (sensors) (m).  
 

 
Figure 2— Experimental setup for acoustic measurements. 

 
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. 
  
The dynamic modulus of elasticity values of the trees were calculated via acoustic velocity by a well-
known equation: 
 

𝐸𝐸𝐷𝐷 = 𝐶𝐶𝑇𝑇2 × 𝜌𝜌 
 
where ρ is the wood density. In this study, we used the average basic density values at 12% MC determined 
on the small clear specimens in calculating the ED values.  
 
Mechanical tests on the small clear specimens 
 
Following the acoustic measurements, five sample trees representing the average diameter of the stands 
with cylindrical straight stem were felled from every clones and initial spacing for the destructive 
mechanical tests. A 1m-length-log was cut from where the acoustic measurements were made (around 
breast height (1.3 m)) on each tree and a 6 cm-thick-plank including the central pith was sawn from each 
log. For each mechanical property, thirty standard sized defect-free test specimens were prepared from 
these planks. Thus, for each property, 150 specimens from each planting density and clone, totally 3000 
samples, were conditioned at 65% relative humidity (RH) and 20°C temperature to reach 12% equilibrium 
moisture content (EMC). 
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Basic wood density at 12% EMC was determined on the clear specimens with dimensions of 20 mm by 20 
mm by 30 mm by measuring their mass and volume as indicated in ISO 13061-2 (2014). Static bending 
strength (MOR) and static MOE (ES) were determined on the small clear samples with dimensions of 20 
mm by 20 mm by 300 mm by a three-point static bending test with a span/thickness ratio of 15 as described 
by ISO 13061-3 and ISO 13061-4 (2014). The formulas used to calculate MOR and ES are given in related 
standards. The compressive strength parallel to the grain was measured by following ISO 3787 (1976). The 
dimension of the specimens was 20 mm by 20 mm by 30 mm and crosshead motion or rate of loading was 
0.6 mm/min. The formula used to calculate compression strength is given in related standards. 
 
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. Duncan test was applied 
to determine the homogeneity groups.  
 
Results and discussions 
 
Table 1 shows the results of the acoustic velocity measurements of the standing poplar trees. 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%. The acoustic velocity 
of the I-214 and I-45/51 clones (P. nigra×P. 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 m²) where the latter 
clones were identical. However, when the planting space reduced to 4.5 m² and 6 m² 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 I-214 and I-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 may explain why I-214 and I-45/51 clones had 
significantly lower velocity values than others when planted sparsely while there were no remarkable 
difference between the clones when they were planted densely.  
 

Table 1—Acoustic velocity measurments results 

Clones 

Planting density (m²) 

4.5 6 9 12 

I-214 3861,8 (263,9) 
DE* 

3784,2 (280,4) 
CD 

3610,8 (251,1) 
B 

3437,2 (228,1) 
A 

I-45/51 3840,8 (338,8) 
DE 

3646,8 (244,7) 
BC 

3659,1 (271,7) 
BC 

3538,2 (140,6) 
AB 

I-77/51 3811,5 (296,8) 
CD 

4123,4 (236,6) 
FGH 

4162,0 (220,4) 
GH 

4004,8 (198,2) 
EFG 

S307 4198,3 (250,2) 
H 

3991,4 (277,4) 
EF 

4118,1 (175,9) 
FGH 

3897,7 (192,5) 
DE 

89M 3843,3 (248,7) 
DE 

3775,6 (330,8) 
CD 

3992,3 (235,3) 
EF 

3844,3 (285,6) 
DE 

*p<0,05     
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Table 2 shows the results of the basic wood density measurements. As in the velocity values, clear 
differences were found between the poplar clones. The wood density of the I-214 clone (P. nigra×P. 
deltoides) was found significantly lower than the others followed by the I-45/51 (P. nigra×P. deltoides) at 
all planting densities.  The I-77/51 and S307clones had the higher density values than the other clones. 
When we examined the effect of planting space on the wood density, even if some exceptions were seen 
in the I-77/51 and 89M clones, it can be concluded that the planting density did not affect the wood 
density. 
 

Table 2—Basic wood density measurments results 

Clones 

Planting density (m²) 

4.5 6 9 12 

I-214 0,324 (0,013) 
A* 

0,328 (0,006) 
A 

0,328 (0,010) 
A 

0,320 (0,008) 
A 

I-45/51 0,396 (0,016) 
BC 

0,389 (0,012) 
B 

0,393 (0,009) 
BC 

0,388 (0,010) 
B 

I-77/51 0,397 (0,007) 
BC 

0,418 (0,017) 
DE 

0,424 (0,009) 
E 

0,452 (0,011) 
F 

S307 0,415 (0,015) 
DE 

0,407 (0,015) 
CD 

0,417 (0,013) 
DE 

0,414 (0,012 ) 
DE 

89M 0,382 (0,011) 
B 

0,383 (0,010) 
B 

0,409 (0,012) 
CDE 

0,396 (0,011) 
BC 

*p<0,05     
 
Table 3 shows the MOR and ES values obtained from the small clear specimens. As seen on the Table, 
both the MOR and the ES values of I-214 and I-45/51 clones were found lower than the other clones. 
However, the MOR and ES values obtained from I-77/51, S307 clones were significantly higher than the 
others. As mentioned before the same trend were also observed in density and velocity values. When we 
consider the planting density, it can be said that the MOR and ES were not affected by planting density. 
This finding was also compatible with the results obtained for acoustic velocity and density.   
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Table 3—The results of bending strength (MOR) and static modulus of elasticity (ES) 

Clones 

Planting density (m²) 

4.5 6 9 12 

MOR ES MOR ES MOR ES MOR ES 

I-214 
44,9  
(2,8) 
A* 

5492,7  
(381,0) 

W 

42,6  
(2,7) 

A 

5772,0  
(339,0) 

W 

44,4  
(3,3) 

A 

5579,3  
(272,2) 

W 

44,4  
(1,9) 

A 

5529,9  
(372,0) 

W 

I-45/51 
50,7  
(1,9) 

C 

5620,7  
(330,8) 

W 

48,9  
(1,6) 

C 

5388,3  
(453,5) 

W 

45,4  
(1,8) 
AB 

5173,6  
(555,4) 

W 

48,3  
(3,0) 
BC 

5267,9  
(549,1) 

W 

I-77/51 
58,3  
(2,2) 
EF 

7083,6  
(652,8) 
XYZ 

60,5  
(2,2) 
EFG 

7428,7 
(465,7) 

Z 

59,7  
(3,5) 
EF 

7472,0  
(383,9) 

Z 

57,2  
(1,8) 
DE 

7063,4  
(295,3) 
XYZ 

S307 
63,3  
(2,0) 

G 

8175,8  
(387,2) 

Q 

59,4  
(1,7) 
EF 

7195,5  
(341,9) 

YZ 

61,4  
(2,7) 
FG 

7445,3  
(399,6) 

Z 

58,9  
(3,8) 
EF 

6771,8  
(559,1) 

XY 

89M 
54,1  
(1,3) 

D 

6701,7  
(306,6) 

XY 

49,2  
(2,9) 

C 

5818,6  
(514,1) 

W 

59,3 
(2,8) 
EF 

7201,8  
(559,1) 

YZ 

54,3  
(2,3) 

D 

6480,9  
(416,2) 

X 
*p<0,05     
 
Table 4 show the results of compression strength parrallel to grain. As in the other properties, it is clear 
that the lowest compression strengths  were determined in I-214 and I-45/51 clones at all planting spaces 
where I-45/51 was sligthly higher than the I-214. In general, the other clones were found close to each 
other, but the S307 clone stood out sligthly from the others. 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 lower as the planting space increse while I-77/51 
tends to be higher. No significant differences were found in I-214 depending on the planting density.   
 

Table 4—The results of compression strength 

Clones 

Planting density (m²) 

4.5 6 9 12 

I-214 23,1 (0,72) 
A 

22,5 (1,56) 
A 

21,9 (1,801) 
A 

23,1 (0,976) 
A 

I-45/51 25,1 (1,11) 
BC 

23,5 (0,99) 
AB 

23,1 (1,042) 
A 

25,6 (1,645) 
C 

I-77/51 29,9 (1,71) 
DEFG 

28,7 (0,712) 
DE 

30,9 (1,685) 
FG 

30,4 (0,678) 
EFG 

S307 32,9 (1,57) 
H 

31,7 (1,472) 
GH 

30,8 (1,432) 
FG 

30,6 (0,662) 
 EFG 

89M 29,0 (0,98) 
DEF 

25,2(1,711) 
BC 

30,3 (1,288) 
EFG 

28,3 (2,725) 
D 

*P<0,05     
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Figure 3 shows the relationship between the ED calculated by the velocity of standing trees and the 
mechanical properties for all poplar trees from all clones and planting density. As seen in the figure strong 
linear correlations were found between the ED and ES and MOR with R² of 0,64 and 0,59, respectively. 
Also a good linear correlations was found between the ED and compression strength with a R² of 0,49. 
 

 

 
Figure 3— The relationship between the ED obtained from standing measurements and the mechanical properties 

for all poplar trees 
 
When we make a general assessment, it seems that the acoustic velocity measurements on the standing 
poplar trees were able to determine the differences in wood properties between the clones. The basic 
density and destructive test results were verified the results of acoustic measurements that the wood 
quality of I-214 and I-45/51 clones were relatively lower than the other clones while the I-77/51 and S307 
clones stood out sligthly from the others. However, we could not find any comprehensible differences in 
the acoustic velocity depending on the initial planting density. This finding was also verified by the basic 
density values and the destructive test results. Consequently, we can expressed that the acoustic 
measurements performed on the standing trees have a promising potential to use for managing hybrid 
poplar plantations by monitoring the wood properties. 
 
Conclusions 
 
The acoustic velocity values of the hybrid poplar trees changed significantly between the clones at a 
confidence level of 95%. In general, the acoustic velocity of the I-214 and I-45/51 clones were found 
significantly lower than the I-77/51 (P. deltoides), S307 and 89M clones (P. nigra). The same results 
were also obtained by bending and compression tests performed on the small clear specimens where the 
lowest strength values were determined again in I-214 and I-45/51 clones. Conflicting results were 
obtained about the effect of plant density on both the velocity and the strength values. We found strong 
correlations between the ED obtained from standing trees and the strength values with R² of varying from 
0,49 to 0,64. The results showed that the acoustic velocity measurements performed on the standing trees 
have a promising potential to use for managing hybrid poplar plantations by monitoring the wood 
properties. 
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Abstract 
 
Making a prediction of the technological wood properties from non-destructive methods on the standing 
tree at early ages, allows to accelerate the processes of selection and genetic improvement of a Species or 
improve the forest management efficiency aiming the production of high quality timber. The present 
study was carried out on 9 years old Pinus pinaster (n:40). The measurements were made in standing trees 
and then they were felled. In each tree, growth and shape variables were measured and the acoustic wave 
velociy propagation in the longitudinal and radial directions was also measured. Standard test method for 
elasticity (MOE) and rupture modulus (MOR) of entire stem and other variables like wood density were 
performed in all trees. Subsequently, multivariate regression models were developed to predict these 
properties. The three models developed have coefficient of determination close or greater than 50%. The 
slenderness, the inclination of the tree and the wave velocity propagation in the longitudinal direction are 
the variables that best relate to MOR, MOE. As for density, the diameter of the branches and the velocity 
of propagation in the face of compression were relevant. These variables should be taken into account in 
the silvicultural management and genetic selection in order to obtain high quality structural timber. 
 
 Keywords: models, wood properties, Pinus pinaster, wave velocity 
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Introduction 
 
The Pinus pinaster Ait. is one of the most important coniferous species used by the Spanish forestry 
industry, especially in Galicia, where more than 2.8 million cubic meters of wood are produced annually 
in this species. The main destination in this region is the crushing industry for the production of different 
types of panels. However, P. pinaster presents mechanical properties suitable for use as structural wood 
with medium-high resistant class (Riesco, et al 2007; Carballo et al, 2009 ,Merlo et al, 2014). The 
possibility of making a prediction of the technological properties that define its suitability for structural 
use, from the measurement of non-destructive variables on the standing tree at early ages, allows to 
accelerate the genetic improvement processes of this species and at the same time , to improve the 
efficiency of the tasks of forest management aiming the production of wood of structural quality. 
 
The objective of the present work was to develop predictive models for the main variables that define the 
structural use of wood (modulus of elasticity, flexural strength and basic density) using non destructive 
measures on standing trees in juvenile stage (9 years).  
 
Materials and methods 
 
The present study was carried out on 40 trees of P. pinaster of 9 years of age that were part of a test of 
provenances of the species, installed in the forest nursery of the company TRAGSA (42º16'43''N, 7º37'29' 
'O), Maceda, Orense, Spain. 3-5 trees of the 10 provenances with the best performance (rate of growth 
and volume) were randomly selected from a total of 25 provenances. In each tree the following variables 
were measured: 
Total height (m) 
Height of crown (m) 
Diameter (DAP, 1.3 m; cm) 
Angle of inclination (Ang; °)  
Depth of the arc in 1.8m (De;mm)            
Slenderness  (H m/DAP cm)            
Number of whorls (Wh)           
Whorls dead         
Branches by whorls at 1.3 m 
Diameter of branches at  a 1.3 m (Dr; mm)      
Angle of branches at 1.3 m (°)      
 
The propagation velocity of the acoustic wave (time-of-flight method) was measured in standing trees 
using ultrasound equipment USLab (AGRICEF, Brazil), and sonic equipment ST300 (FibreGen, New 
Zealand) and MST Microsecond Timer (Fakopp, Hungary)in the longitudinal direction and in the radial 
direction with USLab and MST equipements. With these three equipments a measurement was made on 
the opposite side of the compression wood. Only the MST and USLab equipment were also used on the 
side of compression wood.  In the radial direction the measurement was made by placing the transducers 
from compression wood to opposite wood. 
 
At the end of the standing measurements, the trees were cut, and the entire stems (approximately 3 m in 
length) were sent to the PEMADE laboratory at the Polytechnic University of Lugo (University of 
Santiago de Compostela) to the mechanical tests. At the end of the test, a defect-free slice was extracted 
for determination of wood density and humidity according to norm EN 13.183-1.  
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Equations 1 and 2 were used to calculate the MOR and MOE.  
 

𝑀𝑀𝑀𝑀𝑀𝑀 = 16𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝐿𝐿
3𝜋𝜋𝐷𝐷3

    Equation 1 
 

𝑀𝑀𝑀𝑀𝑀𝑀 = 1,33𝐿𝐿3(𝑃𝑃40%−𝑃𝑃10%)
𝜋𝜋𝐷𝐷4(𝑓𝑓40%−𝑓𝑓10%)

   Equation 2 

 
Where: MOR = modulus of flexural rupture (MPa); Pmax = maximum load (N); L = free space between 
supports (mm); MOE = modulus of elasticity (MPa); P40% = 40% of the maximum load (N); P10%=10% 
of the maximum load (N); F40% = vertical displacement corresponding to P40% (mm); F10% = vertical 
displacement corresponding to P10% (mm) 
 
Subsequently, multiple regression models were developed to predict MOR, MOE and wood density. The 
"stepwise" procedure was used and possible collinearity problems between variables were discarded by 
keeping the variance inflation factor (VIF) below 10. Data with studentized residues smaller than or equal 
to -2 and 2 were eliminated as aberrant. For the case of propagation velocity of the acoustic wave the 
differences between the equipments were evaluated by the Students test. 
 
Results 
 
The average growth rate was 0.88 cm/year  in diameter and 0.49 cm/year in height. There was a poor 
correlation between both parameters. The trees with the highest height growth showed the lowest growth 
in diameter. Consequently, the slenderness was higher in the trees with higher growth in height. The angle 
of inclination was the variable with the greatest dispersion data (Table 1). 
 
The data obtained by the sonic equipments (ST300 and MST Fakopp) were similar (R2 = 0.82, Fig. 1) 
whereas the data obtained by ultrasonic equipment (USLab ) deviated R2 = 0.60, Fig. 1). 
 
Table 1. Average values (EE), maxima and minima of the main growth traits evaluated on 9-year-old 
Pinus pinaster trees. 

      Variable        n  Mean SE Min  Max    

Total height (m) 40 4,44 0,09 3 5,85 
Height of crown (m) 40 1,11 0,07 0,25 2,25 
Diameter (DAP, 1,3 m; cm) 40 7,93 0,15 5,99 10,24 
Angle of inclination (Ang; °)  40 12,15 1,13 1,4 36,3 
Depth of the arc in 1,8m (De;mm)            40 53,73 4,17 8 124 
Slenderness  (H m/DAP cm)            40 56,78 1,54 42,25 75,62 
Number of whorls (Wh)           36 11,94 0,42 7 17 
Whorls dead         39 4,59 0,29 0 8 
Branches by whorls at 1,3 m 39 5,1 0,22 2 8 
Diameter of branches at  a 1,3 m (Dr; mm)      36 14,67 0,65 6,64 22,44 
Angle of branches at 1,3 m (°)       39 64,77 2,25 6 85 
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The propagation velocity in the longitudinal direction on the opposite side of wood compression was a 
little higher (2465 m/s) than on the side of wood compression (2365 m/s). The propagation velocity in 
transversal direction was 2050 m/s and in the tangential direction it was somewhat lower (1870 m/s). 
   
Figure 1. Relation between acoustic wave propagation velocity values in longitudinal sense with sonic 
equipment ST300 and MST Fakopp (left) and between sonic equipment ST300 and ultrasonic USLab 
(right). 

 
 
 
The average modulus of elasticity (MOE) was 1655.8 N.mm-2 (± 675.4), the average flexural strength 
(MOR) 18.5 N.mm-2 (± 5.4) and the average density 0.36 g.cm-3 (± 0.05). The wood density did not 
show a significant correlation with the MOE (r = 0.16, p = 0.34) nor with MOR (r = 0.2, p = 0.22). The 
propagation velocity in longitudinal and tangential directions had a significant positive correlation with 
both MOE and MOR. On the contrary, the radial velocity presented a non-significant correlation with the 
same parameters. The propagation velocity, in any of the senses, presented non significant correlations 
with the wood density. 
 
The predictive models for the MOE and MOR for each equipment, are presented in Table 2. The values of 
the coefficient of determination, R2, fluctuated between 0.58 and 0.68, with the ST300 equipment being 
the best fit presented with both variables (Table 2).  
 
Table 2. Estimated equations and parameters for prediction of MOR and MOE with ST 300 (FibreGen, 
New Zealand), MST (Fakopp (Hungary) and USLad (AGRICEF, Brazil) on 9 year old Pinus pinaster 
trees. 

Estimated equations R2Aj ECMP 

ST300   

MOE = -1948,11+ 0,98VL + 21,46H/DAP – 21,24Ang  0,63 222829,5 
MOR = -11,21 + 0,01VL – 0,04De + 1,73H 0,68 11,06 

MST Fakopp   
MOE = -2103,86 + 1,03VL + 24,97H/DAP – 20,64Ang 0,59 237971,1 
MOR = -13 + 0,01VL + 2,83H – 0,05De 0,59 14,33 

USLab 
  

R² = 0,82
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MOE = -1555,18 + 0,93VL + 23,94H/DAP – 5,32De 0,60 241045,6 
MOR = -10,56 + 0,01VL + 2,80H – 0,05De 0,58 14,48 

MOE: global modulus of elasticity (N.mm-2), MOR: flexural strength (N.mm-2), VL: propagation 
velocity of acoustic wave longitudinally on the opposite side of wood compression (ms-1) , 
H/DAP: slenderness (dimensionless), Ang: stem inclination angle (°), De: Depth of the arc in 1,8m 
(mm) and H: Total height (m). ECMP: Mean mean square error. 

 
It was only possible to find a  model to preditc the wood density (R2 = 0.5) with the velocity data 
obtained by the USLab ultrasonic equipment on the side of compresion wood together with other tree 
variables. 
 
Table 3. Equation and estimated parameters for prediction of basic density with USLad ultrasonic 
equipment (AGRICEF, Brazil) on 9-year-old Pinus pinaster trees. 

 
Equation and estimated parameters R2

Aj ECMP 
USLab   
Den. básica = 0,31 + 5,7.10-5VLc + 2,9.10-3Ang - 4,2.10-3Db - 
0,01DAP + 4,2.10-3Wh 

0,50 0,002 

Den. Basic: basic density (grcm-3), VLc: acoustic wave propagation velocity in the longitudinal 
direction on the side of wood compression (ms-1), Ang: stem inclination angle (°), Db : Mean 
diameter of the branches of the whorl closest to DAP (mm), DAP: diameter at breast height (cm) 
and Wh: number of total whorls. ECMP: Mean mean square error.  
 

 
Discussion 
 
The propagation velocity of acoustic wave, especially in the longitudinal direction, together with the 
slenderness or height and the straightness of the tree (angle or arrow) are the variables that best predict the 
technological characteristics of P. pinaster wood at  juvenile stage. 
 
The positive correlation between slenderness and mechanical properties is probably based on Euler's 
buckling formula. The leaner individuals avoid Euler buckling by increasing the MOE / density ratio, 
mainly through increments in the MOE, since the density is relatively constant (Watt et al, 2010; Laserre 
et al, 2005). 
 
The relationship between tree straightness and the internal characterization of wood has been a widely 
studied topic, especially when examining the spatial distribution of wood of reaction or compression. 
Radi and Castera (1992) in maritime pine, found that the percentage of compression wood and 
eccentricity, defined as the ratio between maximum and minimum radius, showed a positive correlation 
up to 6 m in height. Beyond this height the relations became less evident. More recently, Alteyrac et al. 
(1999) also analyzed P. pinaster and based on computer simulations of tree shape and wood 
characteristics (MOE, basic density, moisture content), concluded that the current shape of the stem is a 
good indicator of the location of the wood compression, but the relationship is complex and difficult to 
evaluate without any knowledge of the history of the tree. The inverse relation between the tree 
straightness and the elastomechanical variables (MOE and MOR) and direct relation with the basic 
density found in the present study, possibly respond to the small size of the trees (> 6 m height) and to the 
significant effect That the wood of compression has on these parameters. 
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Numerous studies explored the relationship between the propagation velocity of the acoustic wave and the 
wood density. However, the conclusions differ considerably. In some cases the speed of propagation does 
not depend on the density of the wood (Oliveira and Sales, 2006) and in others, it is proven that speed 
increases are related to higher density (Bucur and Chivers, 1991), or on the contrary, decreases speed 
against density increases (Zobel and Buijtenen, 1989). The predictive model developed contemplates a 
positive linear relationship between the propagation velocity of the wave and the basic density of P. 
pinaster juvenile wood only with the ultrasonic equipment on the wood compression side. The sonic 
equipment did not present an acceptable fit. 
 
The wavelength, λ, is directly proportional to the wave velocity and inversely proportional to the acoustic 
pulse frequency. For a given propagation speed, as the frequency increases the wavelength decreases, 
providing the possibility of higher resolution. The increase of the compression wood on the face of 
compression and the higher resolution of the ultrasonic equipment, apparently, allow to capture the 
differences in density of the wood and to incorporate the measure of speed in the predictive model. 
 
The increment growth in diameter and its effect on wood density is controversial. Zobel and van 
Buijtenen (1989)  mention that the variation of the wood density among trees due to genetic causes is so 
great that the variability due to other external factors such as site quality, level of competence, structure of 
crown or geographic location. The predictive model developed contemplates an inverse relationship 
between DAP and the basic density of P. pinaster juvenile wood. This response is especially due to the 
increase in the proportion of latewood to early wood within each growth ring (data not shown). Similar 
response was found by Merlo et al (2014) in adult P. pinaster trees. 
 
Conclusion 
It is possible to predict the technological properties that define the structural suitability of P. pinaster 
wood, from the measurement of non-destructive variables on the standing tree at early ages. These models 
will serve as a basis for the selection and genetic improvement of this species aiming at the production of 
quality wood for structural use. 
 
Acknowledgments 
This work has been carried out within the framework of different research projects defined as follows: 
Project "TOPWOOD" Call for papers H2020-MSCA-RISE-2014, nº: 645654 with title "Wood 
phenotyping tools: properties, functions and quality"; Project "IMAGINE" call, FEDER 
INNTERCONECTA nº: ITC-20151167 with title "Innovation in the synergy of the value chain of the 
Galician coniferous wood for a more efficient industry" and grant FAPESP. 2015 / 11926-7 entitled 
"Anticipation of knowledge of wood properties using wave propagation test in young plants". Special 
thanks to the technical support of the staff of the TRAGSA nursery and staff of the PEMADE laboratory, 
at the Polytechnic University of Lugo, University of Santiago de Compostela. 
 
References 
 Alteyrac, J., Fourcaud, T., Castera, P., Stokes A. Analysis and simulation of stem righting 
movements in Maritime pine (Pinus pinaster Ait.), in Proc. 3rd Workshop IUFRO WP S5.01-04, La 
Londe-Les-Maures, France (1999) 644 p. 
 Bucur, V. y Chivers, R.C. Acoustic properties and anisotropy of some Australian wood species. 
Acou stica 75 (1991) 69-75. Riesco, G. y Díaz González J. Características físicas de la madera de pino 
procedente de raleos en el noroeste de España. Maderas, Ciencia y Tecnología, 9 (2007) 233-244. 
 Bucur, V. 1995. Acoustic of wood. New York: CRC Press I 
 Carballo, J, Hermoso, E., Fernández-Golfín, J.I. Mechanical properties of structural maritime 
pine sawn timber from Galicia (Pinus pinaster Ait. ssp. atlantica). Invest Agrar Sist Recur For 18 (2009) 
152-158. 

400



 Lasserre, J.P., Mason, E. y Watt, M. The effects of genotype and spacing on Pinus radiata (D. 
Don) corewood stiffness in a 11 year old experiment. For Ecol Manage 205 (2005) 375-383. 
 Merlo, E, Alvarez-Gonzalez, J.G., Santaclara, O., y Riesco, G. Modelling modulus of elasticityof 
Pinus pinaster Ait. in northwestern Spain with standing tree acoustic measurements, tree, stand and 
variables. Forest Systems 23 (1) (2014) 1-14. 
nc. 
 Oliveira, F.G.R. y de Sales, A. Relationship between density and ultrasound velocity in Brazilian 
tropical woods. Bioresour Technol 97 (2006) 2443-2446. 
 Radi M., Castera P., Qualification de deux pins maritimes en liaison avec la structure de leur bois, 
Ann. Sci. For. 49 (1992) 185–200 
 Watt, M.S., Moore, J.R., Façon, J.P., Downes, G.M., Clinton, P.W., Coker, G., Davis, M.R., 
Simcock, R., Parfitt, R.L., Dando, J., Mason, E.G. y Bown, H.E. Modelling the influence of stand 
structural, edaphic and climatic influences on juvenile Pinus radiata dynamic modulus of elasticity. For 
Ecol Manage 229 (2006): 136-144. 
 Zobel, B.J. y Van Buijtenen, J.P. Wood variation: Its causes and control. Springer-Verlag, 
Berlín. Germany (1989) 363 p. 
 
 

401



Session 11

Evaluation of Roundwood

402



Eucalyptus Wood Poles Grading Using Ultrasound 
 
 
Yann Benoit  
CBT SA, Head of Technology, Saint-Sulpice, Switzerland, benoit@cbs-cbt.com 
 
Michel Njankouo 
National Advanced School of Engineering, Timber engineering, Yaoundé, Cameroon, 
njankouo@gmail.com  
 
 
Abstract 
 
Wood poles are largely used around the world to carry power and telecom lines. If species and 
impregnation of those poles are key factors for overhead networks design, the mechanical properties 
variability within a same species requires a specific grading to ensure both a reliable design and an 
extended life time expectancy. 
 
Luxpole is a non-destructive concept using ultrasound to optimize new wood poles grading. This 
objective technique is based on the measurement of the time of flight of low frequency ultrasonic waves 
(22kHz).  
 
ENEO, the national energy provider of Cameroon, uses local wood poles for their overhead networks and 
wishes to continue so. ENEO receives the rough poles from their suppliers before impregnating them in 
their own facilities.  
 
This paper presents the project led jointly by the National Advanced School of Engineering of Yaounde, 
ENEO and CBT SA. The goal was to validate Luxpole concept on the local Eucalyptus species and 
ensure the traceability of the measurements.  
 
The outcomes show that non-destructive ultrasonic measurements are a real solution for tropical-wood 
poles grading. 
 
Keywords: ultrasound, eucalyptus, wood poles, grading 
 
 
Introduction 
 
ENEO, the national power provider in Cameroun, is using wood poles for their low and medium voltage 
overhead lines all over the country. The company counts about 200’000 wood poles in the field. 
 
The species is local Eucalyptus and mainly: 

• Saligna 
• Robusta 
• Grandis 
• Hybride 

 
Wood poles suppliers deliver rough poles at ENEO’s impregnation site located in Bafoussam in the 
Western region (Figure 1). All the poles are then impregnated by ENEO before they are shipped to be 
used. 
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Figure 1 – Map of Cameroon with ENEO’s headquarter and treatment plant. 
 
 
To improve the quality management of their poles and especially qualify their suppliers, ENEO wants to 
organize a mechanical quality control when they do receive the poles. 
 
CBT SA has developed the concept Luxpole to grade the new wooden pole. This concept, based on 
ultrasonic nondestructive measurements, has been used in Europe for a decade to select the best poles, but 
more importantly, to purge the weakest ones. 
 
ENEO has contacted CBT SA to check if a similar concept is possible with their local concerns. 
 
This project presents this mission held in Fall 2016 with the cooperation of the National Advanced School 
of Engineering in Yaoundé. 
 
 
The technology 
 
Luxpole concept is the application of the Sylvatest Trio (Figure 2) for new wooden poles. 
 

 
 

Figure 2 – Nondestructive technology using ultrasound: Sylvatest Trio device with its two 
transducers. 
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Ultrasound technology 
 
The technology is using low frequency ultrasound waves (22kz). A transducer is installed at each pole’s 
end (Figure 3). The time of flight is registered and converted into a speed thanks to the pole’s length (1). 
This speed of ultrasound is corrected with the pole’s moisture content (2 and Figure 4) that is measured 
with a standard wood moisture meter. 
 
The speed of ultrasound reflects the mechanical pole’s strength as illustrated by the equation (3) 
 
 

 
 
 

Figure 3 – Illustration of a measurement on a wood pole with Sylvatest TRIO 
 
 

610×=
t
LSM  (1) 

 
where SM is the speed of ultrasound [m/s], L is the pole’s length [m] and t the time of flight [µs] measured 
by Sylvatest TRIO. 
 
 

MCM KSS +=0  (2) 
 
where S0 is the speed of ultrasound [m/s] corrected by the moisture content and KMC is the factor obtained 
on the Figure 4. 
 
 
 

ρ.0 k
MOES ≈  (3) 

 
where MOE is the Modulus of Elasticity [MPa] and k.ρ is the material density property. 

 

Emitter Receiver 

Sylvatest 
TRIO 

Wood pole 
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Figure 4 – Corrective factor for the moisture content on the speed of ultrasound. 
 
 
 
Luxpole concept 
 
Luxpole concept uses the nondestructive technology based on ultrasound to assess new wooden poles 
quality. 
 
The speed of ultrasound is correlated to the wood poles mechanical properties (Figure 5).  
 

 
 

Figure 5 – Correlation between speed of ultrasound [m/s] and Modulus of Elasticity [MPa] of new 
wooden poles (not impregnated, Spruce and Fir from Switzerland) 
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The models are built thanks to destructive tests in Cantilever bending mode. Additionally, parameters that 
are taken into account for Luxpole are: 

• Wood species 
• Moisture content 
• Temperature 
• Impregnation 

 
Thanks to the speed of ultrasound that is measured a strength class category is assigned to a wood pole. 
Luxpole proposes three strength class categories (Figure 6): 

• XL:  Best poles 
• L: Good poles 
• S: Weakest poles 

 
 

 
Figure 6 – Distribution of the Speed of ultrasound [m/s] vs. Luxpole classes. 153 new wood poles, 
Spruce and Fir, Germany 

 
 
S class is usually considered as the class of poles to be rejected and XL class the one that offers better 
opportunities to extend either the load to be carried or the span between two poles in keeping the same 
pole’s geometric dimensions. 
 
 
 
The sample 
 
The challenge with tropical wood 
 
If Luxpole is usually used with Western softwoods, ENEO’s request deals with local tropical species as 
Eucalyptus and more precisely: 

• Saligna 
• Robusta 
• Grandis 
• Hybride 
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Ultrasonic mechanical grading had already been studied in the past on Eucalyptus especially in Brazil. But 
the researches were mainly done with other frequencies (but still low frequencies) and in a radial mode as 
Luxpole is performed in lengthwise measurements. 
 
Additionally, in order to have stabilized measurements, both transducers are usually coupled to the wood 
with a small hole. This is not a big problem with western softwoods but with tropical wood, this issue could 
be a challenge as the poles are very hard. 
 
 
The sample and conditions of measurement 
 
The tests have been performed on 148 poles of Eucalyptus Saligna and Robusta issued from three local 
suppliers. 
 
Poles were from 6 to 14m long and were not impregnated. 
 
The moisture content has been measured for each pole thanks to two moisture content meters (Gann) in 
order to compare their values. All the poles were in wet conditions with a moisture content higher than 
50%. 
 
The measurements have been performed in September 2016. The temperature was about 25-30°C during 
the day (Figure 7). 
 

 
  

  
 

Figure 7 – Luxpole measurements in Bafoussam, ENEO’s treatment plant. Cameroun, 2016. 
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The results 
 
The first measurements have shown that holes were not required to install the transducers in the poles. This 
is a great advantage as the poles are really hard and performing two holes per pole requires a huge effort. 
 
In other terms, the signal of the ultrasounds can clearly be measured without any hole for the transducers, 
even for poles up to 14m long, what is not always the case for Western softwoods. 
 
The distribution of the speed of ultrasounds is illustrated by the figure 8. 
 

 
Figure 8 – Distribution of the speeds of ultrasound (Luxpole) for 148 wood poles of Eucalyptus 
Saligna and Robusta, Cameroon, 2016. 

 
 
This figure shows that grading the Eucalyptus (Saligna and Robusta) poles with ultrasound is clearly 
possible as the distribution can be identified. 
 
Sorting the three suppliers is then possible as illustrated by the Table 1 and the figure 9. 
 

Table 1 – Statistical distribution of ultrasonic speeds according to 
ENEO’suppliers. Eucalyptus Saligna and Robusta, Sept. 2016, Bafoussam, 
Cameroun 
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Supplier n Min [m/s] Mean [m/s] Max [m/s] Std. Dev. [m/s]
B 49 4049 4862 5716 342.2
E 46 4359 5464 5879 290.5
H 53 4497 5190 5846 274.0
Total 148 4049 5166 5879 386.3
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Figure 9 – Statistical distribution of the ultrasonic speeds according to ENEO’s suppliers. 
Eucalyptus Saligna and Robusta, Bafoussam 2016, Cameroon. 

 
 
These results are aligned to ENEO’s expectation as the supplier E, with the best quality during the tests, 
usually have the best poles thanks to favorable growing conditions. 
 
In order to assign strength classes to the poles, complementary tests should be performed, and more 
precisely, Cantilever bending strength according the EN14229. The ultrasonic speeds distribution should 
reflect the mechanical performances one.  
As a first step, and based on the rejection rate known by ENEO’s experience, limits have been decided to 
split the different qualities as follow: 
 

• XL poles: ultrasonic speed S0 > 5350 m/s 
• L poles:  4600 m/s ≤ ultrasonic speed S0 < 5350 m/s 
• S poles:  ultrasonic speed S0 < 4600 m/s 
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with S0 the speed of ultrasound corrected with the moisture content. 
 
  
With these limits, the results obtained on the sample measured during this first experiment give the 
following illustration (Figure 10). 
 

 
Figure 10 – Distribution of the Luxpole classes, first model. Eucalyptus Saligna and Robusta, 
Cameroon, 2016 

 
 
 
Conclusion 
 
This first experimentation of Luxpole on tropical wood in Cameroon confirms that new wood poles 
grading is possible with nondestructive measurements using low frequency ultrasound as proposed by 
Luxpole concept. 
 
The scope of values obtained without any hole is completely in the range of values known for other 
species from other origins: from 4000m/s to 6000m/s. 
 
A software for the traceability of this Luxpole quality insurance concept has been customized especially 
for ENEO’s concerns (LuxSoft). Each supplier is then qualified according to the quality he delivers. This 
promotes the delivery of a global higher quality. 
 
The next step will to launch destructive tests at the National Advanced School of Engineering, in 
Yaoundé, Cameroon, to confirm the strength classes according to the ultrasonic speeds measured on the 
poles. 
 
Additionally, some other tests need to be performed on other species from Cameroun and especially 
Eucalyptus Grandis and Hybrid. There is no reason why it wouldn’t work as their biological structures are 
close to the species tested in this first local experimentation. 
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Abstract 
 
The objectives of this study were to determine the effect of drill bit shaft friction on resistance drilling 
measurements on green logs and assess the potential of using drilling resistance and feeding force to 
predict density and hardness of wood in logs, and ultimately in standing trees. Two freshly-cut yellow 
birch (Betula alleghaniensis) logs, one with internal decay and the other of decay free, were used as test 
specimens. Drilling measurements were conducted on the logs using an IML-RESI PD 400 tool equipped 
with a standard spade-type drill bit. Following drilling measurements, nine 5.1-cm-thick disks were cut 
from the decayed log, one at each drilling location, and then a 5.1-cm-wide strip was cut from each disk. 
A series of hardness tests were conducted on each strip based on a procedure modified from ASTM D 
143-2012. Then each strip was cut into 1.8-cm segments to determine wood density using a volumetric 
method. In addition, 195 drilling measurements were conducted on the decay-free log to characterize 
shaft friction variations and its relationship with drilling depth. The mean shaft friction observed on the 
defect-free yellow birch log was 19.2% with a coefficient of variation of 17.5%. A linear relationship was 
found between shaft friction and drilling depth in the defect-free log. Linear models were used to make a 
correction to the original drilling resistance profiles by subtracting the shaft friction along the entire 
drilling path. The adjusted resistance profiles showed better contrast between decayed zone and intact 
wood than the original resistance profile, which could be an advantage in tree inspection. The results also 
indicated that removing shaft friction from the original resistance profiles increased the prediction power 
of the drilling resistance as a nondestructive measure of wood density and hardness. Feeding force 
exhibited similar patterns with drilling resistance which is useful in decay detection, but it has limited 
prediction power if it is used to assess wood density and hardness. 
 
Keywords: Drilling resistance, resistance profile, wood density, feeding force, hardness, logs 
 
 
Introduction 
 
Since introduction of the first prototype of resistance-based drilling machine in Germany in the 1980’s, 
resistance drilling technique has quickly evolved into sophisticated electronic tools that simultaneously 
measure, display, and record relative resistance profile as a long drilling needle is driven into wood. The 
relative resistance profile (hereafter refers to resistance profile) is obtained through direct measurement of 
the electric power consumption (EPC) of a direct-current needle-rotation motor. So far, the resistance 
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drilling method has been successfully used in various applications such as tree ring analysis (Rinn et al. 
1996; Chantre and Rozenberg 1997; Wang and Lin 2001; Wang et al. 2003; Guller et al. 2012), tree decay 
detection (Wang and Allison 2008; Allison and Wang 2015), and structural timber condition assessment 
(Rinn 1990, 2012; Ceraldi et al. 2001; Ross et al. 2004). Research has 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 (Görlacher and Hättich 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 (Ceradi et al. 2001; Park et al. 2006; Bouffier et al. 2008; Zhang et al. 2009; 
Sharapov and Chernov 2014).  
 
There has also been a growing interest in using resistance drilling method to obtain wood density 
information from standing trees, particularly in tree genetic improvement and wood quality survey 
programs where hundreds or even thousands of trees must be sampled (Gao et al. 2017). One of the 
concerns on the use of resistance drilling tool on trees is the accuracy of measured resistance (amplitude 
in resistance profile, %) as an indirect measure of the wood density (Sharapov et al. 2015; Gao et al. 
2017). Isik and Li (2003) evaluated the use of Resistograph tool for rapid assessment of relative wood 
density of live loblolly pine trees in progeny trials. They reported strong correlations among average 
drilling resistance value and wood density and strong genetic control at the family level. However, 
individual phenotypic correlations were found to be weak. Similar results have also been reported by 
Gants (2002), Charette et al (2008), Gwaze and Stevenson (2008), and Eckard et al. (2010).  
 
In principle, resistance drilling in wood is a wood cutting process (Bershadskii and Tsvetkova 1975). The 
cutting forces are typically measured by the total power consumption.  Friction is an important parameter 
that affects the measurement precision. The boring drill bits employed in the existing commercial drilling 
tools are thin needle, spade-type drill bits with a triangular-shape cutting head, which includes a tip and 
two symmetrical cutting edges that are perpendicular to the rotating axis. Similar to other wood cutting 
tools, friction force in a resistance drilling process can be generally resolved into chip friction with the 
rake face of the cutting edges, clearance-face friction with the wood cutting surface, side surfaces of the 
drill bit cutting part with the drilling hole surface, and shaft friction with wood chips and the drilling hole 
surface. Generally, friction is influenced by wood species, moisture content, cutting speed parameters, 
and angle and blunting parameters of the cutting edges. While most of the friction forces remain constant 
during a single drilling, the drill bit shaft friction increases with increased drilling depth. Rinn (2012) 
reported that the systematic errors in the profiles caused by shaft friction tend to increase for specimens 
with a wood density higher than 600 kg/m3. Nutto and Biechele (2015) conducted resistance drilling 
measurements on six different tropical wood species and found that drill bit shaft friction ranged from 4% 
to 70%. There is little knowledge on how the drilling bit friction will affect sensitivity of resistance 
profiles in terms of decay detection and wood property prediction.  
 
The research reported herein was a continuation of the previous study on investigating the wear behavior 
and blunt effect on resistance drilling measurements on wood (Sharapov et al. 2015). The objectives of 
this paper were to characterize the drilling friction in drilling green yellow birch logs, determine the effect 
of shaft friction on resistance drilling measurement, and evaluate the potential of using resistance drilling 
tools to assess wood density in green logs, and ultimately in standing trees.  
 
Materials and Methods 
 
Two freshly-cut yellow birch (Betula alleghaniensis) logs were obtained for resistance drilling 
experiments, one contained internal rot and the other was defect free. The decayed log was 2.53-meter 
long with a diameter of 32 cm at the large end and 30 cm at the small end, and had an average moisture 
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content (MC) of 39.8% and average density of 589 kg/m3. The defect-free log was 2.58-meter long with a 
diameter of 35 cm at the large end and 29 cm at the small end, and had an average MC of 55.5% and an 
average wood density of 710 kg/m3.  
 
An IML-RESI PD 400 tool (IML System GmbH, Wiesloch, Germany) was used to conduct resistance 
drilling measurement on two log samples. This Resistograph tool was equipped with standard spade-type 
drill bits. The drilling profiles obtained from each measurement include a relative resistance curve 
reflecting the torsion force on the drill bit and a feeding force curve reflecting the pressure put on the tool, 
both recorded in percentage of the amplitude. The drilling force parameters were measured and recorded 
once every 0.1 mm of drilling depth. The Resistograph data was saved and processed using the PD-Tools 
PRO software (IML System GmbH, Wiesloch, Germany). 
 
Resistance drilling experiments included two parts: 1. Conduct extensive drilling tests on the defect-free 
log to study the wear behavior and shaft friction of the drill bit. The wear behavior of the drill bit in wood 
resistance drilling was reported in a previous presentation (Sharapov et al. 2015). In this paper, we 
analyzed the resistance profiles obtained through this extensive drilling experiment to determine the shaft 
friction and its relationship with drilling depth. 2. Conduct drilling tests at selected locations on the 
decayed log to study the sensitivity of measured drilling parameters (drilling resistance and feeding force) 
to wood property changes (wood density and hardness). All resistance drilling measurements were 
conducted at a room temperature of about 20 ºC. 
 
Resistance Drilling Procedures 
 
Drilling Experiment —Part 1: A total of 195 resistance drilling measurements were conducted on the 
defect-free yellow birch log using a new drill bit, with a feed rate of 0.508 m/min and a rotational speed 
of 2500 rpm (nominal feed rate per cutting edge was about 0.1 mm). These speed parameters were 
selected based on several preliminary drilling tests with different feed rate and rotational speed 
combinations so that the amplitudes of the drilling resistance and feeding force were not very low and 
within the measurement scale. All drillings were made across the log diameter in the radial-longitudinal 
section, with a 1-1.5 cm spacing between any neighboring drillings.  
 
Drilling Experiment —Part 2: Nine resistance drilling measurements were conducted on the decayed log 
with a feed rate of 0.99 m/min and a rotational speed of 2500 rpm (nominal feed rate per cutting edge was 
about 0.2 mm). The large end appeared solid, but a significant central rot was observed on the small end. 
The drilling measurement was started at a location 12.7 cm (5 in.) from the small end, followed by the 
second drilling 5.1 cm (2 in.) apart from the first one,  then the remaining seven drillings were made with 
a 30.5 cm increment. Figure 1 shows the locations of resistance drilling measurements. 

 

 
 

Figure 1—Schematic diagram of the decayed yellow birch (Betula alleghaniensis) log showing 
the locations of a series of resistance drilling measurements (arrows on the figure) and the disk 
sample at each location. Three moisture content disks are shown in gray color. 
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Janka Hardness Test and Wood Density Measurements 
 
Upon completion of the resistance drilling measurements, the decayed log was dissected and a 5.1-cm-
thick disk was obtained at each drilling location for further laboratory evaluation (Figure 1). For each disk, 
a 5.1-cm-wide strip was cut through the center of the disk along the drilling path. All strips were placed at 
the conditioning room of 20 °C and 65% relative humidity (RH) till the equilibrium moisture content 
(EMC) of 12% was reached.  
 
To map the hardness along the drilling path, we conducted a series of Janka ball hardness tests on each 
strip sample based on a procedure modified from ASTM D 143-2012 (ASTM 2012). The hardness test 
was conducted on the end-grain face (TR plane) of the strip. On each strip sample, 2-cm grid lines were 
drew on the end-grain face with the pith located in the center grid. Hardness test was then conducted on 
each grid using an Instron universal testing machine (Model 5566, Instron Corporation, Norwood, MA, 
USA) with a 10 kN load cell and a loading rate of 5.08 mm/min. A total of 13 Janka hardness tests were 
performed on each wood strip. The hardness value obtained from this specialized test was defined as end-
hardness. After Janka ball hardness tests, each strip was cut into 1.8-cm segments for determining basic 
wood density using volumetric method (ASTM 2012).   
 
Wood Moisture Content Determination 
 
For decayed log, three additional disks were obtained next to drilling location no.1, no.5 (middle of the 
log), and no.9 respectively. A 5.1-cm-wide strip was cut from each of these disks and used as moisture 
content sample.  The moisture contents of the strips were then determined based on the initial (green) 
weight and the oven-dry weight (ASTM 2007). The same procedure was used to determine the average 
MC of the defect-free log.  
 
Data Processing and Analysis 
 
During each resistance drilling measurement, two cutting-force parameters were measured and recorded: 
drilling resistance (torque moment acting on the drill bit cutting-head) and feeding force (external force 
acting on the Resistograph tool by the operator). It is hypothesized that variations in the output amplitudes 
of both drilling resistance and feeding force are directly related to the changes in wood density and 
mechanical properties along the drilling path. The exact unit of resistance amplitude is not specified by 
the tool manufacturer and expressed as a relative value in percentage (%). For regression analysis with the 
wood density and hardness data, the resistance amplitude data was averaged over each wood segment 
where the actual wood density and end hardness value were obtained. The amplitude of feeding force 
curves was calibrated to actual feeding force in Newton (N) based on the calibration data obtained in a 
universal testing machine (MTS 810, MTS Systems Corporation, Eden Prairie, MN USA) with a 1-kN 
load sell. The feeding force data obtained from each drilling measurement was then converted into actual 
force.  
 
Results and Discussion 
 
Drilling Friction 
 
Figure 2 shows the last portion (drilling depth beyond 280 mm) of a typical drilling profile obtained from 
the birch logs, with drilling resistance displayed with higher amplitude (in grey shade) and the feeding 
force displayed in lower amplitude (in dark shade). It was observed that a residual drilling-resistance 
existed after the drill bit cutting-head exited the log at 305 mm. This residual resistance remained 
relatively constant as the drill bit continued feeding through and it is caused by the friction between the 
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drill bit shaft and the wood chips remained within the drilling hole. During a drilling process, wood chips 
remain inside the drilling hole and can be compacted and cause friction along the shaft. The magnitude of 
this friction theoretically depends on wood species, basic wood density, moisture content, size and forms 
of the chips, as well as drilling parameters such as cutting speed and feed rate. In Figure 2, the drill bit 
shaft friction is characterized by the residual amplitude of the resistance profile, which is 15%. The 
feeding force, on the other hand, reduced significantly after the cutting-head exited the log and fluctuated 
between 0 and 3% like a sine wave. This fluctuation in residual feeding force is believed to be related to 
the feeding mechanism of the screw gear in the drilling tool. 
 
Table 1 summarizes the statistical data of the residual drilling-resistance (shaft friction) and the residual 
feeding-force for both decayed and defect-free birch logs. The mean residual drilling-resistance observed 
on decayed log is 16.8 (amplitude in %), which is 12 percent lower than the mean shaft friction observed 
on defect-free log (19.2). Based on wood density data obtained from the disks, the density of decayed log 
is 17% lower than the decayed log. It is apparent that the lower wood density of the decayed log 
contributed to the decrease in shaft friction during the resistance drilling. The mean residual feeding-force 
for both decayed and defect-free logs is below 3%. This translates into a direct feeding force of less than 
2.5 N. Coefficient of variation for normalized (COVN) residual drilling resistance (shaft friction) in 
relation to the drilling depth (log diameter) is less than the standard COV which is consistent with the 
interaction between shaft friction and drilling depth. At the same time decreasing of COVN for the 
residual feeding force is negligible. 
 
Figure 3 shows the linear relationship observed between the  drill bit shaft friction and the drilling depth 
for the defect-free yellow birch log, with a coefficient of determination (R2) of 0.45. The empirical 
regression model indicates a 1.5% increase in friction for every 10 mm increase in drilling depth. Nutto 
and Biechele (2015) examined the drilling friction in several tropical species and the observed friction 
ranged from about 5% for Parana pine (Araucaria angustifolia) (with 30 cm in diameter) to about 65% 
for Pau Ferro (Caesalpinia ferrea) (with 32 cm in diameter). Among the species investigated, the Arueira 
(Lithraea molleoides) had a wood density of 725 kg/m3, which is close to the density of the defect-free 
yellow birch log in this study. When the empirical regression model for yellow birch was applied to 
Arueira, we obtained a friction of 19.7%, which is close to the actual friction 18% reported by Nutto and 
Biechele (2015). It is therefore hypothesized that the empirical friction model developed for a species can 
be used to predict the drilling friction at any point of the drilling path for the same species or a species 
with similar wood density.  
 

       
Figure 2—Typical drilling profiles obtained from the 
yellow birch logs (showing later portion), with 
drilling resistance displayed in grey shade and 
feeding force displayed in in dark shade.  

Figure 3—Relationship between shaft friction 
(residual drilling resistance, %) and drilling depth for 
the defect-free yellow birch log.  
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Table 1—Statistical data of residual drilling resistance (shaft friction) and residual feeding force for decayed and 
defect-free yellow birch logs.   

Log sample 
Residual drilling resistance (%) 

(Needle shaft friction) 
Residual feeding force  

(%) 
Basic wood density 

(kg/m3) 
Mean COV a COVN 

b Mean COV  COVN Mean COV  
Decayed log 16.8 22.2 20 1.65 90.9 89.1 589 14.9 
Defect-free log 19.2 17.5 14.9 2.43 50.5 50.1 710 5.6 
a COV – coefficient of variation; b COVN – coefficient of variation for normalized residual drilling resistance and residual feeding 
force 
 
Sensitivity of Drilling Resistance Profiles to Internal Decay 
 
Comparison of drilling-resistance profiles for decayed and defect free-logs is presented in Figure 4.  
The drilling resistance in defect-free log was relatively consistent within the first radius (0-150 mm), with 
a slight increase as the drill bit moved towards the pith; then it increased significantly in the second radius 
(150-300 mm). This might indicate nonlinearity of the drilling friction, but it could also be caused by the 
wood property differences between two halves of the log. Overall, the drilling-resistance profile in defect-
free log did not show significant drops through the entire drilling path. In contrast, the drilling resistance 
in decayed log showed different patterns comparing to the defect-free log. The drilling-resistance profile 
exhibited sharp drops in the central area of the log, from 90 to 225 mm. The Janka hardness and wood 
density data obtained from the disk also showed significant reduction in the same central area, which 
indicated a good agreement with the resistance profile. With respect to direct interpretation of the 
resistance profile obtained from decayed log, the starting boundary of the central decay can be readily 
recognized by the sharp drop in drilling resistance at a drilling depth of about 90 cm. However, as the drill 
bit penetrated through the decay zone and reached the intact wood, the drilling resistance showed a 
gradual increase, not a sharp transition. Consequently, identifying the other side of the decay boundary 
might not be straightforward. The extent of the central decay can only be estimated approximately.  
 
The accuracy of drilling-resistance profiles recorded in the resistance drilling tool is affected by the shaft 
friction. Although shaft friction are dependent of many factors as we discussed early, for green yellow 
birch logs/trees, a linear model of shaft friction in relation to drilling depth can be used to make a 
correction in original resistance profiles by subtracting the friction along the entire drilling path. Figure 5 
shows the original resistance profile (1) superimposed with the adjusted resistance profile (2), as well as 
the original feeding-force curve for the decayed log. The adjusted resistance profile essentially had a 
pattern very similar to the original resistance profile. But from visual appearance, adjusted resistance 
profile had better contrast between decayed zone and intact wood. This may be an advantage in tree 
inspection. The feeding force curve for the decayed log also exhibited a similar pattern comparing to the 
resistance profiles (original and adjusted), but the contrast in amplitude between intact wood and decay 
zone is much smaller than those seen in the resistance profiles.  
 
Both 3D surface and 2D contour graphs of the drilling resistance for the entire decayed log were created 
through approximation and interpolation of eight sets of the measured resistance profile (drilling no. 2 to 
no. 9) (Figure 6). In the graphs, low resistance values are highlighted by red colour, and high resistance 
values are highlighted by green colour. These graphs provide an overall assessment of the log condition 
and demonstrate resistance/wood density variations through the RL plane of the log.  
 
Relationships between Drilling Parameters and Wood Properties  
 
Figure 7 is the data plot of Janka hardness measured in the wood strips of the decayed log and wood 
density of the corresponding small segments cut from the strips. Regression analysis indicated a strong 
linear relationship between hardness and wood density (R2=0.79), which is in agreement with the results 
reported in Forest Products Laboratory (2010).  
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Figure 4—Comparison of the drilling resistance profiles for decayed and defect free yellow birch 
logs. Data points shows the distribution of Janka hardness and wood density along the drilling 
path for the decayed log. 

 

 
Figure 5— Resistance drilling profiles of the decayed yellow birch log and image of the wood 
strip cut along the drilling path (Disc no. 2).  
 

               
a) Based on original resistance profiles                           b)  Based on adjusted resistance profiles                

Figure 6— 3D surface map and 2D contour map of drilling resistance for the decayed yellow 
bitch log. a) Developed from the original resistance profiles; b) developed from the adjusted 
resistance profile.  
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Figure 7— Relationship between hardness measured 
in the wood strips of the decayed yellow birch log 
and wood density of the corresponding segments cut 
from the strips.  

Figure 8—Relationships between the original 
drilling resistance (shaft friction included) measured 
in decayed log and hardness and wood density of the 
corresponding segments in the drilling path.  

                
 
Figure 9—Relationships between drilling parameters 
(adjusted drilling resistance and feeding force) of the 
decayed log and the corresponding hardness.  

Figure 10—Relationships between drilling 
parameters (adjusted drilling resistance and feeding 
force) of the decayed log and the corresponding 
wood density.  

 
Figure 8 shows the relationships between the original drilling-resistance (shaft friction included) 
measured in the decayed log and hardness and wood density of the corresponding segments in the drilling 
path. Regression analysis indicated positive linear relationships with a moderate strength (R2 =0.5 for 
hardness, R2 =0.59 for density).  
 
Figure 9 shows the relationships between drilling parameters (adjusted drilling-resistance and feeding 
force) of the decayed log and the corresponding hardness. The adjusted drilling-resistance had a relatively 
strong correlation with hardness with a R2 of 0.73, which is a significant improvement comparing to the 
original drilling resistance (R2 = 0.5). Feeding force showed a moderate correlation with hardness (R2 
=0.56).  
 
Figure 10 shows the plots of the drilling parameters (adjusted drilling-resistance and feeding force) and 
the corresponding wood density for the decayed log. The adjusted drilling-resistance had a strong linear 
relationship with wood density with a R2 of 0.81, which is a significant improvement comparing to the 
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original drilling resistance (R2 = 0.59). Again, feeding force showed a moderate correlation with wood 
density (R2 = 0.61). 
 
Conclusion 
 
In this study we characterized the drill bit shaft friction in resistance drilling green yellow birch logs 
through extensive laboratory experiments. It was found that a residual drilling-resistance existed after the 
drill bit cutting head exited the log. This residual resistance was caused by the friction between the drill 
bit shaft and the wood chips within the drilling hole and remained relatively constant as the drill bit 
continued feeding through. The mean shaft friction observed on the defect-free yellow birch log was 19.2% 
with a coefficient of variation of 17.5%. A linear relationship was found between shaft friction and 
drilling depth in the defect-free yellow birch log. The empirical regression model indicates a 1.5% 
increase in shaft friction for every 10 mm increase in drilling depth. The mean residual feeding force for 
both decayed and defect-free logs was below 3% (or less than 2.5 N).   
 
The accuracy of drilling-resistance profiles recorded in the resistance drilling tool is affected by drill bit 
shaft friction. For green yellow birch logs, a linear model of shaft friction in relation to drilling depth can 
be used to make a correction to the original resistance profiles by subtracting the friction along the entire 
drilling path. The adjusted resistance profiles showed better contrast between decayed zone and intact 
wood than the original resistance profile, which could be an advantage in tree inspection. 

The results also indicated that removing shaft friction from the original resistance profiles increased the 
prediction power of the drilling resistance as a nondestructive measure of wood density and hardness. 
Resistance data adjustment can be carried out directly on the resistance drilling tool by adding a data 
correction module or accomplished during post data processing. Feeding force parameter, although 
exhibited similar patterns with drilling resistance, has limited prediction power if it is used to assess wood 
density and hardness. 
 
Acknowledgments 
 
This research work was supported by the Council for International Exchanges of Scholars (CIES) 
Fulbright Visiting Scholar Program (Grant ID 68140222). 
 
References 
 
Allison RB, WangX (2015) Nondestructive testing in the urban forest. In: Ross RJ (ed) Nondestructive 
Evaluation of Wood, 2nd edn. General Technical Report FPL-GTR-238. U.S. Department of Agriculture, 
Forest Service, Forest Products Laboratory, Madison,WI, pp 77–86 

ASTM (2012) D 143 Standard methods of testing small clear specimens of timber. Annual Book of 
ASTM Standards. ASTM, Philadelphia. 
 
ASTM (2007) D4442 Standard test methods for direct moisture content measurement of wood and wood-
base materials. Annual Book of ASTM Standards. ASTM, Philadelphia. 
 
Bershadskii AL, Tsvetkova NI (1975) Rezanie drevesiny [Wood cutting]. Minsk, 303 pp. 
 
Bouffier L, Charlot C, Raffin A, Rozenberg P, Kremer A (2008) Can wood density be efficiently selected 
at early stage in maritime pine (Pinus pinaster Ait.)? Ann For Sci 65(1): 106-113. 
 

421



Chantre G and Rozenberg P (1997) Can drill resistance profiles (Resistograph) lead to within-profile and 
within-ring density parameters in Douglas-fir wood? In: Proceedings of CTIA – International Union of 
Forestry Research Organizations (IUFRO) International Wood Quality Workshop: Timber Management 
Toward Wood Quality and End-Product Value. Forintek Canada Corp., Sainte-Foy, Québec, Canada. pp 
41–47. 
 
Charette P, Lu P, Tang F, Zhang SY (2008) Evaluation of the resistograph for wood density estimate and 
the use of multi-trait selection index for genetic selection in jack pine. In: Proceedings of the 31st Meeting 
of the Canadian Forest Genetics Association: Adaptation and Conservation in the Era of Forest Tree 
Genomics and Environmental Change, Quebec City, Quebec, 25-28 August 2008. Edited by J.D. Simpson. 
Natural Resources Canada, Canadian Forest Service, Fredericton, N.B. p. 88. 
 
Ceraldi C, Mormone V, Russo-Ermolli E (2001) Resistographic inspection of ancient timber structures 
for the evaluation of mechanical characteristics. Mater Struct 34: 59-64. 
 
Eckard JT, Isik F, Bullock B, Li BL, Gumpertz M (2010) Selection efficiency for solid wood traits in 
Pinus taeda using time-of-flight acoustic and micro-drill resistance methods. Forest Sci 56(3): 233-241. 
 
Forest Products Laboratory (2010) Wood handbook - Wood as an engineering material. General 
Technical Report FPL-GTR-190. Madison, WI: U.S. Department of Agriculture, Forest Service, Forest 
Products Laboratory. 508 pp. 
 
Gantz CH (2002) Evaluating the efficiency of the Resistograph to estimate genetic parameters for wood 
density in two softwood and two hardwood species, MA thesis, North Carolina State University, 78 pp. 
Gao S, Wang X, Wiemann MC, Brashaw BK, Ross RJ, Wang L (2017) A critical analysis of methods for 
rapid and nondestructive determination of wood density in standing trees. Annals of Forest Science. DOI 
10.1007/s13595-017-0623-4.  
 
Gao S, Wang X, Wiemann MC, Brashaw BK, Ross RJ, Wang L (2017) A critical analysis of methods for 
rapid and nondestructive determination of wood density in standing trees. Annals of Forest Science. DOI 
10.1007/s13595-017-0623-4. 
 
Görlacher R, Hättrich R (1990) Untersuchung von altern Konstruktionsholz - Die 
Bohrwiderstandsmessung. Bauen mit holz 455-459. 
 
Guller B, Guller A, Kazaz G (2012) Is Resistograph an appropriate tool for the annual ring measurement 
of Pinus brutia? In: Proceedings of the International Conference NDE Safety, Czech Rebublic, pp 89-94. 
 
Gwaze D, Stevenson A (2008) Genetic variation of wood density and its relationship with drill resistance 
in shortleaf pine. Southern Journal of Applied Forestry 32(3): 130-133. 
 
Isik F, Li B (2003) Rapid assessment of wood density of live trees using the Resistograph for selection in 
tree improvement programs. Can J Forest Res 33(12): 2426-2435. 
 
Nutto L and Biechele T (2015) Drilling resistance measurement and the effect of shaft friction – using 
feed force information for improving decay identification on hard tropical wood. Gen. Tech. Rep. FPL – 
GTR – 239. In: Proceedings of the 19th International Nondestructive Testing and Evaluation of Wood 
Symposium, pp 154-161. 
 
Park CY, Kim SJ, Lee JJ (2006) Evaluation of specific gravity in post member by drilling resistance test. 
Mokchae Konghak 34(2): 1-9. 

422



 
Rinn F (1990) Device for material testing, especially wood inspection by drill resistance measurements. 
German Patent 4122494 
 
Rinn F, Schweingruber FH, Schar E (1996) Resistograph and X-ray density charts of wood comparative 
evaluation of drill resistance profiles and X-ray density charts of different wood species. Holzforschung 
50(4): 303-311. 
 
Rinn F (2012) Basics of micro-resistance drilling for timber inspection. Holztechnologie 53(3): 24-28. 
 
Ross RJ, Brashaw BK, Wang X, White RH and Pellerin RF (2004) Wood and Timber Condition 
Assessment Manual, Forest Products Society, Madison, WI. 
 
Sharapov ES, Chernov VY (2014) Sravnitel'nyi analiz sposobov opredeleniya plotnosti drevesiny s 
pomoshch'yu rentgenovskogo izlucheniya i ustroistva dlya izmereniya soprotivleniya sverleniyu 
[Comparative analysis of wood density techniques determination with using X-ray and device for drilling 
resistance measurements]. Moscow State Forest University Bulletin – Lesnoy vestnik 2(101): 89-95. 
 
Sharapov E, Wang X, Smirnova E, Wacker JP (2015) Wear behavior of drill bit and its blunting effect on 
force parameters in drilling resistance measurement on wood. Poster presentation at the 19th International 
Nondestructive Testing and Evaluation of Wood Symposium, September 22-25, 2015. Rio de Janeiro, 
Brazil. 
 
Wang SY and Lin CJ (2001) Application of the drill resistance method for density boundary evaluation of 
earlywood and latewood of Taiwania (Taiwania cryptomerioides Hay.) plantation wood. Taiwan J For Sci 
16(3):196-199. 
 
Wang SY, Chiu CM, Lin CJ (2003) Application of the drilling resistance method for annual ring 
characteristics: evaluation of Taiwania (Taiwania cryptomeribides) trees grown with different thinning 
and pruning treatments. J Wood Sci 49(2): 116-124. 
 
Wang X and Allsion RB (2008) Decay detection in red oak trees using a combination of visual inspection, 
acoustic testing, and resisatnce microdrilling. Arboriculture & Urban Forestry 34(10): 1-4. 
 
Zhang H, Guo Z, Su J (2009) Application of a drill resistance technique for rapid determining wood 
density. Progress of Machining Technology. Key Engineering Materials 407-408: 494-499. 

423



Grading Round Eucalyptus Timber by Ultrasound 
 

Mônica Ruy 
PhD student, Laboratory of Nondestructive Testing - LabEND, School of Agricultural Engineering - 
FEAGRI - University of Campinas - UNICAMP, Campinas, São Paulo, Brazil – 
monica.ruy@hotmail.com.  
 
Raquel Gonçalves  
Professor, LabEND - FEAGRI, UNICAMP, Campinas, São Paulo, Brazil, raquel@agr.unicamp.br 
 
Douglas Pereira Moraes 
Undergraduate student, LabEND - FEAGRI, UNICAMP, Campinas, São Paulo, Brazil, 
douglaspm1409@gmail.com 
 
Rafael Mansini Lorensani 
Doctor, LabEND - FEAGRI, UNICAMP, Campinas, São Paulo, Brazil,  
 
 
Abstract 
 
The use of logs in its original shape, as round timber, has been considered economically competitive 
and sustainable, turning the development of techniques that allow their classification important. The 
objective of this research was to evaluate the viability of the use, for round timber, the Brazilian’s 
ultrasonic lumber grading standard. Ultrasound tests were performed in round wood at green and air-
dry equilibrium moisture content. Static bending tests were performed only under the equilibrium 
moisture content. In addition to the ultrasound and bending tests, the diameters of the round wood 
were measured. The diameter showed a negative correlation with the acoustic and static parameters. 
Although it is necessary to validate the conclusions with a larger data set, the results indicate that the 
classes proposed by the Brazilian standard can be used to grading round Eucalyptus timber applying 
velocity correction coefficient according to the diameter of the pieces.  
 
Keywords: strength in bending, modulus of elasticity in bending, wave propagation, logs. 
 
Introduction 
 
Wood grading is extremely important for the commercialization, because it facilitates distinction 
between pieces with higher or lower incidence of defects and greater or lower strength and /or 
stiffness. To sort timber according to their defects and properties make the material more valuable, 
because it allows the material to be used according to its characteristics. Due to the high natural 
variability of timber, the use of tables containing average of properties is important in the design 
process, but it does not solve the problem of the acquisition and use of timber with compatible strength 
with a project. To solve this problem, it is necessary that all the pieces are mechanically graded. 
 
Wave propagation techniques have been studied to be applied in freshly cut logs in order to sort them 
before sawing process (Rais et al 2013; Amishev and Murphy 2008; Wang et al 2007; Carter et al 
2005; Pelizan 2004; Tsehayve 2000; Sandoz 1994). These techniques have become an important part 
of the wood grading process.  
 
An economic analysis was made by Carter et al 2005 and it indicated that there is an increase of 5% in 
the yield of the production and the commercialization of the structural wood when a preliminary 
analysis through acoustic tests is carried out. Likewise, pre-grading with longitudinal acoustic waves 
of 154 trees (Douglas-fir), from two experimental forests of Southern of Germany, showed that there 
was a mean increase of 10% in the yield for structural boards production (Rais et al 2013). The 
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methodology was performed by Rais et al (2013) at different levels of wood processing (standing 
trees, long logs and beams). 
 
In standards, usually mechanical grades of wood are established according to bending tests performed 
on structural pieces (modulus of elasticity and bending strength). Other wood properties (compression, 
tension, shear, etc.) are proposed by correlations with values obtained in bending. The general 
procedure to propose mechanical grades for structural wood consists to sort pieces into visual and 
mechanical classes according to data obtained by nondestructive methods (classification machines, 
wave propagation methods, etc.). Visual and nondestructive parameters are usually associated with 
modulus of elasticity (EM) and strength (fM) obtained in static bending. 
 
In Brazil, NBR 15521 (2007) specifies requirements for the use of ultrasound technique in grading 
sawn timber and defines criteria for this sorting based on acoustic parameters (velocity and stiffness 
coefficient CLL). This standard was proposed based on ultrasonic and bending tests of sawn timber 
from tropical species with about 45-years-old. Considering the possibility of structural uses for wood 
from planted and fast-growing forest in Brazil, Lorensani 2013 evaluated the possibility of using NBR 
15521 to grade timber from 4 Eucalyptus species. The author concluded that applying a 0.85 reduction 
coefficient to the velocity values obtained in the ultrasound tests, rendered the classes proposed by 
Brazilian standard appropriate for grading lumber. 
 
The log resistance, low energy consumption for its processing, availability and easy handling make the 
round wood a highly competitive and sustainable material (Calil Jr. and Brito, 2010) and can be 
directly used as structure (poles, beams, columns etc.). Considering these issues, this research intends 
to contribute to provide basis for the discussion of important aspects to propose mechanical classes for 
round timber. 
 
 
Material and Methods 
 
We used three species of eucalyptus (Eucalyptus grandis, Eucalyptus cloeziana and Eucalyptus 
saligna) that are usual for structural uses in São Paulo, Brazil. For each species, we use 18 round 
pieces approximately 3.6 m in length. These pieces were segregate in 3 diameters ranges. Different 
diameters were adopted to evaluate the influence of this parameter on the propagation of ultrasound 
waves, and consequently, in the grades proposal. 
 
Non-destructive tests were performed with ultrasound equipment (USLab, Agricef, Brazil) and 45-
kHz longitudinal transducers. The measurements were made directly and parallel to the fibre 
(lengthwise). The first ultrasound measurement of the round pieces was made at saturated moisture 
content (MC), which was defined in this study as MC greater than 30%. 
 
The round pieces were stored for drying in a place protected from weather. When the measurements 
indicated a MC of approximately 12%, the pieces were tested again via ultrasound and then static 
bending tests were performed in a frame with 500 kN load capacity. The round pieces are supported at 
two points and loads were applied at thirds of the span (EN 408). 
 
After static bending test, three discs 100 mm thick were removed along the length of each log (base, 
middle and top). The discs were used to determine the density and actual MC of the logs. The moisture 
data were used to verify that the pieces had MCs of 12 ± 4%, which was considered as equilibrium 
condition (Íñiguez-González et al 2015). 
 
The velocity (VEq) and the density (ρ) obtained under equilibrium conditions were used to 
calculate CLL using Equation 1, as follows: 

 
CLL=ρ × V𝐸𝐸𝑞𝑞² × 10−6    Equation 1 
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where CLL is expressed in MPa; ρ is the apparent density of the wood at EMC (12% ± 4%), expressed 
in kg.m-3, and VEq is the wave propagation velocity in the wood at the EMC (12% ± 4%), expressed in 
m.s-1. 
 
From the bending tests, modulus of elasticity (EM) were calculated according to EN 408. 
 
For sawed lumber classification, Brazilian standard (NBR 15521 2007) uses, as an input parameter, 
the velocity under saturated condition (Vsat) or the stiffness coefficient (CLL) obtained at equilibrium 
MC. In the classes proposed by NBR 15521 (2007) one of these acoustic parameters are used to 
predict the range of values expected to the modulus of elasticity in static bending (EM) of the tested 
piece. Thus, to verify the appropriateness of the use of these standard classes to round timber, the Vsat 
and the CLL obtained in the ultrasound tests were used to predict the ranges of EM. 
 
To evaluate the pieces individually, the actual value of EM (obtained in the bending tests) was 
compared to the range of values predicted in NBR 15521 (2007) using Vsat and CLL. The result of the 
comparison was classified into one of the following three categories proposed by 
Kretschmann and Hernandez (2006): 
 
Category 1 – The EM value obtained in the test is within the expected interval by the grading; 
Category 2 – The EM values obtained in the test are lower than those expected by the grading; 
Category 3 – The EM values obtained in the test are higher than those expected by the grading. 
 

Results in Categories 1 and 3 were considered hits using the analysis of Kretschmann & Hernandez 
(2006) because it was expected that the use of characteristic curve (using model prediction errors) for 
the calculation of the classes in classification standards would consequently yield elevated 
assignments to Category 3, which would indicate an underestimation of the stiffness, representing an 
error in favor of safety but against economics aspects. The results in Category 2 were considered 
errors because they indicated an overestimation of the stiffness; therefore, they represented a safety 
error. 
 
 
Results and discussions 
 
The apparent densities obtained for E. cloeziana and E. saligna under the equilibrium 
condition, 822 and 731 kg.m-3, respectively (Table 1), were very close to the average values 
indicated by the Brazilian standard (NBR 7190 1997). In the present study, E. grandis had  
higher density, 640 kg.m-3 (Table 1), than that indicated in NBR 7190 (1997). 
 
NBR 7190 (1997) does not present strength or stiffness values obtained in bending, nor does it present 
values of properties for round timber. For E. cloeziana, there are reference values in Molina (2009) 
apud Calil Jr. & Brito (2010) for round timber, indicating a modulus of elasticity of 24,660 MPa, 
which is close to the average value obtained in the present study (Table 1). This value is 
approximately 1.7-fold the value indicated in the table of properties from NBR 7190 (1997) for the 
modulus of elasticity in compression of sawed lumber for this specie. Ranta-Maunus (1999) suggested 
that the properties obtained in round timber are much higher than those obtained in sawed lumber, 
which could explain the superiority of the stiffness values obtained for the species evaluated in the 
present study and in the study by Calil Jr. & Brito (2010). 
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Eucalyptus cloeziana had pieces with highly variable diameters. Therefore, its EM was the most 
variable (Table 1). Using asymmetry and kurtosis (between -2 and +2), the frequency distribution for 
all of the parameters was considered normal (Table 1). 

 

Table 1 - Average parameters and statistics for the saturated velocity (Vsat), the coefficient of rigidity 
(CLL), the modulus of elasticity (EM) in static flexion of the diameter and the apparent density under 
the equilibrium condition (ρ) for the 3 tested species. 

Species Parameters VLLsat 
m.s-1 

CLL 
MPa 

EM 
MPa 

Diameter 
mm 

ρ 
kg.m-3 

Eucalyptus 
grandis 

Average 4,560 18,452 15,844 207 751 
CV (%) 6.7 9.1 38.3 24.6 7.0 

Asymmetry -0.41 0.54 -0.13 0.95 -1.17 
Kurtosis -1.14 -1.03 -0.80 -0.69 0.27 

Eucalyptus 
cloeziana 

Average 4,517 23,431 20,091 151 820 
CV (%) 8.7 17 55.0 58.0 7.0 

Asymmetry 0.39 1.75 -0.76 0.62 -0.35 
Kurtosis -0.54 0.47 0.08 -1.44 -0.83 

Eucalyptus 
saligna* 

Average 4,148 17,470 13,003 182 740 
CV (%) 10.9 12 20.0 32.0 14.0 

Asymmetry 0.11 -0.40 -0.37 -1.05 -1.08 
Kurtosis -0.43 -1.12 -0.54 -0.90 -0.40 

* Obtained from the velocity measured under a moisture condition (U) below saturation point (VU) 
and the density under the same moisture condition (ρU), using the equation from the Brazilian standard 
NBR15521 (2007): Vsat = -1745 + VU + 16 MC + ρU. 
 
Individual analyses of the pieces according to the categories proposed by Kretschmann & Hernandez 
(2006) indicated that many of the moduli of elasticity had been overestimated (Category 2) with the 
use of the classification by Vsat or by CLL (Figures 1, 2 and 3). 

 

 
 

Figure 1. Framing categories of sorting by velocity in saturated condition (Vsat) and by stiffness 
coefficient (CLL) for the batch of wood composed by Eucalyptus grandis. 

Category 1 - Actual values within the range expected by classification; Category 2 - Real values lower 
than expected by classification and Category 3 - Real values higher than expected by classification. 
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Figure 2. Framing categories of sorting by velocity in saturated condition (VLLsat) and by stiffness 
coefficient (CLL) for the batch of wood composed by Eucalyptus cloesiana. 

Category 1 - Actual values within the range expected by classification; Category 2 - Real values lower 
than expected by classification and Category 3 - Real values higher than expected by classification. 

 

 

Figure 3. Framing categories of sorting by velocity in saturated condition (VLLsat) and by stiffness 
coefficient (CLL) for the batch of wood composed by Eucalyptus saligna. 

Category 1 - Actual values within the range expected by classification; Category 2 - Real values lower 
than expected by classification and Category 3 - Real values higher than expected by classification 

 
Considering the 3 lots used in the present study, the diameter of the round pieces was significantly 
correlated (P-value < 0.05) with the Vsat (R = -0.51), CLL (R = -0.45) and EM (R = -0.78). In all cases, 
an increase in the diameter caused a reduction in the acoustic and static parameters. This result 
indicates that it is necessary to considers the diameter class of the round  pieces in sorting process 
(Table2). 
 
Table 2 – Groups of logs by diameters range.  

Group Diameter range 
(mm) 

1 50 to 109 
2 110 to 169 
3 170 to 229 
4 >230 

 
For each round piece, the expected saturated velocity and stiffness coefficient were calculated 
according to the classification range based on the modulus of elasticity obtained in the static bending 
test (EM). Because the calculations involved a range of values, the maximum value of the range was 
adopted for the saturated velocity and for the stiffness coefficient considering the adequate framework 
of the EM. With this procedure, the relationships between the expected velocity and the actual velocity 
obtained in the test were calculated. Using the average values of these relationships for each diameter 
group, velocity correction factors (under the saturated and equilibrium moisture conditions) were 
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proposed for the diameter groups of the round pieces (Table 3). Consistent with the previously 
discussed behavior, the correction coefficient decreased with the increase diameter (Table 3) 
 
Table 3. Velocity correction coefficients (under the saturated and equilibrium conditions) according to 
the diameter group of the round piece. 

Diameter 
group* 

Velocity 
correction factor 

1 0.85 
2 0.85 
3 0.80 
4 0.70 

Diameter group 1: diameters between 50 and 109 mm; Diameter group 2: diameters between 110 and 169 mm; 
Diameter group 3: diameters between 170 and 229 mm; and Diameter group 4: diameters greater than 230 mm. 
 
Applying the correction coefficients (Table 3) to the saturated and equilibrium velocities (which 
affected the calculation of the stiffness coefficient) led to a significant reduction of pieces in Category 
2 (against safety). The sorting varied among species; however, approximately 95% of the pieces would 
be sorting in favor of safety using the velocity under the saturated condition and 93% using the 
stiffness coefficient (Table 4). 
 
Table 4 - Average framework percentages in the grading categories for the 3 species of Eucalyptus 
with the application of the velocity reduction coefficients according to the diameter range. 

Category Vsat CLL 
1 23% 9% 
2 5% 7% 
3 72% 84% 

Category 1 – actual values within the interval expected by the grading; Category 2 – actual values lower than 
those expected by the grading; and Category 3 – actual values higher than those expected by the gading. 
*Diameters less than 169 mm – coefficient 1.0; diameters between 170 and 229 mm – coefficient 0.80; and 
diameters larger than 230 mm – coefficient 0.70. 

The velocity under the saturated condition is a simple and direct parameter for grading wood by 
ultrasound, whereas the stiffness coefficient depends on knowledge of density. The velocity under the 
saturated condition showed, on average, more pieces in Category 1 (correct range) and fewer in 
Category 2 (against safety) (Table 4). This result confirms that, for round Eucalyptus timber, the 
saturated velocity as input in the ranges classes of the Brazilian standard (NBR 15521 2007) would be 
the most appropriate and simple means of classification. 
 
 
Conclusions 
 
In the present study, we evaluated the viability of applying the Brazilian ultrasound-based grading 
standard for round wood Eucalyptus timber. The sorting parameters analyzed were the velocity under 
saturated condition and the stiffness coefficient, which was calculated with the velocity and the 
density under equilibrium condition (12 ± 4%). Although it is necessary to validate the conclusions 
with a larger data set, the results indicate that: 
 
- The diameter of the round timber is associated with its acoustical and mechanical properties. 
Considering this association, the gradung of round timber must consider the diameter of the pieces. 
 
- The velocity under saturated condition is the simplest and most appropriate parameter for the 
acoustical classification of round Eucalyptus timber. 
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- The classes proposed by the Brazilian standard (NBR 15521 2007) can be used in round Eucalyptus 
timber grading by applying reduction coefficient to the velocity. The correction coefficients decrease 
as the diameters of the round wood increase. 
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Abstract 
 
Accurate determination of location and nature of internal defects in hardwood logs can provide 
significant benefit to the wood industry in terms of making accurate quality assessments, making 
accurate volume estimates, and optimizing utilization of hardwood resources. The objective of this 
study was to develop an ultrasonic tomography technique based on an inverse scattering theory for 
accurately detecting internal defects in hardwood logs. Poplar and camphorwood log sections were 
obtained and subjected to multipath ultrasonic measurements. Wave equations in scattered field and 
whole field were established based on the characteristics of ultrasonic wave propagation. The 
equations were discretized using the method of moment and then reconstructed using the distorted 
Born iterative (DBI) and Born iterative (BI) algorithms. The resulting tomograms showed high 
contrast between severely defected areas (such as a void) and the surrounding area. A defect was 
detectable in tomogram images when the defect area exceeded 5% of the cross section. Both location 
and size of internal defects in logs can be detected using ultrasonic tomography. Compared with 
acoustic tomography, ultrasonic tomography has greater accuracy because of the high frequency and 
short wavelength. 
 
Keywords: Ultrasonic tomography, internal defect, inverse scattering, log, scattered field, inversion 
algorithm 
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Abstract 
 
The objective of this research was to examine the technical feasibility of combining acoustic wave data 
with high-resolution laser scanning data to improve accuracy of hardwood log defect detection and 
segregation. Using acoustic impact testing and high-resolution laser scanning techniques, 21 yellow-
poplar logs obtained from the central Appalachian region were evaluated for internal and external defects. 
These logs were then sawn into boards, and the boards were visually graded based on National Hardwood 
Lumber Association  grading rules. The response signals of the logs from acoustic impact testing were 
analyzed through moment analysis and continuous wavelet transform to extract time domain and 
frequency domain parameters. The results indicated that acoustic velocity, time centroid, damping ratio, 
as well as the combined time and frequency domain parameters are all effective quality predictors for 
segregating low-end logs. Acoustic data combined with high-resolution laser scanning data provide a 
more complete picture of the log in terms of size, shape, surface defects, and degree of soundness. 
Indications of “soundness” in a particular log allow the internal prediction system to flag suspicious 
defects as potentially unsound. Thus, a combined system would be able to discriminate much more 
exactly with respect to log quality and potential lumber recovery than either method independently. 
 
Keywords: acoustic velocity, damping ratio, impact testing, laser scanning, log defects, wavelet analysis, 
yellow-poplar 
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Introduction 
 
The quality of hardwood logs varies widely within species, harvest site, and even the same tree. Holes, 
knots, wounds, and other growth defects on logs decrease the strength and appearance of any resulting 
products and thus decrease the value of the log and its products (Carpenter et al. 1989). The location, 
type, and size of defects on hardwood logs dictate the potential grade and value of the resulting lumber. 
Hardwood lumber is bought and sold using National Hardwood Lumber Association (NHLA) grades 
reflecting the value of each board. The fewer the defects, the greater the length and width of clear areas, 
which results in higher lumber grade and value. Hardwood log sawing begins with the log face that is 
clearest and will yield the highest valued boards. The sawyer attempts to saw the log such that any defects 
will be on the edges of boards. Such defects can then be edged from the sides of the board to make a 
higher valued board. Thus, scanning systems that find defects on and inside hardwood logs could 
dramatically improve the sawing process and the grade and value of sawn lumber. 
 
Another important reason for early defect detection in hardwood logs is to remove logs from the 
processing stream that have little or no profitability. This concept is commonly known as the “break-even 
log” because processing a log with quality lower than the break-even log results in a loss for the 
company. Ideally, logs that give no real financial return from processing should be sold to other 
processors that can economically process these logs into products such as railroad ties, pallet lumber, 
pulp, fuel, or other similar products to realize target profit maximization. 
 
Research in the field of nondestructive testing and evaluation of wood has resulted in an array of tools for 
detecting internal defects. Technologies such as X-ray, computed tomography (CT), and nuclear magnetic 
resonance (NMR) offer cross-sectional images with sufficient details but are not cost-effective for 
hardwood mills and are too slow to be considered suitable for on-line implementation (Wagner et al. 
1989, Chang 1992, Guddanti and Chang 1998, Li et al. 1996, Bhandarker et al. 1999). Laser scanning, 
however, is an inexpensive, fast, and accurate method of measuring log diameter, length, and volume. As 
a by-product, the scanning systems measure the crook, sweep, and eccentricity of the log to a fraction of a 
millimeter. In addition, most surface defects regarded as degrade defects by the Forest Service grading 
rules are detected during laser data image processing. This permits logs that have been laser-scanned to be 
sorted not only by diameter and length but by quality as well. A high-resolution laser scanning system has 
been developed by the USDA Forest Service (Thomas et al. 2006, 2008). This system shows promise for 
improving internal defect predictions and greatly improving lumber value. This system, however, has 
some limitations on predicting unsound areas within a log based solely on solid-appearing surface defects. 
 
Acoustic wave methods use a mechanical impact to generate low-frequency stress waves that propagate 
longitudinally through a log. Then, the reverberation of the waves within the log are recorded and 
analyzed. At the microstructure level, energy storage and dissipation properties of the log are controlled 
by orientation of wood cells and structural composition, factors that contribute to stiffness and strength of 
wood. Such properties are observable as frequency of the wave reverberation and rate of wave 
attenuation. Research has shown that propagation velocity of acoustic waves in wood is a good predicting 
parameter for wood deterioration caused by any wood decay mechanism (Pellerin et al. 1985, Wang et al. 
2004). Commercial acoustic tools are now widely accepted in the forest products industry for on-line 
quality control (structural lumber, veneer) and field or in-plant segregation of incoming softwood logs 
(Harris et al. 2002; Carter et al. 2005; Wang et al. 2007, 2013; Wang 2013). 
 
Acoustic waves and laser scanning methods operate under different principles. Each addresses the 
weaknesses or inabilities of the other. The main objective of this study was to determine the technical 
feasibility of combining acoustic wave data with high-resolution laser scanning data to improve the 
accuracy of defect detection and quality assessment in hardwood logs. 
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Materials and methods 
 
Materials 
 
A random sample of 15 yellow-poplar (Liriodendron tulipifera) trees were harvested from a Mead 
WestVaco leased and managed forest near Rupert, West Virginia, USA, in the central Appalachian region 
in late January 2015. Each tree was bucked to commercial lengths with 3 to 5 logs being cut from each 
tree, resulting in a total of 52 logs. All logs were tagged and transported to the Forest Service wood 
laboratory located in Princeton, West Virginia, USA, for laboratory scanning and testing. From visual 
observation, these logs ranged in quality level. Some of the logs had very obvious rot after bucking, some 
had deeply grown wounds with significant encapsulated decay pockets, and some were very high quality. 
 
Physical diagramming and 3D laser scanning 
 
The yellow-poplar logs were first put on a rack for physical diagramming of all surface defect indicators 
shortly after arriving at the lab. All surface defects were manually located and measured according to the 
characteristics as defined in Carpenter et al. (1989). For each log, the following information was recorded 
to create a ground-truth defect map: defect type, surface width (across grain) and length (along grain), 
growth rate, bark thickness, and surface height rise. Photos were also taken of each log for visual 
documentation. 
 
A high-resolution laser scanner (Thomas and Thomas 2011) was then used to scan each log to obtain 
measurements, shape, and surface data. This log scanning system electronically digitizes the surface of 
logs with a scan line every 1.59 mm (0.0625 in.) along the length. Each scan line describes the 
circumference of the log and consists of 250 to 450 points, depending on the size of the log. At each 
reference point, the scanner records the laser energy reflected from the surface as 10-bit grayscale value. 
Average resolution around a log’s circumference is 8 points per inch. This resolution is significantly 
higher than the scanner currently used in sawmills in which typically one scan line every 30 to 60 cm (12 
to 24 in.) is used. Figure 1 shows the laser scanning system and an example of a 3D rendering of log data 
using the laser energy data for false color. The log shape as well as defect positions and relative sizes are 
easily discerned. 
 

  
 (a) (b) 

Figure 1—Laboratory laser scanning of yellow-poplar logs: (a) high-resolution laser scanning 
system; (b) high-resolution scanned imagery of yellow-poplar log (log no. 1161). 
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Acoustic impact test 
 
Following physical diagramming and laser scanning, each log was placed on the ground and acoustically 
tested to obtain nondestructive parameters for potential detection of internal defects. An acoustic impact 
test was conducted in two different ways: (1) using a resonance acoustic tool to directly measure the 
acoustic velocity of each log and (2) using a laboratory impact testing system to obtain and record the 
response signals from each log following a mechanical impact. All acoustic tests were conducted under a 
condition of 21 °C (70 °F) and 50% relative humidity. 
 
A hand-held resonance acoustic tool (Hitman HM200, Fibre-Gen, Inc., Auckland, New Zealand) was 
used to directly measure the acoustic velocity of each log. Following a hammer impact, the HM200 tool 
immediately processes the received acoustic signals through the Fast Fourier Transform (FFT) program 
built into the tool and calculates log acoustic velocity (V) based on the resonant frequency and log length: 
 
 V = 2 fn L/n (1) 
 
where fn is the nth harmonic frequency (Hz) of the response signal, L is the full length of a log, and n is 
the order of harmonic frequency. 
 
To collect the response signals from each log, a sensor probe (Fakopp spike sensor, Fakopp Enterprise 
Bt., Agfalva, Hungary) was inserted into the end grain at the log end (close to the center). The impact 
acoustic waves were generated through a 5.44-kg (12-lb) sledge hammer blow on the opposing end, and 
the response signals were recorded through a data acquisition card (NI 5132) connected to the laptop, 
with a sampling frequency of 20 kHz and a sampling length of 1,000 points. 
 
Sawing and visual grading 
 
After laboratory scanning and testing, 21 logs were selected and sawn into boards using a portable 
sawmill. This subsample of logs was systematically selected based on visual assessment and resonant 
acoustic testing results such that they represent the quality range of the 52 logs. The resulting boards were 
visually graded according to NHLA rules (NHLA 2015). 
 
Data processing and analysis 
 
Laser scan data 
 
The laser scan data of each log was processed by a defect detection system developed to locate severe 
defects on hardwood logs (Thomas and Thomas 2011, 2013). As an example, Figure 2 presents defect 
detection results for log no. 1161. This is the same log shown in Figure 1. The defect detection begins by 
fitting a circle to each laser scan line. Next, a residual image is generated using the residual, or distances 
between the fitted circle and circular scan line (Fig. 2a). In the residual image, bumps or high spots are 
presented as lighter gray, whereas low areas, such as holes, are shown as darker gray. Performing a 
contour analysis on the residual image yields a contour map (Fig. 2b) that defines the bumps and 
depressions that correspond to defective areas, for example, severe log degrade defects. An expert system 
was developed to process the contour map and recognize, classify, and measure the defective areas. 
Figure 2c is the graphical output from this final detection step. The sawing process for each log was also 
replicated using the RAYSAW sawing simulator. The size and positions of internal defects were 
estimated using the models developed by Thomas (2008, 2013). These methods use the size and type of 
the surface indicator to predict the size and location of the internal defect. When RAYSAW processes a 
log, it reports the overall shape of each board, as well as the positions and sizes of all predicted defects 
that fall on the board faces. 
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Acoustic wave data 
 
A series of physical and acoustic properties of the logs were obtained and used as potential quality 
indicators for predicting the soundness of the logs and grade yields of the resulting boards. The predicting 
parameters we examined included acoustic velocity (V), dynamic modulus of elasticity (Ed), time centroid 
 

 
Figure 2—Defect detection results for log no. 1161: (a) residual image generated; (b) image 
resulting from contour analysis of residual image; (c) defects detected in contour map are 
identified using red boxes. 

 
(Tc), and damping ratio (𝜁𝜁), as well as two combined parameters of the response signals (Wang et al. 
2016). The following procedures were followed in acoustic data analysis: 
 

1) Compute dynamic modulus of elasticity of the logs using one-dimensional wave equation:  
Ed = ρV2 (2) 

2) Determine time centroid (Tc) of the response signals through first moment analysis; 
3) Perform continuous wavelet transform (CWT) of the response signals and compute the wavelet 

ridge by maximizing the modulus of wavelet skeleton at each time instant; 
4) Compute instantaneous natural frequency (fi) and damping ratio (𝜁𝜁i) according to wavelet ridge 

and skeleton; 
5) Determine the relationships between each individual predictor and actual board grade yield; 
6) Determine the relationships between the combined parameters and actual board grade yield. 
7) Rank logs based on individual and combined parameters. 

 
Results and discussion 
 
Table 1 shows the dimenisonal and physical measures of the 21 selected logs and the sawing results 
(board volume, cant volume, and board grades). The NHLA rules are based on the size and number of 
cuttings (pieces) that can be obtained from a board when it is cut up and used in the manufacture of a 
hardwood product. Therefore, the grades provide a measurable percentage of clear, defect-free wood for 
each grade. The board grades determined based on NHIA rules include the upper grades (FAS, FIF, and 
Select), common grades (No. 1 Common, No. 2 Common, and No. 3 Common), and below grade (BG). 
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Table 1—Dimensional and physical measures of the yellow-poplar logs and the sawing resultsa 

Log 
no. 

Length 
(ft) 

Diameter (in.) Weight 
(lb) 

Sweep 
(in.) 

Volume (board footage) 
 

Grade yield (board footage) 
Large 
end 

Small 
end Avg. Debarked Board Cant Highb 1C 2C 3C BGc 

1123 11.4 18.60 17.19 18.83 923 1.62 219.82 106 34.47  17 29 42 18 0 
1126 13.1 20.39 20.39 19.72 1183 1.36 288.92 158 32.04  138 8 7 0 5 
1128 13.1 23.58 20.70 21.46 1823 1.05 339.20 219 29.76  187 19 0 5 8 
1129 15.2 20.27 20.27 21.02 1810 0.87 380.26 198 34.99  59 121 6 6 6 
1131 16.4 15.18 13.99 14.51 855 2.13 186.80 66 34.01  30 16 20 0 0 
1133 14.7 19.30 18.76 18.96 1097 0.96 293.33 157 38.29  32 56 41 28 0 
1134 16.8 17.03 15.58 16.20 926 0.83 243.36 116 44.08  23 70 23 0 0 
1136 14.0 12.90 12.90 12.98 368 0.52 115.58 36 28.16  0 7 12 17 0 
1137 13.5 19.29 17.18 18.01 1209 0.79 236.95 137 21.25  129 8 0 0 0 
1138 11.1 16.96 16.39 16.61 801 1.69 168.90 87 25.18  61 26 0 0 0 
1140 11.1 15.11 15.11 15.08 641 2.09 135.31 36 33.30  0 12 12 12 0 
1141 13.4 14.27 14.27 14.28 686 1.7 143.64 38 41.13  0 10 28 0 0 
1147 12.5 14.43 13.76 14.23 632 1.65 137.12 60 31.25  38 6 4 0 12 
1153 11.8 21.29 20.56 21.50 1487 1.53 312.18 160 33.92  88 57 5 10 0 
1154 9.5 21.09 21.09 20.75 1418 1.23 233.26 126 30.95  76 32 18 0 0 
1155 11.4 20.36 18.37 19.22 1151 2.48 235.54 112 59.13  23 36 46 7 0 
1161 16.5 17.29 15.29 16.14 1208 1.81 235.73 99 46.90  5 47 47 0 0 
1166 17.0 23.85 23.29 23.06 2649 0.91 528.00 290 31.25  192 58 40 0 0 
1167 11.4 18.50 17.02 17.86 1012 1.44 198.91 100 30.20  19 20 32 29 0 
1169 16.1 17.55 14.94 15.63 1046 1.59 215.58 98 43.20  54 15 29 0 0 
1170 14.5 14.77 14.77 14.68 793 1.25 171.59 85 26.79  32 39 9 0 5 

a1 ft = 0.3048 m; 1 in. = 2.54 cm; 1 lb = 0.454 kg; 1 board foot = 0.00235974 m3. 
b High includes grade FAS, F1F, and Select. 
c BG, below grade. 
 
Table 2 shows the physical and acoustic properties of the 21 selected yellow-poplar logs. The moisture 
contents of the wood samples were found to be 45% to 60%. Therefore, all acoustic parameters discussed 
in this paper are considered “green log” parameters. The results of the acoustic impact test were  
 
Table 2—Physical and acoustic properties of the yellow-poplar logs 

Log  
no. 

Density 
(lb/ft3)a 

V 
(km/s) 

Ed 
(GPa) Scale f 

(Hz) 
Time centroid 

（10-2） 

Damping  
ratio 

（10-2） 

Ed/𝜁𝜁2 
（103） 

ρ/Tc2 
（105） 

1123 42.79 3.34 7.65 115 521.74 1.74 3.59 5.93 1.41 
1126 41.98 3.37 7.65 145 413.79 1.64 3.43 6.52 1.57 
1128 55.29 3.04 8.18 157 382.17 1.47 3.61 6.27 2.56 
1129 48.91 3.05 7.29 174 344.83 1.93 4.25 4.04 1.31 
1131 45.54 3.27 7.81 181 331.49 2.08 4.26 4.31 1.05 
1133 38.14 3.83 8.98 141 425.53 1.90 4.12 5.29 1.06 
1134 38.36 3.78 8.79 161 372.67 1.88 4.41 4.51 1.08 
1136 31.03 3.59 6.42 141 425.53 1.98 3.73 4.61 0.79 
1137 51.74 3.65 11.05 134 447.76 1.41 3.16 11.04 2.59 
1138 47.92 3.88 11.57 104 576.92 1.44 3.02 12.71 2.32 
1140 47.45 3.76 10.72 107 560.75 1.75 3.16 10.76 1.56 
1141 47.43 3.67 10.21 131 458.02 1.57 3.83 6.95 1.92 
1147 45.91 2.91 6.22 154 389.61 1.80 3.88 4.14 1.42 
1153 49.06 3.38 8.98 125 480.00 1.48 4.17 5.17 2.25 
1154 50.57 2.93 6.95 107 560.75 1.21 3.75 6.08 3.44 
1155 49.96 3.32 8.85 126 476.19 1.51 4.53 4.30 2.18 
1161 51.63 3.23 8.64 188 319.15 2.04 4.27 4.75 1.24 
1166 51.88 3.30 9.06 189 317.46 1.69 4.06 5.50 1.82 
1167 51.65 2.98 7.35 140 428.57 1.88 4.14 4.29 1.46 
1169 48.71 3.63 10.28 155 387.10 1.53 3.16 10.27 2.07 
1170 46.23 3.73 10.31 143 419.58 1.70 4.13 6.06 1.59 

a1 lb/ft3 = 16.0185 kg/m3. 
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reported in a previous report (Wang et al. 2016). Log acoustic velocity was able to identify the very low-
end logs that had the most severe internal rot or other unsound defects but failed to identify the logs with 
poor geometry that resulted in very low recovery. The time domain parameters (time centroid and ρ/Tc

2) 
and frequency domain parameters (damping ratio and Ed/𝜁𝜁 2) were identified as log quality predictors with 
positive correlation with the board grade yields. 
 
Log visual grades based on laser scan data 
 
The high-resolution laser scanning system was able to accurately measure all log size and shape 
characteristics. The size, sweep, weight, and volume of each log are listed in Table 1. By examining the 
center points of each scan line, the scanner can measure the departure of the log from a straight line. This 
allows the crook and sweep of the log to be measured. A crooked log is one with an end that has a 
dramatic bend to one side. A swept log has a bow to one side along the length. A log with a crook or 
sweep will yield less lumber than a straight log of the same diameter and length. In addition, the lumber 
sawn from a crooked or swept log will generally be weaker than lumber sawn from a straight log. This is 
because the fiber angles in swept or crooked logs are not aligned along the length of the board. 
 
Using the log measurement data combined with the log surface defect information (position, size, and 
type of every surface defect) allowed the RAYSAW program (Thomas 2013) to grade each log to U.S. 
Forest Service hardwood log grading rules (Rast et al. 1973). The U.S. Forest Service log grades are 
based on the number and type of defects present on a log and the predicted impact they will have on the 
value and volume of lumber that log should produce. As such, they provide a method of classifying logs 
based on their observed characteristics, regardless if the inspection is made by machine or human. 
 
Ranking logs based on acoustic parameters 
 
To evaluate the effectiveness of the time domain and frequency domain parameters as log quality 
predictors, we ranked the 21 yellow-poplar logs using time centroid, damping ratio, ρ/Tc

2, and Ed/𝜁𝜁 2, 
respectively. Table 3 lists the logs rated as high and low quality according to each acoustic predictor. The 
volume recovery and board grade yields of individual logs were tabulated in Table 4 for high-quality logs 
and in Table 5 for low-quality logs. 
 
Table 3—Yellow-poplar logs rated as high quality and low quality based on different NDE predictorsa 

Predictor Logs rated as high quality Logs rated as low quality 
Tc 1154 1137 1138 1128 1153  1131 1161 1136 1129 1133 1134 1167   
𝜁𝜁 1138 1140 1137 1169 1126  1155 1134 1161 1131 1129 1153 1167 1170 1133 
ρ/Tc

2 1154 1137 1128 1138   1136 1131 1133 1134 1161 1129 1123 1147 1167 
Ed/𝜁𝜁 2 1138 1137 1140 1169 1141 1126 1129 1147 1167 1155 1131 1134 1136 1161  

aThe log marked with a box indicates an abnormal case with a false prediction. 
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Table 4—Volume recovery and grade yield of high-quality yellow-poplar logs 

Log  
no. 

Volume (footage)  Recovery (%)  Board grade yield (%) 

Board Cant Debarked High 1C 2C 3C BG  Total Board  High 1C 2C 3C BG 

1137 137 21.25 236.95 129 8 0 0 0  66.8 57.8  94.2 5.8 0 0 0 

1138 87 25.18 168.90 61 26 0 0 0  66.4 51.5  70.1 29.9 0 0 0 

1128 219 29.76 339.20 187 19 0 5 8  73.3 64.6  85.4 8.7 0 2.3 3.7 

1154 126 30.95 233.26 76 32 18 0 0  67.3 54.0  60.3 25.4 14.3 0 0 

1126 158 32.04 288.92 138 8 7 0 5  65.8 54.7  87.3 5.1 4.4 0 3.2 

1153 160 33.92 312.18 88 57 5 10 0  62.1 51.3  55.0 35.6 3.1 6.3 0 

 
Time centroid vs. ρ/Tc

2 
 
Time centroid (Tc) and combined parameter ρ/Tc

2 resulted in similar predictions in both high-quality and 
low-quality ratings, with the exception that when log density (ρ) was taken into consideration, log no. 
1153 was excluded from high-quality class and logs no. 1123 and no. 1147 were added into low-quality 
class per ρ/Tc

2 rating. Considering that log no. 1153 was only marginally rated as high quality per time 
centroid rating and could be excluded by adjusting Tc threshold, the effectiveness of the combined 
parameter ρ/Tc

2 for rating high-quality logs was not substantially different from that of single parameter 
Tc. However, in rating low-quality logs, the combined parameter can be considered more effective 
because the two added low-quality logs (no. 1123 and no. 1147) per ρ/Tc

2 rating did yield high percentage 
of low grade (3 Common and BG) boards as shown in Table 5. 
 
Table 5—Volume recovery and grade yield of low-quality yellow-poplar logs. 

Log  
no. 

Volume (footage)  Recovery (%)  Board grade yield (%) 

Board Cant Debarked High 1C 2C 3C BG  Total Board  High 1C 2C 3C BG 
1134 116 44.08 243.36 23 70 23 0 0  65.8 47.7  19.8 60.3 19.8 0 0 
1167 100 30.20 198.91 19 20 32 29 0  65.5 50.3  19.0 20.0 32.0 29.0 0 
1136 36 28.16 115.58 0 7 12 17 0  55.5 31.1  0 19.4 33.3 47.2 0 
1131 66 34.01 186.80 30 16 20 0 0  53.5 35.3  45.5 24.2 30.3 0 0 
1129 198 34.99 380.26 59 121 6 6 6  61.3 52.1  29.8 61.1 3.0 3.0 3.0 
1133 157 38.29 293.33 32 56 41 28 0  66.6 53.5  20.4 35.7 26.1 17.8 0 
1161 99 46.90 235.73 5 47 47 0 0  61.9 42.0  5.1 47.5 47.5 0 0 
1123 106 34.47 219.82 17 29 42 18 0  63.9 48.2  16.0 27.4 39.6 17.0 0 
1147 60 31.25 137.12 38 6 4 0 12  66.5 43.8  63.3 10.0 6.7 0 20.0 
1153 160 33.92 312.18 88 57 5 10 0  62.1 51.3  55.0 35.6 3.1 6.3 0 
1155 112 59.13 235.54 23 36 46 7 0  72.7 47.6  20.5 32.1 41.1 6.3 0 
1170 85 26.79 171.59 32 39 9 0 5  65.2 49.5  37.6 45.9 10.6 0 5.9 

 
Damping ratio vs. Ed/𝜁𝜁2 
 
In selecting high-quality logs, damping ratio and combined parameter Ed/𝜁𝜁 2 resulted in similar predictions 
with slight change in the ranking order and inclusion of log no. 1141 in Ed/𝜁𝜁 2 rating. This could be 
because the defects presented in high-quality logs were too small to have a significant influence on global 
modulus of elasticity of the logs. However, in rating low-quality logs, the predictions of damping ratio 
and combined parameter Ed/𝜁𝜁 2 were quite different as shown in Table 3. Three low-quality logs (no. 
1133, no. 1153, and no. 1170) by damping ratio rating were not present in Ed/𝜁𝜁 2 rating, whereas two low-
quality logs (no. 1147 and no. 1136) in Ed/𝜁𝜁 2 rating were not picked up by damping ratio. The sawing 
results indicated that logs no. 1147 and no. 1136, rated low quality by Ed/𝜁𝜁 2, yielded a relatively large 
proportion of low-grade boards (20% BG for log no. 1147, 47.2% 3 Common for log no. 1136). 
Particularly for log no. 1147, which had the lowest acoustic velocity of 2.91 km/s (1.8 miles/s) and the 
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largest proportion of BG boards among all the logs, defects significantly decreased the stiffness (E) and 
thus, this log was effectively rated as the second worse log. However, log no. 1147 was not picked up by 
damping ratio. Similarly for log no. 1136, the defects that resulted in 47.2% 3 Common boards had a 
significant impact on stiffness (E) and therefore was picked up by Ed/𝜁𝜁 2 rating but not by damping ratio. 
 
For three logs (no. 1153, no. 1170, and no. 1133) rated low quality by damping ratio, two of them (no. 
1133 and no. 1170) were dominated by 1 Common and 2 Common boards (79.6% and 56.5%, 
respectively) and should be considered intermediate quality logs, and one log (no. 1153) was dominated 
by high grade and 1 Common boards (90.6%) and should be considered a high-quality log. 
 
Tables 6 and 7 list the logs that were rated as high quality and low quality, respectively, using four 
different predictors and the frequency of positive ratings. The more positive ratings, the higher the 
probability of the log being rated accurately. However, it should be noted that the logs with lower rating 
frequency still have a probability of being rated accurately. Overall, rating of low-quality logs was more 
accurate than rating of high-quality logs. 
 
Table 6—Frequency of positive ratings for high-quality logs using four predictors 

 Logs rated as high quality 
Log no. 1137  1138  1128  1154  1126  1169  1140  1153  1141  
Frequency of positive rating 4/4 4/4 2/4 2/4 2/4 2/4 2/4 1/4 1/4 

 
Table 7—Frequency of positive ratings for low-quality logs using four predictors 

  Logs rated as low quality 
Log no. 1134 1131 1161 1129 1167 1136 1133 1155 1147 1153 1170 1123 
Frequency of  
positive rating 4/4 4/4 4/4 4/4 4/4 3/4 3/4 2/4 2/4 1/4 1/4 1/4 

 
Abnormal cases 
 
Logs no. 1140 and no. 1141 are abnormal cases in which the sawing results showed very low recovery 
(26.5%) and poor grade yields (1, 2, and 3 Common) but all acoustic predictors failed in prediction. In 
fact, two frequency-domain parameters (damping ratio and Ed/𝜁𝜁 2) mistakenly rated these two logs as high 
quality. From visual examination and laser scan data, we found that these two logs were relatively small 
in diameter and had a significant amount of sweep or crook (Table 1). 
 
When logs with significant amounts of crook (an abrupt bend), sweep (log is bowed in one or more 
directions), or taper are sawn, more wood must be removed from the surface to establish a flat board face. 
This piece of wood from each log face is called a slab. Log no. 1140 had 7.3-cm (2.89-in.) of crook along 
the red–blue axis (man-made mark for sawing). Log no. 1141 had 4.5-cm (1.79-in.) of sweep primarily 
along the red–blue axis, but the bow also twisted around the log toward the black face on the large end. 
To true up the logs, the slabs had to be cut thicker than usual with 10.5-cm- (4.125-in.-) and 10.8-cm- 
(4.25-in.-) thick slabs sawn from log no. 1140. Slab thicknesses on log no. 1140 were 8.6, 9.8, and 6.7 cm 
(3.375, 3.875, and 2.625 in.) on the black, blue, and red faces. A similar sawing operation occurred to log 
no. 1141. In short, these two logs had poor geometry. Significant sweep or taper always significantly 
decreases the volume of lumber recovered. However, the impact is much more severe on small-diameter 
logs. Apparently, no acoustic parameters were able to detect logs of poor geometry. 
 
Comparison of acoustic sorting and log scanning results 
 
Table 8 lists the logs that belong to the high- and low-quality acoustic sorts. High-resolution scanning can 
sense visible features such as bumps, holes, log shape, and size. These observations are based on precise 
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and exact measurements from the laser system. For each log scanned, the number of severe or degrade 
defects encountered on that log are listed, along with a brief summary, characterizing the defects present. 
A degrade defect is a defect of a type and/or size that will impact the grade of the log. 
 

Table 8—Defect detection results by high- and low-quality log sorts 
Quality 
sort 

 Log 
number 

Log 
grade 

Severe defect 
count Defect summary 

Low  1134 F2 0 Medium bark distortions 
Low  1131 F3 14 Multiple wounds and knots 
Low  1161 F3 7 Overgrown, unsound, and sawn knots 
Low  1129 F2 1 Large overgrown crack–seam 
Low  1167 F2 1 Overgrown knot 
Low  1136 F3 5 Overgrown knots 
Low  1133 F1 0 Several small adventitious clusters 
Low  1155 F2 3 Unsound knots and an overgrown knot 
Low  1147 F2 6 Wound and five overgrown knots 
Low  1170 F1 1 Sawn knot 
Low  1123 BG 4 Sawn knot and three overgrown knots 
Average   2.27 3.82   
High  1137 F1 0 Clear 
High  1138 F2 1 Large wound 
High  1128 F1 0 Clear 
High  1154 F2 3 Large overgrown knots 
High  1126 F2 2 Large wound and a large gouge 
High  1169 F1 1 Small wound 
High  1140 F2 5 Overgrown knots 
High  1153 F1 0 Clear 
High  1141 F3 5 Overgrown and unsound knots 
Average   1.78 1.89   

 
For each log scanned, the Forest Service log grade was determined using the RAYSAW sawing analysis 
program (Thomas 2013). Within the Forest Service grading rules, the highest grade or high-quality 
sawlog is Factory 1 or F1. Factory 2 or F2 is the middle quality level and Factory 3 or F3 is the lowest 
quality level for sawlogs. As log grade or quality decreases, the number of degrade defects increase and 
the lengths of the clear areas between defects decrease. If enough defects are present, or the extent of 
crook or sweep is severe enough, the log will fail to meet the lowest grade, F3. If this happens, the log is 
graded as BG. 
 
Assigning numeric values to the log grades (where 1 = F1, 2 = F2, 3 = F3, and 4 = BG) allows us to 
determine an average log grade within each acoustic quality sort. For the low-grade logs, the average 
grade is 2.27, or slightly lower than Factory 2. For the high-grade logs, the average grade is 1.78, or 
slightly better than Factory 2. Thus, with our small sample, there is little difference between the visual log 
grades of the high- and low-quality sorts. Similarly, there is little difference in the number of severe or 
degrade defects encountered between the samples. Therefore, it is not evident that developing a 
correlation between log grade or severe defects and acoustic assessment will yield a distinct advantage in 
sorting or processing capabilities. 
 
Although it is difficult to correlate results from one scanning system to another, the complementary nature 
of the two systems negate this need. In Table 8, we see that two logs, no. 1133 and no. 1170, in the low-
quality acoustic sort were graded as Factory 1, a high-quality visual grade. Examining the grade yield for 
these two logs (Table 5), we see that the lumber produced was much lower quality than one would expect 
for a high-grade sawlog. This indicates the presence of one or more internal defects that significantly 
impacted recovery. For the medium-quality (Factory 2) logs (no. 1129, 1134, 1147, 1155, and 1167) in 

442



the low-quality acoustic sort, most logs had lumber yields consistent with low-quality logs (Table 5), 
which was less than would be expected from a Factory 2 log. The one exception was no. 1147, which had 
a lumber grade yield that would be expected of a Factory 1 log. We have no explanation for this anomaly. 
For the high-quality acoustic log sort, lumber grade yields (Table 4) were what would be expected of 
high-quality sawlogs, with two exceptions, logs no. 1140 and no. 1141. These two logs had significant 
crook and sweep that drastically decreased their yields. They were also smaller logs for which any fault, 
shape, or surface defect caused a greater yield decrease. 
 
Conclusions 
 
Acoustic velocity, time centroid, damping ratio, as well as the combined time and frequency domain 
parameters are all effective quality predictors of hardwood logs in terms of internal soundness. Acoustic 
parameters combined with high-resolution laser scanning results provide a more complete data picture of 
the log: size, shape, surface defects, and degree of soundness. A high-quality acoustic assessment coupled 
with low visual grade indicates a sound log, but the lumber will either have significant numbers of knots 
or recovery will be low because of poor log shape. In contrast, a high visual grade coupled with a low-
quality acoustic sort indicates a log with hidden deficiencies that will decrease lumber value and volume. 
Thus, a combined system would be able to discriminate much more exactly with respect to log quality and 
potential lumber recovery than either method independently. 
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Abstract 
 
The quality of hardwood logs varies widely within species, harvest site, and even the same tree. Internal decay, 
holes, knots and other growth defects on logs reduce the grade and yield of the resulting boards and cause a 
substantial monetary loss to timber buyers and wood manufacturers. Early detection of internal defects in 
hardwood logs could provide significant benefits to wood industry in terms of making accurate quality 
assessment and volume estimates and optimal utilization of the hardwood resource. In this study, we explored 
the potential of acoustic impact testing as a nondestructive evaluation procedure to assess the soundness of 
hardwood logs in terms of internal rot, void and defect ratio. Fifteen hardwood logs including black cherry, 
white oak, red oak and cottonwood were obtained and subjected to acoustic impact testing. The logs were 
subsequently dissected for visual examination and physical mapping of the internal defects. The response 
signals were analyzed using a modern signal processing method, continuous wavelet transform, to derive first 
and second order damping ratio. Our results indicated that acoustic velocity had a negative relationship with 
defect ratio in general, but lacked sensitivity to small defects and were affected by species. Wavelet based 
damping ratio was found to have a close linear relationship with log defect ratio. Comparing with the first 
order damping ratio, the second order damping ratio had a better predicting power and was not affected by 
type and location of defects and log species.  
 
Keywords: Acoustic velocity, damping ratio, defect ratio, hardwood log, wavelet transform, wood quality 
 
 
Introduction 
 
The quality of hardwood logs varies widely within species, harvest site, and even the same tree. Decay, holes, 
knots, wounds, and other growth defects on logs reduce the strength and appearance of any resulting products 
and thus reduce the value of the log and its products (Carpenter et al. 1989). The location, type, and size of 
these defects on hardwood logs dictate the potential grade and value of the resulting boards. Researches have 
shown that the value of hardwood lumber can be improved as much as 10%-21% if internal defect information 
in hardwood logs such as location, type, size, and shape is used efficiently during the sawing process (Steele 
et al. 1994; Thomas 2010). Thus, early detection of internal defects in hardwood logs could provide significant 
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benefits to wood industry in terms of making accurate quality assessment and volume estimates and optimal 
utilization of the hardwood resource.  
 
Over the past decades, several nondestructive imaging techniques were investigated for detecting internal 
defect in logs, including X-ray, CT (computed tomography), and NMR (nuclear magnetic resonance) (Chang 
1992; Sarigul et al. 2003). These imaging technologies can provide high quality cross section images of a log 
with sufficient details, but are not cost effective for most hardwood mills, and too slow to be considered 
suitable for on-line implementation (Wagner et al. 1989; Chang 1992; Guddanti and Chang 1998; Li et al. 
1996; Bhandarker et al. 1999). As an alternative method, laser scanning has been investigated to detect surface 
defects regarded as degrade defects by the visual grading rules. In addition, models were developed to predict 
internal defects based on external features (Thomas 2008, 2009). However, a system based entirely on log 
surface inspection may incorrectly predict internal quality. Some defects give the appearance of being solid or 
sound and effectively hide an unsound or rotten area, thereby reduce the accuracy of predicted internal 
product quality and value.  
 
Acoustic technologies have been well established as material evaluation tools in the past several decades and 
are becoming widely accepted in the forest products industry for online quality control and products grading. 
For example, acoustic velocity as a nondestructive measure has been proved to be related to the basic wood 
and fiber properties such as stiffness, density, micro-fibril angle (Carter et al. 2005; Wang et al. 2007; Wang 
2013). It has also been recognized as a predicting parameter for wood deterioration caused by any wood decay 
mechanism (Pellerin et al. 1985). But most of the predictive parameters, including acoustic velocity, 
transmission time, attenuation, etc., are derived from time or frequency domain analysis of the acoustic signals, 
and they offer limited information regarding internal quality features. The objective of this study was to 
further explore the information within the acoustic signals of hardwood logs using the modern signal 
processing technique—continuous wavelet transform (CWT) and identify new signal features for assessing 
the internal soundness of hardwood logs.  
 
 
Background 
 
Damping is one of the important dynamic characteristics of a material that affect its dynamic responses and 
influence the mechanical performance of the material. Damping ratio provides a mathematical means of 
expressing the level of damping in a material relative to its critical damping. Damping ratio is usually used in 
dynamic analysis to reflect the inherent capacity of dissipating dynamic forces imposed in a material.  
 
Continuous wavelet transform (CWT) has been widely used in modal parameter identification and damage 
detection of structures in recent decades because of its good time-frequency localization features and 
capability of decoupling vibration modes of multiple-degree-of-freedom system (Staszewski 1997; Slavic et al. 
2003; Teng et al. 2009). Pawlus et al. (2012) applied wavelet-based methodology to vehicle collision with a 
pole for estimating vehicle modal parameters and reported that the method was capable of identifying the 
frequency components of the recorded crash pulses and estimating the damping ratio. However, to improve 
the accuracy of estimated vehicle modal parameters, a complete scalogram of the crash pulse should be 
analyzed. Le and Paultre (2013) approximately identified damping ratio of the simulated responses and 
recorded data from a real structure based on the CWT and the singular value decomposition algorithm. They 
also indicated that there existed some discrepancies in the damping estimation in the lower modes, in 
comparison with other operational modal analysis techniques. Uhl and Klepka (2005) confirmed that the 
wavelet transform was a useful tool to support the identification process of non-stationary systems, and can 
significantly reduce the computation time of modal parameters due to the use of analytical formulas for 
damping ratio and natural frequencies and facilitated hardware implementation of the algorithm. 
Ülker-Kaustell and Karoumi (2011) applied CWT to study the amplitude dependency of the natural frequency 
and equivalent viscous modal damping ratio of the first vertical bending mode for a ballasted, single spanned 
concrete-steel composite railway bridge. The results have implications on the choice of damping ratios for 
theoretical studies aiming at upgrading existing bridges and in the design of new bridges for high speed trains.  
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Materials and Methods 
 
Hardwood Log Specimens 
 
Fifteen hardwood logs of mixed species were obtained from a local wood company in Madison, Wisconsin for 
this study. The log specimens included two black cherry, five white oak, six red oak, and two cottonwood. 
These logs were selected from company’s log stocks based on visual appearances so that they included both 
sound and unsound logs. The unsound logs had a range of defects (voids, cracks, ring shake, internal rot, etc.) 
and were in different deterioration levels. Upon delivery to the laboratory, the logs were placed on the ground 
inside the building (Figure 1). Each log was assigned a log number and the basic dimensions were measured. 
Table 1 shows the species information and dimensions of the logs. 
 
Experimental Procedures 
 
All logs were first subject to acoustic impact tests in longitudinal directions. A laboratory impact testing 
system was used to obtain and record the response signals from each log following a mechanical impact. 
Figure 2 shows the schematic diagram of the acoustic impact testing system. Two sensor probes (Fakopp 
Microsecond Meter sensors, Fakopp Enterprise) were inserted into the opposing ends of each log (close to the 
center), one on each end. The impact acoustic waves were generated through a hammer impact at one end. 
The response signals were recorded through a data acquisition card (NI 5132) connected to the laptop, with a 
sampling frequency of 20 kHz.  
 
 

     

NI sampling 
card

Sample log

Fakopp sensor probe Fakopp sensor probe

Hammer

Laptop

 
Figure 1—Hardwood log samples used in the study. 
                                         

Figure 2—Schematic diagram of acoustic impact testing 
on a log 

Table 1—Physical characteristics of the hardwood logs. 

Log  
No. Species 

 Length 
(cm) 

Diameter (D) (cm) MC 
(%) 

Defect 
ratio 
(%) 

 DL DS Average 
 DL DS 

FPL 1 Black cherry  243.8 45.40 39.05 38.00 38.10 42.23 38.05 48.4 0 
FPL 2 Red oak  253.9 53.98 53.34 40.64 38.74 53.66 39.69 39.7 28.6 
FPL 3 White oak  262.1 38.58 38.10 38.42 28.58 38.34 33.50 80.8 14.6 
FPL 4 Red oak  249.0 34.13 25.56 23.18 20.64 29.85 21.91 61.6 3.3 
FPL 5 Black cherry  262.1 48.58 43.18 44.29 38.56 45.88 41.43 58.3 4.6 
FPL 6 White oak  248.1 38.10 35.88 33.02 33.02 36.99 33.02 31.3 31.7 
FPL 7 Red oak  267.0 61.91 59.21 51.75 51.44 60.56 51.59 75.9 6.4 
FPL 8 Cottonwood  260.0 36.20 35.56 35.72 35.56 35.88 35.64 95.6 0 
FPL 9 Red oak  253.0 51.44 45.72 43.50 40.96 48.58 42.23 86.0 15.1 
FPL 10 White oak  246.0 30.96 30.64 26.04 23.81 30.80 24.92 52.5 13.5 
FPL 11 White oak  255.1 55.72 50.80 38.10 37.78 53.26 37.94 77.4 20.3 
FPL 12 White oak  234.1 38.89 35.56 31.12 30.48 37.23 30.80 46.6 5.4 
FPL 13 Cottonwood  243.8 33.02 31.43 31.43 28.10 32.23 29.77 76.8 8.0 
FPL 14 Red oak  259.1 38.42 38.10 35.88 35.56 38.26 35.72 68.8 10.0 
FPL 15 Red oak  264.0 43.97 39.21 45.50 43.50 41.59 44.50 70.3 3.7 
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Following impact test, a series of stress wave transmission tests were conducted on each log in radial direction, 
starting from the cross section 30-cm from the large end, then at cross sections with a 30-cm increment 
throughout the entire length of each log. This test was mainly to provide a detailed nondestructive assessment 
of the physical conditions of each log which was later used to determine the dissecting locations for each log 
to reveal the major internal defects.  
 
Upon completion of the nondestructive tests, each log was dissected at locations where internal defect was 
either started or stopped based on the mapping of stress wave transmission time in each log. Figure 3 shows 
the dissected log sections revealing internal defects. Visual inspection and physical measurements were 
conducted at each opened cross-section to determine the locations and sizes of the defects. A high-resolution 
digital image was subsequently obtained for each cross-section to document the internal conditions at specific 
locations. Based on the physical measurements, a ground-truth defect map was created for each log and total 
volume of the defected area was estimated. The defect ratio of each log was subsequently determined by 
dividing the volume of defect area by the total log volume.  
 
To determine the moisture levels of the logs, we cut one to two 5-cm-thick discs from each log. The moisture 
contents (MC) of each disk was determined in accordance with the ASTM Standard D4442-92 (ASTM 2003).  
 
Signal Processing and Analysis 
 
The acoustic signals of the logs were first processed using the fast Fourier transform (FFT) program to obtain 
the natural frequencies of each log. The acoustic velocity of each log was then determined using the following 
equation: 
                                  𝐶𝐶𝐿𝐿 = 2𝑓𝑓𝑛𝑛𝐿𝐿

𝑛𝑛
                                   (1) 

Where CL is longitudinal acoustic velocity (m/s), fn is the nth-order natural frequency (Hz) of the acoustic 
waves，L is log length. 
 
A modified Morlet wavelet was then used to perform continuous wavelet transform (CWT) of the response 
signals and compute the wavelet ridge by maximizing the modulus of wavelet skeleton at each time instant. 
The modified Morlet used is defined as 
                            𝜑𝜑(𝑡𝑡) = 1

�𝜋𝜋𝑓𝑓𝑏𝑏
𝑒𝑒𝑗𝑗2𝜋𝜋𝑓𝑓𝑐𝑐𝑡𝑡𝑒𝑒−𝑡𝑡2 𝑓𝑓𝑏𝑏⁄                           (2) 

 
Where fb is the wavelet bandwidth parameter, fc is wavelet center frequency. The center frequency fc of the 
Morlet wavelet is approximately bounded by 2𝜋𝜋𝑓𝑓𝑐𝑐 ≥ 5 in order to fulfill the condition of admissibility 
(Kronland-martinet et al. 1987). 
 
Following the CWT calculation, the instantaneous frequency and damping ratio of the response signals were 
estimated according to the wavelet ridge and skeleton. 
 

 
Figure 3—Dissected log sections revealing internal defects. 

449



Results and Discussion 
 
Physical Characteristics of Hardwood Logs  
 
The moisture content of the logs ranged from 31.3 to 95.6% based on the MC disk measurements (Table 1). 
All logs were well above the fiber saturation point (30% MC) except log FPL no.6 (white oak) having a MC 
of 31.1%. Therefore the logs tested were considered in green condition at the time of testing and the acoustic 
parameters discussed in this paper are treated as “green log” parameters. 
 
The fifteen hardwood logs were in a wide range of conditions in terms of internal defects and soundness. 
Based on the ground-truth defect maps created by dissecting at multiple locations and measuring the defected 
areas on each cross-section, the estimated defect ratio (k) of the logs ranged from 0 to 31% (Table 1). Two 
logs (no.1 and no.8) were solid logs with no defects (k=0); three logs (no.4, no.5, and no.15) had minor 
defects (k<5%); three logs (no.7, no.12, no.13) had moderate defects (k=5-10%); four logs (no.3, no.9, no.10, 
and no.14) had significant defects (k=10-20%); and three logs (no. 2, no.6, and no.11) had the most severe 
defects (k>20%).  
 
Relationships between Defect Ratio and Acoustic Velocity  
 
Table 2 shows the various acoustic measures of the response signals. Acoustic velocity of the mixed species 
logs ranged from 2047 to 3317 m/s with a coefficient of variation of 14.3%. If we divided logs into five 
classes based on the defect ratios, we then observed the average log velocity of each class as follows: 
 

Class 1 (k=0):    V=3,284 m/s 
Class 2 (k<5%):    V=3,118 m/s 
Class 3 (5%<k<10%):   V=2,656 m/s 
Class 4 (k=10-20%):   V=2,557 m/s 
Class 5 (k>20%):    V=2,266 m/s 

 
The small sample size of the logs in each class does not lend to a meaningful statistical comparison among 
classes, but the decreasing trend of acoustic velocity with increasing defect ratio is obvious. Figure 4a shows 
the data plot of log defect ratio and log acoustic velocity for all fifteen hardwood logs we tested. The 
relationship between defect ratio and log velocity can be best described by a polynomial regression model,  
 

k (%) = 167.04 - 0.0945V + 10-5 V2  (R2=0.75)                        (3) 
 
 
Table 2—Acoustic measures of the response signals received from the hardwood logs. 

Log  
No. Species ID 

Velocity 
V 
(m/s) 

Scale 
s1 

1st order 
freq. a 
f1 (Hz) 

Damping ratio (ζ1) Scale 
s2 

2nd order 
freq. b 
 f2 (Hz) 

Damping ratio (ζ2) 

Original Revised Original Revised 

FPL 1 Black cherry 3250 143 699.3 0.0187 0.0187 74 1351.4 0.0279 0.0279 
FPL 2 Red oak 2047 250 400.0 0.0324 0.0990 117 854.7 0.0365 0.0911 
FPL 3 White oak 2697 193 518.1 0.0346 0.0630 96 1041.7 0.0341 0.0574 
FPL 4 Red oak 3273 137 729.9 0.0385 0.0353 76 1315.8 0.0252 0.0266 
FPL 5 Black cherry 3000 175 571.4 0.0199 0.0298 89 1123.6 0.0251 0.0363 
FPL 6 White oak 2290 218 458.7 0.0232 0.0539 115 869.6 0.0360 0.0869 
FPL 7 Red oak 2600 204 490.2 0.0207 0.0420 100 1000.0 0.0255 0.0466 
FPL 8 Cottonwood 3317 150 666.7 0.0187 0.0206 74 1351.4 0.0272 0.0272 
FPL 9 Red oak 2320 217 460.8 0.0214 0.0493 114 877.2 0.0269 0.0638 
FPL 10 White oak 2790 173 578.0 0.0332 0.0486 89 1123.6 0.0340 0.0492 
FPL 11 White oak 2460 208 480.8 0.0208 0.0440 106 943.4 0.0299 0.0614 
FPL 12 White oak 2667 168 595.2 0.0258 0.0356 87 1149.4 0.0268 0.0370 
FPL 13 Cottonwood 2700 151 662.3 0.0329 0.0367 83 1204.8 0.0344 0.0433 
FPL 14 Red oak 2420 210 476.2 0.0198 0.0427 111 900.9 0.0188 0.0423 
FPL 15 Red oak 3080 167 598.8  0.0261  0.0356 86 1162.8  0.0251  0.0339 
a,b 𝑓𝑓𝑖𝑖 = 𝑓𝑓𝑐𝑐×𝑓𝑓𝑠𝑠

𝑠𝑠𝑖𝑖
,  fc is the central frequency of complex Morlet wavelet, fs is the sampling frequency, si and fi are scale and its corresponding  

frequency of wavelet transform respectively. 
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a) Mixed species                                b) Red oak 

Figure 4—Relationships between log defect ratio and log acoustic velocity of hardwood logs. 
 
Disregard the species and MC effect, it appeared that in general, as log velocity dropped below 3,000 m/s, the 
severity of the internal decay increased in a much higher rate as log velocity continuously decreased.  
 
Among the four hardwood species in the log specimens, red oak had the largest sample size—6 logs. When 
red oak logs were examined alone, we observed a similar decreasing trend of acoustic velocity with increasing 
defect ratio (Figure 4b), except mathematically a power model best fit to the data (R2=0.96). It appeared that 
species did have an effect on the defect ratio and acoustic velocity relationships.  
 
Estimation of Damping Ratio 
 
Figure 5 illustrates the procedures for estimating another important acoustic measure, damping ratio, of the 
hardwood logs. Using FPL no 1 log as an example, Figure 5a shows the response signal of the log; the wavelet 
moduli were obtained through continuous wavelet transform using a complex Morlet wavelet function and are 
shown in Figure 5b in the form of two-dimensional contour map and in Figure 5c in the form of 
three-dimensional contour map. The wavelet ridge and skeleton were then calculated from the wavelet 
modulus and are shown in Figure 5b marked in redline and in Figure 5c marked as black line. Figure 5e, and 
5g show the instantaneous frequency and damping ratio of the response signals of the log. The instantaneous 
frequencies obtained were instantaneous natural frequency and the second-order harmonic frequency and the 
damping ratios were also referred to both the first mode and second mode.  
 
As shown in Figure 5e, the case of a high quality log with no defects, the instantaneous frequency did not vary 
much within the finite duration of the response signal, implying that the reflection and refraction of  
acoustic waves that are typically associated with internal defects did not exist. As a result, the frequency 
conversion phenomena did not occur, and the estimated damping ratio deduced from the instantaneous 
frequency did not vary significantly. However, in the case of low quality logs with internal defects, variation 
of damping ratio was evident. For ease of use, a high order polynomial fitting was performed on damping 
ratio data and the fitting curve (marked as “red”) is also shown in Figure 5e. The estimated damping ratios for 
all hardwood logs are summarized in Table 2. To reduce the effect of frequency (scale) difference on damping 
ratio, the adjusted damping ratio was calculated as follows: 

ζ𝑖𝑖
𝑗𝑗 =

�𝑠𝑠𝑖𝑖
𝑗𝑗�
2

�𝑠𝑠𝑖𝑖
1�2

× 𝜁𝜁𝑖𝑖1,        𝑖𝑖 = 1,2; 𝑗𝑗 = 1,2,⋯ ,15.                            (4) 

Where 𝑠𝑠𝑖𝑖
𝑗𝑗 and ζ𝑖𝑖

𝑗𝑗 denote the scale and damping ratio of the ith order mode shape from the jth sample log. Revised 
damping ratio also listed in the Table 2. 

y = 1E-05x2 - 0.0945x + 167.04
R² = 0.7481
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Figure 5— Illustration of procedures for estimating damping ratio of acoustic signals (log FPL no.1). a) Time history of 
the acoustic signal; b) time-scale distribution of wavelet modulus and wavelet ridge (red line) of the acoustic signal 
obtained through CWT; c) time-scale distribution of wavelet modulus and wavelet skeleton (black line); d) fundamental 
frequency component of the acoustic signal and its skeleton (red dash line); e) instantaneous frequency (scale), damping 
ratio and fitted damping ratio curve based on fundamental frequency component of the signal; f) second-order harmonic 
component of acoustic signal and its skeleton (red dash-line); f) instantaneous frequency (scale), damping ratio, and fitted 
damping ratio curve based on the 2nd-order harmonic component of the signal.  
 
Relationships between Defect Ratio and the First-Order Damping Ratio 
 
Figure 6 shows the data plot of defect ratio and first-order damping ratio of the hardwood logs. Regression 
analysis showed a moderate linear relationship (R2=0.65), with two seemly outliers (logs no. 6 and no.11).   
Examining the dissected cross-sections of these two logs, we found that they both contained a big single void 
that extended very deep, resulting in a defect ratio of 20.3% (no.11) and 31.7% (no.6) respectively. The voids 
in these logs were concentrated in the heartwood while the sapwood were left relatively intact. Although the 
acoustic velocity in these two logs had been reduced significantly as a result of the center rot, the acoustic 
energy had still been effectively transferred through the solid sapwood path and the energy dissipation due to 
the center void was much less than we would expect for a log with such a high defect ratio. As a result, the 
corresponding damping ratios were smaller than we expected from logs with such high defect ratios. Another 
factor that might have influenced the damping ratio is log moisture content. In Figure 6, log no.6 exhibited the 
largest deviation of damping ratio from the linear regression model. It turned out the log no. had the lowest 
moisture content (31.3%) among all the hardwood logs tested. The drier wood of log no.6 could have 
contributed to the low damping ratio value we observed.  
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Figure 6—Relationship between defect ratio and the 
first-order damping ratio of the hardwood logs. 

Figure 7—Relationship between defect ratio and the 
second-order damping ratio of the hardwood logs. 

 
 
Based on the observed relationship between defect ratio and first-order damping ratio and the above analysis, 
it can be concluded that the first-order damping ratio not only depends on the size and volume of defects, but 
also related to the type of defects, wood MC, and how defects are distributed within a log.  
 
Relationships between Defect Ratio and the Second-Order Damping Ratio 
 
Similar to analysis of the first-order damping ratio, a linear regression analysis was also performed between the 
second-order damping ratio and log defect ratio. The results showed that the second-order damping ratio had an 
excellent linear relationship with the log defect ratio (R2 = 0.95) (Figure 7). Comparing to the first-order damping 
ratio, the second-order damping ratio appeared not affected by the types of defects and how were they distributed in 
a log, but only relevant to the extent of the damage. Therefore, the second-order damping ratio of the response 
signal can characterize the defect condition of hardwood logs more accurately than the first-order damping ratio. 
Comparing to the acoustic velocity of a log, second-order damping ratio predicted the degree of damage in a log 
more accurately, and was not influenced by species.  
 
 
Conclusion 
 
In this study, we investigated the potential of an acoustic impact testing method for evaluating the soundness 
of hardwood logs. In addition to analyzing the log acoustic velocity as a predictor of defect ratio, a continuous 
wavelet transform (CWT) based method was used to determine the damping ratios of the first and second 
natural frequencies and their relationships with the extent of internal damage in a log. Based on the results and 
analysis, we drew the following conclusions:  
 

1. Acoustic velocity measured in hardwood logs are negatively affected by the internal defects of the 
logs. Log acoustic velocity generally decreased with increasing severity of internal defects. When log 
velocity dropped below a critical value, the severity of internal decay increased at a much higher rate 
as log velocity continuously decreased. This critical velocity value can be different for different 
species, but 3,000 m/s can be used as a threshold for logs of mixed species.  
 

2. Damping ratios of the natural frequencies are good indicators of hardwood log quality in terms of 
predicting the defect ratio. The first-order damping ratio not only depends on the extent of defects, but 
also related to the type of defects, wood MC, and how defects are distributed within a log. 

 
3. Comparing to the first-order damping ratio, the second-order damping ratio appeared not affected by the 

types of defects and how were they distributed in a log, but only relevant to the extent of the damage. 
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Therefore, the second-order damping ratio of the response signal can characterize the defect condition of 
hardwood logs more accurately than the first-order damping ratio.  

 
4. Comparing to the acoustic velocity, second-order damping ratio predicted the degree of damage of a log 

more accurately, and was not influenced by species.  
 
The hardwood logs examined in this study contained a wide range of deterioration levels which were 
difficulty to quantify with precision. The response signals from impact testing of the logs were complex and 
variable. Although the results and analysis indicated a very good potential of using the impact testing method, 
coupled with advanced signal analysis, to predict the existence and extent of internal defects in hardwood logs, 
large scale experiments with commercial-size logs need to be carried out in future to test the feasibility and 
applicability of the technique in production lines.  
 
 
Acknowledgement 
 
This project was conducted through research collaborations between the USDA Forest Service Forest Products 
Laboratory (FPL), Natural Resources Research Institute of University of Minnesota Duluth, and Nanjing 
Forestry University (NFU) in Nanjing, China. Feng Xu’s research visit at FPL was supported by a project 
funded by the Priority Academic Program Development (PAPD) of Jiangsu Higher Education Institutions and 
the NFU Innovation Grant for Outstanding PhD Dissertations (Gant No. 163070682). 
 
 
Reference 
 
ASTM 2003. Standard test methods for direct moisture content measurement of wood and wood-base 
materials. ASTM D4442-92. America Society for Testing and Materials. Philadelphia, PA. 
 
Bhandarkar S, Faust T, Tang M. 1999. Catalog: a system for detection and rendering of internal log defects 
using computer tomography. Machine Vision and Applications 11(4): 171-190. 
 
Carpenter RD，Sonderman DL，Rast ED. 1989. Defects in hardwood timber. Agricultural Handbook, No. 678. 
Washington, DC: U.S. Department of Agriculture, Forest Service. 88 p. 
 
Carter P, Briggs D, Ross RJ, Wang X. 2005. Acoustic testing to enhance western forest values and meet 
customer wood quality needs. PNW-GTR-642. USDA Forest Service, Pacific Northwest Research Station, 
Portland, OR. p 121-129. 
 
Chang S. 1992. External and internal defect detection to optimize cutting of hardwood logs and lumber. 
Transferring Technologies for Industry No. 3. Beltsville, MD: U.S. Department of Agriculture, National 
Agriculture Library. 24 p.  
 
Guddanti S, Chang S. 1998. Replicating sawmill sawing with topsaw using CT images of a full length 
hardwood log. Forest Products Journal 48(1): 72-75. 
 
Kronland-martinet R, Morlet J, Grossmann A. 1987. Analysis of sound patterns through wavelet transforms. 
International Journal of Pattern Recognition and Artificial Intelligence 1(2): 273-302.  
 
Le TP, Paultre P. 2013. Modal identification based on the time-frequency domain decomposition of 
unknown-input dynamic tests. International Journal of Mechanical Sciences 71: 41-50. 
 
Li P, Abbott A, Schmoldt D. 1996. Automated analysis of CT images for the inspection of hardwood log. In: 
Proceedings IEEE Conference on Neural Networks. Washington, DC. 3:1744-1749. 
 

454



Pawlus W, Karimi HR, Robbersmyr KG. 2012. Multiresolution wavelet-based approach to identification of 
modal parameters of a vehicle full-scale crash test. 2012 IEEE International Symposium on Intelligent Control 
(ISIC) Part of 2012 IEEE Multi-conference on Systems and Control, October 3-5, 2012. Dubrovnik, 
Croatia.1172-1177. 
 
Pellerin, RF, DeGroot RC, Esenther GR. 1985. Nondestructive stress wave measurements of decay and 
termite attack in experimental wood units. In: Proceedings, 5th International Symposium on Nondestructive 
Testing of Wood, September 9-11, 1985, Pullman, WA. Washington State University. p 319-353. 
 
Sarigul E, Abbott A, Schmoldt DL. 2003. Rule driven defect detection in CT images of hardwood logs. In: 
International Conference on Image Processing and Scanning of Wood, August 21, 2000, Mountain Lake, 
Virginia. pp. 37-49. 
 
Slavič J, Simonovski I, Boltežar M. 2003. Damping identification using a continuous wavelet transform: 
application to real data, Journal of sound and Vibration 262:291-307. 
 
Staszewski WJ. 1997. Identification of damping in MDOF systems using time-scale decomposition. Journal of 
Sound and Vibration 203(2):283-305. 
 
Steele PH, Harless TEG, Wagner FG, Kumar L, Taylor FW. 1994. Increased lumber value from optimum 
orientation of internal defects with respect to sawing pattern in hardwood logs. Forest Products Journal 44(3): 
69-72. 
 
Teng J, Zhu Y, Zhou F, Li H, Ou J, Fu X, Gu L. 2009. Modal parameters identification of large-span spatial 
structures based on complex Morlet wavelet transform. Journal of Vibration and Shock 28(8): 25-29. 
 
Thomas, RE. 2008. Predicting internal yellow-poplar log defect features using surface indicators. Wood and 
Fiber Science 40(1): 14-22. 
  
Thomas RE. 2009. Modeling the relationships among internal defect features and external Appalachian 
hardwood log defect indicators. Silva Fenn. 43(3):447-456. 
 
Thomas RE. 2010. Validation of an internal hardwood log defect prediction model. In: Fei et al. eds. 
Proceedings of the17th Central Hardwood Forest Conference, April 5-7, 2010, Lexington, KY. Gen. Tech. Rep. 
NRS-P-78. Newtown Square, PA: U.S. Department of Agriculture, Forest Service, Northern Research Station: 
77-82. 
 
Uhl T, Klepka A. 2005. Application of wavelet transform to identification of modal parameters of 
nonstationary systems. Journal of Theoretical and Applied Mechanics 43(2): 277-296. 
 
Ülker-Kaustell M, Karoumi R. 2011. Application of the continuous wavelet transform on the free vibrations of 
a steel-concrete composite railway bridge. Engineering Structures 33: 911-919. 
 
Wagner F, Taylor F, Ladd D, McMillin C, Roder F. 1989. Ultrafast CT scanning of an oak log for internal 
defects. Forest Products Journal 39(11/12): 62-64. 
 
Wang X, Carter P, Ross RJ, Brashaw BK. 2007. Acoustic assessment of wood quality of raw forest materials – 
A path to increased profitability. Forest Products Journal 57(5): 6-14. 
 
Wang X. 2013. Acoustic measurements on trees and logs: a review and analysis. Wood Science and 
Technology 47:965-975. 
 
 

455



Nondestructive 3D Measurement of Roundwood for 
Volume and Quality Determination 
 
 
Udo H. Sauter  
Department of Forest Utilisation, Forest Research Institute, Baden-Wuerttemberg, Wonnhaldestr. 4, 
Freiburg, Germany, udo.sauter@forst.bwl.de 
 
Joerg Staudenmaier 
Department of Forest Utilisation, Forest Research Institute, Baden-Wuerttemberg, Wonnhaldestr. 4, 
Freiburg, Germany, Joerg.staudenmaier@forst.bwl.de 
 
Franka Bruechert 
Department of Forest Utilisation, Forest Research Institute, Baden-Wuerttemberg, Wonnhaldestr. 4, 
Freiburg, Germany, franka.bruechert@forst.bwl.de 
 
 
Abstract 
 
The importance of electronic roundwood measurement systems used in saw mills for accounting and 
optimizing purposes has increased continuously in the past decades. Today many softwood processing 
sawmills are equipped with 3D scanning systems. Based on the recorded high-resolution data, the outer 
shape of each single log can be described in detail. Volume and relevant log dimensions can be derived 
from this information, as well as certain quality parameters which are important key factors for further 
optimization of the break-down processes from logs to sawn timber. 
 
Keywords: Roundwood measurement, scaling, grading, log quality 
 
 
Introduction and background 
 
Today electronic three-dimensional (3D) roundwood measurement systems are mainly used in modern 
European softwood mills and represent the key technology for accounting and further optimization of the 
sawing process at mill gate. Measurements are focused on log dimensions, derived log volume as well as 
quality parameters related to the outer log shape, such as taper and sweep. Three-dimensional 
measurement units are nowadays based on laser scanners which are using the laser scattering (tracheid 
effect). State-of-the-art digital cameras catch the reflected laser light signals which are subsequently 
processed and transferred to complete 3D-log shapes with high resolutions. This kind of data basis for 
each log provides any needed surface information for further data processing. Praxis oriented algorithms 
can be applied for calculating log volumes or information on taper resp. sweep of the logs which gain 
importance for accounting purposes but also for optimizing the value output of high grade sawn products. 
This type of the 3D scanning technology is well established and can be seen as the base NDT technology 
in terms of reasonable investment costs. Any further demand on especially solid inner log structure 
information leads to x-ray based scanning devices whereas a combination of single static installed x-ray-
sources deliver first information of main structures but the high end solution is a real CT designed for 
industrial uses and standard log yard processing speeds. Only a CT for logs delivers sufficient 
information for precise sawing optimization in terms of lumber quality and value. 
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Nondestructive assessment by 3D measurement of roundwood 
 
3D scanning technology 
 
State-of-the-art 3D laser scanners at the mill gates are based on the projection of a laser ring and its 
detection by sensors, mostly high resolution digital cameras. The measurement principle is the so-called 
laser triangulation, whereas the laser light scatters on the log surface which makes it possible to identify 
the right position of the surface point. This type of surface measurement is possible for logs with bark as 
well as for debarked logs. The 3D scanners are static and the logs are travelling on the conveyer belt 
through the measurement unit up to a speed of 240 m/min. This provides additionally the log length and 
the continuous measurement enables measurements of short and long logs. The result is a high-resolution 
3D scan. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1—High resolution 3D-point cloud (Staudenmaier 2012) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2—Outliers and smoothening algorithm (Staudenmaier 2012) 

3D-point cloud 
• 360 points per cross-section 
• +/- 20 cross-sections per 

meter log length 

Example:  
slice no. 85, 
mean radius: 132,4 mm 
threshold: 2 %  2,648 mm 

red points = measured 
values, detected as 
outliers or errors 
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Data quality and data processing 
 
To obtain reliable results, a distinct pre-processing of the raw data is essential. Because of the natural 
rough log surface and due to the technical issues like unavoidable influences of parts of the conveyer belt, 
quite often expected data of a contour are missing or “false” data is observed. The rough log surface is 
caused by manipulation gear, de-barker knifes etc. which leads to ripped bark or ripped wood. The raw 
data survey shows often measured points as outliers which would cause misleading results. Therefore 
detected outliers (by introducing adapted thresholds) are exchanged by new computed surface values. The 
used algorithms are tested by their effect on aimed values. In any case, a thoroughly applied quality 
control has to be adapted before further calculations are made on that data basis. 
 
Log surface and diameters 
 
The log surface and its typical deviations from a strong regular geometrical form of a truncated cone 
plays the important role of all further going derivations like diameters needed as basis for volume 
calculations. The 3D-shape of a typical softwood log shows for example clearly identifiable branch 
whorls. But also irregular bark specifications or damages on the wood surface caused throughout the 
rough log manipulation are easily visible and detectable by 3D-scanning devices. That raises the question 
where to withdraw reliable contour measurements as basis for volume, taper and sweep calculation 
algorithms. The graphs in Figures 3 and 4 show exemplarily the problem for the “right” diameter 
measurement and the indirect influence of the surface parameters on the diameter measurements.  
 
 
Conclusions 
 
The presented details show clearly the high sensitivity of the aimed calculation results like volume or the 
quality parameter taper derived from 3D-laser scanner data. The detailed knowledge basis is necessary for 
the development of reliable algorithms for determining log volume and quality parameters as taper and 
sweep. On the basis of further research in that field the wide range of influences of log surface 
characteristics should be made transparent for a solid discussion of praxis solutions for the forest and 
wood industry branch. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3—Typical log surface including clearly visible branch whorls, indicated are 50 cm 
sections along the total log length 
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Figure 4—Taper depending on mid diameter of typical softwood logs and the influence of a 
moved mid diameter on the measured cross section area as basis of the volume calculation for 
accounting (Sauter and Staudenmaier, 2017) 
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Abstract 

An innovative new concept for structural use of small diameter logs is a solid wood I-beam produced 

from a single log.  We tested a set of 28 I-beams made from 15.25 cm diameter lodgepole pine (Pinus 

contorta) logs in bending to determine the MOE and MOR, to demonstrate the concepts and to determine 

if conventional stress design values for lodgepole pine logs could be applied. We also non-destructively 

assessed the MOE of individual logs prior to processing to determine if stress rating logs could predict 

final I-beam properties.  I-beam stiffness was reasonably-well correlated with the stiffness of the log it 

was produced from; suggesting that non-destructive evaluation of raw logs offers a method for sorting to 

select high strength components.  

Keywords: I-beam, small log utilization, non-destructive evaluation, timber construction, beetle killed 

pine 

 
Introduction 
Harvests to control pine beetle infestations in the Intermountain Western United States should increase 

the availability of small diameter logs that could be used for manufacturing building products.  An 

innovative new concept with potential for efficient use of this material is a solid wood I-beam produced 

from a single, small diameter log.  This structural product could serve as a locally produced substitute for 

glued laminated beams, window and door headers, components for pedestrian and short span road 

bridges, or other beam applications.  

 

Objectives 
The main objective of this study was to demonstrate and test the concept of manufacturing structural I-

beams from small diameter lodgepole pine (Pinus contorta) logs.  We tested a set of I-beams in bending 

to determine the modulus of elasticity (MOE) and modulus of rupture (MOR), in order to determine if 

conventional stress design values for lodgepole pine logs could be applied.  A second objective was to 

non-destructively assess the stiffness of individual logs prior to processing to determine if stress rating 

raw logs could be used to predict final I-beam properties and thus offer a procedure for selecting logs with 

the best potential for making I-beams. 

 

Background 
By using small diameter logs as structural components themselves, rather than sawing into dimension 

lumber, more complete utilization of the log is achieved.  This concept has been successfully 

demonstrated in several pavilions, kiosks, a library, and a pedestrian bridge (Green et al. 2005).   
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Non-destructive grading methods for determining allowable design stresses for small diameter 

roundwood in the United States have been developed (Green et al. 2006, Green et al. 2008, Green et al. 

2007).  These methods are based on the machine stress grading evaluation procedure, for which the 

stiffness of components is evaluated as a mechanically measurable predictor of suitability for end use.  

Mechanical grading systems also employ some form of visual “override,” a visual appraisal of specified 

characteristics that affect piece strength and stiffness, as well as limitations to end use performance such 

as warp and wane.  Because machine stress grading sorts lumber into grades using a mechanically 

measurable predictor, such as MOE, grades are less variable in the predictor compared to similar visual 

grades (Galligan and Snodgrass 1970).  When deflection criteria is the controlling limit to long span 

beams, preselecting logs with high stiffness characteristics to make structural components should be 

useful. 

 

Green et al. (2006) established the technical basis for mechanical grading 228 mm diameter logs. The 

material for that study was 236 logs of the Englemann spruce (Picea engelmannii)-alpine fir (Abies 

lasiocarpa)-lodgepole pine (Pinus contorta) species grouping (ES-AF-LP). The logs were cut from fire-

killed trees and were at a moisture content of about 15 to 17 percent at time of test. Bending tests were 

conducted on 169 logs and short column compression tests on 67 logs. The relationships between 

properties are the basis for the mechanical grading of structural lumber. For machine stress rated lumber 

bending strength is estimated from modulus of elasticity. The coefficient of determination (r
2
) between 

MOE determined by transverse vibration (Etv) and determined by static test in third-point bending (MOE) 

was 0.83 for these 923 cm diameter logs. The r
2 
value for the correlation between MOR and Ev, was 0.53, 

and that between MOR and MOE was 0.68. These correlations are similar to the results expected for 

softwood dimension lumber (Green and McDonald 1993) and thus confirmed the potential for mechanical 

grading these logs for structural applications. The 90 percent lower confidence limit on the MOE-MOR 

relationship excludes 5 percent of the data on the lower side of the regression, and provides the regression 

equivalent to the 5th percentile traditionally used to assign properties to visually graded lumber.  

 

Stepwise regression indicated that if MOE is measured, then addition of characteristics such as knot size 

and slope of grain provide only a marginal increase in the ability to predict MOR.  In the initial phase of 

the study (Green et al. 2004) the value between MOR and MOE increased from 0.61 to 0.67 with the 

addition of knot size (root mean square error increased from 4.46 MPa to 4.80 MPa).  It was 

recommended that MOE be the primary sorting criteria for the proposed grading system but that the 

maximum allowable knot size and slope of grain be limited to those allowed in No. 3 visual grade; knot 

size < 3/4 of the diameter and slopes < 1 in 6. Factors that might affect serviceability such as degree of 

roundness and warp were also set at the limits given for the No. 3 visual grade. 

  

Green et al. (2006) concluded the following from their research on mechanical grading of structural 

roundwood:  

• Property assignment procedures for visually graded logs using ASTM D 3957/D 245 [12] produce 

slightly conservative assignment of MOE values and quite conservative assignment of allowable 

bending and compression strengths parallel to grain.  

• A good correlation exists between static MOE in third-point bending and MOE determined by 

transverse vibration and between static bending strength, static MOE, and MOE by transverse 

vibration.  

• Procedures traditionally used to assign allowable compressive strength parallel to grain to 

mechanically graded lumber also appear applicable to round timbers.  

• There are apparently no technical barriers to developing a mechanical grading system for 228 mm 

diameter round timber beams.  
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• Additional research is needed to clarify anticipated grade yields at higher mechanical grades and 

the applicability of the proposed methods to logs of other sizes and species. Some of this research 

is in progress.  

• Mechanical grading offers an opportunity to improve the precision of the property assignment for 

round timber beams and significantly increase grade yield for a given property specification.  

 

In addition, earlier work demonstrated that mid-span, single point loading used to non-destructively 

determine the MOE of doweled logs gave good correlation (r2 = 0.94) to the static MOE determined by 

ASTM D-198 third-point bending tests procedures (ASTM 2014).  The advantage of using single-point 

loading as a non-destructive method to determine MOE is the simplicity with which a measurement can 

be obtained, as well as the possibility for future implementation in an industrial setting.  

 

In general, machining small-diameter logs to a constant diameter removes much of the mature wood on 

the outside of the beam, thus exposing more of the juvenile wood core. It also tends to expose more knots, 

especially in species that readily self-prune limbs on the lower part of the stem as the tree grows. The net 

effect of the machining is to lower both MOR and MOE. In a study on the effect of machining on small-

diameter Douglas-fir (Pseudotsuga menziesii) and ponderosa pine (Pinus ponderosa) logs (Green et al. 

2005), suppressed-growth Douglas-fir logs, the MOR of 76- to 152-mm logs machined to a uniform 

diameter was reduced by about 8%, whereas the MOE was reduced about 15%. For 76- to 152-mm 

ponderosa pine logs, the MOR was reduced about 12% and the MOE about 33%. The greater effect of 

processing on the properties of ponderosa pine compared with those of Douglas-fir was probably a result 

of the respective ages of the trees, coupled with the relatively larger juvenile wood core of the shade-

intolerant ponderosa pine. The suppressed-growth Douglas-fir trees had an average age of 67 years, 

whereas the average age of the ponderosa pine was only 42 years. 

 

The concept of using small diameter logs to manufacture I-beams was developed to produce structural 

components that exceed the carrying capacity of individual structural logs (Figure 1).  The conversion 

from roundwood to wood I-beams can potentially utilize over 80 percent of the material from a doweled 

log. For a tapered log, the conversion ratio would be reduced.  The cross sectional moment of inertia 

increases nearly five times when converting roundwood to wood I-beams, effectively doubling the 

allowable span length. Table 1 provides examples of the estimated weights and cross sectional properties 

for six different small diameter timber sizes when converted to wood I-beams.  If small diameter wood-I 

beams can perform at anticipated structural capacities, there is an opportunity to encourage beam 

production facilities in rural areas where pine beetle infestations have created the need for harvesting trees 

that are not large enough to be suitable for use as dimension lumber but adequate for production into I-

beams.  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-- Cutting pattern (left) for converting a small diameter log into components to produce an 

I-beam (right). 

 

462



Table 1 -- Examples of the weights and cross sectional properties of six different diameter round wood I-Beams.  

Roundwood values are shown above wood I-beam values. 

 

Initial 

Roundwood 

Diameter & 

Finished 

Height 

(cm) 

Area 

 

 

 

(cm2) 

Weight 

 

 

 

(kg/m) 

Web 

Thick.  

 

 

(cm) 

Web 

Height  

 

 

(cm) 

Flange 

Width  

 

 

(cm) 

Flange 

Thick.  

 

 

(cm) 

     Axis X-X 

 

    I            S 

 

 (cm4)       (cm3) 

C.G.  

 

 

 

(cm) 

  Axis Y-Y  

 

    I           S 

 

 (cm4)    (cm3) 

10.2 

15.2 

81.1 

69.7 

6.5 

5.6 

 

2.5 

 

9.2 

 

9.2 

 

3.0 

523 

2,013 

103 

263 

 

4.9 

523 

261 

106 

91 

14.6 

22.9 

167.5 

148.9 

13.4 

11.9 

 

3.2 

 

13.3 

 

13.3 

 

4.8 

2,233 

10,003 

305 

873 

 

7.6 

2,233 

1,254 

219 

195 

19.1 

30.5 

285.0 

257.7 

22.8 

20.6 

 

3.8 

 

17.5 

 

17.5 

 

6.5 

6,465 

31,300 

677 

2,048 

 

10.3 

6,465 

3,855 

373 

337 

21.3 

33.8 

355.4 

325.7 

28.5 

26.1 

 

4.4 

 

19.7 

 

19.7 

 

7.3 

10,052 

49,715 

942 

2,891 

 

11.5 

10,052 

6,004 

465 

426 

23.5 

38.1 

433.6 

401.6 

34.7 

32.2 

 

5.1 

 

21.9 

 

21.9 

 

8.1 

14,959 

75,209 

1,270 

3,936 

 

12.7 

14,958 

8,933 

567 

525 

26.0 

41.9 

532.4 

492.0 

42.6 

39.4 

 

5.7 

 

24.1 

 

24.1 

 

8.9 

22,551 

111,054 

1,727 

5,284 

 

13.9 

22,553 

13,390 

697 
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Methods 
 

Logs used in the study were purchased from a cooperating post and pole manufacturer and preselected by 

measuring the stress wave velocity of logs using Fiber-gen Director HM200 acoustic log stress wave 

equipment (Carter et al. 2006).  The intent was to select logs that represented a range of stiffness values 

and to establish the correlation between stress wave velocities of logs and the MOE of I-beams produced 

from them.  A total of 40, 15.25 cm diameter logs, measuring 4.9 m in length, were selected and brought 

to the laboratory.  The logs were then non-destructively evaluated using a single-point, mid-span bending 

test to predict MOE, and from those results, we selected 28 logs that represented the 10 most stiff and 10 

least stiff, plus 8 logs from the mid-range stiffness.  The Equation (1) used to determine MOE from a 

single-point, mid-span load/deflection relationship is: 

 

MOE  = (L3/48)(P/ΔI)       (1) 

 

where P/Δ= slope of load-deformation relationship, L = span, and I = moment of inertia 
 

 

In addition, the stress wave velocity, as well as the volume and mass, of each log was measured in the 

laboratory to calculate the dynamic MOE (MOEdyn), using the Equation (2) provided by Carter et al. 

(2006): 

 

MOEdyn = ρV2                       (2) 

 

where ρ = nominal density and V = acoustic velocity 

 

A portable bandsaw mill was used to cut each of the logs into three sections as shown in Figure 1, marked 

to identify the specific log that each component was made from, stacked, and air dried to approximately 

12% moisture content.  The components were then machined to create smooth surfaces for gluing, and a 

groove was machined into each of the flanges to assist with later assembly (Figure 2).  I-beams were 
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assembled by brushing a room temperature curing phenol-resorcinol adhesive into each groove, stacking 

four I-beam assemblies at a time, and clamping overnight.   Final dimensions of the I-beams were 21 cm 

high, 12.75 cm wide, and 3.66 m long. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 -- Machined components prior to gluing. The groove cut in the flanges was made to assist 

with positioning the webs during assembly.   

 

After curing, the I-beams were kept in a conditioning room to maintain a 12% moisture content.  Bending 

tests were then carried out using ASTM D 198 third-point loading procedures (ASTM 2014) to determine 

MOE and ultimate bending stress for each I-beam. 

 

 

Results  
The average cross sectional area for the 28 I–beams was 131.7 cm2 (COV = 2.0).  This area represents a 

utilization of 72% of the available wood fiber present in the raw logs obtained for the study.  The 

bandsaw mill sawing and subsequent profile machining procedures used to prepare the components likely 

impacted the ratio of fiber utilization, such that a more precise sawing and machining procedure could 

improve the yield. 

 

The average moment of inertia for the 28 I-beams was 7582.4 cm4 (COV = 2.2).   A higher moment of 

inertia could have been be achieved by reducing the depth of the groove used to position the web 

members (shown in Figure 2).  This reduction would have improved the fiber yield and increased the 

carrying capacity of the I-beams. 

 

Moisture content of the I-beams at the time of the bending tests averaged 12.7%.   The mean static MOE 

for the 28 I-beams was 8.87 GPa (COV = 10.6). 

 

The stress wave velocities measured in the field with the Director HM200 did not correlate well (r2 = 

0.3477) with the static MOE of the I-beams produced from them (Figure 3).  However, when log density 

measurements were combined with stress wave velocity to predict MOEdyn using Equation (2), the 

correlation was significantly improved (R2 = 0.840) (Figure 4). 

 

The static MOE of raw logs, determined by imposing a single-point, mid-span load on each log and 

measuring deflection, also correlated well (r2 = 0.839) with the static MOE of the manufactured I-beams 

(Figure 5).  

  

 

464



 

 
 

 

 

 

 

 

 

 

 

 

Figure 3 -- Relationship between field measurements of the stress wave velocities of logs and the 

static MOE of I-beams produced from the logs. 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4 -- Relationship between dynamic MOE of logs, as determined by stress wave velocity and 

density measurements, and the static MOE of I-beams produced from the logs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5 -- Relationship between static MOE of logs, as determined by single-point, mid-span 

loading, and the static MOE of I-beams produced from the logs. 

 

 

Seven of the 28 I-beams tested in bending failed due to shear in the web members (Figure 6).  The 

ultimate bending loads on 5 of these samples were the highest recorded for all I-beams; the ultimate loads 

for the remaining 2 samples that failed in shear were the 10th and 11th highest recorded.  The association 

of the shear failures with some of the highest levels of bending stresses suggest that the ultimate shear 

resistance of the wood-I beams was well balanced with the ultimate bending stress resistance.  Average 
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shear stress at failure for the 7 specimens that failed in shear was 5,492 kPa (COV = 9.3), which is 

slightly higher than the value of 4,200 kPa reported for shear parallel to grain reported in the Wood 

Handbook (Forest Products Laboratory 2010) for lodgepole pine.  No glueline failures were observed in 

any of the specimens. 

 

 

 

 

 

 

 

 

 

 

 
Figure 6 -- Seven of the 28 I-beams tested to failure in bending exhibited shear failure in the webs. 

 

The mean Modulus of Rupture (MOR) value for all of the I-beams was 59,623 kPa (COV = 22.4), which 

is somewhat lower than that reported in the Wood Handbook (Forest Products Laboratory 2010) for clear, 

straight-grained lodgepole pine bending samples (65,000 kPa), but consistent with the values found for 

No. 1 and Select Structural visually graded lodgepole pine dimension lumber in a previous study (Erikson 

et al 2000).  The correlation between static MOE and the 21 beams that failed in bending was poor (r2 = 

0.227) (Figure 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7 – Relationship between the static MOE and the MOR of the 21 I-beams that failed in bending. 

 
Conclusions 
I-beams were succesfully made from doweled roundwood by sawing each log into 3 pieces and 

assembling the components into I-beams using structural glues. Since an I-beam made from a small 

diameter log has a significantly larger moment of inertia than the log it was produced from, this concept 

has the potential to significantly increase the structural use of small diameter roundwood.  It is suggested 

that an improvement in the shear resistance of these I-beams can be made if the thickness of the web is 

increased slightly.   

 

I-beam stiffness was reasonably-well correlated with the stiffness of the log it was produced from, 

suggesting that non-destructive evaluation of raw logs offers a method for sorting to select high strength 
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components. There appears to be potential to predict, and therefore, assign, stiffness and strength values 

for I-beams made from beetle killed small diameter logs. 

 

Acknowledgement 
We would like to recognize the assistance of Dr. Carl Morrow in the preparation and testing of this material.  

Funding for this study was provided by the Coalition for Advanced Structures. 

 

References 
American Society for Testing and Materials (ASTM). 2014. Standard methods of static tests of lumber in 

structural sizes, D 198-02; Standard practices for establishing structural grades and related allowable 

properties for visually graded lumber, D245-00; Standard practice for establishing stress grades for 

structural members used in log homes, D 3957-90. In: Annual Book of Standards, Volume 04.10. Wood. 

ASTM, West Conshohocken, PA, USA. 

 

Carter, P., S. Chauhan, and J. Walker. 2006. Sorting logs and lumber for stiffness using Director HM200. 

Wood and Fiber Science, 38(1): 49-54. 

 

Erikson, R.G., T. M. Gorman, D.W. Green, and D. Graham. 2000. Mechanical grading of lumber sawn 

from small-diameter lodgepole pine, ponderosa pine, and grand fir trees from Northern Idaho. Forest 

Products J. 50(7/8): 59-65. 

 

Forest Products Laboratory. 2010. Wood handbook - Wood as an engineering material. General Technical 

Report FPL-GTR-190. Madison, WI: U.S. Department of Agriculture, Forest Service, Forest Products 

Laboratory: 508 p. 

 

Galligan, W.L. and D.V. Snodgrass. 1970. Machine stress rated lumber: Challenge to design. In: 

Proceedings, American Society of Civil Engineering. Journal of Structural Division. (ST12)96: (Pap. 

7772): 2639–2651. 

 

Green, D.W., J. W. Evans, J. F. Murphy, C. A. Hatfield, and T. M. Gorman. 2005. Mechanical grading of 

6-inch-diameter lodgepole pine logs for the travelers’ rest and rattlesnake creek bridges. Research Note 

FPL-RN-0297. U.S. Department of Agriculture, Forest Service, Forest Products Laboratory, Madison, 

WI, USA. 

 

Green, D.W., T.M. Gorman, J.W. Evans, and J.F. Murphy. 2004. Improved grading system for structural 

logs for log homes. Forest Products J. 54(9):52-62. 

 

Green, D.W., T. M. Gorman, J. W. Evans, and J. F. Murphy.  2006. Mechanical grading of round timber 

beams. J. of Materials in Civil Engineering. 18(1):1-10. 

 

Green, D.W., T. M. Gorman, J. W. Evans, and J. F. Murphy.  2008. Grading and properties of small-

diameter Douglas-fir and ponderosa pine tapered logs. Forest Prod. J. 58(11):33-41. 

 

Green, D.W., T. M. Gorman, J. F. Murphy, and M. B. Wheeler. 2007.  Moisture content and the 

properties of lodgepole pine logs in bending and compression parallel to the grain.  Research Paper, FPL-

RP-639.  USDA Forest Service, Forest Products Laboratory, Madison, WI, USA. 

 

Green, D.W. and K.A. McDonald. Mechanical properties of red maple structural lumber. 1993. Wood and 

Fiber Sci. 25(4):365-374. 

467



Session 12

Poster Session

468



Relationship between Drilling Resistance and Wood 
Anatomy in Young Eucalypt  
 
 
José Tarcísio da Silva Oliveira* 
Forest and Wood Science, Federal University of Espírito Santo, Jerônimo Monteiro, ES, Brazil, 
jose.t.oliveira@ufes.br  
 
Xiping Wang 
USDA Forest Service, Forest Products Laboratory, Madison, WI, USA, xwang@fs.fed.us  
 
Brunela Pollastrelli Rodrigues 
Forest and Wood Science, Federal University of Espírito Santo, Jerônimo Monteiro, ES, Brazil, 
brunelafloresta@yahoo.com.br 
 
Graziela Baptista Vidaurre 
Forest and Wood Science, Federal University of Espírito Santo, Jerônimo Monteiro, ES, Brazil, 
grazividaurre@gmail.com  
 
* Corresponding author ,+552835582513, jose.t.oliveira@ufes.br 
 
 
Abstract 
 
The objective of this study was to evaluate the relationship between Resistograph amplitude and wood 
anatomy along the stem diameter of trees at a young Eucalyptus plantation grown for pulpwood 
production. The genetic material used in this study consisted of two trees, one 34 months old and one 62 
months old, from Eucalyptus grandis × Eucalyptus urophylla hybrid clonal plantations located in the 
north of Espirito Santo State, Brazil. The relationship between drilling resistance and wood anatomical 
parameters in the clone hybrid wood from two ages changed with tree age; the correlation coefficients 
between Resistograph amplitude and anatomical parameters were better in the 62-month-old tree than in 
the younger tree. In the older tree, the anatomical parameter that better correlated with drilling resistance 
was fiber wall thickness. When all data from the two ages were combined, all anatomical parameters were 
correlated with drilling resistance. The wood of both ages showed a good correlation between drilling 
resistance and wood specific gravity. 
 
Keywords: eucalypt wood, Resistograph® amplitude, anatomical parameters, correlations. 
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Abstract 
 
The objective of this study was to evaluate the relationship in the radial sense to moisture content with 
drilling resistance along the stem diameter in trees at a young Eucalyptus plantation grown for pulpwood 
production. The genetic material used in this study consisted of 50 trees of age 34 months and 50 trees of 
age 62 months of the clonal hybrid Eucalyptus grandis x Eucalyptus urophylla from a forest plantation 
situated in the north of Espirito Santo State, Brazil. In 34-month-old trees, correlation coefficients 
between drilling resistance and wood moisture content were low, and in some situations not significant at 
1% probability. In 62- month-old trees, correlation coefficients between drilling resistance and moisture 
content improved, with correlation coefficients of –0.65 and 0.81 at diametric distances of 10 and 15 mm 
in the first half of the diameter. When the trees were combined, good correlation coefficients were found 
in the different diametric distances for the first half of the diameter. The best correlation coefficient when 
combining the trees of two ages was –0.75 between amplitude and wood moisture content in the first half 
of the diameter at 5 mm of the periphery of the stem. The good correlations were found mainly in the 64-
month-old trees, and when combined, the two tree groups confirm the possibility of a successful use of 
the Resistograph to evaluate moisture content of eucalypt logs with good accuracy and relatively low cost.   
 
Keywords: eucalypt wood, Resistograph® amplitude, wood moisture contents, correlations. 
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Abstract 
 
The objective of this study was to evaluate the modulus of elasticity of timber using a stress wave method 
and to compare the results with values obtained from static bending tests. Tests were performed in 260 
visually graded pieces of Pinus elliottii specie, from São Paulo State-Brazil, with nominal dimensions 
45mm x 105mm x 2500mm. Dynamic modulus of elasticity (EMTG) were obtained by non destructive 
testing of longitudinal vibration, using a portable device Brookhuis Microeletronic Timber Grader 
(MTG), based on stress wave method. Static modulus of elasticity (MOE) were obtained from a three 
points static bending test. Results show a good estimative of  MOE from the results obtained using MTG 
device (EMTG). The correlation coefficient ranged from 0.76 (S3 grade) to 0.91 (SS grade) and was 0.86 
for the complete lot. 
 
Keywords: stress wave, Microeletronic Timber Grader, structural grading 
 
 
Introduction 
 
Sawn timber of structural dimensions is a heterogeneous material, which presents defects that reduce its 
resistance. A non-destructive mechanical test should be based on known correlations between the 
resistances and other properties that can be evaluated without damaging the material. Modulus of 
elasticity is the mechanical property that is evaluated most of cases. 
 
The modulus of elasticity can be obtained by means of static bending tests or by dynamic methods such 
as transverse vibration, longitudinal vibration or ultrasound, which are faster and easier to perform. 
 
The objective of this work was to evaluate the  nondestructive test by means of longitudinal vibration 
using the MTG BrookHuis portable device to obtain the modulus of elasticity of boards of Pinus elliottii, 
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visually graded according to the rules of the Southern Pine Inspection Bureau (SPIB), presented by 
Carreira 2003. 
 
The American Society for Testing and Materials (ASTM D4761) presents the procedures of the four 
points static bending test for sawn wood beams with structural dimensions. Relation between support 
span and height of the beams must be between 18 and 21. In this test shear stresses don't have significant 
influence in the MOE (Bodig and Jayne, 1993). 
 
Dynamic methods based on natural frequency measurements can be used to determine the dynamic 
modulus of elasticity (Ed). An advantage of dynamic measurements is the short duration of the test. In 
general, the  dynamic modulus of  is slightly higher than those obtained from static tests, but the 
differences are small, on the order of 5% to 15% (Kollman and Cote 1968). 
 
Segundinho et al. 2012 evaluated the effectiveness of test based on the natural vibration frequencies, 
using the Sonelastic® device, on beams of Pinus oocarpa. The dynamic modulus of elasticity was more 
than 10% higher than the MOE obtained in static bending tests. 
 
Horacek and Tippner 2012 obtained the dynamic modulus of elasticity (Ed) using the longitudinal stress 
wave method for the specie Pinus sylvestris L., with density between 370kgf / m³ and 543kgf / m³. The 
results showed higher values for Ed and significant correlation (R² = 0.96) between the Ed and the MOE 
obtained from static bending tests. 
 
Material and methods 
 
The tests and procedures were carried out at the Laboratory of Wood and Timber Structures (LaMEM), of 
the Department of Structural Engineering (SET) of the São Carlos School of Engineering (EESC), 
University of São Paulo (USP). Firstly, the visual structural grading of timber boards was performed. 
After that, the dynamic modulus of elasticity (EMTG) was evaluated using MTG device. Then, static 
bending tests were performed to determine the edgewise modulus of elasticity (MOE). 
 
Material 
 
Two hundred sixty boards of Pinus elliottii from the Southwest of São Paulo State, Brazil, were used, 
with nominal dimensions of 45mm x 105mm x 2500mm, previously oven dried. Forty seven boards that 
presented wane, resin pocket and excessive warp were discarded, remaining 213 board for the tests. 
 
 
Methods 
 
Visual grading 
 
Timber boards were visual graded using Southern Pine Inspection Bureau rules. Table 1 presents defects 
limits related each visual grade. 
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          Table 1—Defect limits for each visual grade 

Grade 
Knot diameter (mm) Grain orientation 

 
(%) 

Surface Ring shake 
 

(mm) 

Split 
 

(mm) 
wide face narrow face 

SS 9 mm 37 mm 8% 600 mm 105 mm 
S1 11 mm 47 mm 10% 600 mm 105 mm 
S2 15 mm 53 mm 12.5% 625 mm 157 mm 
S3 23 mm 79 mm 25% - 416 mm 

 
 
Dynamic tests 
 
Dynamic modulus of elasticity (EMTG) were obtained by  longitudinal vibration test, using a portable 
device Brookhuis Microeletronic Timber Grader (MTG), based on stress wave method (Rozema 2013). 
Figure 1 shows this device in use. Through a internal software, imputing the moisture content and wood 
specie, the MTG device evaluate the modulus of elasticity for a moisture content equal to 12%.  

 
Figura 1—Portable device Brookuis Microeletronic Timber Grade (MTG) 

 
Obtaining the dynamic modulus of elasticity from the natural frequency is the basis of formulation used 
by MTG. This equipment applies a correction to modify the dynamic modulus obtained, depending on the 
species, resulting in estimated values of the modulus of elasticity (EMTG). Previously, the following 
characteristics of the piece should be reported: dimensions, moisture content, temperature and weight. 
Results are transferred to a PC/laptop by Bluetooth. These results can be "translated" into one of the many 
international standards used for mechanical graded of timber. 
 
Static bending tests 
 
Modulus of elasticity (MOE) was obtained through the static bending test showed in Figure 2. Span 
between supports was 18 times the height of the timber board. 
 

 
Figura 2—Static bending test to determine edgewise modulus of elasticity (MOE) 
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Results 
The average moisture content was 9.5%. The mean apparent density at 12% moisture content was 484 
kg/m³, varying between 470 kg/m³ and 502 kg / m³. Tables 2 and 3 present the descriptive statistics of the 
results obtained for MOE and the EMTG , respectively, considering the totality of boards and each visually 
graded group. 
        Table 2—Descriptive Statistic of the static modulus of elasticity (MOE) 

 Totality SS S1 S2 S3 
Mean (MPa) 7270 8250 7071 7019 6875 
Standard deviation (MPa) 1960 2112 1652 1938 1709 
Minimum value (MPa) 3183 4076 3183 3325 3349 
Maximum value (MPa) 14728 14728 10715 14366 12341 
Coefficient of variation (%) 27 26 23 28 25 
Quantity of boards 213 72 43 42 56 

       Table 3—Descriptive Statistic of the dynamic modulus of elasticity (EMTG) 

 Totality SS S1 S2 S3 
Mean (MPa) 7558 8611 7214 7162 7254 
Standard deviation (MPa) 2203 2489 1861 2084 1950 
Minimum value (MPa) 3432 3769 3541 3432 3845 
Maximum value (MPa) 16006 15999 12545 16006 12831 
Coefficient of variation (%) 29% 29% 26% 29% 27% 
Quantity of boards 213 72 43 42 56 

 
A simple linear regression model was used to compare the dynamic modulus of elasticity obtained with 
the MTG device (EMTG) and the static modulus of elasticity (MOE). The analysis was done determining 
the linear regression equation, the correlation coefficient and analyzing the residues, to verify compliance 
with the requirements. Afterwards, the variance analysis was performed to verify the condition of the 
adjusted model. Figure 3 shows: (A) linear regression analysis for the totality of data; (B) residual 
analysis, where can be observed the homogeneity of variance. 
 

(A) Regression Analysis - Totality (B) Residual  

  
 
Figura 3—(A) Regression Analysis and (B) residual for the totality of boards 
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Figure 4 shows the regression analysis for each visually graded group. Table 4 presents a summary of the 
values obtained in all regression analysis. 
 
                                                    Table 4—Summary of regression analysis 

Grade 
Correlation 

 
coefficient 

Equation 

Totality 0.86 1.043 MOE-26,36 

SS 0.91 1.125 MOE-672,5 

S1 0.85 1.036 MOE-115,3 

S2 0.88 1.009 MOE+78,9 

S3 0.74 0.982 MOE+500,8 
 
SS grade S1 grade 

  
S2 grade S3 grade 

  
 
Figura 4—Regression analysis . 
 

Conclusion 
 
For the totality of pieces, mean value of dynamic modulus of elasticity (EMTG) was 4% higher than the 
static modulus of elasticity (MOE) obtained from static bending tests. In each visually graded group, 
mean values of EMTG were always higher than the mean values of MOE: SS (+4.4%), S1 (+2%), S2 (+2%) 
and S3 (+5.5%).  
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The regression analyzes showed a good correlation for all cases: 0.86 (totality), 0.91 (SS), 0.85 (S1), 0.88 
(S2) and 0.74 (S3). The best correlation was for the SS group, and a decrease in the correlation coefficient 
with the decrease in the quality of the group of boards could be observed. 
 
The portable MTG device presented good results for the evaluation of MOE, and his use is  recommended 
for the mechanical grading of timber boards.  
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Abstract Ultimate compression strength parallel to grain (UCS) of timber is one of important performance 
to evaluate the structural security of old timber buildings. Poplar wood (Populus tomentosa), Chinese larch 
wood (Larix gmelinii (Rupr.) Kuzen.) and Chinese fir wood (Cunninghamia lanceolata (Lamb.) Hook) 
were selected as the models in this paper. The aim of study is to predict UCS of timber by using 
Resistograph and screw withdrawal methods, establishing the relationships establishing the relationships of 
the UCS and the density with the resistographic measure (RM) and the screw withdrawal strength by 
regression models. The results showed that the correlation coefficient between the RM and the UCS ranged 
from 0.5 to 0.7. The correlation coefficient between the double-start thread screw withdrawal strength 
(SWDST) and the UCS distributed from 0.1 to 0.65, while the values of coefficients for the single-start 
thread screw withdrawal (SWSST) differed from 0.4 to 0.65. The correlation coefficient of poplar for the 
regression model of screw withdrawal strength with the UCS and the density were higher than those of 
Chinese fir and larch. By comparison with the screw withdrawal test, the Resistograph test method was 
more reliable for predicting the UCS of timber.  
Keywords Compression strength parallel to grain · Density · Resistograph · Screw withdrawal 

Introduction 

A number of buildings of wooden construction rank as important historic relics, such as the 

Yingxian Tower (1056, China), Horinji (682, Japan) and the South Gate of Seoul (1448, Korea) [1,2]. 

These types of architecture, mainly based on wood, represent significant inventions in history. As wood is 

made of natural polymers it has some drawbacks, in particular it is prone to deformation as it ages, leading 

to a weakening of its properties [3]. 

 In order to investigate the effect of the variation of wood properties on the structural deformation 

of ancient buildings, Chen et al. [4] Compared the physical properties of old original timbers with modern 
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replacement timbers that had been installed during maintenance work. The results showed that tensile 

strength and compression strength transverse to grain of ancient timber was significantly reduced 

compared with the modern timbers. Chinese fir and poplar exhibited a 50 percent reduction of tensile 

strength and an 80 percent reduction of compression strength transverse to grain. The researchers 

measured the mechanical properties of common species used in ancient buildings, including beech (service 

life of 240, 650 years), red pine (service life of 115, 270, 290 years), and cypress (service life of 35 up 

to1300 years) [5-8]. The compression strength parallel to grain, bending strength, and Young’s modulus of 

cypress were higher than the corresponding fresh wood. However, the beech presented a 10.8 percent 

reduction of compression strength parallel to grain, and an evident 50 percent reduction of bending 

strength. This resulted from the gradual development of bending, splitting and fracturing in timber from 

ancient buildings. Therefore, having an understanding of the structural properties of timber helps to ensure 

that the most appropriate measurements can be made on ancient wooden structures to enhance their 

protection. 

The methods used to estimate the mechanical properties of wood were divided into two types: 

destructive and non-destructive [9]. While the destructive method enabled the mechanical properties to be 

determined accurately, it was not considered appropriate for use on in situ ancient timbers [10]. 

Non-destruction was therefore considered the optimal approach [9]. When historical constructions are 

repaired, the original materials including timber, which may have sufficient mechanical properties to 

continue to be in function, is often replaced without reasonable evaluation. This phenomenon can be 

prevented if in-situ and non-destructive testing (NDT) technology is applied to diagnose timber.  The most 

frequently used NDT devices are currently semi-destructive devices which identify the range and location 

of degradation by means of material resistance to various tools (Resistograph, screw) [11]. In order to 

apply these semi-destructive methods (Resistograph, screw), it is mandatory to investigate the relationship 

among resistographic measurements, wood properties and screw withdrawal strength [12]. It has been 

known that wood density is statistically correlated to screw withdrawal strength and screw diameter since 

1926 [15]. Subsequently, Mclain et al. [13] proved that the screw diameter, screw depth in wood, and the 

wood grain had a significant influence on this linear correlation. Ceraldi et al. [14] and Cai et al. [15] 

evaluated density and mechanical properties by using Resistograph and screw withdrawal methods, 

respectively. The results showed that there was a strong linear relationship between density and the 

mechanical properties. To determine internal cavity morphology, Briank et al. [16] studied Hungarian 

wooden buildings by using stress wave and screw withdrawal; they showed that these methods accurately 

478



predicted the bending strength and internal cavity morphology of individual in situ timbers in ancient 

buildings. With the development of sophisticated instruments and the improvement of testing regimes, 

Resistograph and screw withdrawal methods were widely used to estimate the mechanical properties and 

Young’s modulus of wood [17-19]. However, the relationship was affected by many factors including 

screw pitch and wood species, which was barely studied in previous researches. As a result, the aim of this 

work is to use different species (as tangential sections) as the raw materials for measuring the compression 

strength parallel to grain, density, RM, as well as screw withdrawal strength. The results are used to 

establish the models for predicting the practical properties of wood by RM and screw withdrawal strength, 

and to explore the influence of species and screw pitch on the modeling equations. 

Materials and Methods 

Materials  

The test clear wood specimens were obtained from the plainsawn boards. The dimension, physical 

properties and test size of test specimens from three species (poplar, Chinese larch, Chinese fir) are listed 

in Table 1. Each specimen was divided into two parts, L1 and L2, as shown in Fig. 1. Three test points (h1, 

h2, h3) were selected at the outside tangential section of the L1 for testing, and the L1 length was equally 

divided by these test points. Test points h1 and h3 were used to test screw withdrawal while h2 was used 

for Resistograph testing. The L2 was used to determine the density and the ultimate compression strength 

parallel to grain (UCS) with a size of 20mm by 20mm by 30mm (R × T × L). 
 
Table 1 Specification and physical properties of specimens. 

 Specimen dimensions (mm) 
Annual ring width 

(mm) 

Moisture content 

(%) 
Number 

Poplar 

 (Populus tomentosa) 

R 50 

12.76 10.17 30 T 50 

L 300 

Chinese fir  

（Cunninghamia 

lanceolata (Lamb.) 

Hook） 

R 40 

3.8 11.10 30 T 50 

L 280 

Chinese larch 

(Larix gmelinii (Rupr.) 

Kuzen.) 

R 40 

0.64 10.69 30 T 50 

L 280 
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Note: R represents the radial direction of the specimens; T represents the tangential direction of the specimens; L represents the length 

direction of the specimens. 
 

 

Fig. 1 Test specimens 

Testing Methods 

Density and UCS testing 

Air density was measured in accordance with the Chinese Standard GB/T 1933-2009 [20]. The 

density was calibrated to the value under the moisture content of 12 percent by using equation 1.  

P12=PM[1-0.01(1-K) (W-12)]        (1) 

Where, K refers to the volume shrinkage coefficient with 1 percent variation of moisture content; W refers 

to moisture content (%); P12 refers to the air density at a moisture content of 12 percent (g/cm3); and Pm 

refers to air density with a moisture content of m (g/cm3). 

The UCS was tested in accordance with GB/T 1935-2009 [21] by using INSTRON 5582. The UCS 

results were calibrated using equation 2.   

δ12=δW [1+0.05×(W-12)]          (2) 

Where δ12 refers to compression strength parallel to grain (MPa); δw refers to compression strength parallel 

to grain with moisture content of 12 percent (MPa); and W refers to moisture content (%). 

Resistograph testing 
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In this paper, RESISTOGRAPH 4453-S (Germany, RINNTECH company) was used to obtain the 

RM. The RM distribution was collected by using microdrilling, perpendicularly drilling through the 

sample surface with a constant speed (resistance distribution is shown in Fig. 2). The testing sites and 

repeat times are given in Table 1 and Fig. 1. The RM was calculated using equation 3: 

0=

l
Area

Rm
l

∫                      (3) 

where Rm is RM; L is the distance penetrated by microneedles ( mm) and ∫
1

0
Area is the integral area of 

RMs. 

 

Fig. 2 The resistance distribution 

 

Screw withdrawal testing 

The screw withdrawal strength was measured in accordance with the Chinese Standard LY/T 

2377-2014[22], using sites h1 and h3. The testing times are listed in Table 1. The screw satisfied the 

standard of GB/T 14210-93[23], as shown in Table 2. The screw was driven into the sample at a constant 

speed up to a depth of 18 mm. The screw was pulled out by using INSTRON 5582 with a speed of 

2mm/min. The maximum loading was recorded as Fmax. The screw withdrawal strengths were calculated 

by equation 4. The critical displacement was determined by increasing the loading until it decreased to 

0.85*Fmax (shown in Fig. 3). The ductility coefficient was calculated by equation 5 [24]. The loading 
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corresponding with the maximum displacement was as the Fmax in the loading-displacement curve. The 

loading corresponding with the displacement of 15 mm was as the Fmax if the displacement is over 15 mm. 

The rigidity was determined by the slope of curve between 10 % Fmax and 40 % Fmax [25]. The rigidity was 

calculated by equation 6. 

  
pld

Ff
×

=
max                  (4) 

Where, f is the screw withdrawal strength, N/mm2, Fmax is the maximum loading, N, d is the screw 

diameter, mm, lp is the depth of screw in sample, mm. 

μ=𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
                      (5) 

Where, μ is ductility coefficient, Δu is the critical displacement, mm, Δy is the displacement corresponding 

with the maximum yield loading, mm. 

K= (F0.4-F0.1)/(S0.4-S0.1)       (6) 

Where, K is the screw connecting rigidity, N/mm, F0.4 is the 40 percent of Fmax, N, F0.1 is the 10 percent of 
Fmax, N.  

 

Table 2 Major specifications of screws. 

Screw type 
Nominal diameter 

(mm) 

Nut diameter 

(mm) 
Pitch(mm) Nominal length(mm) Screw sketch 

Single-start 

thread screw 
3.5 5 2.8 40 

 

Double-start 

thread screw 
3.5 5 1.4 40 
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Fig. 3 Loading-displacement curve [26] 

 

Results and Discussions 

The correlation of density with RM and screw withdrawal strengthen 

Fig.4 shows the regression model of density with RM and screw withdrawal strength, (a), (b), (c) 

exhibited the relationship of density and single-start screw withdrawal, density and double-start screw 

withdrawal, density and RM, respectively. The results showed that RM represented a high correlation 

coefficient with a range of 0.6~0.8 in three species. The correlation coefficient for screw withdrawal was in 

a range of 0.35~0.85. Different species had significant influence on the testing results, which was flavor for 

the density. The Resistgraph testing method is prior to screw withdrawal testing with the unconspicuous 

effect on the species. The correlation coefficients between density of Chinese larch and screw withdrawal 

strength with two methods (single- and double- start) were only 0.35 and 0.52, respectively, while the 

correlation coefficient of density and RM reached to 0.70. The reason was the different testing mechanism 

caused by Resistgraph and screw withdrawal. The max pulling force was recorded in screw withdrawal 

testing, while an average value was collected during the driving screw in Resistograph test [15,18]. The 

correlation coefficient between density of poplar and single-, double- start screw withdrawal strength, RMs 

were 0.74, 0.81, 0.79, respectively, which were totally higher than those of larch and fir. It was due to the 

various microstructure of softwood and hardwood [27]. A considerable researches had shown that the 

correlation coefficients between density and results with micro-destruction, non-destruction were mainly in 

a range of 0.35~0.85 [9, 28]. The results in this study, therefore, were considerable. Resistgraph testing was 

considered as the optimal method to predict the density of wood. 
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Fig. 4 The regression model of density with RM and screw withdrawal strength, (a) the relationship of density and single-start screw 

withdrawal strength(SWSST), (b) the relationship of density and double-start screw withdrawal strength (SWDST), (c) the relationship of density 

and RM 

 

484



The correlation of UCS with RM and screw withdrawal strength 

Fig.5 shows the regression model of UCS with RM and screw withdrawal strength, (a) (b), (c), 

exhibited the relationship of UCS and single-start screw withdrawal, UCS and double-start screw 

withdrawal, UCS and RM, respectively. With the various microstructure of species, such as fiber size and 

cell type [29-31], the feasible testing method existed huge differences as well. About the relationship 

between UCS and testing methods, the highest correlation coefficient between UCS and RM for Chinese fir 

and Chinese larch was 0.70 and 0.60, respectively, but the maximum correlation coefficient between UCS 

and single-start screw withdrawal strength for poplar was 0.65. The coefficient distribution of three species 

were all in a range of 0.5~0.7. Fig.5 shows the coefficient of UCS of samples and single-start screw 

withdrawal strength distributed in 0.4~0.65, while that of with double-start screw withdrawal strength was 

in a range of 0.10~0.61. Therefore, Resistgraph and single-start screw withdrawal testing were considered 

as the optimal choice. For the species, the correlation coefficient with the two screw withdrawal to predict 

density and UCS was: poplar > fir and larch. Screw withdrawal testing was considered to determine the 

UCS of hardwood with a high coefficient. Resistgraph method was for UCS of softwood. The common 

correlation coefficients of UCS with micro-destruction or non-destruction were in range of 0.3~0.7 [9, 19, 

32]. It illustrated that both methods were used to determine the UCS with a high coefficient. A further 

research need be done to ensure the effect of screw pitch on the correlation coefficient of predicting model. 
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Fig. 5 The regression model of UCS with RM and screw withdrawal strength, (a) the relationship of UCS and single-start screw withdrawal 

strength (SWSST), (b) the relationship of UCS and double-start screw withdrawal strength (SWSST), (c) the relationship of UCS and RM 
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Table 3. Experiment results 

 Poplar Chinese fir Chinese larch 

Density (g/cm³) 0.473(17.54) 0.293(10.41) 0.620(12.81) 

UCS  (MPa) 43.034(18.83) 32.171(14.85) 28.412(17.82) 

SWSST  (MPa) 27.176(29.15) 11.155(18.64) 33.067(26.89) 

SWDST (MPa) 27.937(34.83) 11.953(18.77) 31.728(22.71) 

RM 121.088(12.54) 85.460(6.99) 129.298(10.93) 

Note: Values in parentheses are coefficients of variation (%); UCS is the ultimate compression strength parallel to grain; SWSST is the 

single-start screw withdrawal strength; SWDST is the double-start screw withdrawal strength; RM is the resistographic measure. 
 

The analysis of single- and double- start screw withdrawal strengths 

Tab.3 shows the average density, UCS, single- and double- start screw withdrawal strength of three 

species and their resultant variable coefficient. Fig.6 shows the screw withdrawal strength-replacement 

curves of three species with two screw withdrawal testing. (a), (b), (c), referred to poplar, fir, larch, 

respectively. The yield strength, critical strength with different screw pitches were different in screw 

withdrawal testing, resulting from the screw being vertical to tracheid and wood fiber, leading to the wood 

cell divided into two parts. A partial of tracheid and wood fiber underwent the shear force to break when 

the screw was pulling. The broken fibers were absorbed in screw gap with scatter distribution, integral 

fibers were warped along with the pulling force. The degree of warping gradually increased from the inner 

to surface, owning to the shear times increasing from inner to surface. Large screw pitch led to a large 

connecting area with stronger shear force and friction force. Small screw pitched resulted in a breakage of 

wood fiber, affecting the pulling strength [33]. 
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Fig. 6 Screw withdrawal strength -displacement curves of three species of wood. (a): Poplar, (b): Chinese fir, (c): Chinese larch 

As shown in Fig.6, the correlation coefficients of UCS of three species and single-start screw 

withdrawal strength were higher than those of with double-start screw withdrawal strength. Ductility 

coefficient referred to the max replacement of timber divided to yield replacement, reflecting the plastic 
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deformation capacity before breakage. The high ductility coefficient implied the excellent plastic 

deformation capacity, leading to a high correlation coefficient of UCS and screw withdrawal strength. 

Double-start screw had a small pitch, increasing the force acting on wood fiber, which was prone to 

decline the plastic strength [34], leading to the correlation coefficient was smaller than that of single-start 

screw withdrawal. Fig.7 shows the ductility distribution of three species. The results presented that the 

ductility coefficient of poplar obtained from single- or double- start screw withdrawal was higher than 

those of larch and fir. The linear relationship between density, UCS, and the screw withdrawal strength in 

three species presented the similar values, implying that ductility was a key factor that affecting the results. 
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Fig. 7 Ductility coefficient distribution 
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Fig. 8 Rigidity distribution 
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Fig. 8 shows the rigidity distribution of three species. The rigidity reflected the resistance deformation 

capacity of timber under the external force. Higher rigidity indicated stronger capacity of resisting the 

deformation. For one species, the rigidity determined by single- and double- start screw withdrawal were 

similar, the rigidity of larch was higher than that of fir, the rigidity of fir and poplar were almost the same. 

Combined with Fig 3 and 4, the correlation coefficient of fir between density, UCS, and screw withdrawal 

strength were higher than those of larch, while lower than those of poplar. Therefore, the rigidity of wood 

was not considered as a valued parameter to predict the density and UCS. 

Conclusion 
Wood species determined the correlation coefficient between density and RM, and between density 

and screw withdrawal strength. The correlation coefficient values were poplar > fir and larch. Resistograph 

method was able to investigate the correlation coefficient in a high fitting rate, leading to modeling the 

relationship of density and UCS well. Compared with the screw withdrawal method, Resistograph method 

had the inconspicuous wood species influence on correlation coefficient. In screw withdrawal method, the 

screw pitch affected the test results, greater pitch resulting in higher correlation coefficient. 
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Abstract 

Non destructives tests continuously have been rolling; for that development, it is essential that results 

should express as accurate as possible measures. For that precision we have developed equipment 

capable of expressing the real perimeter of the element to be measure, feeding the tomograph the 

exact data needed for accurate reports. 

The research has been conducted to make a portable device, with a connectable platform to other 

software, measuring in a quick and reliable way the profile of the element from sclerometric 

techniques, using software, to generate interchangeable data with other systems. The system can 

even identify precisely the length between two aleatory points when requested. The results obtained 

generate the perimeter delineation with millimetrical precision, which allows the elaboration of images 

with the real proportions of this sample, giving a greater accuracy to the non-destructive tests. 

Keywords: perimeter of trees, measures of trees, profilemeter. 
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Introduction 

Nondestructive ultrasonic tests are based on the velocity of wave propagation, obtained through the relation 
between time and distance. When structures or trees with an inhomogeneous profile are analyzed then it is 
considered that wood is a circumference, or even an ellipse, causing substantial interference in the results 
obtained. We therefore conclude that these distances used for calculation must be as accurate as possible. 
According to Trinca, (et al., 2013) it was proven that laser profilemetry allows us to reconstitute the profile of 
objects. 

According to Wang (et al., 2007) the precision obtained with the ultrasound technology allows to predict the 
intrinsic quality and properties of the wood from the measurements made in the live tree and also to correlate 
with the structural performance of the product’s final results. In addition, the authors also say that with advances 
and continuous improvements, this technology could help in the management of wood quality, allowing the 
evaluation of forest stands and improving the quality of future plantations. 

Wang (et al., 2007) also said stated that wave propagation in wood is a dynamic and complex process, controlled 
by the properties, orientation and microstructure of the wood fiber and, more importantly, by the geometric 
shape of the material. 

Because the wood is a material of biological origin, it´s subject to variations in its conformation (nodes, marrow, 
grain slope) that can cause changes in its properties. Nodes, for example, originating from the branches modify 
the linearity of the fibers in the trunks of the wood. The influence on the linearity of a tree interferes with the 
resistance of the part depending on its size and location. In the analysis of the defects of the wood one must take 
into account the singular anisotropy of the wood which is a compound with oriented fibers. 

According to Bucur (et al., 2005), the propagation of waves is affected by the presence of materials with 
different acoustic impedance characteristics, such as defects induced by irregularities of different natural growth 
patterns (grain deviation, nodes, resin bags, etc.) and anomalies caused by biological attacks of fungi and insects. 
These differences in the material cause variation in the propagation velocity of the wave and in the amplitude of 
the emitted signal. These variations can be detected by the ultrasound equipment and studied for the elaboration 
of a behavioral profile that can be associated to algorithms for imaging by performing the ultrasound 
tomography. Puccini (et al., 2002) evaluated the influence of nodes, marrow and fiber deviation on the 
propagation velocity of ultrasound waves. The results indicated that the velocity variation was highly significant 
for the models involving, as independent variable, the presence of nodes, marrow and grain mismatch. With 
these results, the authors concluded that the velocity is a parameter that can be associated to the characteristics 
analyzed, and that; therefore, it can be used as an analysis tool for the detection of defects in wood.  

Therefore, it is important to determine the correct profile in the image construction using the variation of the 
propagation velocity of the ultrasonic waves (ultrasonic tomography) in wood. 
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Methodology 

For the determination the perimeter on trees, we used urban, native, and reforestation trees. 

Initially, a laser was used to trace the profile line and the ImageJ program to generate the image of this profile, as 
presented by Trinca (et al., 2013). 

Due to the difficulties of the acquisition of the images with the use of the laser, with the interference of the 
luminosity of the external environment, we decided to change the method using a colored ribbon emphasizing 
the perimeter independently of the external luminosity (Figure A). 

The actual method to obtaining the profile is slowness, transforming a fieldwork into a laboratory work, it was 
necessary to develop dedicated software (Avallye®) for the graphical composition of the profile and spreadsheet, 
with the possibility of feeding other equipment, e. g: tomograph. 

For the verification of the results of the tests, the methodology proposed by Divos and Szalai (2002), diffraction 
mesh, (Figure B) was followed, where the distance between the points was mentioned. 

After data collection, it was possible to generate the actual image of the profile, (Figure C). A table with the data 
obtained the distances between the model using circumference and the real model was then generated (Figure 
D). 

Fig. A Fig. B Fig. C 
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Results 

With the possession of the measurement results it was possible to prepare a spreadsheet previously mentioned. 

Distance 
Between Points 

Approximated 
Circumference (m) 

Using the actual 
profile (m) 

Variation 
(|%|) 

1-5 0.1642 0.1516 7.67 

2-6 0.1642 0.1675 2.01 

3-7 0.1642 0.1446 11.94 

4-8 0.1642 0.163.7 0.31 

Figure D: Distances using circumference and real model. 

CONCLUSION 
It is concluded that using the proposed model to approximate the profile of a tree to a circumference 
produces values that generate a significant deviation of velocity, incurring errors in the evaluation of 
the element. 

It´s impossible determine the deviation or variation statistics, because there aren´t a model that 
represents the comparison between a real profile and a hypothetical circumference.  
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Abstract 
The purpose of this research is to develop a method and device for evaluating large variations in moisture 
content, particularly heartwood moisture content distribution. High correlation was found between the 
relative permittivity of the logs and the heartwood moisture content (MC). We investigated whether it is 
possible to estimate from the phase and attenuation when the log moves between the transmitting and 
receiving antennas of low frequency electromagnetic waves (52 MHz) as a non - contact MC evaluation 
method for logs. In the model test or Japanese cedar logs, a high correlation was found between the phase 
and the laminated whole MC, between the attenuation and the sapwood MC. A significant correlation was 
found between the value obtained by subtracting the voltage output value of the attenuation from the 
voltage output value of the phase, and the heartwood MC. From these results, it was suggested that the 
MC evaluation of the entire log and the inside of the outer periphery or heartwood could be performed 
nondestructively. 
Keywords: Moisture content, Electromagnetic wave, Relative permittivity, Phase, Attenuation, Japanese 
cedar, 

Introduction 
It is known that the quality of Japanese cedar varies widely among individuals, and in particular, the 
moisture content of heartwood in standing trees and logs are greatly different. For this reason, when 
manufacturing lumber products of large cross section such as beams or girders from middle and large 
diameter logs of heartwood, the proportion that the target moisture content cannot be satisfied after drying 
increases. In addition, since the yield may decrease due to the occurrence of cracks in the drying process, 
it is an obstacle in stably producing products of a certain quality and performance. 
For these reasons, authors have evaluated the high moisture content in the high moisture content of 
Japanese cedar by the phase of the electromagnetic wave (Ikeda, K. 2013), the impedance (Suzuki, Y. 
2011), and the dielectric constant (Suzuki, Y. 2003)  and we have also worked on the development of a 
device to evaluate the moisture content of logs on scaling line. Others, For the moisture evaluation in the 
high moisture content region, impedance by intermediate electrode insertion (Sobue N. 2011), microwave 
scanning (Johansson, J. 2003), acoustic method (Dieste, A 2013) have been studied. In this study, we 
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established methods to evaluate moisture content of whole logs and sapwoods by phase and attenuation of 
low frequency (52 MHz) electromagnetic waves, and moisture content of heartwood by relative 
permittivity, and try to implement of device development and improvement. 

Method and Specimen 
Evaluation of moisture content of logs by phase (non-contact) and relative permittivity (contact) of 
low-frequency electromagnetic waves 
Figure 1 was showed the outline of the relative permittivity measuring device used for evaluating the 
heartwood moisture content of logs. In the device, an electrical circuit with a transmission frequency of 
20 MHz is connected to a terminal with a needle length of 45 mm, the relative permittivity when the 
terminal is driven into the core material of the log roof surface is displayed, the power supply voltage is 9 
v, the display value range of the relative dielectric constant Is 0 to 200. The relative permittivity was 
measured at two places outer heartwood and near the pith with the heartwood of the cedar logs.  
An electromagnetic wave transmission / reception sensor (dipole antenna: one side length 1400 mm) and 
the like with a transmission frequency of 52 MHz was used for non-contact evaluation of moisture 
content of log (whole) is shown Figure 1(Right). The phase was calculated from the difference in voltage 
output between when there was nothing between the sensors and when log was placed.  
Approximately two months after logging, we was tested a total of 90 Japanese cedar logs with a length of 
4 m and a diameter of 30 to 42 cm. After that, cedar logs measured apparent density, cut at the site of 1 m 
in length from the end, and picked up a disk with a thickness of 5 cm. Cubic specimens of heartwood and 
sapwood were sampled from the disk and the moisture content and oven-dried density of the samples 
were measured by the oven dried method. In addition, timber beams with a width of 130 mm and a 
thickness of 300 - 390 mm according to the diameter from the logs; they were subjected to kiln drying by 
steam for 10 days. After drying, the moisture contents of them were measured using a high-frequency 
type and microwave type moisture meter. 

Figure１-Outline of the sensor used for relative permittivity measuremenntof heartwood MC  (Left) 
 and sensor used for phase measurement of log MC. (Right), 

Non-contact evaluation of wood moisture content by phase and attenuation of low frequency 
electromagnetic waves 

The electromagnetic wave sensor device used in the previous section was improved so that it can measure 
fluctuation data of phase and attenuation when a log or the like is moved between the sensors. 
The difference between the minimum value and the maximum value of the voltage output value during 
the movement process of a log or the like was defined as phase and attenuation 

497



Model test A: Using the Japanese cedar plate (150 mm in width, 35 mm in thickness, 4 m in length) 
classified into 4 groups with moisture content adjusted, the phases when 4 grating lumbers of the same 
moisture content group were laminated attenuation was measured, and the phase and attenuation were 
measured when gradually stacking up to ten layers one by one respectively. 
Model test B: Using a cedar lumber divided into six MC groups with moisture content adjusted, 6 outer 
layers assuming sapwood and 7 inner layers assuming heartwood were combined so that the moisture 
content groups were different 8 types of model specimens with a width of 225 mm and a thickness of 315 
mm were prepared and the phase and attenuation were measured. 
Actual size Japanese cedar log test A: The phase and attenuation were measured similarly to the model 
test on five cedar logs (preliminary relative permittivity, apparent density) having a diameter of 30 to 32 
cm and a length of 4 m passed two months after harvesting. The phase and attenuation were measured for 
cases where the log edge of the same log was changed by 15 degrees and when the feed speed of the log 
was changed, and the influence of them were examined. Also, after placing these logs outdoors for 
another two months, we measured phase, attenuation and apparent density. 
Actual size Japanese cedar log test B: After measuring the phase and attenuation for 8 cedar logs of 30-
32 cm in diameter and 4 m in length logs a section of 1 m from the end was cut and then disc samles were 
collected,  and then, the sapwood MC and heartwood MC were measured by oven-dryied method. 

Figure 2- Method of mesurｉｎｇ method of attenuation and phase of Sugi logs or timber model test samples. 
Model test A: Mesurement of attenuation and phase when laminating 4 to 10 layer of Sugi  lumber of the same MC group. 
Model test B: Mesuremento of attenuation and phase when laminating  Sugi lumbers different MC groups on the outer   
layer (6:assumed sapwood) and the inner layer (7: assumed heartwood) 

Result and Discussion
Evaluation of Japanese cedar logs moisture content by the phase (non-contact) and relative 
permittivity (contact) of low frequency electromagnetic waves 
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Figure 5-Relationship between phase and MC by oven-dried method
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The relative permittivity measured at three heartwood 
parts of 90 Japanese cedar logs fluctuated over a wide 
range of 50 to 180 and the difference between within the 
same individual were appeared to large (Figure 3).  
In addition, the relative permittivity showed a tendency 
that the majority of individuals tended to be higher at the 
center part (near Pith) of heartwood. A high correlation 
was found between the average value of relative 
dielectric constant measured at six heartwood parts and 
heartwood MC by oven drying method the correlation 
coefficient of 0.824 (Figure 4).  In addition, a significant 
correlation (correlation coefficient r = 0.713) was also 
found for the relative permittivity of heartwood and the 
apparent density of the log. Even in another test in which 
the author examined the relationship between the relative 
permittivity and the core material MC of each part of the 
core material separately carried out, the correlation 
coefficient by the exponential approximation between 
them is 0.91, and from the relative permittivity, MC 
could be estimated. 
Figure 5 was showed the relationship between the phase of cedar logs with a 52 MHz electromagnetic 
wave transmission / reception sensor and the MC by oven-dried method using disc samles sampled from 
logs. The correlation coefficient between the phase and the whole MC was 0.814, and it seemed that the 
moisture content of the whole log could be estimated from the phase difference. On the other hand, 
although the correlation coefficient between phase and moisture content of sapwood or heartwood were 
significant, it were lower than that of the whole logs. The dotted line in the Figure 4 and Figure 5 shows 

the heartwood moisture content and the relative 
permittivity, which are presumed to remain in the 

lumber after kiln drying, and the total moisture content and phase, respectively.  
Relationship between the relative permittivity of the log and the MC of kiln dried sawn timber made from 
them (measured using high frequency and microwave moisture meter) are shown. 

Figure 3-  Differnence in relative permittivity at
heartwood measurement 3 part of Japanese cedar
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In the figure, 90 Japanese cydar logs were divided into two groups with the relative permittivity of 120 
and the phase of 1500 mV as threshold values (see Figure 4 and 5), and showed MC after drying, 
respectively. The MC measured with high frequency moisture meter (average value measured at 6 points 
in a wide core material part), when sawn from a log with a relative dielectric constant less than 120 or a 
phase less than 1500 mV, mostly showed 20% or less. Likewise, in the MC by the microwave moisture 
meter, a large MC difference appeared between the two categories. On the other hand, logs with large 
specific permittivity (presumed to have a high heartwood moisture content) were presumed to have a high 
possibility of leaving the moisture content gradient after drying even if the phase of log is low (Figure 6). 

From these results, the effectiveness of moisture evaluation at the log-grading were verified using two 
electric signals of relative permittivity and phase as division thresholds. However, since the measurement 
of the relative dielectric constant is a contact type, it is necessary to  measurement time ( necessary to stop 
the log and measure it), and the reliability of the system (needle terminal: such as breakage and durability 
etc.), leaves problems. 

Non-Contact Evaluation Method of Moisture Content of Raw Wood by Phase and 
Attenuation of Low Frequency Electromagnetic Wave 
Model test in which MC adjusted Japanese cedar lumbers laminated on each other  
Figure 7 was showed the phase and attenuation fluctuations when the cedar lumbers of the same moisture 
content group were laminated with 4 lumbers and then increased one by one and gradually laminated up 
to 10 layers.Both phase and attenuation showed a tendency to increase almost linearly in proportion to the 
number of layers stacked lumber in the 4 moisture content groups In the electromagnetic wave sensor 
with the frequency 116 Mhz tested in the previous report, the proportional relationship was not obtained 
due to the attenuation (Ikeda,K. 2013), but the possibility of the evaluation in the high moisture region 
was obtained even with the attenuation in this sensor. Figure 8 was showed the relationship between MC 
and phase and attenuation of a model specimen in which 6 lumbers on the outer circumference assuming 
sapwood, 7 lumbers in the inner layer assuming a heartwood, and combinations of Japanese cedar 
lumbers with different moisture content groups, respectively. 

Figure 6- Relationship between relative permittivity of logs  and MC
of large timber beams which were sawn and kiln dried from logs.
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The correlation coefficient between the attenuation and the MC at the outer circumference was 0.943, and 
the correlation coefficient of the whole MC and the correlation coefficient was 0.972, both high 
correlation was confirmed respectively. When comparing the types of magnitude discrimination of the 
outer layer (sapwood) and the inner layer (heartwood) with magnitude (○ and ● in the Figure 8)of MC, 
the difference between them is either the phase and the MC of the whole, attenuation and the MC of the 
outer circumference could not see any difference. A significant correlation (correlation coefficient 0.791) 
was found between the MC of the inner layer and the value obtained by subtracting the attenuation 
voltage from the phase.However, the relationship between the two was noticeably different depending on 
the difference in elevation of MC between the outer and inner layers, and the correlation coefficient was 
not higher than the above phase and the total MC. It will be a future task, but by obtaining means to 
evaluate the difference between the MC height and the inner and outer layers, it is thought that further 
accuracy improvement can be achieved when estimating the MC of the inner layer. 

Evaluation by large diameter Japanese cedar log 
The phase, attenuation and apparent density of Japanese cedar logs measured at 2 months and 4 months 
after harvesting were compared. Between 2 months the apparent density and phase of the logs both 
fluctuated (Figure 9). Also, the correlation coefficient between the decrease in apparent density and the 
decrease in attenuation was higher than the decrease in phase (Figure 10). From these results, it was  

Number of laminated layer for timber of the same moisture content
Figure7- Changes in phase and attenuation, when increasing the number of

Japanese cedar lumber laminates of the same MC level

0

200

400

600

800

1000

1200

3 4 5 6 7 8 9 10 11

Ph
as

e 
 (m

V
)

MC 170-180%
MC 140-150%
MC 65-75%
MC 15-25%

0

40

80

120

160

200

240

3 4 5 6 7 8 9 10 11

A
tte

nu
at

io
n 

(m
V

)

MC 170-180%
MC 140-150%
MC 65-75%
MC 15-25%

Figure 8 -Relationship between attenuation and phase of MC with laminated Japanese cedar lumbers of different MC groups on the
outer circumference (6 layers: assumed sapwood) and the inner layer (7 layers: assumed heartwood).

r = 0.972

0
20
40
60
80

100
120
140
160
180
200

0 200 400 600 800 1000 1200 1400
Phase (mV)

M
C

 o
f A

ll 
la

ye
r  

(%
)

Outer layer MC <
Inner layer MC 
Outer layer MC>=
Inner layer MC 

r = 0.943

0
20
40
60
80

100
120
140
160
180
200

0 50 100 150 200 250 300
Attenuation (mV)

M
C

 o
f o

ut
er

 la
ye

r (
%

)

Outer layer MC<
inner layer MC
Outer layer MC>=
Inner layer MC

r = 0.791

0
20
40
60
80

100
120
140
160
180
200

0 200 400 600 800 1000 1200
Phase-attenuation (mV)

M
C

 o
f i

nn
er

 la
ye

r  
(%

)

Outer layer MC <
Inner layer MC 
Outer layer  MC>= 
Innere layer

501



inferred that the decrease of the apparent density appeared in the decrease of mainly the attenuation and 
further the decrease in the phase that the moisture release from the sapwood (the outer periphery of the 
log) was large. For the same cedar logs, it were confirmed that the phase and attenuation in (4 directions) 
when the direction of the butt end relative to the sensor was changed by 15 degrees at the time of 
measurement movement were compared. In addition, it was confirmed that there was hardly any influence 
on the measurement values of phase and attenuation even when the measurement was performed by 
changing the feed speed (1 to 20 m / min) on the line.Figure 11 was showed relationship between the 
phase and attenuation of logs and the MC measured with discs by oven-dried method. The correlation 
coefficients were attenuation and sapwood MC 0.844, phase and whole MC 0.944, phase - attenuation 
and heartwood MC 0.844. 
Compared to the result of model test B, the correlation coefficient between core material MC and phase-
attenuation was high. Comparing the results of the actual size cedar log with the model test B, the 
regression equation of the sapwood MC and attenuation was somewhat different from the regression 
formula of the phase and the total MC or the phase - attenuation and the heartwood MC were similar. 
From the above results, it was confirmed that the MC evaluation of the log can be performed efficiently 
by non-contact in the process of moving the scale measure lines. 
In addition, when considering the results of model test B, it is expected to improve accuracy by measuring 
in high-moisture moisture content state only in those with less time lapse after harvesting. In future, we 
will increase the number of samples of nondestructive moisture indicator such as phase etc for logs of 
different diameters, and will carry out the verification accompanied with the evaluation of non-destructive 
moisture index and the MC of kiln-dried lumber. 

Figure 9- Apparent density and phase at the end of 2
months and 4 months after harvesting of cedar log

Figure 10- Relationship between apparent density and
attenuation or phase variation in 2 months

300

400

500

600

700

800

900

1000

0 500 1000 1500 2000
Phase  (mV)

A
pp

ar
en

t d
en

ci
ty

 (k
g/

m
3 )

After 2 months from harvest

After 4 months from harvest"

40

60

80

100

120

140

160

0 200 400 600 800 1000
  Variation of phase and attenuation (mV)

A
pp

ar
en

t d
en

ci
ty

 v
ar

ia
tio

n 
in

 tw
o 

m
on

th
s

(k
g/

m
3 )

Attenuation  r = 0.819

Phase  r = 0.648

Figure 11- Relationships of ｅach parｔ  MC in Sugi Logs with ｄifferent elapsed ｔ ime after ｌogging and the phase, attenuation.
MC: A value obtained by dividing a disk collected from logs into sapwood and heartwood and measuring them by oven-dried method

r  = 0. 844

0

50

100

150

200

250

0 200 400 600 800 100
0

120
0

Phase-Attenuation (mV)

M
C

 o
f h

ea
rtw

oo
d 

(%
)

r  = 0. 944

0

50

100

150

200

250

0 400 800 1200 1600 2000

Phase (mV)

M
C

 o
f w

ho
le

 lo
g 

(%
)

r  = 0. 844

0

50

100

150

200

250

0 100 200 300 400 500
Attenuation (mV)

M
C

 o
f s

ap
w

oo
d 

(%
)

502



Conclusions 
The relative permittivity when a needle-type terminal is driven into a heartwood at butt end of a Japanese 
cedar (Sugi) log and a device for measuring the phase attenuation when the log moves between the 
transmitting and receiving antenna of the low-frequency (52MHz) electromagnetic, were developed. High 
correlation was found between the relative permittivity of Sugi logs and the heartwood moisture content. 
We investigated whether it is possible to estimate from the phase and attenuation when sugi log moves 
between the transmitting and receiving antennas of low frequency electromagnetic waves as a non - 
contact MC evaluation method for Sugi logs. In the model test or Sugi logs, a high correlation was found 
between the phase and the laminated whole MC, between the attenuation and the sapwood MC. A 
significant correlation was found between the value obtained by subtracting the voltage output value of 
the attenuation from the voltage output value of the phase, and the heartwood MC. From these results, it 
was confirmed that the MC evaluation of the entire log and the inside of the outer periphery can be 
performed nondestructively and by non-contact. 
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Abstract 

Loblolly pine is one of the most important tree species in the southeastern USA. However, root-feeding 
fungi continue to be one of the major challenges confronting pine production in this country. Little 
information exists on the use of rapid nondestructive wood quality assessment techniques to differentiate 
between families susceptible and tolerant to root-feeding fungi. In this study, we explore the possibility of 
using an acoustic tool and statistical techniques to differentiate between 17-year-old loblolly pine trees 
susceptible and tolerant to root feeding fungi.  The results indicated that the effect of the root feeding 
fungi on the wood quality properties differs widely between the families studied. The acoustic tool was 
successfully used to differentiate between the susceptible and tolerant families.  

Keywords: Discriminate analysis, Root-feeding fungi, acoustic tools 

Introduction 

Loblolly pine is an important tree species in the United States. It dominates on approximately 13.4 
million ha throughout the southeastern forests and accounts for over 50% of the standing pine volume of 
this region (Schultz 1997). Loblolly pine is native to fourteen states extending from southern New Jersey, 
down to central Florida and west to eastern Texas. Due to its adaptability, it has also been successfully 
planted along the periphery of its natural range, and even on other continents (Moya et al. 2013).  
In the southeastern U.S., loblolly pine (Pinus taeda) is the most dominant tree species in the 
southern yellow pine (SYP) group in terms of cultivation, utilization and genetic improvement 
(McKeand et al. 2003). One of the most important premium products from this species is still 
dimension lumber for structural applications. 
Over the last six decades, Southern Pine Decline (SPD) has been causing reduced growth, decline and 
eventual premature deaths of loblolly pine, especially in the southeastern United States. 
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Recently, loblolly pine decline has become one of the major challenges confronting plantation development 
in the southern USA. This decline has been linked to a complex interaction among fungi, insect, 
environment, and host. There are several studies exploring the underlying causal and the nature of 
relationships among the factors causing this decline. However, little information exists on the use of rapid 
nondestructive wood quality assessment techniques to help differentiate between trees susceptible and 
tolerant to root-feeding fungi. We hypothesized that the susceptible and tolerant families will exhibit 
different morphological, physical and anatomical properties hence if acoustic velocity is sensitive 
to these properties coupled with wood chemistry (Essien et al. 2017), then velocity will vary 
significantly between the families. Furthermore, anatomical properties will show a significant 
effect on velocity as the distance between the acoustic probes decreased due to a progressive 
reduction in a heterogeneity of the wood material. The objective of this study was to explore the 
possibility of using acoustic velocity determined at different between distances and statistical techniques to 
differentiate trees susceptible and tolerant to root feeding fungi. 

Materials and Methods 

Materials 
In this study, 17 – year – old loblolly pine plantation located in Eufaula, Alabama (N32o03′85′′ and W85o 
21′30′′) were selected. The topography of site was relatively flat with a slope less than 2% and 20m altitude 
above sea level. The soil was very fine sandy loam, poorly drained and generally poor in nutrients which 
formed from loamy and silty Coastal Plain sediments. The mean annual temperature ranged 17 to 19oC and 
the annual precipitation from 1981 to 2010 averaged 1315mm (NOAA 2016).  

The total size of the site was 6744m2 which was divided into four blocks, and four different families were 
randomly planted in each block on a bed at 1.6 m x 3.2 m. The same planting design and silvicultural 
treatments were applied to the blocks. The stands had not received any commercial thinning since 
establishment at the time of data collection. The experiments were established to compare the stability and 
growth performance of different loblolly pine families. Two of the families were susceptible (S1 and S2) 
to SPD while the remaining two were tolerant (T1 and T2) to SPD. Twenty-five trees each were randomly 
selected from each family for this study. The diameter at breast height (DBH) and tree height were measured 
using diameter tape and clinometer respectively. Tree morphological characteristics such as diameter at 
breast height (DBH) and height were measured using diameter tape and clinometer respectively. The taper 
of each tree was determined according to Eqn. 1 (Lasserre et al. 2007) 

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡 ℎ𝑡𝑡𝑒𝑒𝑒𝑒ℎ𝑇𝑇 
𝐷𝐷𝐷𝐷𝐷𝐷

 Eqn. 1 

Acoustic measurements of standing trees 

All the selected trees from family were acoustically tested using FAKOPP Treesonic Microsecond Timer 
acoustic tool (Fakopp Enterprise, Agfalva, Hungary) which relied on the time-of-flight (ToF) principle  
( Essien et al 2016; Essien et al 2017). Basically, the accelerometers (the transmitter and the receiver probes) 
were positioned on the same side of the tree at 120, 100, 80, 60, 40, 20 and 10cm apart with the center of 
the path occurring at breast height (Fig. 1). Both probes were positioned 45o to the tree axis and the stress 
wave was generated by striking the transmitter probe with a steel hammer at a steady force. The generated 
wave was detected by the receiver and the time lapse for the sound wave to travel the distance between the 
probes was recorded by the data logger. Ten readings each were taken on each tree and tree velocity was 
estimated as the ratio of the distance to time (Eqn. 2). 

𝑉𝑉𝑇𝑇𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =  𝐷𝐷𝑒𝑒𝐷𝐷𝑇𝑇𝑇𝑇𝐷𝐷𝐷𝐷𝑡𝑡 
𝑇𝑇𝑒𝑒𝑡𝑡𝑡𝑡

 Eqn. 2 
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Physical properties measurement 

The physical properties were determined using core samples taken from each of the selected trees at breast 
height. Moisture content, green, and oven dried densities of all the 100 selected trees were determined 
following ASTM D2395 protocols. The volume of the core samples was determined using a digital caliper 
to the nearest 0.025mm and the weight measured to the nearest 0.001g using electronic balance while the 
core samples were green. The core samples were dried to a constant weight at 102oC. The moisture content 
(MC), oven dried density (ODD) and green density (GD) of the core samples were determined using Eqns. 
4, 5 and 6 

𝑀𝑀𝑀𝑀 = 100 ∗ �𝑀𝑀𝑒𝑒−𝑀𝑀𝑇𝑇
𝑀𝑀𝑇𝑇

� Eqn. 4 

𝑂𝑂𝑂𝑂𝑂𝑂 =  𝑀𝑀𝑇𝑇
𝑉𝑉𝑇𝑇

 Eqn. 5 

𝐺𝐺𝑂𝑂 =  𝑀𝑀𝑒𝑒
𝑉𝑉𝑒𝑒

  Eqn. 6 

where MC = moisture content, Mi = initial mass, Mo = oven-dried mass, vo = oven dried volume, vi = green 
volume, ODD= oven dried density, GD = green density. 

Anatomical properties determination 

Thin core samples measuring about 100µm in thickness were macerated using equal volumes of 
hydrogen peroxide (30%) and glacial acetic acid at 80oC for 24 hours for thorough maceration 
(Essien 2011; Peter et al. 2003). The macerated cells were then rinsed with water to remove the 
excess solution and stop the maceration reaction. Temporary slides were prepared from the 
macerated fibers. Fiber length, lumen diameter, wall thickness and MFA were measured following 
the procedure described by Peter et al. (2003). Measurements were performed on twenty full fibers 
selected from both the earlywood and latewood using Differential Interference Contrast (DIC) 
Microscope (Olympus BX53) (Essien et al. 2017). The MFA measurements were performed using 
ImageJ software.    

Data analysis 

The parameters determined were DBH, total height, slenderness (taper), MC, green density, fiber length, 
fiber lumen diameter, and fiber wall thickness. The dataset was analyzed using SAS (SAS Institute 2014). 
Simple descriptive statistics and charts were generated for each of the parameter studied for each family. 
Due to the strong correlation between some of the anatomical and physical properties variables, principal 
components regression were used with the velocity determined at seven distance as the response and the 
principal component loadings as the predictors. This step helped to identify the most important components 
affecting the velocity. Multiple linear regressions with the raw parameters were used to validate the results 
from the principal component regression. After confirming that most of the variation in the velocity can be 
explained by the measured parameters or the derived components, the velocities were then used to perform 
allocate the families into their respective rate code (either susceptible or tolerant) using linear discrimination 
method. Seventy percent of the dataset was used to develop the model and 25% used to test the model. 
Five-hold cross-validations were performed using subsamples from the whole dataset (Acquah et al. 2016, 
Johnson and Wichern, 2007).  
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Results and discussion 

Physical, anatomical, morphological, and acoustic properties of the four families 

The results of the morphological, anatomical, physical, and acoustic properties of the four loblolly pine 
families are presented in Figs 1 – 4 respectively. Generally, families have statistically similar diameter at 
breast height but they are significantly different in terms of height growth and slenderness (taper). T1 is the 
tallest and the T2 is the shortest (Fig.1). From Fig 2, the anatomical properties of the susceptible families 
(S1 and S2) are statistically similar as compared to the tolerant families (T1 and T2). For instance, there is 
no significant difference between the susceptible families (S1 & S2) in terms of fiber length, lumen diameter 
and wall thickness (Fig 2) but fiber length and wall thickness are significantly different within the tolerant 
families (T1 & T2). A similar trend is observed in the acoustic velocity. The susceptible families and one 
tolerant family (T1) are statistically similar as compared to T2. Since there is no distinct pattern in the 
studied parameters between susceptible and tolerant families. However, one of the tolerant families (T2) 
seems distinctively different from the rest for most of the parameters studied. This suggests that the families 
can be separated. 

Principal component, multiple linear regression, and linear discriminate analysis   

The results of the multiple linear regression and the principal component analysis are shown in Tables 1 -
2. From 1, the first 5 principal components (PCs) explained about 92% variations in the dataset hence 5
PCs were used for further analysis (Johnson and Wichern 2007).  The adjusted R2 for both the multiple
linear and principal component regressions ranged from 36% to 66% for velocities estimated from 10 cm
to 120 cm. This implies that the independent variables explained more than half the variations in the
dependent variables (V 10 to V 120), the velocities can be used as a discriminant factor. The results from
the linear discriminate analysis are presented in Table 3 – 4. The generalized squared distances (Table 4)
indicate the extent of separation between groups in space. Therefore, an unknown sample from the group
is classified into a given category if it is similar enough to the other members in that category, else it is
rejected. From Table 3, T2 offered the best separation family hence it will be easier to classify members
into this family as indicated in Table 5. Contrarily, the other families are very close (Table 3) hence
difficult to correctly allocate member (Table 4). The error rate of classification is 35% for V120 and 40%
for V60. This suggests between 60 to 65 % correct classification rates despite the close semblance
between the susceptible families (S1 & S2). This time – of – flight tool has been calibrated to function
effectively within a certain distance between the probes hence 120 cm offered the best correct
classification rate. Though the 35% error rate of classification is high but it indicated the possibility of
using the acoustic technique to segregate susceptible and tolerant families during tree breeding programs.
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Fig 1 - Tree morphological parameters of the four mature loblolly pine families. T1 & T2 are tolerant 
while S1 & S2 are susceptible.  The error bars indicate 95% confidence interval. 

Figure 3. The wood anatomical parameter of the four mature loblolly pine families. T1 and T2 are tolerant 
while S1 & S2 are susceptible.  The error bars indicate 95% confidence interval.   
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Figure 4. Physical properties of the four mature loblolly pine families. T1 and T2 are tolerant while S1 & 
S2 are susceptible.  The error bars indicate 95% confidence interval. 

Figure 4. Acoustic velocities determined at various between probes distances for the four mature loblolly 
pine families. T1 and T2 are tolerant while S1 & S2 are susceptible.  The error bars indicate 95% 
confidence interval. 

Table 1 – Eigen values, proportion and cumulative variance explained, and dominant variable for 
Principal components.  

PC Eigen value Proportion of variance 
explained (%) 

Cumulative variance 
explained (%) 

Dominant Variable(s) in PC 

1 2.781 39.7 39.7 Fiber length, MFA, wall 
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2 1.558 22.3 62.0 Moisture content, oven dried 
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3 0.954 13.6 75.6 Taper 
4 0.700 10.0 85.6 MFA, lumen diameter 
5 0.450 6.4 92.0 Fiber length, MFA, lumen 

diameter 
6 0.379 5.4 97.5 Moisture content, oven dried 

density 
7 0.178 2.5 100.0 wall thickness 

Table 2 – Principal component regression analysis 
Significant PCs Coefficients (SE) SER R2 adj 

V120 PC1 
PC2 
PC3 

0.085 (0.021) 
0.067 (0.025) 
-0.168 (0.054)

0.257 66.15 

V100 PC1 
PC2 
PC3 

0.101 (0.025)
0.088 (0.029)
-0.159 (0.053)

0.302 62.46 

V80 PC1 
PC2 
PC3 

0.097 (0.025) 
0.076 (0.029) 
-0.185 (0.053)

0.299 66.63 

V60 PC1 
PC2 
PC3 

0.077 (0.024) 
0.067 (0.028) 
-0.113 (0.05)

0.294 61.43 

V40 PC1 
PC2 

0.076 (0.022) 
0.053 (0.028) 

0.292 56.76 

V20 PC1 
PC3 
PC4 

0.065 (0.024) 
-0.123 (0.054)
0.076 (0.038)

0.304 45.84 

V10 PC1 
PC3 
PC4 

0.084 (0.032)
-0.173 (0.072)
0.138 (0.051)

0.407 39.76 

Table 3 - Generalized squared distances matrixes for the four families with rate code (susceptible S1 S2) 
and tolerant (T1 and T2) 

V120 V100 V80 V60 
From 
/ To 

S1 S2 T1 T2 S1 S2 T1 T2 S1 S2 T1 T2 S1 S2 T1 T2 

S1 0.03 1.10 4.10 0.01 0.33 4.41 0.01 0.51 6.57 0.128 0.27 5.40 
S2 0.76 4.84 0.48 3.93 0.68 5.99 0.76 3.87 
T1 9.45 7.14 10.7 8.07 
T2 

Table 4 – Summary of percentage error rate for individual family and mean model error rate from five – 
fold cross - validation method  

V120 V100 V80 V60 
S1 S2 T1 T2 S1 S2 T1 T2 S1 S2 T1 T2 S1 S2 T1 T2 

Error Rate (%) 74 55 0 10 75 100 29 0 85 64 20 18 92 45 33 15 
Mean error rate (%) 35 40 39 40 
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Conclusion 

In this study, we used time – of – flight acoustic tool to classify trees identified to be susceptible or 
tolerant to root feeding fungi. The results indicated the susceptible families were very similar in terms of 
their morphological, physical, anatomical, and acoustic attributes while the tolerant families vary 
significantly in these attributes. Both the multiple linear regression and the principal component 
regressions indicated the acoustic velocity can be used to separate the families. Using the acoustic 
velocity as the discriminant, we achieved 35% error rate of classification indicating 65% success rate of 
classifying new member into the families. It was, however, impossible to separate the members within the 
susceptible families (S1 and S2).   
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Abstract 

The main objectives of this laboratory study were to determine the effect of drill bit friction on resistance 
drilling measurements conducted on green logs and to assess the potential of using relative resistance and 
feeding force to predict density and hardness of wood in logs, and ultimately in standing trees. Two 
freshly cut yellow birch (Betula alleghaniensis) logs, one with central rot and the other decay free, were 
used as test specimens. Drilling measurements were conducted on the logs using an IML-RESI PD 400 
tool equipped with a standard spade needle drill bit. Following drilling measurements, nine 5.1-cm-thick 
disks were cut from the decayed log, one at each drilling location, and a 5.1-cm-wide strip was cut from 
each disk. A series of hardness tests was conducted on each strip based on a procedure modified from 
ASTM D 143-2012. Then each strip was cut into 1.8-cm segments to determine wood density using 
volumetric method. In addition, 195 drilling measurements were conducted on the decay-free log to 
specifically examine the friction effect. Statistical analysis was conducted to determine friction variations 
along the drilling path and develop density and hardness prediction models using measured resistance and 
feeding force as predictors. 

Keywords: drilling resistance, feeding force, Janka hardness, logs, wood density 
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Abstract 

With the extreme events caused by climate change, there is significant growth of breaking and falling 
branches in urban trees. The falling of big branches in urban area can cause serious accidents. The 
branches have great importance in analysis of trees behavior using biomechanics but, in general, the 
properties of these elements are not specifically evaluated but considerate as the same of the stem.  

The objective of this paper is to present preliminary results of acoustic characterization of wood from 
branches. To achieve this goal we collected sections of branches using six species of trees. In a same 
branch, specimens were colected in different positions. Readings were taken longitudinally with direct 
measurements (transducers positioned on opposite faces of the branch section) and with indirect 
measurements (transducers positioned at 45 degrees on the same face). 

The results showed that there are variation in velocities among species, indicating that this easy tool could 
be used to grading, by stiffness, branches from different species of trees or branches from different 
position of the same tree. The results also allow us to obtain statistically significate correlations between 
velocities obtained in direct and indirect tests. This result is important to the use of the technology in live 
trees in standing trees inspections aiming the analysis of fall risk through biomechanical studies. This data 
will be compared with the characterization of wood from roots and stem. 

Keywords: Strength of branches wood, Stiffness of branches wood, Ultrasound in wood characterization, 
Chestnut wood, Pine wood 
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Abstract 

The overall goal was to develop efficient methods to improve the quality assessment of wood. Air-
coupled ultrasound and electrical impedance spectroscopy were the studied measurement methods. The 
ultrasound method is based on mechanical waves and is affected by the mechanical properties and defects 
of wood. Density affects both methods, and the electrical impedance method is especially affected by 
moisture content and the chemical properties of wood. The relations between the methods and the 
properties of several wood species were examined, both softwoods and hardwoods. Several studies were 
also conducted for modified wood. According to the results, electrical impedance spectroscopy, air-
coupled ultrasound, and combined method are efficient nondestructive techniques for estimating quality 
properties of hardwood, softwood, and modified wood. Recently, industrial tests have also been 
conducted. 

Keywords: Air-coupled ultrasound, electrical impedance spectroscopy, quality assessment 
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Abstract 

The transverse vibration method offers great potential for nondestructive wood testing and evaluations 
due to the precision of the mathematical model associated with this method and the possibility of 
application in pieces of structural dimensions. However, there is a lack of study about the utilization in 
wood particleboard. Particleboards of Pinus caribaea were produced at Federal University of Viçosa, in 
the Mechanical Properties Laboratory, with density of 0.60 g cm–³ and final dimensions of 38 by 38 by 1 
cm. Phenol-formaldehyde (PF) and sodium silicate (SS) adhesives were used with different proportions:
100% PF; 96% PF, 4% SS; 94% PF, 4% SS; 92% PF, 8% SS; 90% PF, 10% SS, for a total of five
treatments. The particleboards were cut into samples for modulus of elasticity determination by a
destructive method using a universal mechanical test machine and by the transverse vibration method.
This nondestructive testing was performed using a prototype with a microphone and the software Fast
Fourier Transform Spectrum Analyzer to capture the mechanical wave vibration through each sample.
Then the dynamic modulus of elasticity was calculated. The values obtained for modulus of elasticity
using the transverse vibration method were equivalent to the destructive method, showing no significant
difference. Therefore, such a tool is a potential alternative for wood particleboard mechanical
characterization. It is necessary to emphasize the need to improve this technique, developing new
equipment and creating models with adequate parameters and coefficients, so that this method can be
more effectively used.

Keywords: modulus of elasticity, mechanical testing, nondestructive method, wood particleboard, 
transverse vibration technique 
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Abstract 

The objectives of this study were to evaluate the plant health and the risk of fall of 20 trees of four 
species frequent in Brazilian public roads. The evaluation was performed through visual inspection 
and the use of internal prospecting instruments. The trees were located on public roads in the city of 
Belo Horizonte, Minas Gerais, Brazil. Initially, dendrological characteristics were observed and 
dendrometric parameters such as diameter at breast height (DBH), median canopy radius, total height, 
and height of the canopy base were evaluated. Visual inspection was carried out, evaluating the 
condition of the trees and local conditions, using as basis the VTA (visual tree assessment) method. In 
the diagnostic process, tools such as rubber hammer, binoculars, and internal prospecting instruments 
were also used. Five individuals were evaluated from each species: Jacaranda mimosaefolia, 
Ligustrum lucidum, Michelia champaca, and Poicianella pluviosa. The evaluated trees were older than 
40 years, and had diameter at breast height greater than 45 cm and height between 10 and 16 m. At the 
end of the evaluation process, suppression was recommended for four individuals of Ligustrum 
lucidum, three of Jacaranda mimosaefolia, and two of Poicianella pluviosa due to irreversible 
damages, characterizing low phytosanitary condition and high risk of fall. In general, it was observed 
that cavities, cancers, codominances, and biotic agents (fungi) affected the safety of the trees. The 
individuals of Michelia champaca evaluated presented medium phytosanitary quality with small 
necroses in the trunk, but without structural damages. The presence of the cochineal pest was also 
identified, but the species was tolerant. 

Keywords: hazard tree, risk assessment, plant health, visual inspection 
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Abstract 

This study evaluated the quality of heartwood and sapwood from mature trees of two species (Corymbia 
citriodora and Eucalyptus tereticornis) by means of the qualification of their proportion, determination of 
basic and apparent density using nondestructive attenuation of gamma radiation technique, and 
calculation of the density uniformity index. The heartwood and sapwood were delimited by macroscopic 
analysis, and the calculations of areas and percentage of heartwood and sapwood were performed using 
digital image analysis. The uniformity index was calculated following methodology that numerically 
quantifies the dispersion of punctual density values of the wood around the mean density along the radius. 
The percentage of heartwood was higher than that of sapwood in all species studied. The density results 
showed no statistical difference between heartwood and sapwood. In contrast, in all species studied there 
were statistical differences between uniformity indexes for heartwood and sapwood regions, making 
justifiable the inclusion of the density uniformity index as a quality parameter for Eucalyptus wood. 

Keywords: Eucalyptus, density uniformity index, nonconventional approach 
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Abstract 

It is remarkable how important the construction sector is in any country, along with sustainability in 
current times. In Brazil, wood material is not yet widely used in buildings, compared to countries in North 
America and Europe. Eucalyptus and oak woods were evaluate in this study to deepen the knowledge 
about them and to compare the two species of wood. The analysis was carried out by comparing physical 
and mechanical properties of the wood species; in almost all tests, the oak wood presented higher 
property values than eucalyptus wood. However, the eucalyptus wood also shows suitability for the 
manufacture of wooden shims. 

Keywords: nondestructive tests, physical properties, mechanical properties, timber structures. 
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Abstract 

Eucalyptus grandis species is recognized in Latin America because of its rapid growth and high 
mechanical resistance. Thermal treatment of biological materials is gaining importance in the scientific 
literature and in industrial processes to acquire advantages such as natural durability, waterproofness, 
dimensional stability, and color homogenization. Unfortunately, some authors found disadvantages in this 
process, especially regarding the loss of mechanical strength. The effect of heat treatment on the adhesive 
line stability is unknown. The present paper evaluated the effect in glulam of heat treatment in E. grandis 
through the transverse vibration nondestructive technique. It compared the obtained values of the dynamic 
modulus of elasticity (MOE) in treated and untreated wood. The FFT Analyzer program was used to 
measure vibration frequencies; for the transformations, the USDA equations were followed. All the wood 
underwent bending test in three points (ASTM D 143) to determine static MOE. The pieces used had PRF 
(phenol resorcinol formol) in the adhesive line localized in the thickness middle with 350 g m–2 of spread. 
Finally, we found differences for MOEs between treated and untreated wood, and between transverse 
vibration and bending static methods. In the case of the destructive tests, the failure did not occur on the 
adhesive line, and it can be anticipated that temperature conditions and time intervals used in the heat 
treatment did not cause serious damage to adhesive lines but rather to the wood. 

Keywords: Phenol resorcinol formol, glue line, Fast Fourier Test (FFT), bending test 
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Abstract 

Trees are very important to the urban welfare but, on the other hand, can cause accidents. Because of 
this dichotomy, nowadays people wants to preserve the trees but require safety. So, it is very 
important studies that have as objective the improvement in tree inspections, given more objectivity to 
the diagnosis. Wave propagation methods are very used to infer elastic properties of wood mainly that 
linked with its stiffness. At the same time, the stiffness is one very important property related to the 
biomechanics behavior of the tree. As the stiffness is linked with velocity of wave propagation, the 
objective of this research was to determine and compare velocity of wave propagations obtained in 
roots, branches and stem. The aim is to contribute to increment information about properties of wood 
from different parts of the tree, to support studies of tree risk assessment from biomechanics. 
Considering the preliminary results, we could not find a pattern to represent the behavior of the 
velocity in different organs (root, branches and stem) of the tree. 

Key words: ultrasound; velocity of wave propagation; trees 
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Introduction 
 
Trees are fundamental to the well-being of urban communities and, among many others features, it 
plays an important role in reducing temperature and pollution and so in interception of rainwater 
(Silva Filho et al. 2002; Silva et al. 2008 Brazolin 2009 and 2010, Rollo et al 2013). On the other 
hand, trees can be protagonists of accidents, producing conflicts, since there is ecological pressure for 
preservation and the need to guarantee personal and patrimonial security (Silva Filho et al 2002; 
Brazolin 2009). Thus, it becomes important studies that make feasible the use of technology, 
associated with visual and biological analysis, allowing greater objectivity in the diagnoses of the 
condition of the tree.  
 
Several methods have been used to help identify the phytosanitary and biomechanical conditions of 
trees, and the risk of their fallen (Nicolotti et al 2003).  Among them are the visual analyzes of the tree 
and the environment and the nondestructive analysis techniques, which originated from the need to 
solve practical problems without compromising the integrity of the standing trees (Nicolotti et al. 
2003; Bucur 2005).  Among the nondestructive methods, the acoustic tomography is one of the most 
indicated for applications in tree inspection (Nicolloti et al 2003; Bucur 2005). 

 
However, in general, the acoustic properties of the sound wood from species used in urban areas are 
not known. Still less known are properties obtained from different parts of the tree (roots, branches 
and stem). These properties are very important to the correct application of acoustic tomography, 
mainly to the image interpretation, contributing to the decision about the falling tree risk. The 
mechanical characterization of trees has been carried out mainly on stems, with scarce works on the 
properties of wood from root and branches. In general, it is assumed that all wood of the tree is 
structurally similar. However, studies aiming analyzing possible variations in mechanical properties of 
the wood among different organs from trees are important for the holistic understanding of the trees 
biomechanics.  
 
 
Objective 
 
The objective of this paper was to determine and compare the radial velocities of ultrasound wave 
propagation obtained in wood from roots, stems and branches of five species present in urban 
arborization in Brazil.  
 
 
Methods  
 
Samples from root, stem and branches used in the trials were extracted from trees of the species 
Tamboril (Enterolobium contortisiliquum (Vell.) Hauman), Ingá (Inga sessilis (Vell.) Mart), Mogno 
(Swietenia macrophylla King), Pau d'alho (Gallesia integrifolia (Spreng.) Harms) and Aroeira salsa 
(Schinus molle (Anacardiaceae)), fallen during the micro-bursts phenomenon (Figure 1), occurred in 
the region of Campinas (São Paulo state, Brazil),  in June 2016.  
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Figure 1— Image of trees fallen during the micro-busters phenomenon and withdrawal of samples 
 
The roots analyzed were taken from portions corresponding to lateral roots of support, found just after 
the trunk flare region. The stem samples were removed in the DAP zone (1.30 m from the soil tree) 
and the branches were cut from the branch insertion region in the longitudinal growth direction.  
 

 
Figure 2—A) Yellow lines mark cutting site for root and branch sample B) Profile diagram showing the 
sampled region of trees. The arrows indicate: A) root; B) and C) stem and from D1 to D3 the main ramifications 
of branchs. 
 
All pieces were measured for the determination of the diameter and were submitted to ultrasound 
tests, with determination of the propagation times (t). The wave propagation tests were performed 
with ultrasound (USLab, Agricef, Brazil) and 45-kHz exponential face longitudinal transducers. 
Ultrasound tests were performed in the radial direction and directly (transducers coupled on opposite 
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faces) – Figure 3. Radial velocities (VR) were calculated from the diameters and propagation times. 
The radial velocity was adopted because is that used in ultrasonic tomography. 
 

 
Figure 3—Example of ultrasound test in a wood specimen from root . 

 
For analysis of the results, it was first verified if the radial velocity could be considered as having 
normal distribution. This analysis was made based on values of asymmetry and kurtosis, which, when 
between -2.0 and +2.0 indicate the possibility of acceptance of the normal frequency distribution. 
Accepting the normal distribution, we proceed with the statistical analysis of average comparison 
considering radial velocities in different species and different organs (root, stem and branches) using 
multifactor analysis of the variance (Multifactor ANOVA) with 95% of confidence level.  
 
Results and Discussion 
 
Analysis of the frequency distribution of the radial velocities indicated that the normal distribution 
can be accepted for the velocities obtained in the roots, stem and branches.  
 
The roots present the greatest variability among species (5 groups in 6 species) while the stem the 
smallest (3 groups and 4 species in the same group) (Table 1).  
 
Velocities in root were different from velocities in stem to 67% of species and from branches in only 
33% of species (Table 1). A velocity in stem and branches differs in 50% of species (Table 1). 
 
Velocities in stem were greater than in root and branches for 50% of the species and roots are greater 
in 33% of them.  
 

 Table 1—Mean values of radial velocity (m.s-1) obtained in different organs of the same tree 
Species Root Stem Branches 

Enterolobium contortisiliquum  1441cA  1567bA 1316aA 
Inga sessilis 1852eA 1787cB 1802bcAB 
Swietenia macrophylla 1513cC 992aA 1242aB 
Gallesia integrifolia 1363bA 1831cB 1420abA 
Schinus molle * 1708dA 1897cC 1999cAB 
Schinus terebinthifolia Raddi 1229aA 1862cAB 1570abB 
All species 1520 1690 1611 

* Average considering two trees 
Lower cases indicate the statistical analyses in columns (among species) and capital letters the statistical analyses in 
rows (among organs). Same letters indicate homogenous groups. 
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Considering the preliminary results, we verify that there is not a pattern to represent the behavior of 
the velocity in different organs (root, branches and stem) of the tree. We need to add the density of 
each organ to verify if we can see a pattern on stiffness coefficient (CRR = ρ VRR

2). As a part of this 
research project we are also testing polyhedral specimens by ultrasound to calculate the stiffness 
matrix and all elastic parameter of wood from roots, branches and stem; testing specimens from each 
organ in compression to determine Young modulus and Poisson ratio and testing by ultrasound the 
tree components in longitudinal directions (direct and indirect). So, we expect obtain more 
information about properties (acoustics and mechanics) of each part of the tree.  
 

 
Conclusions 
 
In our preliminary results we could not find a pattern to represent the behavior of the velocity in 
different organs (root, branches and stem) of the tree.  
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Abstract 
 
NIRS (near infrared spectroscopy) has been used quite successfully in measuring many wood properties. 
As a result, NIRS calibration has recently been developed for wood basic density. To what extent can 
NIRS be used as an alternative tool for estimating precisely defined wood microdensity variables? 
Recently, portable NIRS devices have emerged on the market. Such devices offer the potential of 
acquiring NIR spectra on standing trees, but the way of collecting the spectra and the extent to which they 
compare with spectra collected in the laboratory remain to be explored. In this work, we explored and 
tested the potential of these devices for rapid, nondestructive measurement of basic wood density on 
standing trees. Measurements were carried out with a portable NIR device on two clonal eucalyptus tress 
in Spain, from which cores were previously extracted and basic density determined. Microdensity profiles 
were analyzed and NIR spectra were obtained in the laboratory. 
 
Keywords: Near infrared spectroscopy, eucalyptus, calibration 
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Abstract 

The use of NDTE in dendrochronology is a novel alternative to assess wood properties and silvicultural 
metrics in a wide range of trees growing conditions. The X-ray microdensitometric and fluorescence 
microanalysis (μ-XRF) techniques provide intra-annual ring data of physical and chemical availability. Our 
aim was to evaluate the potential use of the X-ray microdensitometric and μ-EDXRF analysis to assess the 
carbon accumulation and detect the presence of chemical elements in the wood of Pinus taeda of 17 years 
old. One radial sample at DHB were obtained from six P. taeda trees varying in their nutritional state (0, 
20, 40, 60, 80 and 100 t/ha of cellulosic residues). Samples were analyzed in the QTRS-01X X-ray 
equipment, for continuous radial scanned density of the wood. It was constructed the radial density profiles 
and related to the tree-ring width growth to obtain the annual carbon accumulation by allometric equations. 
X-ray transmission intensity and microchemistry maps were obtained from twin radial samples in μ-
EDXRF spectrometer. The nutritional treatments had a significant effect on the carbon accumulation. The 
highest carbon accumulation in the wood was found for the sample with 80 t/ha of cellulosic residues. The 
main chemical elements found were P, S, K, Ca, Mn and Fe. This exploratory testing, using X-ray 
techniques in the P. taeda wood, show potential value for evaluating the carbon accumulation and detection 
of chemical elements in wood. In addition, this NDTE may provide an interesting tool for interpreting the 
trees physical and chemical response to their silvicultural growing conditions. 

Keywords: X-ray fluorescence, densitometry, carbon accumulation, dendrochemistry. 
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Abstract 
 
Wood–plastic composite (WPC) pallets are commonly used in logistic operations in developed 
countries. In China, the performance requirement and test methods have been developed for general 
purpose pallets. Because of the unique characteristics of WPC, the test methods developed for general 
purpose pallets cannot be adopted for the WPC pallets. This paper reports an ongoing study of 
developing new test methods for evaluating the mechanical performance of WPC pallets. 
 
Keywords：Wood–plastic composite, pallet, test standard, standardization system 
 
 
Introduction 
 
The pallet is widely used in the production, transportation, storage and circulation, Play an important 
role in the modern logistics. Compare with the developed country, our country has little forest 
resource, pallet market is under considerable pressure to go green including road transportation pallet 
market, and considering the road transportation conditions and road freight cost, characteristics of 
light and high strength must be taken into account in the pallet (Soury et al. 2009), This paper reports 
an ongoing study of developing new test methods for evaluating the mechanical performance of WPC 
pallets.  
 
 
Structure of WPC pallet  
 
WPC pallet structure diagram is shown in Figurer 1. The deck boards of a WPC pallet are made from 
wood-plastic composites, cushion blocks are made from same material, and it is prepared with thin 
metal sheets made by pressing, cushion block has hollow structure, compared with traditional wooden 
structure of the same structure and size, it can not only save wood, but also decrease the total weight 
greatly (Takahara 2005).  
 
The size of a pallet is 1200 x 1000 mm according to the BB/T 0020-2001, upper and lower board and 
carling plate are made from the WPC boards of 12-mm thick and 100-mm wide.  
 
 

  

Figure 1—WPC pallet structure 
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For this WPC pallet, since the load properties of pallet largely depend on the compressive strength of 
cushion block, the appropriate result can be obtained only when with fine enough meshing in finite 
element model. Cushion block, upper board, lower board and longitudinal beam are connected with 
spiny of cushion block by pressing, when dividing the mesh, irregular grid appear in the junction, 
Virtual Topology can be used to remove those irregular grid at this time. 
 
Choosing Wood-Plastic Composites as the material of pallet, compared with woodwork swan, it has a 
higher strengthen, toughness and other properties, and moreover, it has a good stability and accurate 
specification (Cardoso 2013). Physical parameters are shown in Table 1. 
 
Mechanical model of Pallet was simplified, when upper board subject to distributed load. Since static 
load of pallet W=2×104 N and distributed load q=W/S, meaning of S is total bearing area of upper 
board, according to the size parameters of pallet, distributed load can be obtained, q=W/S=3330 Pa 
(Kim et al. 2007).  
 
Mechanical properties testing of materials and equipment 
 
Raw materials are mainly WPC pallet material properties and physical mechanical properties are shown 
in Table 2 and Table 3. 
 

Table 1—Compare with Wood-Plastic Composites and woodwork swan 
Parameter 

 
Material 

MOE  
(MPa) 

MOR 
(MPa) 

Poisson’s 
ratio 

Density 
(g/mm3) 

Wood-plastic composites 2611 25 0.211 0.45 
Woodwork swan 7480 67 0.31 0.8 

 
  Table 2— Composite raw material properties of WPC pallets 

Items Reference Standards Performance index 
Flexural modulus (GPa) ASTMD790-09 3.6∼4.2 
Bending flexural strength (MPa) ASTMD790-09 48.8∼52.6 
Breaking elongation (%) ASTMD790-09 3.6∼4.2 
Modulus of elasticity in compression (MPa) ASTMD790-09 1.2∼1.8 
Compression strength (MPa) ASTMD790-09 30∼40 
Non-notched impact strength ( I•m-1) ASTMD790-09 163.9∼179.5 
Screw pull-out strength (kg) FT1 342 

 
Table 3—Basic demands for properties of WPC pallet samples 

Properties Value Properties Value 
Density (g/cm3) 0.96∼1.1 Recoverability 100% 
Water absorption (24h) 0.2% 

Raw material  Bending and compressive 
strength Equivalent to hardwood 

Impact strength Can withstand various shocks 
during handling Existing  Wide 60∼140 

Operating temperature -25℃∼45℃ Size (mm) Height 15∼100 Structure size Small tolerance, High stability 
Standard pallet load 2∼5 t Weight (kg) 17∼35 
Shelves carry 1∼2 t 

Common pallet 
specifications (mm) 

1200×800 
1200×1000 
1219×1016 
1140×1140 
1100×1100 
1067×1067 

Maximum deflection (cm) 
(Load 3-5t) 

Under normal temperature  
static load 0.4 
45℃ static load 1.3 
dynamic load 0.4 
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The main test experiments are shown in Figure 2. 

   

Figure 2—Main experimental equipment. 
 
 

Summary of test methods on static tests 
 
Static tests are performed to determine the strength and stiffness of the pallet under specified load and 
support conditions (Patricio1 et al. 2006). For all static tests described in Compression Tests, Bending 
Tests on Pallet and Bending Tests, the test load applied shall include the mass of all load applicators 
supported by the pallet. The performance criteria in Table 2 and Table 3 may be used to determine the 
safe working load of a pallet. 
 
4.1 Compression Tests on Pallet Deck Spacers or Supports—the purpose of this test is to determine 
the resistance to compression of deck spacers (stringers, blocks, and posts) of pallets. 
 
Deformation Measurements—When tested in accordance with the procedure specified in 4.1.2, record 
the change in the height, y, at Locations A, B, C, and D, as shown in Figure 3, relative to the ground 
(or test frame), (1) at the datum load (see 4.1.2 and 4.1); (2) at the beginning and end of the full-load 
period; and (3) upon unloading, at the datum load (see 4.1.2),every 5 min until successive readings are 
practically identical(limited to a maximum period of 1 h). 

 
Figure 3—Load and Support Conditions and Locations of Deflection Measurements for 
Compression Tests of Pallet Deck Spacers or Supports. 
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4.1.1 When, due to test procedure, the deflections at Locations A, B, C, and D, are not identical, the 
average of the four observations shall be used as the test measure (see Figure 3). 
 
4.1.2 Test Procedure: 
 
4.1.2.1 Place the pallet in a normal position on a flat, hard, rigid, and horizontal surface. Place a rigid 
load applicator of sufficient size to overlap the pallet edges and ends, as shown in Figure 3. 
 
4.1.2.2 Gradually apply the test load at a uniform rate of 0.5±0.1 in./min from 0 to 0.10 R, where R 
is the preliminary safe working load based on the preliminary test or on that determined from tests to 
failure. This value of 0.10 R shall be the datum load for subsequent deflection measurements. Apply 
the full test load of 1.1·M·R, where M is the maximum number of pallet loads expected in a stack 
during use. The datum as well as the full test loads shall be applied in not less than 1 min or more than 
5 min. maintain the full test load for a period of at least 24h. Reduce the test load to the datum load 
for the necessary period (see 4.1.1). Take deflection measurements at A, B, C, and D (see Figure 3). 
 
4.1.2.3 If because of the unavailability of a suitable testing machine, dead weights are used for the test 
load, they shall be symmetrically placed during loading and unloading. Dead weights shall be 
carefully placed, without dropping, within a 1 to 5-min loading period. 
 
4.1.2.4 An alternative to the full pallet compression test is the test of an individual spacer as in block 
or post pallets or a portion of the spacer as in stringer pallets (see Figure 4). The datum load shall be 
adjusted by the ratio of the bearing area of the individual spacers or portions of spacers tested and the 
bearing area of all spacers in the pallet. For non-uniform loading, only the most severely stressed 
spacers shall be tested. 
 
4.1.2.5 The average of the deflections measured at A1 andA2shall be used (see Figure 4). When 
testing only a portion of the pallet, at least three tests shall be performed at different locations of the 
pallet, such as at A, B, and C in Figure 4. 
 
4.1.2.6 Observe and record any structural damage or failures. The pallet has failed the test if the 
observed damage in any pallet tested would affect pallet stiffness, strength, or functionality. The rate 
of deformation is expected to decrease during the full-load static test. 
 
4.1.2.7 During preliminary testing and to determine the preliminary safe working load R (see Table 
3), this test shall be continued to a load level causing structural failure. In such a case, the failed pallet 
is no longer suitable for use in sequential testing. 
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Figure 4—Load Application and Deflection-Measurement Locations for Compression Tests 
of Individual Pallet-Deck Spacers or Portions of Spacers. 
 

 

Figure 5—Measure WPC pallet sample in Compression tests 
 

  

（a） Load-displacement curve                   (b) Load-time curve 

531



 
(c) Displacement-time curve 

Figure 6—Curve in Compression tests 
 
4.2 Bending Tests on Pallet—the purpose of this test is to determine the flexural stiffness and 
strength of the whole pallet. 
 
4.2.1 Test Loads—typical representative loads (case goods, bagged goods, blocks, barrels, etc.) shall 
be used in pallet bending tests. Where various loads will be placed on pallets that load type resulting 
in the greatest stress shall be used. When actual loads cannot be used, simulated loads are acceptable. 
Uniformly distributed case goods or bag loads are simulated using an inflatable bag or a tube 
restrained in a testing rig or by using a vacuum chamber. Concentrated loads on pallets are simulated 
with load applications exhibiting the same geometric interface between the load and the pallet deck as 
the actual in-service load. 
 
4.2.2 Supports—Placement of rigid supports for pallet bending tests shall be based on the mode of 
support during use. When more than one mode of support is likely to occur, that which most limits the 
functionality of the pallet under load shall be used for testing. That support which limits pallet 
functionality in bending shall be used which causes greatest deflection or structural failure at the 
lowest load levels. This is typically the support that results in the greatest unsupported free span. 
Support modes are shown in Figure 7 and described as follows: 
 
4.2.2.1 Fork-Tine Support—under the top deck or in the stringer notch in stringer pallets. 
 
4.2.2.2 Rack Support—under the bottom deck or outside of the deck spacers in wing pallets. 
 
4.2.2.3 Sling Support—under the top deck, outside of the deck spacers such as in wing pallets. For 
sling tests, support modes shall be determined by the intended distribution cycle and the sling 
equipment used in that distribution environment. (Test devices may include wire, tape, or chain slings 
and rigid, round, or rectangular spreader bars.) 
 
4.2.2.4 With the exception of very long or wide pallets, which exhibit large cantilevers beyond the 
supports, the rack mode generally represents the greatest span and corresponding deflection. 
 
4.2.3 Deformation Measurements—When tested in accordance with the method specified in 4.3, the 
deflection at Locations A, B, and C, as shown in Figure 7, when measured relative to the upper (or 
lower) surface of the top (or bottom) decks and the ground (or test frame), shall be observed and 
recorded as follows: 
 
4.2.3.1 At the datum load (see 4.3). 
 
4.2.3.2 Upon unloading, at the datum load (see 4.3), every 5 min until successive readings are 
practically identical (limited to a maximum period of 1 h). 
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4.2.3.3 The distance between the decks, h, at mid-span between deck spacers, measured in order to 
obtain data on the minimum fork entry heights under given loads. 
 
4.2.3.4 Between the decks, similar measurements made at Locations C, D, and E when the test is 
repeated along the second horizontal axis of the pallet (see 4.3). 
 
4.3 Test Procedure: 
 
4.3.1 For most pallets stressed in bending, the support mode which limits functionality is the rack 
support or the support under the bottom deck in double-face pallets or under the top deck in single-
face pallets. Under these conditions of support, place the pallet top deck uppermost on rigid support 
beams with square or semicircular cross section. If the span between the supports is unknown, place 
the inside edges of the supports (or centerline in semicircular cross-section supports) 51 mm (2 in.) 
from the outer edges of the pallet (see Figure 7). 
 
4.3.2 Gradually apply the test load at a uniform rate from 0 to 0.1 R, where R is the preliminary safe 
working load per pallet and 0.1 R is the datum load for subsequent deflection measurements. Apply 
the full test load of 1.25·M·R, where M is the maximum number of pallet loads expected when 
supported or tested. Maintain the full test load for a period of at least 24 h. 
 
4.3.3 Reduce the test load to the datum load for the necessary period (see 4.2.3) and observe the 
deflection measurements at Locations A, B, and C (see Figure 7). 
 
4.3.4 If, because of the unavailability of a suitable testing machine, dead weights are used for the test 
load, they shall be symmetrically placed during loading and unloading. Dead weights shall be 
carefully placed, without dropping, and within a 1 to 5-min loading period. 
 
4.3.5 Repeat the test along the second horizontal axis of the pallet (that is, when both length and width 
are to be tested). A further set of deflection measurements shall be taken at Locations C, D, and E. 
Observe and record any damage and structural failure. The pallet has failed the test if the observed 
damage in any pallet tested affects pallet stiffness, strength, or functionality. The rate of deformation 
is expected to decrease during the full-load static test. 
 
4.3.6 During preliminary testing and to determine the preliminary safe working load R, this test shall 
be continued to a load level causing structural failure. In such a case, the failed pallet shall not be used 
for further testing.  

 
Figure 7—Schematic diagram of pallet bending test using uniformly distributed load. 
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Figure 8—Measured WPC pallet sample of pallet bending test. 

 
 

 

Figure 9—Curve of pallet bending test. 
 
 
 

Summary of test methods on dynamic tests 
 
Dynamic tests are performed to determine the stability of the pallet and unit load on the pallet when 
exposed to elements of the handling and shipping environments (Ratnam et al. 2005). These tests shall 
be sequentially performed in the order described and each represents one hazard element. A hazard 
element is a specific event that occurs in the distribution cycle that may pose a hazard to the pallet and 
the unit load. If any deviations are made from this sequence to meet specific requirements or 
limitations, they shall be indicated and explained in the report. 
 
5.1 Free-Fall Drop Tests on Pallet Corners and Edges along Pallet Ends and Sides—the purpose 
of these tests is to determine the resistance to impacts of the pallets, including its decks and blocks, as 
a result of free-fall pallet drops during handling. Such drops occur during unstacking or removal of 
pallets. For those non-rigid pallets which may deform as a result of dropping, this test can be used to 
measure the relative diagonal pallet rigidity (see Figure 10). 
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Figure 10—Free-fall drop tests. 

 
Figure 11—Measured WPC pallet sample in free-fall drop tests. 

 
 
5.2 Incline Impact Tests on Pallet Deck Edges, Blocks or Posts, and Stringers—The purpose of 
these tests is to determine the resistance of the pallet and its components (deck board, blocks, and 
stringers) to impact forces resulting from interaction with a variety of material handling equipment, 
such as forklift trucks and pallet jacks. These tests simulate impact conditions resulting from the 
following conditions: 
 
Fork heel impacts when the fork heels of the forklift truck impact the pallet deck edges; Fork impact 
when the tip of misaligned forks strike the corner post or stringer on entry; Fork-tine tip pressure, 
which causes pallets to collapse horizontally. 

 
Figure 12—Standard fork used for leading-edge deck-board-separation impact test. 
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Figure 13—Test setup for determination of incline-impact resistance of leading-edge deck 
board of pallet. 

 

  
Figure 14—Measured WPC pallet sample in incline impact tests on pallet deck edges, blocks 
or posts, and stringers. 

 
Conclusion 
 
As an alternative to the traditional pallets, wood-plastic pallets are gradually gaining market shares in 
China. Compared to the pallets made of other materials (such as wood, plastic, metal etc.), wood-
plastic pallets have certain advantages such as lower cost, environmentally friendly, high water and 
fire resistance. However, current feedback from the industry and our laboratory testing all indicated 
that wood-plastic pallets have lower mechanical performance than the traditional wooden pellets, thus 
add constrains on its application. In order to promote the use of this environmentally friendly product 
and better regulate its production and circulation in the market, technical standards and specifications 
need to be established for wood-plastic pallets.   
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Abstract 
 
All the Caribbean islands possess abundant wood architecture that are part of its cultural heritage and of 
the historical landscape of the region, most of them constructed between XIX and XX centuries, product 
of the commercial boom between the Greater Caribbean with the United States and Europe. Now, most of 
these buildings are in a poor condition and lack of maintenance. Also the Caribbean weather conditions 
accelerate the deterioration process. In the Dominican Republic, the timber buildings are not properly 
protected and there is no regulations or policies that controls the preservation, causing inadequate 
interventions that affect their construction systems and historical value. The cause is a product of 
ignorance of the properties of the woods and absence of appropriate methodology to evaluate and study it. 
The lack of a useful and consistent inspection method to detect damage and decayed parts of the timber 
structural elements, and the interest of saving the maximum amount of historic fabric, motivated this 
study. For that reason, the aim of the research is to characterize the type of wood and develop a 
methodology to evaluate the state of the historic timber fabric by nondestructive testing. A methodology 
was designed for “in situ” and laboratory evaluation. The intend are to integrate research techniques and 
new processes together with traditional methods. The used methods are: visual inspection for quality, 
nondestructive testing and a minimum of destructive testing (just to determine a few parameters) to 
assessment the structural elements mechanical characteristics as a resistography readings and impulse 
tomography images. 
 
Keywords: historic timber, resistography, Arbotom impulse tomography, Caribbean timber 
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Abstract 
 
This work proposes to 1) conduct market research on the use of mobile phones and mobile phone apps in 
the forest products industry and academia and 2) project how well an app that measures stiffness of wood 
board is welcomed and used on job sites. An online survey was conducted to collect data adopting 
convenience sampling method. Participants were who work with wood or wood-based products, and the 
sample was compiled from publicly available online sources, online directories, and print of Big Book by 
Random Length. A questionnaire was specifically developed to this study. Out of 1,221 email invitations 
311 responses were returned at the response rate of 27 percent. Data were analyzed using SPSS. Nearly 
all of the respondents (95.7%) had smartphones and over half of them were iOS users (52.3%). Higher 
personal use of mobile phone apps was observed than for working purposes. In which, academia and 
research users showed higher app uses. More respondents had purchased paid apps (45.2%) than in-app 
services on free apps (28.5%) that indicates paid apps can be more likely of respondents’ interests than in-
app purchase. The respondents were asked if they would be interested in an app that measures stiffness of 
wood boards. The result showed that the app could be useful for them. Millennial respondents were more 
interested in the app than Baby Boomer and Generation X, whereas, respondents in academia showed 
higher level of interest than those in industry. 
 
Keywords: mobile phone use, mobile phone application, forest products industry, stiffness of wood board, 
email survey 
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