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Woody biomass transportation costs and market values/costs are strongly 

correlated with the woody biomass moisture content.  Properly managing moisture 

content can potentially lead to economic and environmental advantages in biomass 

energy markets. Good management requires accurate moisture content measurements. 

Therefore, availability of accurate, precise, reliable, and efficient tools to assess woody 

biomass moisture content is essential.   

 In this study, six different tools (Fibre-Gen HM200, IML Hammer, Humimeter 

BLW, Timbermaster, Humimeter HM1 and Wile Bio Meter) were evaluated. The six 



 
 

 

tools employed three different measurement technologies; acoustic, conductance, and 

capacitance. Woody biomass samples were collected over one season (summer 2011) at 

three different locations in western Oregon (Corvallis, Dallas, and Clatskanie) for three 

softwood species and three hardwood species: Douglas-fir (Pseudotsuga menziesii 

(Mirb.) Franco), Ponderosa pine (Pinus ponderosa L.), western hemlock (Tsuga 

heterophylla (Raf.) Sarg.), hybrid poplar (Populus spp.), Madrone (Arbutus spp.), and 

Garryana Oak (Quercus garryana Dougl. ex Hook). Twenty 3-meter long log (20 to 

400mm diameter) specimens were collected per species; 18 specimens were divided into 

two different treatments (open vs. covered), and the two remaining specimens were 

chipped.  In addition, approximately 100 kilograms per species of hogfuel (limbs and 

tops) were collected and chipped.  Moisture content measurements of logs, chips, and 

hogfuel were made regularly over a four month period.  

These data was used to develop multiple linear regression models for assessing 

the moisture content of the six species using the six tools.  The major factors considered 

in the regression models were species (6), treatment (2), and tools (6).  The data were 

also used to estimate the sample size needed for each tool. The best tool from each 

technology type was identified. 

The results generated from this study show that (1) none of the tools are accurate 

without calibration for different species, (2) the best model/tool combination could only 

explain about 80% of the variability in measurements, (3) further product development is 

required in some cases to ensure that the tools are robust for industrial application, and 

(4) there is a wide range in efficiency of the tools (i.e., 50 minute tool efficiency range).  



 
 

 

The Fibre-Gen HM200 and Wile Bio Meter were the most accurate, precise and efficient 

tools tested. 

The cost of transporting woody biomass from the forest to woody biomass plants 

is “optimized” when the moisture content drops to approximately 30% (wet basis). 

Validation of the models developed for three of the tools tested (Fibre-Gen HM200, 

Humimeter BLW and the Wile Bio Meter) indicates that the tools are accurate below 

35% MC (wet basis). This suggests they could be used for making threshold 

transportation decisions, i.e., determining when to haul. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

© Copyright by Fernando Amador Becerra Ochoa 

December 13, 2012 

All Rights Reserved 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



 
 

 

Evaluation of Six Tools for Estimating Woody Biomass Moisture Content 
 

 
 

by 
 

Fernando Amador Becerra Ochoa 
 
 
 

 
 
 

A THESIS 
 

submitted to 
 

Oregon State University 
 
 
 
 
 

 
 

in partial fulfillment of  
 

the requirements for the 
 

degree of 
 
 
 

Master of Science 
 

 
 
 
 
 

 
Presented December 13, 2012 

 
Commencement June 2013 



 
 

 

Master of Science thesis of Fernando Amador Becerra Ochoa presented on December 13, 
2012. 
 
 
 
APPROVED: 
 
 
 
 
________________________________________________________________________ 
Major Professor, representing Forest Engineering 
 
 
 
 
________________________________________________________________________ 
Head of the Department of Forest Engineering, Resources and Management 
 
 
 
 
________________________________________________________________________ 
Dean of the Graduate School 
 
 
 
 
 
I understand that my thesis will become part of the permanent collection of Oregon State 

University. My signature below authorizes release of my thesis to any reader upon 

request. 

 
 
 
 
 
________________________________________________________________________ 

Fernando Amador Becerra Ochoa, Author 
 
 



 
 

 

ACKNOWLEDGEMENTS 
 
 
 
 

Funding for this project has been provided by the USDA Special Grants program 

for Wood Utilization Research. 

 

I would like to thank; Dave Lysne the director (retired) of the College of Forestry 

College Forests and Oregon State University (OSU) Student Logging Crew (Corvallis); 

Roy and Susan Bradford, private forestry owners (Dallas); Bruce Summers and Gary 

Gresset from GreenWood Resources (Clatskanie, Oregon); Brandon Wilson and Salvador 

Hernandez from Miller Logging Incorporated for their unconditional support throughout 

the experimental phase of this study.  Support came in the following forms: (1) providing 

woody biomass, (2) providing equipment to process the logs, and (3) providing personnel 

to help process the stems used in this study.  I express all my gratitude to them because 

without them this research would not have been possible. 

 

Especially, I would like to thank Dr. Glen Murphy, my major professor for giving 

me the opportunity of continuing my academic career here at OSU.  These two years at 

OSU not only made me grow as an academic but also as a professional and most 

importantly as a person.  I will always remember the values he taught me and will try to 

apply them in my professional career as well as my personal life. 

 



 
 

 

I would also like to thank my committee members: Dr. John Sessions, Dr. Loren 

Kellogg, Dr. Kevin Boston, and Dr. Jeff Morrell for serving on my committee and 

encouraging me to think about the critical questions for the experimental design and data 

analysis phases of the study.  I would also like to thank Ariel Muldoon for her advice on 

statistical analyses. 

 

I also want to thank my friends, Dong-Wook Kim, Jennifer Barnett, Rene 

Zamora, Justin Long, Francisca Belart, Garrett Kleiner, Daniel Clark, Sergio Salinas, 

Jose Hernandez, Jesus Hernandez, Kevin Archilia, Carlos Martinez, Peter Banuelos, 

Eduardo Rosas, Miguel Santiago, Jorge Martinez, Miguel Juarez, Kelsey Lee, Yo-Han 

Lee, and Storm Beck for their contributions, moral support, and for their company 

throughout my MS study. 

 

In addition, I would like to thank my mother, Maria; my father, Jaime; my 

brothers Daniel and Jaime Jr.; my sisters; Guadalupe and Alejandra; my aunt, Angelina; 

my aunt Alicia; my cousins Jose, Sergio and Joaquin for their unconditional support and 

unwavering love. 

 

 

 

 

 
 



 
 

 

CONTRIBUTION OF AUTHORS 
 

 

 

I would like to thank Dr. Glen Murphy for the contributions made to this 

document.  More specifically, his contributions included assistance with the study design, 

data collection, data processing, data analysis, and final document revision. 

 

 

  



 
 

 

TABLE OF CONTENTS 

     Page 

Chapter 1: INTRODUCTION......................................................................................1 

 1.1  Background.................................................................................................1 

 1.2  Research Objectives....................................................................................4 

 

Chapter 2:  GENERAL INTRODUCTION TO WOOD..............................................6 

 2.1     Wood Defined...........................................................................................6 

 2.2     Wood Characteristics and Properties.........................................................7 

 2.3     Wood Structure..........................................................................................7 

  2.3.1     The Tree.........................................................................................8 

  2.3.2     Softwoods versus Hardwoods......................................................11 

  2.3.3     Axial and Radial Systems.............................................................14 

  2.3.4     Wood Planes.................................................................................14 

  2.3.5     Growth Rings................................................................................15 

  2.3.6     Cell and Cell Wall Structure.........................................................15 

  2.3.7     Juvenile vs. Mature Wood............................................................18 

 2.4     Moisture in Wood.....................................................................................19 

 2.5     Fiber Saturation Point...............................................................................21 

 2.6     Equilibrium Moisture Content (EMC)......................................................22 

 2.7     Wood Density...........................................................................................22 

 2.8     Specific Gravity and Weight of Wood.....................................................25 



 
 

 

TABLE OF CONTENTS (Continued) 

     Page 

 2.9     Wood Stiffness.........................................................................................26 

 2.10     How Wood Dries......................................................................................27 

 2.11     Drying Rate and Moisture Gradient.........................................................28 

 2.12     Water Forces.............................................................................................29 

 2.13     Drying Rate Factors..................................................................................30 

 2.14     Roundwood/Log Drying...........................................................................31 

 

Chapter 3:  MOISTURE MANAGEMENT LITERATURE REVIEW.....................35 

 3.1  Why Moisture Content is Important..........................................................35 

 3.2  Approaches to Managing Moisture…........................................................36 

 3.3  Moisture Management Tools.....................................................................39 

     

Chapter 4:  METHODS ...............................................................................................44 

 4.1  Data Collection………..............................................................................44 

  4.1.1     Study Sites Description................................................................44 

  4.1.2     Roundwood Tool Descriptions.....................................................45 

   4.1.2.1     Acoustic Tools...............................................................45 

        4.1.2.1.1   Fibre-Gen HM200........................................49 

        4.1.2.1.2   IML Hammer................................................55 

    



 
 

 

TABLE OF CONTENTS (Continued) 

     Page 

   4.1.2.2     Conductance Tools........................................................57 

        4.1.2.2.1   Humimeter BLW.........................................58 

        4.1.2.2.2   Timbermaster................................................59 

  4.1.3     Chips and Biomass Tool Descriptions.........................................60 

   4.1.3.1     Capacitance Tools..........................................................61 

        4.1.3.1.1   Humimeter HM1..........................................62 

        4.1.3.1.2   Wile Bio Meter.............................................63                                                     

  4.1.4 Roundwood Data Collection.........................................................65 

   4.1.4.1 Preliminary Round of Measurements................................65 

   4.1.4.2 Second Round of Measurements.......................................69 

  4.1.5 Chips and Hogfuel Biomass Data Collection................................70 

   4.1.5.1 Preliminary Round............................................................70 

    4.1.5.1.1 Chips...................................................................70 

    4.1.5.1.2 Hogfuel Biomass................................................72  

   4.1.5.2 Secondary Round of Measurements..................................73 

                  4.1.5.2.1 Chips...................................................................73 

    4.1.5.2.2 Hogfuel Biomass................................................74  

  4.1.6 Woody Disks.................................................................................75 

  4.1.7 Tool Mechanical Reliability..........................................................76 

  4.1.8 Tool Efficiency.............................................................................76 



 
 

 

TABLE OF CONTENTS (Continued) 

     Page 

 4.2  Modeling..................................................................................................77 

  4.2.1     Data preparation/Organization ...................................................77 

  4.2.2     Regression Models......................................................................78 

 4.3  Sample Size Determination…..................................................................84 

  

Chapter 5:  RESULTS AND DISCUSSION .............................................................89 

 5.1     Initial and Final Moisture Contents for the Preliminary Round of  

   Measurements..........................................................................................89 

 5.2     Regression Models..................................................................................90 

  5.2.1     Acoustic Tools.............................................................................91 

   5.2.1.1   Fibre-Gen HM200…......................................................91 

   5.2.1.2   IML Hammer..................................................................91 

  5.2.2     Conductance Tools.......................................................................91 

   5.2.2.1   Humimeter BLW............................................................91 

   5.2.2.2   Timbermaster..................................................................92 

  5.2.3     Capacitance Tools........................................................................92 

    5.2.3.1   Humimeter HM1...........................................................92 

    5.2.3.2   Wile Bio Meter..............................................................92 

 5.3     Validation of Regression Models...........................................................95 

 5.4     Tool Accuracy Evaluation......................................................................97 



 
 

 

TABLE OF CONTENTS (Continued) 

     Page 

 5.5     Tool Precision Evaluation......................................................................98 

 5.6     Tool Mechanical Reliability Evaluation................................................106 

 5.7     Tool Efficiency Evaluation....................................................................108 

 5.8     Sample Size Recommendations.............................................................111 

  5.8.1     Preliminary Round of Measurements.........................................111 

  5.8.2     Secondary Round of Measurements..........................................113 

 

Chapter 6:  CONCLUSIONS....................................................................................116 

 6.1     Tool Accuracy/Precision…………........................................................116 

 6.2     Tool Mechanical Reliability...................................................................118 

 6.3     Tool Efficiency…………......................................................................118 

 6.4 General Limitations…............................................................................119 

 6.5 Management Implications.......................................................................122 

Bibliography....................................................................................................................125 

Appendices.....................................................................................................................137 

Appendix A: Figures associated with the tool’s descriptions.........................................137 
 
Appendix B: Figures and tables associated with the moisture management trials  
 
(preliminary versus secondary rounds of measurements)...............................................138 
   
Appendix C: Figures and tables associated with the sample size recommendations for the 

preliminary and the second rounds of measurement......................................................146 



 
 

 

LIST OF FIGURES 

Figure      Page  

2.1  The macroscopic view of a transverse section of a trunk. The outer bark  
 (ob), located at the outside of the tree; the inner bark (ib), located following  
 the outer bark, the vascular cambium (vc), located following the inner bark  
 (can’t see at this scale); the sapwood, located following the vascular cambium;  
 the heartwood lies toward the interior; and at the center of the trunk is the  
 pith (p)....................................................................................................................9 
 
2.2  Two-dimensional moisture content profiles for a given log after 3 days of  
 being cut down: a) at 0% bark loss; b) at 50% bark loss; and c) at 100%  
 bark loss................................................................................................................33 
 
2.3  Two-dimensional moisture content profiles for a given log after 30 days of  
 being cut down: a) at 0% bark loss; b) at 50% bark loss; and c) at 100%  
 bark loss.................................................................................................................34 
 
4.1  Map illustrating the four sites (Corvallis, Clatskanie, Dallas, and Philomath)  
 where wood biomass samples were collected.......................................................4 5 
 
4.2  A comparison of a transverse wave-such as a water wave and a longitudinal  
 (or compression wave)..........................................................................................50 
 
4.3  Resonance pattern for the first three harmonics....................................................53 
 
4.4  First harmonic mass-spring system for a log.........................................................54 
 
5.1 Figure 5.1 Relationship between actual and the Fibre-Gen HM200, Humimeter 

BLW and the Wile Bio Meter measured moisture content for Douglas-fir 
(validation).............................................................................................................97 

 
5.2 Timbermaster measured moisture content versus actual moisture  
 content of roundwood for all species.....................................................................99 
 
5.3 Humimeter BLW measured moisture content versus actual moisture  
 content of roundwood for all species...................................................................100 
 



 
 

 

LIST OF FIGURES (Continued) 
Figure      Page  
 
 
5.4 IML Hammer measured moisture content versus actual moisture  
 content of roundwood for all species.................................................................101 
 
5.5 Fibre-Gen HM200 measured moisture content versus actual moisture  
 content of roundwood for all species.................................................................102 
 
5.6 Humimeter HM1 measured moisture content versus actual moisture  

content of hogfuel biomass for all species.........................................................103 
 
5.7 Humimeter HM1 measured moisture content versus actual moisture 

content of wood chips for all species.................................................................104 
 
5.8 Wile Bio Meter measured moisture content versus actual moisture  
 content of hogfuel biomass for all species.........................................................105 
 
5.9 Wile Bio Meter measured moisture content versus actual moisture  

content of wood chips for all species.................................................................106 
 
5.10 Tool mechanical reliability issues present in this study as well as in  

other out international projects..........................................................................107 
 

5.11 Preliminary round wood versus chips and hogfuel biomass tool efficiency  
as determined by measurement time (all species averages); time per sample  
for error of +-3 percent, 95 percent of the time (1st set of measurements)........109 
 

5.12 Preliminary round wood versus chips and hogfuel biomass tool efficiency  
as determined by measurement time (all species averages); time per sample for 
error of +-3 percent, 95 percent of the time (last set of measurements).............110  
 

5.13 Secondary round wood versus chips and hogfuel biomass tool  
efficiency (green vs. dry); as assessed using measurement time per sample for 
error of +-3 percent, 95 percent of the...............................................................111 
 
 



 
 

 

LIST OF FIGURES (Continued) 
Figure      Page  

 
 
A.1 Tools selected for evaluation in the moisture management trials of  
 this project categorized by tool type capacitance (left), acoustic  
 (middle), and conductance (right)......................................................................137 
 
B.1 Illustrates the roundwood samples being loaded on a trailer to be taken  

to the storage location for study........................................................................138 
 
B.2 Illustrates the roundwood samples being unloaded from the trailer to  

store and study...................................................................................................139 
 
B.3 Illustrates the roundwood samples stored in an open canopy location..............140 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 



 
 

 

LIST OF TABLES  
Table      Page  
 
2.1  Typical composition of softwoods and hardwoods.............................................17 
 
2.2  Composition of wood by elements.......................................................................18 
 
5.1  Summary of MSE as a function of tool and technology type..............................96 
 
B.1  Summary of actual moisture content measurements for roundwood  
 relating to the preliminary round of measurements............................................141 
 
B.2  Summary of actual moisture content measurements for chips samples  
 relating to the preliminary round of measurements............................................142 
 
B.3  Summary of actual moisture content measurements for hogfuel  
 biomass samples relating to the preliminary round of measurements................143 
 
B.4  Summary of actual moisture content measurements for Douglas-fir  
 samples relating to the second round of measurements......................................143 
 
B.5  Summary of actual moisture content measurements for chips and  
 hogfuel biomass samples relating to the second round of measurements..........144 
 
C.1  Preliminary round sample sizes required to be within +- 3% error, 95%  

of the time for Douglas-fir stored in the open....................................................146 

C.2  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for Douglas-fir stored under cover...................................................147 

C.3  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for western hemlock stored in the open...........................................148 

C.4  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for western hemlock stored under cover..........................................149 

 

 
 



 
 

 

LIST OF TABLES (Continued) 
Table                           Page 

 
C.5  Preliminary round sample sizes required to be within +- 3% error, 95%  

of the time for ponderosa pine stored in the open..............................................150 

C.6  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for ponderosa pine stored under cover.............................................151 

C.7  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for madrone stored in the open.........................................................152 

C.8  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for madrone stored under cover........................................................153 

C.9  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for oak stored in the open..................................................................154 

C.10  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for oak stored under cover.................................................................155 

C.11  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for poplar stored in the open.............................................................156 

C.12  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for poplar stored under cover.............................................................157 

C.13  Preliminary round sample sizes required to be within +- 3% error, 95% of the 

time for Douglas-fir hogfuel biomass..................................................................158 

C.14  Preliminary round sample sizes required to be within +- 3% error, 95% of the 

time for Douglas-fir chips....................................................................................158 

C.15  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for western hemlock hogfuel biomass...............................................159 

 
 



 
 

 

LIST OF TABLES (Continued) 
Table                           Page 

 
C.16  Preliminary round sample sizes required to be within +- 3% error, 95%  
            of the time for western hemlock chips................................................................159 
 
C.17  Preliminary round sample sizes required to be within +- 3% error, 95%  

of the time for ponderosa pine hogfuel biomass..................................................160 
 

C.18  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for ponderosa pine chips...................................................................160 
 

C.19  Preliminary round sample sizes required to be within +- 3% error, 95%  
of the time for madrone hogfuel biomass............................................................161 

 
C.20  Preliminary round sample sizes required to be within +- 3% error, 95%  
            of the time for madrone chips..............................................................................161 
 
C.21  Preliminary round sample sizes required to be within +- 3% error, 95%  

of the time for oak hogfuel biomass....................................................................162 
 
C.22  Preliminary round sample sizes required to be within +- 3% error, 95%  

of the time for oak chips......................................................................................162 
 
C.23  Preliminary round sample sizes required to be within +- 3% error, 95%  

of the time for poplar biomass............................................................................163 
 
C.24  Preliminary round sample sizes required to be within +- 3% error, 95%  

of the time for poplar chips.................................................................................163 
 
C.25  Second round sample sizes required to be within +- 3% error, 95%  

of the time for Doulas-fir (Green).......................................................................164 

C.26  Second round sample sizes required to be within +- 3% error, 95%  
of the time for Douglas-fir (Dry)………............................................................164 

 
 



 
 

 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

DEDICATION 
 

 

 

 

 

This thesis is dedicated to my mother, Maria Soledad Ochoa 

 



 
 

EVALUATION OF SIX TOOLS FOR ESTIMATING WOODY BIOMASS 
MOISTURE CONTENT 

 

CHAPTER 1  

INTRODUCTION 

 

1.1 Background 

 Energy can be obtained from a wide range of fuels that are derived from biomass. 

Biomass is biological material from living, or recently living organisms.  Biomass has 

always been a major source of renewable energy worldwide and is currently estimated to 

contribute approximately 14 percent of the world’s energy supply (McKendry 2001). 

Biomass energy is produced through the conversion of biomass to heat or to a liquid or 

gas that can be converted from potential into kinetic energy.   

Recently, biomass has become an important fuel source alternative, particularly in the 

U.S. due to “costly and dangerous dependence on fossil fuels” (Payne et al. 2009).  Other 

reasons why the utilization of biomass to produce renewable energy is increasing are (1) 

fear of depletion of fossil fuels, (2) environmental concerns, primarily associated with 

global warming, and (3) a surplus of agricultural land due to agricultural structural 

changes and subsidies (Lundmark 2006).  A 2005 USDA study has credited biomass with 

the potential to replace up to 30 percent of the petroleum we use by the year 2030 

(Perlack et al. 2005).  Furthermore, the study notes that biomass is presently the largest 

single source of renewable energy, exceeding wind, geothermal, solar, and hydropower.  

Biomass dependency has been gradually increasing and is currently over 4 percent of 
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U.S. total energy consumption (Energy Information Administration 2010).  A 2008 study 

determined that biomass supplied approximately 55,000 GWh of electricity in 2006 and 

provided feedstock for almost 6.5 billion gallons of ethanol in 2007, nationwide (Galik et. 

al. 2008).  In 2010, 50 percent of total biomass energy in the U.S. was associated with 

wood sources (Energy Information Administration 2010).   

 There are three main sources of wood biomass: wood residue, wood waste, and 

woody plants (McKendry 2002).  Examples of wood residues include, limbs and tops, 

tree thinnings, leaves, and other wood material associated with harvested trees.  Wood 

waste includes sawdust, shavings, bark, and leftover pieces of in dimensional lumber, 

posts, poles and plywoods produced during processing operations.  Finally, examples of 

woody plants can be defined as crop plantations such as tree farms with short rotations 

(Kim 2012).  Correct management organization and implementation of U.S. forest and 

agricultural sources as well as recycled wood sources could potentially produce over one 

billion dry tons of biomass per year, including over 368 million dry tons of woody 

biomass (Perlack et. al. 2005). 

 Using woody biomass for renewable energy has many environmental and social 

advantages in comparison to other fossil fuels.  For example, wood biomass can become 

a renewable source if the forests are managed under long term sustained yield regimes.  

Furthermore, carbon dioxide (CO2), sulfur, and heavy metal emissions during burning of 

woody biomass tend to be lower than those from other fuels (Bergman and Zerbe 2004). 

 In contrast, there are also many significant barriers to producing renewable energy 

from wood biomass sources.  The main barriers are associated with the feed stock 
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systems.  These include high costs associated with harvesting, gathering and transporting 

the material to an energy conversion facility, and storage.  These barriers impact the 

economic feasibility of biomass and make it unattractive in comparison to its market 

value (Rummer 2008, Abbas et al. 2011).  However, the U.S. government offers 

subsidies to encourage the use of wood biomass to produce renewable energy compared 

to other fossil fuels.   Although these subsidies are considerable, woody biomass still 

remains economically infeasible due its high production costs (Perlack et. al. 2005; 

Energy Information Administration 2010).  A study implemented in 2004 predicted that 

if project managers/owners were able to inform the public that using wood biomass to 

produce renewable energy, and reduce CO2 emissions (mixed results have been seen on 

this) compared to other fuel sources, more economic measures and/or incentives could be 

adopted (Freppaz et al 2004).  Examples of incentives include subsidies for biomass 

energy conversion plants, and reduced rates for electricity produced from biomass or 

higher kwh pay as is common for wood or solar (Freppaz et. al. 2004). 

Green wood is approximately 50% water by weight. Woody biomass 

transportation costs and market values/costs are strongly correlated with the amount of 

moisture content found in woody biomass material (Kofman and Kent 2007).  The 

transportation cost component of the biomass feedstock supply chain accounts for 

approximately half of the total production costs (McDonald et al. 2001; Searcy et al. 

2007).  Transportation costs and, therefore, total production costs for wood biomass 

could be significantly reduced by improving transportation efficiency and ensuring that 

the greatest possible amount of bioenergy material is transported per load (Ronnqvist et 
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al. 1998; McDonald et al., 1995).  Effectively managing moisture is key to improving the 

economic feasibility of wood biomass as a renewable energy source (Jirjis 1995).  

 

1.2 Research Objectives 

 The main research objective of this study was to evaluate the accuracy, precision, 

reliability and efficiency of a range of tools for estimating woody biomass moisture in 

select Pacific Northwest tree species.  Having accurate, precise, reliable, and efficient 

tools was critical for developing an effective moisture management system that could 

be used for industrial applications.   

 The specific research objectives of this project were: (1) to evaluate the 

effectiveness of six tools, representing three measurement technologies, in select 

Pacific Northwest tree species (2) to develop models to predict the actual woody 

biomass moisture content based on the tool measurements, (3) to validate the 

effectiveness of the models, and (4) to determine the sample size required for each 

tool to be within a stated measurement error. 

The remainder of this thesis is organized into five chapters. In Chapter 2 we 

describe some of the properties of wood, moisture movement within wood and how 

wood dries. In Chapter 3 we undertake a brief literature review related to the 

management of moisture and the use of tools for measuring moisture. In Chapter 4 we 

describe the tools used in the study, the methods for gathering data, the analyses of 

the data, the development of regression models and the validation of the models.  In 

Chapter 5 we present and discuss the results. Finally, in Chapter 6, we make some 
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general conclusions, describe limitations of the study, and provide some comment on 

management implications.  
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CHAPTER 2 

GENERAL INTRODUCTION TO WOOD 

 

2.1 Wood Defined 

Wood is an organic/natural material which has been used for hundreds of 

thousands of years, primarily for fuel and construction purposes (Hansen 2006).  Today, 

wood is used as a raw material for a wide range of products, including: wood-based 

panels, furniture, housing, and pulp and paper. 

Wood has high variation in its properties primarily due to its anatomical, cellular 

and chemical characteristics (Zobel and Buijtenen 1989).  These characteristics influence 

the behavior of wood during processing, have a major impact on the features of the final 

product, and as a consequence, on the value ($) of the final product.  Therefore, it is 

important to grade wood according to its properties.  Log grading systems are based on 

external properties (i.e., length, diameter, straightness and branch size) and therefore, do 

not provide any information associated with intrinsic (or interior) wood properties.  More 

effective methods need to assess intrinsic wood properties could improve utilization.  

Over the past decade, a reasonable amount of effort has been used to develop methods 

and tools for the intrinsic wood properties in logs, timber and standing trees (Hansen 

2006). 
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2.2 Wood Characteristics and Properties 

Walker and Nakada (1999) stated that wood characteristics relate to the cellular 

and chemical components of wood (i.e., cell length, density, cell diameter, cell wall 

thickness, microfibril angle and content of cellulose, hemicellulose, lignin and 

extractives).  However, wood properties relate to features of wood that affect its 

processing (i.e., strength, stability, and machinability). Zobel and van Buijtenen (1989) 

state that wood properties are the cellular (i.e., tracheids, vessels, fibers, etc.), anatomical 

(i.e., heartwood, sapwood, vascular cambium, bark, etc.) and chemical (i.e., cellulose, 

lignin, and extractives, carbon, hydrogen, and oxygen) characteristics of the wood within 

and among trees. 

 

2.3 Wood Structure 
 

Wood is a complex biological structure, a combination of different chemistries 

and cell types working together to provide the needs of a living plant.  Wood has three 

main functions in plants, (1) to transport water from the roots to the leaves, (2) to provide 

mechanical support of the plant body, and (3) to store biochemicals (Wiendenhoeft 

2010).  Moreover, to accomplish any of these functions wood must have cells that are 

designed and interconnected to perform these functions.  By understanding the functions 

of wood in living trees, we are better equipped to understand the strengths and limitations 

of wood as a material (Wiendenhoeft 2010). 
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2.3.1 The Tree 

 A living, growing tree has two main areas, the shoot and the roots.  The shoot is 

located above ground and is made up of the trunk, branches and leaves.  In contrast, the 

roots are located below ground and their functions include water and mineral nutrient 

uptake, mechanical anchoring of the shoot, and storage of biochemicals.  From the 

outside of the tree to the inside are outer bark, inner bark, vascular cambium, sapwood, 

heartwood, and the pith (Figure 2.1) (Hillis 1996). Outer bark provides mechanical 

protection (fire, disease, and physical injury) to the inner bark and helps to limit water 

loss (evaporative).  Inner bark is the material through which sugars (food) are produced 

through photosynthesis and transported from the leaves to the roots.  The vascular 

cambium is the cylinder of soft dividing tissue that produces the wood to its inside and 

much of the bark to its outside (Hillis 1996, Wiendenhoeft 2010, and Walker 1993).  
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Figure 2.1 Illustrates the macroscopic view of a transverse section of a trunk. The outer 
bark (ob), located at the outside of the tree; the inner bark (ib), located following the 
outer bark, the vascular cambium (vc), located following the inner bark (can’t see at this 
scale); the sapwood, located following the vascular cambium; the heartwood lies toward 
the interior; and at the center of the trunk is the pith (p). (Source: Wiendenhoeft 2010). 
 

 The sapwood is the active wood that transports water (or sap) from the roots to 

the leaves and stores and synthesizes biochemicals (i.e., the long-term storage of 

photosynthate as starch and lipids).  Starch is stored in the parenchyma cells and can be 

seen with a microscope.  Living sapwood cells also produce heartwood.  Therefore, living 

cells at the border between heartwood and sapwood are responsible for the formation and 
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deposition of heartwood chemicals, an important function that helps heartwood 

formation.  The sapwood does not have the often-colored chemicals that set it apart from 

the non-conductive heart-wood found at the core of darker-colored heartwood (Hillis 

1996).   

 In the past extractives were believed to be harmful byproducts of cellular 

metabolism (i.e., secondary metabolites, organic compounds that are not directly 

involved in the normal growth, development, or reproduction of an organism that result 

in the long-term impairment of the organism’s survivability, and aesthetics) 

(Wiendenhoeft 2010).  However, we now know that extractives are a part of a plant’s 

system and are used for protection purposes.  The amount of extractives in wood can 

range from 1-20% depending on species and position within the tree (Wiendenhoeft 

2010). In both softwoods and heartwoods, extractives are more abundant in heartwood 

and generally these differ in chemical composition from those in sapwood.  Extractives 

are formed by parenchyma cells at the boundary between sapwood and heartwood and 

then projected through pits into adjacent cells (Hillis 1996).  Consequently, this enables 

extractives to block dead cells away from the living cells.  Extractives also provide 

natural durability to timber that is resistant to decay fungi.  Extractives can also be 

essential for the utility of wood for technological applications.  For example if a wood 

species high in hydrophilic extractives, is finished with a water-based paint without a 

stain blocker, the material can be ruined because extractives can bleed through the paint 

(Hillis 1996).  

 



11 
 

 

2.3.2 Softwoods versus Hardwoods 
 
 Softwoods come from gymnosperms, plants with naked seeds.  As the seeds 

develop on the cones, they are not covered in any tissue.  All softwoods are evergreen, 

meaning that they don’t lose their leaves throughout the year (Wiendenhoeft 2010).  

Softwoods have a much simpler structure compared to hardwoods because they only have 

two cell types and low variation in structure complexity between these cell types. 

Between 90 and 95 percent of the wood is composed of tracheids, while the rest are ray 

cells (Wiendenhoeft 2010). There could also be a small number of parenchyma cells.  

Softwoods do not have fibers or vessel elements, although some softwoods may have 

resin canals lined with epithelial cells (Walker 1993). 

 
Softwood basic cell types are: 
 
 Tracheids – major cell type in softwoods (>90% of wood volume) and are used 

for structural support and water transport. 

 Ray – are barely visible and appear as dark lines running in a top-to-bottom 

direction, and function primarily in synthesis, storage, and lateral transport of 

biochemicals and to a lesser degree, water. 

 Parenchyma –function in resin production and surround the resin canals. 

 Resin canals – a mixture of complex organic substances that surround voids or 

spaces in the wood (not cells). 
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 Hardwoods come from angiosperms, the plant seeds are encased in a fruit or a 

nut.  There are two types of angiosperms: monocots (e.g., palm and bamboo) and dicots 

(e.g., oak and rosewood.  Almost all hardwoods are dicots (Wiendenhoeft 2010).  

Furthermore, most dicots in temperate climates are deciduous, meaning that they lose 

their leaves during winter dormancy. Dicots in warmer parts of the world do not lose their 

leaves (at least not all at once); so not all hardwoods are deciduous.  Hardwoods have a 

more complex structure compared to softwoods because they have both a greater number 

of basic cell types and a far greater degree of variability within the cell types. Hardwoods 

have five major types of cell.  Four are longitudinal cells, running parallel to the length of 

the trunk or limb. Most hardwoods are composed of fibers 100 times longer than they are 

wide (thick cell walls), interspersed among the fibers are vessel elements (pores) that 

appear much larger in diameter and shorter compared to fibers (Wiendenhoeft 2010).  

When sliced open, they appear as pores in the wood surface.  Some hardwoods may also 

have a small number of tracheids and parenchyma cells with thinner cell walls compared 

to fibers.  Furthermore, these are few and are completely missing in some hardwood 

species.  The fifth cell type are called ray cells and run perpendicular to the others.  Ray 

cells form radial pipelines running out from the center of the tree.  An important 

similarity between hardwoods and softwoods is that most types of cells are dead at 

maturity, even in the sapwood.  The cells that are alive in both wood types at maturity are 

known as parenchyma cells (Wiendenhoeft 2010). 
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Hardwood basic cell types are: 
 
 Vessel elements (or pores) – conduct water and sap, and in latewood are small 

and sometimes grouped together making the growth ring very clear and 

distinctive. 

 Fiber – function exclusively as structural supporting cells. 

 Rays – structurally more diverse than softwood cells, usually have more than one 

cell wide, and the number of rays can vary from one to many and thus can be used 

for wood identification purposes. 

 Parenchyma – Two major types of parenchyma exist: (1) Paratracheal 

parenchyma associated with the vessels, and (2) apotracheal parenchyma is not 

associated with the vessels; both provide cell patterns that are important in wood 

identification. 

 

 These cellular differences between softwoods and hardwoods are directly 

associated with the utilization of timber. For example, hardwoods have fewer and shorter 

fiber-like cells than softwoods.  Therefore, hardwoods are less suited for the production 

of strong papers but are well suited for smooth high quality writing paper.  Furthermore, 

the range of cell types, and the diversity of patterns of these cells mean that many 

hardwoods have a pleasing appearance and grain and are highly used for furniture or 

finishing timbers (Walker 1993). 
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2.3.3 Axial and Radial Systems 
 

Wood cells are typically many times longer than wide.  Wood cells are oriented in 

two different systems: (1) the axial system, and (2) the radial system.  Axial cells have 

their long axes running parallel to the trunk; however, radial cells have their long axes 

running perpendicular to the trunk (i.e., like radii in a circle from the pith to the bark).  

The axial system provides long-distance water movement, and the bulk of the mechanical 

strength of the tree.  In contrast, the radial system provides lateral transport of 

biochemicals, and in many cases stores biochemicals in wood.  These two systems are an 

essential characteristic of wood as a tissue (Wiendenhoeft 2010). 

 

2.3.4 Wood Planes 
 

The three perspectives are the tangential plane of section, the radial plane of 

section, and the transverse plane of section.  The radial and tangential sections are the 

longitudinal sections because they extend parallel to the axial system (Hansen 2006). 

The transverse plane of section is the face that is exposed when a tree is cut down.  

The transverse plane of section provides information associated with features that vary 

both in the pith to bark direction (radial direction) and also those that vary in the 

circumferential direction (tangential direction).  However, it does not provide any 

information associated with the variations up and down the trunk (Wiendenhoeft 2010, 

Hansen 2006). 

The radial plane of section is the face that is exposed when a log is split exactly 

from the pith to bark (parallel to the radius of a cylinder and extends up and down the 
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cylinder), and is parallel to the axial system; therefore, it provides information associated 

with longitudinal changes in the stem and from pith to bark along the radial system.  The 

radial plane of section does not provide any information associated with variations in the 

tangential direction (Wiendenhoeft 2010, Hansen 2006). 

The tangential plane of section is the face that is exposed when the bark is peeled 

off from a log (parallel to any tangent line that would touch the cylinder, and it extends 

along the cylinder); therefore, it provides information associated with the tangential 

dimension of features.  The tangential plane of section does not provide any information 

associated with the variation in the radial direction (Wiendenhoeft 2010, Hansen 2006). 

 

2.3.5 Growth Rings 
 

Wood is produced by the vascular cambium one layer of cell divisions at a time, 

however large groups of cells are produced more or less together in time (Wiendenhoeft 

2010).  These groups of cells are called growth rings (or growth increments).  Cells 

produced at the beginning of the growth ring are called earlywood cells, and cells formed 

later in the growth ring are called latewood. In temperate areas of the world and 

anywhere else with distinct, regular seasonality, trees form their wood in annual growth 

rings (Wiendenhoeft 2010, Hansen 2006). 

 

2.3.6 Cell and Cell Wall Structure 
 

At a macroscopic scale the vast majority of cells are aligned more or less parallel 

to the axis of the stem.  The cells have a length to width ratio of approximately 100:1 for 
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conifers and 50:1 for hardwoods (Hansen 2006).  Furthermore, wood cells are comprised 

of a double-layer cell wall (i.e., a very thin primary layer (P) and a secondary layer (S)) 

which covers the cell lumen.  The cells are bonded together by the middle-lamella (ML) 

which mainly is comprised of lignin and is not part of the cell wall (Hansen 2006). 

The cell wall is made of millions of polymeric cellulose chains forming 

crystalline microfibrils that are surrounded by hemicellulose (non crystalline) and 

embedded in amorphous lignin.  The secondary cell wall is divided into three main layers 

(S1, S2 and S3).  The cellulose microfibrils are very organized and lie parallel to one 

another within these layers.  In contrast, each of these layers has a distinct alignment 

(microfibril angle) of the microfibrils.  In the S1 layer the microfibrils are aligned at a 50-

75 degree angle (Walker 1993).  In the S2 layer, the microfibrils are aligned at a 10-30 

degree angle from the longitudinal axis of the cell (or roughly parallel to the fiber axis) 

(Walker 1993).  Finally, in the S3 layer the microfibrils are aligned at a 60-90 degree 

angle (Walker 1993).  The S2 layer is the thickest and is the dominant layer of the (S) 

layer.  Furthermore, the S2 layer is essential in wood properties and characteristics 

(Hansen 2006, Walker 1993).   

 
The three cellular structural components of wood are (Walker 1993): 
 
 Cellulose – is a long unbranched pure polymer derived from glucose and provides 

wood high tensile strength and affects other physical properties (individual fibers 

as well as wood as a whole). 
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 Hemicellulose – is a heavily branched mixed polymer helps link the lignin and 

cellulose into a unified whole in each layer of the cell wall, permitting effective 

transfer of shear stress. 

 Lignin – is an aromatic substance (non crystalline) which is almost totally 

insoluble in most solvent and provides good compressive strength and prevents 

the slender microfibrils from buckling, fills the spaces in the cell wall between 

cellulose, hemicellulose, and pectin components conferring mechanical strength 

to the cell wall and the plant as a whole, plays an important role in conducting 

water in plant stems, acts as a binding agent to hold cells together, and imparts 

cell wall rigidity. 

 

Information associated with the cellular and chemical components of wood, the 

typical composition of softwoods and hardwoods, and the typical composition of wood 

by elements is provided in (Tables 2.1-2.3). 

 

Table 2.1 Typical composition of softwoods and hardwoods (Walker 1993) 

Polymer Softwoods (%) Hardwoods (%) 

Cellulose 42 +/- 2 45 +/- 2 

Hemicellulose 27 +/- 2 30 +/- 2 

Lignin 28 +/- 3 20 +/- 2 

Extractives 3 +/- 2 5 +/- 2 
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Table 2.2 Composition of wood by elements (Walker 1993) 

Polymer Percent of Dry Weight 

Carbon 50 

Oxygen 44 

Hydrogen 6 

 

 

2.3.7 Juvenile vs. Mature Wood 
 

Juvenile wood is produced at a young cambial age (located around the pith of the 

stem). A general juvenile wood definition is “the wood within the 10 rings of the pith 

(Hansen 2006)”.  Therefore, the wood outside the 10th grown ring is mature wood; 

however, sometimes it is impossible to denote an exact separation line between juvenile 

and mature wood.  The area where the wood starts to mature is often referred to as 

transition wood (Zobel and Sprague 1998).  In many cases juvenile wood is referred as 

“corewood” and mature wood as “outerwood”.   

Mature wood and juvenile wood can have very different properties and 

characteristics to each other which effect their utilization. Compared with mature wood, 

juvenile wood shows high variation in its characteristics and properties.  In general, 

juvenile wood has lower density due to (1) thin-walled cells, (2) a high percentage of 

reaction wood (i.e., compression wood with higher lignin content and shorter tracheids) 

in gymnosperms, or tension wood with higher cellulose content in angiosperms, (3) a 

larger microfibril angle causing low stiffness and higher longitudinal shrinkage, and (4) 
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high moisture content (Zobel and Buijenten 1989).  These differences can result in 

substantial pith-to-bark changes of some wood species, especially for softwoods.  This is 

reflected by an increase in stiffness, strength, and stability from pith-to bark (Hansen 

2006). 

 

2.4 Moisture in Wood 

All wood in growing trees contains water (or sap).  Contrary, to popular belief the 

amount of water in wood does not vary greatly with the season of the year in which trees 

are cut (Walker 1993).  The cell walls in wood have a great affinity for water, but the 

ability of the walls to take up water is limited in part by the presence of lignin.  

Moreover, water in wood has a great effect on wood properties, and wood-water relations 

also have a great effect on the industrial usage of wood in wood products (Wiendenhoeft 

2010). 

 
Wood contains water in two forms (Williams 2010, Walker 1993): 
 
 Free water – the bulk of water contained in the cell lumina (or cavities), only held 

by capillary forces (not bonded chemically).  Free water may contain chemicals, 

altering the drying characteristics of wood. Additionally, free water does not 

affect as many wood properties as bound water, but does affect thermal 

conductivity (i.e., a measure of the rate of heat flow through one unit thickness of 

a material subjected to a temperature gradient) and permeability (i.e., a measure 

of the ease of flow of a fluid due to a pressure gradient; everyday examples would 
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be the flow of water along a hose under hydrostatic pressure, or the movement of 

air masses in response to a changes in barometric pressure).  

 Bound water – bonded to the wood by hydrogen bonds and contained in the cell 

walls.  The attraction of wood for water is associated with free hydroxyl (OH) 

groups in the cellulose, hemicelluloses, and lignin polymers located in the cell 

wall.  Furthermore, bound water affects physical and mechanical properties, and 

its removal causes changes that affect the use of the wood. 

 

 The amount of water (MC) in wood can be expressed as a percentage of either dry 

or wet weight.  Generally, wood MC is expressed on a dry weight basis; however, wood 

fuel MC is expressed on a wet weight basis.  MC on dry and wet basis is calculated as 

follows (Glass and Zelinka 2010): 

 

Dry basis, 
 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑝𝑒𝑟𝑐𝑒𝑛𝑡) =
Weight Wet −  Weight Dry

Weight Dry
∗ 100 

 
Wet basis, 
 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (𝑝𝑒𝑟𝑐𝑒𝑛𝑡) =
Weight Wet −  Weight Dry

Weight Wet
∗ 100 

 
 
 
These two methods of expressing MC are related as follows: 
 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝐷𝑟𝑦 (𝑝𝑒𝑟𝑐𝑒𝑛𝑡) =
MC (wet)

100 − MC (wet)
∗ 100 
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Or 
 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑊𝑒𝑡 (𝑝𝑒𝑟𝑐𝑒𝑛𝑡) =
MC (dry)

100 + MC (dry)
∗ 100 

 

2.5 Fiber Saturation Point 
 

The fiber saturation point (FSP) can be defined as the moisture content at which 

free water is completely gone, while the cell walls are still saturated with bound water  

(which would occur when the relative humidity is 1.0) (Walker 1993).  Relative humidity 

is defined as the mass of water vapor in a given volume of air divided by the mass of 

saturated water vapor that could occupy the same volume under similar conditions of 

temperature and pressure (Walker 1993).  This occurs at moisture contents between 25-

30% dry basis (Walker 1993). For most wood species it is reasonable to assume the FSP 

to be 30% MC dry basis (Walker 1993).  As green wood (~ 50 % MC wet) dries, free 

water held by the capillary forces is the first to leave the wood.  For example, when green 

wood is dried there is no change in its mechanical properties until the FSP is reached.   

Below the FSP these properties increase almost linearly with any further moisture 

content decrease.  The amount of energy needed to remove the bound water from wood is 

greater than that needed to remove free water.  Temperature is crucial for drying of 

timber – raising the temperature increases the rate of diffusion of water molecules across 

cell walls (Walker 1993).  Additionally, FSP generally, refers to cells rather than boards 

or pieces of wood.  Physical properties such as strength and shrinkage are generally not 

affected by the removal of free water (Desch and Dinwoodie 1996, Wiendenhoeft 2010, 

and Simpson 1951). 
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Wood property changes as wood dries below the FSP include (Desch and Dinwoodie 

1996): 

 
 Strength – generally in most wood species strength increases as the wood dries 

below the FSP. 

 Volume – generally in most wood species some shrinkage occurs when wood 

dries below the FSP. 

 Electrical resistivity – increases very rapidly when the wood dries below the FSP. 

 

2.6 Equilibrium Moisture content (EMC) 
 
 Wood has the ability to take in or give off moisture content in the form of vapor.  

Because, wood is a hygroscopic substance (i.e., it has the ability to attract and hold water 

molecules from the surrounding environment) it tends to reach a moisture content that is 

in equilibrium with the relative humidity and temperature of the surrounding air.  The 

MC at this point is called the EMC.  EMC varies more with the ambient relative 

humidity, compared to temperature.  Moreover, EMC also varies with species, density, 

extractives, and mechanical stress.  Generally, to minimize dimensional changes in wood, 

it is dried to a MC equal to its mean EMC (Siau 1984, Simpson 1951).  

 

2.7 Wood Density 

Density (or specific gravity) is one of the most important physical properties of 

wood.  Density is the weight or mass of wood divided by the volume of the specimen at a 

given moisture content (Wiendenhoeft 2010).  Units of density are typically expressed as 
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pounds per cubic foot or kilograms per cubic meter.  Density is the single most important 

indicator of strength in wood: a wood that is heavier (i.e., more wood substance per unit 

volume) will generally tend to be stronger than a lighter one (Walker 1993). 

Cell wall density of most wood species is almost constant (1,500kg/m3), and is 

mainly determined by the amount of cell wall material compared to the voids (Hansen 

2006).  Moisture content has to be considered to determine density because it affects both 

its mass and volume; therefore, it is necessary to determine the moisture content and 

density of wood (Walker 1993): 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑙𝑏 𝑓𝑡3)⁄  𝑎𝑡 𝑋 𝑀𝐶 (%) =
Weight of Wood at X MC (%)

Volume of of Wood at X MC (%)
 

 

 Three quantities are required to determine wood density; (1) the mass of the wood 

at X moisture content (%), (2) the volume of the wood at X moisture content (%), and the 

oven-dry mass. Density can be expressed as: green-density (i.e., generally 1000kg/m3 or 

62.4lb/ft3), oven-dry density, air-dry density or basic density (Walker 1993): 

 

𝐺𝑟𝑒𝑒𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑙𝑏 𝑓𝑡3)⁄ =
Green Weight of Wood
Green Volume of Wood

 
 
 

𝑂𝑣𝑒𝑛 − 𝑑𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑙𝑏 𝑓𝑡3)⁄ =
Oven − dry Weight of Wood
Oven − dry Weight of Wood

 

 
 

𝐴𝑖𝑟 − 𝑑𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑙𝑏 𝑓𝑡3)⁄ =
Weight of wood in equilibrium with atm. conditions
 Volume of wood in equilibrium with atm. conditions
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 Air-dry and green densities are not very reproducible.  Air dry density is 

measured after the wood has been left to dry in the open and has acquired the equilibrium 

moisture content.  Different climatic zones, seasons, and wood species can result in 

different air-dry densities.  Similar variability exists for green densities.  The term 

“green” is vaguely applied to “freshly” felled logs or to sawn timber which still contains 

most of their moisture content at the time of felling.  The green density will depend on 

season (i.e., summer vs. winter), species and age (i.e., variations in the moisture content 

in heartwood vs. sapwood, mainly applicable to softwoods), and how long the material 

has been left in the woods or mill.  For example, trees left in the woods for very long 

periods of time can have very low moisture contents. Green density is of increasing 

interest to forest owners as more timber is being sold on the green weight basis.  

 Because the industry is more concerned with the amount of woody material for a 

given volume of timber, the nominal density is a preferable choice (Walker 1993): 

 

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑙𝑏 𝑓𝑡3)⁄  𝑎𝑡 𝑋 𝑀𝐶 (%) =
Oven − dry Weight of Wood

 Volume of Wood at X MC (%)
 

  

 Basic density is another density definition and it emphasizes that both, the oven-

dry mass and the green volume, have constant and reproducible values.  Basic density is 

one of the most useful definitions of wood density (Walker 1993): 

 

𝐵𝑎𝑠𝑖𝑐 𝑊𝑜𝑜𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑙𝑏 𝑓𝑡3)⁄ =
Oven − dry Weight of Wood

 Green Volume of Wood
 

 
 



25 
 

 

 There is a negative relationship between basic density and moisture content; 

therefore, as the green density of wood increases the lower the basic density (i.e., a wood 

that has a low basic density has a high moisture content and vice versa) (Walker 1993). 

 

2.8 Specific Gravity and Weight of Wood 

Specific gravity is defined as the ratio of the density (mass of a unit volume) of a 

substance to the density (mass of the same unit volume) of a reference substance.  

Generally, the reference substance for liquids used is water or air for gases.  For wood, 

the specific gravity is generally based on the volume of wood at some specific moisture 

content and its weight when oven-dry.  Moreover, specific gravity is a dimensionless 

quantity.  For example, liquid substances with a specific gravity of one are neutrally 

buoyant in water; however, those with specific gravities greater than one are denser than 

water and thus sink, and those with a specific gravity less than one are less dense than 

water, and so will float.  Generally, the heavier the wood, the slower the drying rate and 

the greater the probability of developing defects during drying (Simpson 1951). 

 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐺𝑟𝑎𝑣𝑖𝑡𝑦 =
Oven − dry Weight of Wood

Weight of Equal Volume of Water
 

 
 

For example, if the specific gravity of a piece of wood is 0.5, the oven-dry weight 

of the piece of wood is one-half the weight of water.  The higher the specific gravity of 

wood, the higher the amount of oven-dry wood per unit volume of green wood.  
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Therefore, at the same MC, high specific gravity species contain more water than low 

specific gravity species (Simpson 1951). 

 

The green/dry weight of 1 ft3 of wood can be calculated using the following 

formulas (Simpson 1951):  

 

𝐺𝑟𝑒𝑒𝑛 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑙𝑏) = Specific Gravity ∗ (MC (%) + 1) ∗ 62.4 𝑙𝑏𝑠/𝑓𝑡3 
 
 

𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑙𝑏) = Specific Gravity ∗ 62.4 𝑙𝑏𝑠/𝑓𝑡3 
 
 

𝑊𝑎𝑡𝑒𝑟 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑙𝑏) = Green Weight − Dry Weight 

 

where MC% is the moisture content of the wood expressed on a dry weight basis. 

 

2.9 Wood Stiffness 
 

The stiffness of a structure is of principal importance in many engineering 

applications. Stiffness is defined as the resistance of an elastic body to deflection or 

deformation under an applied force (Hansen 2006). It has been frequently used to 

describe the mechanical properties of structural timber in recent times (Burdon et al 

2004). Young’s modulus of elasticity (MOE) can be thought of as a measure of the 

stiffness of a material. The MOE of wood can be determined by static bending tests but it 

can also be estimated by using acoustic techniques (Wiendenhoeft 2010). 
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2.10 How Wood Dries 
 

The main reasons for drying timber include (Walker 1993): 

 to minimize decomposition of the wood components; 

 to insure that all shrinkage has occurred prior to using the wood (i.e., proper-end 

use MC); 

 to make it less vulnerable to decay; 

 to reduce transportation costs; 

 to make it burn more effectively. 

 

Moisture content related forces cause bond water to move through the cell wall by 

diffusion, moving water from high to low MC areas. Water moving through wood by 

diffusion moves through cell walls and cell cavities.  Additionally, water evaporates from 

a cell wall into a cell cavity, moves across the cell cavity, and then gets reabsorbed by 

another cell wall, enters the cell cavity, and moves across the cell cavity, etc.  This 

process is repeated until the water reaches the surface. 

Water in wood generally moves from higher to lower zones of MC.  Therefore, 

wood dries from the outside in.  This means that the wood surface is drier than the inside.  

Drying can be divided into two distinct phases: (1) movement of water from the interior 

to the surface of wood, and (2) removal of water from the surface (evaporation) to 

moving air streams (Walker 1993).  Eventually, as the surface moisture content 

approaches the EMC the drying rate will approach zero.   
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Water moves to the surface more slowly in heartwood than in sapwood.  This is 

primarily caused because extractives plug the pits of heartwood.  In drying, the surface 

fibers associated with heartwood reach EMC with the surrounding air soon after drying 

begins.  Consequently, this initializes the development of a typical moisture gradient (i.e., 

differences in MC between inner and outer portions of the wood). 

Sapwood fibers can reach EMC with the surrounding air if the air circulation is 

fast enough to evaporate water from the surface as fast as it comes to the surface.   

However, if the air circulation is too slow, a longer time is required for sapwood fibers to 

reach EMC. 

Water moves through wood as a liquid (or vapor) through the following 

passageways: cavities of fibers and vessels, pit chambers, ray cells, resin ducts of certain 

softwoods, and transitory cell wall passageways (Panshin and Zeeuw 1980).  Most water 

lost by drying moves through the cell cavities and pit chambers in all directions, both 

along and with the grain.  Heavier species (higher density species) dry slower compared 

to lighter species because their structure contains less openings (or void spaces) per unit 

volume (Simpson 1951). 

 

2.11 Drying Rate and Moisture Gradient 
 

The moisture gradient can be defined as the change in MC from the surface to the 

center of the wood.  Furthermore, the moisture gradient is not the same below and above 

the FSP.  For example, the moisture gradient above the FSP is different for sapwood and 

pervious heartwood than it is for impervious wood that is saturated (Erickson 1954). 
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Generally, the moisture gradient curve rises fast near the surface and flattens out 

toward the center of the wood.  Moreover, the longer the wood piece has dried, the lesser 

the differences there will be in the rate of change and the actual MC from center to 

surface.  In contrast, drying time will increase approximately as the square of the 

thickness of the board increases.  Initial and final water weights of the wood will also 

affect wood drying time (Erickson 1954).  Therefore, drying time is proportional to: (1) 

wood density (water quantity to be removed defined in terms of initial MC), specimen 

thickness, air velocity, and the wet-bulb depression (change in wet-bulb and dry-bulb 

temperature (degrees Celsius)). 

 

2.12 Water Forces 
 

As wood dries the following forces act simultaneously to move water (Siau 1984, 

Simpson 1951): 

 Capillary related forces – cause free water to flow through the cell cavities and 

pits. 

 Relative humidity related forces – cause water vapor to move through the cell 

cavities by diffusion, moving water from high to low relative humidity areas (i.e., 

water evaporates from the cell walls into the cell cavities). 

 Moisture content related forces –cause bonded water to move through the cell 

wall by diffusion, moving water from high to low MC areas.  
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 Water moving through wood by diffusion moves through cell walls and cell 

cavities.  Additionally, water evaporates from a cell wall into a cell cavity, moves across 

the cell cavity, and then gets reabsorbed on the opposite cell wall, moves through the cell 

wall by diffusion, and so on, until it reaches the wood surface. 

 Water moves more freely in sapwood compared to heartwood, both by diffusion 

and capillary flow, sapwood generally dries faster than heartwood under the same 

conditions.  However, many species may have lower MC’s in the heartwood than in the 

sapwood, and therefore may reach final MC faster (Simpson 1951). 

 

2.13 Drying Rate Factors 

 Walker (1993) has identified the following seven factors as key determinants of 

the rate in which water dries in wood. 

 Relative Humidity – if temperature is held constant, the lower the relative 

humidity of the surrounding air, the greater the capillary flow.  Low relative 

humidity also stimulates diffusion, by lowering the MC of the wood’s surface, 

and hence steepening the MC gradient increasing the drying rate. 

 Temperature – if relative humidity is held constant, the higher the temperature of 

the wood, the faster water will move from the wetter interior to the drier surface.  

However, if the temperature is too high, collapse of strength may occur. 

 Air Flow – it is necessary to have sufficient air flow circulation on the wood 

surface so that humid air can be removed and replaced by warmer air. 
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 Moisture Gradient – as the steepness of the moisture gradient increases, MC 

decreases, diffusion rate increases, therefore increasing the rate of flow of water 

through the wood.  

 Species – some species dry faster than others; typically softwoods dry faster than 

softwoods. 

 Initial Moisture Content – initial moisture content affects the drying time required 

to lower the MC to a given MC. 

 Thickness (DBH) – wood with larger DBHs requires more time to dry to a given 

MC, given the same atmospheric conditions in comparison to wood with smaller 

DBHs. 

 

2.14 Roundwood/Log Drying 

 At the beginning of the drying process, the log-ends and bark free radial areas 

move quickly toward the EMC.  Therefore, the loss of MC through log ends has little 

effect on the overall drying rate, regardless of high water conductivity in the longitudinal 

direction (Defo and Brunette 2006).  For example, in logs with full bark coverage, the 

bark will keep the MC at the radial surface at a high level.  However, after the initial 

drying time, further MC loss occurs, especially in the radial direction.  This phenomenon 

can be explained by; (1) the fact that radial distances from the core to the bark provide a 

much shorter path than longitudinal distances, and (2) surface area for moisture content 

evaporation is greater along the periphery of the log than on the log ends (Schultz et al 

1997).  The low conductivity of bark also plays an important role in drying times of logs.  
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For example, model simulations with bark loss levels of 0, 25, 50, and 100 percent 

showed that drying time of a given log is proportional to the percentage of bark missing 

from the surface.  Under these bark loss levels the drying rates were approximately 1.5, 2, 

2.5, and 3 times higher, respectively than the drying rate of a log with zero percent bark 

loss (Defo and Brunette 2006).  Moreover, if the bark is removed from the log, drying 

rates increase and the drying front penetrates inside the wood in the radial direction, as is 

illustrated in Figures 2.2-2.3 (Defo and Brunette 2006): 
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Figure 2.2 Two-dimensional moisture content profiles for given log after 3 days of being 
cut down: a) at zero percent bark loss; b) at 50 percent bark loss; and c) at 100 percent 
bark loss. (Source: Defo and Brunette 2006) 
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Figure 2.3 Two-dimensional moisture content profiles for given log after 30 days of 
being cut down: a) at zero percent bark loss; b) at 50 percent bark loss; and c) at 100 
percent bark loss. (Source: Defo and Brunette 2006). 
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CHAPTER 3 

MOISTURE MANAGEMENT LITERATURE REVIEW 

 

3.1 Why moisture management is important 

Generally, green wood contains approximately 50 percent water by weight.  

Therefore, if the amount of water carried by the wood biomass is lowered, more wood 

and less water can be carried per load.  This also reduces transportation costs because less 

energy is consumed (i.e., lower weight is being transported) for delivering the same 

amount of wood biomass (McDonald et al. 1995 Transportation costs are directly 

associated with the form of wood biomass, shredded, chipped, ground, or bundled 

(Johannson et al., 2006). 

Studies have shown that moisture content (MC) is highly critical for energy 

efficiency purposes at MC’s higher than 50 percent. This is attributed to the fact that 

wood is 50% by weight and to convert woody biomass to energy, woody biomass 

moisture content should be 0% (Perlack et al. 2005). Results show that energy efficiency 

increases 1 percent for every 1 percent moisture content decrease above 50 percent MC 

and 0.5 percent for every 1 percent drop of moisture content below the range of 40 

percent (Liang et al. 1996).  Results also determined that the capacity of an energy 

conversion facility needs to be 2 percent larger for each 1 percent increase in moisture at 

MC’s over 50 percent range and1 percent for each 1 percent increase in moisture content 

in wood biomass between 25 and 35 percent MC.  Therefore, better wood biomass 
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moisture content management improves the advantages for producing renewable energy 

(Liang et al. 1996). 

 

3.2 Approaches to Managing Moisture 

Wood moisture content can be actively reduced through energy input at an off-

forest facility, or it can be passively reduced through air-drying on- or off-forest.  Air-

drying is generally a more common and lower cost alternative method for moisture 

reduction. 

There are a number of critical factors that should be considered in order to 

effectively air-dry wood biomass.  These include the size and species of a given tree, the 

season in which harvesting occurs, the type of wood biomass material, the time that the 

material has been left on the forest landing since it was harvested, the type of processing 

(i.e., manual versus mechanical), the amount of bark left on the logs after harvesting, 

length of the logs, and storage location (i.e., open versus shade).   

Stokes et al (1987) studied transpirational drying of energywood and developed 

forty models that predicted moisture content for groups of softwood and hardwood 

species as well as for individual species that were left to air dry in the southeastern 

United States.  Transpiration drying involves drying with the leafy or needle material left 

on the stem. Their models were non-linear and were associated with such variables as 

number of days since drying began, temperature, bundle weight, rainfall, and stem 

diameter.  Results showed that the models did not effectively account for average daily 



37 
 

 

temperatures and therefore did not explain differences in drying rates between different 

seasons.   

Liang et al (1996) reviewed spatial and temporal effects in air drying biomass for 

energy and developed a model to predict moisture content for bundled Leucaena 

(Leucaena leucocephal (Lam. De Wit).  The major environmental factors that were 

considered when developing this model included precipitation and reference 

evapotranspiration, computed using Hargreaves’ model. The model effectively predicted 

final moisture content as a function of initial moisture content, the number of days since 

drying began, and precipitation and evapotranspiration. Use of their model required 

access to local, historical weather data. 

Simpson et al (1999) reviewed of air drying of lumber and noted that species, 

grain pattern, pilling methods, thickness, yard surface, climate, and sapwood and 

heartwood content all affected drying rates. Their results showed that drying time 

increased at an approximate rate of the thickness of the material raised to the 1.5 power.   

A study of air drying times for small-diameter ponderosa pine and Douglas-fir 

logs found that daily loss of moisture was a function of log and weather factors.  Log 

factors include: species, age, log diameter, percent bark absence, starting moisture 

content, and piling method.  Weather factors include: average temperature and relative 

humidity (Simpson and Wang 2003).   

Fauchon et al (2000) developed a model to estimate the drying rate of logs during 

storage as a function initial MC, relative humidity and climatic conditions.  The results 
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attained are acceptable, but are only applicable to the species used and to the conditions 

where the study occurred. 

Jirjis (1995) studied on storage and drying techniques for different types of wood 

biomass and their effects on dry matter loss and fuel quality.  The study included trials of 

covered/uncovered storage locations of coppice and logging residues.  Moreover, 

experiments tested the effect of particle size on the storage of wood biomass  A model 

was developed to predict wood chip drying rates as a function of time, and was then 

validated using experiments.  Results showed that logging residues stored in covered 

windrows or bundles, from either fresh or summer harvested material, had significant 

advantages associated with dry matter loss compared to chip storage methods.  Moreover, 

results showed that moisture content decreased faster when materials were stored in 

covered locations compared to uncovered locations.   

Filbakk et al (2011) investigated how moisture content and dry matter losses of 

logging residues developed during spruce and pine storage during different seasons.  

They found no significant difference in drying between covered piles of bundled 

residues, and covered piles of loose residues.   

Droessler et al (1986) studied the rate of weight loss in piled pulpwood and 

investigated the influence of weather conditions on drying rates.  They concluded that 

rate of weight loss in freshly cut, piled pulpwood was highly constant.  However, the rate 

of weight loss was influenced by environmental conditions: (1) daily temperature, (2) 

average humidity, and (3) total rainfall in the days immediately following measurement. 
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Simpson and Wang (2003) generated a model to predict air-drying times of 

debarked logs as a function initial MC, relative humidity, climatic conditions, and log 

diameter.  The results attained are only applicable to the species considered and to the 

conditions where the data was collected. 

Schultz et al (1997) developed a model to predict air drying times of logs during 

storage using artificial neural networks.  Results showed that species, days in storage, and 

distance from the core had the greatest effects on MC measurements.  However, the 

effect of drying through log ends on overall log moisture loss was minor.  The authors 

suggest that is occurs because (1) radial distances from the core to the bark are shorter for 

water evaporation than longitudinal distances, and (2) the surface area for radial moisture 

paths was greater than the surface area of log ends. 

 

3.3 Moisture measurement tools 

A number of the studies provide models for predicting moisture content using 

measurements, or estimates, of initial moisture content and climatic variables.  An 

alternative approach is to measure the moisture content of the woody material directly.  A 

number of technologies are available for making direct or semi-direct measurements.  

Fauchon et al (2004) argued that both indirect and direct measurement approaches 

complemented each other. Indirect methods based on models allow forecasting of drying 

rates, while direct methods (tools, dry ovens, etc.) allow checking compliance of the raw 

material with the required specifications.  
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Garrahan and Lavoie (2005) evaluated a commercially produced dielectric 

moisture meter over a wide range of moisture contents.  Results showed that the 

dielectric moisture meter required a correction factor based on species.  Furthermore, 

moisture gradient, wood temperature, knots or compression wood, and surface roughness 

affected moisture content readings.  In contrast, the temperature at which the wood was 

dried did not affect moisture content readings.  Garrahan and Lavoie (2005) argued that 

evaluating tool effectiveness required comparing readings to actual moisture content 

calculated from oven dry moisture content measurements. 

Jensen et al (2006) tested one near infrared (NIR) reflectance and five dielectric 

moisture meters on 98 samples covering the moisture content range from fresh fuel to 

approximately 10 percent moisture content (wet basis) and reported that the best 

calibrations were attained with NIR reflection and two dielectric tools when the sample 

was located in a container integrated in the device. Both laboratory and fuel type highly 

influenced the calibration equations developed.  This suggested that using individual 

calibrations based on the specific fuel types used at an individual heating plant could be 

effective. 

Chan et al (2011) tested the effects of moisture content from 14 to 61 percent 

moisture content (wet basis) and temperatures from -71 degrees C to +58 degrees C on 

resonance acoustic velocity and dynamic modulus of elasticity (MOE) on 36 radiata pine 

boards.  They showed that acoustic velocity decreased as moisture content and 

temperature increased.  Furthermore, acoustic velocity changes above fibre saturation 
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point (FSP) were gradual and curvilinear; whereas acoustic velocity decreased linearly as 

moisture content increased below FSP.  

Shupe et al (2002) determined correction factors for capacitance and conductance 

moisture meters for 13 southern U.S. hardwood species and found that correction factors 

could be applied to different conductance type moisture meters and to L-612 [Wagner 

Meters, Oregon, U.S.] capacitance type moisture meters for the range of 6 to 26 percent 

moisture content (wet basis). 

Carter et al (2006) tested logs, cants and boards from 24-year-old radiata pine 

trees using the HM200 and determined that the acoustic velocity of the diametral cant 

was very similar to the volume-weighted average velocity for all the boards cut from the 

diametral cant.  Therefore, Carter et al (2006) concluded that the acoustic velocity based 

on the resonance method can be used as an average velocity for the entire system. 

Andrews (2002) compared acoustic velocities measured by the time of flight 

(TOF) and the resonance method.  Past research had shown that some differences 

between both methods existed, especially in short length samples. Andrews showed that 

there is a verifiable velocity difference between the TOF and the resonance method when 

measuring the same logs.  The resonance velocity (approximately 0.8 times) was slower 

than the TOF velocity.  This is because the TOF velocity is based on the fastest path 

between the two sensors.  The time needed to travel through the log (during a single pass) 

was calculated using the multi pass resonance method.  Andrews noticed that when he 

observed the first pass only, there was a small amount of energy arriving earlier (i.e., 

some energy travels faster than the main wave front) than the rest, stopping the time 
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measurement.  Andrews (2002) called this incremental speed because it travels in a 

straight line from one end to the other end of the log without being reflected from the 

edges; therefore, increasing travel speed.  However, this phenomenon can be ignored 

when acoustic velocity is measured by resonance methods because this faster traveling 

energy dies away inversely with distance squared and thus, the wave becomes a plane 

front. 

To acquire the correct data from TOF tools, it is important to be able to 

differentiate between the fast incremental and the slower speed of the wave.  Moreover, 

the sensitivity and the detecting probes settings have a major influence on the 

effectiveness of the tool.  Andrews (2002) also found that the influence of the 

incremental speed is highest in short samples.  This is because, (1) the incremental speed 

dies away inversely with distance squared, and (2) the time difference between the 

incremental speed and the main wave front is higher in short distances.  Andrews, 

showed that when using the TOF method the acoustic velocities can be overestimated by 

a factor of up to 1.3, especially in short samples with high diameter to length ratio.  

However, when the length is approximately 10 times the diameter, the correction factor 

can be ignored, but further research is required to verify this ratio is correct.  Andrews 

(2002) concluded that the following equation can be used to avoid an overestimation of 

the MOE when measuring short samples: 
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MOE (𝑙𝑏 𝑖𝑛2)⁄  = 0.083  ∗  �
𝑉
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�

2

∗  𝛿/𝑔 

 

 

where; 

MOE = modulus of elasticity (lb/in2 or psi) 

V = velocity of the wave through the material (ft/s) 

δ = “green” density of the material (lb/ft3) at the time the velocity was measured 

g = acceleration due to gravity (386 in/s2) 

1.3 = constant to adjust for overestimation of acoustic velocity by TOF method 

0.083 = constant to convert from inches to feet. 
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CHAPTER 4 

STUDY METHODS 

 

4.1 Data Collection 

4.1.1 Study Sites Description 

 Woody biomass samples were collected from four western Oregon locations, at 

Clatskanie(46°06’30”N, 123°13’20”W)  located in northwestern Oregon, Corvallis 

(44°39’10”N, 123°27’45”W), Dallas (44°53’39”N, 123°15’27”W) and Philomath 

(44°33’44”N, 123°25’16”W) all located in central western Oregon(Fig. 3.1). 

 Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), western hemlock (Tsuga 

heterophylla (Raf) Sarg), and ponderosa pine (Pinus ponderosa L.) samples were 

collected at the Corvallis site.  Douglas-fir samples were also collected at the Philomath 

site.  Oak (Quercus garryana Dougl. ex Hook) and madrone (Arbutus spp.) samples were 

collected at the Dallas site.  Hybrid poplar (Populus spp.) samples were collected at the 

Clatskanie site. All samples were transported to the Oak Creek Building at Oregon State 

University in Corvallis for storage and moisture measurement. 
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Figure 4.1 Map illustrating the four sites (Corvallis, Clatskanie, Dallas, and Philomath) 
where woody biomass samples were collected.  
 

4.1.2 Roundwood Tool Descriptions 

Two technologies were selected for measuring moisture in roundwood samples; 

acoustic and conductance.  Two tools were evaluated for each technology type. 

 

4.1.2.1 Acoustic Tools 

 Acoustic tools can be used to attain a fast estimation of the elastic and damping 

properties of wood.  There are two distinct acoustic methods that can be applied to assess 

elasticity, the time of flight (TOF) and the resonance method.  Elasticity is described by 
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the relation between stress and strain.  In the linear region between stress and strain 

Hooke’s law relates stress and strain through Modulus of Elasticity (MOE) (Hansen 

2006): 

𝜎 = 𝐸𝜀 

where; 

σ = stress (lb-/in2 or psi (Pa)) 

E = modulus of elasticity (lb/in2 or psi (Pa)) 

ε = strain (in/in (m/m)) 

 

 Damping is important because it reduces the amplitude of oscillation by 

dissipating vibration energy into heat.  Damping can be classified by the loss factor 

which is defined as the ratio of lost energy to the vibratory reversible energy during one 

cycle of vibration (Ouis, 2002).  In an over damped system vibration will not be found 

and after excitation the mass will return slowly to its original position.  However, in a 

critically damped system the system fails to oscillate and will return to its original 

location in the fastest possible time (i.e., car suspensions are critically damped).  The 

damping ratio (%) for lightly damped systems is approximately half the loss factor.  The 

damping ratio compares the damping system constant to the critically damped case; 

therefore, expresses the viscous damping of the system (Hansen 2006). 

 There are three main factors that affect wood damping properties: (1) the 

geometry of the sample (in this study logs), and (2) the scattering and absorption material 
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characteristics.  Furthermore, scattering and absorption are highly dependent on 

frequency, anisotropic direction and wood species (Hansen 2006, Buccur 1995). 

   The way a sound wave propagates through a body is correlated with the body’s 

basic properties.  Because, wood is an anisotropic material the propagation of sound is 

much more complex than in isotropic materials.  There are considerable differences in the 

velocity of waves being propagated along the longitudinal, radial, and tangential planes; 

for example, the velocity in the longitudinal direction is five times greater than in the 

radial direction.  Furthermore, longitudinal waves, where particle motion is tangential to 

the propagation direction is different from shear or transverse waves where particle 

motion is perpendicular to the propagation  However, in anisotropic materials, such as 

wood, longitudinal and shear waves can also travel out of primary direction of travel (i.e., 

tangential or perpendicular to the propagation direction (Hansen 2006).    

 Acoustic tools can be used to estimate wood stiffness and other related wood 

properties by measuring the green density (Cherry et. al. 2008). For example, it is 

possible to calculate the dynamic MOE by measuring the velocity of waves being 

propagated through the wood and by using the one dimensional wave equation (Hansen 

2006): 

 
𝑀𝑂𝐸 = 𝐸 =  0.083 ∗ 𝑉2 ∗  𝛿/g 

 
where; 

MOE or E = Modulus of Elasticity (lb/in2 or psi) 

V = velocity of the wave through the material (ft/s) 
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δ = “green” density of the material (lb/ft3) at the time the velocity was measured 

g = acceleration due to gravity (386 in/s2) 

0.083 = constant to convert from inches to feet. 

 

 This equation is ideal for elastic materials shaped as long slender rods.  However, 

this does not apply when wood is excited, since there is kinetic energy that flows radially 

outward under compression, or when the waves interact with the external surfaces (free 

surfaces) of the specimen (Buccur 1995, Meyers 1994).  Wood factors that can affect the 

one dimensional wave equation include: (1) knots, (2) grain angle, (3) moisture content, 

and (4) wood temperature.  For example, (1) waves do not remain a planar shape when 

traveling through or around knots; therefore, within the area that is influenced by the 

knot, the velocity is reduced, but once the wave passes the knot, the wave regains its 

planar form; (2) sound travels along the grain approximately three times faster (velocity 

decrease is most prominent within the first 30 degrees from the longitudinal direction) 

than perpendicular to the grain; (3) wave propagation speed decreases by 1% when 

moisture content increases by 1%; and (4) wave propagation speed decreases 

approximately by 0.05% when temperature increases by 1 degree Fahrenheit and as 

moisture content increases, the influence of temperature on wave propagation speed 

becomes stronger (Gerhards 1982). 

 Repeated measurements of logs in the forest show that acoustic velocity increases 

as the logs lose moisture.  Acoustic tools provide a semi-direct method of measuring 
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moisture content but a relationship must be established between acoustic velocity and 

moisture content. 

 

4.1.2.1.1 Fibre-Gen HM200 

 The Fibre-Gen HM200 [Fibre-Gen, New Zealand] is an acoustic tool designed to 

measure acoustic velocity and estimate the stiffness of logs.  Using the resonance 

method, the HM200 estimates the acoustic velocity from the resonant frequencies created 

by repeated acoustic echoing between the log ends.  The resonance method is only 

applicable to wood samples that have two cut ends, thus it is not applicable for standing 

trees.  A wave is introduced at one end of the sample from where it travels forwards and 

backwards between the two cut faces of the log creating standing waves.  The signal is 

then received from the other end of the sample using a microphone or an accelerometer.  

The acoustic signal resonates within the sample and from the frequency of the resonance; 

acoustic velocity is calculated using the following equation (Hansen 2006): 

𝑉 = 2 ∗ 𝑙 ∗ 𝑓 

where; 

V = acoustic velocity of logs (ft/s)  

f = fundamental natural frequency of an acoustic wave signal (cycles per second) 

l = log length (end-to-end) (ft) 

 
 The resonance method gives more information as well as more reliable results 

than the TOF, mainly because the wave velocity is calculated on up to several hundred 

passes through the sample (Grabianowski 2003).  The resonance method produces 
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standing wave patterns called modes (or harmonics), that match the size of the wood 

sample.  Standing waves are created as the result of perfectly timed interference of two 

waves passing though the same medium (or in this case log). Standing waves are not 

necessarily waves, rather they are patterns formed from the presence of two (or more) 

waves of the same frequency moving opposite to each other within the same medium.  

This study focuses on longitudinal or compression waves.  Longitudinal waves are waves 

created by rapid back-and-forth vibrations of an object that oscillate in the same path that 

the sound wave is moving in which means that the movement of the medium is in the 

same direction as, or the opposite direction to, the motion of the wave.  Longitudinal 

waves have characteristics just like any other type of wave, including wavelength, 

frequency, amplitude, and velocity. This is different than the up and down or transverse 

motion of a water wave (Hansen 2006) (Figure 4.2).   

 

 

Figure 4.2 A comparison of a transverse wave-such as a water wave and a longitudinal 
wave. (Source: Hansen 2006). 
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 For example, (1) the wavelength of a longitudinal wave is the distance from one 

crest to another (or two maximum compression points); (2) the frequency of a 

longitudinal wave is the rate at which the waves pass a given point; (3) the amplitude of a 

longitudinal wave is associated to how much the wave is compressed, as compared to 

areas of little compression; therefore, sometimes it is called pressure amplitude; and (4) 

the velocity of a longitudinal wave in dry air is approximately 344 ms-1 (or 1,236 kmh-1)  

at room temperature of 20 degrees Celsius (68 degrees Fahrenheit).  In our study the 

relationship between velocity, wavelength, and frequency is (Hansen 2006):    

 
𝑉 = λ ∗ 𝑓 

where,  

V = acoustic velocity of logs (ft/s)  

λ = distance from one crest to another or to maximum compression points (ft per cycle) 

f = fundamental natural frequency of an acoustic wave signal (cycles per second) 

  

 If one end of the sample (logs in this study) is hit with a hammer the particles 

close to the impact will move in the direction of the impact.  Adjacent particles are 

pushed in the same direction, creating an area of high compression. However, particle 

inertia also acts to pull particles apart, creating a low pressure region behind the high 

pressure region.  Therefore, a longitudinal wave, where particles are pushed back and 

forth parallel to the direction of the transmitted energy, consists of areas of high and low 

compression.  Moreover, when the wave front hits the other end of the sample it is 

reflected and begins to interfere with the waves coming from the opposite direction.  Two 
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types of interference occur; constructive interference and destructive interference. 

Constructive interference occurs when two high compression regions, or two low 

compression regions, meet and amplify the pressure. Destructive interference is a result 

of high pressure and low pressure regions meeting.  Locations where this occurs are not 

pressurized, because the tendency of high compression to push particles together is 

cancelled out by the tendency of low compression to pull particles apart.     

 Standing wave patterns always consist of an alternating pattern of nodes and 

antinodes.  Nodes are locations where destructive interference continually occurs. 

Antinodes are locations where constructive interference continually occurs and the 

sample experiences maximum positive and negative changes in pressure (Hansen 2006, 

Grabianowski 2003). 

 Once the medium begins to vibrate, harmonics can be obtained. Harmonics are 

waves that have different wave patterns (Halliday et al 1997).  In this study, the harmonic 

with the longest wavelength that fits the medium (in this study a log) is the fundamental 

mode and has a wavelength of twice the log length.  The second harmonic or first 

overtone is the next possible pattern that fits inside the log and has a wavelength that is 

equal to the log length (Hansen 2006). 

 Hansen (2006) comments that when a log is struck by a hammer at one end and 

not clamped down at its ends, it will have areas of maximum positive and negative 

displacement (antinodes) at either end and will always have pressure (nodes) at both ends 

of the log.  The first harmonic has an antinode for pressure at the center of the log and at 

this point the particles will not be displaced. Resonance patterns for the first three 
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harmonics in terms of pressure and displacement are illustrated in Figure 4.3 (Hansen 

2006). 

 

Figure 4.3 Resonance pattern for the first three harmonics as a function of displacement 
and pressure (light areas represent nodes and dark areas anti-nodes). (Source:  Hansen 
2006). 
 

The wavelength of the nth harmonic are calculated using the following equation: 

𝜆𝑛 =
2𝐿
𝑛
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and the frequencies can be calculated using the following equation: 

𝑓𝑛 =
𝑛

2𝐿
∗ 𝑉 

where; 

V = velocity of the wave through the material (ft/s)  

f = fundamental frequency (cycles per second) 

λ = wavelength (ft per cycle) 

L = log length (end-to-end) (ft) 

n = nth harmonic 

  

 Moreover, vibrating logs in which longitudinal waves are traveling forth and back 

can be described by a spring system.  The antinodes (displacement) are located in 

positions where the log has a mass.  Figure 4.4 illustrates the mass-spring system for the 

first harmonic. 

 

Figure 4.4 First harmonic mass-spring system of a log. (Source: Hansen 2006). 

 

 Since the HM200 measures the velocity of the waves being propagated through 

the entire log, it is capable of obtaining information associated with the stiffer outerwood 
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and less stiff corewood.  The HM200 can be used on stems or logs to segregate for 

stiffness of timber and veneer and for pulp and paper properties.  The HM200 can be 

used at several different phases during the production process.  For example, it can be 

used on the log or stem at the forest site, skid sites or processing facility yards (Cherry et. 

al. 2008, Chan et. al. 2010).  Some key HM200 features reported by the manufacturer 

include:  

 Used over a large range of species 

 Single ended operation (i.e., can be used on either the small or large end of the log 

and the results will be equivalent to each other) 

 Battery operated 

 Easy to operate 

 Memory for thousands of measurements 

 Computer and laptop compatible (downloadable) 

 Custom functions available for grading purposes  

 Waterproof and shockproof 

 Handheld instrument (lightweight) 

 Capacity of up to 40 meter long logs 

 Velocity accuracy not stated by manufacturer 

 

4.1.2.1.2 IML Hammer 

 The IML Hammer [Instrumental Mechanik Labor System GMbH, Germany] is 

another acoustic tool that was designed to measure acoustic velocity and to estimate the 
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stiffness of logs or sections of a tree stem.  The IML Hammer measures the time of flight 

(also known as the transit time method or stress wave timer), that it takes for a single 

propagated wave to travel between two sensors inserted into the wood sample.  A 

mechanical or ultrasonic impact made by a hammer is used to launch a longitudinal 

vibration in the wood sample, and the time delay of the signal over a known distance 

between the sensors allows the calculation of the velocity of the propagated wave.  The 

timing of the propagated wave begins as it is detected passing the first sensor, and the 

clock (or timer) is stopped when the wave is detected by the second sensor.  The velocity 

can be found by dividing the distance between the two sensors by the transit time.  The 

velocity calculation is based solely on one observation (one wave). To minimize this 

limitation and obtain more reliable results the measurement can be repeated several 

times.  The TOF can be estimated using the following equation (Hansen 2006): 

 

V =
𝐷
𝑇

 

where; 

V = velocity of a single propagated wave between the start and the stop sensor (ft/s)  

D = distance between the sensors (ft) 

T = time that it takes for a single propagated wave to travel between the two sensors (s)  

 

 For this study the TOF method was applied to logs; however, the TOF method 

can also be applied to standing trees, timber and wood-based panels (Hansen 2006). The 
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IML Hammer measurements describe the interior tree conditions and can be used to 

determine decay in the early stages of growth, cracks in root areas, wet cores and cavities.  

It can also be used at several different phases during the production process (Cherry et. 

al. 2008, Chan et. al. 2010).  Some key IML Hammer features reported by the 

manufacturer include:  

 Weather and water resistant (suitable for any weather condition) 

 Integrated Bluetooth function for wireless data transmission to PC or laptop. 

 Organic Light Emitting Diode(OLED) display to show measurement results 

 Specially manufactured screws to minimize tree/log damage 

 Memory for thousands of measurements 

 Computer and laptop compatible (downloadable) 

 Handheld instrument (lightweight) 

 Velocity accuracy not stated by manufacturer 

 

4.1.2.2 Conductance Tools 

 Conductance (or resistance) tools measure the electrical conductance between two 

contact electrodes (nodes) that are inserted into the wood.  More specifically, 

conductance meters measure the direct current resistance of wood. Electrical resistance 

requires that an electromotive force be applied across the wood to cause a current to flow 

through it. There is strong evidence suggesting a strong relationship between direct 

current resistance and moisture content at moisture contents between 5 and 25 percent 

(wet basis) (Forintek Canada Corporation, 2001).  Results should only be considered as 
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approximations at moisture contents beyond this range.   However, in general when the 

logs/lumber are dried to approximately 30 percent moisture content and the conductance  

tools are used within the bounds of this range and in accordance with protocol, the 

measurements can be accurate to within plus or minus 1 to 2 percent of the actual 

moisture content.  If a moisture gradient exists within the wood the electrical current 

follows the path of moisture content. If probes are insulated (insulated pins are helpful in 

avoiding false readings if wood has been surface wetted with rain, snow, or dew and 

show some indication of moisture content gradient as they are inserted into different 

depths of the wood) with only the tips exposed the moisture profile through the wood can 

be estimated as the needles are pushed further into the timber.  The conductivity of any 

wood species is dependent on the number of ions present.  Moreover, the reading will 

vary with species, whether heartwood or sapwood, temperature and the existence of 

preservatives.  The most important factors that affect conductance tools are wood species, 

temperature, moisture content, moisture content gradients, grain angle, chemical 

treatment, density, dielectric constant, and the dielectric power constant (Shupe et.al. 

2002, James 1988, Walker 1993).  

 

4.1.2.2.1 Humimeter BLW 

 The Humimeter BLW [Schaller GmbH, Germany] is a conductance type tool that 

uses the relationship between moisture content and direct current resistance to measure 

wood moisture content. The Humimeter BLW has two pins that are inserted into the 

wood.  The pins must be aligned parallel to the grain of the wood to generate the most 



59 
 

 

accurate results.  The Humimeter BLW has a measuring range of 10 to 60 percent 

moisture content (wet basis) depending on the material (Forintek Canada Corporation 

2001, Schaller GMBH 2012). The Humimeter BLW can also be used at several different 

phases during the production process.  Some key Humimeter BLW features reported by 

the manufacturer include:  

 Menus are in English, Spanish, Italian, German, Russian and French 

 Allows for quality checks on site 

 Automatic averaging 

 Automatic temperature calibration 

 Efficient (measurements generated within seconds) 

 Temperature can be set in either °C or °F as needed 

 LCD display 

 Handheld instrument (lightweight) 

 High measuring range 

 Optional: computer/laptop interface and software, data link cable, printer and 

isolated/secluded nails 

 Accuracy not stated by manufacturer 

 

4.1.2.2.2 Timbermaster Protimeter 

 The Timbermaster Protimeter [GE Protimeter, Schenectady, New York, and 

headquartered in Fairfield, Connecticut] is a conductance type tool that also uses the 

relationship between moisture content and direct current resistance to measure the 
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moisture content of wood. The Timbermaster has two pins that are inserted into the 

wood.  The pins must be aligned along the wood grain for the most accurate results.  The 

Timbermaster can be used for a range of quality control applications associated with 

production, trading and use of wood products.  The Timbermaster has eight calibration 

scales that allow it to measure moisture content for over 150 different species. The 

Timbermaster also offers a temperature probe, if there is a need to calibrate for 

temperature in the calibration equation (Forintek Canada Corporation 2001, James 1963).  

The Timbermaster can also be used at several different phases during the production 

process.  Some key Timbermaster features reported by the manufacturer include: 

 LCD display 

 Eight different calibration scales 

 Automatic calibration 

 Automatic temperature calibration if needed 

 Handheld instrument (lightweight) 

 Durable and rugged design 

 Inexpensive instrument < $500 

 Optional: hammer electrodes for sub-surface measurements 

 Accuracy not stated by manufacturer 

 

4.1.3 Chips and Biomass Data Tool Descriptions 

Capacitance was the one technology selected for measuring moisture in chip and 

hogfuel biomass samples.  Two tools were evaluated for this single technology type. 



61 
 

 

4.1.3.1 Capacitance Tools 

 Capacitance tools (or dielectric) measure the dielectric constant of the wood in an 

electromagnetic field produced by a surface electrode.  The dielectric constant is a 

measure of the potential energy per unit volume stored in the material in the form of 

electric polarization when the material is in a given electric field (James, 1988).  The 

dielectric constant of oven-dry wood ranges from two to five at room temperature and 

decreases slowly but steadily with increasing frequency of the applied electric field.  

Furthermore, it increases as temperature or moisture content increases (Simpson and 

TenWolde 1999).  The moisture content of the wood has a major influence on the 

properties of the dielectric constant and thus affects capacitance and power loss. 

Therefore, measuring either of these two parameters (capacitance or power loss) provides 

a measurement of moisture content.  Measuring the capacitance measures the amount of 

electric energy being stored within the sample (in this case chips or hogfuel biomass) 

which is achieved by the alignment of the water dipoles to the electric field. Measuring 

the power loss or radio frequency (RF) measures the energy dissipated through the 

realignment of water molecules with the polarity of the electric field generated.  The 

energy dissipated as heat within wood is related to the applied voltage, the frequency of 

the electric field and the power factor of the material (i.e., the capacity of the moist wood 

to dissipate electric energy) (Walker 1993).  Power factor is a measure of the energy 

dissipated through heat (Simpson and TenWolde 1999).   All capacitance tools are 

equipped with a sensor that is brought into direct contact with the sample to be tested (in 

this case chips or hogfuel biomass).  The working range for most capacitance tools is 
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from 5 to 30 percent (wet basis).  However, this range is only a generalization. There are 

some tools that go beyond these limits, such as the two capacitance tools used in this 

study (Humimeter HM1, and the Wile Bio Meter).  Furthermore, capacitance tools are 

more highly influenced by surface moisture compared to core moisture.  Therefore, 

capacitance tools will overestimate moisture content measurements of samples that have 

higher moisture contents on the surface than samples that have higher moisture contents 

in the cross-section (James 1988, Forintek Canada Corporation 2001).  These tools are 

sensitive to wood density and are harder to calibrate and use accurately.  The most 

important factors that affect capacitance tools are wood species, temperature, dielectric 

constant, dielectric power constant, density, and moisture content (Shupe et. al. 2002, 

James 1988). 

 

4.1.3.1.1 Humimeter HM1 

 The Humimeter HM1 [Schaller GmbH, Germany] is a capacitance type tool that 

uses the relationship between moisture content and the dielectric constant to measure the 

moisture content of wood. The Humimeter HM1 is purported to be a highly accurate 

moisture content meter tool, primarily used for wood chips, bark, wooden pellets, 

elephant grass, wood shavings and sawdust.  The procedure consists of turning on the 

tool, collecting the required biomass sample, and pouring it into the tool’s bin, and 

viewing the moisture content (given as a percentage) on the display menu.  The 

Humimeter HM1 has a measuring range of 5 to 60 percent wood moisture content 

(Schaller GMBH 2012). The Humimeter HM1 can also be used at several different 
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phases during the production process (Forintek Canada Corporation 2001, James 1963).  

Some key Humimeter HM1 features reported by the manufacturer include:  

 Menus are in English, Spanish, Italian, German, Russian and French 

 Allows for quality checks on site 

 Automatic temperature calibration for higher accuracy (can be used in all 

conditions) 

 Automatic self-calibration 

 Efficient (measurements generated within seconds) 

 Temperature can be set in either °C or °F as needed 

 LCD display 

 Stainless steel design 

 High measuring range 

 Bulk density compensation 

 3-1/2 gallon plastic bucket for sample collection 

 Includes Calibration certificate for Precision Scale 

 Optional: Data logger for data transfer to computer/laptop (> 1,000 measurement 

capacity), USB cable, and wireless kit for cable-free data transfers 

 Accuracy not stated by manufacture. 

 

4.1.3.1.2 Wile Bio Meter 

 The Wile Bio Meter [Farmcomp Oy, Tuusula, Finland] is another capacitance 

type tool that uses the relationship between moisture content and the dielectric constant to 
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measure wood moisture content. The Wile Bio Meter is claimed to be a highly effective 

moisture content meter that is, primarily used for various types of wood chips that are 

used as biofuel at power plants.  More specifically, the range of bioenergy material that 

the Wile Bio Meter can effectively measure ranges from coarse chips to fine logging 

residues.  The procedure also consists of turning on the tool, collecting the required 

biomass sample, pouring it into a container (a plastic bucket is generally used), and 

viewing the moisture content (given as a percentage) on the display menu. Other methods 

of measurement include measuring the moisture contents directly from the storage pile or 

from the load.  The moisture content measurement occurs in what can be described as a 

ball-shaped zone, which is located between the metal tip of the probe and the dish.  The 

Wile Bio Meter has a moisture content measuring range of 12 to 40 percent for wood 

chips and a range of 30-70 percent for logging residues (Forintek Canada Corporation 

2001, James 1988).  The Wile Bio Meter can also be used at several different phases 

during the production process.  Some key Wile Bio Meter features reported by the 

manufacturer include:  

 Allows for quality checks on site 

 Automatic temperature calibration  

 Automatic self-calibration 

 Efficient (measurements generated within seconds) 

 LCD display 

 Stainless steel probe and dish design 

 High measuring range 
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 Easy to use, handheld instrument 

 Accuracy not stated by manufacturer 

 

Photos illustrating the moisture content tools used in this project are provided in 

Appendix A (Figure A.1) 

 

4.1.4 Roundwood Data Collection 

4.1.4.1 Preliminary Round of Measurements 

 Wood samples were collected from freshly, or recently, felled trees.  Two rounds 

of measurements were undertaken. Six species were used in the preliminary round and 

were collected from three locations.  Douglas-fir, western hemlock, and ponderosa pine 

were collected from the Corvallis site; madrone and oak were collected from the Dallas 

site; and hybrid polar was collected from the Clatskanie site.  Three softwoods and three 

hardwoods were selected for this project in order to determine if there were any 

differences in moisture content readings between softwoods and hardwoods.  More 

specifically, Douglas-fir was selected because it is a dominant softwood species and is 

the most commercially marketable timber species in the Pacific Northwest (PNW).  

Western hemlock is also common in the PNW and was chosen to determine if wood 

property differences between Douglas-fir and western hemlock effect moisture content 

measurements.  If there are no significant (p-value >=0.05) moisture content 

measurement differences, there is potential to group the species together, negating the 
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need for separate species calibrations.  The final softwood chosen was ponderosa pine.  

Ponderosa pine was chosen because it is another dominant softwood species in the PNW. 

 Madrone was selected because it is a great fuelwood that burns hot and long, due 

to its high density that surpasses even oak. Moreover, madrone is primarily considered as 

an energy source in the PNW since it has minimal market value because it does not grow 

straight. Oak was selected because it has similar density properties compared to madrone 

and is another important fuelwood source.  Finally, hybrid poplar was chosen because it 

holds great value as a potential source of wood biomass fuel because of its very high 

growth rates.  Hybrid poplar can potentially grow up to 2.4 meters per year and reach 

heights of 20 to 30 meters in 5 to 12 years when managed using short-rotation 

silvicultural practices (Felix 2008). 

 Twenty roundwood samples were collected per species, equaling a total of 120 

samples.  Eighteen out of the 20 roundwood samples were designated as leave logs.  The 

18 leave logs were then divided into two different groups.  One group was left to dry in 

the open while the other group was left to dry under cover in an open sided storage shed.  

The 18 leave logs per species were stacked on the ground in a rectangular pattern with the 

roundwood samples aligned parallel to the wind.  Stacking the roundwood samples 

parallel to the wind has good all round drying characteristics.  For example, high average 

evaporative loss, with small variation in moisture content between roundwood samples.  

However, wind direction is not constant, and therefore, other features such as aspect (to 

take advantage of the sun) and site constraints need to be considered (Walker 1993).  

During August and September the ground was dry due to the lack of precipitation; 
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however, during October through December the ground became damp, and moist due to 

precipitation.  Moreover, the undercover storage location was more poorly drained 

compared to the open store location this was primarily due to the slope of locations.  Poor 

drainage is important because the drying power of the air is reduced, and moisture picked 

up from the ground as well as from the wood increases as drainage rates decrease 

(Walker 1993).  The roundwood sample stacks were kept free of vegetation to encourage 

air movement between the samples.  Lastly, wood waste (i.e., shavings, branches, leaves) 

were removed from the roundwood sample as this is a fire hazard and provides 

opportunities for fungi and insects to breed (Walker 1993).  Due to sun exposure and 

repeated wetting from precipitation the top layers (or roundwood samples) of the group 

that was left to dry in the open was more susceptible to degradation problems than the 

group that was left to dry under cover.  Consequently, short periods of precipitation delay 

drying and create favorable conditions for decay that will remain for some time.  

Roundwood samples located on the top of the stack dry faster than those located lower 

down (Walker 1993). The two remaining roundwood samples were deemed chip logs and 

were used to measure wood chip moisture content.   

 The average roundwood samples were 10-feet long (or 3 meters) with an average 

small end diameter of approximately 7 inches (or 180 mm).  Preliminary round moisture 

content measurements were made as soon as the samples were collected (August 1, 2011) 

and were regularly continued until December 05, 2011. 

 Two roundwood disks were collected within 150 mm from the ends of the 

roundwood samples and were oven-dried (103 degrees Celsius) and weighed to 
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determine the actual initial moisture content measurements for all log samples.  

Additionally all roundwood samples were weighed to determine the initial starting 

weights.  The roundwood samples were reweighed at approximately 10-day intervals (+/- 

1 day).  The roundwood samples were also measured for changes in moisture content 

using the acoustic and conductance tools on the same 10-day weighing schedule. 

 The number of measurements per sample varied from tool to tool.  The Fibre-Gen 

HM200 and the Humimeter HM1 only required one measurement per sample, while the 

IML Hammer, Timbermaster, Humimeter BLW and Wile Bio Meter required three 

measurements per sample.  Therefore, 108 measurements (i.e., 18 samples per species * 6 

species * 1 measurement per sample) were collected by the Fibre-Gen HM200 every 10 

days and 12 measurements (i.e., 1 sample per species per fuel type * 6 species * 1 

measurement per sample * 2 fuel types) were collected by the Humimeter HM1 every 

four days.  In contrast, 324 measurements (i.e., 18 samples per species * 6 species * 3 

measurement per sample) were collected by the IML Hammer, Timbermaster, and the 

Humimeter BLW every ten days, and 36 measurements (i.e., 1 sample per species per 

fuel type * 6 species * 3 measurement per sample * 2 fuel types) were collected by the 

Wile Bio Meter every 4 days.  

 The measurements were taken randomly from both the log samples, and the chip 

and biomass hogfuel samples.  For example, the Fibre-Gen HM200 measurements were 

taken from the center of the end of the log sample and distinction was not made between 

the large and short ends of the log sample.  In contrast, the IML hammer measurements 

were taken approximately 50 centimeters to the left and 50 centimeters to the right of the 
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center of log samples. The Timbermaster and Humimeter BLW measurements were taken 

from randomly selected log sample locations and there was no protocol for consistency.  

The Humimeter HM1 and the Wile Bio Meter measurements were also taken randomly 

from the chips and biomass hogfuel samples situated in identical plastic bins.  Moreover, 

the chips and biomass hogfuel samples were placed under cover because the plastic bins 

did not have any covers; since the samples were collected in the middle of the summer 

they dried quite quickly and the possibility existed that the top layers of the chips and 

hogfuel biomass would be lost due to wind conditions.  

 

4.1.4.2 Second Round of Measurements 

 The preliminary results suggested that measurements from one species could be 

representative and that several tools provided little useful data.  As a result, only 

Douglas-fir, the wood species of major importance to Oregon, was selected for evaluation 

during the second round of measurements 

Thirty-six Douglas-fir roundwood samples were collected from the Philomath 

site.  Thirty of the 36 samples were randomly designated as leave logs.  The 30 leave logs 

were divided into two groups (green vs. dry).  In this study, green logs are defined as 

freshly felled and bucked logs that were collected the day data collection began (February 

11, 2012).  In contrast, dry logs are defined as logs that were felled and bucked the day of 

the preliminary round data collection (August 01, 2011).    Twenty of the 30 roundwood 

samples were green logs and 10 were dry logs.  The remaining six roundwood samples 

were deemed chip logs, four of these being green logs, while the other two were dry logs. 
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 The average roundwood samples were 10 feet long (or 3 meters) and had an 

average diameter of approximately 6.7 inches (or 170 mm).  For the second round of 

measurements, only one set of measurements were undertaken, soon after the samples 

were collected (February 11, 2012). 

 As in the preliminary round, disk samples were collected within 150 mm from the 

ends of all roundwood logs for oven-drying (103 degrees Celsius) in order to determine 

the initial starting moisture contents.  Additionally, all roundwood samples were weighed 

immediately after they were collected to determine initial starting weight.  Moisture 

contents of the roundwood samples were measured using the Fibre-Gen HM200 acoustic 

tool and Humimeter BLW conductance tool on the same day as the weighing of the 

roundwood samples.  The IML Hammer and the Timbermaster were not used to measure 

moisture content in the second round of measurements because the results generated in 

the first round of measurements indicated that the IML Hammer was a less effective tool 

(as described in section 1.2) compared to the Fibre-Gen HM200 and the Timbermaster 

was less effective than the Humimeter BLW. 

 

4.1.5 Chips and Hogfuel Biomass Data Collection 

4.1.5.1 Preliminary Round of Measurements 

4.1.5.1.1 Chips 

 Wood chip moisture content was measured on two logs per species that were 

designated chip logs from the twenty roundwood logs collected, giving a total of 12 chip 

log samples.  These logs were chipped using a 25 horsepower Vermeer Chipper with a 
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six inch maximum diameter capacity opening. The chipped roundwood log samples were 

then mixed and a subsample was taken and placed in identical plastic bins to measure 

moisture content more effectively.  One bin was used per species; therefore a total of six 

bins were used for the wood chips.  The bins were measured with and without chips to 

determine starting wood chip weight.  The bins were reweighed at regular 4 day intervals.  

Furthermore, moisture content of the wood chip samples were measured using the 

capacitance (Humimeter HM1 and Wile Bio Meter) tools, shortly before the reweighing 

of the chip wood samples (same 4 day interval schedule).  The bin size/shape/material 

could have made a difference when measuring the moisture content using the capacitance 

tools.  Moreover, since the bins used did not have a lid to keep the samples isolated from 

atmospheric humidity the shape of the bins is very important (i.e., samples located in bins 

with larger top openings will be more exposed to atmospheric conditions, than those with 

smaller top openings). Therefore, samples with larger top openings are more likely to 

have moisture content values that are similar to present atmospheric conditions.  Since, 

the moisture content measurements will depend on the atmospheric conditions, season (or 

time of year) will also make an impact on how the moisture contents will change over 

time (i.e., summer seasons will increase the drying rate, while winter seasons will 

decrease the drying rate). 

 The initial average wood chip sample was 14 lb (or 6.4 kg) and the final average 

wood chip sample was 9.3 lb (or 4.2 kg).  Preliminary round measurements were, made 

as soon as the wood chip samples were collected (August 1, 2011) and were regularly 

continued at four-day intervals until December 05, 2011. 
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4.1.5.1.2 Hogfuel Biomass 

 Hogfuel biomass moisture content was measured by collecting approximately 100 

kg of limbs and tops per species, giving a total of six samples.  The samples collected for 

each species were primarily from the same tree; although some variation could have been 

introduced for some species where there was not enough limbs and tops available from a 

single tree to obtain the 100 kg; therefore, it was necessary to collect the amount that was 

left from other trees.  The samples for each species were then chipped using the Vermeer 

chipper. The chipped hogfuel samples were subsampled and then placed in identical 

plastic bins to measure moisture content more effectively.  One tared bin was used per 

species; therefore a total of six bins were also used for hogfuel.  Initially, to determine the 

weight of the bins as well as to determine starting hogfuel weight, the bins were 

measured with and without the hogfuel biomass.  Once the weight of the bins was 

determined the bins were also reweighed at regular four-day intervals.  Hogfuel samples 

were also measured for moisture content using the capacitance (Humimeter HM1 and 

Wile Bio Meter) tools, when the chip wood samples were reweighed (same four-day 

interval schedule). 

 The initial average chipped hogfuel sample was 10.6 lb (or 4.8 kg) and the final 

average wood hogfuel sample was 7.4 lb (or 3.4 kg).  Preliminary round measurements 

were also implemented, beginning effectively as soon as the hogfuel samples were 

collected (August 1, 2011) and were continued until December 05, 2011. 
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4.1.5.2 Second Round of Measurements 

4.1.5.2.1 Chips  

 Douglas-fir was selected for evaluation during the second round of measurements.  

Four of the six chip roundwood samples were green logs, while the other two were dry 

logs.  As stated earlier, green logs are defined as freshly felled and bucked logs that were 

collected the day data collection began (February 11, 2012) and dry logs are defined as 

logs that were felled and bucked the day of the preliminary round data collection (August 

01, 2011).  The six logs were chipped using the same Vermeer chipper used in the first 

round of measurements. The subsamples of chips from the chipped roundwood logs were 

then placed in identical bins to measure moisture content.  One bin was used per chipped 

log. The chips samples were located in the same fashion that the first round of chips and 

biomass samples were located (described in 4.1.4.1 Preliminary Round of 

Measurements). 

 The second round of measurements only involved one set of measurements which 

occurred as soon as the wood chip samples were collected (February 11, 2012). Wood 

chip subsamples were also collected from all wood chip samples for oven-drying and 

weighing in order to determine the initial starting moisture content measurements.  All 

wood chip subsamples were weighed immediately after they were collected to determine 

initial starting weight.   The wood chip samples were also measured for moisture content 

using the Wile Bio Meter capacitance tool.  The other capacitance tool (Humimeter 

HM1) was not used to measure moisture content in the second round of measurements 
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because the results generated in the first round indicated that the Humimeter HM1 was a 

less effective tool (as described in section 1.2) than the Wile Bio Meter. 

 

4.1.5.2.2 Hogfuel Biomass 

 Hogfuel biomass moisture content was measured on one Douglas-fir hogfuel 

sample of approximately 100 kilograms. The sample was chipped using the same 

Vermeer chipper used in the first round of measurements. A subsample of the chipped 

hogfuel material was then placed in one bin to measure moisture content.   

 The second round of measurements only involved one set of measurements which 

occurred as soon as the hogfuel samples were collected (February 11, 2012). Hogfuel 

subsamples were also oven-dried and weighed in order to determine the initial starting 

moisture content.  Hogfuel subsamples were weighed immediately after they were 

collected to determine initial starting weight.   The hogfuel sample was also measured for 

moisture content using the Wile Bio Meter tool, simultaneously with the initial weighing 

of the hogfuel subsamples.  The Humimeter HM1 was not used to measure moisture 

content in the second round of measurements because the results generated in the first 

round of measurements indicated that the Humimeter HM1 was less effective than the 

Wile Bio Meter. The hogfuel biomass samples were located in the same fashion that the 

first round of chips and biomass samples were located (described in 4.1.4.1 Preliminary 

Round of Measurements). 

 Photos from the moisture measurement trials (preliminary vs. secondary) are 

provided in Appendix B (Figures B.1 to B.3). 
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4.1.6 Woody Disks 

 Initial and final actual moisture contents of the roundwood were made on, two 

wood disk subsamples (20-60 mm thickness) per roundwood sample (collected within 

150 mm from the ends) that were collected at the beginning of each trial and oven-dried.  

Since, in the preliminary round of measurements, 20 roundwood samples were collected 

per species, 40 disks were collected per species (or a total of 240 disks).  Also, in the 

preliminary round of measurements, one sample for hogfuel biomass and one sample for 

chips were collected per species, giving a total of six subsamples of hogfuel biomass and 

another six for chips.  However, since only Douglas-fir was evaluated in the second 

round of measurements, the total number of wood disk, chips and hogfuel biomass 

samples collected was much smaller; [72 disks, 14 chip subsamples (average two 

subsamples per sample, but some required more subsamples for verification purposes)], 

and two hogfuel biomass subsamples (two subsamples per hogfuel biomass sample).  

 The wood disk samples were collected within 150 mm from the ends of each of 

the roundwood samples to try to account for the possibility of different drying rates and 

moisture contents along the length of the log sample.  Lack of bark on the very end of the 

logs is likely to result in lower moisture contents for wood disk samples taken at the ends 

than for disks taken at the center of the roundwood samples. To partially account for 

these differences, the disk samples were collected about 150 mm from the ends of all of 

the roundwood samples. All wood disk, chip and hogfuel biomass samples were oven 

dried using the American Society for Testing Material (ASTM) standard D 2016 for four 

days at 103 degrees Celsius (+- 2 degrees).  Initial moisture content means and standard 
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errors, determined from the wood disk subsamples, for each trial (preliminary and second 

round of measurements) are given in Appendix B (Tables B. 1 to 5). 

 

4.1.7 Tool Mechanical Reliability 

 Tool reliability was an important characteristic to determine which tools were 

robust enough for industrial applications.  In order to measure tool reliability, the number 

of measurements as well as the number of days elapsed before there was evidence of 

mechanical problems, if any, was recorded.  It was necessary to record the number of 

measurements as well as the time elapsed because some tools required fewer 

measurements per sample and some tools were used at different day intervals than others 

(10-day roundwood tool intervals vs. four-day chips and hogfuel biomass tool intervals).  

We also wanted to determine if there was a difference in tool reliability (number of 

measurements and or days elapsed before tool mechanical malfunction) between 

roundwood sample tools, chips, or hogfuel biomass sample tools. 

 

4.1.8 Tool Efficiency 

 Tool efficiency rates were examined as a function of the time it took to obtain a 

measurement and the number of measurements required for means to be within 

acceptable error limits. The time required for each tool to perform a given number of 

measurements.  The time included tool setup time, tool calibration time (if needed), and 

tool pack up time.  There was no need to differentiate between species since the tool 

efficiency does not depend on species. Moreover, because material type did not affect 



77 
 

 

tool efficiency, there was also no need to differentiate between chips and hogfuel biomass 

to determine tool efficiency.  More specifically, all tools were timed one by one to 

determine how long it would take them to perform 30 measurements.  Time of 

measurements were combined with measurements of precision to determine overall tool 

efficiency (total time) for an error within +- 3 percent, 95 percent of the time.  

 

4.2 Modeling 

4.2.1 Data Preparation/Organization 

 The data included the moisture content data collected using the conductance and 

capacitance tools for roundwood and hogfuel biomass samples as well as the velocity 

data collected using the acoustic tools for the roundwood samples. 

 Moisture content measurements were conveyed as percentages and were 

expressed on a wet-basis (i.e., the ratio of moisture content expressed as a weight to the 

total weight of the woody biomass sample).  The initial moisture content for each sample 

(roundwood or chips and hogfuel biomass) was assumed to be the average of the 

moisture contents for wood disks or chips and biomass subsamples collected at the 

beginning of each round of measurement.  When the roundwood, chips and biomass 

samples were reweighed at their respective intervals it was assumed that any loss of 

weight was covered by loss of moisture and that the solid wood mass remained constant.  

Moisture content measurements were then recalculated for each roundwood, chips and 

biomass sample for each weighing interval.   
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The assumption was made that the velocity of the wave being propagated in 

acoustic tools, and moisture content were negatively correlated for the roundwood sample 

measurements.  This means that as moisture content decreases the velocity of the wave 

being propagated increases because there is less water content in the wood. 

 

4.2.2 Regression Models 

 Data normality tests, stepwise multiple linear regression modeling and cross-

validation were performed in order to develop the moisture content models.  Model 

selection was performed by the best subset procedure (function step) based on Akaike’s 

information criterion (AIC), backward elimination, and on the significance (p-value 

<=0.05) of the predictor variables used.  

 Normality tests evaluated the probability that a given dataset came from a normal 

distribution.  The null hypothesis (Ho) in the normality tests performed was that the 

observations were normally distributed, while the alternative hypothesis (Ha) was that the 

distribution was random.  To assess the normality of the data several visual tests were 

evaluated.  Visual tests were chosen because they rely on informal human judgment to 

accept or reject the null hypothesis.  Visual tests evaluated include: Q-Q plots, and 

normal probability plots of the residuals.  Q-Q plots were plots of the sorted values from 

the data set against the expected values of the corresponding quantiles. If Ho was true, the 

plotted points lay on a straight line. Normal probability plots were plots of the values 

from a dataset against a theoretical normal distribution.  The plotted points should have 
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formed an approximate straight line.  Point variations from the straight line indicated 

non-normality (Ramsey and Schafer 2002).  

 Stepwise regression modeling was used to include models in which the predictor 

variables were chosen by an automatic procedure (backward elimination).  Backward 

elimination involved starting will all variables, testing the deletion of each variable using 

a chosen model comparison criterion (AIC), deleting the variable that improved the 

model the most, and repeating the procedure until no further improvement could occur.  

 Regression modeling was used because we were interested in identifying the 

relationship between a single predictor and the response when all the other predictor 

variables were held constant.  In our models, “held constant” referred to a selection that 

took place from the data analysis perspective.  Therefore, a given predictor variable was 

“held constant” by focusing on the subsets of the data that have a common value for that 

given predictor variable. 

 The AIC took a measure of the goodness of fit of the regression model and added 

a penalty that was an increasing function of the number of explanatory variables in the 

model.  As more explanatory variables were included in the model, the goodness of fit 

decreased but the penalty increased.  Preferred models were those with smallest AIC 

values because they balance the goodness of fit and the penalty.  Moreover, another 

model selection criterion we could have used for model selection was the Schwarz’s 

Bayesian Information criterion (BIC).   The BIC differs from the AIC in the size of the 

penalty, because the penalty applied increases as sample size increases. This is to 

compensate for the ability of large samples to grant high statistical significance to 
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relatively unimportant coefficients. Therefore, the AIC model is much larger compared to 

the BIC model because BIC has a higher penalty for too many explanatory variables 

(Ramsey and Schafer 2002).  The AIC was used until only predictor variables with 

significant p-values (<=0.05) were left.  This procedure allowed for removal of predictor 

variables with the highest p-values, and therefore generated the best models. 

       All statistical analyses were implemented with the use of R statistical language, 

version 2.14.0 (http://www.r-project.org) in conjunction with Microsoft Excel. The 

development of the multiple linear regression models took into consideration species (6), 

velocity, and moisture content to predict the response variable, actual moisture content.  

A total of eight different regression models were developed for this project.  Four 

regression models were developed for the roundwood tools, two for the chips, and two 

for the hogfuel biomass (one model per tool per material type). 

 Although the tools were used repeatedly to measure moisture content on the same 

samples (repeated measures), we were able to determine a method that prevented us from 

using linear-effects models.  We concluded that it was more beneficial to generate 

moisture content measurements at a given point in time after the samples were collected 

(for a point in time where data was collected), compared to predicting moisture contents 

as a function of time. 

The goal of cross validation was to estimate the expected level of fit of the 

models developed using the data from the preliminary round and applying them to the 

second round of measurements.  For example, we wanted to get some measure of error 

for how the observed points fall compared to how they should fall given a 1-1 

http://www.r-project.org/
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relationship and an intercept of zero.  This allowed us to effectively validate the models 

and to determine if the models could be applied to samples collected at other times.  To 

determine the level of fit (i.e., accuracy and precision) of the models, we tested a standard 

(i.e., a slope of 1) against the best fit-line slope. The p-values attained were a test of how 

much the slope estimates given by the best-fit line were different than the standard one 

(i.e., p-values <= 0.05, indicate that the slopes of both equations are not equivalent, and 

p-values >= 0.05 indicate that the slopes of both equations are the equivalent).  This 

regression analysis is commonly known as regression of comparing two different slopes, 

because we are interested if two regression equations are parallel to each other. In this 

case we were interested in determining if a difference existed between the best-fit line 

equation and the standard (slope of 1) equation.  Furthermore, with this regression 

analysis we knew, a priori, that in the population Y will be zero when X is zero 

(biologically logical).  Therefore, with this type of regression analysis both variables 

needed to be measured on a ratio scale (i.e., measurement scales with a constant interval 

size and a true zero point), for only such a scale has a true zero.  A ratio scale was 

necessary for this type of analysis because it allowed us to make accurate inferences 

associated with the relationships between the predictor variables and the response.   

Since we were interested in attaining some measure of error for how the observed 

points fall compared to how they should fall given a 1-1 relationship, and an intercept of 

zero, we were no longer fitting an ordinary least squares (OLS) regression.  OLS 

regression uses the concept of least squares to acquire the best fit line.  This concept 

defines the best fit line as that which results in the smallest value for the sum of squares 
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(or SS) of the deviations for all values of Yi and Ybari (Ramsey and Schafer 2003).    

Therefore, we were no longer able to attain a measure of the R-squared (or coefficient of 

determination) values.  The R-squared gives a measure of how much variation in the 

response (or Y) is explained by the model (i.e., is the variance of Y after taking into 

account the dependence of Y on X or a measure of the strength of the straight line 

relationship), and is explained by the following equation (Zar 1999):   

 

𝑅 − 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 =
Regression SS

Total SS
 

 

where (in less statistical terms); 

Regression SS = the sum of the squared differences between the observed Y and the 

predicted Y values 

Total SS = the sum of the squared differences between the observed Y values and the 

mean of the observed Y values. 

 

Moreover, because we were no longer actually doing regression, the R-squared 

value that we could attain from this model would not be associated with regression (i.e., 

the R-squared value will no longer fall between 0 and 1, and will not express the amount 

of variation in Y that the model explains).  However, we were still able to acquire a 

measure of how much error we had around the 1:1 line.  We knew what the true values 

should be and we knew what values we attained; therefore, we could get the difference 

between these values.  This is like residuals (i.e., how different the observed value is 
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from the fitted value of a regression.  The sum of the squared residuals (i.e., Total Sum of 

Squares or (total SS)) is a measure of error and is given by the following equation (Zar 

1999): 

 

Total SS = �(𝑌 − 𝑌𝑏𝑎𝑟)2
𝑛

𝑖=1

   

 

where; 

Y = observed value (i.e., actually observed in the sample) 

Ybar = predicted value (i.e., on the regression line) 

To ensure the error was compatible with other models we needed to attain a 

measure of the Mean Squared Error (MSE).  We attained a measure of the MSE by 

dividing the Sum of Squares by the number of observations.  Moreover, the MSE 

quantifies the difference between the predicted and the observed values (i.e., it measures 

the average of the squares of the errors) and is given by the following equation (Zar 

1999): 

MSE = �
(𝑌 − 𝑌𝑏𝑎𝑟)2

𝑛

𝑛

𝑖=1

 

Or 

MSE = �
𝑇𝑜𝑡𝑎𝑙 𝑆𝑆

𝑛
�   
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where; 

Y = observed value (i.e., actually observed in the sample) 

Ybar = predicted value (i.e., on the regression line) 

n = sample size 

   

Validation could only be carried out for Douglas-fir samples, since this was the 

only species measured in the second round (Zar 1999, Ramsey and Schafer 2002). 

 

4.3 Sample Size Determination 

 One of the main questions was the sample sizes required to produce 

measurements with an acceptable level of error.  In this study, we assumed an acceptable 

level of error would be +- 3 percent, 95 percent of the time per species for all of the tools 

used.  The maximum moisture content preferred for forest biomass used in small 

commercial boilers is 30 %. Moisture contents higher than 30 % can cause boilers to shut 

down and boiler efficiency to decrease sharply (Liang et. al. 1996). Three percent error 

absolute would be 10 % error relative to the 30 % maximum. 

We calculated sample sizes for all species and all tools for the preliminary round 

of data. In the second round of measurements, only Douglas-fir was tested using only one 

tool per tool type.  Regardless of when the data were collected, the same sample size 

procedure was used; the only limitation was the inference of the results generated.  Since 

some tools required taking several measurements per wood sample, the sample size 

determination became a nested sample design problem.  Two variance components were 
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considered, the between wood sample variance (wood sample error), and the between 

measurements variance (subsample error).  Therefore, we used both variance estimates to 

allocate sampling efforts.  The goal of this design was to develop a design that resulted in 

greater precision (i.e., a smaller variance for the estimate of a treatment mean.  When 

estimates of the variance components of the experimental (i.e., number of logs) and 

sampling (i.e., number of measurements per log) units are available and relative costs of 

the experimental and sampling units are available it is possible to develop an optimum 

allocation of effort between experimental and sampling units.  All sample size analyses 

were implemented using the R statistical language, version 2.1.4.0 (http://www.r-

project.org).  The following steps outline the basic procedure used to calculate sample 

sizes: 

1. Performed a one-way ANOVA test to attain the population error term values (tree 

sample variance error, and residual subsample variance error) using: 

 
σ2d = MSS 

 

σ2e = MSE - σ2d / nd 

 

where, 

σ2e = Tree Sample Variance Error 

MSE = Mean Square Error 

σ2d = Residual Subsample Variance Error 

nd = Number of subsamples 
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2. Attained the population subsample size (number of measurements per log) using 

the population tree sample variance error, and residual subsample variance error 

values attained in step 1 using: 

 

 n = sqrt (σ2d/σ2e) 

 

3. Acquired an estimate of the sample variance error using the population tree 

sample variance error calculated in step 1, the population residual subsample 

variance error also calculated in step 1, and the population subsample size 

calculated in step 2 using: 

 
s2 = σ2e + σ2d/n 

 

4. Calculated the number of experimental units (logs) to be within +- 3 percent error, 

95 percent of the time using the t-statistic, the sample variance error calculated in 

step 3, and adjusted error (in this case 3 percent) using: 

 

n = t2s2/e2 
 

This procedure was used for the preliminary round of measurements to calculate 

sample sizes for all species and for all tools used.  However, in order to minimize the 

between wood sample variability and between measurement variability, different sample 

sizes were calculated to differentiate between different groups of roundwood samples 

(open versus covered).  Chips and hogfuel biomass sample size calculations were also 
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carried out separately to minimize variability.  In summary, 24 different sample sizes 

were calculated for the roundwood samples, for each point in time that measurements 

were taken. Six different roundwood species were tested using four different tools per 

species, equaling a total of 24 different sample size calculations at each point in time.  In 

comparison, 12 different sample sizes were calculated for the chips and hogfuel samples, 

for each point in time that measurements were taken.  Six different chips and hogfuel 

species were tested using two different tools, equaling a total of 12 different sample size 

calculations, at each point in time. 

 This procedure was also used for the second round of measurements to calculate 

sample sizes for Douglas-fir and for the two tools used (one capacitance tool and one 

conductance tool).  However, in order to minimize the between wood sample variability 

and between measurement variability, different sample sizes were calculated to 

differentiate between different groups of roundwood samples (green versus dry).  Chips 

and biomass sample size calculations were also calculated separately to minimize 

variability. In summary, four sample size calculations were calculated for the Douglas-fir 

roundwood samples. Because, only Douglas-fir was tested using two tools and two 

moisture groupings (green versus dry) the total number of sample size calculations is 

equal to four (one per group per tool).  However, only two sample sizes were calculated 

for the chip and hogfuel biomass samples, one per tool per group (green versus dry). The 

chips and biomass sample size calculations for either round of measurements should be 

used with caution because only two chip logs were used per sample.  Therefore, the 
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results generated are limited with the inference that can be made about the variation 

between trees. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

5.1 Initial and Final Moisture Contents for the Preliminary Round of Measurements 

The average initial moisture contents for roundwood logs were between 33 % and 

67 %.  Douglas-fir had the lowest initial moisture content. We suspect the logs had been 

sitting on the cutover for some time before they were collected by us. Ponderosa pine had 

the highest initial moisture content.  Furthermore, the average final moisture contents for 

roundwood logs were between 21 % and 44 %.  Douglas-fir had the lowest final moisture 

content and ponderosa pine had the highest final moisture content. 

The average initial moisture contents for chips ranged between 44 % and 54 % 

(Douglas-fir had the lowest initial moisture content and ponderosa pine had the highest). 

Additionally, the average final moisture contents for chips were between 15 % and 20 %. 

Poplar had the lowest final moisture content and ponderosa pine had the highest. 

The average initial moisture contents for hogfuel biomass were between 41 % 

and 53%.  Douglas-fir had the lowest initial moisture content and ponderosa pine had the 

highest. Moreover, the average final moisture contents for hogfuel biomass were between 

16 % and 18 %.  Oak had the lowest final moisture content and Douglas-fir had the 

highest, although there was very little difference between the species for final hogfuel 

moisture contents. 

More detail on the preliminary round of moisture measurements can be found in 

Appendix B (Tables B.1 to B.3. 
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5.2 Regression Models 

 Various models were developed and evaluated prior to the selection of the final 

set of models.  Initially, these models were designed to predict the actual moisture 

content as a function of measured moisture content, species, and velocity.  The predictor 

variables, particularly species, had a significant (p-value<= 0.05) relationship with the 

response variable (actual moisture content).  Furthermore, there was no significant 

evidence showing a relationship between treatment type (open vs. covered) and response. 

To ensure that the relationships between the predictor variables and the response could 

not be improved, log and reciprocal transformations were applied to the data, but no 

significant improvements were found to occur on the models.  Furthermore, an alternative 

to developing one model per tool was to develop one model for all tools.  Having one 

model for all the tools would considerably increase the number of degrees of freedom.  

Having more degrees of freedom is valuable, because the model becomes more sensitive 

or more powerful to detect the differences of significance (i.e., a model with 1 degree of 

freedom will have a high F-statistic, while a model with 100 degrees of freedom will a 

have a low F-statistic; therefore, it is possible to detect the significant differences in 

explanatory variable).  Also, the more degrees of freedom the smaller the confidence 

interval that can be used and still produce accurate results.  The reasons why this 

approach was not chosen for this study are: 

 Having more degrees of freedom is not necessarily better because they will be 

associated with different tools, so the degrees of freedom are not important. 
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 Grouping the tools together to form one model would be an over-fit to the original 

dataset. 

 Grouping the tools together to form one model would yield a model that is less 

generalizable to other tools, and species. 

 The models developed are simple, convenient and tool specific (i.e., eight models 

with six indicator variables).  

 

 Based on the collected tool moisture data, velocity data, species data and the 

process stated above, eight models were selected: 

 

5.2.1 Acoustic Tools 

5.2.1.1 Fibre-Gen HM200 

AMC = 80.3 - 13.0*VEL - 10.0*OK - 52.4*PL + 16.3* VEL*PL             (1)                                                                                   

 R2 = 0.73, n = 48 

5.2.1.2 IML Hammer 

AMC = 68.7 – 10.2*VEL – 10.0*DF – 8.3*OK – 70.5*PL –  29.7*VEL*PL  (2)                                       

 R2 = 0.72, n = 60                                                                                            

 

5.2.2 Conductance Tools 

5.2.2.1 Humimeter BLW 

AMC = 21.3 + 0.5*MC– 7.5*DF + 180.8*PP – 3.2*MC*PP                     (3)                                                                                           

 R2 = 0.69, n = 60                     
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5.2.2.2 Timbermaster 

AMC = 25.0 + 0.3*MC– 6.9*DF + 7.2*PP                                                           (4) 

 R2 = 0.68, n = 60                                                                                            

 

5.2.3 Capacitance Tools 

 5.2.3.1 Humimeter HM1 

AMC (Chips) = 30.0 + 0.3*MC + 5.6*PP + 10.7*MC*DF + 43.9*MC*PP         (5)                                                                                                                                                                                                                                                   

 R2 = 0.79, n = 97                                                                                            

 

AMC (Hogfuel Biomass) = 36.7 + 0.1*MC – 4.1*DF – 2.5*MC*MD + 16.3*MC*PP   (6)                                                                                                                                                                                                                               

 R2 = 0.62, n = 74                                                                                            

 

5.2.3.2 Wile Bio Meter 

AMC (Chips) = 27.9 + 0.4*MC + 4.8*PL + 13.6*MC*PP – 8.7*MC*OK       (7)                                                                                                                  

 R2 = 0.82, n = 97                                                                                            

 

AMC (Hogfuel Biomass) = 27.0 + 0.5*MC – 5.9*DF + 5.0*PP – 7.6*MC*MD        (8)                                                                                                               

 R2 = 0.76, n = 74                                                                                            

 

 Where AMC (wet basis) was the actual moisture content (percent); MC was the 

tools measured moisture content (percent); VEL was the acoustic tool’s measured 
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velocity (km s-1); and DF, WH, PP, MD, OK, and PL were binary variables (0, 1) for 

Douglas-fir, western hemlock, ponderosa pine, madrone, oak, and poplar, respectively.  

 Significant correlations were identified between the response variable (AMC) and 

the explanatory variables (MC, VEL, DF, WH, PP, MD, OK, and PL).  There was a 

negative relationship between the response variable (AMC) and the acoustic tool 

measured velocities (VEL); as VEL increased, moisture content decreased.  However, the 

conductance and capacitance tool measured moisture contents (MC) showed positive 

relationships with the response (AMC); as the tool measured moisture contents (MC) 

increased, actual moisture content also increased.   

 R2 values for the four roundwood tools were between 0.68 and 0.73 and species 

effects, such as density, percent bark, initial moisture content, growing rates, and 

structure composition differences resulted in different drying rates and therefore indicated 

the need for calibration.  The results indicated that species could be grouped into three or 

four species groups for the roundwood models. For example, three species groups could 

be identified for the Timbermaster conductance tool; Douglas-fir and ponderosa pine 

were each in a separate group, whereas western hemlock, madrone, oak and poplar could 

be included in a third group. 

 Timbermaster Groups (WH, MD, OK, PL), DF, PP 

 Humimeter BLW Groups (WH, MD, OK, PL), DF, PP 

 IML Hammer Groups (WH, MD, PP), DF, OK, PL 

 Fibre-Gen HM200 Groups (WH, MD, PP, DF), OK, PL 
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 R2 values for the two tools used to assess chip and hogfuel biomass were between 

0.79 and 0.82 and species effects, such as density, initial moisture content, and structure 

composition differences resulted in different drying rates and therefore indicated the need 

for calibration.  The following is a list of how species affected the chip and hogfuel 

biomass models: 

 Humimeter HM1 (chips) Groups (WH, MD, OK, PL), DF, PP 

 Humimeter HM1 (hogfuel biomass) Groups (WH, OK, PL), DF, PP, MD 

 Wile Bio Meter (chips) Groups (DF, WH, MD), PL, PP, OK 

 Wile Bio Meter (hogfuel biomass) Groups (WH, OK ,PL), DF, PP, MD 

 

 There are some similarities and differences between these results and those 

obtained by Jensen et al. (2006).  Jensen et al. (2006) evaluated one NIR reflectance, five 

capacitance, zero acoustic, and zero conductance moisture meters to test their capability 

of measuring moisture content on solid biofuels.  Results obtained show that the most 

promising calibrations were acquired with the NIR reflector (Mesa: MM710, r2 = 0.84-

0.99) and two of the capacitance moisture meters (Pandis FMG 3000, r2 = 0.89-0.99 and 

Schaller FS 2002-H, r2 = 0.86-0.96).  The Wile Bio Meter did not rate in the top three 

meters evaluated by Jensen et al. (2006). In our study the Wile Bio Meter capacitance 

tool (r2 = 0.92), the Fibre-Gen HM200 acoustic tool (r2 = 0.78), and the Humimeter BLW 

acoustic tool (r2 = .85) were the most effective tools.  The calibration equations 

developed by Jensen et al. (2006) show that there is significant evidence (p-value<-0.05) 

that both laboratory and fuel type affect measured moisture content.  Differences between 
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our results and Jensen’s et al (2006) results could be due to the effect of the operator (i.e., 

level of experience with a given tool), number of samples used, methods used, data 

analysis methods, fuel types evaluated, and the number of laboratories used. 

 

5.3 Validation of Regression Models 

 The developed regression models were validated by comparing actual and 

predicted moisture contents on the second round of measurements (Figures 5.1, 5.2 and 

5.3).  MSE values for round two predicted values for Douglas-fir were:  227 for the 

Fibre-Gen HM200 measurements of roundwood logs; 306 for the Humimeter BLW 

measurements of roundwood logs; and 43 for the Wile Bio Meter measurements of chips 

or hogfuel biomass (data has been combined).  MSE values were used for comparative 

purposes (i.e., two or more models were compared using the MSEs as a measure of how 

well they explained the dataset).  A model with a low MSE was referred to as having low 

bias or being median unbiased (consistent under monotone transformations) rather than 

mean-unbiased (may be lost under nonlinear transformations) and was interpreted as best 

explaining the variability in the dataset (or observations). Thus we could determine which 

explanatory variables could be removed (See Table 5.1) (Ramsey and Schafer 2005). 
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Table 5.1 Summary of MSE as a Function of Tool and Technology Type 
 

Technology Tool Sample Size 
(n) 

Sum of 
Squares (SS) 

Mean Squared 
Error (MSE) 

Acoustics Fibre-Gen 
HM200 30 6820 227 

Conductance Humimeter 
BLW 20 6137 306 

Capacitance Wile Bio Meter 16 684 43 
 

 Additionally, the developed regression models were validated by comparing 

actual and predicted moisture contents on the second round of measurements to test if the 

slope estimate of the-best fit line was different than one (see Section 4.2.2 for more 

detail).  The p-values attained are a test that the slope estimate of the best-fit line is 

different than one.  The p-values were: 2.65e-4 for the Fibre-Gen HM200 measurements 

of roundwood logs; 1.35e-5 for the Humimeter BLW measurements of roundwood logs; 

and 1.16e-3 for the Wile Bio Meter measurements of chips or hogfuel biomass (data has 

been combined).  This shows that there is significant evidence (p-values <0.05) that 

moisture content is not being modeled correctly by the tools (i.e., the tools do not work 

and they require calibration).    

 We were able to combine the chip and hogfuel biomass data for the second round 

of measurements because both the sample sizes of chip and hogfuel biomass was very 

small (n = 14 and n =2), respectively. Furthermore, the moisture content values of the 

hogfuel biomass subsamples did not differ greatly from the moisture content values of the 

chips. Additionally, for verification purposes we validated the chips and hogfuel biomass 

models with and without combining the data and no improvements were seen in the 

relationship between the predictor variables and response variables (R2 did not improve).  
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Figure 5.1 Relationship between actual and the Fibre-Gen HM200, Humimeter BLW and 
the Wile Bio Meter measured moisture content for Douglas-fir (validation) 
 

5.4 Tool Accuracy Evaluation 

 Accuracy can be defined as the degree of closeness of measurements of a quantity 

to that quantity’s actual (true) value.  The accuracy of the tools was evaluated by 

comparing the actual and the tool-measured moisture content values.  This evaluation 

was implemented for all tools as well as for all species.  Tool accuracy was defined by 
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the relation between the tool- measured moisture content and the actual moisture content.  

For example, in order for a tool to be 100 percent accurate, the tool-measured moisture 

content must have a 1 to 1 slope relationship with the actual moisture content.  None of 

the tools evaluated in this project had a 1 to 1 slope relationship. As a result, calibration 

was required for all tools, and for all species.  The most accurate roundwood tool used 

was the Fibre-Gen HM200 and the most accurate tool for chips and biomass hogfuel was 

the Wile Bio Meter.  Figures 5.4 to 5.9 show the relationships between the tool-measured 

moisture content (or acoustic velocity) and actual moisture content.  

 

5.5 Tool Precision Evaluation 

 Precision can be defined as the degree to which repeated measurements under 

unchanged conditions produce the same results (the repeatability of the measurements). 

The precision of the tools used in this project was evaluated by comparing the tool-

measured moisture content with the actual moisture content.  This evaluation was 

performed on all tools as well as on all species.  More specifically, precision is directly 

related to the variability (spread) of the data.  For example, as data variability increases, 

tool precision decreases. All of the tools were highly variable; the best model/tool 

combination could only explain approximately 80 percent of the variability of the 

measurements.  The most precise roundwood tool used was the Fibre-Gen HM200, while 

the most precise tool for measuring chips and hogfuel biomass was the Wile Bio Meter.  

Figures 5.4 to 5.9 show the variability (spread) between the tools measured moisture 

content values and the actual moisture content values. 
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Figure 5.2 Timbermaster measured moisture content versus actual moisture content of 
roundwood for all species. 
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Figure 5.3 Humimeter BLW measured moisture content versus actual moisture content of 
roundwood for all species. 
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Figure 5.4 IML Hammer measured velocity versus actual moisture content of roundwood 
for all species. 
 

 

 

y = -0.144x + 0.759 
R² = 0.561 

0%

10%

20%

30%

40%

50%

60%

70%

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00Ac
tu

al
 M

oi
st

ur
e 

Co
nt

en
t 

IML Velocity (km/sec) 

Actual MC versus IML Velocity 



102 
 

 

 

Figure 5.5 Fibre-Gen HM200 measured velocity versus actual moisture content of 
roundwood for all species. 
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Figure 5.6 Humimeter HM1 measured moisture content versus actual moisture content of 
hogfuel biomass for all species. 
 

 

y = 0.153x + 0.360 
R² = 0.396 

0%

10%

20%

30%

40%

50%

60%

0% 20% 40% 60% 80% 100%Ac
tu

al
 M

oi
su

tu
re

 C
on

te
nt

 

Humi HM1 Moisture Content 

Actual vs Humi HM1 MC 



104 
 

 

 

Figure 5.7 Humimeter HM1 measured moisture content versus actual moisture content of 
wood chips for all species. 
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Figure 5.8 Wile Bio Meter measured moisture content versus actual moisture content of 
hogfuel biomass for all species. 
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Figure 5.9 Wile Moisture Meter measured moisture content versus actual moisture 
content of wood chips for all species. 
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the first set of measurements were implemented).  Recent trials in Ireland have shown 

mechanical reliability issues with other types of Humimeter moisture content tools 

(Humimeter BLL, and Humimeter BLW) (T. Kent, Waterford Institute of Technology, 

Ireland; September 2011).  None of the other tools in our trial had any mechanical 

reliability issues over the duration of this project.  Figure 5.10 shows the mechanical 

reliability issues that occurred during this project, as well as on other projects. 

 

 

Figure 5.10 Tool mechanical reliability issues present in this project, as well as in other 
international projects: The numbers in red represent the number of readings performed 
when the tools began to experience mechanical reliability issues. 
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5.7 Tool Efficiency Evaluation 

 Results for the first set of measurements show that for the acoustic tools the Fibre-

Gen HM200 (for a minimum sample of one) could be approximately 98 percent more 

efficient than the IML Hammer. For the conductance tools, the Humimeter BLW was 

approximately 78 percent more efficient than the Timbermaster.  Lastly, for the 

capacitance tools, the Wile Bio Meter was approximately 91 percent more efficient than 

the Humimeter HM1 (for a minimum sample of one). Furthermore, results for the last set 

of measurements show that for the acoustic tools, the Fibre-Gen HM200 could be 

approximately 89 percent more efficient than the IML Hammer. However, for the 

conductance tools, the Humimeter BLW was approximately 3 percent less efficient than 

the Timbermaster.  Lastly, for the capacitance tools, the Wile Bio Meter was 

approximately 81 percent more efficient than the Humimeter HM1 (for a minimum 

sample of one).   Therefore, for the second round of measurements only the Humimeter 

BLW, Fibre-Gen HM200, and the Wile Bio Meter were evaluated. Figures 5.11- 5.13 

show roundwood versus chips and hogfuel biomass tool efficiency for the preliminary 

round of measurements and the second round of measurements, respectively.  Figure 5.11 

shows roundwood versus chips and hogfuel biomass tool efficiencies for all species 

averages during the first set measured (August 04, 2011). Figure 5.12 shows roundwood 

versus chips and hogfuel biomass tool efficiencies for all species averages during the last 

set measured (December 04, 2011). However, Figure 5.13 shows roundwood versus chips 

and hogfuel biomass tool efficiencies for the second round of measurements (February 

11, 2011).  
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 Validation of the models developed in the preliminary round of measurements 

indicated that the efficiency of the tools might be improved but we caution the reader by 

noting that tool efficiency validation was only tested on one species in the second round 

of measurements.  For the second round of measurements to acquire a measurement error 

that was not more than 3% away from the actual moisture content 95% of the time a 

sample size for Douglas-fir would usually be about six measurements.   The range in total 

measurement time between tools for the second round of measurements was about 5 

minutes. 

 

Figures 5.11 Preliminary round roundwood versus chips and hogfuel biomass tool 
efficiency (all species averages); as determined by measurement time per sample for error 
of +- 3 percent 95 percent of the time (1st set of measurements) 
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Figures 5.12 Preliminary round roundwood versus chips and hogfuel biomass tool 
efficiency (all species averages); as determined by measurement time per sample for error 
of +- 3 percent 95 percent of the time (last set of measurements). 
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Figures 5.13 Second round roundwood versus chips and hogfuel biomass tool efficiency 
(green vs. dry); as assessed using measurement time per sample for error of +- 3 percent 
95 percent of the time. 
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intervals for roundwood and at regular 20-day intervals for chips and biomass.  We 

assumed that 10 or 20-day regular intervals would be acceptable intervals for managers 

or land owners who might be interested in determining moisture content sample sizes. 

Recommended sample sizes ranged from 1 to 35 samples per tool, and from 1 to 8 

measurements per sample for roundwood.   Sample sizes were 1 per tool and from 1 to 6 

measurements per sample for chips.  Sample sizes for hogfuel biomass were 1 per tool 

and from 1 to 3 measurements per sample.  The worst case scenario indicated that a 

maximum of 36 roundwood measurements were needed to attain an acceptable 3% error.  

There did not appear to be any consistent trend across all tools i.e., bigger or lower 

sample sizes with initial versus final moisture contents.  There also did not appear to be 

any trends associated with storage location for roundwood i.e., bigger or lower sample 

sizes for covered versus open stored samples.  For roundwood, oak required the fewest 

total measurements (1) while ponderosa pine required the most (35).  For hogfuel 

biomass, oak and ponderosa pine required the lowest total measurements (1) and 

Douglas-fir required the largest (6). Finally for wood chips, madrone, oak, poplar, and 

western hemlock required the fewest measurements (1), while Douglas-fir and ponderosa 

pine required the most (3). There appeared to be no consistent trend for softwood species 

requiring more measurements than the hardwood species neither for roundwood nor for 

chips or hogfuel biomass.  On average, more samples were required for, the IML 

Hammer, Timbermaster, and the Wile Bio Meter than the Fibre-Gen HM200, Humimeter 

BLW, and the Humimeter HM1.  The Humimeter BLW required the most total 

measurements (36), and the Fibre-Gen HM200 required the least (1). A summary of 
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sample size recommendations to be within +- 3 percent error, 95 percent of the time for 

the preliminary round of measurements is provided in Appendix C (Tables C.1-C24.). 

 

5.8.2 Second Round 

 The estimated sample sizes required ranged from 1 to 4 samples per tool, and 

from 1 to 4 measurements per sample.  Furthermore, the worst case scenario indicated 

that a maximum of 4 measurements were needed to attain an acceptable 3% error.  Again, 

there did not appear to be any trends associated with condition i.e., bigger or smaller 

sample sizes with green versus dry samples.  Since only Douglas-fir was evaluated, it was 

impossible to make inferences associated with sample size differences between species.  

However, results showed that the Humimeter BLW required the most samples (4), and 

the HM200 required the fewest samples (1).  A summary of sample size 

recommendations required to produce results within +- 3 percent error, 95 percent of the 

time for the second round of measurements is provided in Appendix C (Tables C.25 & 

C.26). 

 In comparison with these findings, the European Committee for Standardization 

(CEN 2005a) has the following sample size standards for a 25 tonne truck-load (while in 

stationary situations) of homogeneous wood chips/pellets and heterogeneous hogfuel 

biomass (i.e., logging residues may include tops, broken pieces, unmerchantable pieces, 

and unmerchantable species or bark) to be within +/- 2 percent, 95 percent of the time: 
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 Chips-11 samples are required 

  𝑛 = 10 + 0.040 ∗ 𝑀𝑙𝑜𝑡 

  where; 

  n = number of samples 

  Mlot = number of tonnes  

 Hogfuel Biomass-22 samples are required 

 𝑛 =  20 + 0.060 ∗ 𝑀𝑙𝑜𝑡 

  where; 

  n = number of samples 

  Mlot = number of tonnes  

 

 The European Committee for Standardization (CEN 2002b and CEN 2005e) has 

the following sample size standards for using electrical resistance and capacitance 

methods for homogeneous solid wood to be within +/- 2 percent, 95 percent of the time: 

 1 sample tested- 3 measurements required per sample 

 2 samples tested- 3 measurements required per sample 

 3 samples tested- 2 measurements required per sample 

 4 samples tested- 2 measurements required per sample 

 5 samples tested- 2 measurements required per sample 

 > 5 samples tested- 1 measurement required per sample 
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Note: Measurements should be taken at random along the length excluding 300mm at 

each end (or at the midpoint of pieces less than 600mm long.)  

 After sampling the oven dry method is used in accordance with the CEN solid 

bio-fuel standards and specifications to then determine the actual moisture content of a 

wood fuel. The reason for the use of the oven dry method is that it is a direct 

measurement of moisture content as a property of the wood sample and results in an 

actual determination. Moreover, as of yet there is no CEN standards for the sampling and 

moisture determination of solid biofuels using moisture meters. 

 These solid wood sample size standards suggest that the number of samples was 

negatively correlated with the number of measurements per sample, which agreed with 

the sample size results attained in this project.  
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CHAPTER 6 

CONCLUSIONS 

 

6.1. Tool Accuracy and Precision 

None of the tools evaluated were accurate or particularly precise for any species.  

The best model/tool combination could only explain about 80 percent of the variability of 

the measurements. Preliminary round results suggested that all tools required calibration 

for different species.  Preliminary results for all species and validation of the models for 

one species (Douglas-fir) suggested that the models developed for the Fibre-Gen HM200, 

Wile Bio Meter, and the Humimeter BLW had a relationship with the response variable 

(actual moisture content), but did not work because they were neither accurate nor 

precise.  Furthermore, validation of the models developed also showed that the Fibre-Gen 

HM200 and the Humimeter BLW worked well at actual moisture content values between 

18-32% and 18-28%, respectively and the Wile Bio Meter did not work well at any actual 

moisture content values.  The Fibre-Gen HM200 and the Humimeter became biased at 

actual moisture content values higher than 45%, while the Wile Bio Meter was biased at 

all actual moisture content values.  Therefore, future model development is required to 

calibrate the tools more effectively to obtain more accurate and precise results.   For 

example, the models developed for the Humimeter BLW, HM200, and the Wile in the 

preliminary round proved to be unacceptable in the second round of measurements.  We 

believe this was partly due to the high variability of the measured values of roundwood 

samples caused by some samples having bark present and some samples that had parts of 
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bark missing, the lack of consistent sampling protocols used, and the limitations of the 

tools evaluated.   

 Additional work to develop sampling protocols that ensure measurements are 

both consistent and representative of the wood samples is necessary. A need for 

consistency in measurements is required to obtain the most accurate and precise 

measurements, particularly when using the Humimeter BLW and Timbermaster, e.g., 

performing all of the measurements on parts of the logs that have bark or vice versa.    

Depending on the sampling protocol used the acoustic tools (HM200 and IML Hammer), 

and the conductance tools (Timbermaster and Humimeter BLW) can overestimate or 

underestimate moisture content measurements.  More specifically, the HM200, a 

resonance method based tool will generally underestimate the acoustic velocity of a given 

sample because it estimates the average acoustic velocity of the entire sample (Hansen 

2006).  However, the IML Hammer, a TOF method based tool will generally 

overestimate the acoustic velocity of a given sample because it estimates the acoustic 

velocity based on the shortest path between the two tool sensors (Hansen 2006).  For 

example, the Timbermaster and Humimeter will also overestimate moisture content 

measurements because the sensors are only ½ inch long and thus can only penetrate the 

sample between 1/8-1/4 inches deep.  The reason for this is that sapwood, primarily 

responsible for water transport is located between the heartwood and the vascular 

cambium (i.e., outer portion of the tree/log); therefore, these moisture content meters will 

most likely only reach the sapwood and not the heartwood where wood is no longer 

functional in conducting water).  
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6.2 Tool Mechanical Reliability 

The only mechanically unreliable tool chosen for evaluation was the Humimeter 

HM1.  Preliminary round results show that the Humimeter HM1 showed mechanical 

reliability concerns after about 90 measurements.  However, other tools had no major 

mechanical reliability problems after thousands of measurements. Manufacturers need to 

ensure that moisture content meters are sufficiently robust for the working environment.  

Therefore, further product development is required in some cases to ensure that meters 

are robust for industrial application. 

 

6.3 Tool Efficiency 

The tools chosen for evaluation differ greatly in regards to efficiency.  

Preliminary round results suggest that the most efficient tools for the roundwood, chips 

and hogfuel biomass samples were the Fibre-Gen HM200, the Humimeter BLW, and the 

Wile Bio Meter.  However, even then, the range in tool efficiency is about 50 minutes.   

In summary, tool accuracy, precision, efficiency, and mechanical reliability are 

important factors that should be considered when determining which tool or combination 

of tool to use.  Moreover, the decision making process also involves the needs, purpose 

and goals of the contractor/manager/owner.  For example, for various 

contractors/managers/owners it may be more important to use accurate and precise tools, 

where for other contractors/managers/owners it may be more important to use reliable, 

efficient tools, willingly knowing the pros and cons of using each tool combination.   
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6.4 General Limitations 

 In summary, this project was limited by the following three major factors and the 

following paragraphs demonstrate how each of these factors affected the scope of 

inference of this project: 

 Species - only six species were evaluated (three hardwood and three softwood 

species) 

 Tools - only six tools were evaluated (four for roundwood samples, and two for 

chips and hogfuel biomass samples) 

 Technologies - only three technologies were evaluated (acoustic, capacitance, and 

conductance). 

 

 This, study was limited to developing prediction models for six species in the 

PNW.  In general, different species have different densities and initial moisture contents 

which result in different drying rates; higher density species are more likely to have 

slower drying rates compared to lower density species (Houck et al. 2007; Simpson 

1999). 

 The effect of diameter of the roundwood samples was not explicitly evaluated in 

this project.  However, it appears that the size of the roundwood samples plays an 

important role in the drying rates of the samples.  This important distinction was made by 

the actual moisture content measurement curves acquired from the wood disk, and chips 

and biomass samples. One thing to consider about the woody disk samples is that they 

were collected within 150 mm from the ends of the roundwood samples; therefore, the 
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oven-dry actual moisture content estimates from the respective woody disk samples are 

underestimates of the roundwood sample (i.e., bark is essential for water preservation and 

the log ends lack bark; therefore, the moisture content at the ends is lower than in the 

center or in locations of the roundwood sample where bark is present).  Another 

important reason why the effect of diameter of the roundwood samples should be 

assessed is associated with tool type.  For example, the Humimeter BLW and the 

Timbermaster (conductance tools), and the IML Hammer (acoustic tool) measure 

moisture (or acoustic) velocity based on pins pushed into part of the roundwood samples.  

One would expect that the larger the log diameter the less representative this segment of 

the roundwood sample is in regards to moisture content (or acoustic) velocity.  In 

contrast, the Fibre-Gen HM200 uses waves propagated through the entire roundwood 

sample profile; therefore one would expect that diameter does not affect the acoustic 

velocity reading generated. Therefore, the models should be used with prudence to 

estimate actual moisture content values for roundwood samples that are significantly 

different in diameter to those used in this study (180 mm average diameter for all species 

used in the preliminary round of measurements and 170 mm for Douglas-fir used in the 

second round of measurements).   

 The models developed are only applicable to the tools evaluated in this project; 

variations of these tools, and or other tools are not applicable to these models.  Moreover, 

the sample size recommendations (number of samples per tool and number of 

measurements per sample) are also only applicable to the tools evaluated in this study; 

variations of these tools or other tools used may not apply to the results generated in this 
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project.  Moreover, the tools used for evaluation in this project were in mint condition 

(primarily applies to mechanical reliability concerns); therefore the models, and sample 

size recommendations reflect this tool condition and should be used cautiously with tools 

that show evidence of mechanical issues, or with tools that may not have been used 

regularly, or maintained according to the tool’s required guidelines or used according to 

the tool’s intended use as is described in the operational handbook. 

 Future research should be focused on improving the performance of the models 

by extending the models to more species, tools, technologies, samples per species (larger 

study), wider range of roundwood sample sizes (diameter and length), chips (coarse vs. 

fine chips), hogfuel biomass (coarse vs. fine logging residues) subclasses, and hogfuel 

piles with different fuel types (limbs and tops, roots, leaves, etc. from different species), 

treatments (ground vs. non-ground) and times of construction (weeks vs. months vs. 

years).  The effects specific to logs; such as, log length, age, diameter, bark, and knots, 

the effects specific to climate; such as, temperature, climate zone, and humidity, and the 

effects specific to the tools; such as, moisture content limitations as established by the 

manufacturer, sampling protocols (if any exist), and accuracy standards as established by 

the manufacturers (if any exist) for estimating moisture content using moisture content 

meter tools, should be specifically investigated since these factors were not considered in 

this project.  Furthermore, the developed models should also be validated using other 

species, tools, and technologies so that in the future more generalized equations can be 

formulated. 
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6.5 Management Implications 

 Recognizing how moisture content changes with species, seasons, and treatment 

is essential to develop an effective moisture management system to improve the 

efficiency of woody biomass transport and the utilization of woody biomass utilization as 

a renewable energy source.  Therefore, being able to manage moisture from the storage 

phase through the drying phase in the supply chain is essential to improve both 

transportation costs and market values. Moreover, it is necessary that accurate, precise, 

reliable, and efficient tools are developed to manage woody biomass moisture content 

well.   

The storage of woody biomass material on the forest site can lead to lower 

transportation costs; the lower moisture content values the more solid wood that can be 

transported.  In contrast, the storage of woody biomass material on the forest site can also 

have several negative cost implications associated with the management of the stored 

woody biomass material.  Examples of these newly added costs include: (1) costs 

associated with when the material was harvested, (2) costs associated with the storage 

location and method, and (3) costs associated with transporting the material. 

The use of the tools evaluated in this project suggests that there is a definite need 

for species calibration.  Therefore, the calibration models are only applicable to the 

species and tools evaluated in this project.  The models should not be applied to other 

species or other tools. It is also important to develop protocols for how to measure the 

roundwood samples.   For example, as previously stated when using the Humimeter 

BLW or the Timbermaster significant variation is caused when the tool is used on parts 
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with bark compared to parts with no bark; therefore it is important to develop a protocol 

that can minimize the variability due to this issue.  One possible solution could be to 

divide the roundwood samples into two groups one where the Humimeter BLW and the 

Timbermaster will only be used on parts of the log with bark and the other where it will 

only be used on parts of the log with no bark.  However, this protocol only answers the 

question, “Is there a difference in Humimeter BLW or the Timbermaster measured 

moisture content between measuring it locations with bark compared to locations with no 

bark, which has already been answered.”  It is difficult to develop a protocol for 

measuring moisture content using the Humimeter BLW or the Timbermaster that solves 

the variability problem associated with the location of measurement (bark versus no bark) 

while not introducing bias.  The other roundwood or chips and hogfuel biomass tools did 

not generate any problems due to the location of measurement (bark versus no bark), 

roundwood condition (green versus dry), or storage location (covered versus open). 

The cost of transporting woody biomass from the forest to woody biomass plants 

is “optimized” when the moisture content drops to approximately 30% (wet basis). 

Validation of the models developed for three of the tools (Fibre-Gen HM200, Humimeter 

BLW, and the Wile Bio Meter) used to measure MC in roundwood, chips and hogfuel 

biomass indicates that these tools are accurate below 35% MC (wet basis).  This suggests 

that they could be used as the basis for making threshold transportation decisions; is it 

time to transport the material, or not. At MCs higher than 35% (wet basis) the tools were 

biased on the high side.   



124 
 

 

The Fibre-Gen HM200 was the best tool evaluated for measuring roundwood 

moisture contents below 35%. It is limited, however, to small log with lengths greater 

than 2.0 m (~6 feet).  As already stated wood drying rates are inversely proportional to 

wood diameter (i.e., as diameter increases, drying rates decrease or it takes longer to dry).  

Therefore, if the Fibre-Gen HM200 is used to measure the MC of the larger pieces in a 

biomass pile and the MC is found to be less than 35% (wet basis) one can assume that all 

other wood biomass material, with a smaller diameter than the measured piece, will be 

likely to have a MC lower than 35%.  
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APPENDIX A 
 

Figures of moisture measurement tools  
 
 
 

 
Figure A.1 Tools selected for evaluation in the moisture management trials of this project 
categorized by tool type capacitance (left), acoustic (middle), and conductance (right) 
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APPENDIX B 

Figures and tables associated with the moisture management  
 

trials (preliminary versus secondary rounds of measurements) 

 

Figure B.1 Illustrates the roundwood samples being loaded on a trailer to be taken to the 
storage location for study 
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Figure B.2 Illustrates the roundwood samples being unloaded from the trailer to store and 
study 
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Figure B.3 Illustrates the roundwood samples stored in an open canopy location 
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Table B.1 Summary of Actual Moisture Content Measurements for Roundwood Relating to the 
Preliminary Round of Measurements 

Species Condition Initial 
Weight (kg) 

Final 
Weight 

(kg) 

Initial Moisture 
Content (%) 

Final Moisture 
Content (%) 

  mean mean mean standard 
error mean standard 

error 

Douglas-fir Open 16.4 14.2 32.9 2.2 22.4 
 

0.6 
 

Western 
Hemlock Open 18.6 13.2 51.1 1.8 32.3 1.7 

Ponderosa 
Pine Open 13.2 8.3 65.7 1.3 43.3 3.2 

Madrone Open 27.3 22.4 49.0 3.2 35.7 
 

2.0 
 

Oak Open 27.0 23.5 40.0 1.5 31.5 
 

0.6 
 

Poplar Open 17.2 10.1 58.9 8.2 37.5 
 

7.1 
 

Douglas-fir Cover 20.6 16.4 38.0 0.9 21.3 
 

1.4 
 

Western 
Hemlock Cover 25.7 19.6 52.7 2.1 37.6 3.5 

Ponderosa 
Pine Cover 18.6 11.3 66.5 1.9 43.8 5.2 

Madrone Cover 27.9 20.0 52.2 0.4 32.2 
 

2.2 
 

Oak Cover 29.2 24.8 42.4 3.6 31.2 
 

0.8 
 

Poplar Cover 20.0 11.6 61.0 1.0 29.1 
 

1.6 
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Table B.2 Summary of Actual Moisture Content Measurements for Chips Relating to the 
Preliminary Round of Measurements 

Species Initial Weight 
(kg) 

Final Weight 
(kg) 

Initial Moisture 
Content (%) 

Final Moisture 
Content (%) 

Douglas-fir 14.9 10.4 43.6 
 

19.1 
 

Western 
Hemlock 13.5 9.2 44.0 17.7 

Ponderosa 
Pine 16.4 9.5 53.8 20.1 

Madrone 13.7 9.1 44.2 
 

16.5 
 

Oak 14.7 10.9 39.8 
 

18.5 
 

Poplar 10.8 6.6 48.6 
 

15.5 
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Table B.3 Summary of Actual Moisture Content Measurements for Hogfuel Biomass Relating 
to the Preliminary Round of Measurements 

Species Initial 
Weight  

(kg) 

Final 
Weight  

(kg) 

Initial Moisture 
Content  

(%) 

Final Moisture Content 
(%) 

Douglas-fir 11.5 8.2 41.6 
 

17.7 
 

Western 
Hemlock 9.5 6.2 46.3 17.5 

Ponderosa 
Pine 8.9 5.1 52.6 17.6 

Madrone 12.5 8.5 44.1 
 

17.4 
 

Oak 10.5 9.5 44.5 
 

16.3 
 

Poplar 11.1 6.9 49.0 
 

17.3 
 

 

 

 

 

Table B.4 Summary of Actual Moisture Content Measurements for Douglas-fir Roundwood 
Relating to the Second Round of Measurements 

Condition Initial Weight  
(kg) 

Final Weight  
(kg) 

Initial Moisture Content (%) 

 mean mean mean standard error 

Green 0.4 0.2 54.8 
 

0.8 
 

Dry 0.2 0.2 24.5 
 

0.9 
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Table B.5 Summary of Actual Moisture Content Measurements for Douglas-fir Chips and 
Hogfuel Biomass Relating to the Second Round of Measurements 

Condition Type Subsample 
ID 

Initial Weight 
(kg) 

Final Weight 
(kg) 

Initial Moisture 
Content (%) 

Green Hogfuel 
Biomass 1 1.16 0.7 

 
41.7 

 

Green Hogfuel 
Biomass 2 0.9 0.5 

 
40.0 

 

Dry Chips 1 0.2 0.2 
 

18.3 
 

Dry Chips 2 0.2 0.2 
 

18.3 
 

Dry Chips 3 0.2 0.2 
 

18.5 
 

Dry Chips 4 0.9 0.7 
 

18.7 
 

Dry Chips 1 0.7 0.5 
 

27.8 
 

Dry Chips 2 2.5 1.8 27.4 

Green Chips 1 1.2 0.7 
 

47.5 
 

Green Chips 2 1.3 0.7 
 

47.0 
 

Green Chips 1 1.2 0.6 
 

45.7 
 

Green Chips 2 1.2 0.7 
 

45.5 
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Green Chips 1 1.3 0.6 
 

56.2 
 

Green Chips 2 1.3 0.6 
 

56.6 
 

Green Chips 1 1.5 0.6 
 

57.2 
 

Green Chips 2 1.5 0.7 
 

56.3 
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APPENDIX C 

Figures and tables associated with the sample size recommendations for the preliminary 

and the second rounds of measurement  

 

Table C.1 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Douglas-fir Stored in the Open 

 Number of Days After Samples were Collected 

Number of Measurements per 
Sample 0 10 20 30 40 50 60 70 80 90 100  

Timbermaster 1 4 4 1 2 3 2 1 7 1 1  

Humimeter BLW 1 2 2 1 1 1 1 1 1 1 1  

IML Hammer 1 2 2 1 5 2 1 1 2 3 1  

Fibre-Gen HM200 1 1 1 1 1 1 1 1 1 1 1  

             

Number of Samples per Tool             

Timbermaster 1 2 2 7 1 2 2 2 1 4 2  

Humimeter BLW 1 4 4 9 5 4 16 16 18 10 2  

IML Hammer 13 3 3 3 5 9 7 8 3 5 4  

Fibre-Gen HM200 NA NA NA NA NA NA 2 4 3 3 3  
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Table C.2 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Douglas-fir Stored Under Cover 

 Number of Days After Samples were Collected 

Number of Measurements per 
Sample 0 10 20 30 40 50 60 70 80 90 100  

Timbermaster 1 1 1 1 1 1 1 1 1 1 1  

Humimeter BLW 1 1 1 1 1 1 1 1 1 1 1  

IML Hammer 1 1 1 2 2 1 3 1 1 1 1  

Fibre-Gen HM200 1 1 1 1 1 1 1 1 1 1 1  

             

Number of Samples per Tool             

Timbermaster 23 14 14 27 25 32 8 7 6 6 6  

Humimeter BLW 14 11 27 27 18 15 23 25 21 11 3  

IML Hammer 4 5 5 6 4 6 4 8 9 6 7  

Fibre-Gen HM200 NA NA NA NA NA NA 7 7 7 7 6  
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Table C.3 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Western Hemlock Stored in the Open 

 Number of Days After Samples were Collected 

Number of Measurements per 
Sample 0 10 20 30 40 50 60 70 80 90 100  

Timbermaster 1 1 1 1 1 1 1 1 1 1 1  

Humimeter BLW 1 1 1 1 1 1 1 1 1 1 2  

IML Hammer 1 1 1 1 1 1 1 1 1 1 1  

Fibre-Gen HM200 1 1 1 1 1 1 1 1 1 1 1  

             

Number of Samples per Tool             

Timbermaster 4 7 6 6 6 6 21 10 7 5 12  

Humimeter BLW 4 5 6 4 20 21 20 22 10 17 13  

IML Hammer 5 5 6 5 9 8 8 4 4 5 9  

Fibre-Gen HM200 NA NA NA NA NA NA 5 5 6 4 3  
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Table C.4 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Western Hemlock Stored Under Cover 

 Number of Days After Samples were Collected 

Number of Measurements 
per Sample 0 10 20 30 40 50 60 70 80 90 100  

Timbermaster 1 1 1 1 1 1 1 1 1 1 1  

Humimeter BLW 1 1 1 1 1 1 1 1 1 1 2  

IML Hammer 1 1 1 1 1 3 3 2 1 2 2  

Fibre-Gen HM200 1 1 1 1 1 1 1 1 1 1 1  

             

Number of Samples per Tool             

Timbermaster 9 16 8 8 5 5 19 24 22 14 5  

Humimeter BLW 13 3 4 4 9 6 23 5 30 19 10  

IML Hammer 12 7 19 17 12 3 8 3 6 5 3  

Fibre-Gen HM200 NA NA NA NA NA NA 5 5 5 5 5  
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Table C.5 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Ponderosa Pine Stored in the Open  

  Number of Days After Samples were Collected 

Number of Measurements 
per Sample 0 10 20 30 40 50 60 70 80 90 100  

Timbermaster 1 1 1 1 1 1 2 1 1 1 1  

Humimeter BLW 4 1 1 1 2 3 1 1 1 1 2  

IML Hammer 1 1 1 1 1 1 2 1 1 1 1  

Fibre-Gen HM200 1 1 1 1 1 1 1 1 1 1 1  

             

Number of Samples per Tool             

Timbermaster 10 9 9 9 7 9 5 8 9 8 6  

Humimeter BLW 2 31 3 9 2 7 7 25 30 30 21  

IML Hammer 3 1 1 1 4 5 1 2 4 6 6  

Fibre-Gen HM200 NA NA NA NA NA NA 4 4 4 5 4  
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Table C.6 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Ponderosa Pine Stored Under Cover  

  Number of Days After Samples were Collected 

Number of Measurements 
per Sample 0 10 20 30 40 50 60 70 80 90 100  

Timbermaster 1 2 1 1 1 1 1 1 1 1 2  

Humimeter BLW 1 2 1 1 4 3 1 4 1 1 1  

IML Hammer 4 2 1 1 1 5 1 1 1 1 1  

Fibre-Gen HM200 1 1 1 1 1 1 1 1 1 1 1  

             

Number of Samples per Tool             

Timbermaster 2 1 2 2 8 9 28 35 31 14 3  

Humimeter BLW 2 2 7 10 6 12 6 2 19 14 5  

IML Hammer 3 1 1 1 6 1 15 13 13 12 11  

Fibre-Gen HM200 NA NA NA NA NA NA 3 3 3 1 4  
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Table C.7 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Madrone Stored in the Open 

  Number of Days After Samples were Collected 

Number of Measurements per 
Sample 0 10 20 30 40 50 60 70 80 90 100  

Timbermaster 1 1 1 1 1 1 1 1 1 1 2  

Humimeter BLW 1 1 4 3 1 1 1 1 1 1 3  

IML Hammer 1 1 1 1 1 1 2 1 1 1 2  

Fibre-Gen HM200 1 1 1 1 1 1 1 1 1 1 1  

             

Number of Samples per Tool             

Timbermaster 7 2 10 8 7 7 11 12 17 9 1  

Humimeter BLW 7 2 1 1 10 11 11 5 6 3 1  

IML Hammer 9 1 5 3 11 8 6 7 8 7 4  

Fibre-Gen HM200 NA NA NA NA NA NA 1 2 2 4 2  
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Table C.8 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Madrone Stored Under Cover  

  Number of Days After Samples were Collected 

Number of Measurements per 
Sample 0 10 20 30 40 50 60 70 80 90 100  

Timbermaster 1 1 1 1 1 1 1 1 1 1 2  

Humimeter BLW 1 1 1 1 1 1 1 1 1 1 1  

IML Hammer 2 2 3 6 1 1 1 1 1 3 1  

Fibre-Gen HM200 1 1 1 1 1 1 1 1 1 1 1  

             

Number of Samples per Tool             

Timbermaster 18 7 11 10 4 4 2 6 6 4 1  

Humimeter BLW 5 6 8 8 14 6 4 1 10 6 2  

IML Hammer 2 3 2 1 4 6 4 10 12 2 2  

Fibre-Gen HM200 NA NA NA NA NA NA 1 3 2 1 1  
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Table C.9 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Oak Stored in the Open  

  Number of Days After Samples were Collected 

Number of Measurements per 
Sample 0 10 20 30 40 50 60 70 80 90 100  

Timbermaster 1 1 2 2 1 2 7 1 1 1 2  

Humimeter BLW 1 1 1 1 2 1 2 2 8 2 1  

IML Hammer 2 1 1 1 1 1 1 2 1 1 1  

Fibre-Gen HM200 1 1 1 1 1 1 1 1 1 1 1  

             

Number of Samples per Tool             

Timbermaster 4 3 2 4 1 1 1 4 6 3 1  

Humimeter BLW 1 1 4 5 2 4 3 3 1 1 1  

IML Hammer 4 1 5 5 2 4 3 3 4 5 4  

Fibre-Gen HM200 NA NA NA NA NA NA 4 4 4 4 3  
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Table C.10 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Oak Stored Under Cover  

  Number of Days After Samples were Collected 

Number of Measurements per 
Sample 0 10 20 30 40 50 60 70 80 90 100  

Timbermaster 1 1 3 2 1 1 2 1 1 1 1  

Humimeter BLW 1 1 1 1 1 1 4 3 2 1 1  

IML Hammer 1 2 1 1 1 3 1 1 2 1 1  

Fibre-Gen HM200 1 1 1 1 1 1 1 1 1 1 1  

             

Number of Samples per Tool             

Timbermaster 24 5 1 4 2 1 4 1 4 6 4  

Humimeter BLW 3 1 1 3 4 1 1 1 3 8 3  

IML Hammer 6 5 5 8 8 1 1 3 3 7 3  

Fibre-Gen HM200 NA NA NA NA NA NA 5 5 4 4 1  
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Table C.11 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Poplar Stored in the Open  

  Number of Days After Samples were Collected 

Number of Measurements per 
Sample 0 10 20 30 40 50 60 70 80 90 100  

Timbermaster 3 1 1 1 1 1 1 1 1 4 1  

Humimeter BLW 1 2 2 3 1 2 1 1 1 1 3  

IML Hammer 1 2 1 1 1 1 1 1 1 1 1  

Fibre-Gen HM200 1 1 1 1 1 1 1 1 1 1 1  

             

Number of Samples per Tool             

Timbermaster 2 7 10 11 33 32 1 1 4 1 11  

Humimeter BLW 1 1 4 3 31 12 1 8 3 2 3  

IML Hammer 12 5 12 3 15 4 11 7 19 21 22  

Fibre-Gen HM200 NA NA NA NA NA NA 4 1 1 3 3  
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Table C.12 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Poplar Stored Under Cover  

  Number of Days After Samples were Collected 

Number of Measurements per 
Sample 0 10 20 30 40 50 60 70 80 90 100  

Timbermaster 1 1 1 1 1 1 1 1 1 1 1  

Humimeter BLW 1 3 2 1 1 1 1 1 1 1 1  

IML Hammer 3 2 1 1 2 1 2 1 1 1 1  

Fibre-Gen HM200 1 1 1 1 1 1 1 1 1 1 1  

             

Number of Samples per Tool             

Timbermaster 14 8 4 3 22 19 27 32 32 21 9  

Humimeter BLW 5 1 1 2 18 18 26 4 15 16 23  

IML Hammer 5 15 13 9 12 13 15 19 13 21 22  

Fibre-Gen HM200 NA NA NA NA NA NA 1 1 1 3 2  
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Table C.13 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Douglas-fir Hogfuel Biomass 

  Number of Days After Samples were Collected 
 

Number of Measurements per Sample 
 0 20 40 60 80 100 120 140 

Humimeter HM1* 
 1 1 1 1 1 1 1 1 

Wile Bio Meter** 
 1 6 3 1 1 1 1 1 

 
 

                

Number of Samples per Tool 
 

      

Humimeter HM1 
 NA NA NA NA NA NA NA NA 

Wile Bio Meter 
 1 1 1 1 1 1 1 1 

* Only one measurement per sample was collected so no measurements per sample can 
be calculated. 
** Wile recommends a minimum of 3 measurements per sample. 
 
Table C.14 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 

for Douglas-fir Chips 
  Number of Days After Samples were Collected 

 
Number of Measurements per Sample 

 0 20 40 60 80 100 120 140 

Humimeter HM1* 
 1 1 1 1 1 1 1 1 

Wile Bio Meter** 
 1 1 1 3 1 1 1 1 

 
 

                

Number of Samples per Tool 
 

      

Humimeter HM1 
 NA NA NA NA NA NA NA NA 

Wile Bio Meter 
 1 1 1 1 1 1 1 1 

* Only one measurement per sample was collected so no measurements per sample can 
be calculated. 
** Wile recommends a minimum of 3 measurements per sample 
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Table C.15 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Western Hemlock Hogfuel Biomass 

  Number of Days After Samples were Collected 
 

Number of Measurements per Sample 
 0 20 40 60 80 100 120 140 

Humimeter HM1* 
 1 1 1 1 1 1 1 1 

Wile Bio Meter** 
 1 2 1 1 1 1 1 1 

 
 

                

Number of Samples per Tool 
 

      

Humimeter HM1 
 NA NA NA NA NA NA NA NA 

Wile Bio Meter 
 1 1 1 1 1 1 1 1 

* Only one measurement per sample was collected so no measurements per sample can 
be calculated. 
** Wile recommends a minimum of 3 measurements per sample. 
 
Table C.16 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 

for Western Hemlock Chips 
  Number of Days After Samples were Collected 

 
Number of Measurements per Sample 

 0 20 40 60 80 100 120 140 

Humimeter HM1* 
 1 1 1 1 1 1 1 1 

Wile Bio Meter** 
 1 1 1 1 1 1 1 1 

 
 

                

Number of Samples per Tool 
 

      

Humimeter HM1 
 NA NA NA NA NA NA NA NA 

Wile Bio Meter 
 1 1 1 1 1 1 1 1 

* Only one measurement per sample was collected so no measurements per sample can 
be calculated. 
** Wile recommends a minimum of 3 measurements per sample. 
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Table C.17 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Ponderosa Pine Hogfuel Biomass 

  Number of Days After Samples were Collected 
 

Number of Measurements per Sample 
 0 20 40 60 80 100 120 140 

Humimeter HM1* 
 1 1 1 1 1 1 1 1 

Wile Bio Meter** 
 1 1 1 1 1 1 1 1 

 
 

                

Number of Samples per Tool 
 

      

Humimeter HM1 
 NA NA NA NA NA NA NA NA 

Wile Bio Meter 
 1 1 1 1 1 1 1 1 

* Only one measurement per sample was collected so no measurements per sample can 
be calculated. 
** Wile recommends a minimum of 3 measurements per sample. 
 
Table C.18 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 

for Ponderosa Pine Chips 
  Number of Days After Samples were Collected 

 
Number of Measurements per Sample 

 0 20 40 60 80 100 120 140 

Humimeter HM1* 
 1 1 1 1 1 1 1 1 

Wile Bio Meter** 
 1 1 1 1 3 1 1 1 

 
 

                

Number of Samples per Tool 
 

      

Humimeter HM1 
 NA NA NA NA NA NA NA NA 

Wile Bio Meter 
 1 1 1 1 1 1 1 1 

* Only one measurement per sample was collected so no measurements per sample can 
be calculated. 
** Wile recommends a minimum of 3 measurements per sample. 
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Table C.19 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Madrone Hogfuel Biomass 

  Number of Days After Samples were Collected 
 

Number of Measurements per Sample 
 0 20 40 60 80 100 120 140 

Humimeter HM1* 
 1 1 1 1 1 1 1 1 

Wile Bio Meter** 
 1 2 4 1 1 1 1 1 

 
 

                

Number of Samples per Tool 
 

      

Humimeter HM1 
 NA NA NA NA NA NA NA NA 

Wile Bio Meter 
 1 1 1 1 1 1 1 1 

* Only one measurement per sample was collected so no measurements per sample can 
be calculated. 
** Wile recommends a minimum of 3 measurements per sample. 
 
Table C.20 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 

for Madrone Chips 
  Number of Days After Samples were Collected 

 
Number of Measurements per Sample 

 0 20 40 60 80 100 120 140 

Humimeter HM1* 
 1 1 1 1 1 1 1 1 

Wile Bio Meter** 
 1 1 1 1 1 1 1 1 

 
 

                

Number of Samples per Tool 
 

      

Humimeter HM1 
 NA NA NA NA NA NA NA NA 

Wile Bio Meter 
 1 1 1 1 1 1 1 1 

* Only one measurement per sample was collected so no measurements per sample can 
be calculated. 
** Wile recommends a minimum of 3 measurements per sample. 
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Table C.21 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Oak Hogfuel Biomass 

 Number of Days After Samples were Collected 
 

Number of Measurements per Sample 
 0 20 40 60 80 100 120 140 

Humimeter HM1* 
 1 1 1 1 1 1 1 1 

Wile Bio Meter** 
 1 1 1 1 1 1 1 1 

 
         

Number of Samples per Tool 
       

Humimeter HM1 
 NA NA NA NA NA NA NA NA 

Wile Bio Meter 
 1 1 1 1 1 1 1 1 

* Only one measurement per sample was collected so no measurements per sample can 
be calculated. 
** Wile recommends a minimum of 3 measurements per sample. 
 
Table C.22 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 

for Oak Chips 
  Number of Days After Samples were Collected 

 
Number of Measurements per Sample 

 0 20 40 60 80 100 120 140 

Humimeter HM1* 
 1 1 1 1 1 1 1 1 

Wile Bio Meter** 
 1 1 1 1 1 1 1 1 

                 
Number of Samples per Tool 

 
      

Humimeter HM1 
 NA NA NA NA NA NA NA NA 

Wile Bio Meter 
 1 1 1 1 1 1 1 1 

* Only one measurement per sample was collected so no measurements per sample can 
be calculated. 
** Wile recommends a minimum of 3 measurements per sample. 
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Table C.23 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 
for Poplar Hogfuel Biomass 

  Number of Days After Samples were Collected 
 

Number of Measurements per Sample 
 0 20 40 60 80 100 120 140 

Humimeter HM1* 
 1 1 1 1 1 1 1 1 

Wile Bio Meter** 
 1 1 2 1 1 1 1 5 

 
 

                

Number of Samples per Tool 
 

      

Humimeter HM1 
 NA NA NA NA NA NA NA NA 

Wile Bio Meter 
 1 1 1 1 1 1 1 1 

* Only one measurement per sample was collected so no measurements per sample can 
be calculated. 
** Wile recommends a minimum of 3 measurements per sample. 
 
Table C.24 Preliminary Round Sample Sizes Required to be within +- 3% error, 95% of the Time 

for Poplar Chips 
 Number of Days After Samples were Collected 

Number of Measurements per Sample 
 0 20 40 60 80 100 120 140 

Humimeter HM1* 
 1 1 1 1 1 1 1 1 

Wile Bio Meter** 
 1 1 1 1 1 1 1 1 

 
         

Number of Samples per Tool 
       

Humimeter HM1 
 NA NA NA NA NA NA NA NA 

Wile Bio Meter 
 1 1 1 1 1 1 1 1 

* Only one measurement per sample was collected so no measurements per sample can 
be calculated. 
** Wile recommends a minimum of 3 measurements per sample. 
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Table C.25 Second Round Sample Sizes Required to be within +- 3% error, 95% of the Time for 
Douglas-fir (Green) 

Tool Number of Measurements per Sample 

Humimeter BLW 1 

Fibre-Gen HM200 1 

Wile Bio Meter* 3 

  

Tool Number of Samples per Tool 

Humimeter BLW 4 

Fibre-Gen HM200 1 

Wile Bio Meter 1 

* Wile recommends a minimum of 3 measurements per sample. 
 
Table C.26 Second Round Sample Sizes Required to be within +- 3% error, 95% of the Time for 

Douglas-fir (Dry) 

Tool Number of Measurements per Sample 

Humimeter BLW 1 

Fibre-Gen HM200 1 

Wile Bio Meter* 4 

  

Tool Number of Samples per Tool 

Humimeter BLW 4 

Fibre-Gen HM200 1 

Wile Bio Meter 1 

* Wile recommends a minimum of 3 measurements per sample. 




