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NDE OF CLEAR WOOD SUBJECTED TO ENVIRONMENTAL AND MECHANICAL 

LOADINGS USING NEAR INFRARED SPECTROSCOPY 

ABSTRACT  
 
 

By Phil R. Johnson, M.S. 
Washington State University 

December 2003 
 

Chair: Donald A. Bender 
 

Near infrared spectroscopy (NIRS) is a promising nondestructive evaluation technique 

for wood and other organic materials.  This paper contains results from two separate studies that 

used NIRS to predict the mechanical properties of wood subjected to environmental and 

mechanical loadings.  For the first study, clear wood specimens were cut from lumber salvaged 

during the deconstruction of several light-frame buildings on four separate sites (over 60 yrs 

service).  Relationships between NIR spectra and flexural test data were developed using 

multivariate statistical analyses and results were compared with stiffness-based nondestructive 

testing methods.  Further relationships were developed between the salvaged lumber and recently 

manufactured lumber.  In nearly every case, flexural strength predictions from the NIRS 

technique were comparable to stiffness-based methods and may be favored in situations where 

localized measurements are required.    

The second study involved clear wood specimens that were cut from small diameter 

Inland Northwest Douglas-fir timbers dried at various temperatures (air-dried, 71°-82° C, and 

116° C).  There is a need to fully understand how drying time and temperature affect the 

mechanical properties of wood in order to facilitate better decisions during the lumber drying 

process.  Overall, kiln drying had little affect on the mechanical properties of small, clear wood 

Douglas-fir specimens, which was consistent with past literature.  Flexural testing produced 
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average MOR and MOE values for the kiln-dried lumber that were approximately 3-6% less than 

the air-dried in all cases.  This paper also discusses potential problems associated with overly 

sensitive multivariate statistical models.  Finally, data from three separate NIRS studies that 

displayed a wide variation of wood chemistry, anatomy, and physical properties were combined 

into one large database (1197 specimens).  The resulting NIRS flexural strength predictions were 

equivalent to stiffness-based methods and therefore, the NIRS technique appears to be 

statistically robust.   
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CHAPTER 1: OVERALL INTRODUCTION 
 
 

Near infrared spectroscopy (NIRS) is a fast growing technique for the 

nondestructive evaluation of organic materials, which has found success in the food, 

agriculture, pulp, paper, petroleum and pharmaceutical industries (Bokobza 1998).  The 

NIRS technique appears well suited for the testing of a variety of physical and chemical 

properties because NIR spectra reveal information about materials that contain C-H, O-H, 

and N-H chemical functional groups.  For this reason, NIRS techniques have shown 

promise as a nondestructive evaluation tool for wood based materials.   

 When a molecule absorbs infrared radiation (wavelengths from 750 nm to 2500 

nm), individual bonds can become excited and begin to vibrate.  This vibration produces 

a rise in absorption bands, which correspond to different combinations of fundamental 

chemical functional groups.  The amount of near infrared light that is absorbed at each 

wavelength depends on the chemical composition of the material.  Complex NIR spectra 

contain bands that are often the result of many overlapped peaks, making quantitative 

spectral interpretation difficult.  Recent advances in portable spectroscopy instruments, 

multivariate statistical methods, and software, have contributed to the expansion and 

popularity of both near-IR and mid-IR as nondestructive evaluation techniques for many 

field applications.  

  This thesis was divided into two studies, both dealing with the relationship 

between NIRS and the mechanical properties of wood subjected to environmental and 

mechanical loadings.  Previous studies that have evaluated the capability of NIRS as a 

nondestructive testing (NDT) predictor of mechanical properties for recently 

manufactured wood have produced favorable results (Hoffmeyer and Pederson 1995; 
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Thumm and Meder 2001; Schimleck et al. 2001a and 2001b; and Kludt et al. 2003).  The 

first study, Chapter 2, involves salvaged lumber (in service for over 60 years) obtained 

during the deconstruction of several light-frame buildings on four separate sites.  

Accurate nondestructive test methods for structural wood members are needed to assess 

conditions in both manufactured and in situ environments.  Stress wave techniques have 

been tested extensively under laboratory and field conditions, but there are still questions 

about their effectiveness for members subjected to a wide range of environmental and 

mechanical loadings.  The long-term goal of this work is to collect a localized spectral 

scan in the field using a portable fiber optic probe and then use the data to infer 

mechanical properties.  The specific aim of this study was to predict clear wood bending 

strength using multivariate statistical models created from both salvaged wood and 

recently manufactured wood.  The results were compared to stiffness-based NDT 

methods and used for recommendations towards a practical NDT system. 

The second study, Chapter 3, includes wood that was kiln dried at various time-

temperature schedules (air-dried, 71°-82° C, and 116° C).  Drying wood is an essential 

step in the processing of lumber, yet it dramatically slows throughput and involves high-

energy consumption.  There is a need to fully understand how drying time and 

temperature affect the mechanical properties of wood in order to facilitate better 

decisions during the lumber drying process.  The first objective of this study was to 

determine how drying schedule affects the flexural properties of Douglas-fir clear wood 

specimens cut from small diameter Inland Northwest trees.  The second objective was to 

determine the relationship between the mechanical properties and the NIR spectra of 

lumber dried over a range of time-temperature regimes.  Finally, due to the empirical 
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nature of NIRS, there is a need to develop a large reference database.  Therefore, data 

from three separate NIRS studies (1197 specimens), which displayed a wide variation of 

properties were combined to determine if NIRS is a statistically robust technique.   
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CHAPTER 2: NONDESTRUCTIVE EVALUATION OF CLEAR 

WOOD FROM SALVAGED TIMBERS 

 

ABSTRACT 

Accurate nondestructive testing methods are needed to assess the condition of 

structural lumber and recently, near infrared spectroscopy (NIRS) techniques have shown 

promise for the nondestructive evaluation of wood and other organic materials.  For this 

study, clear wood specimens were cut from lumber salvaged during the deconstruction of 

several light-frame buildings on four separate sites (over 60 yrs service).  NIR spectra 

and flexural test data were collected for each specimen and analyzed using multivariate 

statistical methods to determine how well NIRS predicts the flexural mechanical 

properties of salvaged timber.  Comparisons between NIRS and stiffness-based NDT 

methods, as well as a combination of the two were conducted to evaluate the 

effectiveness of NIRS as a practical NDT tool.  Further comparisons of NIR relationships 

to bending strength between recently manufactured lumber versus lumber that has been in 

service for many decades were also conducted.  The MOR predictions of the salvaged 

lumber using only NIRS (R = 0.795; RMSE = 9.4 MPa) were similar to those produced 

using a measure of stiffness (R = 0.816; RMSE = 9.0 MPa), and as expected, both were 

slightly lower than the combination of the two (R = 0.864; RMSE = 7.8 MPa).  Similar 

results were discovered when using the recently manufactured lumber to predict the 

mechanical properties of the salvaged wood.  In nearly every case, flexural strength 

predictions from the NIRS technique were comparable to stiffness-based methods and 

may be favored in situations where localized measurements are required.  
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INTRODUCTION 

Accurate nondestructive test (NDT) methods for structural wood members are 

needed to assess conditions in both manufactured and in situ environments.  Ross and 

Pellerin (1994) reviewed three stiffness-related NDT techniques that have been 

researched and implemented extensively - static bending, transverse vibration, and stress 

wave.  The static bending technique determines stiffness directly, but it may not be well 

suited for in situ environments due to boundary conditions, which can significantly 

influence the stiffness results.  Transverse vibration is an NDT technique that has seen a 

great deal of success in wood applications.  This technique is accomplished by applying 

an impulse load to the center of a beam, which causes transverse free vibration and the 

natural frequency is used to calculate stiffness.  As with static bending, this technique is 

also sensitive to boundary conditions and may not work well for in situ environments.  

Stress wave is the most widely used NDT technique for in situ applications.  The 

influences of boundary conditions on longitudinal wave speed are less significant than the 

previous two techniques; therefore, this technique has been applied to inspect wood 

structures.  An impact at the end of a specimen results in a stress wave that travels 

through the specimen.  The resulting wave speed is related to the modulus of elasticity 

and the density of the specimen.  Stress wave NDT techniques have been extensively 

tested under laboratory conditions and used in moderation by inspection professionals.  

However, there are still many question marks related to the effectiveness of stress wave 

techniques to evaluate members in complex structures.  Recently developed near infrared 

spectroscopy techniques demonstrate potential as NDT tools for wood materials. 
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Near infrared spectroscopy (NIRS) is a fast growing technique for the non-

destructive evaluation of organic materials.  Through the use of various spectral analysis 

methods the NIRS technique appears well suited for the testing of a variety of physical 

and chemical properties.  Bokobza (1998) explains how NIRS has found success as a tool 

for research in the food, agriculture, pulp, paper, petroleum and pharmaceutical 

industries.  This is because NIR spectra contain a great deal of physical and chemical 

information about molecules, especially those materials that contain C-H, O-H, and N-H 

chemical functional groups.  For this reason, NIRS techniques have shown promise as a 

nondestructive evaluator of the properties of wood based materials.   

 When a molecule absorbs infrared radiation, the individual bonds become excited 

and begin to vibrate.  This vibration produces a rise in absorption bands, which 

corresponds to different combinations of the fundamental chemical functional groups.  

NIR spectra can be complex due to the fact that the bands are often the result of many 

overlapped peaks, which makes individual band assignments difficult (Bokobza 1998; 

and Ozaki et al. 2001).  Therefore, quantitative spectral interpretation requires the use of 

multivariate statistical techniques.  Recent advances in portable spectroscopy 

instruments, multivariate statistical methods, and software, have contributed to the 

expansion and popularity of NIRS as a nondestructive evaluation technique for many 

field applications.  

Previous studies that have evaluated the capability of NIRS as a predictor of 

mechanical properties for recently manufactured wood have produced favorable results 

(Hoffmeyer and Pederson 1995; Thumm and Meder 2001; Schimleck et al. 2001a and 

2001b; and Kludt et al. 2003).  Due to the broad predicting power of NIRS, many other 
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studies involving the prediction of wood properties have been conducted.  Some of these 

predictions include: compression wood effects on density and strength (Gindl et al. 

2001); property development in medium density fiberboard panels (Rials et al. 2002a and 

2002b); grain angle in wood (Gindl and Teishinger 2002); pulp yield in plantation 

eucalypts trees (Sefara et al. 2000); basic density of milled cores from standing eucalypts 

trees (Schimleck et al. 1999); and rapid determination of chemical composition and 

density of pinus radiata (Meder et al. 1999).   

One area that has not been studied is the idea of using NIRS to predict the 

condition of salvaged wood.  One primary challenge is to predict mechanical properties 

of wood members, when no initial benchmark measurements were taken at the time of 

construction.  It can be impractical to destructively test specimens because the testing 

would require removing the piece, and in turn render it useless.  It is also very difficult to 

nondestructively test specimens because they are secured in place throughout a given 

structure.  However, it is still important to know the condition of these members because 

the safety of the structure depends on their current quality.  NIRS is one method that may 

help to solve this problem.  It would be beneficial to be able to collect a localized spectral 

scan in the field using a remote fiber optic probe and then develop accurate mechanical 

properties from the spectrum.  Furthermore, it would be useful to determine whether NIR 

relationships to bending strength change between recently manufactured lumber versus 

lumber that has been in service for many decades. 

The overall goal of this study is to evaluate NIRS as a method for 

nondestructively determining bending strength of salvaged wood.  Specific objectives 

include:  (a) develop a multivariate statistical model to predict clear wood bending 



 
 

8

strength (from salvaged timber) using NIR spectral data; (b) compare the NIR technique 

with a stiffness-based NDT method, as well as a combination of the two methods; (c) 

evaluate the accuracy of an NIRS model developed from a sample of recently 

manufactured lumber (Kludt et al. 2003) to predict the mechanical properties of the 

salvaged wood; and (d) provide recommendations for a practical NDT system.  

 

MATERIAL AND METHODS 

Samples 

 The presence of natural growth characteristics such as knots and slope of grain 

can mask possible relationships between NIR spectra and bending strength.  Therefore, 

this study focuses on predicting clear wood bending strength.  Once the clear wood 

properties of a specimen from an in situ environment is deemed acceptable based on 

comparison with values published in ASTM D2555 (ASTM 2002), then the grade of the 

member can be determined through visual inspection.  Furthermore, design values can be 

obtained from code-recognized specifications. 

A sample of 416 clear wood specimens were cut from lumber salvaged during the 

deconstruction of several light-frame buildings on four separate sites.  These locations 

included barracks buildings from Fort Ord, California; military housing units from the 

University of Washington in Seattle, Washington; industrial buildings from the Twin 

Cities Army Ammunition Plant, Minnesota; and the Oakland Naval Supply Center, 

California.  These specimens were taken from a larger sample set that is part of another 

research project focused on establishing grading criteria, developing engineering property 

data, and proposing reuse options for salvaged structural lumber (Falk et al. 1999 and 
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Maul 2003).  Of the 416 specimens, 392 were Douglas-fir while the remaining 24 were 

either Sugar Pine, Larch, Yellow Pine, White Fir, or Spruce.  The small clear specimens 

were cut to a 25 by 25 by 406 mm (1 by 1 by 16 in) size from the full size salvaged 

lumber pieces according to the secondary method of ASTM D143 (ASTM 2002).  All 

specimens were examined and those with defects such as knots, slope of grain greater 

than 1:20, and nail holes were rejected from testing. The specimens were kept in a 

humidity control room (21° C, 65% RH) for several weeks to equilibrate to a 12% MC. 

 

Flexural Testing 

  Modulus of rupture (MOR) and modulus of elasticity (MOE) were determined for 

each specimen using the secondary method of ASTM D143 (ASTM 2002).  With this 

method, the clear wood specimens were tested to failure through center point loading 

over a span of 356 mm (14 in).  ASTM D143 was followed, except that the specified 

deflection rate of 1.27 mm (0.05 in)/min. was modified to 2.54 mm (0.1 in)/min. to 

achieve failure in approximately five minutes.  A yoke with attached LVDT was used to 

measure the deflection at the center relative to the supports. 

 

Near Infrared Spectroscopy 

Near infrared spectra were collected using a Nicolet Nexus 670 FT-IR 

spectrometer equipped with a Thermo Nicolet Smart Near-IR UpDrift probe, as shown in 

Figure 2-1.  Specific accessories for this configuration include: a liquid nitrogen cooled 

Thermo Nicolet MCT/A detector, an XT-KBr beam splitter and a Tungsten-Halogen 

white light source.  The above detector, beam splitter, and white light source combination 
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is best suited for a spectral range of 900 to 16500 nm, which surrounds the NIR region 

used for this study.  The UpDrift probe is a top loading diffuse reflection accessory with a 

sapphire window that allows for a 7 mm sampling diameter (Nexus 670 User’s Guide, 

1999).  The system is continuously purged with nitrogen gas at a rate of 30 scf h-1 to 

ensure that the MCT/A detector remains dry.  The spectrometer also requires that a 

reference background be taken over a set interval to account for any internal errors that 

may develop.  In this case, the background was accomplished every ten minutes using a 

white ceramic standard.  Spectral absorbance values were collected at 1 nm intervals over 

a range of 1000 nm to 2500 nm.  Thermo Nicolet OMNIC FT-IR software was used to 

process and output the incoming spectral data. 

 

 

FIGURE 2-1. Nicolet Nexus 670 FT-IR setup.  Specimen oriented such that a radial face is 
in contact with the infrared sampling window. 
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Each specimen was planed using a jointer with sharpened knives to produce a 

clean, smooth cut.  This was done to ensure that any dirt or other contaminants on the 

surface of the specimen would be removed so as not to bias the spectral measurements.  

Each spectral measurement was the result of 40 averaged scans.  Two spectral 

measurements were taken on each radial face of the specimen producing a total of four 

measurements per specimen.  The radial face was chosen because the latewood and early 

wood bands were closely spaced; hence, increasing the probability of including both 

early wood and latewood within the 7 mm sapphire window (Thumm and Meder, 2001).  

In addition, the specimen was repositioned slightly after each spectral measurement to 

ensure sampling of both early wood and latewood.  Prior to multivariate analysis, the four 

spectral measurements were averaged producing one spectrum per specimen. 

 

Multivariate Statistical Analysis 

 Multivariate analysis was performed using the Unscrambler® version 7.6 

(CAMO, Corvallis, OR).  This statistical software package includes Principal Component 

Analysis (PCA) and Partial Least Squares (PLS) Regression capabilities.  The 

Unscrambler® software is well suited for modeling spectral data and for handling large 

data sets (Thumm and Meder 2001; Gindl et al. 2001 and 2002; Rials et al. 2002a and 

2002b; Thygesen 1994; and Kludt et al. 2003).  Prior to analyses, two-thirds of the data 

were randomly selected to develop the calibration models and the remaining one-third 

was used to validate the models.  The data were first grouped and analyzed by location, 

and then combined and analyzed as one large data set.    
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Once the data were imported into the software, the NIR spectra were combined 

into a predictor variable vector, which contained 1500 wave numbers separated at 1 nm 

intervals (X-matrix).  When dealing with multivariate calibration it is often most difficult 

to determine which method to use, PLS or Principal Component Regression (PCR).  

Statisticians often prefer PCR because it is well studied and defined.  However, PLS is 

preferred by applied data analysts because it is direct and effective.  PLS produces less 

complex results while using fewer factors, therefore the resulting information is easier to 

interpret.  For this study, PLS regression was used to develop the correlations between 

the spectral data and the mechanical properties of the wood.  Specifically, PLS-1 

regression was used to predict only one response variable (MOR) from the spectral 

matrix.  

Another statistical modeling software package, SAS, was used to verify the 

Unscrambler® results.  Spectral data were preconditioned (centered) to facilitate the 

comparison between the two software packages.  Both products have features for scaling 

the data (by 1/standard deviation), but this can accentuate problems with noisy data 

(Esbensen 2000).  Mean centering allows the results to be interpreted in terms of 

deviations from the average, and is recommended (Unscrambler® user manual, 1998).  

Throughout this study, all data were mean-centered, but not scaled.  The resulting model 

parameters from both software products were identical. 

  Each objective of the study was tested similarly using three different predictive 

combinations in order to illustrate the effectiveness of each NDT alternative.  The first 

combination considered with the Unscrambler® was the prediction of MOR using only 

the measured infrared spectra.  This will show how well the infrared spectra can predict 
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strength.  Next, simple linear regression calculations of MOR vs. MOE were conducted 

to simulate current NDT practice, which was then used for comparison with the NIR 

results.  Lastly, the prediction of MOR using the combination of MOE and infrared 

spectra was done to illustrate the marginal benefit of adding infrared inspection to current 

industry methods for predicting the strength of wood.  This procedure was used for the 

salvaged wood groups as well as for the recently manufactured wood model. 

 

 

RESULTS AND DISCUSSION 

Flexural Testing 
 

 The modulus of elasticity (MOE) and modulus of rupture (MOR) data obtained 

from the ASTM D143 flexural testing are summarized in Table 2-1.  The average MOR 

and MOE for all of the specimens were 91.0 MPa and 13.5 GPa, respectively.  The 

majority of the lumber tested was Douglas-fir (approximately 94%); therefore, only 

Douglas-fir published values will be used for comparison.   According to ASTM D2555 

(ASTM 2002) the clear wood flexural properties for dried, interior north type Douglas-fir 

are 90 MPa (MOR) and 12.3 GPa (MOE).  Therefore, the values acquired during the 

flexural testing of the air-dried specimens are comparable to ASTM published values.     
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TABLE 2-1.  Summary of MOE and MOR calculations obtained during flexural testing. 
 

Seattle, WA 94 13500 18.7% 87.0 16.2%

Oakland, CA 113 15200 16.9% 98.0 15.7%

Twin Cities, MN 97 13900 15.1% 92.0 14.9%

Fort Ord, CA 112 12100 24.9% 88.0 21.9%

ALL 416 13500 21.2% 91.0 18.3%

Location Number of 
Samples Average 

(Mpa)

MOE 
COVAverage 

(MPa)

MOR 
COV

 
 

 

Near Infrared Spectroscopy 

Near infrared spectral measurements were collected for every specimen from each 

of the four locations.  The raw spectra were averaged for each location and are plotted in 

Figure 2-2.  The raw spectral data for each location are similar for various reasons: (a) all 

specimens from each location were averaged to create one spectra per location; (b) they 

are all predominately Douglas-fir and thus, of similar chemical composition; (c) all were 

kept in a humidity-controlled chamber at 12% moisture content prior to collecting the 

NIR spectral data; and (d) all spectral measurements were collected on clear specimens, 

which limits the affects of colorful defects like extractives and knots.  There are small, 

subtle differences between each specimens individual spectra and that is why multivariate 

analysis techniques must be used to decipher the complicated information built into the 

spectra.  
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FIGURE 2-2. Graphical representation of the average raw spectra for each of the four 
locations. 

 

Multivariate Statistical Analysis 

Prior to Partial Least Squares (PLS) regression, a Principal Component Analysis 

(PCA) was conducted on the raw spectral data to check for drift in the spectrometer and 

ensure that the spectral data were reasonable.  For example, because the spectra were 

collected over several days it is possible to see a group of outliers that may have resulted 

from problems with the spectrometer on a given day.  Therefore, individual interpretation 

of the PCA results will help to identify any irregularities.  PCA is considered the most 

basic of all multivariate data analysis tools and involves decomposing one data matrix 

into two parts, structure and noise (Esbensen 2000).  Figure 2-3 is a score plot of 

Principal Component 1 vs. 2 based on an eight-factor model created using raw spectral 

data of all four locations combined.  A score plot contains two score vectors which act as 

“footprints” of the objects projected onto the Principal Components (Esbensen 2000).  
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Score plots are particularly useful for outlier identification, as well as exploration of 

groups and trends.  In this case, the specimens are predominately Douglas-fir and they 

were all conditioned to 12% moisture content.  Therefore, minimal grouping by species 

and moisture content has occurred.  This PCA plot also illustrates that the spectral data 

are reasonable in that there was virtually no drift in the spectrometer during the data 

collection. 
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FIGURE 2-3. Principal Component score plot based on an eight-factor model created 
using raw spectral data from all four locations combined.  
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Partial Least Squares Regression 

Partial least squares regression was used to relate the NIR spectral data to the 

bending strength (MOR) of salvaged clear wood.  The Root Mean Square Error (RMSE) 

is a direct measurement of the prediction error and the modeling error in Y, respectively.  

The RMSE expresses the average error to be expected with future predictions and is a 

good measure of how good the model is (Esbensen 2000).  Table 2-2 contains predictive 

correlations and RMSE values based on an eight-factor model developed using the raw 

spectra from each location combined.  Note that only the data used to validate the model 

(i.e. one-third of total data) are included to describe the quality of the model.  

Comparisons between MOR predictions developed using MOE, NIRS, and a combination 

of MOE and NIRS as predictor variables.  In general, the predictions from each case are 

similar to one another with the combined approach having the best predicative 

capabilities.  For example, the correlations developed using NIRS (R = 0.795; RMSE = 

9.4 MPa) were slightly lower than those produced using MOE (R = 0.816; RMSE = 9.0 

MPa), and as expected, both were less than the combined model (R = 0.864; RMSE = 7.8 

MPa).  As stated previously, NDT methods for in situ applications are often limited by 

complex structures with localized access to members.  Based on the results from this 

study, it can be seen that the prediction capabilities of NIRS may be well suited for 

inspection purposes.  For instance, a localized NIRS measurement would be less 

restricted by complex structures assuming that the surface of the desired member could 

be planed or sanded to remove contaminates.  In nearly every case, flexural strength 

predictions from the NIRS technique were comparable to stiffness-based methods and 

may be favored in situations where localized measurements are required.   
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TABLE 2-2. Correlations with respect to MOR, based on an eight-factor model developed 
using the raw spectra from all four locations.  All RMSE values shown are in MPa. 
 

Seattle, WA 31
Oakland, CA 38

Twin Cities, MN 32
Fort Ord, CA 37

ALL 138

0.737 (7.8)
0.922 (8.4)
0.864 (7.8)

R (RMSE) R (RMSE)
0.919 (7.1)
0.834 (7.8)

0.816 (9.0)

0.820 (9.3)

0.702 (8.3)
0.756 (9.0)

0.837 (10.8)
0.795 (9.4)

0.868 (7.9)
0.786 (8.7)
0.694 (8.1)
0.916 (7.9)

(a) Stiffness Approach (b) NIRS Approach (c) Combined Approach

Location Test 
Set

MOR vs. MOE MOR vs. Spectra MOR vs. MOE + Spectra
R (RMSE)

 

 

It was hypothesized that a combination of the two methods would produce the 

most accurate predictive capabilities.  It can be seen that the combination of MOE and 

infrared spectra produced slightly higher R-values than the MOE method in almost every 

case; however, the practical benefits are questionable.  These results are similar to those 

found by Kludt et al. (2003), where tests were preformed on recently manufactured wood 

to determine the effectiveness of NIRS as a NDT predictor of mechanical properties.  

Both studies observed slight increases in predictive capabilities when NIRS was 

combined with MOE.  It is possible that combining NIR and stress wave methods will 

lead to more robust NDT for field applications.  These results encourage the research and 

development of a combined NDT alternative, which utilizes stiffness measurements as 

well as NIRS measurements in order to increase the overall accuracy of predictions.  This 

may lead to increasingly accurate predictions of mechanical properties of both recently 

manufactured wood as well as in-place wood.  Figure 2-4 is a graphical representation of 

the actual MOR vs. the predicted MOR for each case described in Table 2-2.   
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FIGURE 2-4. Graphical representation of the regression results (MOR vs. MOE; MOR vs. 
NIRS; and MOR vs. MOE and NIRS) based on the validation set of the raw spectral data 
combined from each location.  
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Model developed using Recently Manufactured Lumber 

 Salvaged wood MOR predictions were made using a model developed from 

recently manufactured lumber (Kludt et al. 2003) in order to examine the robust 

capabilities of the NIRS technique.  In other words, using NIRS to predict mechanical 

properties of specimens taken from outside the sample space that was used to create the 

model.  Table 2-3 provides a comparison of R-values that were calculated using a model 

developed from recently manufactured lumber.  The recently manufactured lumber model 

contains 256 samples of various inland northwest species that was used for research in 

near infrared spectroscopy.  A calibration model was created using the Unscrambler® 

software with unscaled, and mean-centered data exactly the same way that the previous 

models were done.  This model was then used to predict the salvaged lumber validation 

sets of each location as well as for the validation set of all locations combined.  For this 

case, results developed using the recently manufactured lumber model were compared to 

the previous results, which used the salvaged wood model.  Only the case of MOR vs. 

NIRS was examined.  It can be seen that using a manufactured wood model that was 

made using only infrared spectra to predict the MOR of the salvaged wood, produced 

similar results to those from the salvaged wood model.  For example, the infrared spectra 

yielded predictive R-values of 0.722 (RMSE = 14.8 MPa) for the combination of all five 

locations.  This is comparable to the 0.795 (RMSE = 9.4 MPa) that was obtained using 

the model developed from salvaged wood only (Table 2-3).  Based on these results, and 

the empirical nature of NIRS, it would be beneficial to expand the database to incorporate 

a broad range of wood chemistry, anatomy, and physical properties.  Therefore, the 

database would independent of species, location/origin, age, stress history, moisture 
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content, etc.  Preliminary results show NIRS appears to be statistically robust, but further 

research and larger data sets are required to determine all boundaries and limitations. 

   

TABLE 2-3. MOR predictions for salvaged lumber using model from recently 
manufactured lumber compared to similar predictions made using the salvaged wood 
model.  All RMSE values shown are in MPa. 
 

Salvaged Model Recently Manufactured Model
R (RMSE)  R (RMSE)

Seattle, WA 31 0.820 (9.3) 0.768 (15.6)
Oakland, CA 38 0.756 (9.0) 0.676 (14.0)

Twin Cities, MN 32 0.702 (8.3) 0.598 (13.7)
Fort Ord, CA 37 0.837 (10.8) 0.754 (15.7)

All 138 0.795 (9.4) 0.722 (14.8)

Test setGroup

 

 

Practical NDT system 

 One objective of this research is to make recommendations for a practical NDT 

system.  The results from this study in regard to the predicting capabilities of NIRS have 

been promising.  It can be seen that the NIRS results were comparable to the MOE 

results.  In other words, NIRS could act as a substitute in cases where stiffness 

measurements are either difficult to obtain or the accuracy is in question.  For example, 

specimens from in situ environments offer only localized access, which is well suited for 

NIRS, but not stiffness measurements.  Another example could be if wood damage is 

suspected from incipient decay on the surface or high temperature exposures.  This may 

not affect stiffness measurements much and therefore stress wave techniques may not be 

best.  However, NIRS is a direct measure of chemical constituents and thus would be 

more sensitive to the surface damage and would produce results that are accurate and 
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representative of the actual strength of the specimen.  One aspect of NIRS that must be 

considered before it can become a practical NDT solution is cost.  NIRS machinery 

ranges from full sized lab equipment to portable hand-held units.  Therefore, there is a 

wide variety in both cost and quality.  For instance, SCIOPT enterprises offer hand-held 

units starting at $2,300 (limited spectral range 250-850 nm or 500-1100 nm) up to 

$14,950 (larger spectral range 900-1700 nm with increased resolution).  The cost of a 

research grade, fully upgradeable FT-IR spectrometer (like the Thermo Nicolet Nexus 

670 used for this study) is much more expensive (approximately $130k).  However, 

research has shown promising predictive ability even with limited spectral range (Rials et 

al. 2002b, and Kludt et al. 2003).  Therefore, depending on the intended use and required 

accuracy of the measurements, the cost of the instrument should not be the controlling 

issue. 

 

SUMMARY AND CONCLUSIONS 

 This study shows the potential for using NIRS as a feasible strength predictor of 

salvaged wood.  MOR and MOE data were obtained via flexural testing as per ASTM 

D143 and were correlated with the spectral data using Unscrambler® software.  

Numerous comparisons of a stiffness-based method (MOE) with both, infrared spectra 

alone and infrared spectra combined with MOE, were done to evaluate NIRS as an NDT 

method for determining the strength of salvaged wood.  Based on the results found in 

Tables 2-2 and 2-3, it can be seen that NIRS is a comparable NDT method.  Though it 

may not be significantly better than current stiffness methods, it may be favored in 

situations with localized access to members.  The results obtained from using a model 
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that was developed from recently manufactured wood to predict the strength of salvaged 

wood that has been in service for approximately 60 years were also interesting.  Based on 

these results, and the empirical nature of NIRS, it would be beneficial to expand the 

database to incorporate a broad range of wood chemistry, anatomy, and physical 

properties.  Therefore, the database would be inclusive of species, location/origin, age, 

stress history, moisture content, etc.     
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CHAPTER 3: NONDESTRUCTIVE EVALUATION OF DOUGLAS-FIR CLEAR 

WOOD, KILN-DRIED AT VARIOUS TIME-TEMPERATURE REGIMES 

 
 

ABSTRACT 
 

Near infrared spectroscopy (NIRS) is a promising nondestructive evaluation 

technique for wood and other organic materials.  For this study, clear wood specimens 

were cut from small diameter Douglas-fir timbers dried at various temperatures (air-

dried, 71°-82° C, and 116° C).  Kiln drying wood is an essential step in the processing of 

lumber, yet it dramatically slows throughput and involves high-energy consumption.  

There is a need to fully understand how drying time and temperature schedule affect the 

mechanical properties of wood in order to facilitate better decisions during the lumber 

drying process.  NIR spectra and flexural test data were collected for each specimen and 

analyzed using multivariate statistical analyses to determine how well NIRS predicts the 

flexural mechanical properties of kiln-dried lumber.  Flexural testing produced average 

MOR and MOE values for the air-dried specimens of 92 MPa and 11270 MPa, 

respectively.  The conventional (71°-82° C) and the high (116° C) temperature schedules 

produced strength values approximately 3-6% less than the air-dried in all cases.  Overall, 

kiln drying had little affect on the mechanical properties of small, clear wood Douglas-fir 

specimens, which was consistent with past literature.  This paper also offers discussion 

regarding overly sensitive multivariate models and potential problems associated with 

them.  Finally, data that displayed a wide variation of wood chemistry, anatomy, and 

physical properties from three separate NIRS studies were combined into one large 
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database (1197 specimens).  The resulting NIRS flexural strength predictions were 

equivalent to stiffness-based methods. 

 
INTRODUCTION 

 
Near infrared spectroscopy (NIRS) is a fast growing technique for the 

nondestructive evaluation (NDE) of organic materials.  Through the use of various 

spectral analysis methods the NIRS technique appears well suited for the testing of an 

assortment of physical and chemical properties.  Bokobza (1998) explains how NIRS has 

found success as a tool for research in the food, agriculture, pulp, paper, petroleum and 

pharmaceutical industries.  This is because NIR spectra contain a great deal of physical 

and chemical information about molecules especially those materials that contain C-H, 

O-H, and N-H chemical functional groups.  For this reason, NIRS techniques have shown 

promise as a nondestructive evaluator of the properties of wood based materials.   

 When a molecule absorbs infrared radiation, the individual molecular bonds 

become excited and begin to vibrate.  This vibration produces a rise in absorption bands, 

which correspond to different combinations of the fundamental chemical functional 

groups.  NIR spectra can be complex because the absorption bands are often the result of 

many overlapped peaks, which makes individual band assignments difficult (Bokobza 

1998; and Ozaki et al. 2001).  Therefore, quantitative spectral interpretation requires the 

use of multivariate statistical techniques.  Recent advances in portable spectroscopy 

instruments, multivariate statistical methods, and software, have contributed to the 

expansion and popularity of NIRS as a NDE technique for many field applications.  

Previous studies have evaluated the capability of NIRS as a predictor of 

mechanical properties for recently manufactured wood and have produced favorable 
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results (Hoffmeyer and Pederson 1995; Thumm and Meder 2001; Schimleck et al. 2001a 

and 2001b; and Kludt et al. 2003).  Due to the broad predicting power of NIRS, many 

other studies involving the prediction of wood properties have been conducted.  Some of 

these predictions include: compression wood effects on density and strength (Gindl et al. 

2001); property development in medium density fiberboard panels (Rials et al. 2002a and 

2002b); grain angle in wood (Gindl and Teishinger 2002); pulp yield in plantation 

eucalypts trees (Sefara et al. 2000); basic density of milled cores from standing eucalypts 

trees (Schimleck et al. 1999); and rapid determination of chemical composition and 

density of pinus radiata (Meder et al. 1999).  One research topic that has not been studied 

is the use of NIRS to predict the mechanical properties of lumber that has been kiln-dried 

under various time-temperature regimes. 

Drying wood is a crucial step to add value in the processing of lumber, and is 

increasingly being demanded by the consumer.  However, the drying process is a limiting 

bottleneck in most lumber mills.  Kilns are limited in size and drying time can vary 

dramatically depending on schedule and target moisture content, therefore throughput is 

an issue.  Other unfavorable aspects of kiln drying include high-energy consumption and 

environmental implications.  One preliminary solution to both problems was to reduce 

drying time by increasing drying temperature.  Unfortunately, extreme temperatures can 

create residual stresses in the wood, which lead to shrinkage, checking, warping, and 

splitting (Lee and Jung 2000).  These resulting defects can decrease the strength of 

structural lumber significantly (Eddy and Graham 1955, Graham 1957, and Kozlick 

1982).  There is no reported literature on using NIRS to predict the mechanical properties 

of wood that has been kiln dried at various schedules.  Presumably, the NIR spectra will 
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change as the chemical constituents of the wood change under the different drying 

conditions.  If so, the resulting empirical information may facilitate better decisions 

during the lumber drying process. 

 The first objective of this study was to verify how drying schedule affects the 

flexural properties of Douglas-fir clear wood specimens cut from small diameter Inland 

Northwest trees.  The second objective for this study was to determine the relationship 

between the flexural properties and the NIR spectra of lumber dried over three ranges of 

temperatures: 1) air-dried, 2) 71°-82° C (160°-180° F), and 3) 116° C (240° F).  The final 

objective of this study was to expand on a database using specimens from three separate 

research projects with varying chemical, mechanical, and physical properties in order to 

facilitate more robust NIR techniques. 

 
 

LITERATURE REVIEW 

Near Infrared Spectroscopy 

There have been numerous studies conducted which deal directly with the use of 

near infrared spectroscopy for predicting wood properties.  This review will focus only 

on articles that directly involve NIRS techniques for predicting MOR, MOE, and 

moisture content.   

In 1995, Hoffmeyer and Pedersen conducted a study, which used NIRS to predict 

various properties of Norway spruce including moisture content, density, compression 

strength, and MOR, along with chemical and biological degradation effects.  Density, 

moisture content, and compression strength test specimens were 20 by 20 by 60 mm 

while the flexural tests were conducted using 45 by 90 by 1800 mm structural timbers.  
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NIR spectral measurements were collected using a Quantum 1200I Plus spectrometer 

from LT Industries with wavelengths ranging from 1200 nm to 2400 nm.  Two spectral 

measurements were collected from each specimen and averaged prior to multivariate 

analysis.  Calibration models were developed using partial least squares (PLS) regression 

and principal component regression (PCR).  Linear correlations were then used to 

evaluate the predictive capabilities of the models.  Results were presented in terms of the 

coefficient of determination (R2) for each of the various properties vs. the NIR spectra.  

Density (R2 = 0.76), compression strength (R2 = 0.92), and biological degradation (R2 = 

0.81) correlated well with the NIR spectra.  Moisture content of wood below the fiber 

saturation point (FSP) was predicted with excellent accuracy (R2 = 0 .99), but their study 

did not include moisture contents above the FSP (i.e. green wood).  Modulus of rupture 

results (R2 = 0.29) were lower, yet comparable to the annual ring width technique that 

was used at that time.  This, however, was expected because the strength of structural 

sized lumber is dependant on natural defects including knot size, grain angle, and 

compression wood.   

 In 2001, Thumm and Meder studied the use of NIRS to predict the modulus of 

elasticity (MOE) of clear wood radiata pine specimens.  For the study, 486 samples were 

randomly selected and cut to 20 by 20 by 300 mm clear wood specimens and allowed to 

equilibrate at 12% moisture content.  NIR spectral measurements were collected using a 

Foss NIRSystems 6500 instrument using a remote reflectance accessory covering both 

the visible and near infrared range (400 nm to 2500 nm).  Spectral measurements 

averaged over the length were collected on either one tangential face or one radial face by 

moving the samples across the surface of the remote reflectance head.  PLS regression 
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was preformed using The Unscrambler® Version 7.01 (CAMO A/S, Norway).  Results 

show that spectra collected on the radial face had higher predictive capabilities than those 

from the tangential face (R2 = 0.71 vs. 0.62) and with the use of fewer factors (6 vs. 8).  

One explanation could be that because the radial face contains both early wood and 

latewood, the resulting spectra provide a better representation of the entire specimen.  

Other comparisons indicate that NIR light predicts better than visible light (R2 = 0.72 vs. 

0.59) and first derivative spectra predicts better than raw and second derivative spectra 

(R2 = 0.74 vs. 0.71). 

 Rials et al. (2002a) used NIRS to identify the source of property development in 

medium-density fiberboard (MDF) panels.  The NIR spectral measurements were 

collected using an ASD Field Spec spectrometer from Analytical Spectral Devices 

(Boulder, CO) with wavelengths ranging from 350 nm to 2500 nm.  Two spectral 

measurements were collected from separate locations near the center of both the tension 

and compression face of the samples with a fiber optic probe accessory oriented 

perpendicular to the sample surface.  All spectral measurements were averaged prior to 

multivariate statistical analysis, which was preformed using The Unscrambler® Version 

7.1 (CAMO, Corvallis, OR).  Results indicated good correlations between NIR spectra 

and MOR (R2 =0 .82), MOE (R2 = 0 .80), internal bond strength (R2 = 0 .76), and resin 

content (R2 = 0 .80).  The discussion highlights the importance of the regression 

coefficients that are generated during a PLS regression model by stating that regression 

coefficients can be used to relate chemical features in the NIR spectra to physical 

properties of interest.  This idea suggests that there are identifiable chemical features, 

which drive the correlations. 
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 Schimleck et al. (2001a) used NIRS to estimate the density, longitudinal modulus 

of elasticity (EL), microfibril angle (MFA), and MOR of 104 Eucalyptus delegatensis 

clear wood samples.  The samples were allowed to equilibrate to 12% moisture content 

and cut to a 20 by 20 by 300 mm specimen size.  NIR spectral measurements were 

collected on the radial face using a NIRSystems 5000 scanning spectrophotometer at 2 

nm intervals over a range of 1100 nm to 2500 nm.  One spectra was collected for each 

specimen and used for PLS regression with NSAS® Version 3.52 software.  Calibration 

models were developed with both raw and second derivative spectra with results favoring 

the second derivative spectra.  Predictive correlations for both MOR and EL vs. NIR 

spectra were good with R2 values of 0.80 and 0.88, respectively.  This study suggests that 

robust NIR spectrometers are available for industrial applications and may help in 

producing a wide-ranging testing service based on calibrated spectroscopy 

 More recently, Thumm et al. (2002) investigated the full-scale commercial use of 

NIRS to assess green timber stiffness at an early stage in the sawmill and ultimately lead 

to optimal sawing patterns and minimized downgrading.  A total of 185 cants were 

randomly removed from the material flow and scanned by moving the Bruker Matrix-F 

NIR instrument (1000 to 2500 nm range) such that the scans coincide with the centers of 

the recovered boards.  Each cant was then returned to the material flow where it was 

machined to 90 by 45 mm and run through an in-line machine stress grader.  Three-point 

bending tests were also done to accurately determine the long span MOE.  PLS 

regression was used to relate NIR spectral data to the long span MOE results and 

correlations were R2 =0.54 (big logs) and R2 =0.57 (small logs).  The segregation of cants 

based on NIRS decisions produced different distributions for the stiffness of the central 
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board and thus approximately 50% of the central board was recovered for structural 

lumber.  Overall, the small data set does not include all possible variation and requires 

further research.  

 Kludt et al. (2003) used NIRS and multivariate statistical analysis techniques to 

develop statistically robust prediction models for the mechanical properties of 

commercially relevant Inland Northwest wood species (Douglas-fir, grand-fir, and lodge 

pole pine).  An initial sample size of 613 clear wood specimens (25 by 25 by 400 mm) 

was reduced to 256 specimens because of difficulties associated with finding truly clear 

pieces from small diameter trees.  Results from this study were good with R-values of 

0.86 (MOR) and 0.90 (MOE).  Further results showed that first derivative pre-treated data 

produced slightly better results than the untreated raw spectral data.  Also, models created 

from individual species showed no improvements in predictability over the combined 

data set. 

 

Kiln Drying 

 Many kiln-drying studies were conducted in the late 1950s and early 1960s to 

determine the benefits of using dried lumber vs. green lumber for structural applications.  

This review will focus on studies that observed how kiln-drying schedule affects the 

mechanical properties of small, clear wood specimens. 

 Eddy and Graham (1955) air-dried, kiln-dried, and organic-vapor-dried Douglas-

fir clear specimens in order to examine the effects of various temperatures on drying rate, 

MOR, MOE, hardness, work to proportional limit, work at maximum load and 

hygroscopicity.  The study was conducted to examine the effect on the strength of 50 by 
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50 by 1040 mm Douglas-fir clear specimens.  The specimens were, air-dried, kiln-dried 

with a mild schedule (temperature varied from 46°-60° C), or dried in the vapors of three 

organic liquids at high temperatures.  The strength results indicate that there was no 

significant difference in the strength properties of the air-dried and kiln-dried materials.  

MOR results ranged from 1.77 to 1.69 (ratios of dry to green strength) for air-dried and 

kiln-dried, respectively.    

In 1957, Graham conducted a follow-up study to the one done in 1955 where he 

air-dried, kiln-dried, and organic-vapor-dried Douglas-fir structural timbers in order to 

examine the effects of various temperatures on drying rate, checking, strength, and 

hygroscopicity.  Full size 50 by 200 mm by 3.05 m, coast-type Douglas-fir timbers as 

well as 25 by 25 by 406 mm small, clear specimens (cut from the timbers) were tested in 

bending and results were compared between different drying schedules and green pieces.  

The wood was dried from an initial moisture content of 34% down to 16% in 25 hours at 

104° C (220° F), in 7 days at 94° C (202° F), in 11 days at 67° C (153° F), and in 63 days 

of indoor air drying.  The results from the full size timber testing showed that the air-

dried timbers were 39% higher in MOR and 43% higher in MOE than were green 

timbers.  Also, the timbers lost 15% or more of their strength when dried at the higher 

temperature conditions.  However, for the 25 by 25 by 406 mm clear specimens, there 

was no significant difference MOR and MOE that could be attributed to drying 

conditions or locations of specimens.  A kiln-drying temperature of 67° C was 

recommended for Douglas-fir timbers despite the fact that it requires 50% more time than 

the was needed at 94° C. 
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 Mitchell and Barnes (1986) studied the results of mechanical testing performed on 

small, clear specimens cut from full-size dimension stock previously treated with CCA 

and re-dried at either 88° C (conventional) or 116° C (high temperature).  Note that the 

term re-dried refers to drying the lumber following the application of preservative 

treatments.  A total 318 pieces of No. 1 or Better Southern Pine dimension lumber were 

dried and cut into 25 by 25 by 406 mm clear wood specimens for static bending tests.  

The results from this study indicate that average MOE was similar for all three cases of 

air-dried, conventionally dried, and high-temperature dried.  The average MOE values for 

the high-temperature and conventional schedules were only 6.6% and 4.1% lower than 

the air-dried control group.  The average MOR values, on the other hand, saw reductions 

of 11% and 13% from the control group for the conventional and high-temperature 

schedules, respectively.  The strength reduction differences between the conventional and 

high-temperature schedules were minimal at approximately 2%.  

 

MATERIAL AND METHODS 

Samples 

 The presence of natural growth characteristics such as knots and slope of grain 

can mask possible relationships between NIR spectra and bending strength.  Therefore, 

this study focuses on predicting clear wood bending strength.  Once the clear wood 

properties of a specimen from an in situ environment is deemed acceptable based on 

comparison with values published in ASTM D2555 (ASTM 2002), then the grade of the 

member can be determined through visual inspection.  Furthermore, design values can be 

obtained from code-recognized specifications. 
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  A sample of 215 pieces of Douglas-fir lumber with dimensions of 50 by 100 mm 

by 3.66 m (2 by 4 in by 12 ft) were obtained from a mill in Western Idaho.  Each piece 

was then cut into thirds to create three matched sample sets for drying.  In other words, 

each twelve-foot piece contributed one specimen to each group. 

Small green clear wood specimens were cut from the Group A samples and were 

kept green during the collection of the NIR spectral data.  Method A – Primary Oven 

Drying of ASTM D4442 (ASTM 2002) was followed in order to determine the moisture 

content of the green pieces from group A.  This was done to ensure that the specimens 

were near or above the fiber saturation point of approximately 30%.  Specimens were 

weighed before and after drying, and then moisture content was calculated according to 

the following Equation 3-1. 

 

     ( ) 100(%) ∗
−

=
B

BAMC                                              Equation 3-1 

where: 
A = original mass (g) 
B = oven-dry mass (g) 
 

 

Then, the group A specimens were placed in a humidity control room (21° C, 

65% RH) with a target moisture content of 12%.  Then NIR spectral measurements were 

collected again and used for comparison throughout the study.   

Group B was kiln dried at a dry bulb temperature of 116° C (wet bulb 

approximately 94° C) for fifteen hours to represent a high temperature-drying schedule.  

Group C was kiln dried at a dry bulb temperature of 71° to 82° C (wet bulb 

approximately 68° C) for forty-eight hours to represent a conventional low temperature-
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drying schedule.  Once dried, small clear wood specimens were cut from groups B and C 

and NIRS spectral measurements were collected.   

All small, clear specimens were cut to a 25 by 25 by 406 mm (1 by 1 by 16 in) 

size according to the secondary method of ASTM D143 (ASTM 2002).  All specimens 

were examined and those with defects such as knots, slope of grain greater than 1:20, and 

compression wood were excluded from the study.  It should be noted that is was difficult 

to obtain small clear specimens from lumber manufactured from the small diameter 

timbers common to the Inland Northwest.  The resulting clear wood group sizes were 

128, 141 and 129 specimens for groups A, B, and C, respectively.  All specimens were 

kept in a humidity control room (21° C, 65% RH) with a target moisture content of 12%. 

for several weeks. 

 

Flexural Testing 

  Flexural testing was completed according to the secondary method of ASTM 

D143 (ASTM 2002) using an Instron (Model 4466) Universal Testing Machine.  

Modulus of rupture (MOR) and modulus of elasticity (MOE) were determined for each 

specimen during testing using a LabVIEW (version 6.1) data acquisition system.  With 

this method, the clear wood specimens were tested to failure through center point loading 

over a span of 356 mm (14 in) as shown in Figure 3-1.  ASTM D143 was followed, 

except that the specified deflection rate of 1.27 mm (0.05 in)/min. was modified to 2.54 

mm (0.1 in)/min. to achieve failure in approximately five minutes.  In addition, deflection 

was measured via the displacement of the load head.  Therefore, it is important to note 
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that localized deflection at the supports and under the load head may have resulted in 

slightly lower MOE values.   

 

FIGURE 3-1.  ASTM D143 flexural testing using an Instron Universal Testing Machine. 

 

Specific Gravity 

  Specific gravity measurements were collected for each specimen in accordance 

with Method A – Volume by Measurement of ASTM D2395 (ASTM 2002).  For this 

study, approximately 75 mm (3 in) long sections were cut from each clear specimen and 

length, width, thickness, and original mass were recorded.  Again, ASTM D4442 (ASTM 

2002) was followed to oven-dry each section and determine the moisture content 

according the Equation 3-1.  The following Equation 3-2 was then used to determine 

specific gravity based on volume measured at 12% moisture content. 
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where: 
K = 0.061, constant when weight is in g and volume is in in3 
W = weight of specimen (g) 
M = moisture content of sample (%) 
L = length of specimen (in) 
w = width of specimen (in) 
t =thickness of specimen (in) 
 

 

Near Infrared Spectroscopy 

Near infrared spectral measurements were collected using a Nicolet Nexus 670 

FT-IR spectrometer equipped with a Thermo Nicolet Smart Near-IR UpDrift probe, as 

shown in Figure 3-2.  Specific accessories for this configuration include: a liquid nitrogen 

cooled Thermo Nicolet MCT/A detector, an XT-KBr beam splitter and a Tungsten-

Halogen white light source.  The above detector, beam splitter, and white light source 

combination is best suited for a spectral range of 900 to 16500 nm, which surrounds the 

NIR region used for this study.  The UpDrift probe is a top loading diffuse reflection 

accessory with a sapphire window that allows for a 7 mm sampling diameter (Nexus 670 

User’s Guide, 1999).  The manufacturer requires a purge rate of 30 scf h-1 throughout the 

system to ensure that the MCT/A detector remains dry.  The spectrometer also requires 

that a reference background be taken over a set interval to account for any internal errors 

that may develop.  In this case, the background was accomplished every ten minutes 

using a white ceramic standard.  Spectral absorbance values were collected at 1 nm 
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intervals over a range of 1000 nm to 2500 nm.  Thermo Nicolet OMNIC FT-IR software 

was used to process and output the spectral data. 

 

 
FIGURE 3-2.  Nicolet Nexus 670 FT-IR setup.  Specimen oriented such that a radial face is 
in contact with the infrared sampling window. 
 

Each specimen was planed using a jointer with sharpened knives to produce a 

clean, smooth cut.  This was done to ensure that any dirt or other contaminants on the 

surface of the specimen would be removed to minimize bias in the spectral 

measurements.  Each spectral measurement was the result of 40 averaged scans.  Two 

spectral measurements were taken on a radial face of the specimen and averaged prior to 

multivariate analysis to produce one spectral measurement per specimen.  The radial face 

was chosen because the latewood and early wood bands were closely spaced; hence, 

increasing the probability of including both early wood and latewood within the 7 mm 

sapphire window (Thumm and Meder, 2001).  In addition, the specimen was repositioned 
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slightly after each spectral measurement to ensure sampling of both early wood and 

latewood.   

 

Multivariate Statistical Analysis 

 Multivariate analysis was performed using the Unscrambler® version 7.6 

(CAMO, Corvallis, OR).  This statistical software package includes Principal Component 

Analysis (PCA) and Partial Least Squares Regression (PLS) capabilities.   

The Unscrambler® software is well suited for modeling spectral data and for handling 

large data sets (Thumm and Meder 2001; Gindl et al. 2001 and 2002; Rials et al. 2002a 

and 2002b; Thygesen 1994; and Kludt et al. 2003).  Prior to analyses, two-thirds of the 

data were randomly selected to develop the calibration models and the remaining one-

third was used to validate the models.  The data were analyzed separately by group using 

PLS-2 methods and then combined into one large data set for further analysis.   

Once the data were imported into the software, the NIR spectra were combined 

into a predictor variable vector, which contained 1500 wave numbers (X-matrix).  PCA 

was done for the combined data set including all specimens from each drying group in 

order to look for trends and/or data clustering and to ensure that there was no drift in the 

spectrometer.  Individual PCA analyses were conducted for each drying group in order to 

identify possible outliers in the data.   

The second phase of the multivariate statistical analysis used PLS-2 regression 

methods to develop the correlations between the spectral data (X-matrix) and the 

mechanical properties (i.e. MOR and MOE) of the specimens (Y-matrix).  PLS-2 allows 

two response variables to be projected against the NIR spectral data at the same time and 
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is favored when the response variables are highly correlated (i.e. MOR and MOE).  In 

each case, all of the data (X and Y matrices) were mean-centered.  However, only the 

mechanical properties (Y-matrix) were scaled by a factor of 1/standard deviation.  This 

was done in order to make the variables more comparable and reduce the chance of 

allowing one variable to dominate over the others based solely on its range.  The main 

reason that the spectral data were not scaled by 1/standard deviation is because in 

spectroscopy, scaling and standardizing may result in losing the interpretability of the 

loading plots because of over emphasized noise (Esbensen 2000).  This procedure was 

followed for both the raw spectral data as well as the first derivative spectral data.  

Differentiation of the spectral data was accomplished using the Savitsky-Golay (S-G) 

method, which computes the derivative based on a polynomial approximation of the 

curve.  Five data points were used on each side of the data point and a second-degree 

polynomial was used for fitting the curve.   

Calibration models were created using all of the data from each group and then 

used to predict the mechanical properties of the entire data set as well as each individual 

temperature group.  Further analysis was done by combining the NIRS data from three 

separate studies in order to create a large database that contains a broad range of species, 

chemical features and physical properties.  This was done to evaluate the capabilities of 

NIRS as a statistically robust prediction tool. 
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RESULTS AND DISCUSSION 

Moisture Content 

 The moisture content of each green piece from group A was measured according 

to ASTM D4442 (ASTM 2002) with, the resulting moisture contents ranging from 22.9% 

to 140.4% with an average of 58.7%.  The statistical results are summarized below in 

Table 3-1.  Considerable variation was observed in the moisture content data, as 

expected.  Fifteen of the specimens were below the approximate fiber saturation point of 

30% moisture content.  Table 3-2 contains the moisture content data collected for every 

sample after flexural testing.  These samples were kept in a humidity-controlled room 

(21° C, 65% RH) with a target moisture content of 12%.  The results indicate that the 

preliminary moisture content measurements taken with a Wagner Moisture Meter were 

correct at approximately 12%.  However, the equilibrium moisture content (EMC) of 

each group was slightly different.  The air-dried group A had an EMC of 12.1% while the 

low temperature group C had an EMC of 12.8%, and the high temperature group B was 

lowest with an EMC of 11.2%.  T-Tests were preformed to determine if there was a 

significant statistical difference between the EMC values of each group.  Based on a 

significance level of 5%, the EMC data from each group were significantly different from 

the other groups.  It is not obvious why low temperature drying would result in a higher 

EMC when compared to the air-dried group, while at the same time high temperature 

drying would lower the EMC.  However, these results do explain the grouping trends that 

can be found in the expanded window of Figure 3-10.  Complete and detailed results for 

each piece from group A can be found in Appendix B: Chapter 3 – “A-Green” Moisture 
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Content Data.  Final moisture content data for all specimens is located in Appendix D: 

Chapter 3 – Specific Gravity Data. 

 

TABLE 3-1. Moisture content measurements of the group “A-green” pieces  

S a m p le  S iz e 1 2 8
A v e ra g e 5 8 .7 %

M in 2 2 .9 %
M a x 1 4 0 .4 %
C O V 0 .5 3 1

" A -G re e n "  M o is tu re  C o n te n t S ta tis tic s

 

 
TABLE 3-2. Moisture content measurements for all three groups taken after flexural 
testing. 
 

Sample Size 397
Average 12.0%

M ax 15.9%
M in 9.4%

CO V 0.079

M oisture Content Statistics for all G roups

 

 

Flexural Testing 

 Flexural testing was done according to ASTM D143 (ASTM 2002) using an 

Instron Universal Testing Machine.  Flexural properties (MOR and MOE) for each group 

are summarized below in Table 3-3.  As expected, the air-dried specimens (group A) 

exhibited the highest strength values with average MOR and MOE values of 92 MPa 

(13400 psi) and 11.3 GPa (1635000 psi), respectively.  According to ASTM D2555 

(ASTM 2002) the average clear wood flexural properties for dried, interior north type 

Douglas-fir are 90 MPa (MOR) and 12.3 GPa (MOE).  Therefore, the values acquired 
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during the flexural testing of the air-dried specimens are comparable to ASTM published 

values.  T-Tests were preformed to determine if there was a significant statistical 

difference between the mean MOR and MOE values.  Based on a significance level of 

5%, the average flexural data from the kiln-dried groups B and C were found to be 

significantly different from the air-dried control group A.  MOR and MOE values for 

groups B and C were approximately 3-6% less than the air-dried specimens, which is 

similar to trends reported in the literature (Eddy and Graham 1955; Graham 1957; 

Mitchell and Barnes 1986).  Practical significance regarding the differences between air-

dried and kiln-dried specimens must be determined depending on end-use applications.  It 

is hypothesized that clear wood specimens do not suffer significant strength degradation 

during high-temperature kiln drying because they lack natural defects (knots, slope of 

grain, etc.) and thus, experience less residual stresses than lumber.  Complete and 

detailed flexural test data can be found in Appendix C: Chapter 3 – Flexural Test Data. 

 

TABLE 3-3.  Flexural properties for each group. 

MOR MOE MOR MOE MOR MOE

Average (MPa) 92 11270 90 10600 88 10700

Minimum (MPa) 62 7160 53 6800 59 6560

Maximum (MPa) 132 16000 133 14100 125 13900

COV 0.133 0.145 0.141 0.143 0.131 0.147

% of Air Dried 100.0 100.0 97.0 94.1 95.5 94.9

A-Air Dried B-High Temp Dried C-Low Temp Dried
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Specific Gravity 

 Specific gravity measurements were collected according to Method A of ASTM 

D2395 (ASTM 2002).  As expected, specific gravity data from each group was similar 

because every test specimen was cut from Douglas-fir lumber.  Table 3-4 presents the 

specific gravity statistics for all 397 test specimens from each temperature group.  The 

average specific gravity was 0.490 with a standard deviation of 0.050.  These results are 

comparable to those found in ASTM D2555 (ASTM 2002) where interior north type 

Douglas-fir has an average specific gravity of 0.450 and a standard deviation of 0.049.  

Therefore, these results are consistent with published values.  Complete specific gravity 

results for each specimen can be found in Appendix D: Chapter 3 – Specific Gravity 

Data. 

 

TABLE 3-4. Specific gravity statistics for every specimen from each group. 

S a m p le  S iz e 3 9 7
A v e ra g e 0 .4 9 0

M a x 0 .7 0 2
M in 0 .3 7 8

C O V 0 .1 0 1

S p e c ific  G ra v ity  S ta tis tic s  fo r  a ll G ro u p s

 

 
 

Near Infrared Spectroscopy 

 Near infrared spectral measurements were collected on the group A specimens 

while green, and on all specimens (groups A, B and C) after equilibrating to 

approximately 12 % moisture content in a humidity controlled room (21° C, 65% RH).   

The raw spectra were averaged for each group and are plotted in Figure 3-3.  One major 
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application of NIRS in all organic based materials is the ability to detect changes 

moisture content (Bokobza 1998).  In fact, NIR technology is currently used in wood 

composites manufacturing applications as moisture content measuring devices.  Two 

examples of infrared moisture meters are the Infrared Moisture Analyzer by GreCon and 

the UM700 Infrared Continuous Moisture Meter by IMAL.  The results from this study 

confirmed the sensitivity of NIRS to changes in moisture content.  In Figure 3-3, the “A-

Green” group is dramatically shifted upward which illustrates that NIRS is sensitive to 

differences between the “wet” and “dry” groups.   
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FIGURE 3-3. Graphical representation of the average raw spectra for each of four sample 
groups.  The upper line represents the “A-Green” group, while the lower three lines 
correspond to each group equilibrated at 12 % moisture content. 
 

 

It is difficult to interpret and quantify information from raw spectra alone.  Figure 

3-4, represents the averaged spectra, after a first derivative pretreatment was applied to 

facilitate a visual comparison with scalar shifts removed.  The first derivative technique 

creates a baseline correction by normalizing the relative shifts in the raw data and 



 
 

48

graphically representing the changes in slope.  Again, the "A-Green" group exhibits 

different peak amplitudes than the other groups.  Various overtones or wavelengths (x-

axis of Figures 3-3 and 3-4) correspond to different chemical attributes of wood.  For 

example, bound water displays specific bands at 1940 nm and 1440 nm (Bokobza 1998), 

which can be seen clearly in Figure 3-4 by the large peaks for each group.  Also, note that 

group "A-Green" has the largest amplitude, which reiterates that fact that it has the 

highest moisture content.  
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FIGURE 3-4. Graphical representation of the average first derivative spectra for each of 
four sample groups.  The line with the highest peaks represents the “A-Green” group, 
while the other three lines correspond to each group equilibrated at 12 % moisture 
content. 

  

Figures 3-5 through 3-8 are graphical representations of the regression 

coefficients that were developed with respect to MOR using 8, 6, 4, and 2 factor models.  

Note that the best-fit model occurs while using eight factors.  As the number of factors 

increases, the sensitivity of the model increases as well.  In general, certain wavelengths 

have a greater influence on the model based on peaks in the regression coefficient plots.  
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However, as the sensitivity is increased, subtle nuances and differences in the spectra 

begin to contribute more and more to the model creating apparent noise in the regression 

coefficient vector.  It is difficult to use regression coefficients to differentiate between 

important vs. unimportant X-variables (NIR spectra) due to the interaction between 

correlated predictor variables (Esbensen 2000).  In other words, regression coefficients 

are not for interpretation alone because NIR spectral variables are serially correlated and 

tend to interact with each other. 
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FIGURE 3-5. Graphical representation of the regression coefficients developed with 
respect to MOR for the first derivative of all data combined using 8 factors.   
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FIGURE 3-6. Graphical representation of the regression coefficients developed with 
respect to MOR for the first derivative of all data combined using 6 factors.   
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FIGURE 3-7. Graphical representation of the regression coefficients developed with 
respect to MOR for the first derivative of all data combined using 4 factors.   
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FIGURE 3-8. Graphical representation of the regression coefficients developed with 
respect to MOR for the first derivative of all data combined using 2 factors.   
 
 

 

Multivariate Statistical Analyses 

Prior to Partial Least Squares (PLS) regression, a Principal Component Analysis 

(PCA) was conducted on both the raw and first derivative pre-treated data sets to check 

for drift in the spectrometer and ensure that the spectral data were reasonable.  PCA is 

considered the most basic of all multivariate data analysis tools and involves 

decomposing one data matrix into two parts, structure and noise (Esbensen 2000).  For 

this case, the infrared spectral data were used for the PCA, and the mechanical properties 

were omitted.  Figure 3-9 is a score plot of Principal Component 1 vs. 3 from the raw 

spectral data.  A score plot contains two score vectors which act as “footprints” of the 

objects projected onto the Principal Components (Esbensen 2000).  Score plots are 

particularly useful for outlier identification, as well as exploration of groups and trends.  

It can be seen from Figure 3-9 that clustering has occurred in two major groups.  The “A-

Green” group is separated from the other groups that were allowed to equilibrate to 12 % 
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moisture content.  This is another example of the sensitivity of NIRS to changes in 

moisture content.  It is also interesting to note that as Principal Component 1 (x-axis) 

increases the moisture content increases. 
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FIGURE 3-9. Score plot of Principal Component 1 vs. 3 for all of the raw spectral data. 

 
 

Figure 3-10 is a score plot of Principal Component 1 vs. 3 of the first derivative 

data set.  Again, significant grouping occurred between the green pieces and those at 12% 

moisture content.  Similar to the raw spectra results, the moisture content increased as 

Principal Component 1 increase.  When looking only at the left cluster (expanded 

window in Figure 3-10) which contains all of the groups at 12 % moisture content there is 

a slight separation between group “B-High Temp” and group “C-Low Temp” while 

group “A-12% MC” tends to fall right in the middle.   
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FIGURE 3-10. Score plot of Principal Component 1 vs. 3 for all of the first derivative pre-
treated spectral data. 
 
 

 Partial Least Squares (PLS) regression was used to develop models to predict 

mechanical properties (MOR and MOE) of the wood from spectral data.  Two-thirds of 

the data (calibration sets) were randomly selected to create the prediction models for each 

individual group as well as for the combined data set.  The remaining one-third of the 

data (validation set) were used to validate or test the prediction models.  Each prediction 

model requires a certain number of factors in order to produce the most effective model.  

It is important to note that too many factors can incorporate excessive noise into the data 

and result in "over fitting.”  This means that the correlations for the calibration set may 

increase, but the resulting validation correlations will decrease.  Figure 3-11 provides a 

dramatic visual illustration of the problems associated with "over fitting" data.  It can be 
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seen that the optimal number of factors lies between 7-9, where both the calibration and 

validation R-values are reasonable.  Figure 3-12 is an example of the regression 

coefficient plot for the extreme case (20 factors) for the model of MOR vs. NIR spectra 

using all of the first derivative pre-treated data combined while Figure 3-5 represents the 

regression coefficients for the optimal case (8 factors).  Understanding that the y-axis 

scale has increased 7.5 times from Figure 3-5 to Figure 3-12, it can be seen that the plot 

created with 20 factors has become extremely sensitive and is over emphasizing noise in 

the data.  
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FIGURE  3-11. R-values vs. Number of Factors using MOR vs. NIR spectra for the 
combined data set. 
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FIGURE  3-12. Graphical representation of the regression coefficients developed with 
respect to MOR for all of the first derivative pre-treated data combined using 20 factors.   
 
 

A “valid” model is one that describes only the systematic variations and not the 

random variations (i.e. noise).  If the model describes noise, it will be “too detailed” and 

will fail to predict new objects with sufficient accuracy.  One way to avoid "over fit" and 

create accurate, representative prediction models is to select the number of factors, which 

minimized the Root Mean Square Error of Prediction (RMSEP) (Esbensen 2000).  The 

Root Mean Square Error (RMSE) is a direct measurement of the prediction error and the 

modeling error in Y, respectively, and therefore it expresses the average error to be 

expected with future predictions.  This methodology will be used for the remainder of 

this paper.   
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Combined Data Sets 

 Table 3-5 provides a summary of R-values that were developed using an eight-

factor model created from all raw data combined.  For the case when all of the data was 

combined, an eight-factor model resulted in the minimum RMSE.  The model was then 

used to predict the mechanical properties of the validation set for each group as well as 

for the combined data set.  These results are similar to those found in Chapter 2 of this 

thesis.  Chapter 2 examined how well NIRS predicts the bending strength (MOR) of 

salvaged wood that was subjected to environmental and mechanical loadings while in 

service for over 60 years.  Results from Chapter 2 found that NIRS predicted MOR with 

a correlation of 0.795 and RMSE of 9.4 MPa when using a combined data set.  Similarly, 

results from this study found that NIRS predicts MOR with a correlation of 0.639 and 

RMSE of 9.4 MPa when using a combined data set.  The correlation values are slightly 

lower because the specimens from the small diameter trees used in this study were 

“nearly” clear as compared to the “perfectly” clear specimens taken from the old growth 

salvaged wood.  In addition, PLS-1 regression techniques were used in Chapter 2 because 

there was only one response variable (MOR).  PLS-1 gives slightly better results than the 

PLS-2 technique used in this study.   
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TABLE  3-5.  R-values developed using an eight-factor model created from the raw data 
of all four groups combined.  All RMSE values shown are in MPa. 
 

Property Group Calibration R Validation R
A-Gr 0.682 (9.2) 0.607 (9.4)
A-12 0.717 (9.0) 0.650 (9.9)

B 0.702 (9.6) 0.625 (8.9)
C 0.645 (9.0) 0.706 (9.4)

ALL 0.674 (9.2) 0.639 (9.4)
A-Gr 0.661 (1182.7) 0.595 (1405.7)
A-12 0.702 (1127.2) 0.618 (1311.6)

B 0.693 (1103.8) 0.766 (967.7)
C 0.624 (1211.7) 0.715 (1246.3)

ALL 0.664 (1176.2) 0.669 (1259.1)

MOR (RMSE)

MOE (RMSE)

NIR vs. Spectra
Summary Using Model Created From All Data Combined

 

 

Rials et al. (2002b) increased the NIR spectral intervals from 1 nm to 10 nm in 

order to condense the spectral matrix and reduce computation time for the PLS models.  

For this study, the NIR spectral data were reduced via a moving average from 1 nm 

windows to 10 nm windows and again to 20 nm windows to determine what, if any, the 

impact would be on the model fits.  Table 3-6 compares the results of the calibration and 

validation statistics for each averaged case.  The results indicate that averaging the NIR 

spectral data to reduce computation time has very little affect on the overall quality of the 

model.  There is a slight decrease in R-values as the NIR spectral interval increases; 

therefore, a balance must be reached between the desired model quality and the overall 

computation time. 
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TABLE 3-6. R-values developed using an eight-factor model with averaged over various 
wavelength intervals. 
 

Calibration Validation Calibration Validation
1 nm 1501 0.674 0.639 0.664 0.669
10 nm 151 0.673 0.638 0.666 0.671
20 nm 76 0.668 0.635 0.691 0.686

MOEMORTotal 
WavenumbersInterval

 

 

Near infrared spectroscopy is an empirically based non-destructive testing method 

and therefore, there is a need to expand the database to incorporate a broad range of wood 

material data, resulting in robust statistical models.  Data were combined from three 

separate studies in order to develop a large inclusive database.  The breakdown is as 

follows: 525 specimens from the current kiln-drying study; 416 specimens from Chapter 

2, on the capabilities of NIRS for predicting the mechanical properties of salvaged wood 

(60+ years of service); and 256 specimens from a study, which used NIRS to predict 

mechanical properties of commercially relevant Inland Northwest species (Kludt et al. 

2003).  In total, the database includes 1197 samples of which two-thirds (798) were used 

for the calibration set and the remaining one-third (399) was used to validate the model.  

Table 3-7 compares the NIRS correlations developed using an eight-factor model to the 

correlations developed using a simple MOR vs. MOE linear regression.  The resulting 

correlations are similar for both the NIRS technique and the MOR vs. MOE technique.  

Although MOE tests are commonly used for lumber grading in the production 

environment, they are not often a practical option for field measurements due to localized 

member access and various support conditions.  Conversely, portable NIRS field probes 

are available that could take localized measurements of a wood sample in the field.  
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Therefore, it is feasible that NIRS may act as a substitute for current NDT methods, 

which rely on a measure of stiffness to infer strength.  Due to the large, diverse sample 

population included in the database, the NIRS technique offers statistically robust 

prediction capabilities with respect to the mechanical properties of clear wood specimens.  

Based on these results it may be possible to predict properties of unknown species with 

unknown history, which would be useful for field measurements or field inspection.  

 

TABLE 3-7. Correlations developed using the combined data set with 1197 specimens.  
All RMSE values shown are MPa. 
 

Calibration Validation Calibration Validation
MOR (RMSE) 0.677 (10.8) 0.700 (10.4) 0.733 (10.0) 0.744 (9.7)
MOE (RMSE) 0.802 (1507.9) 0.801 (1568.6) 0.733 (1718.2) 0.744 (1751.3)

NIRS MOR vs. MOE

 

 

These results are similar to those found by Schimleck (2001b) where NIRS was 

applied to a large number of mixed species that displayed wide variations of wood 

chemistry, anatomy, and physical properties.  Schimleck (2001b) showed that these 

general calibration models containing a wide range of species could be used to predict the 

properties of individual species with reasonable accuracy.  For instance, longitudinal 

MOE values for E. delegatensis and P. radiata were both predicted with R-values of 

approximately 0.87 (validation) using a model developed from over fifty different species 

(calibration R = 0.89).  
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SUMMARY AND CONCLUSIONS 
 

 The results presented in this study demonstrate the effects of both high and low-

temperature kiln drying on Douglas-fir small, clear specimens taken from the Inland 

Northwest resource region.  The specimens displayed minimal strength degradation 

during both low and high-temperature kiln drying with respect to similar air-dried 

specimens.  Kiln-dried specimens experienced 3-6% reductions of MOR and MOE when 

compared to the air-dried specimens, while the difference between the conventional low-

temperature (71°-82° C) and high-temperature schedule (116° C) were approximately 

2%.  Air-dried values obtained from the study for MOR = 92 MPa and MOE = 11270 

MPa were consistent with those found in ASTM D2555 for interior north type Douglas-

fir (MOR = 90 MPa, MOE = 12300 MPa).  However, practical significance regarding the 

strength degradation experienced during kiln-drying must be determined based on end-

use applications.   

 Near infrared spectroscopy, combined with multivariate statistical techniques 

were used to predict the mechanical properties of clear wood specimens under numerous 

combinations and scenarios.  These results confirm the ability of NIRS to detect changes 

in moisture content of wood.  In addition, the results reveal the potential problems 

associated with the multivariate analysis of NIRS.  For example, over fitting data and 

incorporating excessive noise into the models are direct consequences of continual 

increases in sensitivity (i.e. too many factors).  Further results indicate that increasing the 

wavelength interval by reducing the spectral matrix may be advantageous for extremely 

large data sets.  This technique will significantly reduce computation time without 

adversely affecting the quality of the model.  The prediction model results developed 
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using all of the temperature groups combined were similar to those found in salvaged 

wood study (Chapter 2).  Further results indicate near infrared spectral data taken from 

green wood may still be able to predict accurate flexural properties of dried wood. 

Additional findings presented in this study demonstrate that it is possible to 

develop general predictive models, which contain specimens subjected to a range of 

environmental and mechanical load histories.  NIRS results were comparable to those 

obtained using MOR vs. MOE.  Therefore, the NIRS technique is a practical option for 

localized field measurements of clear wood.  Due to the large, diverse sample population 

included in the database, the NIRS technique offers statistically robust prediction 

capabilities with respect to the mechanical properties of clear wood specimens.  These 

predictions can be extrapolated to any lumber/timber grade through visual assessment of 

growth characteristics and design values obtained from code-recognized specifications. 
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CHAPTER 4: OVERALL SUMMARY AND CONCLUSIONS 
 
 

Near infrared spectroscopy (NIRS) with the use of multivariate statistical analysis 

provides a useful tool for predicting flexural properties of clear wood specimens.  This 

thesis was divided into two separate papers regarding the use of NIRS to predict flexural 

properties of wood subjected to environmental and mechanical loadings.  The first paper 

(Chapter 2) explored the feasibility of using near infrared spectroscopy for predicting 

flexural properties of clear wood specimens cut from salvaged lumber (over 60 years of 

service).  Multivariate statistical models created from both salvaged wood and recently 

manufactured wood were used to predict the mechanical properties of the salvaged wood.  

The results were compared to stiffness-based NDT methods and used for 

recommendations towards a practical NDT system.  The second study (Chapter 3) was 

done to determine how drying schedule affects the flexural properties of Douglas-fir clear 

wood specimens cut from small diameter Inland Northwest trees.  Secondary objectives 

were to determine relationships between mechanical properties and NIR spectra of both 

the kiln-dried lumber alone, and a large database that includes a wide variation of wood 

chemistry, anatomy, and physical properties.  

Results of the first study, Chapter 2, indicated that the NIRS methods were 

comparable to stiffness-based techniques.  In other words, NIRS could act as a substitute 

in cases where stiffness measurements are either difficult to obtain or the accuracy is in 

question.  Examples include localized access to specimens from in situ environments, or 

damage suspected from incipient decay or high temperature exposures.  Additional 

results highlight the potential for a robust NIRS technique, which can predict both 
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recently manufactured wood properties as well as wood that has been in service for any 

number of years. 

Results of the second study, Chapter 3, reveal that kiln-drying schedules used in 

this study had little effect on the strength properties of Douglas-fir clear wood specimens.  

Similar to the literature, kiln-dried MOR and MOE values were approximately 3-6% less 

than those obtained from the air-dried specimens.  Near infrared spectroscopy results 

confirm the ability of NIRS to detect changes in moisture content of wood.  Using first 

derivative pretreatments normalizes relative shifts in the raw data and allows for 

graphical interpretation of the changes in slope.  This method was used on the raw data to 

identify the peak amplitude differences between the data with varying moisture content.  

In addition, PCA results show dramatic clustering according to moisture content.  The 

discussion includes a detailed look at the potential problems associated with the 

multivariate statistical analysis of NIR spectral data.  For example, over fitting data and 

incorporating excessive noise into the models are direct consequences of continual 

increases in sensitivity (i.e. too many factors).  Further results indicate that increasing the 

wavelength interval by reducing the spectral matrix may be advantageous for extremely 

large data sets.  This technique will significantly reduce computation time without 

adversely affecting the quality of the model.  The prediction model results developed 

using the kiln-dried lumber were similar to the results found in Chapter 2 with salvaged 

lumber.  Both were comparable to methods that use a measure of stiffness to infer 

strength.  Additional findings presented in this study demonstrate that it is possible to 

develop general predictive models, which contain specimens subjected to a range of 

environmental and mechanical load histories.  NIRS results were comparable to those 
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obtained using MOR vs. MOE.  Therefore, the NIRS technique is a practical option for 

localized field measurements of clear wood.  These predictions can be extrapolated to any 

lumber/timber grade through visual assessment of growth characteristics and design 

values obtained from code-recognized specifications. 
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APPENDIX A: CHAPTER 2 – FLEXURAL DATA 
 
 



Specimen Species Location MOR (MPa) MOE (MPa)
10 DF FO 89 11332
19 DF FO 136 17299
22 DF FO 87 8525
23 DF FO 97 15526
41 DF FO 111 15741
46 DF FO 125 18082

B48 DF FO 126 18583
77 DF FO 95 12779
103 DF FO 78 9891
105 DF FO 88 13123
114 DF FO 92 9909
117 DF FO 70 10085
138 DF FO 95 10757
140 DF FO 59 8415
287 S FO 75 11761
291 S FO 56 8071
293 S FO 59 7820
298 PSu FO 64 8803
299 PY FO 75 8771
302 PSu FO 84 8606
305 S FO 83 11407
309 PY FO 58 7252
311 S FO 85 11251
313 S FO 69 9394
315 DF FO 115 13989
316 DF FO 71 12097
317 DF FO 77 8596
321 S FO 87 11902
323 S FO 94 12564
325 S FO 71 10733
326 WF FO 61 8625
339 WF FO 82 9201
377 DF FO 73 12021
424 DF FO 107 11203
425 DF FO 85 11211
426 DF FO 97 13700
427 DF FO 79 11312
428 DF FO 78 11265
434 DF FO 88 11427
435 DF FO 79 11809
436 DF FO 92 13726
439 DF FO 82 14342
445 DF FO 78 8832
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Specimen Species Location MOR (MPa) MOE (MPa)
448 DF FO 74 10596
450 DF FO 94 12527
460 DF FO 84 12296
462 DF FO 98 14221
463 PY FO 77 11293
470 DF FO 83 13088
472 DF FO 97 12698
473 DF FO 92 13823
474 DF FO 75 10868
476 Psu FO 51 5300
478 DF FO 116 15455
487 PY FO 51 7354
488 DF FO 105 13230
491 DF FO 79 9879
492 DF FO 129 17615
493 Psu FO 60 8049
495 PY FO 74 10601
500 DF FO 89 11317
501 DF FO 78 8789
503 DF FO 86 11151
511 DF FO 108 14609
513 DF FO 91 15332
514 DF FO 62 9508
516 DF FO 85 14406
520 DF FO 94 14281
525 DF FO 105 15337
533 DF FO 97 12866
540 DF FO 123 17611
543 DF FO 79 11579
551 DF FO 97 13808
554 DF FO 131 19717
587 DF FO 113 15796

B605 DF FO 93 13803
T605 DF FO 107 16039
B691 DF FO 81 8311
T691 DF FO 58 6725
708 DF FO 115 17099
716 DF FO 128 17479

B721 DF FO 102 11841
728 DF FO 84 10815

T761 DF FO 76 10013
B787 DF FO 96 14461
800 DF FO 122 18838
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Specimen Species Location MOR (MPa) MOE (MPa)
T807 DF FO 110 11992
T821 DF FO 110 15747
020B DF FO 60 9223
027B DF FO 84 12408
029B DF FO 88 11330
036A DF FO 101 14764
184B DF FO 60 7266
190B DF FO 76 11760
191B DF FO 107 13534
192A DF FO 77 11343
193A DF FO 87 12758
193B DF FO 79 11233
197A DF FO 134 18070
199B DF FO 95 12086
200A DF FO 88 8852
200B DF FO 74 10266
201A DF FO 76 10584
201B DF FO 73 10681

B202A DF FO 64 12939
T202A DF FO 112 18717
202B DF FO 87 13553
203A DF FO 55 8709
532B DF FO 93 11657
537A DF FO 75 8749
538A DF FO 98 14926
538B DF FO 102 13806
004K DF O 79 13927
010K DF O 95 14388
t011k DF O 98 16027
b011k DF O 83 18026
t014k DF O 76 11752
015k DF O 86 13320
021k DF O 92 12840
t024k DF O 102 14118
t025k DF O 66 11767
026k DF O 77 15151
b031k DF O 120 16304
b033k DF O 127 15166
t033k DF O 114 14958
t039k DF O 93 12652
t040k DF O 82 12671
b040k DF O 95 14202
045k DF O 79 12525
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Specimen Species Location MOR (MPa) MOE (MPa)
t047k DF O 67 7291
b048k DF O 137 20473
t048k DF O 127 20781
t049k DF O 124 19424
b049k DF O 137 20555
t051k DF O 79 11951
b051k DF O 93 14643
b053k DF O 61 7425
t053k DF O 70 9289
b054k DF O 97 16050
T054K DF O 94 13830
t061k DF O 98 16493
b061k DF O 120 17702
065k DF O 99 15230
068k DF O 120 18315
071k DF O 97 16664
b072k DF O 94 14018
t072k DF O 77 15036
b074k DF O 71 12400
075k DF O 102 15918
b076k DF O 90 16316
t076k DF O 71 14287
b079k DF O 79 13414
t079k DF O 85 14282
b080k DF O 90 14347
t081k DF O 100 17681
b083k DF O 99 15611
085k DF O 89 16409
086k DF O 99 15293
087k DF O 112 18496
t088k DF O 103 15769
t089k DF O 96 16790
090k DF O 113 15910
t092k DF O 92 14644
t093k DF O 87 12400
b093k DF O 101 11602
095k DF O 101 15394
t100k DF O 105 20256
b100k DF O 110 16890
103k DF O 106 17910
107k DF O 57 9467
t109k DF O 105 17967
b109k DF O 105 16915
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Specimen Species Location MOR (MPa) MOE (MPa)
110k DF O 90 17225
t111k DF O 100 14554
115k DF O 102 14586
116k DF O 94 15460
b118k DF O 92 13088
t118k DF O 88 12304
t120k DF O 94 16010
b120k DF O 90 14998
b121k DF O 102 14264
123k DF O 95 16119
125k DF O 79 10811
127k DF O 112 16063
130k DF O 116 16972
b131k DF O 101 14799
t131k DF O 104 14079
133k DF O 116 16405
134k DF O 114 16491
135k DF O 100 15409
137k DF O 100 14677
139k DF O 102 16199
140k DF O 102 14830
150k DF O 111 14536
b153k DF O 95 15943
t153k DF O 84 13998
t156k DF O 82 11070
b161k DF O 88 11184
163k DF O 97 18618
t167k DF O 103 16014
171k DF O 136 21277
t172k DF O 109 17448
b172k DF O 92 15462
b173k DF O 85 13236
175k DF O 105 14936
176k DF O 112 16029
b180k DF O 97 14076
t180k DF O 100 15311
t186k DF O 115 17681
t199k DF O 79 11378
202k DF O 91 20266
b211k DF O 107 16908
211k DF O 77 12970
t211k DF O 110 15085
224k DF O 107 17736
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Specimen Species Location MOR (MPa) MOE (MPa)
t225k DF O 102 15265
b225k DF O 103 15446
229k DF O 96 14826
b245k DF O 84 12419
b247k DF O 96 13993
b248k DF O 111 17422
t248k DF O 108 16070
t249k DF O 116 17586
b249k DF O 104 17554
250k DF O 100 15493

b004m DF M 106 12642
t005m DF M 101 14264
b005m DF M 81 12343
t006m DF M 87 12672
b007m DF M 107 12488
t007m DF M 97 13150
008m DF M 69 9913
t009m DF M 73 12875
t010m L M 94 13362
b010m L M 78 12248
b011m DF M 78 12897
t011m DF M 70 9629
b012m DF M 93 14561
t013m DF M 108 15250
b013m DF M 97 15155
t014m DF M 99 15274
b014m DF M 100 15896
t015m DF M 70 12664
b015m DF M 77 15364
016m L M 98 14135
017m DF M 78 14199
b018m DF M 103 16213
t019m DF M 70 12406
b021m DF M 98 17827
t021m DF M 100 17385
b022m DF M 104 17339
b025m DF M 71 13377
t025m DF M 71 12516
b026m DF M 107 14393
t026m DF M 90 13915
b027m DF M 97 15065
b029m DF M 89 16258
t032m DF M 114 16144
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Specimen Species Location MOR (MPa) MOE (MPa)
b032m DF M 87 13109
t033m DF M 101 15664
034m DF M 109 15976
035m DF M 67 10646
t038m DF M 74 11938
b038m DF M 83 12300
t039m DF M 78 11277
b039m DF M 81 11379
t041m DF M 93 13296
b041m DF M 101 14172
042m DF M 97 15026
t045m DF M 92 14507
b045m DF M 91 12677
047m DF M 90 13824
t048m DF M 105 15267
b048m DF M 103 19578
b049m DF M 82 14291
t049m DF M 96 13514
t054m DF M 105 13471
b056m DF M 101 16673
t056m DF M 98 15796
058m DF M 102 14124
b059m DF M 87 12647
060m DF M 93 16169
t061m PY M 86 12783
b062m DF M 69 11733
t062m DF M 87 13242
063m DF M 86 12401
067m DF M 102 13770
t074m DF M 102 15445
b074m DF M 94 15942
b075m DF M 75 12664
t075m DF M 83 12469
t076m DF M 63 7342
t081m DF M 118 17626
b081m DF M 117 17893
082m DF M 92 12285
083m DF M 95 13315
b085m DF M 78 10752
090m DF M 97 12364
091m DF M 105 13432
b092m DF M 89 13291
b093m DF M 76 9989
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Specimen Species Location MOR (MPa) MOE (MPa)
b094m DF M 109 12774
t095m DF M 96 15134
b095m DF M 90 14013
b097m DF M 114 16201
b098m DF M 69 12905
t101m DF M 111 17072
103m DF M 102 14974
106m DF M 92 13741
109m DF M 72 12520
t110m DF M 93 14064
t111m DF M 116 18959
b111m DF M 116 16764
b112m DF M 100 14458
t112m DF M 93 13944
b113m DF M 66 14495
b114m DF M 105 15867
115m DF M 108 15312
116m2 DF M 88 13292
117m DF M 87 11939
b118m DF M 76 10463
t118m DF M 79 11518

002W-6 DF W 94 16322
006W    DF W 95 15301
007W    DF W 77 10799
009W    DF W 92 18915
011W    DF W 59 11183
014W    DF W 81 13963
015W-6 DF W 76 10942
016W    DF W 70 12519
016W-6 DF W 94 15979
017W    DF W 94 12339
017W-6 DF W 108 17787
018W-6 DF W 115 17234
018W    DF W 90 14402
019W    DF W 105 16092
020W    DF W 95 12794
022W    DF W 106 13685
025W    DF W 66 15546
026W-6 DF W 79 15906
026W    DF W 68 9417
027W    DF W 106 17506
027W-6  DF W 102 16940
028W-6  DF W 77 10209
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Specimen Species Location MOR (MPa) MOE (MPa)
028W    DF W 70 10983
029W    DF W 92 11468
029W-6  DF W 89 12967
030W    DF W 79 12613
032W-6  DF W 82 13104
032W    DF W 86 13832
034W-6 DF W 76 10042
035W    DF W 112 18806
036W    DF W 76 10794
036W-6  DF W 85 12679
037W    DF W 71 11736
037W-6 DF W 70 11503
038W    DF W 81 11322
039W    DF W 93 15275
039W-6  DF W 101 13408
040W    DF W 108 17883
040W-6  DF W 83 12672
041W    DF W 60 9912
041W-6  DF W 95 12226
042W    DF W 85 11828
043W    DF W 80 13735
045W    DF W 84 13184
045W-6  DF W 95 15128
046W-6  DF W 77 12900
047W    DF W 69 10937
047W-6  DF W 66 12000
049W-6  DF W 79 10467
049W    DF W 89 13772
051W    DF W 119 16623
052W-6  DF W 99 10496
052W    DF W 75 10270
053W    DF W 89 11499
053W-6 DF W 90 12781
054W-6  DF W 101 16909
055W    DF W 68 12917
056W    DF W 71 12165
057W-6  DF W 94 12290
057W    DF W 101 16340
058W    DF W 75 10667
059W    DF W 82 12544
060W    DF W 107 16720
062W    DF W 77 12365
063W    DF W 87 10736
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Specimen Species Location MOR (MPa) MOE (MPa)
064W    DF W 65 9070
065W    DF W 102 16928
066W    DF W 78 11981
070W    DF W 88 13824
071W    DF W 77 11646
072W    DF W 64 12233
082W DF W 83 12585
084W DF W 82 11377

088W    DF W 74 11298
096W    DF W 98 14406
097W DF W 78 13297

101W    DF W 75 13221
106W    DF W 71 10807
114W DF W 77 14117
123W DF W 85 13040

126W    DF W 87 11552
140W DF W 82 12853
146W DF W 103 16348
148W DF W 88 15602
153W DF W 84 11776
157W DF W 124 20378

163W    DF W 90 14662
164W    DF W 102 16486
165W    DF W 98 15924
168W    DF W 88 12647
171W    DF W 118 19873
046W1   DF W 109 17993
046W2   DF W 88 13485
004W    DF W 91 15419

Average 91 13693
Minimum 51 5300
Maximum 137 21277
St Dev. 16 2817
COV 0.180 0.206

DF = Douglas-fir FO = Fort Ord, CA
L = Larch M = Twin Cities, MN

Psu = Sugar Pine O = Oakland, CA
PY = Yellow Pine W = Seattle, WA

S = Spruce
WF = White Fir

Summary Statistics

Species Location

81



 82

APPENDIX B: CHAPTER 3 – “A-GREEN” MOISTURE CONTENT DATA 



Specimen Group Weight (g) Dry Weight (g) Moisture Content (%)
1 A 35.18 26.99 30.3%
5 A 53.98 27.80 94.2%
6 A 49.37 24.89 98.4%
7 A 45.99 31.73 44.9%

10 A 53.53 22.55 137.4%
12 A 42.17 28.03 50.4%
15 A 42.33 27.44 54.3%
16 A 40.64 30.33 34.0%
19 A 63.51 37.75 68.2%
23 A 42.47 32.72 29.8%
26 A 32.91 26.65 23.5%
31 A 65.99 33.40 97.6%
33 A 46.06 25.91 77.8%
35 A 42.95 32.44 32.4%
36 A 67.22 32.76 105.2%
38 A 43.37 33.49 29.5%
39 A 54.88 29.30 87.3%
40 A 26.97 20.41 32.1%
41 A 71.40 37.29 91.5%
42 A 24.99 18.98 31.7%
43 A 71.63 34.55 107.3%
45 A 67.28 27.99 140.4%
46 A 54.97 37.92 45.0%
47 A 64.44 39.70 62.3%
49 A 57.83 31.01 86.5%
51 A 34.03 26.22 29.8%
52 A 33.09 20.43 62.0%
53 A 58.22 25.85 125.2%
55 A 51.60 26.49 94.8%
59 A 42.04 32.45 29.6%
64 A 49.14 30.01 63.7%
65 A 47.14 28.37 66.2%
67 A 52.55 25.15 108.9%
69 A 64.94 31.17 108.3%
70 A 60.61 28.70 111.2%
71 A 61.78 30.11 105.2%
73 A 45.83 29.60 54.8%
76 A 47.41 34.45 37.6%
77 A 33.97 24.89 36.5%
78 A 59.51 42.45 40.2%
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Specimen Group Weight (g) Dry Weight (g) Moisture Content (%)

79 A 50.68 31.82 59.3%
80 A 43.04 32.11 34.0%
81 A 48.54 23.05 110.6%
83 A 41.36 30.05 37.6%
86 A 30.49 24.81 22.9%
87 A 41.77 32.03 30.4%
90 A 44.48 33.34 33.4%
91 A 47.53 35.78 32.8%
92 A 47.69 36.47 30.8%
93 A 49.39 25.03 97.3%
96 A 40.02 27.75 44.2%
98 A 37.89 29.12 30.1%
99 A 36.73 27.82 32.0%
101 A 39.46 28.43 38.8%
103 A 44.60 26.06 71.1%
107 A 64.59 28.99 122.8%
108 A 41.10 28.43 44.6%
110 A 52.70 25.85 103.9%
111 A 43.87 33.48 31.0%
113 A 39.62 26.93 47.1%
114 A 56.29 36.09 56.0%
115 A 37.86 29.10 30.1%
117 A 47.70 36.79 29.7%
118 A 28.50 22.23 28.2%
119 A 43.96 32.28 36.2%
121 A 42.67 34.48 23.8%
122 A 38.38 28.02 37.0%
124 A 39.27 29.54 32.9%
127 A 55.75 39.22 42.1%
128 A 59.73 28.37 110.5%
130 A 40.07 30.76 30.3%
135 A 50.38 38.05 32.4%
136 A 36.30 28.41 27.8%
137 A 41.24 31.41 31.3%
138 A 61.90 38.23 61.9%
139 A 45.41 30.23 50.2%
141 A 49.57 27.38 81.0%
142 A 44.39 33.69 31.8%
143 A 53.46 28.13 90.0%
144 A 58.13 35.63 63.1%
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Specimen Group Weight (g) Dry Weight (g) Moisture Content (%)

146 A 41.91 24.06 74.2%
147 A 44.46 24.18 83.9%
149 A 68.94 29.86 130.9%
150 A 52.92 36.71 44.2%
151 A 67.36 35.10 91.9%
152 A 48.83 37.88 28.9%
154 A 60.63 30.54 98.5%
156 A 34.61 26.53 30.5%
157 A 41.27 30.96 33.3%
158 A 63.13 30.22 108.9%
159 A 61.73 47.01 31.3%
160 A 30.90 23.95 29.0%
162 A 52.91 32.76 61.5%
164 A 49.13 29.31 67.6%
167 A 58.43 39.79 46.8%
168 A 45.11 22.77 98.1%
169 A 37.57 26.84 40.0%
171 A 40.13 27.52 45.8%
172 A 57.25 31.97 79.1%
175 A 41.56 32.41 28.2%
176 A 45.74 27.27 67.7%
177 A 34.34 26.93 27.5%
179 A 48.07 37.27 29.0%
180 A 47.08 30.03 56.8%
181 A 36.99 24.70 49.8%
182 A 40.72 31.19 30.6%
183 A 43.34 32.30 34.2%
185 A 42.48 30.13 41.0%
187 A 48.59 35.60 36.5%
188 A 42.48 25.69 65.4%
191 A 40.63 28.20 44.1%
192 A 47.50 28.40 67.3%
193 A 44.16 32.05 37.8%
194 A 49.93 26.97 85.1%
195 A 31.91 24.25 31.6%
197 A 38.55 29.06 32.7%
198 A 51.76 35.42 46.1%
199 A 38.27 26.14 46.4%
200 A 48.69 27.33 78.2%
201 A 45.06 26.80 68.1%
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Specimen Group Weight (g) Dry Weight (g) Moisture Content (%)

202 A 60.04 26.47 126.8%
203 A 46.06 35.20 30.9%
206 A 65.55 28.24 132.1%
208 A 39.15 28.98 35.1%
209 A 46.93 28.29 65.9%
210 A 37.72 28.66 31.6%
211 A 39.96 22.48 77.8%
212 A 42.12 30.78 36.8%

Average 58.7%
Min 22.9%
Max 140.4%

St. Dev 31.17%
COV 0.531

A-Green Moisture Content Statistics
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APPENDIX C: CHAPTER 3 – FLEXURAL DATA 



Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)
1 A 26.2 26.7 2.79 81 10032
5 A 25.7 26.1 2.80 87 10414
6 A 26.3 26.2 3.06 90 11503
7 A 26.2 26.3 2.98 88 11106
10 A 26.3 26.1 2.88 85 9574
12 A 25.2 26.2 3.00 96 12845
15 A 25.7 25.7 2.83 89 10244
16 A 26.3 26.4 2.92 85 11327
19 A 25.1 25.9 2.45 80 7155
23 A 26.5 26.0 3.10 91 10206
26 A 26.3 25.3 2.68 82 9278
31 A 25.8 26.2 2.61 80 10804
33 A 26.4 26.3 2.89 84 8959
35 A 26.5 26.2 2.89 83 11291
36 A 26.1 26.1 2.96 89 11838
38 A 26.4 26.4 3.88 112 14506
39 A 26.2 25.1 3.10 96 11907
40 A 25.3 26.3 3.44 109 13166
41 A 25.6 25.6 3.02 96 11179
42 A 26.4 26.5 2.67 77 8840
43 A 25.3 25.2 2.59 86 12142
45 A 26.0 26.5 2.82 84 11781
46 A 25.9 25.4 3.23 101 12487
47 A 26.1 26.1 2.95 89 10511
49 A 26.0 26.2 3.13 95 12068
51 A 26.0 26.2 2.60 78 9146
52 A 25.9 25.9 2.55 78 8972
53 A 25.3 25.3 2.51 82 10180
55 A 26.0 26.2 2.43 73 8977
59 A 25.6 25.0 2.64 86 10387
64 A 25.3 25.5 2.51 82 10626
65 A 26.0 25.7 3.09 95 12240
67 A 25.8 25.6 2.50 78 8796
69 A 26.0 25.5 3.31 102 12508
70 A 26.0 26.0 3.40 103 13188
71 A 26.0 25.5 2.34 73 9629
73 A 25.9 25.7 2.83 88 11123
76 A 25.9 25.8 3.32 102 12330
77 A 25.8 26.1 2.71 84 8576
78 A 26.3 26.0 4.09 121 13942
79 A 26.2 26.4 3.14 93 10889
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Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)

80 A 26.1 25.6 3.45 105 13508
81 A 25.5 26.2 2.45 76 9075
83 A 25.9 26.0 3.09 94 11606
86 A 26.1 26.2 3.27 98 11820
87 A 25.5 26.2 2.76 86 10718
90 A 26.3 26.6 3.12 91 10961
91 A 26.2 26.2 3.13 92 12626
92 A 26.4 26.3 2.92 85 8275
93 A 26.3 26.4 2.47 72 9480
96 A 25.8 25.7 3.19 99 12180
98 A 25.6 25.4 2.71 87 10202
99 A 25.5 25.8 2.64 84 10434
101 A 25.8 25.6 2.46 77 10963
103 A 25.8 26.1 2.56 78 8288
107 A 26.2 25.7 2.69 82 9286
108 A 25.5 25.7 3.11 99 11862
110 A 26.0 26.0 2.06 62 9377
111 A 26.0 26.1 3.49 105 13328
113 A 26.0 26.0 2.65 81 9357
114 A 25.0 25.8 2.94 97 11914
115 A 26.1 26.1 3.18 96 12275
117 A 26.2 26.8 2.78 81 8855
118 A 26.3 26.5 3.06 89 10828
119 A 25.6 25.6 2.76 88 11683
121 A 26.2 25.3 2.87 88 11761
122 A 26.0 25.7 2.33 72 11115
124 A 25.9 25.6 3.24 101 11291
127 A 25.6 25.9 3.15 99 12427
128 A 26.1 26.4 2.98 88 11504
130 A 25.8 25.6 3.61 113 13827
135 A 25.6 25.9 3.47 110 13956
136 A 25.9 25.2 3.49 110 14807
137 A 25.8 25.9 3.44 106 11878
138 A 25.4 25.6 3.00 97 11053
139 A 27.2 26.5 3.84 105 10206
141 A 25.7 25.9 2.76 86 9229
142 A 26.3 26.3 4.03 118 14547
143 A 25.7 25.6 2.76 87 10988
144 A 25.8 25.8 3.04 94 11878
146 A 25.6 25.9 2.69 84 7954
147 A 25.7 25.9 2.72 85 11044
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Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)

149 A 25.8 26.1 2.61 80 10171
150 A 26.3 26.6 3.20 93 11085
151 A 25.7 25.5 3.42 108 13812
152 A 25.9 26.1 4.31 132 16062
154 A 25.8 25.7 3.46 108 12689
156 A 26.3 26.1 3.02 90 11210
157 A 25.7 25.8 2.29 72 9570
158 A 26.2 26.2 3.09 91 10866
159 A 25.7 25.9 3.95 124 14700
160 A 26.2 25.9 3.50 105 12690
162 A 26.0 26.2 3.66 111 12758
164 A 25.4 25.7 3.47 112 14050
167 A 26.4 26.8 4.31 122 11877
168 A 25.7 26.1 2.59 80 10163
169 A 25.7 25.8 3.20 101 12313
171 A 25.4 25.6 3.11 100 12729
172 A 25.5 25.7 2.93 93 12320
175 A 26.0 26.4 3.33 99 13204
176 A 26.0 26.0 2.88 88 11185
177 A 26.6 25.9 2.63 77 8292
179 A 25.9 25.7 3.69 114 11554
180 A 25.8 25.6 3.38 106 13293
181 A 25.4 25.7 2.92 94 11394
182 A 26.2 26.9 3.43 99 11959
183 A 25.2 25.6 3.17 104 12933
185 A 25.7 25.2 3.26 105 13167
187 A 25.8 25.6 2.76 86 9479
188 A 25.4 25.6 2.55 82 10528
191 A 25.7 25.5 2.70 85 10258
192 A 25.6 25.6 2.91 92 11731
193 A 26.4 25.9 3.30 97 12261
194 A 25.8 26.6 3.18 96 11293
195 A 26.2 26.3 3.14 93 11989
197 A 26.4 26.4 2.98 86 9849
198 A 26.3 25.9 3.52 105 11833
199 A 26.3 26.6 3.31 95 12277
200 A 25.8 26.4 3.14 95 11880
201 A 25.5 25.6 2.85 91 11048
202 A 26.1 26.4 3.24 96 10777
203 A 26.5 26.4 3.62 104 12845
206 A 25.7 25.5 2.80 89 10455
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Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)

208 A 25.5 25.4 2.91 94 11131
209 A 25.6 26.0 2.85 89 11031
210 A 25.9 25.7 2.73 85 9980
211 A 26.6 26.5 2.35 66 8255
212 A 25.9 25.0 3.13 100 12602

Average 92 11270
Minimum 62 7155
Maximum 132 16062
St. Dev. 12 1636

COV 0.133 0.145

Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)
1 B 24.9 26.3 2.32 76 9948
2 B 24.8 25.5 2.73 93 12983
3 B 25.4 26.6 2.88 89 10852
5 B 26.9 26.4 3.28 91 11204
6 B 25.9 26.4 2.60 78 9641
10 B 25.6 24.9 2.74 89 10684
13 B 25.2 26.3 2.42 77 8662
17 B 25.7 25.6 3.08 97 9998
18 B 25.6 26.2 1.71 53 7856
20 B 25.5 25.5 2.78 90 10310
21 B 25.8 26.4 2.41 73 8522
23 B 26.5 26.0 3.34 98 10111
25 B 25.1 25.9 2.47 81 8920
28 B 25.3 25.5 2.37 78 9621
29 B 26.3 26.6 3.96 114 12622
30 B 26.2 25.8 2.13 64 7773
32 B 26.1 25.9 3.05 92 11721
33 B 26.2 25.9 2.17 65 6792
36 B 25.6 25.7 2.70 86 11503
38 B 26.0 26.4 3.17 94 12326
39 B 27.0 26.2 3.31 93 10930
40 B 26.1 27.4 3.76 108 11759
41 B 26.6 26.1 3.43 99 10509
42 B 26.0 26.3 2.34 70 9357
43 B 25.5 25.8 2.73 87 12049
45 B 25.3 24.9 2.47 82 10006
46 B 25.8 24.9 2.95 95 11702

A-Summary Statistics
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Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)

47 B 25.8 26.9 2.50 74 7555
48 B 25.3 24.5 2.71 92 12371
49 B 26.0 26.0 2.81 86 10993
50 B 25.7 26.3 2.47 76 8965
51 B 25.9 25.7 2.75 85 10394
53 B 25.5 25.8 2.49 80 8564
54 B 25.9 26.1 2.90 88 10457
55 B 25.1 25.1 2.40 81 10084
56 B 25.4 25.4 3.11 101 12451
57 B 25.6 27.1 2.75 83 9239
58 B 25.5 25.8 2.69 85 11081
59 B 26.2 26.0 3.15 94 10682
60 B 25.1 25.6 2.42 80 9485
61 B 25.5 24.9 2.05 68 8624
64 B 26.0 26.1 3.06 93 11400
65 B 25.9 25.8 2.93 90 11546
70 B 25.6 24.1 2.72 92 11725
71 B 25.6 25.3 2.59 84 9612
73 B 25.9 25.7 2.07 64 9945
74 B 25.2 25.1 2.39 80 9938
76 B 26.8 25.7 3.44 99 10995
77 B 26.0 25.6 2.53 78 9359
79 B 27.3 26.6 3.63 98 10501
80 B 26.8 25.2 3.27 96 11562
83 B 26.5 26.2 2.77 80 9274
87 B 26.3 25.9 2.69 80 9660
90 B 24.5 25.6 2.52 82 9954
92 B 24.7 26.3 2.87 95 10658
93 B 25.7 25.9 2.29 71 8739
94 B 25.8 25.9 2.89 90 10909
96 B 25.3 25.3 2.77 91 11552
98 B 26.2 26.5 3.00 88 10348
99 B 25.3 26.1 2.94 94 9344
101 B 25.2 25.6 2.50 82 9612
102 B 25.1 25.2 2.94 99 11904
103 B 26.0 25.4 2.05 64 7359
104 B 26.5 26.2 3.36 98 12851
107 B 26.4 26.0 2.85 84 8246
109 B 24.6 25.4 3.15 109 13830
110 B 25.7 25.0 2.49 81 10371
111 B 26.0 25.9 3.42 104 11771

92



Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)

112 B 25.3 25.2 2.71 90 10001
113 B 25.9 25.8 2.33 72 8455
116 B 26.1 26.1 3.09 93 11160
117 B 25.9 26.6 2.64 79 7984
118 B 25.9 25.9 3.02 92 10689
119 B 27.1 25.9 3.00 84 10508
121 B 26.0 25.9 2.85 87 11286
122 B 24.3 25.4 2.23 79 11663
123 B 25.3 25.6 2.21 72 9835
127 B 27.2 25.9 3.55 99 11315
128 B 26.0 24.9 2.68 85 9657
129 B 26.4 26.4 3.54 102 11692
130 B 26.2 26.2 2.99 88 9657
131 B 26.3 26.9 2.45 70 8226
132 B 25.8 26.4 3.55 108 11825
134 B 26.1 25.7 2.91 89 9746
135 B 25.4 25.9 3.30 106 13073
136 B 26.5 25.9 3.48 102 11770
137 B 25.2 25.8 3.00 98 12399
138 B 26.4 26.3 3.93 115 13301
139 B 26.1 26.4 2.97 88 10198
140 B 25.6 25.2 3.17 102 12123
142 B 27.2 26.4 3.46 95 11577
143 B 26.2 26.8 3.29 95 10557
144 B 26.2 26.2 3.51 104 12167
146 B 26.0 26.1 2.71 82 9236
147 B 26.9 25.2 2.65 77 9668
149 B 26.2 26.2 2.65 79 9063
150 B 25.8 26.1 3.02 92 9697
151 B 26.0 26.1 3.68 111 14033
152 B 27.0 26.7 4.18 114 13601
153 B 26.2 25.9 2.93 88 11825
154 B 25.6 25.0 3.12 102 10142
155 B 25.4 26.8 2.77 85 10129
156 B 26.1 25.8 2.96 90 11408
157 B 25.9 25.8 2.64 82 9071
158 B 25.1 24.9 2.67 90 10677
159 B 26.2 26.1 4.48 133 14034
160 B 25.9 26.0 3.51 107 13955
161 B 26.6 25.9 2.74 80 10063
162 B 25.4 25.5 3.26 106 11662
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Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)

164 B 26.1 26.1 3.30 99 13059
167 B 26.7 25.9 3.66 106 11230
168 B 25.2 25.4 2.46 82 8212
169 B 25.6 26.3 2.97 92 10714
172 B 26.1 26.3 3.32 98 11115
173 B 26.0 26.4 2.34 70 8145
175 B 26.1 26.0 3.08 93 11689
176 B 26.4 26.1 3.18 94 10195
178 B 26.0 25.4 3.24 101 12763
181 B 25.2 26.5 3.01 95 11165
182 B 27.1 25.8 3.46 98 11322
183 B 26.1 26.1 3.52 106 11768
186 B 25.6 25.5 2.67 86 9687
187 B 26.4 26.8 3.91 111 10997
188 B 25.9 26.4 3.06 92 9813
189 B 26.7 26.1 3.08 88 11261
192 B 26.2 26.5 2.75 81 9565
194 B 25.8 26.7 2.42 73 9240
195 B 26.0 25.9 3.01 92 10216
196 B 26.2 25.9 3.45 104 13863
197 B 25.6 25.0 2.78 91 9989
198 B 25.9 25.9 3.79 117 14105
199 B 25.7 25.9 2.74 85 11090
201 B 25.3 26.0 2.87 92 10293
202 B 25.7 25.6 3.00 95 10190
204 B 25.6 26.2 1.99 62 8589
206 B 26.7 25.5 3.04 89 9875
209 B 25.7 25.7 3.47 109 11593
210 B 25.3 26.1 2.80 89 8791
211 B 25.5 26.0 2.65 83 10254
214 B 25.6 26.5 2.58 79 10254

Average 89 10589
Minimum 53 6792
Maximum 133 14105
St. Dev. 13 1514

COV 0.141 0.143

Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)
1 C 25.8 26.5 3.00 91 10068

B-Summary Statistics
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Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)

3 C 25.4 25.8 2.97 95 11067
5 C 25.1 25.6 2.64 88 11380
6 C 26.3 25.6 3.04 92 10718
10 C 26.2 26.2 2.51 75 7929
12 C 26.0 25.7 2.88 89 11706
15 C 25.8 25.5 2.95 92 10193
16 C 26.2 25.3 3.06 94 12052
20 C 26.1 26.2 3.30 99 11894
23 C 25.5 26.2 2.97 93 9859
26 C 25.3 25.5 2.27 74 8153
29 C 25.8 25.6 3.22 101 11879
31 C 25.5 26.0 3.02 95 10917
32 C 25.3 25.6 3.03 98 12406
33 C 25.8 25.5 2.17 68 7430
35 C 26.4 25.7 2.64 79 9638
36 C 25.1 25.9 2.72 89 12236
39 C 26.4 25.6 2.92 88 11348
40 C 26.0 25.7 3.18 98 11449
41 C 25.4 25.1 2.48 81 10802
44 C 25.2 25.2 2.92 97 10360
45 C 25.7 25.3 2.37 76 9548
46 C 26.1 26.5 3.33 99 11268
48 C 24.9 25.9 2.99 99 13240
49 C 25.3 25.4 2.79 91 10188
50 C 25.8 26.1 2.53 78 9451
51 C 25.7 26.1 2.54 79 9199
53 C 25.6 25.9 2.28 72 9082
54 C 25.9 25.7 2.75 85 11037
57 C 25.9 25.6 2.60 81 10700
59 C 25.8 26.0 2.69 83 10321
60 C 25.3 26.0 2.60 83 10134
61 C 25.6 26.0 2.19 69 8091
62 C 25.8 26.1 2.46 76 9504
65 C 25.9 25.8 3.07 94 12614
69 C 25.8 25.6 3.08 97 9595
70 C 26.0 25.3 3.03 94 12248
72 C 25.8 25.7 3.15 98 11735
75 C 25.7 25.6 2.61 82 9792
76 C 26.1 25.6 3.50 107 10794
78 C 25.8 25.8 3.21 99 12433
79 C 25.7 26.3 2.56 79 11527
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Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)

80 C 26.7 26.5 3.29 93 10756
81 C 25.1 25.7 2.41 79 9955
84 C 25.4 25.4 2.36 77 10315
86 C 25.9 25.0 3.02 96 12314
87 C 26.1 26.4 2.38 71 10045
89 C 25.3 25.8 2.16 70 8601
91 C 25.8 26.0 2.85 88 11948
93 C 26.2 26.6 2.44 71 8984
94 C 26.2 26.0 3.20 96 13095
95 C 25.4 25.8 2.67 85 10106
96 C 25.8 25.7 2.72 85 10667
98 C 25.9 25.7 2.77 86 10395
100 C 25.7 25.9 2.53 79 9408
103 C 25.9 25.7 1.92 59 6562
105 C 25.3 25.7 2.41 78 10133
107 C 25.5 25.6 2.53 82 8523
110 C 26.6 26.2 2.62 75 9751
113 C 25.4 26.2 2.16 68 8931
114 C 25.7 25.7 2.84 89 10935
116 C 25.9 25.6 2.72 85 11142
117 C 25.5 25.4 1.90 61 7660
118 C 25.6 26.2 2.85 89 9799
119 C 25.7 25.1 2.94 95 12273
121 C 25.5 25.5 2.83 91 11308
122 C 25.8 25.9 2.55 79 11047
123 C 25.8 25.4 2.43 77 8057
124 C 26.7 26.5 3.82 108 12883
125 C 25.8 26.2 2.53 78 8946
126 C 25.7 25.5 2.06 65 7190
127 C 26.1 25.5 2.97 91 11934
128 C 26.1 25.2 2.86 89 11186
129 C 25.6 25.6 3.13 100 11704
130 C 25.4 26.2 3.60 114 14479
131 C 26.5 26.5 2.88 83 9855
135 C 25.9 25.8 3.18 98 12546
136 C 25.5 26.0 3.29 104 12798
137 C 25.3 26.0 2.96 95 12612
138 C 25.6 25.3 2.99 96 10031
139 C 25.1 25.3 2.46 82 10458
140 C 25.8 25.7 3.63 113 11414
141 C 25.7 25.3 2.47 79 9405
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Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)

144 C 25.4 25.6 3.07 99 13680
148 C 25.6 25.8 2.79 89 11055
149 C 25.5 25.0 2.30 74 9431
151 C 25.2 25.2 3.29 110 13565
152 C 25.6 25.5 3.44 110 13982
154 C 26.0 25.3 2.85 89 9156
155 C 25.9 26.3 2.84 86 10886
157 C 25.9 25.9 2.42 75 9945
159 C 25.7 25.9 4.00 125 13696
160 C 25.4 25.7 3.56 115 14092
161 C 25.2 26.0 2.73 88 11321
162 C 25.3 25.8 3.28 106 13182
163 C 25.3 26.1 2.75 87 11632
164 C 25.3 25.5 2.89 94 12457
168 C 25.6 27.0 2.19 66 7149
171 C 25.9 25.8 2.68 83 10350
172 C 26.4 25.5 3.11 93 10916
174 C 25.8 25.9 3.37 104 13089
175 C 25.9 25.6 3.02 94 12253
176 C 25.8 25.8 2.85 89 10285
178 C 25.3 25.6 2.98 97 12042
179 C 26.3 25.8 2.92 87 10991
180 C 25.9 25.2 2.94 93 12505
182 C 25.7 25.6 2.85 90 12716
183 C 25.6 25.3 2.94 95 9866
185 C 26.2 25.9 3.09 92 12444
186 C 26.2 26.2 2.68 79 9041
187 C 25.4 25.4 3.02 98 11844
188 C 26.1 26.1 3.14 94 11237
191 C 25.9 26.0 2.61 80 10212
192 C 25.2 25.4 2.74 90 12016
194 C 26.0 25.7 2.27 70 9151
195 C 25.5 25.7 2.80 89 11463
196 C 26.2 26.0 3.05 91 10871
198 C 26.0 25.7 2.92 90 11750
199 C 26.0 25.6 2.78 86 9765
202 C 25.7 25.8 2.61 82 9765
204 C 26.1 26.2 2.93 88 10866
205 C 25.8 25.6 2.55 80 10006
206 C 26.2 25.5 2.90 88 9156
207 C 25.6 26.0 2.68 84 11315
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Number Group Depth (mm) Width (mm) Max Load (kN) MOR (MPa) MOE (MPa)

209 C 25.8 25.8 3.37 104 10989
210 C 25.8 26.1 2.82 86 9608
211 C 25.8 25.9 2.31 72 8585
213 C 25.5 25.8 2.62 83 9761
214 C 25.9 25.8 2.68 83 9532

Average 88 10742
Minimum 59 6562
Maximum 125 14479
St. Dev. 12 1572

COV 0.132 0.146

Group A = Air-dried
Group B = High temperature dried (116° C)
Group C = Low temperature dried (71° - 82° C)

C-Summary Statistics
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APPENDIX D: CHAPTER 3 – SPECIFIC GRAVITY DATA 



Specimen Group Weight (g) Dry Weight (g) Moisture Content (%) Specific Gravity
1 A 26.21 23.36 12.2% 0.45
5 A 25.73 22.89 12.4% 0.45
6 A 27.98 24.84 12.6% 0.48
7 A 28.33 25.31 11.9% 0.49
10 A 27.93 24.79 12.7% 0.48
12 A 27.82 24.84 12.0% 0.50
15 A 26.46 23.50 12.6% 0.47
16 A 26.94 24.02 12.2% 0.46
19 A 30.26 26.93 12.4% 0.55
23 A 31.51 28.15 11.9% 0.54
26 A 24.72 22.03 12.2% 0.44
31 A 26.59 23.65 12.4% 0.47
33 A 27.11 24.23 11.9% 0.46
35 A 27.19 24.21 12.3% 0.47
36 A 29.27 25.96 12.8% 0.51
38 A 31.94 28.54 11.9% 0.56
39 A 27.48 24.44 12.4% 0.49
40 A 29.38 26.18 12.2% 0.53
41 A 27.57 24.60 12.1% 0.51
42 A 24.54 21.95 11.8% 0.41
43 A 27.21 24.19 12.5% 0.51
45 A 28.89 25.70 12.4% 0.49
46 A 29.71 26.65 11.5% 0.55
47 A 26.39 23.55 12.1% 0.46
49 A 30.50 27.12 12.5% 0.53
51 A 26.99 24.04 12.3% 0.47
52 A 24.49 21.80 12.3% 0.43
53 A 21.97 19.53 12.5% 0.41
55 A 24.22 21.50 12.7% 0.43
59 A 22.85 20.54 11.2% 0.43
64 A 22.19 19.80 12.1% 0.42
65 A 26.67 23.81 12.0% 0.48
67 A 24.08 21.52 11.9% 0.44
69 A 30.84 27.48 12.2% 0.56
70 A 30.61 27.27 12.2% 0.53
71 A 23.36 20.79 12.4% 0.41
73 A 26.87 23.97 12.1% 0.48
76 A 34.34 30.62 12.1% 0.62
77 A 24.48 21.84 12.1% 0.43
78 A 33.42 29.95 11.6% 0.59
79 A 29.61 26.42 12.1% 0.51
80 A 29.27 26.12 12.1% 0.52
81 A 26.23 23.24 12.9% 0.46
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Specimen Group Weight (g) Dry Weight (g) Moisture Content (%) Specific Gravity
83 A 26.75 23.90 11.9% 0.48
86 A 29.04 26.00 11.7% 0.50
87 A 24.59 21.93 12.1% 0.44
90 A 28.82 25.69 12.2% 0.48
91 A 30.83 27.52 12.0% 0.53
92 A 29.86 26.77 11.5% 0.52
93 A 24.20 21.56 12.2% 0.42
96 A 26.60 23.79 11.8% 0.47
98 A 23.90 21.33 12.0% 0.44
99 A 24.20 21.61 12.0% 0.46
101 A 26.58 23.73 12.0% 0.47
103 A 22.55 20.10 12.2% 0.39
107 A 24.31 21.64 12.3% 0.42
108 A 28.61 25.61 11.7% 0.53
110 A 25.41 22.53 12.8% 0.44
111 A 31.33 28.03 11.8% 0.54
113 A 24.72 22.09 11.9% 0.43
114 A 27.84 24.88 11.9% 0.51
115 A 29.05 25.98 11.8% 0.50
117 A 32.09 28.60 12.2% 0.54
118 A 27.64 24.70 11.9% 0.47
119 A 26.89 23.99 12.1% 0.50
121 A 25.95 23.19 11.9% 0.46
122 A 25.74 22.91 12.4% 0.45
124 A 28.15 25.18 11.8% 0.54
127 A 27.06 24.15 12.0% 0.51
128 A 30.07 26.74 12.5% 0.51
130 A 32.08 28.67 11.9% 0.61
135 A 30.70 27.51 11.6% 0.56
136 A 31.13 27.78 12.1% 0.57
137 A 30.81 27.53 11.9% 0.54
138 A 31.67 28.15 12.5% 0.59
139 A 27.26 24.39 11.8% 0.45
141 A 26.44 23.63 11.9% 0.47
142 A 34.65 30.99 11.8% 0.59
143 A 27.26 24.34 12.0% 0.50
144 A 27.47 24.56 11.8% 0.49
146 A 27.70 24.68 12.2% 0.49
147 A 26.84 23.93 12.2% 0.48
149 A 27.44 24.35 12.7% 0.49
150 A 29.14 26.05 11.9% 0.50
151 A 30.62 27.16 12.7% 0.56
152 A 36.81 33.00 11.5% 0.65
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Specimen Group Weight (g) Dry Weight (g) Moisture Content (%) Specific Gravity
154 A 32.59 28.87 12.9% 0.58
156 A 25.77 23.03 11.9% 0.45
157 A 22.80 20.38 11.9% 0.43
158 A 26.97 24.06 12.1% 0.46
159 A 38.35 34.40 11.5% 0.70
160 A 29.41 26.27 12.0% 0.55
162 A 28.21 25.25 11.7% 0.50
164 A 29.88 26.62 12.2% 0.56
167 A 35.96 32.13 11.9% 0.60
168 A 27.49 24.36 12.8% 0.48
169 A 27.58 24.56 12.3% 0.50
171 A 26.33 23.50 12.0% 0.49
172 A 29.06 25.74 12.9% 0.53
175 A 29.77 26.55 12.1% 0.51
176 A 28.28 25.19 12.3% 0.49
177 A 23.27 20.73 12.3% 0.40
179 A 36.00 32.36 11.2% 0.64
180 A 29.13 25.99 12.1% 0.53
181 A 27.35 24.40 12.1% 0.51
182 A 30.08 26.81 12.2% 0.50
183 A 29.17 25.99 12.2% 0.55
185 A 27.54 24.60 12.0% 0.51
187 A 30.02 26.79 12.1% 0.55
188 A 23.35 20.77 12.4% 0.43
191 A 22.71 20.23 12.3% 0.42
192 A 24.61 21.97 12.0% 0.45
193 A 29.74 26.54 12.1% 0.52
194 A 26.02 23.17 12.3% 0.45
195 A 27.71 24.77 11.9% 0.48
197 A 27.52 24.59 11.9% 0.47
198 A 31.14 27.85 11.8% 0.55
199 A 26.81 23.92 12.1% 0.46
200 A 28.02 24.92 12.4% 0.48
201 A 25.32 22.59 12.1% 0.47
202 A 31.58 27.98 12.9% 0.54
203 A 30.69 27.42 11.9% 0.52
206 A 28.52 25.32 12.6% 0.52
208 A 25.90 23.04 12.4% 0.48
209 A 26.87 24.00 12.0% 0.49
210 A 26.05 23.34 11.6% 0.47
211 A 24.52 21.85 12.2% 0.41
212 A 29.20 26.07 12.0% 0.55
1 B 24.82 22.49 10.4% 0.46
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Specimen Group Weight (g) Dry Weight (g) Moisture Content (%) Specific Gravity
2 B 26.60 23.99 10.9% 0.50
3 B 26.90 24.21 11.1% 0.47
5 B 28.59 25.71 11.2% 0.48
6 B 25.86 23.07 12.1% 0.44
10 B 25.23 23.04 9.5% 0.48
13 B 23.59 21.21 11.2% 0.42
17 B 30.33 27.42 10.6% 0.55
18 B 23.41 21.18 10.5% 0.41
20 B 25.02 22.59 10.8% 0.45
21 B 25.82 23.34 10.6% 0.45
23 B 30.20 27.39 10.3% 0.52
25 B 24.03 21.72 10.6% 0.44
28 B 24.54 22.08 11.1% 0.45
29 B 32.45 29.39 10.4% 0.55
30 B 24.83 22.20 11.8% 0.43
32 B 27.12 24.32 11.5% 0.47
33 B 25.01 22.24 12.5% 0.43
36 B 27.07 24.16 12.0% 0.48
38 B 29.48 26.49 11.3% 0.51
39 B 28.34 25.25 12.2% 0.48
40 B 29.31 26.55 10.4% 0.48
41 B 28.00 25.32 10.6% 0.48
42 B 24.18 21.82 10.8% 0.42
43 B 28.13 25.09 12.1% 0.51
45 B 25.32 21.85 15.9% 0.46
46 B 27.73 25.04 10.7% 0.51
47 B 26.11 23.60 10.6% 0.44
48 B 28.11 25.31 11.1% 0.53
49 B 28.53 25.27 12.9% 0.50
50 B 24.75 22.44 10.3% 0.44
51 B 26.24 23.59 11.2% 0.46
53 B 23.38 20.93 11.7% 0.42
54 B 29.29 26.37 11.1% 0.51
55 B 24.24 21.87 10.8% 0.46
56 B 30.51 27.27 11.9% 0.55
57 B 25.73 23.26 10.6% 0.44
58 B 27.29 24.55 11.2% 0.49
59 B 30.01 27.03 11.0% 0.52
60 B 25.87 23.33 10.9% 0.47
61 B 23.79 21.51 10.6% 0.44
64 B 26.31 23.75 10.8% 0.46
65 B 27.60 24.61 12.1% 0.49
70 B 25.34 22.57 12.3% 0.49
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Specimen Group Weight (g) Dry Weight (g) Moisture Content (%) Specific Gravity
71 B 22.73 20.50 10.9% 0.41
73 B 26.98 24.20 11.5% 0.48
74 B 24.28 21.84 11.2% 0.46
76 B 34.75 31.23 11.3% 0.60
77 B 25.43 23.20 9.6% 0.45
79 B 30.75 27.47 11.9% 0.49
80 B 29.67 26.66 11.3% 0.52
83 B 26.14 23.84 9.6% 0.45
87 B 25.30 22.43 12.8% 0.44
90 B 25.34 22.86 10.8% 0.48
92 B 27.46 24.66 11.4% 0.49
93 B 24.61 21.66 13.6% 0.43
94 B 25.23 22.81 10.6% 0.45
96 B 25.12 22.94 9.5% 0.48
98 B 27.00 24.30 11.1% 0.46
99 B 26.22 23.56 11.3% 0.47
101 B 25.71 23.08 11.4% 0.47
102 B 26.92 24.31 10.7% 0.50
103 B 22.78 20.66 10.3% 0.41
104 B 29.38 26.52 10.8% 0.50
107 B 25.05 22.61 10.8% 0.43
109 B 29.53 26.92 9.7% 0.56
110 B 25.38 22.79 11.4% 0.46
111 B 30.16 27.14 11.1% 0.53
112 B 24.81 22.40 10.8% 0.47
113 B 24.50 22.13 10.7% 0.43
116 B 28.11 25.19 11.6% 0.49
117 B 30.23 27.36 10.5% 0.52
118 B 27.12 24.37 11.3% 0.48
119 B 29.16 26.29 10.9% 0.49
121 B 26.92 24.57 9.6% 0.48
122 B 25.43 22.81 11.5% 0.48
123 B 24.75 21.96 12.7% 0.45
127 B 28.51 25.68 11.0% 0.49
128 B 26.44 23.53 12.4% 0.49
129 B 34.12 30.56 11.6% 0.59
130 B 29.98 27.06 10.8% 0.52
131 B 28.68 25.37 13.0% 0.47
132 B 32.13 28.77 11.7% 0.56
134 B 25.70 22.99 11.8% 0.45
135 B 30.85 27.77 11.1% 0.56
136 B 32.98 29.59 11.5% 0.56
137 B 28.00 25.17 11.2% 0.52
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Specimen Group Weight (g) Dry Weight (g) Moisture Content (%) Specific Gravity
138 B 35.67 31.80 12.2% 0.60
139 B 24.71 22.38 10.4% 0.43
140 B 29.40 26.45 11.2% 0.53
142 B 34.61 30.98 11.7% 0.57
143 B 27.83 24.84 12.0% 0.46
144 B 31.06 27.82 11.6% 0.53
146 B 26.19 23.46 11.6% 0.45
147 B 24.99 22.23 12.4% 0.43
149 B 26.18 23.26 12.6% 0.44
150 B 28.33 25.40 11.5% 0.49
151 B 31.47 28.42 10.7% 0.56
152 B 35.16 31.52 11.5% 0.58
153 B 27.73 25.00 10.9% 0.48
154 B 30.30 26.98 12.3% 0.56
155 B 27.65 24.67 12.1% 0.48
156 B 28.05 25.24 11.1% 0.49
157 B 24.70 21.97 12.4% 0.44
158 B 24.34 21.81 11.6% 0.45
159 B 35.42 31.77 11.5% 0.61
160 B 31.00 27.82 11.4% 0.54
161 B 27.90 25.00 11.6% 0.48
162 B 29.89 26.91 11.1% 0.55
164 B 30.28 27.11 11.7% 0.53
167 B 34.99 31.28 11.9% 0.60
168 B 23.22 20.89 11.2% 0.43
169 B 28.26 25.44 11.1% 0.50
172 B 31.55 28.11 12.2% 0.53
173 B 25.66 22.97 11.7% 0.44
175 B 27.80 25.06 10.9% 0.48
176 B 30.16 27.17 11.0% 0.52
178 B 29.22 26.70 9.4% 0.53
181 B 26.87 24.32 10.5% 0.48
182 B 29.78 26.82 11.0% 0.51
183 B 28.33 25.79 9.8% 0.50
186 B 27.67 24.78 11.7% 0.51
187 B 31.03 27.98 10.9% 0.52
188 B 27.45 24.86 10.4% 0.48
189 B 31.39 28.18 11.4% 0.53
192 B 26.07 23.46 11.1% 0.44
194 B 27.08 23.64 14.6% 0.45
195 B 29.20 26.40 10.6% 0.52
196 B 32.12 29.23 9.9% 0.56
197 B 24.56 22.11 11.1% 0.46
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Specimen Group Weight (g) Dry Weight (g) Moisture Content (%) Specific Gravity
198 B 34.51 30.80 12.0% 0.61
199 B 27.27 24.79 10.0% 0.49
201 B 24.56 22.13 11.0% 0.45
202 B 28.43 25.40 11.9% 0.51
204 B 24.53 21.69 13.1% 0.43
206 B 29.39 26.56 10.7% 0.52
209 B 27.67 25.23 9.7% 0.50
210 B 25.58 23.28 9.9% 0.46
211 B 24.13 21.94 10.0% 0.43
214 B 27.08 24.32 11.3% 0.47
1 C 27.12 23.99 13.0% 0.46
3 C 24.82 22.25 11.6% 0.45
5 C 28.41 25.16 12.9% 0.52
6 C 24.22 21.56 12.3% 0.43
10 C 26.47 23.53 12.5% 0.45
12 C 27.90 24.93 11.9% 0.50
15 C 26.25 23.30 12.7% 0.47
16 C 28.73 25.34 13.4% 0.51
20 C 28.31 25.33 11.8% 0.49
23 C 29.41 26.27 12.0% 0.52
26 C 22.93 20.57 11.5% 0.43
29 C 28.81 25.67 12.2% 0.52
31 C 27.06 24.45 10.7% 0.49
32 C 27.50 24.33 13.0% 0.50
33 C 23.21 20.72 12.0% 0.42
35 C 24.30 21.57 12.7% 0.42
36 C 28.34 25.18 12.5% 0.52
39 C 27.78 24.52 13.3% 0.48
40 C 27.18 24.06 13.0% 0.48
41 C 24.97 21.96 13.7% 0.46
44 C 31.40 27.88 12.6% 0.58
45 C 26.29 23.25 13.1% 0.48
46 C 28.58 25.59 11.7% 0.50
48 C 29.15 26.05 11.9% 0.54
49 C 28.85 25.67 12.4% 0.53
50 C 25.53 22.58 13.1% 0.44
51 C 25.38 22.65 12.1% 0.46
53 C 24.30 21.59 12.6% 0.44
54 C 28.66 25.36 13.0% 0.51
57 C 25.68 22.76 12.8% 0.46
59 C 25.09 22.42 11.9% 0.45
60 C 24.73 21.89 13.0% 0.44
61 C 23.90 21.12 13.2% 0.42

106
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62 C 25.30 22.32 13.4% 0.44
65 C 28.42 25.07 13.4% 0.50
69 C 29.76 26.49 12.3% 0.54
70 C 29.13 25.78 13.0% 0.52
72 C 27.36 24.33 12.5% 0.49
75 C 23.74 20.99 13.1% 0.43
76 C 34.51 30.53 13.0% 0.61
78 C 29.72 26.20 13.4% 0.53
79 C 28.72 25.49 12.7% 0.51
80 C 29.33 25.95 13.0% 0.49
81 C 23.22 20.48 13.4% 0.42
84 C 24.89 22.20 12.1% 0.46
86 C 26.42 23.49 12.5% 0.48
87 C 24.89 21.99 13.2% 0.43
89 C 23.73 21.41 10.8% 0.44
91 C 29.00 25.69 12.9% 0.51
93 C 23.50 20.75 13.3% 0.40
94 C 28.99 25.69 12.8% 0.50
95 C 24.00 21.19 13.3% 0.43
96 C 25.44 22.64 12.4% 0.45
98 C 25.35 22.61 12.1% 0.45
100 C 25.78 22.82 13.0% 0.46
103 C 21.24 18.98 11.9% 0.38
105 C 27.30 24.17 12.9% 0.49
107 C 25.55 22.56 13.3% 0.46
110 C 26.76 23.47 14.0% 0.45
113 C 22.87 20.51 11.5% 0.41
114 C 26.86 23.98 12.0% 0.48
116 C 27.77 24.72 12.3% 0.50
117 C 22.16 19.63 12.9% 0.40
118 C 28.54 25.60 11.5% 0.51
119 C 26.77 23.78 12.6% 0.49
121 C 26.29 23.47 12.0% 0.48
122 C 25.02 22.30 12.2% 0.45
123 C 25.11 22.50 11.6% 0.46
124 C 33.37 29.48 13.2% 0.56
125 C 23.41 20.90 12.0% 0.41
126 C 20.89 18.69 11.8% 0.38
127 C 27.80 24.73 12.4% 0.50
128 C 28.69 25.57 12.2% 0.52
129 C 29.25 25.76 13.5% 0.52
130 C 30.75 27.62 11.3% 0.56
131 C 26.85 24.00 11.9% 0.46
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135 C 29.50 25.98 13.5% 0.52
136 C 28.69 25.37 13.1% 0.51
137 C 28.84 25.69 12.3% 0.52
138 C 28.82 25.27 14.0% 0.52
139 C 24.14 21.25 13.6% 0.44
140 C 33.73 30.10 12.1% 0.61
141 C 24.51 21.71 12.9% 0.44
144 C 29.90 26.35 13.5% 0.54
148 C 25.50 22.71 12.3% 0.46
149 C 24.22 21.54 12.4% 0.45
151 C 29.62 26.33 12.5% 0.55
152 C 32.00 28.22 13.4% 0.57
154 C 32.48 28.80 12.8% 0.58
155 C 27.91 24.81 12.5% 0.49
157 C 25.26 22.38 12.9% 0.44
159 C 34.58 30.84 12.1% 0.62
160 C 32.11 28.28 13.5% 0.58
161 C 26.50 23.52 12.7% 0.48
162 C 30.79 27.22 13.1% 0.56
163 C 26.32 23.51 12.0% 0.47
164 C 27.57 24.29 13.5% 0.50
168 C 26.81 23.88 12.3% 0.47
171 C 26.74 23.70 12.8% 0.47
172 C 29.32 26.07 12.5% 0.52
174 C 31.31 27.59 13.5% 0.55
175 C 27.79 24.40 13.9% 0.49
176 C 28.40 24.86 14.2% 0.50
178 C 27.92 24.54 13.8% 0.50
179 C 30.90 27.18 13.7% 0.54
180 C 27.68 24.43 13.3% 0.50
182 C 27.75 24.41 13.7% 0.50
183 C 29.20 25.84 13.0% 0.53
185 C 29.35 25.83 13.6% 0.51
186 C 31.06 27.46 13.1% 0.53
187 C 29.22 25.89 12.9% 0.53
188 C 27.23 24.02 13.4% 0.47
191 C 24.44 21.79 12.2% 0.43
192 C 24.68 21.80 13.2% 0.45
194 C 24.05 21.06 14.2% 0.42
195 C 29.23 26.05 12.2% 0.53
196 C 29.99 26.60 12.7% 0.52
198 C 27.78 24.45 13.6% 0.49
199 C 25.36 22.56 12.4% 0.45
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202 C 30.69 27.03 13.5% 0.54
204 C 24.94 22.01 13.3% 0.43
205 C 26.43 23.16 14.1% 0.47
206 C 28.74 25.47 12.8% 0.51
207 C 25.84 22.80 13.3% 0.46
209 C 29.29 26.15 12.0% 0.52
210 C 27.21 23.87 14.0% 0.47
211 C 24.27 21.39 13.5% 0.43
213 C 26.11 22.95 13.8% 0.47
214 C 26.45 23.35 13.3% 0.47

Average 12.0% 0.490
Maximum 15.9% 0.702
Minimum 9.4% 0.378
St. Dev. 0.010 0.050

COV 0.0792 0.101

Group A = Air-dried
Group B = High temperature dried (116° C)
Group C = Low temperature dried (71° - 82° C)

Summary Statistics
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