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Abstract. A primary goal of structural lumber grading is the identification of the strength-reducing
characteristics that impact the MOE and theMOR. Nondestructive evaluation is a technique that can be used
to identify material with greater stiffness. This study investigates the use of longitudinal and transverse
vibration methods to evaluate the mechanical properties of No. 2 2� 4 and 2� 6 southern pine lumber, with
varied length. A total of 1240 samples were conditioned to 12% EMC. All samples were first non-
destructively tested using transverse vibration equipment (Metriguard E-computer) in the edgewise and
flatwise directions and with three different longitudinal vibration devices (Fakopp Portable Lumber Grader,
Director HM 200, and Falcon A-grader) and then destructively tested. The objective of this study was to
analyze the effectiveness of nondestructive testing on southern pine lumber with several technologies used in
the lumber industry. The results showed statistically significant correlations between static MOE and the
dynamic MOE (dMOE) measured by nondestructive techniques. Weaker correlations were found between
MOR and the dMOE values. This finding is likely because MOR is related to the ultimate strength of
material, often associated with the existence of localized defects, such as knots. This study indicates that
nondestructive techniques can potentially be used to evaluate 2 � 4 and 2 � 6 lumber stiffness to improve
evaluation for end use.

Keywords: Stiffness, strength, stress wave, transverse vibration, nondestructive testing.

INTRODUCTION

Wood is a major construction material used in the
United States. It has advantages when compared
with other materials such as steel and concrete.
It exhibits considerable mechanical resistance, and
a favorable strength-to-weight ratio. The cost is

competitive and the material is relatively easy to
fasten, cut, and shape. In addition, wood is sus-
tainable, renewable, and biodegradable; however,
to use wood effectively as a structural material, a
reliable strength evaluation via grading is required
to optimize the strength and stiffness of the ma-
terial for its end use (Frese 2008).

Wood has many features that directly influence its
in-service performance. Nondestructive testing
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(NDT) methods provide ways to evaluate the
physical and mechanical properties of the ma-
terial without changing its characteristics (Ross et al
1991). Techniques such as ultrasound, transverse
vibration, longitudinal vibration, and X-ray have
been investigated and adopted by the industry
because of their fast responses and high correlations
with mechanical properties (Simpson and Wang
2001; Yang et al 2002; Brashaw et al 2009).

The MOE is one of the most important me-
chanical properties of wood because it is the most
frequently used indicator of load resistance
(Wang et al 1993; Nzokou et al 2006; Amishev
and Murphy 2008). The dynamic methods to
characterize wood and other materials calculate
MOE through the natural frequency of the
specimen’s vibration and its geometric parame-
ters. These methods have the advantage of being
fast and repeatable (Esteban et al 2009; Cossolino
and Pereira 2010). Since the 1960s, researchers
from the forest products community have been
developing NDT devices for evaluating the
quality of lumber products, especially with regard
to mechanical grading (Galligan and McDonald
2000; Divós and Tanaka 2005).

Lumber is more difficult to evaluate than small
clear specimens because it is larger and has a
multitude of interacting characteristics that could
potentially reduce strength and stiffness. Pre-
dicting the MOE of lumber with longitudinal
vibration has received considerable attention in
recent years in terms of grading or presorting
(Pellerin 1965; Kaiserlik and Pellerin 1977; Vogt
1985; Ross and Pellerin 1988; Wang 2013; Yang
et al 2015; Aro et al 2016). The assessment of the
quality of raw wood materials has become a
crucial issue in the operational value chain, as the
forestry and wood processing industries are in-
creasingly under economic pressure to maximize
its extracted value (Brashaw et al 2009).

High correlations betweenNDT and static bending
MOE have been found. However, it is more dif-
ficult to predict the MOR. The relationship be-
tween MOE and MOR is not as statistically
strong, and it often yields r2 values from 0.47 to
0.6 (Green and Kretschmann 1991; Liliefna 2009;

Ross 2015). The difficulty in predicting the MOR is
due to the presence and location of wood-growth
related characteristics, such as knots, and the slope of
grain that have a significant effect on MOR (Falk
et al 1990).

The quality of a strength-grading system is de-
termined by the ability of the system to accurately
predict the strength of each piece. The accuracy
can be quantified by the coefficient of de-
termination r2, determined via regression analysis
along with the coefficient of variation (Hanhijärvi
et al 2005). In addition, a system is judged by the
ability to sort-out pieces with different character-
istics resulting in consistently low strength. If the
regression analysis is based on measurements
made under the same conditions and with the same
apparatus that is used in the strength-grading
machine, the effect of the measurement error
and coefficient of variation is already included in
the r2 value directly. If the measurements are made
under laboratory conditions, the effect of mea-
surement error should be considered separately
when evaluating the effectiveness of a certain
strength-grading system (Bailleres et al 2009).

Continuous development and adoption of cost-
efficient NDT technologies and tools is necessary
to maintain a vibrant lumber industry. Additional
information on NDT tool accuracy is beneficial
for justifying the application of machine stress-
grading in the southern pine lumber industry
(Yang et al 2015).

The objectives of this study were: 1) to in-
vestigate the relationships between the dynamic
MOE (dMOE) from longitudinal and transverse
vibration and the mechanical properties (bending
MOE and MOR) of No. 2 visually graded southern
pine lumber using four commercially available
NDT tools; 2) to evaluate the accuracy and re-
liability of the NDT tools that are widely used for
grading and testing structural lumber; 3) to obtain a
robust understanding of different NDT methods
that are used to test full-size lumber.

MATERIALS AND METHODS

This study expands previous NDT work and
provides additional estimates of grading accuracy.
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The description of the collection of the material
and specimen preparation is described in França
et al (2018). The presence of pith, number of rings
per inch, and percentage of latewood are described
in França et al (2018). The orientation of the board
was also recorded.

To fully understand the relationships between
dynamic and static lumber evaluation methods,
experimental tests on 2 � 4 and 2 � 6 southern
pine lumber were conducted with four com-
mercially available NDT devices. A total of 1240
specimens of No. 2 southern pine lumber were
obtained from retail lumber yards in the south-
eastern United States (Table 1). The lumber was
divided into two groups according to the cross-
section dimensions: 629 specimens of 2 � 4 (net
38 � 89 mm2) and 611 specimens of 2 � 6 (net
38 � 140 mm2). The average MC when tested
was 11.4%, and the average air-dried density was
557 kg$m�3. Table 2 summarizes the general
characteristics of the specimens (presence of pith,
cut orientation, number of rings per inch, and
percentage of latewood). Specimens were non-
destructively evaluated with longitudinal vibra-
tion, and transverse vibration. The Fakopp,

Falcon A-grader, and Director HM 200 were used
to get the longitudinal vibration. For transverse
vibration, the device used was the Metriguard
Model 340 Transverse Vibration E-Computer
(Metriguard Raute Group, Pullman, WA). The
transverse vibration was captured in two orien-
tations: flatwise and edgewise.

Longitudinal Vibration

Longitudinal vibration data were collected for
each specimen using three commercially avail-
able testing devices: Fakopp Microsecond Timer
(Fakopp Enterprise Bt, Ágfalva, Hungary), Fal-
con A-grader (Falcon Engineering Limited,
Taranaki, New Zealand), and Director HM 200

Table 1. Dimensions of 2 � 4 and 2 � 6 southern pine
dimensional lumber.

Size
Thickness
(mm) Width (mm) Length (m) Quantity by length

2 � 4 38 140 2.45 (96 in) 121
— — 3.06 (120 in) 151
— — 3.68 (144 in) 206
— — 4.26 (168 in) 48
— — 4.90 (193 in) 103

2 � 6 38 185 3.06 (120 in) 84
— — 3.68 (144 in) 262
— — 4.26 (168 in) 136
— — 4.90 (193 in) 98
— — 6.10 (240 in) 31

Table 2. Overall average information of No. 2 grade
southern pine lumber by size.

Size N
Pith
(%)

Ring orientation (%) Rings
per
inch

Latewood
(%)Tangential Radial

2 � 4 629 25.0 86.0 14.0 4.9 43.4
2 � 6 611 30.7 85.8 14.2 4.8 44.7
Overall 1240 28.0 85.9 14.1 4.8 43.9

Figure 1. Longitudinal stress wave technique: (a) microphone:
Fakopp and Falcon A-Grader; and (b) Director HM 200.
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(Fibre-gen, Christchurch, New Zealand). During
the testing, two rigid sawhorses, positioned at ¼
and ¾ the length, supported the specimens, and
foamwas used at the contact surfaces between the
sawhorses and specimen as a way to reduce
damping and increase accuracy. To generate the
specimen vibration a hammer was used (Fig 1).
To collect the longitudinal frequencies, the
Fakopp device was used. The device has a mi-
crophone that was used to capture the vibration. A
computer with the fast Fourier vibration analyzer
(Fakopp Enterprise Bt 2005) and Falcon A-grader
software was used to read the natural frequency of
each piece. The Director HM 200 is a portable
device that measures the vibration velocity and
was also used to collect data.

Each test was initiated with the impact of a
hammer to produce the longitudinal vibration in
each test specimen according to ASTM E 1876
(ASTM 2015a). dMOE was calculated from the
data collected with the three longitudinal vibra-
tion devices as per Eq 1, where EL ¼ dMOE

(MPa), ρ ¼ density (kg$m�3), L ¼ length of the
piece (m), f¼ first harmonic longitudinal vibration
frequency (Hz), and v ¼ wave velocity (m$s�1).

EL ¼ ρ$ðL� f Þ2 ¼ ρ$v2 (1)

Each piece was oriented flatwise, supported on one
end by a knife-edge support and at the opposite
end by a point support. As such, each piece was
permitted to vibrate in an unrestrained manner.

Transverse Vibration

Each piece was nondestructively examined us-
ing transverse vibration equipment (Metriguard
Model 340 Transverse Vibration E-Computer) in
both orientations: flatwise and edgewise (Fig 2).
Oscillation was initiated by gently tapping the
specimen near the center of the span. A load cell
measured the frequency of vibration and weight,
and the E-Computer determined the transverse
vibration frequency for each piece and calculated
its dMOE.

The impact was applied with a hammer, and the
signal captured along the transverse direction per
ASTM E 1876 (2015a). The calculation of the
MOE by the first transverse vibration resonant
frequency is shown in Eq 2, where ET ¼ dMOE
(GPa), Fr ¼ resonant frequency (Hz), W ¼
lumber piece weight (kg$g), L ¼ beam span (m),
I ¼ moment of inertia (m4), and g ¼ acceleration
of gravity (9.8 m$s�2).

ET¼ f 2r $W$L3

2:46$I$g
(2)

A similar procedure was used in the measurement
of dMOE in the edgewise orientation (dMOE

Figure 2. Transverse vibration technique: Metriguard E-
computer model 340 (edgewise–flatwise).

Table 3. Static bending MOE and MOR values of 2 � 4 and 2 � 6 southern pine structural lumber.

N Size Mean Median Minimum Maximum STD COV (%)

MOE (GPa) 629 2 � 4 10.86 10.75 3616 19.14 2.80 25.8
2 � 6 10.41 10.25 3650 18.27 2.40 23.0

MOR (MPa) 611 2 � 4 55.39 53.76 10.89 121.35 20.76 37.5
2 � 6 45.88 44.66 7.70 99.25 17.93 39.1

SD, standard deviation; COV, coefficient of variation.
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edge). Special care was taken to ensure that the
vibration was vertical because horizontal vibra-
tion has the potential to vibrate in an additional
mode, which can complicate or confuse the
machine-determined frequency.

Static Bending Test

Following the nondestructive measurements, all
specimens were destructively tested in static
bending on an Instron Universal Testing Machine
using Bluehill 3 software (Instron, Norwood,
MA) to obtain the MOE andMOR. The edgewise
static bending tests were conducted using a four-
point bending setup, and the span-to-depth ratio
was 17 to 1 (ASTM D198 2014b), and the rate of
loading followed ASTM D4761 (2014c). The
load–deflection data were recorded and the
flexural MOE was calculated using Eq 3, where
MOE ¼ static bending MOE (MPa), P ¼ force
(N), L ¼ distance between load points (m), δ ¼
midspan deflection (m), and I ¼ moment of in-
ertia (m4). The tension face and the grade char-
acteristics were placed randomly, selected
without respect to positioning.

MOE¼P�ð3L2 � 4a2Þ
48� δ� I

(3)

MOR was calculated based on Eq 4, where P ¼
maximum transverse load (N), L ¼ specimen
span (m), b ¼ specimen thickness (m), and h ¼
specimen depth (m).

MOR¼ P�L

b� h2
(4)

Statistical Analysis

All statistical analyses of static bendingMOE and
strength (MOE and MOR) and dMOE values
were conducted using SAS 9.4 (SAS Institute
2013). Single-variable linear regression analysis
(α ¼ 0.05) techniques were used to develop
models relating dMOE from the devices to static
bendingMOE andMOR. Individual models were
developed for each lumber width and length
combination. The coefficient of correlation (r)
and coefficient of determination (r2) were noted
for each relationship.

RESULTS

The results of the statistical analyses of the static
bending MOR and MOE values are listed in
Table 3. There is a statistically significant dif-
ference (α¼ 0.05) between groups 2� 4 and 2�
6 only for MOR. This difference could be
explained by the knot size and knot position on
each specimen. Knot type in a specimen depends
on the inherent log, and the sawmill yield de-
cision during breakdown.

Static bending MOR values ranged from 7.7 to
121.5 MPa. The mean MOR is 55.4 MPa for 2 �
4 and 45.9 MPa for 2 � 6 (Table 3). Strength is
greatly affected by the position of knots during
destructive testing because specimens were po-
sitioned randomly on the testing machine. The
placement of the specimen on the load head was
carried out randomly. Thus, in some cases, large-
sized knots were placed between the load heads,
reducing strength. In other cases, knots were
outside of the load span, increasing strength.

Table 4. Dynamic MOE (dMOE) values obtained from longitudinal vibration technique on 2 � 4 and 2 � 6 southern pine
structural lumber.

Size Mean Median Minimum Maximum STD COV (%)

dMOEFAK
a (GPa) 2 � 4 11.51 11.49 3.95 21.42 3.03 26.3

2 � 6 11.16 10.82 3.82 20.77 2.89 25.9
dMOEDIR

b (GPa) 2 � 4 11.65 11.54 3.93 21.59 3.05 26.2
2 � 6 11.25 10.93 4.08 21.05 2.88 25.6

dMOEFAL
c (GPa) 2 � 4 11.02 10.97 3.81 20.46 2.89 26.2

2 � 6 11.95 11.53 4.11 26.31 3.14 26.3

SD, standard deviation; COV, coefficient of variation.
a Longitudinal vibration MOE value from the Fakopp lumber grader.
b Longitudinal vibration MOE value from the Director HM 200.
c Longitudinal vibration MOE value from the Falcon A-Grader.
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The mean MOE for 2� 4 and 2� 6 are 10.9 GPa
and 10.4 GPa, respectively.

For 2 � 4, the minimum, mean, and maximum
MOE values are 3.62, 10.86, and 19.14 GPa,
respectively. For 2� 6, the minimum, mean, and
maximum MOE values are 3.65, 10.41, and

18.27 GPa, respectively. The MOE mean value
found in this research exceeded the new pub-
lished design value (9.7 GPa) and also met the
previous SPIB design values (11.0 GPa) (AFPA
2005; ALSC 2013). Doyle and Markwardt
(1966) studying southern pine dimensional

Figure 3. Linear regression plots for 2� 4 southern pine lumber showing bending MOE vs dynamic MOE from (a) Fakopp
Lumber Grader, Director HM 200, and Falcon A-Grader, and (b) edgewise and flatwise vibration.
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lumber, found MOE values ranging from 8.8 to
13.2 GPa.

Longitudinal and Transverse Vibration

Table 4 summarizes the dMOE mean values for
the longitudinal vibration with different tools.

The dMOE obtained with longitudinal vibration
ranged between 3.81 and 21.60 GPa, with the
average around 11.5 GPa for all three longitu-
dinal vibration devices. The Falcon device de-
tected a wider range of stiffness values associated
with the same lumber. The relationship between

Figure 4. Linear regression plots for 2� 4 southern pine lumber showing bending MOR vs dynamic MOE from (a) Fakopp
Lumber Grader, Director HM 200, and Falcon A-Grader, and (b) edgewise and flatwise vibration.

WOOD AND FIBER SCIENCE, JANUARY 2019, V. 51(1)8



dMOE and bending MOE for 2 � 4 for longi-
tudinal and transverse vibration are shown in Figs
3 and 4. Applying transverse vibration tech-
niques, the dMOE values for the flatwise orien-
tation ranged from 3.8 to 21.6 GPa, with the
average being 11.4 GPa, and those for the
edgewise orientation ranged from 2.7 to 20.8
GPa, with the average being 11.4 GPa. Overall,
flatwise dMOE values were slightly higher if
compared with edgewise dMOEs (Table 5). The
relationship between dMOE and bending MOR
for 2 � 6 are shown in Figs 5 and 6, edgewise
transverse vibration and flatwise transverse vi-
bration, respectively.

Linear Regressions Analysis

The coefficients β0 and β1 are used in the gen-
eralized model where the static property ¼ β0 þ
β1$dMOE. The results of the linear regression
analyses relating static bending MOE with the
dMOE from different devices for 2� 4 and 2� 6
southern pine dimensional lumber are listed in
Table 6.

The results indicate significant correlations be-
tween the properties determined by non-
destructive techniques and static MOE. For 2� 4,
the r2 ranged from 0.89 to 0.85, where the E-
computer in the edgewise direction showed the
highest r2 value and the E-computer in the flat-
wise direction showed the lowest r2 value. For
2� 6, the r2 for the E-computer ranged from 0.81
to 0.85, and the edgewise orientation showed the
highest r2 value, whereas the Falcon showed the
lowest r2. Many studies on other softwood spe-
cies and grades have demonstrated the potential
of these methods to estimate MOE (Ross et al
1991; Divós and Tanaka 1997).

The results of the linear regression analyses relating
static bending MOR with dMOE from different
devices for 2 � 4 and 2 � 6 southern pine di-
mensional lumber are listed in Table 7. For 2 � 4,
the r2 ranged from 0.38 to 0.41, and similar to the
dMOE, the E-computer edgewise direction had the
highest r2 value, whereas Falcon showed the lowest
r2 value. The r2 for 2� 6 ranged from 0.38 to 0.45,
where the Director HM 200 showed the highest r2

value, whereas Fakopp showed the lowest r2 value.

Linear relationships between dMOE and MOR
were, in general, weak (Table 7). The low cor-
relations are largely explained by 1) the presence
of knots and other wood defects such as checks,
splits, and grain deviations present in southern
pine dimension lumber and by the fact that all
lumber were in the same grade, and 2) the NDT
analysis was performed over the entire length of
each piece, but the static bending was performed
over a 17:1 span-to-depth ratio that was randomly
positioned in the testing machine. Inclusion of
multiple grades would have provided specimens
of both greater and lesser quality which would
have most likely improved these correlations.

DISCUSSION

Table 8 summarizes research conducted to examine
the relationship between the longitudinal vibration
MOE and static bending (MOE and MOR) of
southern pine structural lumber. The correlations
found in this study were comparable with those
reported in previous literature. Pellerin (1965), using
free transverse vibration on the flatwise orientation of
Douglas-fir dimensional lumber, found correlations
between 0.67 and 0.93 for various lumber grades. In
his study of lodgepole pine dimensional lumber
using the transverse vibration technique, O’Halloran

Table 5. Dynamic MOE (dMOE) values obtained from transverse vibration technique on 2 � 4 and 2 � 6 southern pine
structural lumber.

Size Mean Median Minimum Maximum STD COV (%)

dMOEEDGE
a (GPa) 2 � 4 11.61 11.50 4.26 20.80 2.93 25.2

2 � 6 11.19 10.90 4.17 20.30 2.67 23.9
dMOEFLAT

b (GPa) 2 � 4 11.51 11.41 4.16 20.50 3.00 26.1
2 � 6 11.31 11.07 3.93 21.60 2.86 25.3

SD, standard deviation; COV, coefficient of variation.
a Edgewise transverse vibration MOE value.
b Flatwise transverse vibration MOE value.
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(1972) found a correlation of 0.89. Green and
McDonald (1993), using transverse vibration in a
flatwise orientation, found a correlation of 0.58 for
northern red oak lumber. Halabe et al (1995) studied
the relationship between stress wave, transverse
vibration, and ultrasonic tests on green and dry

southern pine dimensional lumber. The results
showed that the relationship between dry static
bendingMOEvs stress wave velocity can directly be
used to predict the dry static bending MOE. How-
ever, the relationships for MOR were low. In ad-
dition, there were low coefficients of determination

Figure 5. Linear regression plots for 2� 6 southern pine lumber showing bending MOE vs dynamic MOE from (a) Fakopp
Lumber Grader, Director HM 200, and Falcon A-Grader, and (b) edgewise and flatwise vibration.
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for ultrasonic testing, showing that this test is not
suitable for the grading of long-dimension lumber.

Yang et al (2015) tested the relationship between
the predicted E and bending MOE, and found r2

values ranging from 0.77 to 0.86, which are

similar to the results found in this study. The r2

values found by Yang et al (2017) for dMOE and
bending MOR that ranged from 0.23 to 0.28 were
lower than the bending MOR r2 predicted in this
study. Vega et al’s (2011) investigation of
chestnut timber found r2 to be between 0.10 and

Figure 6. Linear regression plots for 2� 6 southern pine lumber showing bending MOR vs dynamic MOE from (a) Fakopp
Lumber Grader, Director HM 200, and Falcon A-Grader, and (b) edgewise and flatwise vibration.
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0.17 using three different NDT methods (ultra-
sound, impact waves, and longitudinal waves),
concluding that dynamic variables by themselves
are not adequate to estimate bending strength.

The different r2 values among the devices were
small and not considered as an indication of
superiority of a certain method compared with
another because of the reasons explained above.
Furthermore, when considering the suitability of
a strength grading system to a certain application,
the evaluation of the prediction accuracy in terms
of r2 and the coefficient of variation alone is not
adequate. Obviously, the price of the system, its
suitability for the production line, and target
strength classes are other important factors.

CONCLUSIONS

This study investigated the accuracy of four
commercial NDT tools for predicting MOE and
MOR of No. 2 southern pine structural lumber.
The devices were divided into two groups, lon-
gitudinal vibration (Fkopp, Falcon, and Director
HM 200) and transverse vibration (Metriguard
Model 340 Transverse Vibration E-Computer) in
flatwise and edgewise orientation. The results of
this study show that:

1. All the devices tested were able to predict
MOE. The differences between the devices
were small.

2. Transverse edgewise vibration showed higher
correlations with static MOE compared with

Table 6. Results of linear regression analyses relating static bending MOE and dynamic MOE (dMOE) from different
devices for 2 � 4 and 2 � 6 southern pine structural lumber.

Size

MOE (GPa)

Device β0 β1 r* r2 Standard error (u)

2 � 4 Fakopp 0.6191 0.0010 0.9270 0.8593 1.1368
Director 0.6271 0.0010 0.9325 0.8695 1.1011
Falcon 0.5744 0.0001 0.9304 0.8657 1.0615
Edgewise 0.8718 0.0001 0.9439 0.8909 0.9694
Flatwise 0.7220 0.0001 0.9265 0.8584 1.2781

2 � 6 Fakopp �0.3599 0.0011 0.9173 0.8415 1.1511
Director �0.1130 0.0011 0.9075 0.8236 1.2101
Falcon �0.3987 0.0012 0.9047 0.8185 1.3384
Edgewise 0.4563 0.0010 0.9243 0.8543 1.0202
Flatwise 0.0363 0.0011 0.9081 0.8246 1.1968

β0 and β1 are used in the generalized model static bending ¼ β0 þ β1$(nondestructive parameter).
* All correlations were significant (p-value < 0.0001).

Table 7. Results of linear regression analyses relating static bending MOR and dynamic MOE from different devices for
2 � 4 and 2 � 6 southern pine structural lumber.

Size

MOR (MPa)

Device β0 β1 r* r2 Standard error (u)

2 � 4 Fakopp 6.4932 0.0906 0.6209 0.3855 2.3761
Director 6.5668 0.0917 0.6290 0.3905 2.3798
Falcon 6.2118 0.0868 0.6227 0.3878 2.2663
Edgewise 6.5815 0.0908 0.6425 0.4128 2.2487
Flatwise 6.5631 0.0894 0.6179 0.3818 2.3626

2 � 6 Fakopp 6.4187 0.1034 0.6418 0.4119 2.2172
Director 6.6862 0.0994 0.6191 0.3833 2.2625
Falcon 6.8646 0.1108 0.6325 0.4001 2.4319
Edgewise 6.5997 0.1001 0.6717 0.4512 1.9802
Flatwise 6.6986 0.1006 0.6314 0.3987 2.2163

β0 and β1 are used in the generalized model static bending ¼ β0 þ β1$(nondestructive parameter).
* All correlations were significant (p-value < 0.0001).
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the MOE of transverse flatwise vibration and
longitudinal vibration.

3. The NDT methods and tools tested in this
study were statistically significant predictors
of MOR. However, the tools were less ac-
curate predictors of MOR compared with
MOE.

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

5. Better correlations would be possible if ad-
ditional grades were included, rather than No.
2 graded lumber only, a greater range of
stiffer/stronger specimens and less stiff/weaker
specimens.
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Visão geral e métodos de caracterização. http://www.
investagro.com.br (4 January 2016) (In Portuguese).

Divós F, Tanaka T (1997) Lumber strength estimation by
multiple regression. Holzforschung 51(5):467-471.

Divós F, Tanaka T (2005) Relation between static and dy-
namic modulus of elasticity of wood. Acta Silv Lignaria
Hung 1:105-110.

Doyle DV, Markwardt LJ (1966) Properties of southern pine
in relation to strength grading of dimension lumber. Res.
Pap. FPL-RP-64. USDA Forest Service Forest Products
Laboratory, Madison, WI. 62 pp.

Esteban LG, Fernandez FG, Palacios P (2009) MOE pre-
diction in Abies pinsapo Boiss. timber: Application of an
artificial neural network using non-destructive testing.
Comput Struc 87:1360-1365.

Fakopp Enterprise Bt (2005) Fast Fourier vibration analyzer
user’s guide. Fakopp Enterprise Publication, Agfalva,
Hungary.

Falk RH, Patton-Mallory M, McDonald KA (1990) Non-
destructive testing of wood products and structures: State-
of-the-art and research needs. Pages 137-147 in Proc. Conf.
Nondestructive Testing and Evaluation for Manufacturing
and Construction, August 9-12, 1988, Urbana, IL. Hemi-
sphere Publishing Corp., Champaign, IL.

França TSFA, França FJN, Selae RD, Shmulsky R (2018)
Bending strength and stiffness of No. 2 grade southern pine
lumber. Wood Fiber Sci 50(2):1-15.

Frese M (2008) Visual strength grading supported by me-
chanical grading. Pages 19-30 inConf COST E53, October
29-30, 2008, Delft, The Netherlands.

Galligan WL, McDonald KA (2000) Machine grading of
lumber—Practical concerns for lumber producers. Gen.
Tech. Rep. FPL–GTR–7 (Revised). USDA Forest Service
Forest Products Laboratory, Madison, WI. 39 pp.

Gerhards CC (1982) Longitudinal stress waves for lumbers
stress grading: Factors affecting applications: State of art.
Forest Prod J 32(20):20-25.

Green DW, Kretschmann DE (1991) Lumber properties
relationships for engineering design standards. Wood Fi-
ber Sci 23(3):436-456.

Green DW, McDonald KA (1993) Investigation of the
mechanical properties of red oak 2 by 4’s. Wood Fiber Sci
25(1):35-45.

Halabe UB, Bidigalu GM, GangaRao HVS, Ross RJ (1995)
Nondestructive evaluation of green wood using stress
wave and transverse vibration techniques. Mater Eval
55(9):1013-1018.

Hanhijärvi A, Ranta-Maunus A, Turk G (2005) Potential of
strength grading of timber with combined measurement

techniques. Report of the Combigrade project—Phase 1.
VTT Publication No 568, Espoo, Finland.

Kaiserlik JH, Pellerin RF (1977) Stress wave attenuation as
an indicator of lumber strength. Forest Prod J 27(6):39-43.

Liliefna LD (2009) Structural property relationships for
Canadian dimension lumber. Retrospective theses and
dissertations, 1919-2007, The University of British Co-
lumbia, Vancouver, BC, Canada.

Nzokou P, Freed J, Kamdem DP (2006) Relationship be-
tween nondestructive and static modulus of elasticity of
commercial wood plastic composites. Holz Roh Werkst
64(2):90-93.

O’Halloran MR (1969) Nondestructive parameters for
lodgepole pine dimensional Lumber. MS thesis, Colorado
State University, Fort Collins, CO.

O’Halloran MR (1972) Nondestructive parameters of
lodgepole pine dimension lumber. Forest Prod J 22(2):
44-51.

Pellerin RF (1965) A vibrational approach to nondestruc-
tive testing of structural lumber. Forest Prod J 15(3):
93-101.

Porter AW, Kusec DJ, Olson SL (1972) Digital computer for
determining modulus of elasticity of structural lumber.
WFPL Info. Rep. VP-X-99. Department of Environment,
Canadian Forest Service, Vancouver, BC.

Ross RJ (2015) Nondestructive evaluation of wood, 2nd
edition. Gen Tech Rep FPL-GTR-238. USDA Forest
Service Forest Products Laboratory, Madison, WI. 176
pp.

Ross RJ, Geske EA, Larson GH, Murphy JF (1991)
Transverse vibration nondestructive testing using a per-
sonal computer. Res. Pap. FPL-RP-502. USDA Forest
Service Forest Products Laboratory, Madison, WI. 17 pp.

Ross RJ, Pellerin RF (1988) NDE of wood-based composites
with longitudinal stress waves. Forest Prod J 38(5):39-45.

SAS Institute (2013) SAS® software, version 9.4. The SAS
Institute Inc. Cary, NC.

Shmulsky R, Selae RD, Snow RD (2006) Analysis of
acoustic velocity as a predictor of stiffness and strength in
5-in-diameter pine dowels. Forest Prod J 56(9):52-55.

Simpson WT, Wang X (2001) Relationship between lon-
gitudinal stress wave transit time and moisture content of
lumber during kiln-drying. Forest Prod J 51(10):51-54.

Vega A, Guaita M, Dieste A, Majada J, Fernández I, Baño V
(2011) Evaluation of the influence of visual parameters on
wave transmission velocity in sawn chestnut timber. Pages
311-317 in Divós F, eds. Proc. 17th International Wood
Non-Destructive Testing Symposium, September 14-16,
2011, Sopron, Hungary.

Vogt JJ (1985) Evaluation of the tensile and flexural prop-
erties and internal bond of medium density fiberboard
using stress wave speed and attenuation. MS thesis,
Washington State University, Pullman, WA.

Wang X (2013) Stress wave e-rating of structural timber—size
and moisture content effects. Pages 38-46 in RJ Ross and
X Wang, eds. Proc. 18th International Nondestructive
Testing and Evaluation of Wood Symposium, September

WOOD AND FIBER SCIENCE, JANUARY 2019, V. 51(1)14

http://www.investagro.com.br
http://www.investagro.com.br


24-27, 2013, Madison, WI. Forest Products Society,
Madison, WI.

Wang Z, Ross RJ, Murphy JF (1993) A comparison of
several NDE techniques for determining the modulus of
elasticity of lumber. Wood For Res 6(4):86-88.

Yang BZ, Seale RD, Shmulsky R, Dahlen J, Wang X (2015)
Comparison of nondestructive testing methods for eval-
uating No. 2 southern pine lumber: Part A, modulus of
elasticity. Wood Fiber Sci 47(4):375-384.

Yang BZ, Seale RD, Shmulsky R, Dahlen J, Wang X (2017)
Comparison of nondestructive testing methods for evaluating
No. 2 southern pine lumber: Part B, modulus of rupture. Wood
Fiber Sci 49(2):134-145.

Yang XY, Ishimaru Y, Iida I, Urakami H (2002) Application
of modal analysis by transfer function to nondestructive
testing of wood I: Determination of localized defects in
wood by the shape of the flexural vibration wave. J Wood
Sci 48(4):283-288.

França et al—ASSESSING SOUTHERN PINE LUMBER QUALITY 15


	ASSESSING SOUTHERN PINE 2 × 4 AND 2 × 6 LUMBER QUALITY: LONGITUDINAL AND TRANSVERSE VIBRATION
	INTRODUCTION
	MATERIALS AND METHODS
	Longitudinal Vibration
	Transverse Vibration
	Static Bending Test
	Statistical Analysis

	RESULTS
	Longitudinal and Transverse Vibration
	Linear Regressions Analysis

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


