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Abstract

The study summarized in this report was conducted to examine the relationships between nondestructive
evaluation parameters and the modulus of elasticity (MOE) of spruce—pine—fir structural lumber. A
random sample of lumber was obtained from a local lumber yard and conditioned to approximately 10%
equilibrium moisture content in the laboratory. Static bending and vibration (transverse and longitudinal)
nondestructive tests were conducted on each specimen, and MOE was calculated. The relationship
between static and dynamic modulus values was examined, and empirical models were developed using
statistical regression analysis techniques. Results revealed excellent correlative relationships between
MOE values. Coefficients of determination obtained were 0.92, 0.96, and 0.93 for MOE of static—
transverse vibration, MOE of static—longitudinal vibration, MOE of longitudinal-transverse vibration,
respectively.
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Introduction

The tensile strength of wood and lumber products is important in the design of engineered components
and structural systems. For example, the bottom chord of a wood truss is stressed in tension as are the
undersides of large glued-laminated timbers. The tensile strength of wood is 20 to 50 times greater along
the grain (fibers generally aligned with the long axis of a lumber specimen) than in the radial or
tangential directions for softwood species and species groupings that are commonly used in structural
applications. The grain angle is the angle between the wood fibers and the edges of a piece of wood.
Variations in grain orientation are especially great around knots and are a major factor governing the
ultimate strength of a piece of lumber in tension.
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A search of the literature in the USDA Forest Products Laboratory’s library collection, Web of Science,
and Engineering Index yielded several technical papers that summarize attempts to investigate the use of
nondestructive testing (NDT) techniques to predict the tensile strength of structural lumber.

Hoyle (1968) summarized early research efforts from a variety of laboratories that resulted in the
technology referred to as machine stress rating (MSR) of lumber. He presented results from several
studies specifically designed to examine the relationship between the modulus of elasticity (MOE)
(measured in a flat-wise orientation, utilizing a center span dead load) and the corresponding strength of
softwood structural lumber. He reported that the statistical models relating MOE and tensile strength
yielded correlation coefficients ranging from 0.74 to 0.82.

Orosz (1977) and Green and McDonald (1993a, 1993b) utilized transverse vibration NDT techniques to
measure the MOE of structural lumber. Green and McDonald reported correlation coefficients for the
models relating MOE to tensile strength that ranged from 0.46 to 0.60.

Kaiserlik and Pellerin (1977) examined the use of a longitudinal vibration NDT method to evaluate the
tensile strength of softwood lumber. They reported a correlation coefficient of 0.84 when MOE was
compared with tensile strength values. It is interesting to note that in addition to measuring the
longitudinal MOE, they measured the attenuation rate of the stress wave as it travelled through the lumber
specimens. When incorporating this additional parameter in their prediction equation, they reported a
correlation coefficient of 0.90.

Cramer and Fohrell (1990) reported on a series of studies that developed fundamental information on the
physical and mechanical properties of wood in knots and fiber deviation observed around knots. Knots
significantly reduce the tensile strength of structural lumber. Although this work provided excellent
information on stress distributions in the vicinity of knots, it did not provide a commercially useful
methodology for evaluating lumber properties.

Rajeshwar et al. (1997) provided details on the use of an ultrasonic technique for estimating the strength
of Southern Pine structural lumber. Ultrasounds through transmission measurements were made at several
locations in the vicinity of knots and used to predict strength.

An NDT method for measuring the grain orientation is based on the difference in dielectric constant
(permittivity) of wood between the parallel direction (lower dielectric constant) and the perpendicular
direction (higher dielectric constant) to the grain. The dielectric constant is simply the ability of a material
to concentrate an applied electric field. Measuring a material’s dielectric constant can be as simple as
measuring the current flow between two conductors with an alternating voltage applied. At low moisture
content levels, wood can be considered a dielectric material (Kellogg 1981, James and Hamill 1965, Lin
1967, Skaar 1948). The dielectric constant of a nonconducting material determines the amount of electric
potential energy that is stored in a given volume of the material within an electric field. It is expressed as
the ratio of the dielectric permittivity of the material relative to that of a vacuum or dry air.
Experimentally, it is determined as the ratio of the capacity of a condenser with the material acting as the
dielectric relative to the capacity of the condenser when the space between the plates is dry air. The
dielectric constant for wood varies with grain (fiber) direction, and commercial equipment has been
developed that utilizes this fact to determine fiber orientation in wood products. Knots, spiral grain, and
other defects can be detected by measuring dielectric properties.

Pellerin and Ross (2015) provided a review of the concept and development of tension proof loading, a
technology that focuses on testing each piece of lumber to a predetermined load level near its design load.
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Pieces of lumber having a strength below the set design load would fail, thereby eliminating them from
the lumber to be used.

The preceding review reveals the following: 1. There has not been a systematic evaluation of the
relationships between widely used NDT parameters and the tensile properties of structural lumber. 2.
There is no reported research focused on the potential of using combinations of these techniques to
predict the strength of structural lumber.

The overarching objective of our cooperative work is to systematically evaluate relationships between
several NDT parameters and the tensile properties of softwood structural lumber. This report summarizes
the first phase of our work. It summarizes our examination of the relationships between several
measurements of MOE of a sample of spruce—pine—fir lumber.

Materials and Methods
Materials

One hundred nominal 2- by 4-in. (38- by 89-mm), 12-ft- (3.66-m-) long lumber specimens (visual grade
No. 2 or better, spruce—pine—fir species group) were obtained from a local lumber yard. All specimens
were stickered and equilibrated at a temperature of 70 °F (21 °C) and relative humidity (RH) of 50%
(Figure 1).

Figure 1—Lumber specimens used in this study.

Nondestructive test methods

The following briefly describes the test setups that were used for measurement of MOE. Detailed
descriptions of each setup, and subsequent analysis, are presented in Ross (2015).
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Flatwise bending

Figure 2 illustrates the center-point loading test setup that was used. Each specimen was simply supported
at both ends, a load applied, and the midspan deflection that resulted from the load measured. A span of
3.5 m was used. A load of 4.54 kg was applied at midspan, and the specimen’s corresponding deflection
was measured.

(b)

(c)
Figure 2—Flatwise bending test setup: (a) test setup; (b) specimen being tested; and (c) load being
applied and corresponding deflection measurement.

The flatwise bending MOE of a specimen was calculated using the following formula:

P’
4815

MOE =

where
P is applied load (N),
L is span (mm),
I is moment of inertia (mm*), and
d is midspan deflection (mm).
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Transverse vibration

Figure 3 illustrates the free transverse vibration test setup we used. A specimen was simply supported at
both ends. A slight deflection was introduced at the midspan of the specimen. The specimen was then
allowed to freely oscillate in the vertical (transverse) direction. Frequency of oscillation was measured,
coupled with the specimen’s weight and dimensions, and used to compute MOE.

Oscillation
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Figure 3—Transverse vibration test setup used in this study: (a) transverse vibration test setup; (b)
specimen being tested; and (c) typical signal observed in response to transverse vibration.
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Transverse vibration MOE was calculated using the following formula:

2 3
£ EWE
2.461g

where
MOE is dynamic modulus of elasticity (Pa),
F' is resonant frequency (Hz),
W is beam weight (kg),
L is beam span (m),
I is beam moment of inertia (m*), and
g is acceleration due to gravity (9.8 m/s?).

Longitudinal vibration

Figure 4 illustrates the pulse echo test setup utilized in this study. An impact or “pulse” on one end of the
specimen induced a wave to flow along its length. The pulse “echoed” from the opposite end of the
specimen. A fibre-gen Model HM 200 Hitman NDT tool (fibre-gen, Ltd., Christchurch, New Zealand)
was used for conducting the tests. Frequency of oscillation was determined and, along with a specimen’s
weight and dimensions, was used to compute MOE.

Impactor Svamsor7
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Figure 4—Longitudinal vibration test setup used in this study: (a) test setup; (b) fibre-gen model HM 200
Hitman equipment used to conduct longitudinal vibration tests.
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Velocity (C, speed of sound transmission) was measured. MOE was computed using velocity (C) and
density (p) of a specimen using the following formula:

MOE =C?p
Statistical analysis

Linear regression analysis techniques were used to examine the relationship between MOE values
obtained.

Results and Discussion

A summary of results obtained is given in Table 1. Note that the sample had an average moisture content
of 10.7% (oven-dry basis). Flatwise static bending MOE values ranged from 4.6 to 13.4 GPa, with an
average value of 8.8 GPa. Transverse vibration MOE values ranged from 9.9 to 15.5 GPa, and
longitudinal vibration MOE values ranged from 5.2 to 15.4 GPa.

Table 1—Summary of some physical and mechanical properties of the lumber sample used in this study

. . Longitudinal Transverse

Dimension . . . .
Static vibration vibration
MC Weight Thickness Width Length Density MOE  Velocity MOE f MOE
Statistics (%)  (kg) (mm)  (mm) (m) (g/em®)  (GPa) (m/s) (GPa)  (Hz) (GPa)
Mean 10.7 54 38 88 3.68 0.43 8.79 4,596 9.24 6.48 9.91
Std. dev. 037 54 0.4 0.9 0.004 0.043 1.95 487.8 2.07 0.662 2.10
Max. 11.8 73 39 91 3.68 0.58 13.43 5,491 15.35 7.71 15.47
Min. 9.7 4.1 37 86 3.66 0.34 4.61 3,461 5.20 4.96 5.60
COV (%) 3.5 10.0 1.1 1.1 0.11 10.0 22.2 10.6 22.4 10.2 21.2

Results obtained from our statistical analyses are illustrated in Figures 5 through 7. Strong correlative
relationships were observed between flatwise static bending, transverse vibration, and longitudinal
vibration MOE values. It is important to note that both transverse and longitudinal vibration MOE values
were found to be greater than corresponding flatwise bending MOE values. This phenomenon has been
observed in similar studies conducted with lumber from different species of wood.
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Figure 5—Observed relationship between transverse vibration and flatwise bending modulus of elasticity
(MOE) values for the spruce—pine—fir lumber specimens used in this study.

Static MOE (GPa)
=

y =0.9247x + 252.81
R*=0.96

4 8 12 16
Longitudinal vibration MOE (GPa)

Figure 6—Observed relationship between longitudinal vibration and flatwise bending modulus of
elasticity (MOE) values for the spruce—pine—fir lumber specimens used in this study.
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Figure 7—Observed relationship between transverse and longitudinal vibration modulus of elasticity
(MOE) values for the spruce—pine—fir lumber specimens used in this study.

Summary

A systematic investigation on the use of NDT techniques to evaluate the tensile strength of structural
lumber is being conducted using lumber from several species groupings in the United States. Scientists
from Mississippi State University, Istanbul University, and the USDA Forest Service, Forest Products
Laboratory, have begun to examine the use of transverse vibration, longitudinal vibration, and dielectric
permittivity to derive a robust methodology for estimating the tensile strength of structural lumber.

The first phase of their efforts was to examine the relationship between vibration and flatwise bending
MOE values for structural lumber. This report summarizes a study that examined the relationship between
flatwise bending and vibration moduli for spruce—pine—fir lumber specimens. Excellent correlative
relationships were found to exist.
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