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Abstract A new method has been developed for detecting
localized defects such as edge knots using a bending deflec-
tion curve. The coordinates of a bottom edge (edgeline) of
an unloaded piece of lumber are extracted from a digital
image, and a bending deflection curve is obtained from the
displacement of the edgeline of the lumber using a digital
image correlation (DIC) technique. Depending on the
knots within the beam, the bending deflection curve is
shifted from the curve of a defect-free beam. The measured
bending deflection curve is regressed to a theoretical curve
by elementary beam theory. A finite element method
(FEM) model of the beams including defects as simplified
knot structure has been performed. Comparison between
the bending experiment and FEM analysis shows that cross-
sectional reductions cause characteristic variations in the
bending deflection curves depending on the position of
encased knots, and local grain distortions cause variations
in the curves depending on the direction of spike knots.
Using the residual variance between the measured deflec-
tion curve and a polynomial regression curve, it is possible
to detect knots at which failures initiate.
Key words Bending deflection curve - Defect detection -
Knot - Digital image correlation

Introduction

Lumbers usually contain defects such as knots and fiber
deviations in the vicinity of knots. The presence of these
defects strongly affects the strength and stiffness of lumbers.
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Because knots are regarded as the major strength-reducing
defects, studies to consider the effect of knots and the fiber
deviations in the vicinity of knots on the strength of lumbers
have been carried out by many researchers (e.g., Mitsuhashi
et al.").

In past decades, a large number of studies have been
performed in the field of nondestructive testing of wood. In
these studies, many physical properties of lumbers have
been used for the detection of knots. For example, the
optical properties of a lumber surface such as color and
gloss have been employed.”® Furthermore, several auto-
mated visual inspection systems have been developed.*’
However, optical information does not directly reflect the
mechanical properties of the defects. Using X-rays or
gamma rays, the density distribution in lumbers can be
determined.®” Radiation techniques are based on the fact
that knots have a higher density than the surrounding mate-
rial. In research conducted by Bostrom,’ the size, location,
and even the shape of knots were obtained. Thermographic
measurements have also been employed for the detection
of knots and the slope of grains in lumbers.* Thermal
methods are based on the differences in the thermal con-
ductivity and the heat absorption of knots and the sur-
rounding material. Among other methods employed for the
detection of knots, an ultrasonic sound technique based on
longitudinal stress wave speed’ and a microwave technique
using a microwave scanner have been developed. In partic-
ular, microwave techniques are being seriously considered
for machine grading systems."""" Although these methods
have produced good results on a laboratory scale, it will be
difficult to achieve cost efficiency if these methods are intro-
duced in small mills in Japan.

To study the mechanical properties of a lumber effec-
tively, its response to a mechanical stimulus has to be
observed. The most widely applied machine grading prin-
ciple is to measure the bending modulus of elasticity (MOE)
of lumbers. If a lumber contains a serious defect, the bending
deflection curve may deviate from the theoretical curve.
Murata et al.”” measured the strain distribution in the vicin-
ity of a knot by a four-point bending test using a digital
image correlation (DIC) technique. In the present study, a
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bending deflection curve was measured using the DIC tech-
nique, which yielded the subpixel displacement of the points
under consideration using a correlation function and inter-
polation among pixels. The purpose of this study was to
detect the localized defects in lumber including knots, at
which failures initiate, by using the bending deflection
curves.

Theory

When a wooden beam is loaded at the center of its span, its

deflection y can be expressed by the elementary beam

theory as follows:
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where E is Young’s modulus, / is the geometrical moment
of inertia, L is the span length, P is the load at midspan,
and x is the distance from the supporting point. In this
study, Eq. 1 is regarded as a theoretical curve. The mea-
sured bending deflection coordinates are regressed to Eq. 2
at a given interval. Equation 2 is of the same form as
Eq. 1.

y=ox+fx
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If a regression region on the beam deflection curve
includes a knot, the obtained curve changes characteristi-
cally. The change can be estimated in the following manner.
First, it is expected that a knot breaks the local bending
stiffness EI of the wooden beam. From Eqgs. 1 and 2, ET can
be calculated as follows:
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where EI, and El; are obtained from the coefficients o or
Bin Eq. 2. Second, a knot distorts the grains in its vicinity,
and the edge of the distorted region expands or shrinks
along the direction of the beam height. To evaluate the
deviation from the theoretical curve, a residual variance is
obtained. The residual variance is the variance of the square
sum of the difference between the measured deflection
curve and the polynomial regression curve.

Experimental
Defect detection using static bending test

Twenty-one pieces of commercial 38 x 8 mm SPF lumber
were used as specimens. The specimens were not identified
with regard to species. Nondestructive three-point and
destructive four-point bending tests were performed using
a universal testing machine (Shimadzu; capacity, 98 kN) at
a crosshead displacement speed of 5 mm min™.

The three-point bending test was carried out with a span
length of 1400 mm. The maximum applied load was 1.5 kN,
which was sufficiently smaller than the estimated rupture

load, because the modulus of rupture (MOR) for a clear
spruce specimen was assumed to be 75 MPa."

The bending deflection curve was calculated as follows,
which was the same method as described in previous
report.'* The deformation in the beam specimens was
recorded by using two digital still cameras (Nikon D100;
Zoomnikkor 105 mm) when a load of 1.5 kN was applied.
The photographed region was on the left side of the speci-
men. The image size was 3008 x 2000 pixels. Each pixel was
approximately equal to 0.15 x 0.15 mm” (the dimensions of
the observed field were approximately 450 x 300 mm* for
each camera). The coordinates of a bottom edge (edgeline)
of an unloaded specimen were obtained from the digital
image by using image processing techniques: Otsu binariza-
tion" and edge detection techniques. The deformation at
the edgeline was measured using in-house DIC software
that yielded the subpixel displacement of the points under
consideration using a correlation function and interpolation
among the pixels. The deflection under a load of 0.2 kN was
defined as the base deflection of the unloaded specimen
to exclude the initial twist in the specimen during the
measurements.

The measured bending deflection coordinates were
regressed to Eq. 1 at the given interval (50 mm) and the
coefficients were calculated using a polynomial regression.
Because the interval affects the accuracy of defect detec-
tion, the sampling interval was experimentally determined
in the previous analysis.

The destructive four-point bending test was performed
with a loading span of 540 mm and a supporting span of
1620 mm at a crosshead displacement speed of 5 mm min™".
The deformation in the beam specimen was recorded in the
same manner as in the three-point bending test.

Study by finite element modeling (FEM) simulation

In the past few decades, studies concerning FE modeling of
solid wood including knots have been performed by several
wood research groups. For example, FE analyses based on
linear fracture mechanics have been performed by aresearch
group at Colorado State University.'"'® In these models, the
flow-grain analogy'’ was utilized to account for a localized
grain deviation associated with knots. Another research
group at Vienna University of Technology introduced a
multisurface plasticity model for clear wood in consider-
ation of elasto-plastic material®® and this was applied to
consider the effect of knots.”"

In this study, however, a realistic knot structure is simpli-
fied to elucidate which properties of knots influence the
bending deflection curves. Because encased knots break
local flow-grain, a gap is used to represent encased knots.
In the case of spike knots, they distort the grains in their
vicinity. The regions of spike knots are only rotated on the
axis of elements (material angle; MSC/NASTRAN) and use
the same material properties as clear wood. The material
angle is the local coordinate system of the elements and
corresponds to the local grain distortions across knots.
Figure 1 shows the rotation of the axis of the elements. In



Table 1. Specimen properties for finite element analysis
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Specimen Young’s modulus Shear modulus Poisson ratio
E, (MPa) Ey (MPa) Gy (MPa) Gir (MPa) Gy (MPa) Hir
Clearwood (Sitka spruce) 10 700 430 618 500 43 0.51
x| 1
-
Fig. 1. Rotation of axis of elements (material angle). Left, 0°; middle, 2
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Fig. 2. Finite element method (FEM) model of the three-point bending
test

the regions with the spike knots, the grains in the vicinity
of these knots ran from bottom left to top right (45°) or
from bottom right to top left (135°).

A two-dimensional model of a wooden beam was simu-
lated by using MSC/NASTRAN ver. 70.0 (Fig. 2). The
beam was modeled with four node orthotropic linear ele-
ments and it was assumed that the elements deform as
perfect elastic bodies. All the elements had a constant size
of 0.625 (L) x 1.25 (T) mm, and the dimensions of the cross
section of the beam model were 90 (T) x 40 (R) mm. Its
span length was 1400 mm. The applied load to calculate
bending deflection curves was 1.5 kN. The supporting point
on one side was allowed to move along the x-axis (longitu-
dinal direction) and was rotated freely around the z-axis
(radial direction). The material properties of clear wood are
listed in Table 1.

The defects were arrayed at a distance of 520 mm from
the supporting point. The dimensions of the gap were 2.5
(L) x 20 (T) mm, and the dimensions of the region where
the material angle was modified were 10 (L) x 20 (T) mm.
The displacement of the nodes at the bottom edge was
defined as the deflection curve. These bending deflection
curves were analyzed by using the same method as that for
digital imaging analysis, stated above.

Results and discussion

The bending deflection curves across the knots were found
to be characteristically distorted according to the types

Distance from supported point (mm)

Fig. 3. Measured bending deflection curve (gray line) and polynomial
regression curve (black line) for a beam with encased knots

of knots, for example, encased knots and spike knots.
Figure 3 shows the measured bending deflection curve and
the polynomial regression curves. The residual variance
between the measured deflection curve and the polynomial
regression curve in regions with knots was found to be
higher than that for knot-free regions.

Figure 4 shows the EI profiles of the defect-free beams
obtained from the coefficients of the polynomial regression
curve at the given interval (50 mm). In the case of the
defect-free beams, EI should have the same value. Devia-
tion of the broken line near the origin appears to be caused
by the effect of stress concentration at the supporting or
loading point. In a comparison of EI profiles, EI, enhances
irregular factors. In order to avoid such effects, Elj is used
to identify the local bending stiffness EI in this study.

Figures 5 and 6 illustrate the profiles of EI and residual
variance including the region with encased knots. Figure 5
shows a lumber including an encased knot that is located at
the bottom edge (Type 1). The distance from the gap to the
bottom edge is 0 mm in the FEM model (left side of Fig. 5).
Figure 6 shows a lumber including an encased knot that is
located near the bottom edge (Type 2). The distance from
the gap to the bottom edge is 2.5 mm in the FEM model
(left side of Fig. 6). Both the EI and residual variance pro-
files obtained from the experimental and FEM analyses
exhibit similar patterns, as shown in Figs. 5 and 6. Compari-
son of the two profiles shows that the residual variance
profile exhibits the characteristic pattern more clearly. The
residual variance increases with the tangential length of
the gap and a decrease in the distance from the edge of the
specimen. It is concluded that the cross-sectional reductions
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Fig. 4. Profiles of bending
stiffness in defect-free beams,
obtained from the coefficients
EI, (broken line) and El, (solid
line) in Eq. 2. Left, FEM result;
right, bending test (P = 1.5 kN)
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Fig. 5. Profiles of bending
stiffness (broken line) and
residual variance (solid line)
from the FEM result (left) and
from the bending test (right)
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Fig. 6. Profiles of bending
stiffness (broken line) and
residual variance (solid line)
from the FEM result (left) and
from the bending test (right)
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cause the characteristic variations in the bending deflection
curve observed at the encased knots.

The profiles of EI and residual variance including the
region with spike knots are presented in Figs. 7 and 8. The
material angles are 45° (Type 3) and 135° (Type 4) in
Figs. 7 and 8, respectively. Elements with a material angle
of 0° are regarded as defect-free materials. The experimen-
tal profiles display characteristic patterns similar to the FEM

Distance from supported point (mm)

profiles shown in Figs. 7 and 8. The profiles of the residual
variance exhibit the characteristic pattern more clearly than
those of EI. When other FEM models with different mate-
rial angles (15°, 30°, 60°, 90°, etc.) were analyzed, it was
found that the peak of the residual variance profile shows
the maximum value for the material angles of 45° and 135°.
The local grain distortion caused by spike knots influences
the bending deflection curves. These results show that the



Fig. 8. Profiles of bending
stiffness (broken line) and
residual variance (solid line)
from the FEM result (left) and
from the bending test (right)
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local grain distortion causes the characteristic variations in
the bending deflection curve observed at the spike knots.

Images of typical failures that occurred during the
destructive four-point bending test are illustrated in Fig. 9.
The residual variance profile over the loading span obtained
from the polynomial regression curve of Eq. 4 is also shown
below the images.
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The specimens showing a clear peak in the residual variance
profile around the knots always ruptured at the knots (left
side of Fig. 9), while the specimens without a clear peak did
not always rupture at the knots (right side of Fig. 9). There-
fore, we believe that the method employing the residual
variance profile of a bending deflection curve can be used
to distinguish between the two types of knots in the same
manner as visual grading.

Conclusions

Bending deflection curves across knots have been found to
be characteristically distorted according to the types of
knots. The residual variance between the measured deflec-
tion curve and the polynomial regression curve in regions
with knots has been found to be higher than that of knot-
free regions. Using a residual variance profile, it is possible
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to detect knots at which failures initiate. Comparison
between the bending experiment and FEM analysis showed
that cross-sectional reductions cause the characteristic vari-
ations in the bending deflection curve depending on the
position of the encased knots. Local grain distortions also
cause variations in the curve depending on the direction of
spike knots.

In this study, bending tests were combined with an image
analysis technique. The bending deflection curves directly
reflected the mechanical properties of defects. Therefore,
this method used in combination with machine stress
grading may give a better estimation of strength-reducing
effects of localized defects.
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