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To clarify the mechanical behaviour differences between earlywood and latewood, separated the early-
wood and the latewood specimens loaded to the rupture with tensile load parallel to the grain. The separated
test specimens for tensile test were prepared from douglas fir (Pseudotsuga menziesit) and stress—strain
relation was evaluated by optical measurement system using the Digital Image Correlation (DIC), which can
visualize strain during the tensile test. The results are summarized as follows:

The estimated strain data by universal testing machine show good accordance with that estimated by
DIC.

There was a difference in the fracture pattern of the earlywood and the latewood of douglas fir that the
surface of ruptured earlywood typically simple while that of was somewhat complicate.

The longitudinal tensile strength of earlywood specimens of douglas fir at wood height from ground
12.8m, 9.8m, 6.7m and 0.9 m were 51 MPa, 69 MPa, 110 MPa and 114 MPa, while those of latewood were
208 MPa, 234 MPa, 247 MPa and 198 MPa. Elastic modulus in the longitudinal tensile of earlywood speci-
mens of douglas fir at wood height from ground 12.8 m, 9.8 m, 6.7m and 0.9 m were 5458 MPa, 7202 MPa,
9705 MPa and 8761 MPa, while those of latewood were 13747 MPa, 19405 MPa, 17365 MPa and 14044 MPa.

Key words: separated earlywood and the latewood, tensile test, optical measurement, DIC (digital image

correlation) system

INTRODUCTION

Wood is an anisotropic and inhomogeneous material,
a natural composite of complex hierarchical structure.
Mechanical and physical characteristics of wood are
dramatically different along its principal anatomical
directions and just on the mezzo—scale of its anatomical
structure, remarkable differences exist between heart-
wood and sapwood, earlywood and the latewood, mature
wood and juvenile wood.

Continuous increase in computing power and sophis-
tication of modeling software makes it possible to
reflect this complexity in models used to solve prob-
lems in processing, design and construction of new
engineered composites. However, the efficiency of the
models depends on reliable as the input characteristics
of the component materials.

This study is focused on the mechanical characteris-
tics differences between the earlywood and the late-
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wood. These differences have been recognized and
studied for long time (e.g. Raczkowski, 1963: Bach L,
1973: Kitahara et al., 1981: Kitahara et al., 1984:
Kitahara, 2008).

Alternative arrangement on radial direction by these
earlywood and the latewood make annual ring and
inherent pattern and affect the mechanical behavior of
wood. The mechanical properties of earlywood and the
latewood are affected by the cell wall characteristics.
The latewood those formed in late of season is stronger
than the earlywood, while those formed first in the sea-
son because the cells of latewood are thick-walled and
with small cell cavities, while the earlywood have thin
walls and large cell cavities as a microscopic level. These
anatomical and mechanical differences between early-
wood and the latewood cause many inhomogeneous
properties of wood.

Kitahara (2008) reported that not only the latewood
was stronger than the earlywood, but also the stress—
strain relation in earlywood tends to be non-linear as
opposed to straight linear relation in latewood.

One methodological challenge faced by researchers
testing small specimens is reliable and artifact free
measurement of deformations where the physical access
to the specimen is very limited. Kitahara estimated the
stress—strain relation by the separately attached thin
strain gauge on the earlywood and latewood which might
had influenced each other on the mechanical behavior.

To avoid the influence within earlywood and late-
wood, Kang et al. (2001) separated earlywood and late-
wood from Japanese cedar wood. Then they made each



128 C.-W. KANG et al.

earlywood and latewood laminated sample specimens
and estimated compression strength. They reported
that the ultimate compressive stress (UTS) in lami-
nated latewood specimen of Japanese cedar wood was
four times higher than that of earlywood, and the early-
wood reached to rupture instantaneously while the late-
wood reached to rupture as several step with the stress
increasing. They concluded that the uniform cell wall
ratio upon annual ring on earlywood cause instantane-
ous rupture and the cell wall ratio variation at on annual
ring of latewood cause stepwise rupture.

These challenges may be efficiently addressed using
non-—contact optical methods based on Digital Image
Correlation (DIC). In these methods, the surface dis-
placements and strains in the specimens are calculated
from series of successive images taken during the test
and compared with the reference image of an un-
deformed state. The DIC technique employed by the
VIC-3D software essentially calculates the gray scale
intensity distribution for small subsets across the sur-
face of the specimen. As the specimen is deformed the
software uses a matching routine to correlate the
deformed specimen to a reference (unloaded) specimen.
From this correlation the displacement vectors and the
components of the strain tensor can be calculated for
the surface being imaged. This technique may offer
stress—strain relation on the separated earlywood and
latewood with no contact on the both direction of paral-
lel and vertical to loading direction while the conven-
tional methods such as strain gauge or extensometer can
estimate only the loading direction. The measurements
can then be visualized as color—coded displacement and
strain maps. This technology has been used since the
late 1980s to investigate the displacement of material
loaded under stress (Ranson et al., 1987; Bruck et al.,
1989; Vendroux and Knauss, 1998). Optical measure-
ment techniques have been successfully used for meas-
urement of deformations and strain in wood specimens
during wood drying (Schmidt, 2002: Muszynski, 2006;
Muszynski et al., 2006) and used for the microscopic
observation of swelling behavior of wood cell wall with
moisture absorption (Murata and Masuda, 2001, 2006).

The overall goal of this research was to improve the
understanding of the micromechanics on the meso—
scale, which is needed in for accurate modeling of the
many wood-based materials such as plywood. The spe-
cific objective of this study was to determine and com-
pare the longitudinal mechanical characteristics of small
latewood and earlywood samples of Douglas fir. The
strains were measured using optical measurement sys-
tem based on DIC principle.

MATERIALS AND METHODS

In this study, to estimate the differences in mechani-
cal characteristics of earlywood and latewood, earlywood
and latewood samples were separated from Douglas—fir
wood block and subjected to destructive tensile tests in
longitudinal direction. The strain—stress characteristics
were determined from the load record obtained from

the universal testing machine load cell and mean strain
measured on the sample surface using optical measure-
ment unit.

Materials and specimens fabrication

The material for this study was obtained from one
Douglas fir tree from Newport, Oregon estimated to be
40 years old. Four 50.4 mm thick disks were cut from
four locations along the trunk of the tree: at 0.91m,
6.71m, 9.75m and 12.80m (3ft, 22 ft, 32 ft and 42 ft)
from root collar. The disks were then conditioned at
20°C, 656% RH for a minimum 2 months. From these
disks, small clear specimens of earlywood and latewood
were prepared with nominal dimensions of 3 mmX1 mm
X30mm (radial X tangential X longitudinal). The full
set of specimens is shown in Figure 1. Juvenile wood
which has wide annual ring was primarily used to get
adequate sample volume for earlywood and latewood
separation. These small separated earlywood and late-
wood specimens were cut into dog bone shaped test
specimens by hand using a light router with sander
bite. Cross sections dimensions of the specimen neck
area were measured with a micrometer, to the nearest
0.001 mm, at three locations along the neck. The ulti-
mate tensile stress (UTS) for individual specimens was
calculated using the smallest of the three measured
cross sections of the neck area, while the elastic mod-
ules (E) were calculated using mean cross— section area
for the specimen. The specimens were sprayed with a
matte black paint on the surface to create a random
speckle pattern to enhance the digital image correlation.
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Fig. 1. Photograph of sample specimens.

Experimental apparatus

The measurement system consisted of a small-scale
universal testing machine (Instron ElectroPuls E1000)
with +2 kN range load cell, and an optical measurement
system, with microscopic lenses, a digital image acqui-
sition board and VIC3D digital image correlation soft-
ware by Correlated Solutions, Inc. The tests were per-
formed in displacement control at ramp rate of 2 mm/
minute. Digital images of the specimen were sampled
every 2s.
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The repeatability of the load measurement was
below =1 N.

The stress—strain characteristics were determined
from the load record obtained from the universal test-
ing machine load cell synchronized with the image
acquisition schedule, and from mean strain measured
on the images of the specimen longitudinal-tangential
surface during the test.

The ultimate tensile stress (UTS) was determined
as the maximum registered load and smallest cross—
section measured in the neck area of each specimen.
The elastic modulus (E) was determined as a slope of a
straight-line fitted to the stress—strain curve between
20%-50% of the maximum stress.

RESULTS AND DISCUSSION

Stress—strain relation in earlywood and latewood
specimens

The strain on a tangential-longitudinal surface of
wood can be visualized by DIC.

In the view of strain development estimation by DIC,
strain developments of separated earlywood and late-
wood specimens visualized by DIC. Figure 2 and 3 show
the stress—strain relation between the separated early-
wood and latewood on tensile stress. These figures sum-
marized as 6 steps during whole test. From these fig-
ures, strain development by the stress until rupture can
be achieved.

From those DIC figures, additional analysis of
strain—stress relation of the separated earlywood and
latewood on the direction of parallel and vertical to load-

Fig. 2. Photograph of strain development by the DIC on the sepa-
rated earlywood.

Fig. 3. Photograph of strain development by the DIC on the sepa-
rated latewood.

ing direction can be estimated as shown in figure 4 and
figure 5. In figures, boxes on the curves at the UTS
represent the point at which the image to the right was
taken. The strain plotted on the graph is the mean strain
value for the entire colored area on the specimen to the
right. These figures show the typical stress—strain dia-
gram of separated earlywood and latewood specimens,
and parallel and vertical strains. These DIC picture
matched stress—strain diagram figures were got at the
loading level of approximate 80% of ultimate strength.
The red graphs represent the vertical strain to the load-
ing and the blue graphs represent parallel strain of the
sample specimen. Also, + means lengthening and —
means shortening from original length. The stress—
strain relation on the direction of parallel to the loading
of separated earlywood shows weaker than that of late-
wood specimens and the inclination show slower than
that of latewood. Also, the slope of vertical direction to
the loading of separated earlywood was slower than that
of latewood. This means that the latewood performs
the function of mechanical support against the load
much more than the earlywood.
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Fig. 4. Stress—strain diagram of specimen 3E1 showing the
major and minor principal strains.
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Fig. 5. Stress—strain diagram of specimen 3L1 showing the
major and minor principal strains.

In addition, there were no significant differences
between the earlywood and latewood on the ratios of
vertical strain to parallel strain.

Figure 6 shows the fracture pattern differences
between the earlywood and latewood. In figure, the
cross section of broken specimen is relatively simple,
while that of latewood specimens show somewhat com-
plicate.
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In the view of the fracture pattern difference
between earlywood and latewood, Kang et al (2001)
surmised that the uniform cell wall ratio upon annual
ring on earlywood cause instantaneous rupture and the
cell wall ratio variation at on annual ring of latewood
cause stepwise rupture.

Tensile strength and modulus of elasticity of sepa-
rated earlywood and latewood

Figure 7 shows the relationship of density and ten-
sile strength of the separated earlywood and latewood
of the douglas fir. From the Figure 7, the density and
tensile strength of separated latewood was about 2-3
times higher than that of earlywood. The maximum ten-
sile strength of latewood was about 320 MPa with the
density of 800 kg/m?, and about 160 MPa with the den-
sity of 660 kg/m’ for earlywood.

On the view of elastic modulus in tensile differences
between separated earlywood and latewood specimens,
the elastic modulus of latewood higher than earlywood
as shown in Figure 8. And the maximum value was
about 20000 MPa for latewood, which is 2 times for ear-

Fig. 6. Typical fracture pattern differences between the early-
wood and latewood (left:earlywood, right:latewood).

350
wo L *TE AL °
m2E X2l x© "
20 17 x3g eaL ® %
£ 200 + x
g 4E -aL R, 2
; +
@ 150 < %
2 +
100 +
e
* *
50 l"“’ﬁ &
0 : : : : : :
0.000 0.200 0.400 0.600 0.800 1,000 1.200
density, g/cm?®

Fig. 7. Relationship between density and tensile strength of the
separated earlywood and latewood.
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Fig. 8. MOE values of separated earlywood and latewood.

Ilywood. From these results, it is apparent that the late-
wood performs the function of mechanical support
against the load applied.

These values reported in this study may be slightly
lower than other researchers have found for other soft-
wood because this study primarily used the juvenile
wood as shown in previous paragraph.

In the view of relation between wood height and
mechanical properties, both of MOR and MOE increased
with wood height and then decreased with height.

CONCLUSIONS

We investigated the mechanical behavior of sepa-
rated earlywood and latewood specimens, using a new
methodological approach which makes use of optical
measurement techniques with a digital image correla-
tion (DIC) system. The results are summarized as fol-
lows:

The strain development estimation of separated
earlywood and latewood sample specimens by DIC was
accurately and continuously observed by DIC and the
strain estimated by DIC show good accordance with
those estimated by load cell of universal testing
machine.

The typical fracture pattern of earlywood specimens
was simple while that of latewood specimens show some-
what complicate. This result lead us the further inves-
tigation for microscopic anatomical analyze of fracture
pattern.

The mean value on tensile strength and elastic mod-
ulus of separated latewood was about 2-3 times higher
than that of separated earlywood. It is apparent that the
latewood performs the function of mechanical support
against the load applied.
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