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Abstract The relation between crack propagation based on
fracture mechanics and end-check propagation during
drying was evaluated in this study. Corresponding to the
direction of end-check propagation, the mode I fracture
toughness of air-dried sugi specimens in TR, TL, and inter-
mediate systems was examined by single-edge-notched
bending tests. The occurrence and propagation of end
checks on sugi (Cryptomeria japonica D. Don) blocks during
drying were observed at the scale of the annual rings. It was
found that the critical stress intensity factor (K,.) decreased
as the crack propagation changed from TL to TR. The value
of K¢ in the TR system was significantly lower than that in
the TL system. As a measure of fracture energy, the area
under the load—crack opening displacement curve in the TR
system was more than twice that in the TL and intermediate
systems. These results indicate that cracks perpendicular to
the tangential direction initiate radially with ease, and then
crack arrest occurs to prevent growing. This finding provides
a consistent interpretation of the end-check propagation
observed during drying as follows: tiny end checks, as an
analog of TR cracks, occur easily and selectively in latewood
or transition wood and propagate toward the pith during
drying. When there is no corresponding secondary check in
the forward latewood, the checks are arrested and do not
propagate further.
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Introduction

Driven by the significant value loss due to surface checks
that occur on side-grain surfaces during lumber processing,
interest has arisen in the investigation of drying stresses
associated with surface checks over the past decades. At the
beginning of drying, end checks, which are similar to surface
checks but appear on the ends of lumber, occur easily and
develop into severe defects, such as splits. The occurrence
of end checks can be explained by rapid longitudinal mois-
ture movement which results in high stresses in the lumber
ends due to quick drying.! Without end-coating, even if the
lumber is stacked indoors under cyclically varying relative
humidity where the drying stress is assumed to be much
smaller than the failure stress, it is inevitable that end checks
will develop. Thus, the traditional explanation based on
stress-based failure criteria is insufficient to explicate the
occurrence of end checks.

Independent of the drying conditions, the occurrence
and propagation of end checks have a specific pattern in
most softwood species. For example, sugi (Cryptomeria
japonica) lumber is exposed to cyclically varying relative
humidity conditions, and some end checks occur across late-
wood end-grain surfaces (Fig. 1a). The short inner end
checks do not tend to propagate. Later, end checks occur
on the edge of the end-grain surface (Fig. 1b), and these
propagate straightforwardly in the longitudinal direction
and develop into long surface checks (Fig. 1c). Rather than
material mechanics, fracture mechanics is considered to be
more suitable for describing the mechanism of the occur-
rence and propagation of end checks.

It is well known that the damage of wood fibers in both
end-grain and side-grain surfaces is caused by machining of
wood, e.g., sawing, planning, and sanding.”" Stehr investi-
gated the sawn end-grain and planed side-grain surfaces of
softwoods using scanning electron microscopy.’ The crushed
and damaged surfaces that can be expected to contain failure
initiation sites in terms of wood adhesion were observed in
both end-grain and side-grain surfaces. Stehr also pointed out
that microscopic tip cracks occurred in sapwood of Scots pine
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Fig. 1a—c. Specific pattern of end check occurrence and propagation
on end grain of sugi lumber. Initially, inner end grain checks appear
(a); later, edge end checks appear (b) and propagate longitudinally (c)

(Pinus sylvestris) after machining.” Therefore, it is assumed
that these microscopic cracks after machining act as initiation
sites of end checks, and start propagation.

In regard to drying checks, many studies have focused on
the effects of parameters such as moisture content™" and
temperature®'®"' on mode I fracture toughness of wood.
Sobue et al. investigated the influence of drying stress on
the fracture toughness of European beech (Fagus sylvatica)
in the TR system' The critical stress intensity factor (K;.)
decreased with the decrease of moisture content from
approximately 80% to 30% during drying, and the decrease
in K- was sensitive to the drying rate, demonstrating that
the diminution of K. resulted from the residual drying
stresses. Although the above findings have provided impor-
tant information for understanding drying checks, few
reports take into consideration the above mechanism of the
occurrence and propagation of end checks or the difference
between end and surface checks.

Due to the orthotropic nature of wood, mode I fracture
toughness for different directions of crack propagation is
expressed using the six principal crack-propagation systems.
End checks occur perpendicular to the tangential direction
and propagate along radial, longitudinal, and intermediate
directions simultaneously, corresponding to TR, TL, and
intermediate systems, respectively. Thus, it is important to
evaluate fracture toughness not only for TR and TL cracks,
but also for intermediate cracks. Nevertheless, no measure of
the fracture toughness of intermediate cracks has been
reported. This study was aimed at understanding the pattern
of end-check occurrence and propagation at the scale of
annual rings and at examining the mode I fracture toughness
of sugi in TR, TL, and intermediate systems, which corre-
spond to the direction of end-check propagation. The crack
propagation for various directions from TR to TL systems
was evaluated based on the obtained fracture toughness
values and load—crack opening displacement (COD) curves.

Materials and methods
Specimens for single-edge-notched (SEN) bending tests

After being cut from a piece of sugi (Cryptomeria japonica D.
Don) lumber, specimens with dimensions of 24 x 24 x 24 mm’

0° (TL) 300 (intermediate)

900 (TR)

Fig. 2. TR, TL, and intermediate (30° and 60°) crack propagation
systems of the specimens. The angles are between the L-T plane and
the crack propagation direction

60° (intermediate)

were conditioned at 20°C and 65% relative humidity before
and during tests. The mean moisture content and density of the
specimens were 9.8% and 0.40 g/cm’, respectively. The speci-
mens had four annual rings per 10 mm of radial length.

Using a thin band saw, a notch with a thickness of 1 mm
was initially made to 10 mm depth and then extended 1 mm
more by a razor blade. The notch direction was changed in
accordance with the TR, TL, and intermediate systems,
which correspond to the direction of end checks. Since the
latewood layer was too narrow to maintain the notch tip in
latewood for all replicates, the position of the notch tip in
the annual ring was located in earlywood for the TR system.

Figure 2 illustrates the four types of crack propagation
systems on the specimens. The angles between the direction
of crack propagation and the L-T plane of 0° and 90° coin-
cided with the TL and TR systems, respectively. The crack
propagated from the bark side to the pith side, except for
the TL system. With five replicates for each crack propaga-
tion system, four specimens were cut from the same annual
rings and matched.

Each specimen was glued along the tangential direction
of the specimen by epoxy resin adhesive to small pieces of
wood (24 x 24 mm’ in cross section and 43 mm length) that
were obtained from the same piece of lumber, and then
SEN specimens with dimensions of 24 x 24 x 110 mm® were
made (Fig. 3).

SEN bending tests

In three-point bending tests, SEN specimens were sup-
ported with a span of 96 mm, and a load was applied at the



center of the span with a crosshead speed of 1 mm/min
using an Instron testing machine (Type 4204, Instron). COD
was measured every second using a clip gauge and the criti-
cal stress intensity factor (K;-) was calculated using the
following equations:"

a
K= O'C\/ﬂ'aF(Wj 1)
3SP
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where o, is the nominal critical stress, a is the notch length, W
is the specimen width, S is the span length, P, is the critical
. s a
load for crack initiation per unit thickness, and F (W)
is the shape factor. Although, this formula was intended for
isotropic materials, it was verified by finite element analysis
that the application can be approximately extended to
wood."*"

Figure 4 shows the typical load-COD relationships of
TR, TL, and intermediate systems. Crack initiation in the
TL and intermediate systems was observed before reaching
the maximum load (P,,,) and after the proportional-limit
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Fig. 3. Schematic of single-edge-notched (SEN) bending specimen.
The units are given in millimeters
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Fig. 4. Schematic load-crack opening displacement (COD) relation-
ship of the TL and intermediate systems (/eft) and the TR system (right)
obtained by SEN bending tests. The solid line indicates the initial slope,
and the dashed line is the straight line with a 5% reduction in initial
slope. The load—COD curve was depicted until the measurement just
before the complete separation of the specimen. P,, critical load for
crack initiation per unit thickness; A, area under the curve
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load. On the other hand, the cracks in the TR system initi-
ated with a slight snick when the load dropped before the
proportional-limit load. Therefore, P, was determined as the
load at the intersection point between the load-COD curve
and the straight line with a 5% reduction in initial slope
(Fig. 4).

One-way analysis of variance (ANOVA) was conducted
to test the differences of K- among the four crack propaga-
tion systems. Following one-way ANOVA, the Tukey-
Kramer multiple comparison test was used to compare
pairwise means.

Observation of end checks at the scale of annual rings

Five specimens cut perpendicular to the grain from a piece
of heart-boxed square green sugi lumber were used for the
observation of end checks. The specimens (with dimensions
of 105 x 105 x 20 mm”®) were free of end checks and knots.
The mean moisture content and density were 71.1% and
0.62 g/cm’, respectively. After the specimens were placed in
an oven at a temperature of 65°C, cross-sectional images
were taken every 1 min using a commercial digital camera
until the end checks stopped growing.

Results and discussion

Figure 5 shows the relationship between K- and the angle
between the direction of crack propagation and the L-T
plane. The value of K. decreased with increasing angle. The
mean values of K¢ for 0° (TL) and 90° (TR) were 0.24 and
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Angle between the direction of crack
propagation and L-T plane (°)

Fig. 5. Relationship between critical stress intensity factor (K;c) and
the angle between the direction of crack propagation and the L-T
plane. The plots and the error bars indicate mean values and standard
deviations, respectively
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0.11 MPa m'?, respectively. Significant differences in K.
were found at a 95% confidence level between all the dif-
ferent systems except for 30°-60° and 60°-90°. While Thu-
vander and Berglund' suggested that TR cracks are
considered to show higher fracture toughness than TL
cracks, the difference in fracture toughness between TR and
TL systems was found to be variable in previous studies, ">’
depending on the test methods, species used, and the defini-
tion of P,. In this studyj, it is clear from the statistical analysis
that the K¢ value in the TR system was significantly lower
than that in the TL system (one-way ANOVA, P < 0.01;
Tukey-Kramer multiple comparison test, P < 0.01), indicat-
ing that cracks perpendicular to the tangential direction
initiate radially easier than they do longitudinally.

The intermediate system showed a higher K. than the
TR system and a lower K. than the TL system. Since inter-
mediate cracks intersect with annual rings obliquely, it is
possible that the crack propagated obliquely to the notch
direction, resulting in a nonuniform stress intensity distribu-
tion in the vicinity of the crack tip along the width of the
SEN specimen. Therefore, it should be noted that the K.
values for 30° and 60° obtained from Eqs. 1-3 are approxi-
mate. Maruyama and Okazaki’' described the influence of
the annual ring angle on mode I fracture toughness for a
crack propagating perpendicular to the grain (LR and LT
systems) using western hemlock (7suga heterophylla) and
Douglas-fir (Pseudotsuga taxifolia). The critical strain
energy release rate (Gyc) in the LR and LT systems was
lower than G|c in the intermediate systems. These results
show that the influence of the annual ring angle on fracture
toughness varies depending on the crack propagation per-
pendicular/parallel to grain. This variation of fracture
toughness in intermediate systems may be ascribed to the
nonuniformity of stress intensity distribution in the vicinity
of the crack tip along the width of SEN specimens. Further
finite element analyses will be required to validate this ten-
tative theory.

Because of limitations on the specimen size and unstable
crack propagation,a crack growth resistance curve (R-curve)
could not be determined for all specimens. Thus, the proper-
ties of fracture mechanics were evaluated from the obtained
load—COD curves. Figure 6 shows typical load—-COD curves
for the different crack propagation systems. The initial slope
characterized the elastic properties and was proportional to
the effective modulus of elasticity.”” The initial slope of the
TL specimen was much higher than that of the TR speci-
men. The intermediate specimens showed intermediate
initial slopes between those of the TR and TL systems. This
agrees with the known fact that the conventional modulus
of elasticity is higher in the longitudinal direction than in
the radial direction.

The load reached P, at a COD of around 0.2 mm, when
a drop of load with a slight decrease in COD was clearly
observed in all TR specimens (Fig. 6). The load steadily
increased with some slow crack growth, and then cracks
were arrested when approaching the front of the latewood
prior to the onset of brittle propagation. It is clear that P,
was reached and crack arrest in the TR system took place
before P,, was reached. Stanzl-Tschegg reported similar
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Fig. 6. Typical load—COD curves of TL (0°), TR (90°), and intermediate
(30°, 60°) systems in the SEN bending tests. Arrows indicate P,

behavior for the load—-COD curve using spruce (Picea abies)
specimens in a TR system,” demonstrating that fracturing
in the increasing part of the load—displacement curve was
mainly through cell walls, and that cracks usually changed
their fracture planes during propagation at the scale of indi-
vidual cells. In this study, on the other hand, the crack path
of all specimens was nearly a straight line at the annual ring
scale, and no kink crack was observed. In contrast, the load
in the TL specimens increased rapidly and reached the P,,,.
More stable crack propagation after the P,,, was shown,
compared to the crack in the TR system. The load-COD
curves of intermediate specimens depicted similar tenden-
cies to that of the TL specimens.

The area under the entire load—COD curve in Fig. 4 is a
measure of the fracture energy because it is the work
required to grow cracks.” In the SEN bending tests, the load
suddenly dropped with a large increase in COD at the
moment the specimen completely separated. As a result, the
COD at the moment of complete separation could not be
measured accurately. Therefore, the area (A) up to the pre-
vious measurement before complete separation (Fig. 4) was
calculated. Although it is possible that the indentation at
loading point had an influence on the load—COD curve, we
assume that A is useful for a relative comparison between
different directions of crack propagation. The mean A value
of the TR specimens was more than twice those of the other
systems (Fig. 7), demonstrating that more energy was
required to grow TR cracks than TL and intermediate
cracks.

Figure 8 shows the typical pattern of the occurrence and
propagation of end checks at the scale of annual rings.
Although end checks on the end-grain surface developed in
the radial, longitudinal, and intermediate directions simul-
taneously, only propagation in the radial direction, as an
analog of the TR crack in the SEN bending tests, could be
visually observed.
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Fig. 7. Relationship between the area under the load—-COD curve (A)
and the angle between the direction of crack propagation and the L-T
plane. The plots and the error bars indicate mean values and standard
deviations, respectively
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Fig. 8. Typical pattern of end-check occurrence and propagation of end
checks during drying. a, b, ¢, and d are the views after 6,7, 8, and 11 min
of drying, respectively. White and black arrows indicate the halting of
crack propagation and crack connection at the boundary between ear-
lywood and latewood, respectively

First, tiny checks occurred not in the earlywood, but in
the latewood or transition wood (Fig. 8a). Thuvander et al.”
described the micromechanisms of radial crack growth. The
latewood layer ahead of the crack tip carried a substantial
tensile stress over a wide area, and secondary cracks in the
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TR system were likely to form at defects located in the
latewood layer away from the primary crack plane. These
findings imply that the latewood layer may be subjected to
intensive stress under tensile load and may be the initiation
site of cracks.

Second, stable check propagation toward the pith was
observed, while propagation toward the bark had a ten-
dency to halt at the boundary between earlywood and late-
wood (see white arrows in Fig. 8b,c). Then some of the
checks approached in front of the latewood. When there is
a secondary check aligned in the latewood ahead of the
primary check tip, the two checks joined to become a longer
check (see black arrows in Fig. 8c,d). In contrast, when there
was no corresponding check in the forward latewood, the
check was arrested and did not propagate further. This
crack arrest is consistent with the difference in fracture
toughness of the TR system within a single annual ring; a
crack growing toward a stiffer material experiences reduced
stress intensity, resulting in increased macroscopic fracture
toughness of the material.” Therefore, as a crack approaches
the stiffer latewood, crack tip shielding offers a possible
mechanism for crack arrest. The experimental measure-
ments and the numerical calculations of K- in the TR
system as a function of crack tip position within a single
annual ring strongly demonstrated this effect.”*”

Within the limitations of the sugi species, the results of
the SEN bending tests can be summed up as follows: cracks
perpendicular to the tangential direction initiate radially
with ease, and then crack arrest occurs to prevent the cracks
growing. This finding provides a consistent interpretation of
the end-check propagation during drying which was experi-
mentally observed. The mechanism of end-check propaga-
tion during drying cannot be directly explained by fracture
mechanics. However, this study shows the relation between
crack propagation based on fracture mechanics and end-
check propagation during drying.

Assuming that the crack plane is semi-infinite normal to
the two-dimensional surface, the fracture toughness of air-
dried specimens was measured by SEN bending tests in this
study. The plane of end checks, however, is finite and forms
a closed system. As future work, it is suggested that end-
check propagation in three dimensions should be analyzed.
Also, more data on fracture toughness with different species
and various moisture contents may contribute to the further
evaluation of end-check propagation.

Conclusions

The mode I fracture toughness of air-dried sugi specimens
in TR, TL, and intermediate systems, which correspond to
the direction of end-check propagation, was examined by
single-edge-notched bending tests. Then the occurrence and
propagation of end checks in sugi (Cryptomeria japonica D.
Don) blocks during drying, as an analog to TR cracks, was
observed at the scale of the annual rings.

The critical stress intensity factor (K;¢) decreased as the
crack propagation direction changed from TL to TR. The
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K, value in the TR system was significantly lower than that
in the TL system. The area under the load—COD curve
(which is a measure of fracture energy) in the TR system
was more than twice those in the TL and intermediate
systems. As the results revealed, cracks perpendicular to the
tangential direction initiate radially with ease, and then
crack arrest occurs to prevent growing. This finding provides
a consistent interpretation of the end-check propagation
observed during drying as follows.

At the first stage of drying, tiny checks form easily and
selectively in the latewood or transition wood, and then
steadily propagate toward the pith, whereas propagation
toward the bark halts at the boundary between earlywood
and latewood. Checks are arrested after approaching the
latewood. When there is a secondary check aligned in the
latewood ahead of the primary crack tip, the two checks join
to form a longer check.

Although the mechanism of end-check propagation
during drying cannot be directly explained by fracture
mechanics, this study showed the relation between crack
propagation based on fracture mechanics and end-check
propagation during drying.
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