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Abstract 

Some hardwoods have a higher density and superior structural performance than softwoods, which are gener-
ally used as construction materials in buildings. Therefore, the characteristics of hardwoods are advantageous 
in their use for wooden joints. However, the effects of the dimensions of hardwood specimens and wood species 
on the partial compression performance perpendicular to the grain are unclear. In this study, we conducted partial 
compression tests perpendicular to the grain of hardwoods to clarify the effects of the edge distance and wood 
species on the characteristic values. The relationships between the partial compression performance perpendicu-
lar to the grain and the edge distance perpendicular to the grain of hardwoods were similar to those of softwoods. 
A significant correlation was observed between the density and the characteristic values of partial compression 
perpendicular to the grain. There were differences in the fracture morphologies and stress–strain curves between dif-
fuse and ring-porous woods. However, factors other than density and whether the wood is diffuse- or ring-porous are 
responsible for the differences in the effect of the edge distance on the characteristic values between wood species.

Keywords Hardwood, Partial compression perpendicular to the grain, Edge distance parallel to the grain, Edge 
distance perpendicular to the grain, Fracture morphology

Introduction
In Japan, most planted forests are in the mature and uti-
lisation stages [2]. In addition, the environmental advan-
tages of wooden buildings have increased in the number 
of mid-rise and large-scale nonresidential wooden build-
ings [1]. These buildings require higher structural perfor-
mance than low-rise buildings [1].

One of the challenges in improving the structural per-
formance of wooden buildings is controlling the com-
pressive deformation of wood perpendicular to the grain 
at the joints. The compression performance of wood 
perpendicular to the grain was considerably lower than 
that of wood parallel to the grain [1]. In addition, partial 
compressive deformation of wood perpendicular to the 
grain occurs in nearly all joints in wooden buildings. Par-
tial compressive deformation perpendicular to the grain 
is one of the primary causes of wooden joint deforma-
tion [1]. Therefore, to improve and control the structural 
performance of wooden joints, the use of wood with 
superior partial compression performance perpendicu-
lar to the grain is effective. Some hardwood species have 
a higher density and superior compression performance 
perpendicular to the grain compared to softwoods, which 
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are generally used as construction materials in build-
ings  [1]. Therefore, these hardwoods are advantageous 
for wooden joints. Estimating the performance of hard-
woods is essential for their utilisation as structural mate-
rials but not for the partial compression performance of 
hardwoods perpendicular to the grain  [1]. Furthermore, 
the effects of the dimensions of hardwood specimens and 
wood species on the partial compression performance 
perpendicular to the grain are unclear [1].

In Japan, the formula established by Inayama [e.g., 3–5] 
is commonly used to estimate partial compression per-
formance perpendicular to grain [6]. However, whether 
this formula can be applied to hardwoods is unclear 
because these studies focused on softwood such as Japa-
nese cedar and Douglas fir. Fujita [7] proposed a method 
for applying this formula to hardwoods. However, this 
method has only been validated for a limited variety of 
dimensions because it assumes hardwood is used for 
connectors.

The effects of hardwood dimensions, particularly the 
edge distance orthogonal to the longitudinal direction, 
on compression performance perpendicular to the grain 
have not been studied in detail. Therefore, in this study, 
partial compression tests perpendicular to the grain were 
conducted to clarify the effects of edge distances parallel 
and perpendicular to the grain and wood species on the 
characteristic values.

This paper reconstructs the previous study [1] with 
additional destruction forms and some data.

Materials and methods
Test specimens
Table  1 lists the specifications, densities and moisture 
contents of the test specimens. Eight Japanese hardwood 
species were used as the test specimens. Itayakaede (IT, 
Acer mono Maxim.), Udaikamba (UD, Betula maximow-
icziana), Buna (BN, Fagus crenata), and Shirakashi (SR, 
Quercus myrsinifolia) are diffuse-porous woods. Kuri 
(KR, Castanea crenata), Keyaki (KY, Zelkova serrata), 

Yachidamo (YC, Fraxinus mandshurica), and Mizunara 
(MZ, Quercus crispula Blume) are ring-porous woods. 
Their fracture morphologies and stress–strain curve 
trends differed between the diffuse- and ring-porous 
wood. Buna clearly represented the typical characteris-
tics in the diffuse-porous woods and Keyaki in the ring-
porous woods. Therefore, in the Results and discussion 
section, Buna and Keyaki were selected as examples for 
the description of the diffuse- and ring-porous woods, 
respectively.

The height of each sample is fixed at 40 mm. Specimens 
with three different widths ( w ) (40, 60, and 80 mm) and 
two different lengths ( l ) (40 and 120  mm) were fabri-
cated. Thus, each wood specimen had six-dimensional 
specifications indicated by a four-digit number. For 
example, 4040 represents a width of 40 mm and a length 
of 40  mm, whereas 6120 represents a width of 60  mm 
and a length of 120 mm. Three to six specimens are pre-
pared for each specification. For each species, specimens 
of different widths and lengths were obtained from a sin-
gle piece of wood in the continuous longitudinal direc-
tion to reduce the variation in materials and better clarify 
the effect of dimensions.

Compression test perpendicular to the grain
Figure  1 shows a schematic of the partial compression 
test performed perpendicular to the grain. The tests 
were conducted in accordance with JIS Z 2101 [8]. Fig-
ure  1 shows the centre of the specimen loaded with a 
metal bearing plate with a length and width of 40  mm. 
Therefore, the edge distances parallel ( x ) and perpendic-
ular ( y ) to the grain were represented by (l − 40)/2 and 
(w − 40)/2 , respectively. Accordingly, x is 0  mm (4040, 
6040, 8040) and 40 mm (4120, 6120, 8120), and y is 0 mm 
(4040, 4120), 10  mm (6040, 6120) and 20  mm (8040, 
8120). When both x and y were 0 mm (4040), full com-
pression tests were performed perpendicular to the grain.

Table 1 Specification of the test specimens [1]

a) Number of specimens, b) density, c) the values mean average ± standard variation, d) moisture content, e) angle of annual rings, f ) average of annual ring width

Wood species Length (mm) Width (mm) na ρb,c (kg/m3) MCc,d (%) AAR c,e (°) ARW c,f (mm)

Itayakaede (IT, Acer mono Maxim.) 40/120 40/60/80 6 734 ± 32.8 10.9 ± 0.89 20.2 ± 11.3 3.06 ± 0.992

Shirakashi (SR, Quercus myrsinifolia) 40/120 40/60/80 3 890 ± 59.5 12.6 ± 0.20 43.6 ± 8.30 4.39 ± 0.535

Udaikamba (UD, Betula maximowicziana) 40/120 40/60/80 4 707 ± 71.9 12.1 ± 0.72 19.1 ± 8.93 1.61 ± 0.323

Kuri (KR, Castanea crenata) 40/120 40/60/80 6 575 ± 73.7 13.9 ± 0.88 35.0 ± 25.3 3.29 ± 1.34

Keyaki (KY, Zelkova serrata) 40/120 40/60/80 6 747 ± 67.7 12.2 ± 1.93 43.3 ± 24.8 4.21 ± 1.51

Yachidamo (YC, Fraxinus mandshurica) 40/120 40/60/80 6 571 ± 80.4 13.3 ± 0.48 19.1 ± 7.44 1.48 ± 0.336

Mizunara (MZ, Quercus crispula Blume) 40/120 40/60/80 6 732 ± 59.7 12.4 ± 0.91 42.8 ± 27.2 2.32 ± 0.931

Buna (BN, Fagus crenata) 40/120 40/60/80 6 687 ± 17.8 12.9 ± 0.31 55.6 ± 18.3 2.99 ± 0.515
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A tensile and compression testing machine 
(MAEKAWA MFG. CO., LTD. A-300-B4) was used for 
the loading. The vertical displacements of the bearing 
metal plate were measured at two points using displace-
ment transducers (Tokyo Measuring Instruments Labo-
ratory Co., Ltd., CDP-25), and the average value was 
considered the test displacement. The ratio of displace-
ment to height was considered the test strain. The load is 
measured using a test machine. The load divided by the 
loading area (1600  mm2) was considered the test stress. 
The elastic stiffness ( Ee ), plastic stiffness ( Ep ), yield stress 

( σy ), and yield strain ( εy ) were calculated from the stress–
strain curves. Ee was calculated following Inayama’s study 
[3], and Ep , σy and εy were calculated following Fujita’s 
study [7].

Results and discussion
Fracture morphology
Figure 2 shows the fracture morphologies of the diffuse-
porous wood (buna) and ring-porous wood (keyaki) in 
the full compression test (4040). Buna and keyaki were 
selected because they were considered to represent the 
typical fracture morphologies of diffuse- and ring-porous 
wood, respectively. In the full compression test, the 
fracture morphology differed depending on the porous 
structure and the annual ring in the direction of the load 
(AAR). The AARs are classified as close to 0° [see Fig. 2A 
(3), (6), B(1), (2), and (4)], close to 45° [see Fig.  2A (5), 
B(3), and (6)], and close to 90° [see Fig.  2A(1), (2), (4), 
and B(5)]. For all specimens, in addition to deformation 
in the direction of the applied load, deformation was 
first observed in a direction approximately orthogonal 
to the direction of the applied load due to the Poisson 
effect. The cracking and fracture of specimens occurred 
as the deformation progressed. In diffuse-porous wood, 
the Poisson effect causes swelling deformation around 
the centre of the height of the specimen. The shape of 
the deformation varied slightly owing to the AAR and 

Fig. 1 Schematic of partial compression test perpendicular 
to the grain (dimensions in mm) [1]

Fig. 2 Fracture morphologies of full compression test specimen (4040) for diffuse- and ring-porous woods
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the bending of the annual ring. No visible cracks or frac-
tures were present except in Shirakashi. This seems to be 
caused by the radial arrangement of the vessels and large 
rays in Shirakashi. Similar to diffuse-porous wood, the 
Poisson effect in ring-porous wood causes swelling defor-
mation around the centre of the height of the specimen. 
However, in contrast to the diffuse-porous wood, shear 
and compression failures of the pore zone and cracks 
caused by these failures were observed. Such cracks were 
observed more frequently in Kuri and Keyaki, particu-
larly in specimens with an AAR close to 45°, and less fre-
quently in specimens with an AAR close to 0° or those 
with an ARA close to 90° and straight annual rings. No 
cracks were observed in Yachidamo. Some Mizunara 
specimens showed cracks in the radial direction, which 
may have been owing to large rays similar to those of 
Shirakashi.

Figure  3 shows the fracture morphologies of diffuse 
and ring-porous wood in the partial compression test 
(6040, 8040, 4120, and 8120). The next clearest difference 
in the fracture morphology owing to the porous struc-
ture was observed in the specimens with an edge dis-
tance only orthogonal to the longitudinal direction (6040 
and 8040). In these specimens, cracks first appeared 
at the edges of the loading area in both the diffuse- and 
ring-porous woods. Subsequently, in ring-porous wood, 

these cracks led to fractures along the pore zone. In 
some specimens, the Poisson effect causes swelling and 
cracking at the bottom of the specimen. In the specimen 
with an edge distance parallel to the grain (4120), there 
was little difference in the fracture morphology owing to 
the porous structure, whereas, in the specimen with an 
edge distance only parallel to the grain, nearly all speci-
mens showed shear failure at the edge of the loading area 
and cracking at the end of the specimens. In addition, in 
specimens with edge distances parallel and perpendicu-
lar to the grain (6120 and 8120), shear failure at the edge 
of the loading area was observed in all specimens and 
cracking at the end of the specimen within the width of 
the loading area was observed in many specimens.

Stress–strain curve
Figure 4 shows the stress–strain curves of the compres-
sion test perpendicular to the grain for diffuse-porous 
wood (Buna) and ring-porous wood (Keyaki). Buna and 
Keyaki were selected because they were considered to 
represent the typical behaviors of the curves of diffuse- 
and ring-porous wood, respectively. The curves are to 
the point of maximum stress. For both diffuse- and ring-
porous wood, the stress–strain curves of the specimen 
with a length of 120 mm showed a drop in stress between 

Fig. 3 Fracture morphologies of partial compression test (6040, 8040, 4120, 6120, and 8120) specimen for diffuse- and ring-porous woods. The 
four-digit numbers 4120, 6040, 6120, 8040, and 8120 represent dimensional specifications as shown in Table 2
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the strain of 0.07 and 0.15. This is caused by cracking at 
the end of the specimen.

In diffuse-porous wood, a gradual decrease in stiff-
ness was observed after the yield point in all specifica-
tions. The ring-porous wood had a clearer tendency 
to a decrease in stiffness than in the diffuse-porous 
wood with the same dimensions at the yield point. In 
the specification without edge distance (4040) of the 
diffuse-porous wood, the load increased and decreased 
repeatedly after the yield point  [1]. Furthermore, more 
ring-porous wood specimens showed a significant drop 
in load before reaching a strain of 0.2, compared with the 
diffuse-porous wood specimens. This behaviour may be 
due to the sequential failure of vessels in the pore zone 
of the ring-porous wood [1]. In Fig. 4, ring-porous wood 
(Keyaki) (5) did not show these behaviours, which may be 
owing to the fact that the AAR was close to 90° and the 
annual rings were linear; therefore, less failure occurred 
in the pore zone.

The load increase/decrease ratios were smaller for 
specifications with edge distance than those without edge 
distance [1]. The load increase/decrease behaviour was 
less apparent for specifications with an edge distance par-
allel to the grain (4120, 6120, and 8120) [1]. This shows 
that the edge distance constrained the fracture of vessels 
in the pore zone [1]. For the edge distance perpendicu-
lar to the grain, shear failure occurred at the edge of the 
loading area, which may have weakened this effect com-
pared to the edge distance parallel to the grain [1].

Relationship between the characteristic values and density 
[1]
Table  2 summarises the characteristic values of partial 
compression test perpendicular to the grain for each 
specification. Figure  5 shows the relationship between 
characteristic values and the density of each dimensional 
specification and represents the regression line calcu-
lated for each dimensional specification for the relation-
ships between Ee and density and σy and density.

For Ee and σy , a significant positive correlation was 
observed ( p < 0.01 ) with density for all dimensional 
specifications. In both cases, the correlation is stronger in 
specifications with edge distance than in those without. 
Furthermore, the slope of the regression line increased 
with the edge distance, both parallel and perpendicular to 
the grain. However, little difference was observed in the 
slope of the line between the specimens with widths of 
60 and 80 mm. A possible explanation for this is that the 
effects of factors other than density, such as the annual 
ring angle, were less affected by the partial compression 
specifications because the deformation was constrained 
by the edge distance. For σy , the correlation was stronger 
than that for Ee for all dimensional specifications. The 
effect of density may have been greater for σy than for Ee , 
while the effects of other factors may have been relatively 
less. However, there was no clear difference between the 
diffuse- and ring-porous wood.

2

1 2 3 4 5 6

2

1 2 3 4 5 6

Fig. 4 Stress–strain curves of compression test perpendicular to the grain for diffuse- and ring-porous woods. The four-digit numbers 4040, 4120, 
6040, 6120, 8040, and 8120 represent dimensional specifications. YP: Yield point. The curves are to the point of maximum stress. The numbers 
in the figure legend represent the identification number of the specimen as in Fig. 2
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Effect of edge distance on the increased ratios of 
characteristic values [1]
Figure  6 shows the relationship between the increased 
ratios of Ee and σy and the edge distance perpendicular 
to the grain. The increased ratios of Ee and σy are defined 
as the average of the ratio of the characteristic value of a 
specimen to that of the full compression specimen with-
out both edge distances being prepared from the same 
material.

As shown in Fig.  6, the increased ratios of Ee and σy 
were higher for the partial compression specimens than 
for the full compression specimens. Irrespective of the 
edge distance parallel to the grain (0 or 40  mm), the 
increased ratios of Ee and σy tended to increase with the 
increase in the edge distance perpendicular to the grain. 
By contrast, at an edge distance perpendicular to the 
grain longer than 10 mm, the increased ratios of Ee and 
σy increased only slightly or remained constant depend-
ing on the wood species. This suggests that the effect of 
the edge distance parallel to the grain on the improve-
ment of the characteristic values converges. These trends 
agree with those reported in a previous study on soft-
wood by Inayama [3].

As shown in Fig.  6, the increased ratios of Ee and σy 
tended to be higher for Shirakashi and Udaikamba and 
lower for Yachidamo compared to other species. These 
results suggest that there are differences among wood 
species. Figure  7 shows the relationship between the 
increase in the ratio of the characteristic values and the 
density. For each dimensional specification, there was lit-
tle significant relationship between the increased ratio of 
Ee and σy and density. Similar results were obtained when 
the samples were divided into diffuse- and ring-porous 
woods. This suggests that the increased ratio of charac-
teristic values independent of density and factors other 
than density, or whether the wood is diffuse- or ring-
porous, may be responsible for the differences between 
wood species. Therefore, further studies are needed to 
clarify the effects of annual ring angles and other factors.

Relationships between characteristic values [1]
Figures 8 and 9 show the relationships between Ee and Ep 
and σy and εy , respectively, and indicate that both rela-
tionships are significantly positively correlated. However, 
the relationships between σy and εy had a smaller corre-
lation coefficient than Ee and Ep and were not strongly 
correlated. Figure  9 shows that a positive correlation 
between σy and εy . However, this relationship might dif-
fer for each wood species.

Table 3 summarises the linear regression equations cal-
culated for each wood species, the dimensional specifi-
cations for the relationships between Ee and Ep , σy and 
εy , and their coefficients of determination. Significant 

Table 2 Results of partial compression test perpendicular to the 
grain [1]

W.S.: wood species, a) elastic stiffness, b) mean average (standard deviation), 
c) plastic stiffness, d) yield stress, e) yield strain; size shows the dimensional 
specifications

W.S Size Ee
a,b (kN/mm2) Ep

b,c (kN/mm2) σy
b,d (N/mm2) εy

b,e (%)

IT 4040 1.52 (0.146) 0.088 (0.016) 14.3 (1.79) 1.07 (0.071)

6040 1.82 (0.277) 0.137 (0.028) 17.3 (2.93) 1.04 (0.069)

8040 1.88 (0.214) 0.167 (0.019) 17.3 (1.29) 1.01 (0.081)

4120 2.27 (0.209) 0.215 (0.025) 18.9 (2.18) 0.92 (0.065)

6120 2.64 (0.284) 0.267 (0.034) 20.7 (2.54) 0.85 (0.039)

8120 2.69 (0.273) 0.288 (0.041) 21.2 (1.89) 0.91 (0.099)

SR 4040 1.29 (0.194) 0.138 (0.006) 13.3 (1.57) 1.12 (0.032)

6040 1.75 (0.231) 0.214 (0.006) 16.9 (1.70) 1.12 (0.107)

8040 1.76 (0.031) 0.252 (0.024) 17.1 (0.36) 1.11 (0.027)

4120 1.94 (0.284) 0.283 (0.038) 18.9 (1.95) 1.06 (0.069)

6120 2.61 (0.212) 0.386 (0.045) 21.3 (2.20) 0.92 (0.125)

8120 2.41 (0.012) 0.403 (0.031) 22.7 (2.17) 1.05 (0.103)

UD 4040 1.00 (0.284) 0.057 (0.011) 10.4 (1.98) 1.15 (0.098)

6040 1.40 (0.079) 0.078 (0.003) 13.0 (0.74) 1.01 (0.078)

8040 1.25 (0.051) 0.120 (0.022) 12.6 (0.27) 1.11 (0.065)

4120 1.52 (0.376) 0.164 (0.017) 13.7 (2.32) 1.04 (0.047)

6120 2.11 (0.081) 0.198 (0.024) 15.9 (0.72) 0.84 (0.041)

8120 2.02 (0.163) 0.229 (0.024) 16.3 (0.94) 0.90 (0.050)

KR 4040 0.88 (0.480) 0.024 (0.011) 5.15 (1.62) 0.72 (0.211)

6040 1.04 (0.517) 0.036 (0.025) 6.26 (2.20) 0.76 (0.197)

8040 1.04 (0.349) 0.040 (0.028) 6.46 (1.55) 0.77 (0.106)

4120 1.24 (0.411) 0.085 (0.026) 6.91 (1.47) 0.65 (0.109)

6120 1.49 (0.522) 0.113 (0.041) 7.15 (1.90) 0.57 (0.081)

8120 1.47 (0.479) 0.127 (0.030) 7.63 (1.72) 0.66 (0.109)

KY 4040 1.44 (0.267) 0.073 (0.034) 12.0 (1.25) 0.98 (0.135)

6040 1.67 (0.192) 0.116 (0.052) 14.5 (2.15) 0.98 (0.092)

8040 1.85 (0.387) 0.153 (0.045) 15.7 (2.96) 1.00 (0.146)

4120 1.89 (0.278) 0.200 (0.040) 17.0 (2.09) 1.04 (0.188)

6120 2.39 (0.342) 0.263 (0.053) 17.3 (2.12) 0.83 (0.036)

8120 2.50 (0.466) 0.294 (0.062) 18.4 (3.92) 0.87 (0.077)

YC 4040 0.95 (0.172) 0.004 (0.010) 5.86 (0.84) 0.71 (0.035)

6040 1.04 (0.236) 0.025 (0.017) 6.66 (0.93) 0.72 (0.062)

8040 1.08 (0.208) 0.032 (0.015) 6.73 (0.51) 0.74 (0.078)

4120 1.32 (0.239) 0.068 (0.032) 7.30 (0.82) 0.67 (0.041)

6120 1.53 (0.243) 0.093 (0.040) 7.38 (0.76) 0.58 (0.037)

8120 1.54 (0.212) 0.101 (0.030) 7.85 (1.01) 0.63 (0.052)

MZ 4040 1.02 (0.294) 0.040 (0.013) 8.67 (1.93) 0.95 (0.084)

6040 1.29 (0.418) 0.064 (0.012) 10.6 (3.27) 0.92 (0.075)

8040 1.26 (0.373) 0.096 (0.017) 11.4 (3.59) 0.99 (0.057)

4120 1.52 (0.357) 0.152 (0.050) 11.4 (2.81) 0.85 (0.052)

6120 1.89 (0.537) 0.193 (0.051) 12.4 (3.85) 0.75 (0.063)

8120 1.92 (0.463) 0.228 (0.060) 13.4 (3.87) 0.81 (0.047)

BN 4040 0.79 (0.069) 0.072 (0.013) 6.77 (0.52) 0.95 (0.079)

6040 0.97 (0.138) 0.097 (0.012) 8.43 (0.26) 0.99 (0.181)

8040 1.04 (0.129) 0.124 (0.014) 8.70 (0.61) 0.98 (0.071)

4120 1.20 (0.124) 0.143 (0.007) 9.92 (0.76) 0.94 (0.128)

6120 1.43 (0.240) 0.190 (0.012) 10.6 (0.46) 0.86 (0.144)

8120 1.43 (0.235) 0.192 (0.013) 10.9 (1.00) 0.90 (0.072)
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positive correlations were observed between Ee and Ep 
for all wood species and dimensional specifications. 
Therefore, a positive correlation existed between the elas-
tic and plastic stiffness in the compression strength of 
wood perpendicular to the grain, regardless of the wood 
species and dimensional specifications. For the dimen-
sional specifications, the slope and coefficient of determi-
nation of the linear regression equation were the smallest 
for the full compression specification (4040), and each 
value increased with increasing edge distance perpendic-
ular to the grain. In addition, they tended to be larger for 
specifications with an edge distance parallel to the grain. 
This slope occurred because the plastic stiffness was close 
to zero for the full compression specification (4040) and 
the stiffness increased with increasing edge distance. The 
coefficient of determination was due to the constrain-
ing effect of the edge distance on the deformation and 
fracture of the specimens, which reduced the variation 

between the elastic and plastic stiffnesses. In the relation-
ship between σy and εy , significant positive correlations 
were found for each dimensional specification; however, 
significant negative, negative and positive correlations 
were found for IT, SR, UD, KR and YC, MZ and BN and 
KY, respectively. Previous studies on softwoods [3] and 
hardwoods [7] have shown that for the same species, 
loading area dimensions and specimen height, relation-
ships between σy and εy are inversely related. This may 
also be true for the results of this study, as the relation-
ship is not clear but is close to inversely proportional 
when the same wood species, loading area dimensions, 
and specimen height are held constant. However, the 
relationship between σy and εy was significantly positively 
correlated for each dimensional specification. Although 
the coefficient of determination was smaller than that in 
the relationship between Ee and Ep , the slope and coeffi-
cient of determination in the relationship between σy and 
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Fig. 5 Relationship between characteristic values and density of each dimensional specification in all specimens [1]. Ee : elastic stiffness, x : edge 
distance parallel to the grain, ρ : density, R2: coefficient of determination, σy : yield strength, 4040, 6040, 8040, 4120, 6120 and 8120: dimensional 
specifications, *: significant at 5% level, **: significant at 1% level
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εy were similar to those in the relationship between Ee 
and Ep . These results suggest that a positive correlation 
exists between σy and εy for dimensional specifications 
regardless of the species.

Conclusion
The aim of this study was to investigate the effect of the 
edge distance parallel and perpendicular to the grain and 
wood species on the compression performance of hard-
woods perpendicular to the grain. The results of this 
study are as follows:

1. Fracture morphologies showed the greatest differ-
ence between diffuse- and ring-porous wood in the 
full compression test, and the difference decreased 
with increasing edge distance, especially parallel to 
the grain.

2. The behaviour of the stress–strain curve after the 
yield point may differ depending on the porous struc-
ture [1].

3. With respect to the edge distance parallel to the 
grain, the variations in the elastic stiffness and yield 
stress can be reduced by constraining the deforma-
tion and fracture with the edge distance perpendicu-
lar to the grain [1].

4. The elastic stiffness and yield stress were significantly 
correlated with the density, and the specifications 
with an edge distance perpendicular, parallel, or both 
to the grain had a stronger correlation than those 
without it [1].

5. The effect of the edge distance perpendicular to the 
grain on the increased ratio of elastic stiffness and 
yield stress tends to be similar to that of softwood [3] 
and may vary between wood species [1].

6. It is suggested that factors other than density and 
whether wood is diffuse- or ring-porous are respon-
sible for the differences in the increase ratio of elastic 
stiffness and yield stress between wood species.

7. The relationships between the elastic stiffness and 
plastic stiffness, yield stress and yield strain tend to 
be similar to those for softwood [1].
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Fig. 6 Relationships between the increased ratio of characteristic values and edge distance perpendicular to the grain [1]. See Fig. 5
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Fig. 8 Relationship between Ee and Ep in all specimens [1]. iu. Ep , 
plastic stiffness; Ee , elastic stiffness; IT Itayakaede; SR, Shirakashi; UD, 
Udaikamba; KR, Kuri; KY, Keyaki; YC, Yachidamo; MZ, Mizunara; BN, 
Buna; R2, coefficient of determination
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Fig. 9 Relationship between σy and εy in all specimens [1]. σy , yield 
strength; εy , yield strain; IT, Itayakaede; SR, Shirakashi; UD, Udaikamba; 
KR, Kuri; KY, Keyaki; YC, Yachidamo; MZ, Mizunara; BN, Buna; R2: 
coefficient of determination
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These results support the possibility of estimating the 
partial compression performance of hardwoods per-
pendicular to the grain as softwood [1]. However, some 
species showed greater variability in their characteris-
tic values, particularly for ring-porous wood [1]. More 
detailed studies are needed on the effects of different spe-
cies, especially on the porous structure and the effects of 
the annual ring inclination angle [1].
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