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Abstract

The quality of dimension lumber (2 by 4 lumber) was preliminarily investigated in four common Mongolian soft-
woods: Pinus sylvestris L., Pinus sibirica Du Tour, Picea obovata Ledeb., and Larix sibirica Ledeb. to produce high quality
dimension lumber for structural use. In total 61, 39, 67, and 37 pieces of lumber were prepared for Pinus sylvestris, Pinus
sibirica, Picea obovata, and L. sibirica, respectively. The lumber was visually graded and then tested in static bending to
obtain the 5% lower tolerance limits at 75% confidence level (f, ;5) of the modulus of elasticity (MOE) and the modu-
lus of rupture (MOR). In addition, the effects of sawing patterns on bending properties were also analyzed. The f; 45

of the MOE and MOR were 4.75 GPa and 15.6 MPa, 3.39 GPa and 11.0 MPa, 3.78 GPa and 11.7 MPa, and 6.07 GPa and
22.3 MPa for Pinus sylvestris, Pinus sibirica, Picea obovata, and L. sibirica, respectively. These results suggested that with

a few exceptions, characteristic values of MOR in the four common Mongolian softwoods resembled those in similar
commercial species already used. In visual grading, over 80% of total lumber was assigned to select structural and No.
1 grades in Pinus sylvestris and Pinus sibirica, whereas approximately 40% of total lumber in L. sibirica was No. 3 and out
of grades. Sawing patterns affected bending properties in Pinus sylvestris and L. sibirica, but did not affect Pinus sibirica

produced from the four common Mongolian softwoods.

tolerance limit, Visual grading, Sawing pattern

and Picea obovata. Dynamic Young's modulus was significantly correlated with bending properties of dimension
lumber for the four species. Based on the results, it was concluded that dimension lumber for structural use can be
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Introduction

In Mongolia, coniferous tree species occupy over 70%
in total forest area of 11.5 million hectares [1]. The
amounts of log production were around 162,000 m?>
from the coniferous forest at 2018 [2]. For approximately
70% of total forests, Larix sibirica Ledeb. 62.5%, and the
other species, including Pinus sylvestris L., Pinus sibir-
ica Du Tour, and Picea obovata Ledeb., cover 9.8% [1].
Thus, wood from these four species are considered as
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common softwoods for production of structural lumber
in Mongolia.

Mechanical properties of structural lumber, such as
dimension lumber, have been investigated for softwood
species by many researchers [3—13]. In terms of mechani-
cal properties, the 5% lower tolerance limit with a 75%
confidence level (f ;) in modulus of elasticity (MOE)
and modulus of rupture (MOR) is important information
for utilization of wood as structural material [14—17].
Dahlen et al. [16] reported that the f; ;s values for South-
ern pine (Pinus spp.) were 5.8 to 8.2 GPa and 13.0 to
23.0 MPa for MOE and MOR, respectively, in dimension
lumber (No. 2 grade in visual grading) for 2 by 6, 2 by 8,
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2 by 10, and 2 by 12 cross sections. Recently, Tumenjargal
et al. [13] reported that f ,; values of MOE and MOR in
2 by 4 (38 x 89 mm) lumber of L. sibirica grown in Mon-
golia were 5.70 GPa and 15.1 MPa, respectively. However,
available information on f; ;s for the MOE and MOR of
dimension lumber for structural use remain limited for
common softwoods in Mongolia.

Visual grading is one of the grading methods for lum-
ber [8, 12, 14, 15, 18-22]. Erikson et al. [19] reported
that the highest MOE and MOR values in 2 by 4 lum-
ber of Pinus contorta Douglas ex Loudon were recorded
in select structural (SS) grade, whereas lumber of No. 3
grade demonstrated the lowest MOE and MOR values.
Similar results were obtained in 2 by 4 (40 x 90 mm)
lumber for Larix gmelinii (Rupr.) Kuzen.: the mean MOR
value at 15% moisture content was 65.1 MPa for SS, and
the value was higher than those of other visual grades
[22]. These results suggest that high bending properties
can be obtained in lumber classified into higher visual
grading classes. On the other hand, Tumenjargal et al.
[13] reported that no significant differences in either the
MOE or MOR of 2 by 4 (38 x 89 mm) lumber in L. sibir-
ica were found between SS, No. 1, No. 2, and No. 3 grade
lumber, whereas the MOE and MOR in out of grade lum-
ber showed notably lower values. Thus, further research
is needed to clarify the relationship between visual grad-
ing results and bending properties of dimension lumber
in each softwood species.

Effects of sawing pattern on mechanical properties of
softwood lumber have been investigated for efficient
lumber production [12, 13, 16, 23, 24]. In general, lower
mechanical properties and instability of structural lum-
ber are caused by the presence of juvenile wood with
high microfibril angle [11, 16, 23]. In Pinus taeda L.,
significantly lower MOE and MOR were found in 2 by 4
lumber with pith rather than that without pith, due to the
large percentage of juvenile wood contained in lumber
with pith [24]. Thus, considering the sawing patterns in
relation to the presence of juvenile wood is important for
producing lumber with high mechanical properties.
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To produce high quality dimension lumber for struc-
tural use in Mongolia, the lumber quality of four com-
mon softwoods, L. sibirica, Pinus sylvestris, Pinus
sibirica, and Picea obovata, was preliminarily investi-
gated in this study. Based on the results, the effects of vis-
ual grading and sawing patterns were evaluated in terms
of the lumber’s mechanical properties. In addition, f; ;s
of MOR in each species was compared to characteristic
values of MOR (F,) in Japanese Agricultural Standard
(JAS) for structural lumber and finger jointed structural
lumber for wood frame construction [25]. Furthermore,
correlations among the different markers of lumber qual-
ity in each species were discussed. This is the first report
on the evaluation of quality of dimension lumber in four
common softwoods naturally grown in Mongolia, except
for L. sibirica [12, 13].

Materials and methods

Materials

The following four Mongolian common softwoods were
used in the present study: Pinus sylvestris L., Pinus sibir-
ica Du Tour, Picea obovata Ledeb., and Larix sibirica
Ledeb. These trees were obtained from natural forests
in Selenge, Mongolia (48°49’ N, 106°53’ E and 48°41’ N,
106°38’ E). In total, 20 trees (five trees in each species)
were harvested. They had 20 to 30 cm of stem diameter
at 1.3 m above the ground, with good stem shape with-
out any severe damage. The stem diameter of trees in
each species was similar to mean stem diameter in each
species in each natural forest. Table 1 shows the num-
ber of annual rings, the stem diameter 1.3 m above the
ground, and the tree height of the sampled trees. Annual
ring numbers were 72, 62, 60, and 50 for Pinus sylvestris,
Pinus sibirica, Picea obovata, and L. sibirica, respectively,
suggesting that the age of the sample trees ranged from
approximately 50—70 years. Logs ca. 2 m in length were
collected 1.3 m above the ground to the tree top until the
top diameter of the log was less than 14 cm. In all, 27, 16,
22, and 21 logs for Pinus sylvestris, Pinus sibirica, Picea
obovata, and L. sibirica were collected, respectively.

Table 1 Number of annual rings, stem diameter, and tree height of sample trees

Species n NAR D (cm) TH (m)

Mean SD Mean SD Mean SD
Pinus sylvestris 5 72 3 27.1 2.2 16.2 2.2
Pinus sibirica 5 62 4 26.5 1.3 119 15
Picea obovata 5 60 6 279 22 14.3 23
L. sibirica 5 50 9 256 16 153 13

n, number of trees; NAR, number of annual rings at 1.3 m above the ground; D, stem diameter at 1.3 m above the ground; TH, tree height; SD, standard deviation
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Lumber production

Figure 1 shows lumber production procedures. Approxi-
mately 2 m-length logs were sawn into lumber with cross
section (50 x 100 mm), maximizing the yield of lum-
ber as much as possible. Sawing patterns were recorded
for each log. In all, 61, 39, 67, and 37 pieces of lumber
were obtained for Pinus sylvestris, Pinus sibirica, Picea
obovata, and L. sibirica, respectively. After sawing, the
lumber was air-dried in a laboratory at ambient condi-
tions in Ulaanbaatar, Mongolia from September 2018 to
September 2019. During air drying, monthly minimum,
maximum, and mean temperature and relative outdoor
humidity in Ulaanbaatar were—20.3 °C (December 2018),
19.3 °C (July 2019), and 1.6 °C, and 35% (May 2019), 67%
(August 2019), and 49%, respectively. After air-drying,
the lumber was planed into 38 x 89 mm cross sections,
and then the lumber length was cut to 1820 mm using a
Cross cut saw.
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Four types of sawing patterns (50 x 100 mm cross section)
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5

Total 61, 39, 67 and 37 pieces of lumber were obtained from
86 logs from Pinus sylvestris, Pinis sibirica, Picea obovata,
and L. sibirica, respectively.
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Fig. 1 lllustration of the experimental procedures. |, lumber including
pith at almost-center position in cross-section; Il, lumber obtained
near the pith (sometimes including pith on the surface area of the
lumber); lll, lumber obtained from outer part of the logs (without
pith)
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To evaluate the effect of sawing patterns on lumber
quality, the lumber was categorized into three types:
lumber including pith at almost the center position in the
cross section (I), lumber obtained near the pith (some-
times including pith on the surface area of the lumber)
(II), and lumber obtained from the outer part of the log
(without pith) (III) (Fig. 1).

Visual grading of lumber

Each lumber piece was graded according to JAS for
structural lumber and finger jointed structural lumber
for wood frame construction [25]. For grading, the typi-
cal visual sorting criteria, such as annual ring width, knot
size, existence and size of holes, slope of grain, defor-
mation (bow, crook, and twist), wane, and crack were
measured on surfaces of all lumber as described in JAS
[25]. Bow and crook were measured as the proportion of
maximum deflection to the length of lumber. To meas-
ure twist, the lumber was set on the flat surface of a steel
plate. After fixing three edges of lumber, distance was
measured between the remaining one edge and the flat
surface. The twist of the lumber was also evaluated as the
angle calculated of the arcsine of the ratio of the lumber’s
measured distance to width. Based on the results, lumber
was graded according to the following five visual grades:
SS, No. 1, No. 2, No. 3, and out of grade.

Dynamic Young's modulus

The dynamic Young’s modulus of the lumber was meas-
ured after visual grading using vibrational analysis [26].
The natural frequency of longitudinal vibration due to
sound emitted by hitting the cross-section of lumber
with a hammer was measured using a handheld fast Fou-
rier transform analyzer (AD-3527, A&D), with an accel-
erometer (PV-85, RION) set on the other cross end of
each lumber. The dynamic Young’s modulus of the lum-
ber was calculated using the same methods described in
Tumenjargal et al. [12].

Static bending test

Four-point static bending tests were conducted using a
material testing machine (WDW-20E, Jinan Kason Test-
ing Equipment) according to the methods described
in Japan Housing and Wood Technology Center [27].
Crosshead speed, whole span, and distance between load
points were 14 mm/min, 1602 mm, and 534 mm, respec-
tively. The load and deflection were measured by a load
cell (LC-5TV, Kyowa) and a displacement transductor
(DTH-A-100, Kyowa), respectively. After bending tests,
static bending properties, MOE, and MOR were calcu-
lated by the following equations:
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AP(L=1)[32 = (1~ 1)’]

MOE (GPa) = 85077

3pmax(l - l/)

MOR (MPa) = =2

where AP (N) is difference of load between 10 and 40%
values of maximum load (P,,,), Ay is the difference in
deflection corresponding to AP, [ (mm) is the span, [’
(mm) is the difference between load points, b (mm) is
the width of the specimen, and 4 (mm) is the height of
specimen.

After static bending tests, 2.5 cm-thickness (longitu-
dinal direction) small-clear specimens without defects
were collected from each lumber to measure the annual
ring width, moisture content at testing, and air-dry
density at testing. The moisture content of lumber was
measured using the oven-dry method. Results revealed
that mean and standard deviation of moisture content
were 11.7+0.4% for all pieces of lumber. Thus, MOE
and MOR values were adjusted to those at 15% moisture
content using the following formula described in Japan
Housing and Wood Technology Center [27]:

Py = Pi(a — B15) / (a — BM),

where P, is the MOE or MOR value at a moisture content
of 15%, P, is the MOE or MOR value at testing, M is the
moisture content at testing, a is 1.44 and 1.75 for MOE
and MOR, respectively, and f is 0.0200 and 0.0333 for
MOE and MOR, respectively.

Data analysis

Data analyses were conducted using Excel 2016 (Micro-
soft) and R software [28]. The MOE and MOR values for
the f; s were calculated using the following formula [17,
27]:

Joos = —Ko,

where p is the mean value, K is a coefficient depending
on the sample size (The K values for Pinus sylvestris,
Pinus sibirica, Picea obovata, and L. sibirica were 1.7932
(n=61), 1.8365 (1=39), 1.7856 (1=67), and 1.8425
(n=37), respectively), and o is the standard deviation.
When the data was not fitted to normal distribution by
Shapiro—Wilk test (p<0.05), 4 and o were obtained by
equivalent transformation from logarithmic normal dis-
tribution to normal distribution.

To evaluate the effects of visual grading on bending
properties, data on MOE and MOR were again clas-
sified into three groups: (1) SS and No. 1, (2) No. 2 and
No. 3, and (3) out of grade. Significant differences among
visual grading classes and wood type (I, II, and III) were
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detected using the Tukey-HSD test at a 5% significance
level. The relationships between the measured lumber
properties were determined using Pearson’s correlation
analysis.

Results and discussion

Lumber properties and characteristic values

Table 2 shows statistical values of lumber properties in
each species. The maximum mean ring width for a piece
of lumber permitted by the JAS for structural lumber
is 6 mm [25]. In the present study, maximum values of
annual ring width in each species were approximately
3.5 mm, indicating that annual lumber ring width from
the four species naturally grown in Mongolia was not a
downgrading factor in visual grading. The smallest mean
values of crook and bow were found in Pinus sylvestris.
In addition, the highest maximum values were recorded
for crook (0.49%) and bow (0.36%) in Pinus sibirica.
Mean values of twist were higher in Picea obovata (2.4
degree) and L. sibirica (3.5 degree) than in the other spe-
cies. These results indicated that among the four species,
crook and bow were severe in Pinus sibirica, and twist
was severe in L. sibirica, followed by Picea obovata. Air-
dry density values were 0.44, 0.43, 0.39, and 0.59 g/cm?
for Pinus sylvestris, Pinus sibirica, Picea obovata, and
L. sibirica, respectively. Although the highest value was
recorded in L. sibirica, it demonstrated a large coefficient
of variation value (12%) compared to the other three spe-
cies (5% to 7%). The highest dynamic Young’s modulus of
lumber was found in L. sibirica, followed by Pinus sylves-
tris, Picea obovata, and Pinus sibirica. The same trends
were also found for MOE and MOR. Figure 2 shows
frequency distribution of MOE and MOR in each spe-
cies. The results of the Shapiro—Wilk test revealed that
all distributions, except for MOR in L. sibirica, fitted to
normal distribution. The distribution pattern in the MOR
of L. sibirica fitted to logarithmic normal distribution.
Among the tested species, L. sibirica demonstrated the
highest f; os for MOE (6.07 GPa) and MOR (22.3 MPa),
whereas the lowest values were obtained in Pinus sibir-
ica (3.39 GPa and 11.0 MPa, respectively). Based on the
results, the lumber from the four species tested in the
current study can be characterized as follows: (1) Lum-
ber from Pinus sylvestris displayed low warp and moder-
ate mechanical properties; (2) lumber from Pinus sibirica
and Picea obovata displayed low mechanical properties
and dimensional stability; and (3) lumber from L. sibirica
demonstrated the highest bending properties but also
higher twist.

Table 3 shows F, for 2 by 4 lumber in softwood species
groups [25] that are similar to the four species used in the
present study and the quantity of lumber in each grade.
In Pinus sylvestris, over 90% of total lumber were SS
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Table 2 Statistical values of lumber properties
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Property Pinus sylvestris (n=61) Pinus sibirica (n=39) Picea obovata (n=67) L. sibirica (n=37)
ARW (mm) 1.6+0.5 22+05 25406 24406
(1.0-34) (14-3.3) (0.2-3.5) (1.0-3.6)
Crook (%) 0.06 £0.04 0.10£0.09 0.08+£0.06 0.08£0.06
(0.00-0.16) (0.00-0.49) (0.00-0.27) (0.00-0.27)
Bow (%) 0.034£0.03 0.0540.07 0.0640.06 0.07+0.07
(0.00-0.16) (0.00-0.36) (0.00-0.30) (0.00-0.27)
Twist (degree) 05+£00 03+£07 24+£27 35+45
(0.0-2.2) (0.0-3.3) (0.0-11.1) (0.0-17.7)
AD (g/cm3) 044+0.03 043+0.03 0.39+0.02 0.59+£0.07
(0.40-0.50) (0.38-0.50) (0.36-0.48) (045-0.75)
DMOE (GPa) 10554157 8.16+1.57 855+1.17 13114221
(6.22-13.95) (5.59-12.04) (4.54-11.80) (9.13-18.71)
MOE (GPa) 6.56+£1.01 510+£093 532+086 852+133
(347-841) (3.44-6.86) (3.22-7.30) (6.48-11.95)
MOR (MPa) 386+128 250+76 26.7+84 445+164
(14.4-68.4) (11.2-40.5) (9.7-49.1) (18.0-95.2)
MOE f, 4. (GPa) 475 339 378 6.07
MOR f, s (MPa) 156 110 1.7 223

n, number of lumber; ARW, annual ring width; AD, air-dry density at testing; DMOE, dynamic Young’s modulus; MOE and MOR, modulus of elasticity and modulus of
rupture adjusted to the values at 15% moisture content by the methods described in Japan Housing and Wood Technology Center [27]; f;, ;5, 5% lower tolerance limit
with 75% confidence level. The value indicates mean + standard deviation. The values in parentheses indicate minimum and maximum values. Mean and standard

deviation of moisture content was 11.7 & 0.4% for all pieces of lumber

and No. 1 grades in the Spruce-Pine-Fir (S-P-F) species
group. Similar results were obtained in Pinus sibirica and
L. sibirica. Approximately 85% of total lumber for Pinus
sibirica belonged to SS and No. 1 grades in the W Cedar
species group, which includes similar species, Pinus
koraiensis Siebold & Zucc. Furthermore, over 90% of total
lumber of L. sibirica classified into SS and No. 1 grades
in D. fir-L, Hem-Tam, and JS-III species groups, which
include Larix species. In terms of MOR value for Picea
obovata, approximately 70% of total lumber fitted to SS
and No. 1 grades in the S-P-F species group. In addi-
tion, the f; o5 of the MOR in Picea obovata (11.7 MPa)
was lower than the F, of No. 3 grade (12.6 MPa) for the
S-P-F species group, suggesting that Picea obovata nat-
urally grown in Mongolia does not belong to the S-P-F
species group that includes many Picea species. On the
other hand, the value was higher than the F, in No. 3
grade in the W Cedar species group (9.6 MPa). When
the results obtained from Picea obovata were compared
with those of the W Cedar species group, approximately
85% of lumber fitted to SS and No. 1 grades, and the f; s
exceeded No. 3 grade of the species group. Thus, Picea
obovata lumber naturally grown in Mongolia should be
regarded as lumber of the W Cedar species group rather
than that of the S-P-F species group. However, further
research is needed to obtain data on bending properties
using a larger number of samples.

Visual grading

Table 4 shows the results of the visual grading of lumber
in each species expressed as percentage of each grade.
The percentage of lumber assigned into the SS grade
were 91.8%, 82.1%, 35.8%, and 32.4% in Pinus sylvestris,
Pinus sibirica, Picea obovata, and L. sibirica, respectively.
Among the four species, the lowest and the highest per-
centage of out of grade lumber were found in Pinus syl-
vestris (6.6%) and in L. sibirica (29.7%). Table 5 shows
downgrading factors in the visual grading of lumber in
each species. For lumber produced from Picea obovata,
main downgrading factors from SS or SS+No. 1 grades
to lower grades were knot (37.3%) or twist (25.4%). For L.
sibirica lumber, wane (48.6%) and twist (32.4%) were the
main downgrade factors from SS+ No.1 grades. In Picea
species, whorled branches occurred along the stems with
short intervals [29]. This characteristic may be related to
the large number of knots in Picea obovata used in the
present study. In addition, lumber twist is induced by the
presence of spiral grain in Picea and Larix species [20, 30,
31]. Thus, twist and wane observed in lumber from Picea
obovata and L. sibirica are considered to be caused by the
presence of spiral grain. Tumenjargal et al. [12] exam-
ined the visual grading for 2 by 4 (38 x 89 mm) lumber
of L. sibirica produced in Mongolia, and they reported
that the wane, twist, and knot were the main factors for
the downgrading of lumber. Our results obtained in L.
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Fig. 2 Distribution of the MOE and MOR of lumber in each species. n, number of lumber; MOE and MOR, modulus of elasticity and modulus of
rupture adjusted to the values at 15% moisture content by the methods described in Japan Housing and Wood Technology Center [27]; 4, mean
value; o, standard deviation; f, 45, the 5% lower tolerance limit with a 75% confidence level; P, probability obtained by Shapiro-Wilk test as test of
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Table 3 Characteristic value of the MOR (F,) and quantity of lumber of F, in each grade

Property Species group SS No. 1 No. 2 No. 3 Out

Fy, (MPa) D.fir-L 36.0 24.6 216 12.6 -
Hem-Tam 294 18.0 13.8 84 -
S-P-F 30.0 222 21.6 126 -
W Cedar 234 16.8 16.2 9.6 -
JS-Il 225 16.1 15.5 9.0 -

Quantity of lumber of f, ineach  Pinus sylvestris vs. S-P-F 70.5 213 0.0 8.2 0.0

grade (%) Pinus sibirica vs. W Cedar 590 256 00 154 00

Picea obovata vs. S-P-F 328 358 1.5 254 4.5
Picea obovata vs. W Cedar 59.7 254 30 11.9 0.0
L. sibirica vs. D. fir-L 64.9 29.7 2.7 2.7 0.0
L. sibirica vs. Hem-Tam 89.2 2.7 8.1 0.0 0.0
L. sibirica vs. JS-IlI 97.3 27 0.0 0.0 0.0

SS, select structural; Out, out of grade; F,, value for each grade was specified in JAS for structural lumber and finger jointed structural lumber for wood frame

construction [25]. -, no Fy, values were listed in out of grade in JAS [25]. Quantity of lumber of F, in each grade indicates percentage of quantity of lumber with MOR

values exceeding the F, in each grade for SS to No. 3 grade, and that below F,, of No.3 for out of grade

Table 4 Number of lumber and frequency percentage
of each grading class of lumber in each species

Grade Pinus sylvestris  Pinus sibirica Picea obovata L. sibirica

SS 56 (91.8) 32(82.1) 24 (35.8) 12 (324)
No.1 1(1.6) 0(0.0) 13(194) 0(0.0)

No.2 0(0.0) 2(5.1) 20 (29.9) 10 (27.0)
No.3 0(0.0) 1(2.6) 3(4.5) 4(10.8)
Out 4(6.6) 4(10.3) 7(10.4) 11(29.7)
Total 61 (100.0) 39 (100.0) 67 (100.0) 37(99.9)

SS, select structural; Out, out of grade. Values in parenthesis indicate frequency
percentage of each grade (%)

sibirica were similar to those reported by Tumenjargal
et al. [12]. Based on the results, it was concluded that (1)
Pinus sylvestris and Pinus sibirica trees could produce
lumber with fewer knots, wane, and warp, and such lum-
ber was mainly assigned into the SS grade; and (2) the
presence of knot, wane, and twist should be considered
for producing lumber with higher grade in Picea obovata
and L. sibirica.

Sawing pattern

To examine the effects of sawing patterns (type L II, and
III, Fig. 1) on the bending properties of dimension lum-
ber, mean values of MOE and MOR in each wood type
were calculated. The results are shown in Table 6. In
Pinus sylvestris and L. sibirica, the MOE and MOR of
lumber in type III were significantly higher than those in
types I and IL. It has been reported that MOE and MOR
values in 2 by 4 lumber consisting of mature wood were
significantly higher than those consisting of juvenile
wood in Southern pine (Pinus spp., [16, 23]), Pinus taeda

[11, 24], and L. sibirica [13]. In the present study, lum-
ber classified into types I and II mainly contained juvenile
wood, whereas lumber classified into type III included
mature wood. Thus, the results obtained in Pinus sylves-
tris and L. sibirica were similar to those obtained in Pinus
taeda and Larix species [11, 13, 24]. On the other hand,
no significant differences were found in Pinus sibirica
and Picea obovata lumber among the three sawing pat-
terns, suggesting that wood properties of juvenile wood
were similar to those in mature wood for Pinus sibirica
and Picea obovata. However, further detailed research is
needed for clarifying wood properties in juvenile wood
and mature wood in these two species. The obtained
results indicated that sawing pattern should be con-
sidered for producing lumber with higher mechanical
properties in Pinus sylvestris and L. sibirica. However,
for Pinus sibirica and Picea obovata, lumber with similar
mechanical properties can be obtained regardless of saw-
ing pattern.

Relationships among lumber properties

Table 7 shows correlation coefficients between annual
ring width and measured properties of lumber produced
from the four species. Significant negative correlations
with air-dry density were found in type III lumber and
total lumber (without classification of lumber types) in
Pinus sylvestris and Picea obovata, whereas a positive
correlation was found in type III lumber in L. sibirica.
For mechanical properties, negative correlations were
found in types I (except for MOR) and II and in total
lumber in Pinus sylvestris and for total lumber in Picea
obovata (except for MOR). In the present study, lum-
ber classified into type I and II might consist of juvenile
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Table 5 Downgrading factors in the visual grading of lumber in each species

Factor Grade Quantity of downgraded lumber in each species (%)

Pinus sylvestris (n=61)  Pinus sibirica (n=39) Picea obovata (n=67) L. sibirica

(n=37)
Knot SS 1.6 26 373 10.8
No. 1 26 75 54
No. 2
No. 3
ARW SS-No. 2
No. 3
Wane SS-No. 1 6.6 77 134 48.6
No. 2 6.6 5.1 6.0 27.0
No. 3 6.6 5.1 45 135
Fiber orientation SS 1.5
No. 1 15
No. 2 15
No. 3
Crack SS 1.5 2.7
No. 1 15 27
No. 2 2.7
No. 3
Crook SS-No. 1 5.1 45 8.1
No. 2-3 5.1 45 8.1
Bow SS-No. 1 26
No. 2 26
No. 3
Twist SS—No. 1 254 324
No.2 9.0 189
No. 3 30 135

n, number of lumber; ARW, annual ring width; SS, select structural. The value was calculated from the ratio of the lumber downgraded to total lumber number in each
species. When the threshold values of the JAS for structural lumber and finger jointed structural lumber for wood frame construction [25] are the same in several
visual grading classes in a factor, the classes were combined

Table 6 Mean values of lumber properties in each wood type in four species

Species Wood type n MOE (GPa) MOR (MPa)
Mean SD Mean sD
Pinus sylvestris I 19 6.11° 1.12 31.0° 9.8
Il 16 6.27° 0.97 333¢ 106
I 26 7.08° 071 47.3° 109
Pinus sibirica I 11 5.01° 1.13 24.8° 7.5
Il 10 5.03°% 0.59 23.9° 48
1l 18 5.20° 0.99 25.8° 9.1
Picea obovata I 13 5.10° 0.77 26.7° 8.5
Il 18 5472 092 27.8° 7.1
I 36 533° 0.86 26.1° 9.2
L. sibirica | 13 8.06° .11 41.0° 10.8
Il 16 8.20° 1.14 396° 121
I 8 9.89° 117 60.1° 227

n, number of lumber; MOE and MOR, modulus of elasticity and modulus of rupture adjusted to the values at 15% moisture content by the methods described in Japan
Housing and Wood Technology Center [27]; SD, standard deviation; |, lumber including pith at almost-center position in cross section; Il, lumber obtained near the pith
(sometimes including pith on the surface area of the lumber); lll, lumber obtained from outer part of the logs (without pith). The same letters followed by mean values
in each species indicate no significant differences at the 5% level according to the Tukey-HSD test
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Table 7 Correlation coefficients between annual ring width and lumber properties in each wood type
Species Wood type n AD DMOE MOE MOR
Pinus sylvestris I 19 —0.267 —0.573 —0.563 —0426
(0.269) (0.010) 0.012) (0.069)
I 16 —0.293 —0.838 —0.710 —0.552
(0.271) (0.000) (0.002) (0.027)
Il 26 —0484 —0346 —0.258 —0017
(0.012) (0.084) (0.203) (0.935)
Total 61 —0.399 —0.552 —0.505 —0.339
(0.001) (0.000) (0.000) (0.008)
Pinus sibirica \ [l — 0407 —0.129 —0.201 —0.249
(0214) (0.705) (0.554) (0.460)
I 10 0.147 0438 0312 —0.170
(0.685) (0.205) (0.380) (0.639)
Il 18 —0214 —0.155 —0.190 —0.113
(0.393) (0.540) (0.451) (0.654)
Total 39 —0.170 —0.039 —0.107 —0.157
(0.302) (0.816) (0.516) (0.338)
Picea obovata | 13 —0.198 —0.348 —0.198 —0397
(0.516) (0.244) (0.516) (0.179)
I 18 —0.300 —0.119 —0.228 —0.106
0.212) (0.640) (0.362) (0.676)
If 36 —0.668 —0.281 —0.285 —0.169
(0.000) (0.097) (0.092) (0325)
Total 67 —0.360 —0.294 —0.276 —0.204
(0.003) (0.016) (0.024) (0.098)
L. sibirica | 13 0.072 0.383 0.204 0.169
(0.816) (0.196) (0.503) (0.581)
Il 16 0.076 0.163 0.258 0.074
0.779) (0.545) (0.336) (0.786)
I 8 0.950 0.536 0.682 0.006
(0.000) 0.171) (0.063) (0.989)
Total 37 0.280 0.262 0.297 0.086
(0.094) (0.118) (0.074) 0612)

n, number of lumber; AD, air-dry density at testing; DMOE, dynamic Young’s modulus; MOE and MOR, modulus of elasticity and modulus of rupture adjusted to the
values at 15% moisture content by the methods described in Japan Housing and Wood Technology Center [27]; |, lumber including pith at almost-center position in
cross section; II, lumber obtained near the pith (sometimes including pith on the surface area of the lumber); lll, lumber obtained from outer part of the logs (without

pith). Values in parentheses followed by correlation coefficients are p-values obtained by a test of no correlation

wood, and type III lumber mainly had mature wood.
Juvenile wood is characterized by larger ring width and
lower wood density and mechanical properties [11, 13,
32, 33]. Thus, differences in the relationships between
annual ring width and lumber properties among the four
species might be affected by wood type, that is, juvenile
wood versus mature wood. Particularly, in Pinus sylves-
tris, the mechanical properties of lumber in types I and
II were negatively affected by radial growth, whereas

these lumber properties from type III were not affected
by radial growth. The results suggested that mechanical
properties of this species are not directly correlated with
radial growth rate, but were closely related with the pres-
ence of juvenile wood.

Air-dry density was significantly correlated with
dynamic Young’s modulus and/or MOE in Pinus sylves-
tris, L. sibirica, and Picea obovata, whereas it was not
significantly correlated with MOR in all species (Fig. 3).

(See figure on next page.)

Fig. 3 Correlation coefficients among lumber properties in the four softwood species. n, number of lumber; AD, air-dry density at testing; DMOE,
dynamic Young's modulus; MOE and MOR, modulus of elasticity and modulus of rupture adjusted to the values at 15% moisture content by the
methods described in Japan Housing and Wood Technology Center [27]; r, correlation coefficients. Values in parentheses followed by correlation

coefficients are p-values obtained by a test of no correlation
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These obtained results indicated that MOR may be
affected by other properties, such as microfibril angle or
the number and size of knots in the lumber. Similar lower
correlation coefficients between wood density and MOR
were found in full-size lumber of Picea glauca (Moench)
Voss [7], Pinus radiata D. Don [18], and L. sibirica [13].

For all species, dynamic Young’s modulus demon-
strated significant positive correlations with the MOE
and MOR of lumber (Fig. 3). Similar significant posi-
tive correlations between dynamic Young’s modulus
and MOE or MOR were found in 2 by 4 lumber of Cryp-
tomeria japonica D. Don, Taiwania cryptomerioides
Hayata, and Pseudotsuga menziesii (Mirb.) Franco [34],
Southern pine [34, 35], and L. sibirica [12].

Significant positive correlations between MOE and
MOR in full-size lumber have also been reported in Picea
glauca (36], L. kaempferi (6], Pinus taeda [24], and L.
sibirica [13]. In the present study, MOE was significantly
positively correlated with the MOR of lumber in all spe-
cies (Fig. 3), indicating that MOR can be predicted non-
destructively by MOE in lumber produced from the four
Mongolian softwood species.

Results suggest that when annual ring width is used
as visual grading criteria for estimating air-dry density
and mechanical properties of lumber, the relationships
between annual ring width and lumber properties differ
among species and wood types. Compared to the air-
dry density of lumber, nondestructive testing, such as
dynamic Young’s modulus, is effective for determining
the static bending properties in all four species.

Conclusions

In the present study, dimension lumber qualities were
investigated for four common Mongolian softwood
species, Pinus sylvestris, Pinus sibirica, Picea obovata,
and L. sibirica. The f,,; values for MOE and MOR
were 4.75 GPa and 15.6 MPa, 3.39 GPa and 11.0 MPa,
3.78 GPa and 11.7 MPa, and 6.07 GPa and 22.3 MPa
for Pinus sylvestris, Pinus sibirica, Picea obovata, and
L. sibirica, respectively. The lumber qualities of the
four species were characterized as follows: (1) lum-
ber from Pinus sylvestris had low warp with moderate
bending properties; (2) lumber from Pinus sibirica and
Picea obovata had lower bending properties with lower
dimension stability; and (3) lumber from L. sibirica had
higher bending properties with larger twist. In visual
grading, a higher percentage of SS grade lumber was
obtained from Pinus sylvestris and Pinus sibirica trees,
whereas the highest percentage of lumber in L. sibirica
was assigned to No. 3 or out of grade. Lumber classi-
fied into type III in Pinus sylvestris and L. sibirica dis-
played higher bending properties compared with that
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in lumber types I and II, suggesting that sawing pat-
terns in relation to the presence of juvenile wood was
important for producing lumber with high mechani-
cal properties in these two species. Significant corre-
lations between dynamic Young’s modulus, MOE, and
MOR were found in all species, indicating that MOE
and MOR could be estimated nondestructively using
dynamic Young’s modulus. Based on the results, it can
be concluded that dimension lumber for structural use
can be produced from these four common Mongolian
softwoods, although lumber in each species demon-
strated different lumber quality characteristics.
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