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Abstract

In this study, the visual characteristics and static bending properties of Scots pine (Pinus sylvestris L.) sawn timber were de-
termined using the material collected from thinning and final-felling stands in eastern Finland. The quality of boards was assessed
based on the Nordic visual strength grading rules for timber, and the bending strength, and modulus of elasticity were determined
according to the European standard test EN 408. Based on the visual strength grading, the majority of boards met the requirements of
the visual grade T1, whereas the highest grade T3 was achieved by less than 10% of the boards. The bending strength and modulus
of elasticity of sawn timber from the first thinnings were 42.0 MPa and 10.2 GPa, and those from the second thinnings 52.6 MPa and
12.8.GPa, respectively. The distribution of theoretic strength classes indicated a strong focus on C30 or higher for the material from
the second thinnings, whereas the strength classes of C24 or lower were most common for the material from the first thinnings. Re-
garding the bending properties, the sawn timber from the butt logs of the first-thinning trees was comparable with that of the middle
or top logs from later cuttings. The strength and modulus of elasticity of the first-thinning material were relatively low, whereas the
Scots pine sawn timber from the second commercial thinnings may be comparable with that from the current final fellings.

Key words: bending strength, modulus of elasticity, visual strength grading, Pinus sylvestris L., sawn timber, structural pro-

ducts, thinning.

Introduction

Scots pine (Pinus sylvestris L.) is increasingly used
for structural wood products, such as sawn timber and
glued laminated timber in columns, beams, roof trusses,
and joists. In construction uses, timber must meet certain
requirements of strength, stiffness and density, as well as
dimensional and shape stability, and have an even mois-
ture content (Madsen 1992, Glos 1995, Hoffmeyer 1995,
Johansson 2003). To guarantee the required level of struc-
tural safety for the users, the properties of timber must be
determined reliably. Grading into strength classes, which
express the load-carrying capacity of the products, allows
the allocation of the pieces of sawn timber for the most
suitable end-use applications.

Bending is the most important mode of stress for struc-
tural timber. Accordingly, the strength classes of sawn tim-
ber are determined by the density and the ability of a mem-
ber to resist bending, that is, bending strength and stiffness
(Desch 1981, Finnish Standards Association 2010, Hanhi-
jarvi et al. 2005). The bending properties are easy to mea-
sure, although, compared to other standard tests, more com-
plicated to analyse as bending results in a combination of
three-dimensional tension, compression, and shear strains
(Bodig and Jayne 1982). In addition to defects, density,
moisture content and temperature of wood, and loading time
affect the bending properties of sawn timber (Desch 1981).

The significance of thinning forests as a timber re-
source, and the utilisation of thinning wood in mechanical
wood processing for construction timber and further-pro-
cessed building products, are increasing. In Finland, for
example, according to the calculations of sustainable re-
covery of industrial roundwood and energywood based on
the 11" National Forest Inventory (NFI), the proportion of
merchantable timber harvested in thinning forests is ex-
pected to increase from 26% to 36% of the total recovery
during the period 2010-2039 (Salminen 2014). Nowadays,
circa 60% of the forest land area is covered by young and
advanced thinning stands; the change in the age structure
of the Finnish forests towards the younger development
classes is due to the intensive draining of peatlands in the
1960s and 1970s, and the accelerated regeneration of old-
growth forests since the 1950s. In 2012, the first thinnings
were carried out on 190,300 hectares and other thinnings
on 288,500 hectares, whereas a decade earlier the cover-
age was 175,000 hectares and 162,200 hectares, respec-
tively (Finnish Forest Research Institute 2013). During
the current 10-year period, the recommended area of first
thinnings is 2.2 times the area carried out during the pre-
vious period (Packalen et al. 2015).

Cuttings in thinning forests produce mainly pulp-
wood, although the use of thinning wood as forest energy is
also increasing. The yield of logs and small-sized logs from
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thinning forest is limited, concentrating rather on the later
thinnings than on the first thinnings. The dimensions of
small-sized logs are those between the logs and pulpwood,
thus varying notably depending on the receiving sawmill.
For instance, the minimum diameter of 10 cm and length of
28 dm have been accepted for small-sized logs in Finland.

From the thinnings in 2012, the volume of round-
wood trade from standing sales was 1,236,000 m* for pine
logs and small-sized logs, and 842,000 m? for spruce logs
and small-sized logs (Finnish Forest Research Institute
2013). Thus thinnings produced 26% of the total volume
of pine logs, and 14% of the volume of spruce logs from
the standing sales of private forests. The Finnish wood
products industry utilises approximately two million cu-
bic metres of domestic small-sized logs annually (Finnish
Forest Research Institute 2013). In the pine sawmills, the
proportion of small-sized logs of the total wood consump-
tion is approximately 16 %, and in the spruce sawmills
5-6 % (Finnish Forest Research Institute 2013). Sawn
timber from small-sized logs may be used in the prod-
ucts requiring high visual and technical quality, such as in
construction and in furniture, as well as in the non-visible
or low-quality products. In yard equipment, small-sized
round timber is used, for instance, as poles and in fences.

The aim of this study was to determine the visual
quality, bending strength (MOR), and modulus of elastic-
ity (MOE) of Scots pine (Pinus sylvestris L.) sawn timber
from commercial thinnings, and, furthermore, to study the
effects of different stand and tree characteristics on the
strength properties. As a reference, sawn timber from final
fellings was studied.

Material and Methods

Material

The data for the study were collected from twelve
Scots pine dominated stands in the North Karelia region
in eastern Finland. The forests were young and advanced
thinning stands, and mature stands, here described ac-

Table 1. Characteristics of study stands and sample trees

cording to their silvicultural status as first-thinning,
second-thinning, and final-felling stands, respectively
(Table 1). The stands were located on mineral soils and
drained peatlands (transformed types), due to which the
variation in soil fertility was notable, from the Myrtillus
type to the dwarf-shrub transformed type (Cajander 1949,
Paavilainen and Piivianen 1995). In each stand, the basic
properties, such as breast-height diameter (dbh), height
(h), and branch limits, were measured of circa 40 trees
from a sample plot with the minimum area of 200 m?2. Ten
sample trees were felled from each stand, representing the
dbh-distributions of the trees on the stands. From a sam-
ple tree, at least one 2.5-m-long log with the minimum
diameter of 8 cm (over bark) had to be obtained.

The felled sample trees were cut into bolts down to
the top diameter of 8 cm. In cross-cutting, no commer-
cial bucking instructions were followed. From the base
of each log, a 3-cm-thick disc was sawn for determining
the wood properties, such as growth ring width. The stem
part up to the height of 4 m (£0.5 m) was classified as the
butt log section, the stem part from 4 to 8 m (+0.5 m) as
the middle log section, and the rest of the stem down to
the minimum top diameter as the top log section. From
the first thinnings, 48 butt logs, 28 middle logs, and 6 top
logs were obtained, and from the second thinnings, 65
butt logs, 52 middle logs, and 56 top logs. In addition, 39
butt logs, 39 middle logs, and 103 top logs were obtained
from the final fellings (Figure 1).

The logs were sawn through-and-through, and edged
into boards with the dimensions of 5050 mm, 50x75
mm, and 50100 mm (Figure 2). Due to the small size of
the logs, most of them did not enable more than one board
from both sides outwards from the pith; thus the majority
of boards represented the centre yield. The 50x100-mm
boards were most often obtained from the final fellings
and the butt logs. The distributions of the smaller boards
were relatively even between the stand types and log sec-
tions. The boards were stored outdoors in sticker-stacks
sheltered until the measurement of their quality.

Stand number Stand type Site type Stems/ha Age, yrs Dbh, cm h, m
1 First thinning Myrtillus type 1750 30 13.3 11.9
2 First thinning Myrtillus type 1850 36 14.3 13.2
3 First thinning Vaccinium type 2250 37 12.2 12.4
4 First thinning Vaccinium type 2350 50 13.6 154
5 First thinning Vaccinium vitis-idaea transformed type 1343 35 12.2 11.3
6 First thinning Vaccinium vitis-idaea transformed type 1364 50 15.7 15.5
7 Second thinning Myrtillus type 1500 68 224 21.3
8 Second thinning Vaccinium type 1100 66 20.9 21.6
9 Second thinning Calluna type 1600 70 14.6 15.4
10 Second thinning Dwarf-shrub transformed type 1833 90 15.5 14.6
11 Final felling Myrtillus type 375 85 26.3 23.0
12 Final felling Myrtillus type 500 75 30.4 27.4
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Methods

Selected visual properties of the boards were deter-
mined in order to characterise their overall quality as po-
tential commercial wood products for construction. Here,
the size, location, and number of knots, distortions, slope
of grain, wane, shakes, resin and bark pockets, scars, top
breaks, reaction wood, and decay were taken into account.
The degrees of distortions, bow, spring, cup, and twist
were measured as the largest deviation from the plane nor-
mal (Finnish Standards Association 2010), and the slope
of grain as the largest deviation of the grain angle, both

Butt log | Middle | Top log | Butt log | Middle | Top log | Butt log | Middle | Top log

log log

Second thinning Final felling

over a one-metre range in the middle of the board. The
length and width of shakes, resin and bark pockets, scars,
top breaks, reaction wood, and decay were measured, and
the occurrence of blue stain was recorded. Growth ring
width was determined microscopically from the discs
sawn from the base of each log; the mean calculated for
the discs represented the average growth ring width of the
boards between the upper and the lower disc.

Knots were classified as sound, dead, bark-ringed,
rotten, loose, encased, spike, vertical, and pin knots, and
their size and location in the boards were measured. Spike
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knots were classified as edge knots and vertical knots as
top breaks. Knot sum was determined on a range equal to
the width of the board. The weakest point of each board
was determined visually, and its distance from the butt-
end of the board was measured.

Based on the knots and other defects, the boards were
graded visually into grades TO-T3, in accordance with the
Nordic visual strength grading rules (Finnish Standards
Association 2010). The bending strengths in the grades
T3, T2, T1, and TO are 30 MPa, 24 MPa, 18 MPa, and 14
MPa, respectively. Hence, T3 corresponds roughly to the
strength class of C30, T2 to C24, T1 to C18, and TO to C14.

The boards were conditioned in a standard envi-
ronment (20 + 2°C, RH 65 + 5%) to achieve a constant
moisture content (MC). The MC was measured from each
board with an electronic moisture meter. The MC of every
tenth board was determined using the oven-dry method,
according to which the true MC of the boards at the test
conditions was on average 13%. The measured MC was
approximately 1.3 percentage units lower than that given
by the oven-dry method. Thus, the MC (%) of each board
at the time of test was adjusted by means of the following
linear regression model:

MC

adjusted

=5.65+0.628 xMC (1)

The air-dry density (p,,, kg/m®) of each board was
determined after weighing, and measuring its dimensions.
The density values were adjusted to the MC 12 % accord-
ing to the standard methods (Finnish Standards Associa-
tion 2010).

The tests of bending strength and local modulus of
elasticity were carried out as edgewise four-point bend-
ing, according to the standard EN 408 (Finnish Standards
Association 2003). When possible, the visually deter-
mined weakest point of the board was placed centred
between the loading points, and tensile stress during the
test was applied on the weaker one of the edges. Bend-
ing strength (MOR) (f, Mpa = N/mm?) and modulus of
elasticity (MOE) (£, Gpa = kN/mm?) were calculated as
follows (Finnish Standards Association 2003):

aF

_ W @
I 2w
=“{13(F:'F|) (3)
"16l(w, —w,)
where

a = distance between the loading position and the
nearest support, mm,

F . =maximum load, N,

W = section modulus, mm?,

[, = span, mm,

F~F,= increment of load, N,

I = second moment of area (mm?*), and
w’—w! = increment of deformation (mm).

The MOR and MOE were adjusted to the moisture
content of 12% using the equations (Bostrom 1994):

[ R (4)
27100295012 — )
f T )

1+00143(12-@)
where
Ji.1o = bending strength at MC 12%,
E , = modulus of elasticity at MC 12%,
o =MC, %, f, and
E_ = bending strength and modulus of elasticity at
the MC of ©%.

The characteristic values of strength, modulus of
elasticity, and density were calculated for each stratum
as stated in the standard SFS-EN 384 (Finnish Standards
Association 2010). The theoretic strength class of each
unsorted stratum was determined based on the limiting
values given in the standard SFS-EN 338 (Finnish Stan-
dards Association 2010).

The linear mixed model approach was used to study
the sources of variation at different levels in bending
strength and modulus of elasticity of sawn timber. The
linear mixed models with 3-level hierarchical random ef-
fects were fitted for MOR and MOE, using IBM SPSS
Statistics Software. Factors such as the stand type (first
thinning, second thinning, final felling), site type (Myrtil-
lus type, Vaccinium type, Calluna type, Vaccinium vitis-
idaea transformed type, dwarf-shrub transformed type),
log section (butt log, middle log, top log), board dimen-
sion (50x100 mm, 50x75 mm, 5050 mm), wood density,
growth ring width, and tree age were entered in the LMMs
as fixed effects. The pairwise interactions of the fixed fac-
tors were tested, as were the interactions among 3 inde-
pendent factors. The stand, tree, and log were included
in the models as hierarchical random factors. The model
assumptions of the final models were checked using re-
sidual plots.

In the best fit model for MOR, the stand type, site
type, log section, board dimension, wood density, and
growth ring width were entered as fixed factors (Equation
6). The interaction between site type and wood density
was noted significant, whereas the interactions among 3
independent fixed factors were insignificant.

MOR = b, + site + type + section + dim +
+ b density + + b density + b.grw + stand +
+ tree + log + ¢, (6)
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where

MOR = bending strength of a board,

b, = intercept,

site = forest site type,

type = development class of the stand,

section = log section,

dim = board dimension,

b, = regression coefficient for density,

b, = difference between b, and the regression coef-
ficient for a site,

density = basic density,

b, = regression coefficient for growth ring width,

grw = growth ring width,

stand = forest study stand (random effect),

tree = sample tree within a stand (random effect),

log = individual log cut from a sample tree (random
effect),

& = error term.

In the best fit model for MOE, the stand type, wood
density, and knot sum were included as fixed factors
(Equation 7). No significant interactions between fixed
factors were noted.

MOE = b, + type + b density + b knot +
+ stand + tree + log + ¢, 7

where

MOE = modulus of elasticity of a board,

b, = intercept,

type = development class of the stand,

b, = regression coefficient for density,

density = basic density,

b2 = regression coefficient for knot sum,

knot = knot sum,

stand = forest study stand (random effect),

tree = sample tree (random effect),

log = individual log cut from a sample tree (random
effect),

& = error term.

/ I R. STOD ET AL
Results

Quality and visual strength grading of sawn timber

In the boards from thinnings, the largest knot diam-
eters were smaller than 30 mm (Table 2). The maximum
diameters of sound and dead face and edge knots, bark-
ringed knots, and the knot sum varied statistically signifi-
cantly among the stand types, being, in general, larger in
the final fellings than in the other stand types. The knot
sum was smallest in the boards from the second thinnings.
When comparing the sizes of dry, rotten, and bark-ringed
knots, they were noted to be the smallest in the butt logs.
The variation of knot diameters between the board dimen-
sions was smaller in the final fellings than in the other
stand types. Generally, the knot diameters increased along
with the board dimensions.

Concerning the deformations, bow was more com-
mon and, according to the analysis of variance, somewhat
larger in size in sawn timber from the first thinnings than
from the second thinnings or the final fellings (Figure 2).
In addition, bow was larger in the final felling boards than
in the second-thinning boards. The most common defects
noted in the boards were slope of grain, top breaks, and
drying shakes. Slope of grain was found in almost every
board, and it was somewhat steeper in the final fellings
than in the first thinnings or the second thinnings (Figure
3). Top breaks were longer in the boards from the first
thinnings than in those from the other stand types, but no
statistically significant differences among the stand types
were found. Drying shakes, in turn, were longer and more
common than the other types of shake in all stand types,
and found in about 50% of the boards.

According to the Nordic visual strength grading rules
for sawn timber, the proportion of boards in the highest
grade T3 was equal in the second thinnings and in final
fellings, and somewhat lower in the first thinnings (Figure
4). However, the proportion of boards allocated to the two
best grades, T2 and T3, was markedly higher in the first
thinnings than in the later cuttings. Most of the boards met
the requirements of the grade T1, whereas the proportion

Table 2. The diameters, types, and locations of the largest knots, and the knot sums, according to the stand type and board dimension

Stand type Board dimensions Largest knot Knot sum, mm
size/diameter/type/location

First thinning 50%x50 mm (n=36) 26 mm/sound/edge 49
50%x75 mm (n=15) 22 mm/sound/face 54
...... ) ) ) 50x100 mm (n=37) 29 mm/rotten/face 54
Second thinning 50x50 mm (n=37) 23 mm/sound/edge 44
50%x75 mm (n=18) 24 mm/sound/face 46
...... ) ) ) 50x100 mm (n=123) 26 mm/sound/face 41
Final felling 50x50 mm (n=23) 44 mm/dead/edge 52
50x75 mm (n=14) 39 mm/bark-ringed/edge 51
50%100 mm (n=184) 29 mm/sound/face 54
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of boards allocated to the lowest grade TO was at the same
level in the first thinnings and in final fellings, but lower
in the second thinnings. The 50%50-mm boards were
mostly graded to T2, and those with the larger dimensions
to T1. The visual strength grades of the smallest pieces of
sawn timber were determined mainly by slope of grain,
ring shake, and top break, whereas the strength grades of
larger sawn timber dimensions were most affected by the
face and edge knots, and slope of grain.

Density, bending strength, and modulus of elasticity

Comparing the stand types, the first thinnings pro-
duced sawn timber with the lowest density, MOR, and
MOE (Table 3). The properties of sawn timber from the
second thinnings were somewhat better than those of
the sawn timber from the final fellings. The variation of
bending properties was notable; calculated from the entire
data, the coefficients of variation (CV) of MOR and MOE
were 36% and 27%, respectively.

Density, MOR, and MOE decreased from the butt log
section to the top log section. Roughly, the butt log section
of the first-thinning trees corresponded to the middle and
top log sections of the second-thinning and final-felling
trees. The variation in the studied properties, especially in
density, was generally higher in the butt log section than
in the upper log sections.

Final felling

ETO mT1 wT2 mT3

Figure 4. Visual strength grade distributions of the pieces of sawn timber, according to the stand type
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The structure of study material was uneven among
the site types, the majority of boards originating in Myrtil-
lus type forests (Table 4). Based on the arithmetic values,
both MOR and MOE were highest on Calluna type, along
with the highest wood density.

Density, MOR, and MOE were highest in the larg-
est boards (50x100 mm), which typically represented the
centre yield of butt logs (Table 5). Density and MOE of the
50x75-mm boards were higher than those of the 50x50-
mm boards, whereas MOR in the 50x50-mm boards was
at the same level with that of the 50x100-mm boards.

Table 3. Means, standard deviations, and the 5" percentiles of density (p,,), MOR (f;,

and log section

I R STOD ET AL,

In the linear mixed model analysis for MOR, the
stand type was entered as a fixed factor, despite it being
statistically insignificant (p = 0.493) (Equation 6). Other
fixed factors in the model were the site type (p = 0.002),
log section (p = 0.002), board dimension (p = 0.044),
wood density (p < 0.001), growth ring width (p < 0.001),
and the interaction term of the site type and wood density
(» =0.002).

Based on the estimated marginal means (EM-
MEANS), the bending strength of boards varied accord-
ing to the forest development classes, i.e. stand types, be-

), and MOE (E ,), according to stand type

,12

P, kg/m? f. .» MPa E,, GPa

Stand type Mean Std.dev. 5" per- Mean  Std.dev. 5" per- Mean  Std.dev. 5" per-

Log section centile centile centile

First thinning

Butt log (n=54) 4781 43.6 411.7 44.8 17.2 211 10.8 3.2 6.2

Middle log (n=29) 4521 26.9 404.3 38.6 13.5 20.1 9.3 25 4.9

Top log (n=5) 433.7 34.6 n/a 32.3 134 n/a 8.3 2.8 n/a
Total (n=88) 4670 408 3989 420 161 214 102 30 55

Second thinning

Butt log (n=69) 531.2 53.1 450.9 64.2 125 44.0 14.8 25 9.9

Middle log (n=53) 482.2 374 430.3 48.8 11.9 30.7 12.3 23 8.2

Top log (n=56) 462.7 34.5 410.1 41.8 12.9 219 10.9 27 7.3
Total (n=178) 4950 525 4237 526 157 287 128 30 77

Final felling

Butt log (n=66) 514.3 44.2 434.7 56.1 16.5 25.9 13.5 29 8.6

Middle log (n=48) 465.7 33.3 411.9 39.7 14.6 19.6 11.7 2.6 7.2

Top log (n=107) 460.1 242 413.9 36.4 9.8 20.6 10.2 25 6.8

Total (n=221) 477.5 41.0 418.6 43.0 15.7 21.6 11.5 3.0 7.2

All (n=487) 482.0 46.6 418.2 46.3 16.5 23.4 11.7 3.2 7.1

Table 4. Means, standard deviations, and the 5" percentiles of density (p,,), MOR (f

), and MOE (E ), according to site type

,12

Py kg/m? f 120 MPa E, GPa

Site type Mean Std. 5" per-  Mean Std. 5hper- Mean  Std. 5% per-

dev. centile dev. centile dev. centile
Muyrtillus type (n=308) 4741 41.7 415.6 42.7 15.4 213 1.4 3.1 6.8
Vaccinium type (n=96) 4911 45.7 423.7 52.8 15.6 295 12.5 3.2 7.4
Calluna type (n=25) 546.5 61.1 437.8 65.8 12.9 41.7 14.9 25 9.7
Vaccinium vitis-idaea transformed type (n=34) 465.7 37.2 397.0 42.0 14.8 235 10.4 2.8 6.1
Dwarf-shrub transformed type (n=24) 503.7 39.5 456.5 52.4 16.2 29.1 12.1 3.0 6.7

Table 5. Means, standard deviations, and the 5" percentiles of density (p,,), MOR (f,.1»)» and MOE (E),), according to board dimension

0y kg/m? f 12 MPa E,. GPa
Board Mean Std. 5% per- Mean Std. dev. 5% per- Mean Std. 5% per-
dimension dev. centile centile dev. centile
50%50 (n=38) 473.4 44.8 405.1 46.1 17.2 21.9 10.1 3.3 5.5
50%75 (n=13) 476.0 445 418.5 411 13.7 21.8 11.0 2.8 7.0
50%100 (n=138) 485.3 471 424 .4 471 16.5 23.9 12.3 3.0 7.9
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ing the highest in the boards from the second thinnings,
whereas the strength levels of the first-thinning and final-
felling boards were relatively even. The pairwise com-
parisons between site types indicated markedly higher
MOR of boards originating in the Calluna type mineral
soils. The Calluna type forests were included in the study
material from the second thinnings only. However, the in-
teraction of stand type and site type was noted insignifi-
cant in the LMM. A strong positive association between
density and MOR was noted on all site types. The wood
density as an individual fixed factor had a positive effect
on bending strength (Figure 5). Changes in density and
growth ring width affected MOR most strongly in the first
thinnings. With the low level of wood density, MOR was
somewhat higher in the second thinnings than in the other
stand types (Figure 5). As expected, the pairwise com-
parisons showed the MOR to be markedly higher in the
butt logs than in the upper parts of the stem. Instead, the
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difference in MOR between the middle and top logs was
statistically insignificant. The EMMEANS for different
board dimensions strongly indicated lower MOR values
for the 50x75-mm boards than for the other dimensions.
The bending strength decreased with increasing growth
ring width, and the highest MOR values were noted for
trees with maximum 1.7-mm average growth ring width
(Figure 5). Again, the growth ring width had the strongest
effect on the MOR of first-thinning boards.

The stand type was entered as a fixed factor in the
linear mixed model for MOE, even though it was found
statistically insignificant (p = 0.065) (Equation 7). The
other fixed factors included in the model were the wood
density (p <0.001) and the knot sum (p < 0.001).

The estimated marginal means for the stand types
indicated the highest modulus of elasticity in the boards
from the second thinnings, and the lowest one in those
from the final fellings. Expectedly, the modulus of elas-
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Figure 5. Relationships of MOR (MPa) and MOE (GPa) with density (kg/m?), growth ring width (mm), and knot sum (mm),

according to stand type
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ticity increased along with the increasing wood density
(Figure 5). In the boards from the first-thinning stands, the
changes in density had a stronger effect on MOE than on
the other stand types. Moreover, the knot sum had a nega-
tive effect on MOE. The modulus of elasticity was low
especially in the boards with the knot sum larger than 50
mm. Based on the regression lines, the knot sum affected
MOE more dramatically in the second-thinning boards
than in those from the other stand types.

Boards with very low strength were obtained from
the first thinnings only (Figure 6). Where the other stand
types were concerned, the bending strength of sawn timber
was 18 MPa, at minimum. Only 2% of boards remained
below 24 MPa in the second thinnings, 11% in the first

30 4

25

20 -

15 -

Percentage of boards (%)

10

thinnings, and 6% in the final fellings. In the first thin-
nings and final fellings, the proportion of boards with the
bending strength of 30-39 MPa was the largest, whereas
the second-thinning boards most often had the strength
of 60 MPa, or even higher. Furthermore, about 17% of
the first-thinning and final-felling boards had a very high
bending strength of at least 60 MPa.

Based on the characteristic values of strength, den-
sity, and modulus of elasticity, the unsorted sawn timber
from the first thinnings and final fellings was theoretically
graded to C18 and that from the second thinnings to C24
(Table 6). As entire populations, sawn timber from the
second thinnings was graded to C24, and that from the
other stand types to C18. Sorting by log section raised the

50-59 60—

14-17 18-23 24-29 30-39 40-49
Bending strength (MPa)
M First thinning Second thinning ™ Final felling
Figure 6. Bending strength distribution of the boards, according to the stand type
Table 6. Theoretical strength classes of the strata for stand type, log section, and cross-section size
(Finnish Standards Association 2010)
st 2nd Final Butt log Middle log  Top log 50%50 50%75 50%100
thinning thinning felling
1st thinning C18
2 thinning C24
Final felling C18
Butt log C16 C35 C24 C22
Middle log C18 C30 C18 C18
Top log C16 C20 C18 C18
50x50 C16 C16 C20 c22 C14 C16 Cc16
50x75 Cc18 Cc18 C20 c18 C20 Cc18 Cc18
50%100 C20 C30 Cc18 Cc22 C20 C18 C22
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strength classes of the butt logs and middle logs of second
thinnings into C35 and C30, and the butt logs of final fell-
ings into C24. As a whole, sawn timber from the butt log
section corresponded to the strength class C22 and that
from the upper stem parts to C18. In general, the 50x50-
mm boards fell into the strength class C16, the 50x75-mm
boards to C18, and the 50x100-mm boards to C22.

Comparing the theoretical strength classes (C) with
the visual strength grades (T) indicated that the visual
strength grading somewhat underestimated the prop-
erties of boards. In general, approximately 74% of all
boards achieved a higher theoretical strength class than
indicated by the visual strength grade. As an exception,
42% of the boards graded into T2 were noted to fall into
lower theoretical strength classes; especially where the
first thinnings were concerned, 64% of the boards had a
lower strength class than the C24 indicated by the visual
strength grade T2.

Discussion and conclusions

The study stands represented the typical range of
commercial forests in the geographical area in question,
the site fertility varying from the Myrtillus type on mineral
soils to the dwarf-shrub transformed type on drained peat-
lands. The forest management practice recommendations
presume thinnings in commercial forests at certain phases
of the rotation period. Especially the first commercial thin-
nings principally aim at improving the quality of forest for
growth, yield, and recovery of desired timber assortments
in the future cuttings. The recommended thinning method
for Scots pine forests is the thinning for quality, in which
the smallest trees, and trees with poor external quality, are
removed. Thus, the yield of saw logs is often modest in
first thinnings, and, depending on the general quality of the
forest, the quality of sawn timber can be markedly lower
than in mature forests. In the latter one or two thinnings,
sawn timber with higher quality can be expected (Kel-
lomaki et al. 1992, Verkasalo 2002, Stod et al. 2006). This
is due to the fact that, at these stages of rotation period, the
growing stock should be a result from tree selection for
timber quality. In this study, each felled sample tree was
required to contain at least one small-sized log, and thus
the quality of sample trees may have been somewhat high-
er than the quality of trees removed in actual thinnings,
especially in the low or average-quality forests, or in for-
ests with smaller average stem size, such as on peatlands.
The structure of current study material was uneven, since
the number of logs and boards with different dimensions
varied markedly between the stand and site types. For in-
stance, only few boards representing the top log were ob-
tained from the first-thinning stands, whereas about half of
the final-felling boards were from the top log section. The
number of 50x100-mm boards was also markedly higher

than those of the smaller board dimensions. Thus, in some
strata the characteristic values for defining the theoretical
strength classes were calculated for a smaller sample than
the minimum sample size stated in the standard.

The method of determining the local modulus of
elasticity has been noted to have shortcomings in measur-
ing the deflection, and thus, in producing accurate results
(Bostrom 1999, Holmqvist and Bostrom 2000). The meth-
od is sensitive to the experimental setup; stiffness, espe-
cially, is responsive to the duration of loading, and thus,
limitations of the long-term deflection must be applied in
the design (Desch 1981). Bostrom (1999) compared the
local and global methods, and noted a significant differ-
ence between the two (Standards Australia 1992, Euro-
pean Committee for Standardization 1995, American
Society for Testing and Materials 2005). Factors such as
the length between reference points in the deformation
measurement, timber quality, and shear deformations af-
fected the ratio between the results of the local and global
method. In the test pieces with small depths, the size of
a defect in relation to the distance between the reference
points was larger than in the test pieces with large depths.
Thus, it was noted that the effect of the critical defect on
the modulus of elasticity was more significant for the lo-
cal method than the global one. The modulus of elasticity
is somewhat underestimated in the global method due to
the shear deformations, which should be taken into ac-
count, when the deformation is measured as the mid-point
deflection relative to the supports. For instance, in the
study by Hanhijarvi et al. (2005), the average modulus
of elasticity for Scots pine was 12.1 GPa, when measured
locally, and 11.8 GPa, when measured globally. Piter et
al. (2003) noted a difference of 6—7% between the local
and global modulus of elasticity of Argentinean Eucalyp-
tus grandis, the first-mentioned giving the higher values.

The majority of boards met the quality requirements
of the visual strength grade T1, whereas the highest grade
T3 was achieved by less than 10% of all boards. The boards
mainly represented the centre yield of the logs, owing to
which the knot quality of boards was good, especially in
the material from the first thinnings. However, also the
distortions were the most extensive in the boards from the
first thinnings, which may indicate problems in the further
processing, especially in drying. The notable occurrence
of bow in the first-thinning boards, as well as in the final-
felling boards, might be explained by the juvenile-wood
effect, as the exceptional shrinkage properties of juvenile
wood are known to cause distortions. Here, besides the
young wood material from the first thinnings, most of the
final-felling boards were sawn from the upper parts of the
stem, i.e., from the juvenile-wood area. Since the quality
of boards was assessed after an indefinite period of stor-
age outdoors, the board deformations are not comparable
with the results for artificially dried sawn timber.
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The research on sawn timber has concentrated main-
ly on the larger logs from final fellings, and there are only
a few published studies concerning the properties of tim-
ber originating in thinning forests. The pith-enclosed tim-
ber from thinnings has been studied by Boren (2001) and
Fernandez-Golfin et al. (2007). Comparing their results
showed that despite the similar level of density, the MOR
and MOE of machine-rounded Scots pine were markedly
higher than those of laricio pine (Pinus nigra Link.) (Bo-
ren 2001, Fernandez-Golfin et al. 2007). Both studies
concluded, however, that based on the bending proper-
ties, the pith-enclosed timber from thinnings was suitable
for structural use. Earlier, the bending properties of round
timber have been noted to be 5-15% higher than those of
sawn timber, the difference being a result of the negative
effect of mechanical tooling on the outer wood fibres of
sawn timber (Boren and Barnard 2000). Compared with
the round, pith-enclosed materials, the bending strength
of sawn timber was markedly higher in this study than
that of laricio pine in the study by Fernandez-Golfin et al.
(2007), and at the same level with Scots pine in the study
by Boren (2001). Furthermore, the modulus of elasticity
was higher for sawn timber than for pith-enclosed round
timber.

Where the final fellings were concerned, sawn timber
of this study had somewhat lower bending properties than
presented earlier by Lindgren (1996). The difference be-
tween the two studies may be explained by the lower wood
density of this study, resulting from the different growth
conditions of the trees. In comparison with the results
by Verkasalo et al. (2007), the properties of sawn timber
from the final fellings of this study were at the same level,
whereas in the study by Ranta-Maunus (2007), the bend-
ing properties of Swedish Scots pine sawn timber were
lower than those reported in this study.

The variation of the bending properties was the larg-
est in the first thinnings and the smallest in the second
thinnings, indicating more homogeneity in the recovery
after selection through cuttings. The variation also de-
creased from the butt logs to the top logs, indicating the
effect of less transverse variation in the pieces of sawn
timber that were obtainable. Compared with the data of
larger pine logs (Hanhijarvi et al. 2005, Hanhijérvi and
Ranta-Maunus 2008), the variation of MOE was notable
for the thinning material. The unpredictability of criti-
cal properties decreases the competitiveness of timber in
comparison to other, more homogenous materials. Hud-
son (1967), for example, noted the considerable differ-
ences between the individual pieces of European redwood
sawn timber within samples to mask the variations of the
strength properties between the regions. Johansson and
Kliger (2000) named the lack of consistent, predictable,
reproducible, and uniform properties as the main disad-
vantage of timber as engineering material.

In this study, the first thinnings provided sawn tim-
ber with the lowest MOR and MOE, whereas the mate-
rial from the second thinnings provided the highest. The
properties of sawn timber from final fellings lay between
the other two stand types. However, when comparing the
stand types, their different growth-affecting characteris-
tics should be taken into account. The final-felling stands
were located solely in the most fertile site type, while the
second-thinning stands were mostly poor in nutrients.
This was indicated also by the growth rate of the trees; the
average growth ring width of 1.7 mm, at the stump height,
was measured for the final-felling trees, 1.2 mm for the
second-thinning trees, and 1.8 mm for the first-thinning
trees. The average age of the felled sample trees was 44
years in the first-thinning stands, 85 years in the second
thinnings, and 82 years in the final-felling stands. Thus,
the order of the second-thinning trees and the final-felling
trees for the bending properties could be explained by the
relatively high age and slow growth of the second-thin-
ning trees, or reversely, by more rapid growth of final-fell-
ing trees caused by the favourable growth conditions. In
the second thinnings, especially the sample trees from the
Calluna type and the dwarf-shrub transformed type stands
increased the average tree age, and represented the slow-
est growth. Earlier, in a case study by Stdd and Verkasalo
(2005), very high bending properties were observed for
Scots pine sawn timber from commercial second-thinning
operations, the means of MOR, MOE, and density being
55.1 MPa, 13.6 GPa, and 525 kg/m?, respectively.

For the other pine species, Clark et al. (1996), for
example, noticed a clearly better strength grade distribu-
tion of loblolly pine (Pinus taeda L.) sawn timber at the
rotation age of 40 years compared to less than 30 years.
McAlister et al. (1997) noted the modulus of elasticity
of loblolly pine timber to be significantly higher at the
rotation age of 40 years than at 28 or 22 years. Duchesne
(2006) found a systematically better MOR and MOE of
jack pine (Pinus banksiana Lamb.) sawn timber at the ro-
tation age of more than 70 years compared to 50 years,
and a decreasing trend in the strength, in particular, by
growing dbh class of trees. In the studies by McAlister et
al. (1997) and Duchesne (2006), the bending properties
of jack pine and loblolly pine were approximately at the
same level as in this study. The comparability of the bend-
ing properties of Scots pine and loblolly pine has been
reported in the literature survey by Grekin (2006).

The highest values of MOR and MOE of this study
were measured from the butt log section, and the lowest
values close to the tree top. In the butt log section, the
differences between the stand and site types were moder-
ate. At the low and moderate levels of density, MOR and
MOE were relatively even in the different log sections,
and an increment in density affected strength more the
lower the position of the log section. The vertical within-
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tree variations of wood properties are well-known; in the
tree species having the increasing density from pith to
bark, density decreases markedly from butt to top, and
along with it several other wood properties change fol-
lowing the same trend. In maritime pine (Pinus pinaster
Ait.), for instance, a decrease greater than 20% in MOR
and MOE has been noted between the stem height lev-
els of 35% and 65% (Machado and Cruz 2005). In the
studies by Duchesne (2006) and Zhang et al. (2006), the
MOR, MOE, and density of jack pine decreased from butt
to top. Johansson and Kliger (2000) noted concerning to
Norway spruce timber that battens sawn from the first or
second logs had significantly higher bending strength and
modulus of elasticity than battens from the upper parts of
tree. Also, according to Haartveit and Flate (2002), the
increased vertical position in the tree had a negative effect
on the MOR and MOR of Norway spruce timber.

Density is usually the most important factor affect-
ing the mechanical wood properties, and their variation
follows the development of density within a stem. Also
in this study, the wood density had a strong positive ef-
fect on both MOR and MOE. Very high basic density
(over 500 kg/m®) was noted in Calluna type, in contrast
with the more typical basic density levels in Vaccinium
and Vaccinium vitis-idaea types. Where timber from first
thinnings was concerned, density was at the same level
with those of earlier studies; in the study by Hakkila et al.
(1995), for instance, the basic density of young Scots pine
wood was approximately 395 kg/m? in southern Finland.
In Sweden, the basic density of pine saw logs from thin-
nings was 425 kg/m? (Bjorklund and Walfridsson 1993).
The density decreased within the trees of this study from
butt to top, the difference between the lowermost and
the uppermost stem parts being approximately 57 kg/m?.
Repola (2006) noted an even larger difference, approxi-
mately 100 kg/m?, between the butt and the top of Scots
pine trees, and Bjorklund and Walfridsson (1993) found
a difference of 90 kg/m® between the stump and the mer-
chantable top of thinning trees.

A good growth of trees normally results in a large ear-
ly wood proportion within the year rings (e.g. Kelloméaki
et al. 1992, Kérkkdinen 2007). As early wood is, due to
the lower density, weaker than late wood, increment in
the early wood proportion decreases MOR and MOE. The
effect of ring width is not, however, caused solely by den-
sity; the weaker zone formed by early wood, and enabling
cracks, as well as the increasing microfibril angle in the
middle layer S, have been mentioned as the possible rea-
sons for the phenomenon that even with constant density,
bending strength is higher the narrower are the year rings
(Kérkkédinen 2007). Additionally, in the fast-grown trees
branches grow thick, which results in wood material with
large knots, and, consequently, in lower strength (Lamséi
et al. 1990). The growth conditions, which promote tree

growth most, are the nutrient-rich site, and the wide spac-
ing of trees (Kelloméki et al. 1992). The growth rate of
the trees was noted to affect the strength properties in
this study. In 9% of the sample trees the annual growth
exceeded 2.5 mm, which in the Nordic visual strength
grading rules is considered as the upper limit for the slow
growth favourable for the quality of sawn timber (Finnish
Standards Association 2010).

The average strength of the 50x50-mm boards was
higher than that of the middle-sized, 50%75-mm boards,
and almost as high as of the largest 50x100-mm boards.
Where the modulus of elasticity was concerned, it was not-
ed to increase along with the board dimensions being low-
est in the 50x50-mm boards and highest in the 50%100-mm
boards. Density, in turn, was notably lower in the 50x50-
mm boards than in the 50%x100-mm boards. The smallest
boards were sawn mainly from the top log section, thus not
explaining the nearly equal average strength of the boards.
Instead, the small size, which decreases the probability of
the occurrence of knots and other defects, could, to some
extent, explain the good strength level of the 50x50-mm
boards. The effect of the object size on the probability of a
weak point was presented by Bohannan in 1966, and it is
based on a statistical strength theory originally suggested
by Weibull in 1939. In bending, the length effect has been
noted to be more significant than the depth effect, due to
the lengthwise variation of stresses in a piece of timber
(Isaksson 2003). Due to the size requirements set for the
bending test pieces, in addition to the smaller cross-sec-
tional area, the 50x50-mm boards were also shorter than
the 50x75-mm or the 50%100-mm boards.

A piece of timber consists of weak zones containing
defects, such as knots, groups of knots, or deviate grain
angle, and the clear wood connecting them (Killsner et
al. 1997, Ditlevsen and Kéllsner 1998, Isaksson 2003).
Basically, the larger the size and the more frequent the
defects in a piece of sawn timber are, the smaller the rela-
tive effect of the clear wood properties on its properties
(Bodig and Jayne 1982; Madsen 1992; Hanhijirvi et al.
2005). The knots affect the mechanical properties through
the tension perpendicular to grain in their vicinity, as well
as the deviate angle of cells in the knots and the grain
distortions near to them (Desch 1981, Bodig and Jayne
1982, Hoftmeyer 1995, Forest Products Laboratory 2010,
Kérkkdinen 2007). The effect of knots, however, varies
from one mechanical property to another. Knots decrease
most strongly the longitudinal tensile strength, compres-
sion strength parallel to the grain, and bending strength;
in general, knots have been noted to have a greater effect
on the strength properties than on the modulus of elastic-
ity (Desch 1981, Bodig and Jayne 1982, Forest Products
Laboratory 2010). However, the individual large knots
had no effect on the bending properties in this study, but
the knot sum was noted to affect the modulus of elasticity.
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In every tenth board, the section of board with the largest
knot sum was noted to equal the location of visually esti-
mated weakest point of the board.

The theoretic strength-class distribution of samples
indicated a strong focus on the strength classes of C30,
or higher, for the sawn timber from the second thinnings,
but, in contrast, on the strength classes of C24, or low-
er, for the sawn timber from the first thinnings. Samples
reaching the highest strength classes were found only in
the second thinnings, and the weakest samples only in the
first thinnings. Comparing the results with those from the
visual strength grading showed that especially in the high-
est strength classes, the visual evaluation somewhat un-
derestimated the quality and properties of sawn timber. As
an exception, the majority of first-thinning boards, which
had been graded visually to T2, had a lower strength class
than the C24. This may be due to the fact that in 86%
of all the boards, the modulus of elasticity was noted to
be the critical factor affecting the potential strength class;
thus, despite the good strength and density values of the
boards, the low level of MOE decreased their estimated
strength classes. As stated earlier, the MOE of wood is
determined by the clear wood properties rather than by
the local weak points (Hanhijarvi et al. 2005, Hanhijarvi
and Ranta-Maunus 2008). In the first thinnings, where
the difference between the visual strength grading and
the strength classes given by the results from destructive
tests, the visual quality of boards was good, but the oth-
er factors, such as wood density, were lower than on the
other stand types.

This study indicated that the quality of young Scots
pine trees may be favourable for producing sawn timber
with good bending properties. The assessment based on
the visual grading rules of sawn timber showed very high
quality potential of boards originating in thinning forests.
The visual evaluation and the standardised tests indicated
that Scots pine sawn timber with comparable or, in some
cases, even better bending properties for structural prod-
ucts may be obtained from second commercial thinnings
than from the current final fellings. The bending proper-
ties of sawn timber from the first thinnings are generally
lower, even though still mainly acceptable for structural
uses. The potential for structural timber is the best in sawn
timber from the butt logs, and, moderate in sawn timber
from the middle logs. Further research is needed to con-
firm the effects of site fertility, and silvicultural and cut-
ting regimes on the mechanical properties of timber from
thinnings, as well as on its shape and dimensional stabil-
ity, moisture distribution, and applicability for machining
and mechanical connecting. The specific characteristics
and true effects of juvenile wood and reaction wood in
thinning trees should also be precise. It appears that the
negative effects of juvenile wood may have been overes-
timated for northerly-grown Scots pine, even for younger

cultivated trees. Instead, the negative effects of reaction
wood in young trees with poorer stem straightness may
have been somewhat underestimated.
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