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Abstract

Variations in Brinell hardness of Scots pine wood from mature mineral soil stands in five regions in Finland and
Sweden were studied by means of linear mixed models. Hardness was studied from planed tangential surfaces of the
specimens, i.e., the force acted in radial direction. One model consisted of only readily available background variables,
whereas, in the other model wood density was included as an independent variable. Geographical origin, as well as the
longitudinal and radial location of the specimens within a tree was significantly affecting hardness. In addition, if the
indentation was placed on latewood section the hardness was clearly higher compared to earlywood and combined earlywood
and latewood. With the best fit model approx. 50% of the hardness variation could be described. Wood density was the
most important variable affecting hardness and simple linear relationship was found between hardness and wood density.
Hardness values based on the diameters of the residual indentations and the initial depths of the indentations were compared,
and the differences between these two, as well as the possible sources of error were discussed.
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Introduction

Scots pine (Pinus sylvestris L.) wood tends to
have large variations in material properties related to
silviculture and growth region. With regard to mechan-
ical properties, in general, wood is highly anisotropic
material at any structural level. On the macroscopic
scale, variability in mechanical properties mainly can
be attributed to slope of grain and wood density (Koll-
mann and Co6té 1968, Dinwoodie 1975, Bodig and Jayne
1982). As it is well known, the basic density of Scots
pine wood from the north differs radically from the
wood with a more southerly origin (e.g. Hakkila 1979,
Kellomiki 1979, Bjorklund and Walfridsson 1993). As
most of the strength properties are proportionate to
wood density (Wangaard 1950, Kollmann and Coté
1968), also the mechanical properties of Scots pine
wood vary with varying origin. In addition to the ge-
ographical variation, the basic density increases from
the pith to bark, and decreases from the butt towards
the top of the tree (e.g. Hakkila 1966, Uusvaara 1974),
causing the similar change in the mechanical proper-
ties.

The hardness of the surface greatly affects the
machinability of wood. It is also of high importance
in plank floorings and facing furniture veneers, as well

as in kitchen and office furnishing (Herdjarvi 2004). In
addition, hardness is the most important characteris-
tic for wood intended for parquet manufacturing (Lutz
1977, Niemz and Stiibi 2000), affecting the resistance
against scratching, wearing, and abrasion. Hardness
can actually be derived from several different forces,
such as friction, shearing, and compressive forces
(Kollmann and Coté 1968); Therefore, the hardness of
wood is often considered as an operational or a prac-
tical property rather than and individual mechanical
property (Herdjarvi 2004).

In the typical tests of hardness a hard tool of
known geometry is forced into the body, and the hard-
ness is defined as the ratio of the applied force to the
size of the indentation (Doyle and Walker 1985). With
elastic materials the hardness is determined under load
as there will be little or no permanent deformation,
whereas with plastic materials the size of the perma-
nent indentation is measured (Tabor 1951). In Europe,
the most widely used hardness determination method
is the Brinell test, whereas, predominantly in North and
South America the most commonly used method is the
Janka test. The Janka method has not been accepted
in Europe since there is a considerable possibility of
failure due to the cell wall compression (Niemz and
Stiibi 2000). In addition, the depth of indentation de-

I 2013, Vol. 19, No. 1 (3¢) I (SSN 2029-9230

128



BALTIC FORESTRY

I VARIATIONS IN /.../ BRINELL HARDNESS OF SCOTS PINE WOOD /.../ I M. GREKIN AND E. VERKASALO I

termined by the Brinell method is thought to have
fewer side effects than the Janka method (Bektas et
al. 2001). Schwab (1990) concluded that the method
according to Brinell is the most suited method for solid
wood.

In this study, the principal aim was to map the
levels of and variations in the Brinell hardness of Scots
pine wood grown in mineral soil stands in different
regions in Finland and Sweden. One aim of the project
was to compare different regions; the average values
and variations, as well as relationships between the
hardness and wood density. Furthermore, linear mixed
model analyses were executed to find out the back-
ground variables affecting the Brinell hardness of
Scots pine wood.

Materials and methods

Empirical materials

Tree, log, and wood samples from sixty mature
Scots pine dominated stands growing on mineral soils
were collected in three regions in Finland (northern,
south-eastern, and central inland) and two regions in
Sweden (south-central and southern), 12 stands from
each (Figure 1), to cover the geographical spread for
latitude and altitude, accordingly, the climate for ef-
fective temperature sum. For the sake of clarity in the
statistical analyses, the regions were numbered in
ascending order starting from the northernmost region:
1 = Northern Finland (NF), 2 = Central Inland Finland
(CIF), 3 = South-eastern Finland (SEF), 4 = South-cen-
tral Sweden (SCS), 5 = Southern Sweden (SS). In each
region, the stands were selected randomly to repre-
sent different forest sites and age classes of mature
stands. In Finland, the sampling was based on the
sample plot network of the 8th (in the north) and 9th
(in the south) National Forest Inventory (NFI); and in
Sweden, on the records of the landowner, Sveaskog
Ltd. In each stand, three Scots pine trees covering the
diameter range of conventional saw log and small-di-
ameter log trees (DBH>14cm) were felled for sampling,
the total sample being 180 trees. At first, a circular
experimental plot was randomly placed on each stand;
thereafter the DBH of each Scots pine tree on the plot
was measured. The averaged values from two meas-
urements perpendicular to each other were used. Then,

separately on each plot (stand), all the trees with the
DBH exceeding 14 cm were put in ascending order
based on the DBH, and the sample trees were evenly
selected from the DBH series. More detailed descrip-
tions of regions and sample trees are given in Tables
1 and 2.

From each sample tree, 70-cm bolts were cut from
the sections of butt log, middle log, and top log (at 2,
6, and 10 meter heights, respectively) (Figure 2). Based
on the average tree heights, the bolts from 10m height
were considered to represent the top log section of
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Figure 1. Location of the sample of the 60 stands in the five
regions in Finland and Sweden: Northern Finland (region 1),
Central Inland Finland (region 2), South-eastern Finland (re-
gion 3), South-central Sweden (region 4), Southern Sweden (re-
gion 5). Map: Nivala V. and Lukkarinen A., Metla

Table 1. Basic climatic characteristics of sample plots in dif-
ferent regions. N/A=no information available

i Effective temperature Annual
Region Elevation precipitation sum
m sum dd
mm
Mean Min Max Mean Min Max Mean Min Max
1 NF 215 130 280 816 714 923 515 475 565

2 CIF 160 110 205 1102 1031 1194 575 535 605
3SEF 110 85 125 1227 1175 1285 595 590 605
48CS 130 80 200 1233 1163 1282 N/A N/A N/A
58S 170 145 190 1313 1293 1329 N/A N/A  N/A

Region  DBH overbark Height Lower limit of live Age Table 2. Basic description of sample trees
9 cm m crown, m years in different regions
Mean Min Max Mean Min Max Mean Min Max Mean Min Max
1NF 238 150 311 165 101 222 96 43 17.0 173 67 295
2CIF 287 187 414 225 158 293 14.1 6.7 19.3 129 94 178
3SEF 287 171 426 235 164 298 14.0 54 19.0 97 61 155
48CS 294 18.0 399 226 16.5 30.0 134 81 19.3 108 90 130
58S 323 205 429 237 16.0 331 147 74 235 124 73 178
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the trees in the most northerly region. The same def-
inition for the top logs was then used in all regions,
respectively. The bolts were sawn through-and-
through into approx. 30-mm thick boards, and the
boards were slowly dried at room temperature. The
boards were numbered ascending from the pith out-
wards, so that the 0-board was the middle, pith en-
closed core board, the 1-boards were the first boards
outwards from both sides of the pith, etc. The 1-, 2-,
and 3-boards were further processed into approx. 100
x 150 x 30 mm specimens (N=875).

Brinell hardness

The Brinell hardness was measured perpendicu-
lar to grain from the specimens according to the Eu-
ropean standard EN1534 (2000) with a FMT-MEC 100
kN material testing apparatus. Before measurements,
the specimens were conditioned to constant mass at
the temperature of 20 °C and RH of 65% that equals
to the approximate MC of 12%. In each specimen, one
to three hardness measurements (total N=2,151) were
executed along the radius of the stem on the planed
outer face of the board (on tangential surface) and the
measurements were averaged for each specimen (wood
specimens A, N=875). The points for indentation were
randomly positioned to avoid any irregularities (knots
and other defects) and the type of wood (earlywood,
latewood or both) was recorded. After hardness meas-
urements the air-dry density p, ~, of each specimen
was determined. In addition, smaller clear wood spec-
imens were produced surrounding randomly selected
points of indentation for determination of local air-dry
and basic densities (,00'ng and po’giB), as well as the
exact moisture content (w) of wood (wood specimens
B, N=841) (Figure 2).

In the Brinell hardness test according to EN1534
(2000), a steel ball (diameter 10mm) is impressed into
a material with a force increasing at such rate, that the
nominal value of 1 kN is reached after 15 seconds.
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Figure 2. Preparation of the wood specimens A and B
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After maintaining the force for 25 seconds the indenter
is withdrawn. The size of the residual impression is
measured after the recovery period of at least 3 min-
utes. Normally, the Brinell hardness should be calcu-
lated on the basis of the two orthogonal diameters,
one along the grain, and another across the grain, of
the residual indentations (EN1534 2000, Kidela 1998).
Due to major occurrence of the phenomenon called
“sinking in”, i.e. the elliptical indentations in the fi-
bre direction (Doyle and Walker 1985), in this study
the hardness calculations were based only on the re-
sidual indentation diameters measured across the grain,
i.e. in tangential direction. In addition, complementa-
ry hardness values were calculated on the basis of the
initial depths of the indentations measured by the
material testing apparatus itself. The following formu-
lae were used for calculating the hardness values in
MPa (or N/mm?):

F 2F

HB=—=
mh  pp-4/D*-d* ) @

where F is the force used (N), D is the diameter of the
indenter (mm), /4 is the initial depth of the indentation
(mm), and d is the diameter of the residual indenta-
tion (mm).

Statistical analyses

At first, the hardness results based on the resid-
ual diameters (HB ) and the initial depths of the in-
dentations (HB,) were compared. For wood hardness
and density, the conventional statistics (averages and
standard deviations) were calculated. Simple one-way
ANOVA were executed to compare different regions,
heights etc. and pair-wise LSD comparisons were in-
cluded to find the significant differences between the
individual factors at 0.05 level. In addition, the varia-
tions in hardness values were studied by means of
linear mixed models. By these models, the dependence
of Brinell hardness on the selected background varia-
bles. Two basic-types of models were fitted: one where
only readily available explanatory variables describ-
ing the geographical origin, site, location in the tree
etc. were used (type A models), and another where
more detailed independent variables, such as wood
density, were used (type B models). To ensure the fit
of each model built, the residuals were examined as a
function of predicted values, and the normal distribu-
tion of residuals was checked as well. For each mod-
el, the coefficient of determination was calculated by
squaring the correlation coefficient between measured
values and fixed predicted values. The relationships
between Brinell hardness and basic and air dry densi-
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ty, as well as moisture content, were studied more
thoroughly with wood specimens B. The statistical
analyses were executed with the PASW Statistics 17.0
software.

Results and discussion

Wood specimens A

Based on the paired samples t-test, the HB, and
HB, values differed significantly from each other (z =
32.30, df= 869, P <0.001). Compared to the diameter-
based values (HB ), the depth-based values (HB,) tend
to be overestimates rather systematically (Table 3,
Figure 3). In addition, different regional differences
were found in the average hardness values depend-
ing on the values (HB  or HB,) to be compared (Table
3). Considering the averages of HB , the lowest value
was found in region 1 (14.9 MPa) and the highest in
regions 2 and 4 (16.9 MPa), whereas the average of
HB, ranged from 19.0 MPa in regions 1 and 4 to 21.4
MPa in region 2. The coefficient of variation ranged
by region from 19% to 21% for HB  and from 23% to
27% for HB,, respectively. On average, the depth based
hardness values were approx. 25% higher compared to
diameter based ones in regions 1, 2 and 3, whereas, in
regions 4 and 5, the difference was as low as 15%. In
other words, the relationship between HB, and HB,
was different in different regions; the correlation co-
efficient between the two variables ranged from 0.706
to 0.935 in regions 5 and 1, respectively. The relation-
ship between HB, and HB, was found to be hetero-
scedastic: the higher the hardness the bigger also the
variation between the two hardness determination
methods (Figure 3).

There are several possible sources of error in the
different procedures of measuring hardness of wood
surfaces. In fact, the value of hardness is, more than
any other mechanical property, dependent on the test-
ing conditions and methods used (Doyle and Walker
1985, Kudela 1998, Niemz and Stiibi 2000, Hirata et al.
2001). As a conclusion, hardness values measured
using different methods and set-ups of the selected

Table 3. Average values and standard deviations (in
parentheses) of air-dry density (o, kg/m?®) and di-
ameter and depth based Brinell hardness values
(HB, and HB,, MPa) in different regions in wood
specimens A. N = number of measurements

Region 0,0 HBy HB;, N

1 NF 492 (46) 14.9 (2.86) 19.0 (5.07) 131
2 CIF 521 (57) 16.9 (3.31) 21.4 (5.33) 144
3SEF 522 (57) 16.7 (3.56) 20.9 (5.49) 221
4SCS 523 (51) 16.9(3.42) 19.0(4.47) 178
58S 543 (57) 16.7 (3.35) 19.2 (4.32) 196

30

0 10 20 30 40
HB,, MPa

Figure 3. Relationship between Brinell hardness values
(MPa) based on initial depths of the indentations (on x-axis)
and the diameters of the residual indentations (on y-axis) in
wood specimens A (N=875)

method are usually significantly different and cannot
be used interchangeably (Kontinen and Nyman 1977,
Kudela 1998). According to Doyle and Walker (1985),
for example, with a spherical indenter the geometry of
the indenter changes as a function of the depth of the
indentation. Due to this fact, a deep indentation could
not be considered as a magnified version of a shal-
low one; That is, the Brinell hardness is dependent
on the depth of the indentation.

In an earlier study by Kontinen and Nyman (1977),
diameter based Brinell hardness values of wood pan-
els (plywood, particle board, and fibreboard) were
found to be approx. 1.5 to 2.5 times higher compared
to depth based values. On the other hand, Heréjarvi
(2004) found no differences between the diameter and
depth based Brinell hardness values for birch wood.
In this study, even if the diameters along the grain were
ignored due to the “sinking in”, the across-grain
boundaries of the indentations were, as well, found
to be rather imprecise caused by the same phenome-
non. In general, the “sinking in” leads to exaggerated
dimensions of the permanent indentation (Doyle and
Walker 1985), i.e. the geometry of the indentation do
not precisely match the geometry of the indenter, and
the areas of the indentations are to be bigger compared
to what could be expected from the size of the steel
ball impressed. Therefore, “sinking in” probably
caused the lower averages of the diameter based hard-
ness (HB ) values compared to the depth based ones
(HB,). The relatively high load used in this study
caused rather abrupt indentations with no or only
minor recovery. Values of HB take into account only
the plastic deformation, whereas the /B, values rep-
resent elastic and plastic deformations both. As the
former were lower compared to the latter ones, the
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magnitude of elastic deformation and recovery was
negligible compared to the effect of “sinking in”.

In addition to the inaccuracy caused by “sinking
in”, the heteroscedastic relationship between the di-
ameter and depth based hardness values (Figure 3) can
be explained by the used measuring procedures. The
diameters of the recovered indentations were measured
manually after the impression, whereas the depths were
acquired from the testing apparatus and they were
actually measured during the impression. Firstly, as the
size of the indentation decreases (hardness increas-
es), the relative proportion of measuring error in di-
ameter increases, and, as a consequence, the varia-
tion in hardness also increases. Secondly, the diame-
ter to depth ratio of the indentation decreases with
increasing depth until the depth of half of the indent-
er diameter is reached, and vice versa. Therefore, the
accuracy of the diameter measurements is the more
crucial the smaller the indentation, that is, higher the
hardness. That causes the variation of diameter and
depth based hardness values to increase with increas-
ing hardness.

Schwab (1990) found Brinell hardness values
measured with 1.0 kN to be approx. 6-20% higher com-
pared to 500 N based values. The relatively high load
used in this study (1.0 kN) caused some problems in
comparing the measurements. With relatively low wood
density, the indentations showed a clear fracture of
the surface, or collapse of wood tissue under the sur-
face of the specimen. In specimens with higher wood
density such phenomena were not so evident. There-
fore, the executed measurements represent the over-
all mechanical behaviour of wood under a certain load,
including surface hardness and resistance to compres-
sion and shear, rather than “true” hardness values of
Scots pine wood. Diameter based hardness better de-
scribes the performance of wood in different end uses
(flooring, panelling etc.). Therefore, and despite the
above discussed findings, the further analyses were
executed only to the hardness values based on the
diameters of the residual indentations (HB ), as stat-
ed in the standard EN 1534 (2000).

The region had a significant effect on HB  (one-
way ANOVA; F=9.255,df=4, P <0.001). By region,
the average hardness varied from 14.9 MPa in region
1 to 16.9 MPa in regions 2 and 4, respectively. Based
on the pair-wise LSD comparisons, the region 1 dif-
fered significantly from all other regions, and no dif-
ferences were found between the other four regions.
The hardness values varied with varying height posi-
tion within a tree (one-way ANOVA; F = 78.245, df =
2, P <0.001) and significant differences were found
between all heights (2 m, 6 m, and 10 m). The distance
from the pith, i.e. board number, significantly affected

hardness (one-way ANOVA; F =43.850,df =2, P <
0.001); Significant differences were found between
boards 1 and 2, as well as between boards 1 and 3,
respectively. The type of wood also affected signifi-
cantly (one-way ANOVA; F=14.491, P <0.001), as
the hardness values on latewood sections differed from
the ones on earlywood and combined early- and late-
wood. On the other hand, earlywood and combined
earlywood and latewood did not differ significantly
from each other.

Considering the type A models, the best fit of the
mixed model (R? = 0.279) describing the variation of
HB was achieved with the following model structure:

HBa= L +reg+ hgt+ board+ early/late + diam + tree + € , (2)

where u is the constant average term (F = 577.119, P <
0.001), reg is the region shown in Figure 1 (F = 8.296,
P <0.001), hgt is the height position within a tree (F' =
76.866, P <0.001), board is the board number, i.e. the
radial location of the specimen within a tree cross-sec-
tion (F =43.164, P < 0.001), early/late tells whether the
specimen is of earlywood, latewood, or both (F = 12.629,
P <0.001), and diam is the tree diameter over bark at a
given height (F = 6.876, P = 0.009). In addition to re-
sidual term ¢, a tree level random effect (tree) was in-
cluded. Reg, hgt, board, and early/late were treated as
factors and diam as covariate. A slightly lower R? val-
ue was achieved if the average annual temperature sum
was included in the model instead of region.

According to the pair-wise comparisons execut-
ed to the mixed model shown in Eq. 2, the hardness
was significantly lower in northern Finland (region 1)
compared to the other regions, but no significant dif-
ferences were found between the regions 2-5. The
hardness decreased with increasing height position
within the tree from approx. 19.0 MPa at 2m height to
15.7 MPa at 10-meter height, respectively, and all
heights (2 m, 6 m, and 10 m) differed significantly from
each other. Moving from the pith outwards the hard-
ness increased, but statistically significant differenc-
es were only found between boards 1 and 2, as well
as boards 1 and 3. The average hardness was 16.0,
17.7, and 17.8 MPa in boards 1, 2, and 3, respectively.
When the indentation was positioned in the latewood
sections the average hardness was higher (18.7 MPa)
compared to the earlywood (16.2 MPa) or combined
earlywood and latewood (16.7 MPa), and all these three
differed significantly from each other. An inverse re-
lationship was found between the tree diameter at giv-
en height and the hardness of wood. Of the total ran-
dom variation approx. 24% was covered by the tree
level random effect and the residuals accounted for
the rest.
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The factors included into the model (Eq. 2) more
or less describe the variation in wood density, and,
thereby, in hardness. As was previously mentioned, the
results obtained using different set-ups of the meas-
urements are not necessarily comparable. However,
Jalava (1945), as well as Siimes and Liiri (1952) found
similar differences in the average hardness of Scots pine
wood from different locations in Finland, as wood hard-
ness in northern Finland differed from more southerly
origin. On the other hand, Hirata et al. (2001) found
hardness to be significantly higher in latewood than in
earlywood due to the differences in densities.

With the air-dry density of the specimens includ-
ed as an independent variable, the best-fit of the type
B mixed model (R? = 0.500) was achieved with the fol-
lowing model structure:

HBg= i+ Pogy 4+ reg + hgt+ board + early/late + tree + £, (3)

where u is the constant average term (F = 2.310, P =
0.129), p,, , 1s the air-dry density of the specimen (¥
=372.298, P <0.001), reg is the region as shown in
Figure 1 (F=5.921, P<0.001), Ahgt is the height posi-
tion within a tree (F = 5.616, P = 0.004), board is the
board number, i.e. the radial location of the specimen
within a tree cross-section (F = 11.288, P <0.001) and
early/late tells whether the specimen is of earlywood,
latewood, or both (F = 10.674, P < 0.001). p,  was
treated as covariate, and reg, hgt, board, and early/
late as factors. In addition to the residual term ¢, a
tree level random effect was included in the model,
even though it was statistically insignificant.

The air-dry density had a strong positive effect
on hardness. After the effect of density had been re-
moved, based on the pair-wise comparisons on the
mixed model shown in Eq. 3, region 1, as well as re-
gion 5, differed significantly from regions 2 and 4
both. The average hardness values were 16.6MPa in
regions 1 and 5 and 17.5 MPa and 17.6 MPa in regions
2 and 4, respectively. Again, with the effect of densi-
ty removed, the average HB  values at 2 m (17.5 MPa)
and 10-meter heights (16.7 MPa) differed significantly
from each other; At 6-meter height the average was
17.2 MPa. Between different positions within a cross
section, only the averages in boards 1 and 3 signifi-
cantly differed from each other; the average values
were 16.7 MPa, 17.6 MPa, and 17.1 MPa in boards 1,
2, and 3, respectively. Hardness of latewood sections
was significantly higher compared to earlywood or
combined earlywood and latewood, but between the
two latter no significant differences were found.

Despite the fact that density was included as an
independent variable, all independent variables pre-
sented in type A model except stem diameter were in-

cluded also in the type B model. In other words, after
the effect of density had been removed, some varia-
tion still could be explained by the geographical ori-
gin and longitudinal and radial location of the speci-
men within a tree. The region affects hardness most
probably via varying average annual ring width, which
was not measured, whereas height position within a
tree and board number from the pith describe the cur-
vature of the annual rings in the specimens.

Wood specimens B

The moisture content of the specimens () ranged
from 9.6% to 13.3%, average being 11.2% and stand-
ard deviation 0.5%-points. No significant correlation
was found between the moisture content and hardness
HB, As the specimens were stored in constant con-
ditions between indentations and the determination of
moisture content @, the results may be generalized to
represent also the moisture content of the wood spec-
imens A. In earlier studies a clear decrease in wood
hardness with increasing moisture content has been
reported (e.g. Kollmann and Cété 1968, Niemz and Stiibi
2000); In this study, the moisture content range of the
specimens was not broad enough to find out such
relationship.

The averages of the local air-dry and basic densi-
ty (0, 5 and Py, ») were 516 kg/m* and 420 kg/m* and
the respective standard deviations 57 kg/m? and 45 kg/
m?. The air-dry densities of wood specimens A and B
significantly correlated with each other (r = 0.872, P <
0.01). The correlation coefficient between local density
and hardness was 0.710 (P < 0.01) for air-dry and 0.651
(P <0.01) for basic density, respectively. A clear linear
relationship was found between density and hardness
(Figure 4); Approx. 49% of the hardness variation could
be described using air-dry density and approx. 46% with
basic density, respectively. Simple power and logarith-
mic functions were also evaluated, but no improvements
were achieved compared to linear ones. Compared to
earlier studies on tangential (Blomberg et al. 2005) and
radial (Holmberg 2000) surfaces clearly lower explana-
tory power of density was observed (Table 4). This is
probably due to inaccuracy caused by “sinking in”
discussed earlier. In addition, the 1.0 kN force used for
indentations was, most probably, too high for such
material with fairly low average density and relatively
large density variations between and within (earlywood
and latewood) specimens. The parameter estimates of
a simple logarithmic function between density and hard-
ness calculated in this study deviated from the results
in the literature (Table 4, Figure 4). Regression param-
eters according to Blomberg et al. (2005), especially,
would overestimate hardness in this very material. The
differences are most likely due to different set-ups of
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Table 4. Parameter estimates and coef- Density
ficients of determination for function Source In a b R2 range, Notes
INHB =In a + b In pdescribing hardness kg/m?
(HB, kg/mm?) to density (p, kg/m3) re- This study -8.2 1.40 051  360-720  =11.2%
lationship in this study (specimens B) Blomberg et al. 2005 -12.1  2.07 0.89 Average 460 w =12.6%

. . Holmberg 2000 0.77 350-680 w =12%, radial sur-
and in the literature face

Kollmann and Coté 1968 -12.9 2.14 200-1000 Several European

species, oven-dry
density

357 === Iny=1.397In x- 8.222; R*= 0.51

y=0.044x - 6.198; R*= 0.49
. - Blomberg et al. 2005
301 ———- Kollmann & Coté 1984

25 -

20 A

HB, MPa

15 4

10 4

400 500 600 700

Po,,» kg/m®

Figure 4. Brinell hardness as a function of air-dry density
in different regions (numbers) in wood specimens B (N=841).
Equations and corresponding R? values of linear (solid black
line) and logarithmic (dashed black line) regression functions
are shown. Regressions according to Blomberg et al. (2005)
(solid grey line) and Kollmann and Coté (1984) (dashed grey
line) are also shown (Table 4)

the hardness determination, as well as differences in the
materials used.

If the type B mixed model (Eq. 3) was fitted to the
data from wood specimens B a R? value of 0.534 was
achieved. All the fixed variables in the equation were
statistically significant at 0.05 level, whereas, only
residuals were significantly accounting for the random
variation. No differences were found in the interpre-
tation of the variables affecting hardness compared to
what was discussed earlier considering the wood
specimens A. The slightly better R? value was proba-
bly due to the local density as an independent varia-
ble; in wood specimens A, knots and other defects
were more probable to be present and affect the den-
sity of the specimens.

Conclusions
A heteroscedastic relationship between hardness

values based on the diameter of residual indentations
and initial depths of the indentations was observed.

“Sinking in” significantly affected the accuracy of the
diameter measurements. In addition, compared to pos-
sible elastic recovery of the indentations the magnitude
of “sinking in” was clearly higher. On average, the di-
ameter based hardness of Scots pine wood from the
north was significantly lower compared to more south-
erly origin. In addition, hardness decreased with increas-
ing height position within a tree and increased from the
pith outwards. A clear linear relationship between hard-
ness and wood density was observed; with the densi-
ty included, approx. 50% of the hardness variation could
be described. After the effect of density had been re-
moved, some variation still could be explained by the
geographical origin and the location of the specimen
within a tree. Compared to the results in the literature,
relatively low explanatory power of wood density was
observed. This was probably due to inaccuracy caused
by “sinking in”, as well as major deformation and col-
lapse of wood tissue observed in specimens with rela-
tively low wood density.

Acknowledgements

This study was a part of the research consorti-
um “Specific wood and timber properties, competi-
tive ability and advanced conversion of Nordic Scots
pine in mechanical wood processing (SPWT)” in the
Finnish-Swedish Wood Material Science and Engi-
neering Research Programme. The study was financed
by the Academy of Finland, the Finnish Ministry of
Agriculture and Forestry, the Graduate School of
Forest Sciences (GSForest) at the University of East-
ern Finland (UEF), and the Finnish Forest Research
Institute (Metla); these institutions are gratefully
acknowledged. The staff of Metla's Salla Experimen-
tal Office, as well as the associate personnel in Joen-
suu and Vantaa assisted in collecting the empirical
materials, preparing the test specimens and execut-
ing selected parts of the laboratory measurements.

References

Bektas, 1., Alma, M. H. and As, N. 2001. Determination of
the relationships between Brinell and Janka hardness of
eastern beech (Fagus orientalis Lipsky). Forest Products
Journal 51(11/12): 84-88.

I 2013, Vol. 19, No. 1 (3¢) I (SSN 2029-9230

134



BALTIC FORESTRY

I VARIATIONS IN /.../ BRINELL HARDNESS OF SCOTS PINE WOOD /.../ M. GREKIN AND E. VERKASALO I

Bjorklund, L. and Walfridsson, E. 1993. Tallvedens egen-
skaper i Sverige - Torr-radensitet, kdrnvedhalt, fuktighet
och barkhalt [Properties of Scots pine wood in Sweden -
Basic density, heartwood, moisture and bark content]. Sver-
iges lantbruksuniversitet, Institutionen for virkesldra. Rap-
port Nr 234: 1-67 (in Swedish with English summary).

Blomberg, J., Persson, B. and Blomberg, A. 2005. Effects
of semi-isostatic densification of wood on the variation
in strength properties with density. Wood Science and
Technology 39(5): 339-350.

Bodig, J. and Jayne, B. A. 1982. Mechanics of wood and
wood composites. Van Nostrand Reinhold Co. Inc., New
York, N.Y. 712 pp

Dinwoodie, J. M. 1975. Timber - a review of the structure-
mechanical property relationship. Journal of Microsco-
py 104(1): 3-32.

Doyle, J. and Walker, J. C. F. 1985. Indentation hardness
of wood. Wood and Fiber Science 17(3): 369-376.

EN 1534:2000. Wood and parquet flooring — Determination of
resistance to indentation (Brinell) — Test method. 10 pp.

Hakkila, P. 1966. Investigations on the basic density of Finn-
ish pine, spruce and birch wood. Communicationes Insti-
tuti Forestalis Fenniae 61(5): 1-98.

Hakkila, P. 1979. Wood density survey and dry weight tables
for pine, spruce and birch stems in Finland. Communica-
tiones Instituti Forestalis Fenniae 96(3): 1-59.

Heridjarvi, H. 2004. Variation of basic density and Brinell
hardness within mature Finnish Betula pendula and B.
pubescens stems. Wood and Fiber Science 36(2): 216—
227.

Hirata, S., Ohta, M. and Honma, Y. 2001. Hardness distri-
bution on wood surface. Journal of Wood Science 47(1):
1-7.

Holmberg, H. 2000. Influence of grain angle on Brinell hard-
ness of Scots pine (Pinus sylvestris L.). Holz als Roh- und
Werkstoff 58(1/2): 91-95.

Jalava, M. 1945. Suomalaisen ménnyn, kuusen, koivun ja
haavan lujuusominaisuuksista [Strength properties of Finn-
ish pine, spruce, birch and aspen]. Communicationes In-

stituti Forestalis Fenniae 33(3):
English summary).

Kellomiki, S. 1979. On geoclimatic variation in basic densi-
ty of Scots pine wood. Silva Fennica 13(1): 55-64.
Kollmann, F. F. P. and Coté, W. A. 1968. Principles of wood
science and technology. I. Solid wood. Springer-Verlag,

Berlin — Heidelberg, 592 pp.

Kontinen, P. and Nyman, C. 1977. Puulevyjen ja niiden
pinnoitteiden kovuus [Hardness of wood-based panel prod-
ucts and their coatings and overlays]. Paperi ja Puu —
Paper and Timber 9/1977 (in Finnish with English sum-
mary).

Kdudela, J. 1998. Analysis of wood hardness. In: S. Kurjatko
and J. Kudela (Editors), Wood structure and properties ’98.
Arbora Publishers, Zvolen, Slovakia, p. 199-203.

Lutz, J. F. 1977. Wood veneer: Log selection, cutting, and
drying. USDA, Tech. Bull. No. 1577. 137 pp.

Niemz, P. and Stiibi, T. 2000. Investigations of hardness
measurements on wood based materials using a new uni-
versal measurement system. Proceedings of the First In-
ternational Symposium on wood machining, Vienna, 27.-
29.9.2000: 51-61.

Schwab, E. 1990. Die Hirte von Laubhdlzern fiir die Parket-
therstellung [The hardness of hardwoods for parquet pro-
duction]. Holz als Roh- und Werkstoff 48(2): 47-51 (in
German).

Siimes, F. E. and Liiri, O. 1952. Puun lujuustutkimuksia I.
Pienet virheettomidt mintykoekappaleet. [Summary: In-
vestigations of the strength properties of wood I. Tests
on small clear specimens of Finnish pine (Pinus silves-
tris)]. Valtion teknillinen tutkimuslaitos, Tiedoitus 103:
1-88 (in Finnish with English summary).

Tabor, D. 1951. The hardness of metals. Oxford University
Press Inc., New York, 192 pp.

Uusvaara, O. 1974. Wood quality in plantationgrown Scots
pine. Communicationes Instituti Forestalis Fenniae 80(2):
1-105.

Wangaard, F. F. 1950. The mechanical properties of wood.
John Wiley and Sons, New York, 377 pp.

1-56 (in Finnish with

Received 05 October 2012
Accepted 07 June 2013

I 2013, Vol. 19, No. 1 (3¢) I 1SN 2029-9230 [

135



BALTIC FORESTRY
I VARIATIONS IN /.../ BRINELL HARDNESS OF SCOTS PINE WOOD /.../ M. GREKIN AND E. VERKASALO I

BAPHAIIMU TBEPJOCTH MO BPUHEJLIIO JPEBECUHbBI COCHbI OBBIKHOBEHHOI B
OUHJIsHANU U BEINUU U COOTBETCTBYIOIIUE MOJIEJIN

M. I'pexun u J. Bepkacauo
Peziome

C moMoImbI0 TMHEHHBIX CMEIIaHHOW CTaTHCTHYECKUX Mofeied ObIIM M3ydeHbl BapHalldd TBEPAOCTH 1o bpuuemmio
JIPEBECHHBI COCHBI OOBIKHOBEHHOH U3 CIIENBIX JPEBOCTOEB HA MHUHEPAIBHBIX M0UBaX B MATH pernoHax Ounnsaauu u LIsenun.
TBepaoCTs M3ydaslach Ha CTPOTAHHBIX TaHT'EHI[MAJIHHBIX MOBEPXHOCTIX 00OPA3IOB, T.€. YCHIHE OBIIO NPUIOKEHO B
panuanbHOM HarpasieHud. OHa MOJIEIb COCTOSUIA UCKITFOUUTENIBHO U3 YKE UMEIOIIUXCS OCHOBHBIX IIEPEMEHHBIX, B TO BpeMs
KaK BO BTOPYIO MOZETh B KadeCTBE HE3aBUCHMOW NEPEeMEHHOH ObLIa BKIIOUEHA IJIOTHOCTH JPEBECHHBI. 3HAUHTEIHHOE
BJIMSHHE Ha TBEPAOCTh OKA3bIBAJO TEPPUTOPHAIBHOE NPOMCXOXKICHUE, a TAKKe MPOJONBHOE U PaJNalbHOE TOJIOKEHUE
obpasuoB B cTtBosie. Kpome Toro, eciy OTIedaToK MPUXO/MICSA Ha y4acTOK MO3IHEH NPEBECHHBI, TO TBEPAOCTh OblIa SBHO
BBIIIIE [T0 CPABHEHUIO C paHHE! JPEeBECHHON M C COUeTaHHEeM PaHHEeH M MOo31HeH ApeBecnHbl. [Ipyu npuMeHeHn nogo0paHHOM
MOJIeTH MOXHO ommcarh npubinnsurensbHo 50% Bapuanunii TBepmocTH. ILIOTHOCTE OpeBEeCHHEI ObUIa caMoil BaXXHOH
MepEeMEHHOM, BIHSIONIEH Ha TBEPJOCTh, M MEXJIY TBEPAOCTHIO U IUIOTHOCTHIO JIPEBECHHEI OblTa 0OHapy)keHa IpocTas
nuHeHHas 3aBucuMoCTh. CpaBHUBAIHNCh 3HAUYEHUsS TBEPAOCTH, OCHOBAaHHBIE HAa AMAMETPaX OCTATOYHBIX OTIEYATKOB H
HavalbHBIX TTyOHHaX orrneyaTkoB. O0CyXkanack pasHULA MEKITY STUMH JBYMsI 3HAYCHUSIMH, & TAK)KEe BO3MOKHBIE HCTOUHUKH
OIINOOK.

KaroueBble c10Ba: TBEpIOCTh ApeBECHHBI 0 bpuHemTI0, THHEHHas CMEMIaHHasi CTAaTHCTUYECKUX MOJENb, Pinus
sylvestris L., cocHa 0OBIKHOBEHHas1, KAYECTBO JPEBECHHBI
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