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Farzam TAVANKAR, Mehrdad NIKOOY, Angela LO MONACO,
Rodolfo PICCHIO

LONG-TERM IMPACT OF SELECTION CUTTING
MANAGEMENT ON FREQUENCY OF STEM DEFORMITY
IN MIXED BEECH FORESTS OF NORTHERN IRAN

The aim of this study was to evaluate the long-term effect of selection cutting
management on the stem quality of the trees remaining in the forest. For this
purpose, three parcels managed for three decades by selection cutting were
selected as managed stands (MP), and two protected parcels without tree felling
as control stands (PP). First, the frequency of deformed stems in each parcel was
determined for a circular 1000 m 2 area of each plot by systematic sampling of
100 m × 100 m grid sections, and then a stem deformity index was estimated for
each of the deformed stems.
The results showed that the frequency of stem deformity in MP (6.5%) was
significantly lower than in PP (20.7%) (p < 0.01). In addition, the frequency of all
types of stem deformities in MP was significantly lower than in PP. Furthermore,
selection cutting management reduced the indices of twisting, decay, conicity,
forking, and ellipticity by 58.4%, 53.9%, 34.7%, 8.4% and 6.8%, respectively. The
results for the correlation between frequency of stem deformity and tree diameter
at breast height (dbh) showed that the curves followed a parabolic shape in both
MP (r = 0.83) and PP (r = 0.80), where the frequency of deformed stems
decreased with increasing dbh (up to 75 cm in MP, and up to 65 cm in PP), and
then increased with larger dbh. Selection cutting management, regardless of tree
species, improved the stem form. Decay accounted for a high proportion (24.1%)
Farzam TAVANKAR (tavankar@aukh.ac.ir) Department of Forestry, Khalkhal Branch, Islamic
Azad University, Khalkhal, Iran; Mehrdad NIKOOY (nikooy@guilan.ac.ir), Department of
Forestry, University of Guilan, Somehsara, Iran; Angela LO MONACO (lomonaco@unitus.
it), Department of Agriculture and Forest Sciences, University of Tuscia, Viterbo, Italy;
Rodolfo PICCHIO (r.picchio@unitus.it), Department of Agriculture and Forest Sciences,
University of Tuscia, Viterbo, Italy
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of the total deformity in MP, mainly due to logging damage. Overall, the results of
this study show that selective management has been successful in improving the
quality of tree boles in the studied mixed beech stands. Regular and long-term
stand monitoring and statistical quality control (SQC) may be a good approach to
aligning ecological and economic goals in forest management.
Keywords: stem form, stem deformity indices, log defects, mixed beech stands,
silviculture effect, statistical quality control (SQC)

Introduction
Preservation of biodiversity, natural regeneration of trees, improvement of the
quality and quantity of stands, application of continuous cover forestry, and
regularity in wood production are the main objectives of selection cutting in
a sustainable forest management system [Vusić et al. 2013; Tavankar et al.
2019a]. The northern forests of Iran have been managed for the past three
decades by the selection cutting method. One of the important objectives of
forest management has been to pay close attention to the shape of the stems of
standing trees in terms of health and wood quality, more frequently assessed as
cylindricity [Del Río et al. 2004].
The shape of tree stems can be classified into two main general types: no
deformity and deformity. The main types of deformities found in forest trees are
as follows: stem with sinuous, leaning, bending, forking and conical shape; with
elliptical or irregular section; with twisting and decay [Turvey et al. 1993; Spicer
et al. 2000; Leduc et al. 2012; Zeltinš et al. 2018]. Genetic, ecological and
silvicultural factors influence the creation and frequency of stem deformity in
forests [Del Río et al. 2004]. Sometimes, environmental characteristics highlight
genetic features of certain origins [Duchemin et al. 2018].
Snow and wind are believed to be the most important environmental factors
in creating stem deformity in forest trees [Timell 1986; Del Río et al. 2004;
Dinulica et al. 2016]. The effect of these two factors results from an
asymmetrical dislocation of the loads applied to the cylindrical stems, which
causes curvature, especially on steep slopes [Timell 1986]. Frequent frosts have
also been reported as causes of deformity, and especially forking, of tree stems
in the early stages of tree growth (seedlings and large seedlings) [Ningre and
Colin 2007]. Light stimulates the growth of the crowns [Sone et al. 2005;
Williams et al. 2019] and the effect is well known on edge trees and on
codominant or dominated trees within the forest [Sierra de Grado et al. 1997].
Insect attacks, fungal diseases, injury by herbivores grazing on the apical shoots
of young trees, and mechanical disturbance (rock fall, debris flow, etc.) are other
ecological factors that contribute to the creation of deformities in forest trees
[Del Río et al. 2004]. The response of forest trees to environmental factors, such
as strong wind and snow, as well as solar radiation in forests, is influenced by
the stand characteristics. Reactions to environmental factors vary according to
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the silvicultural characteristics of the stand. Stand and tree characteristics can be
modified by thinning, and quality can be improved by selecting trees on the
basis of morphological features [Del Río et al. 2004], so as to increase the
stumpage value and the financial return [Jokela et al. 2010].
Deformity in trees causes defects in logs and affects the timber grade
[Tavankar et al. 2017a]. Stem curvature, usually associated with the presence of
compression wood, certainly diminishes timber quality [Aldohus 1986; Del Río
et al. 2004]. Sinuous growth in young Douglas-fir (Pseudotsuga menziesii var.
menziesii (Mirb.) Franco) is a conspicuous stem deformity which is most
noticeable in young plantations [Gartner and Johnson 2006]. The causes of
sinuosity and associated growth patterns are not well understood. The degree of
sinuosity of the tree stem not only changes with the growth of the tree over time,
but also varies between different parts of the stem [Spicer et al. 2000]. Genetic,
biomechanical, nutritional, and vegetative factors influence the occurrence of
stem sinuosity in radiata pine (Pinus radiata D. Don) [Turvey et al. 1993;
Downes et al. 1994]. Individual radiata pine trees that have a higher rate of
height growth are more susceptible to stem sinuosity formation [Downes and
Turvey 1990; Downes et al. 1994]. In contrast, a higher rate of height growth
was not the main cause of stem sinuosity formation in Douglas-fir [Gartner and
Johnson 2006].
There are indications that planting distance contributes to elliptical cross-section of stems in plantations [Mäkinen 1998]. Elliptical cross-section is also
caused by the asymmetric effect of the tree crown [Kashkouli et al. 2007].
Elliptical cross-section reduces wood quality and decreases sawing yield
[Kashkouli et al. 2007; Fallahnia and Rafighi 2012]. Environmental and genetic
factors influence the formation of stem forking [Salehi Shanjani et al. 2011;
Zeltinš et al. 2018]. Stem forking is generally due to frost in the early years of
beech life [Ningre and Colin 2007]. Forking, in addition to reducing the length
of the tree stem, reduces tree quality [Drénou 2000]. Beech (Fagus orientalis
Lipsky) seedlings are very susceptible to late frost. Frost in beech seedlings
reduces the height growth and induces stem deformity in later stages [Hristov
and Botev 1981]. The distance between trees increased with the thinning
operation and selection cuttings, and as a result the crown and trunk diameter
increased. This can cause changes in the stem form. Stem deformity increases
logging costs, while the commercial value of the wood produced is reduced.
One of the important goals of forest management is to derive economic
benefits. Forest management has traditionally been aimed at producing quality
timber for industry, and trees with defects are systematically eliminated.
Deformed trees that have no economic future will be cut down and removed
from the forest by various sanitary/selection cuttings during the forest
management period to provide a better space for other trees to grow. In this
framework, the objectives of this study were: I) to determine the frequency of
stem deformity, and II) to estimate indices of stem deformity in the long-term
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managed stands subject to selection cutting and in control stands, and thus to
indicate the effect of forest management on timber quality.

Materials and methods
Study area
This study was carried out in the forests of Talesh city in Gilan province in
northern Iran. Districts 1, 2 and 3 of the Nav forests were designated as study
areas, having geographic coordinates between 48° 33' and 49° 1' E and between
37° 31' and 37° 45' N. The climate of the region is in the wet group based on De
Martonne’s moisture coefficient classification. The mean annual precipitation is
924 mm and the mean annual temperature is about 10.2°C [Tavankar and
Nikooy 2017a]. Three selection cutting managed parcels (MP), 99 ha in total,
and two protected parcels (PP), 97 ha in total, were selected for the study
(Table 1). In the managed parcels, harvesting was performed over three 10-year
periods, while no harvesting was performed in the control parcels (PP). The
physiographic and silvicultural characteristics of the studied parcels are shown
in Table 1.
Table 1. Some of the physiographic and silviculture characteristics of the study area
(MP: selection cutting managed parcel, PP: protected parcel)
Parcel
number

Area
(ha)

Altitude
a.s.l.
(m)

Ground
slope
(%)

Management
method

Composition of tree species
(%)

330

27

1350-1420

34.5

MP

331

35

1250-1380

30.3

MP

223

31

1280-1390

23.6

MP

123

35

850-1050

25.9

PP

340

62

1580-1460

32.8

PP

beech (68), alder (10), hornbeam
(8), maple (6), other (8)
beech (73), hornbeam (11),
maple (5), alder (3), other (8)
beech (56), maple (22),
hornbeam (11), alder (7), other
(4)
beech (46), maple (28),
hornbeam (19), alder (4), other
(3)
beech (40), maple (27),
hornbeam (25), alder (5), other
(3)

Data collection
Frequency of stem deformity was estimated through systematic plot sampling.
The grid dimensions were 100 m × 100 m, the shape of the plots was circular,
and the area of each plot was 1000 m 2. Diameter at breast height (1.30 m; dbh)
of all trees (dbh ≥ 7.5 cm) was measured using a dendrometric caliper. Tree
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stems in each plot were placed in two categories – deformity and no deformity –
according to the form and appearance of the stem. Deformities were classified
according to the following eight types: sinuosity (SI), leaning (LI), bending (BI),
forking (FI), taper (conicity) (CI), ellipticity (EI), twisting (TI) and decay (DI),
and their deformity index was measured (Table 2, Fig. 1).
Table 2. Indicators and indices used to assess stem deformity
Equation
number

Stem deformity index (reference)

(1)

Sinuosity index (SI), (Leduc et al. 2012)

(2)

Leaning index (LI), (Leduc et al. 2012)

(3)

Bending index (BI), (Leduc et al. 2012)

(4)

Forking index (FI), this research

(5)

Conicity index (CI), (Tavankar et al. 2019a)

(6)

Ellipticity index (EI), this research

(7)

Twisting index (TI), this research

(8)

Decaying index (DI), (Tavankar and Nikooy
2017b)

Lt
L
Vd
DI =
V

(9)

Shortest line length (A), this research

A= √ H +D

(10)

Stem length (L), this research

L=0.785× √ 2 ( H 2 +D 2 )

(11)

Decay volume (Vd), (Tavankar and Nikooy
2017b)

V d =( d 1 +d2 ) ×0.1962× Ld

(12)

Stem volume (V), this research

V =0.49455 × ( DBH ) × H

Equation
SI= L
A
L
LI =
H
A
BI =
D
FI = ∑ nf
dbh
H
dbhl
EI =
dbh s
CI=

TI =

2

2

2

2

where L is the stem length (m), calculated by Eq. 10; A is the shortest line length from base to tip
(m), calculated by Eq. 9; H is the stem height (m), measured by a clinometer; D is the distance
between the base and the vertical line from tip to ground level (m), measured by a tape; nf is
number of branches diverged from the main stem; dbh is the diameter at breast height (cm),
measured by a dendrometric caliper; dbhl is the larger stem diameter at breast height (cm); dbhs is
the smaller stem diameter at breast height (cm); Lt is the stem length that has been twisted (m); Vd
is the decayed volume (m3), calculated by Eq. 11; V is the stem volume (m3), calculated by Eq. 12.

The structure of both managed and protected stands is uneven-aged mixed
high forest. In the managed stands, selection cutting had been performed three
times (once every 10 years). The volume of timber harvested in each cutting
operation was 10 to 20 m3 ha-1 and the dbh of the trees was from 30 to 145 cm.
The objectives of the selection cuttings were to reform the forest structure, to
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assist the natural regeneration of trees, and to derive economic income. These
selective cuts are versatile; defective trees (decayed and deformed stems) are
also felled and removed from the forest at the same time as the felling and
extraction of crop trees.

Fig. 1. Stem parameters for the estimation of A) SI, LI, and BI, B) EI, and C) DI

Data analysis
Data were analyzed using SPSS version 19 software (IBM, NY, USA) and charts
were drawn using Excel and CurveExpert software. At first, data normality was
checked by the Kolmogorov-Simonov test, and homogeneity of variances was
checked by Levene’s test. The means of dendrometric stand characteristics (tree
density, basal area, and stand volume) and stem deformity frequencies in the
studied parcels were compared by ANOVA, then significant differences between
means were separated by Duncan’s test at α = 0.05. The means of stem
deformity indices in MP and PP were compared using an independent samples
t-test. Frequencies of stem deformity types were compared in MP and PP and
among tree species using a non-parametric chi-square test. Correlation between
frequencies of stem deformity with tree dbh was investigated by nonlinear
regression.

Results
Standing volume
In the study parcels, tree density ranged from 211 to 279 stem·ha-1, basal area
from 24.3 to 30.5 m2·ha-1 and stand volume from 184.5 to 257.3 m 3·ha-1
(Table 3). ANOVA results showed that the means of all three forest
characteristics in the studied parcels were significantly different. The highest
tree densities were in PP-123 (279.2 stem·ha-1) and MP-231 (277 stem·ha-1); the
highest basal area was in MP-231 (30.5 m2·ha-1); and the highest stand volumes
were in PP-123 (257.3 m3·ha-1) and MP-231 (250.4 m3·ha-1).

Long-term impact of selection cutting management on frequency of stem deformity...
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Table 3. Mean (± SD) of tree density, basal area, and stand volume in the study
parcels (MP: selection cutting managed parcel, PP: protected parcel), and the
results of ANOVA and Duncan’s test
Parcel
230
231
223
123
340
ANOVA
F-value
p-value

Management
method

Plot
N

Tree density
(stem·ha-1)

Basal area
(m2·ha-1)

Stand volume
(m3·ha-1)

MP
MP
MP
PP
PP

24
30
28
32
56

248.7 ±15.2 c
277.0 ±18.6 a
211.6 ±13.4 d
279.2 ±17.1 a
263.9 ±11.8 b

25.2 ±5.0 b
30.5 ±4.7 a
24.3 ±4.6 b
26.5 ±4.7 b
24.9 ±3.8 b

214.6 ±30.4 b
250.4 ±26.6 a
184.5 ±22.0 c
257.3 ±27.9 a
210.4 ±23.5 b

–
–

–
–

90.938
0.000

13.277
0.000

82.818
0.000

Stem deformity in selection cutting managed (MP) and protected parcels
(PP)
ANOVA and Duncan’s test showed that the frequency of stem deformity in MP
was significantly lower than in PP (Table 4). Trees showing stem deformity
accounted for 5.7% to 7.4% of total trees in MP and 20.6% to 20.7% of total
trees in PP (Table 4). The frequency of trees with stem deformity was about 3-4
times higher in PP than in MP.
Table 4. Frequency of stem deformity (mean ± SD) in study parcels (MP: managed
parcel; PP: protected parcel), and the results of ANOVA and Duncan’s test
Parcel – management method
230 – MP
231 – MP
223 – MP
123 – PP
340 – PP
ANOVA
F-value
p-value

Total number of sampled
stems

Deformity stems
(%)

596
831
592
893
1474

5.7 ±2.9 b
7.1 ±3.3 b
7.4 ±4.0 b
20.7 ±3.9 a
20.6 ±3.4 a

–
–

159.482
0.000

ANOVA results indicated significant differences in the mean frequency of
stem deformity types both in MP (F = 24.902; p < 0.01) and in PP (F = 36.041;
p < 0.01). Based on Duncan’s test, the mean frequency of the eight types of stem
deformity in PP was significantly higher than in MP (p < 0.05) (Fig. 2). The
stem deformity with the highest frequency was decay, in both PP and MP (3.68%
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in PP and 1.63% in MP). The lowest-frequency stem deformity type was
elliptical cross-section in PP (1.64%) and twisting in MP (0.2%). The frequency
of sinuous stems in PP (2.79%) was about three times as high as in MP (0.94%).
The frequency of twisted stems in PP (2.15%) was about 11 times as high as in
MP. The frequency of forked stems in PP (1.2%) was almost twice as high as in
MP (0.64%). After decay, the main deformity type in PP was conicity (3%),
which was three times as frequent as in MP (0.89%). The frequency of leaning
stems was also about twice as high in PP (2.1%) as in MP (1.1%).

Fig. 2. Mean frequency of stem deformity types in the selection cutting managed
parcel (MP) and in the protected parcel (PP). Different letters indicate significant
difference between MP and PP by Duncan’s test at α = 0.05

Distribution of stem deformity in dbh classes
The results showed that the frequency of deformity was higher in small-diameter
(dbh < 30 cm) and large-diameter (dbh > 100 cm) trees than in medium-diameter
trees (dbh 30-100 cm), in both MP and PP (Fig. 3 A, B). The frequency of
deformity was found to decrease with increasing tree dbh up to 75 cm in MP and
up to 65 cm in PP; it then increased with larger dbh.
A nonlinear regression test showed a significant correlation (p < 0.01)
between the frequency of deformity of stems and dbh (Eq. 13 for MP, Eq. 14 for
PP).
y=2.895669−0.025220( x)+ 0.000236( x)2
(13)
2
SE=0.515 ; R =0.65 ; F=16.478 ; p=0.000
y=1.114969−0.016103(x )+0.000128( x)2
(14)
2
SE=0.201 ; R =0.69 ; F =22.311 ; p=0.000

Long-term impact of selection cutting management on frequency of stem deformity...
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Fig. 3. Stem deformity distribution by trees dbh (A: selection cutting managed; B:
protected). r is the correlation coefficient, and S is the standard error
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Fig. 4. Frequency of stem deformity types in the parcels (A: selection cutting
managed parcels, MP; B: protected parcels, PP)

The highest frequencies of sinuous, leaning and bending stems were
observed in small-diameter trees (Fig. 4). The frequencies of sinuous, leaning
and bending stems decreased with an increase in tree dbh. The sinuosity, leaning
and bending deformity types were not found in trees with dbh greater than
50 cm.
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Decayed stems were observed more frequently in higher dbh classes. Forked
stems were observed in dbh classes from 35 to 115 cm in PP, and from 55 to
115 cm in MP. The highest frequency of forked stems was observed in the 80 cm
dbh class in PP, and in the 115 cm class in MP.
Stem deformity in tree species
The frequency of deformed stems of beech, hornbeam, maple, and alder in
protected stands (PP) was significantly higher than in MP (p < 0.01) (Table 5).
The highest frequency of stem deformity in PP was observed in alder (25.2%),
while in MP the highest frequency was observed in hornbeam (12.6%). Beech
stems had the lowest frequency of deformity (4.2%) in MP.
Table 5. Stem deformity frequency per tree species, and management type (MP:
selection cutting managed parcels; PP: protected parcels), and results of chi square
tests
Tree species

Management

Total sampled
stems
n

Deformed
stems
n

Frequency of
deformed stem
(%)

PP

982

185

19.8

MP

1332

56

4.2

PP

631

124

23.3

MP

270

34

12.6

PP

649

132

20.3

MP

232

25

10.8

PP

103

26

25.2

MP

161

16

9.9

PP

102

28

27.4

MP

24

6

25.0

Beech

129.8**

Hornbeam

13.1**

Maple

8.9**

Alder

Other

Chi square
value

11.0 **

0.06 NS

Beech
The total number of deformed beech stems was 56 in MP and 185 in PP; the
frequency of deformed beech stems in PP (19.8%) was about five times as high
as in MP (4.2%) (Table 5). The chi-square test showed a significant difference in
the frequency of deformity types in both MP and PP (Fig. 5a). Figure 5a shows
the frequency of deformities in beech in PP and MP. In PP, conicity had the
highest frequency. However, the frequency of decayed stems in PP was also
high. Decayed stems had the highest frequency in MP (32.1%), while conical
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stems accounted for 12.5% (7 stems) of the total number of deformed beech
stems. The frequency of sinuous beech stems in MP was lower than in PP, but
the frequency of leaning beech stems was higher in MP than in PP (10.7% vs.
8.7%). Bending beech stems in PP were three times as numerous as in MP, but
the frequencies were similar (respectively 13.0% and 14.0%). Forked beech
stems accounted for 10.7% of total deformed beech stems in MP and 14.1% in
PP. Twisted beech stems had a lower frequency in MP than in PP.
Hornbeam
The number of deformed hornbeam stems was four times as high in PP as in MP
(Table 5), but the frequency of deformed stems in PP was 2.5 times greater than
in MP. The chi-square test (Fig. 5b) showed a significant difference among the
frequencies of deformity types in hornbeam stems in PP, but no significant
difference in MP. Decayed hornbeam stems were the most frequent in both stand
types (29.4% in MP and 21.0% in PP). Conical stems were more frequent in MP
(20.6%) than in PP (16.1%). The frequencies of sinuosity and leaning in
hornbeam were higher in MP (14.75% and 8.8% respectively) than in PP (10.5%
and 6.4%), but the frequency of bending hornbeam stems was lower in MP
(5.9%) than in PP (11.3%). The frequency of forked hornbeam stems in PP
(17.7%) was about three times as high as in MP (5.9%).
Maple
The number of deformed maple stems was five times as high in PP as in MP
(Table 5). The chi-square test showed a significant difference in the frequency of
deformity types in both MP and PP (Fig. 5c). Unlike in the case of beech,
hornbeam and alder, decayed maple stems did not appear in MP. Of total stem
deformities in PP, 13.6% were of the decaying type (Fig. 5c). Maple stems with
twisting and with elliptical cross-section were not observed in MP, while the
frequencies of these types of deformities in PP were 8.3% and 4.8% respectively.
The most frequent maple deformities were bending (32%) and leaning (28%) in
MP, and leaning (26.5%) and sinuosity (18.9%) in PP. The frequency of forked
stems in MP (20%) was higher than in PP (14.4%), and the frequency of conical
maple stems in MP (4%) was slightly lower than in PP (5.3%).
Alder
The number of deformed alder stems was 1.6 times higher in PP than in MP
(Table 5). The chi-square test (Fig. 5d) indicated a significant difference among
the frequencies of deformity types in alder stems in PP, but no significant
difference in MP. Out of the total number of deformed alder stems, the decaying
type had the highest frequency (31.3%) in MP, while the ellipticity type had the
highest frequency (26.9%) in PP (Fig. 5d). The frequency of bending stems was
25.0% in MP. The elliptical cross-section, forking and twisting types of
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deformities were not observed in MP, and sinuous, leaning, and bending stems
were not observed in PP.

Fig. 5. Frequency of stem deformity types in tree species, in protected (PP) and
managed (MP) parcels, and results of chi-square tests

Values of deformity indices
The mean sinuosity index (SI = 1.10) and the mean leaning index (LI = 1.12)
were similar in both MP and PP, and no significant differences were detected
(Table 6). The mean forking index was also not statistically different in MP
(FI = 2.23) and in PP (FI = 2.66).
The mean bending index was significantly (at α = 0.05) higher in MP
(BI = 5.94) than in PP (BI = 5.05), while the mean ellipticity index was
significantly higher in PP (EI = 1.21) than in MP (EI = 1.13) (Table 6).
The mean conicity index was significantly (at α = 0.01) higher in PP
(CI = 6.10) than in MP (CI = 3.95); the mean twisting index was also
significantly higher in PP (TI = 0.11) than in MP (TI = 0.05); similarly the decay
index was statistically higher in PP (DI = 0.06) than in MP (DI = 0.03) (Table 6).
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Table 6. Stem deformity indices (mean ± SD) in parcels (PP: protected parcels; MP:
selection cutting managed parcels) and results of t tests
Index of stem
deformity
Sinuosity (SI)
Leaning (LI)
Bending (BI)
Forking (FI)
Conicity (CI)
Ellipticity (EI)
Twisting (TI)
Decaying (DI)

Parcel

No. of
stem

Mean ± SD

PP
MP
PP
MP
PP
MP
PP
MP
PP
MP
PP
MP
PP
MP
PP
MP

66
19
59
19
49
22
67
13
71
18
39
9
51
4
87
33

1.097 ±0.008
1.098 ±0.007
1.124 ±0.008
1.123 ±0.007
5.054 ±1.197
5.940 ±1.842
2.327 ±1.008
2.660 ±1.055
6.097 ±2.219
3.950 ±1.954
1.212 ±0.085
1.129 ±0.072
0.109 ±0.046
0.045 ±0.021
0.060 ±0.018
0.028 ±0.009

t – value

p-value

0.785

0.450 NS

0.770

0.443 NS

2.406

0.014*

0.785

0.385 NS

3.697

0.000**

2.697

0.010*

2.733

0.009**

4.385

0.000**

*significant at α = 0.05; **significant at α = 0.01, NS: not significant.

The values of stem deformity indices in MP compared with PP showed the
following changes: twisting decreased by 58.4%, decay decreased by 53.9%,
conicity decreased by 24.7%, forking decreased by 8.4%, the elliptical index
decreased by 6.8%, and the bending index increased by 14.9%.

Discussion
The effect of management on frequency and diameter distribution of stem
deformity
The frequency of deformity in MP was three to four times lower than in PP.
Observing the frequency of stem deformity for dbh classes, it was found to be
lower in MP than in PP, confirming that deformity is homogeneously distributed
in both MP and PP. In fact, with the implementation of three periods of selection
cutting in MP, which covers a period of 30 years, the quality of trees remaining
in the forest was improved and the frequency of deformity was significantly
reduced. The reason may be that the selection cutting management is based on
the classical goals of the management approach in the study area, to produce
high quality lumber for industry. On the one hand, by cutting out the deformed
trees, the frequency of deformities was reduced, and on the other hand, this
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intervention provided environmental conditions for the growth of better-quality
trees, improving diameter growth.
The frequency of all types of deformities was significantly lower in MP than
in PP. The initial spacing of stems in stands affects competition between trees for
sunlight, moisture, and nutrients, and therefore influences tree growth patterns
and wood formation [Macdonald and Hubert 2002]. Forest management plays
a key role in tree stem development [Amaral et al. 2019]. Selection cutting of
trees by modifying light and reducing tree crown competitiveness reduced the
frequency of sinuous, leaning and bending stems and favored diameter growth,
improving the quality of the remaining tree boles. Villela et al. [2006], in the
Brazilian Atlantic forest, indicated that the profile diagrams of unlogged and
selection logged stands showed differences in canopy structure, mainly in height
and in crown connectivity. Forking stems were cut during selection cutting
management and the incidence of this type of deformity decreased. Selection
cutting management reduced decaying stems by the extraction of large decaying
trees during the three rotation periods. Although decaying stems were found in
MP (1.63% of the remaining trees), they were mostly caused by mechanical
damage to the residual trees during logging operations [Tavankar and Nikooy
2017b]. This type of deformity mainly depends on harvesting activities and can
therefore be reduced with better organization of work in the forest and with
correct planning of felling and logging works. The greatest damage often occurs
along the skid-trails; therefore, adequate worker training can reduce the
incidence of this serious defect, as well as other negative impacts [Vasiliauskas
2001; Picchio et al. 2016].
Tests of correlation between frequencies of stem deformity and tree dbh
showed that the curve followed a parabolic shape in both MP and PP. In fact, the
frequency of stem deformity was high in both thin and thick trees, and lower in
moderate diameters, in both stand types. Stem deformity in trees with lower dbh
was due to a higher frequency of sinuous, leaning and bending stems, while in
trees with high dbh it was due to a higher frequency of conical and decaying
stems, in both stand types. Tavankar et al. [2019a] observed bending caused by
snow in the lower diameter classes and noted an increase with height and
slenderness coefficient. On leaning stems, rings are often characterized by
a localized zone of abnormally wide growth thickness that causes the pith to be
off‐center [Walker 2006]. This is thought to develop due to stress on the stem,
namely gravity, but is also found to be produced in juvenile wood of trees
experiencing rapid height growth [Barnett and Jeronimids 2003]. Reaction wood
has different anatomical, chemical, and physical characteristics than normal
wood [Plomion et al. 2001; Walker 2006].
Although the presence of stems damaged by timber harvesting operations in
managed forests is detrimental to the quality of the subsequent harvest, the
presence of large individuals with decay can be considered positive in the
context of sustainable and careful management of biodiversity conservation.

20

Farzam TAVANKAR, Mehrdad NIKOOY, Angela LO MONACO, Rodolfo PICCHIO

A careful choice of trees affected by decay which have a low market value for
the production of quality wood, but are of large diameter, to be designated for
indefinite aging makes it possible to create a reserve of habitat trees and to
produce deadwood, useful for biodiversity conservation and the slow release of
carbon [Tavankar et al. 2018; Lo Monaco et al. 2020]. The tradition of removing
the poorest trees and leaving the best does not always enhance non-commodity
values, such as wildlife habitat for cavity-associated species [Kenefic and
Nyland 2007].
Frequency of stem deformity in tree species
The frequency of deformity in the four tree species examined (beech, hornbeam,
maple and alder) was lower in MP than in PP. In fact, selection cutting
management improved the stem quality regardless of tree species. This is linked
to the nature of selection cutting management, which preserves the structure,
composition and diversity of tree species in the stand [Tavankar et al. 2019a].
Obviously, the frequency of stem deformity was affected by the type of
management and tree species. Amaral et al. [2019] indicated that selective
logging modifies the natural dynamics of the forest by increasing mortality,
recruitment and growth rates of residual trees. In the case of beech, the decaying
type in MP and the conicity type in PP were more frequent than other
deformities. Given that beech is the most abundant tree species in both stand
types, more stem decay in MP is caused by logging damage, especially bole
wounds, than other forms of stem deformities. Complete wound closure can take
more than 15 years in a beech forest managed with single-tree selection cutting
[Tavankar 2019b], leaving the injured trees prone to attack by fungi and insects.
Forking in young and understored beech is a consequence of the ability to
survive in low-light conditions, producing a thin and flat crown with weak apical
dominance. This temporary deformity can be overcome when the light
conditions improve [Drénou 2000]. Sometimes the forking is due to mechanical
breakage to the crown, and the tree is unable to restore apical dominance. Wind
and heavy snow more frequently damage crowns at higher altitude [Tavankar et
al. 2019a], contributing to permanent forking formation. Elliptical stems were
the least frequent in both stand types (MP and PP). As noted by Liu et al. [2003],
when the slenderness coefficient of a tree becomes very high, there is
a possibility that the tree may be exposed to bending stress, inducing the
formation of reaction wood, which can affect the technological properties and
end use of the timber.
Species that require high levels of light for regeneration are predicted to
undergo rapid growth to exploit canopy gaps and develop taller stems at the
sapling stage for a given diameter than more shade-tolerant species [Iida et al.
2011]. In addition to tree density, site fertility, canopy degree and physiographic
characteristics of the site (altitude, slope) and climate, age and tree species are
the main factors influencing the form of tree boles in a stand. With increasing
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tree age conicity increases, and shade-intolerant species (pioneer and fastgrowing species) have a less conical shape than shade-tolerant species [Loetch
and Haller 1964; Dudzinska 2003; Nikinmaa et al. 2003; Socha and Kulej 2005].
Also, the shape of tree boles is influenced by the forestry practices carried out in
the past [Macdonald and Hubert 2002; Lee et al. 2003]. As a result, single
selection cuts with an increasing number of young trees and shade-intolerant
species reduces the frequency of conical stems in MP as compared with PP.
In the case of hornbeam stems, there was no significant difference among the
abundances of deformity types in MP, but in PP these differences were
significant. This may be due to the fact that selection cutting management has
reduced over time the frequency difference of all deformity types in MP, such as
sinuosity, leaning, conicity, forking and ellipticity, whereas in PP the frequency
of deformed stems has been maintained.
Maple and alder are pioneer and shade-intolerant species, while beech and
hornbeam are shade-tolerant species. Sinuosity, leaning, and bending are more
likely to occur in pioneer and shade-intolerant species than in shade-tolerant
species [Wang et al. 1998; Liu et al. 2003; Tavankar et al. 2019a]. The
frequencies of sinuosity, leaning, and bending of maple stems in both MP and PP
were higher than those of other stem deformities.
In the case of alder stems, completely different frequencies of deformity
were observed between the two management systems. The sinuosity, leaning and
bending stem deformity types accounted for more than 60% of total deformities
in MP, whereas no such deformity was observed in PP. However, forking,
ellipticity and twisting were not observed on alder in MP. In addition, decay
accounted for a large proportion of the total deformities in MP. As mentioned
above, this is primarily due to the shade-intolerant and fast-growing behavior of
this species, which prefers more open spaces in the forest, such as those close to
roads and skidding trails which are likely to be affected by skidding and
winching during logging operations [Tavankar et al. 2017b].
Values of indices
The results of this research indicate that the selection cutting management
system not only reduced the frequency of all types of stem deformity compared
with the protected parcels, but also caused a reduction of deformity indices.
Forest managers have focused on silvicultural practices, including genetic
improvements that maximize stem wood production [Lowell et al. 2014]. The
values of sinuosity and leaning indices in both parcels are approximately equal.
Poor form properties include loss of apical dominance, formation of numerous
thick branches, angular kinking and distortions of branches, and twisted stems
[Turvey et al. 1993]. The twisting of tree boles is influenced by both genetic and
environmental conditions and is likely to occur for greater resistance against the
wind. It is shown that spiral grain in the direction of the wind-induced torque
improves the bending strength of the tree [Skatter and Kucera 1997].
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In general, a low slenderness coefficient value (the ratio of total height to
diameter at 1.3 m above ground) usually indicates a longer crown, a lower center
of gravity, and a better developed root system. Therefore, trees with higher
slenderness coefficient values (i.e., slender trees) are much more susceptible to
wind damage [Wang et al. 1998] and snow damage [Tavankar et al. 2019a]. Tree
species, genotype, age, competition, site (especially wind exposure), silvicultural
treatment, and size and structure of the crown are all important factors in stem
formation. Among all these factors, the crown, particularly crown length, plays
a decisive role in determining stem form. The fact that torsion might be critical
to the resistance of trees to wind provides an explanation for spiral grain growth
[Skatter and Kucera 1997].
Non-destructive testing on standing trees may help to assess tree quality and
can provide useful indications for silvicultural interventions [Russo et al. 2019].

Conclusions
The results of the present study show that selection cutting management has
improved the quality and form of tree stems in a mixed beech forest. Selection
cutting management has reduced the frequency of stem deformities. Decaying
stems caused by logging damage account for a high percentage, and the need to
adopt appropriate methods to reduce residual stand damage during forest
operations is clear. A reduction in the frequency of stem deformity will make
these valuable forest ecosystems more resistant to future changes and uncertain
environmental conditions such as global warming, hurricanes, heavy rains,
heavy snow and wind, pests, diseases and insects. The research revealed the
importance of choosing trees for cutting. It is essential to consider the stem form
of trees when marking them for silvicultural operations. Trees with deformed
stems should be considered for cutting – of course, taking into account the
diversity of species – to achieve economic goals, but giving consideration to the
presence of thick and rotten trees for the ecological functions they perform in the
forest. These aspects may require further investigation.
The main conclusions that can be drawn from this study are the following.
• Systematic and long-term stand monitoring and statistical quality control
(SQC) are essential to follow the dynamics and ecological processes of
forests.
• The regular use of non-destructive testing may help to assess the quality
of forest trees.
• Silvicultural operations can have significant effects on the stem forms of
trees and timber quality.
• The control of trees’ competition for light in large logging gaps is
important for reducing stem deformity.
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• Selection cutting management can improve stem form and quality in
high mixed beech forests.
• Pioneer species (maple and alder), due to their rapid growth, are more
prone to sinuosity, leaning and bending deformities after selective
logging operations.
• Differences between tree species can affect the frequency and type of
stem deformity in high mixed beech forests.
• Damage to the residual stand during selection cutting operations should
be minimized.
In addition to genetic and environmental factors, stand management is
another important factor for tree bole quality.
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WOOD DENSITY IN EUROPEAN LARCH (LARIX
DECIDUA MILL.) FROM SELECTED PROVENANCES
GROWN AT THE SIEMIANICE FOREST EXPERIMENTAL
STATION

The purpose of this study was to determine variation in the density of wood from
different provenances, growing under the same soil and climate conditions.
Samples were obtained from an experimental site located at the Siemianice Forest
Experimental Station. We analyzed larch wood samples from trees aged 48 years,
collected from six different provenances in Poland. Diameter at breast height
(DBH) and tree height were used to calculate the parameters for sample trees,
from which a 70 cm segment was cut, from breast height upwards (up to 2 m of
tree height). Samples with dimensions 20 × 20 × 30 mm were obtained from the
material. Sample volume was determined by stereometry. Relative density was
determined for 890 samples. The highest wood density was found in trees from
Czerniejewo, and the lowest in trees from Rawa Mazowiecka. Analysis of
variance, including the mean wood density values of trees, did not demonstrate
significant differences between provenances in terms of this characteristic. Mean
relative density was higher in larch wood samples from the heartwood zone. The
density of samples cut closer to the bark was lower, as the value was affected by
the large content of sapwood. A relation was found between the provenances from
which the study material was sourced and the relative density of wood.
Keywords: physical properties of wood, genetic variability, coniferous wood,
sapwood, hardwood, provenance
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Introduction
Modern forest management faces the difficult task of reconciling higher
production with the maintenance of wood quality [Bartoszczuk et al. 2009]. This
may be facilitated by provenance research, aiming at identifying populations
with the most favorable characteristics within each tree species. Knowledge on
the adaptation of trees from various provenances to specific habitat conditions is
equally important. Long-term provenance research at experimental sites allows
assessment of the adaptation of tree provenances to local climate conditions,
which is increasingly important in times of climate change [UNECE/FAO 2011].
Large-scale studies on provenance have been conducted, among other species,
on pine [Oleksyn and Fritts 1991; Oleksyn et al. 1993], Douglas fir [Eilmann
et al. 2013; Sergent et al. 2014], and larch [Oleksyn and Fritts 1991; Oleksyn
et al. 1993; Szeligowski 2001; Wilczyński and Kulej 2013]. For larch,
provenance studies have provided valuable findings regarding the spatial
variability of the species [Serre 1978; Eckstein and Aniol 1981; Feliksik 1992;
Feliksik and Wilczyński 1998a, b; Carrer and Urbinati 2004, 2006; Danek 2009;
Wilczyński 2010; Danek and Danek 2011; Koprowski 2012; Bijak 2013; King
et al. 2013; Wilczyński et al. 2014; Vitas 2015; Tumenjargal et al. 2020].
Research on variation in the structure of wood from other species indicates
a strong impact from genetic factors, as well as from the environment and
forestry practices, on the wood forming process [Zobel and Talbert 1984; Zobel
and Jett 1995; Vaganov et al. 2006; Schweingruber 2007; Szaban et al. 2014b;
Michalec et al. 2020].
Larch is among the most economically valuable coniferous forest-forming
tree species in Europe. Its greatest advantages include a high yield of quality
wood and rapid growth of wood mass [Büntgen et al. 2005]. Compared with
other species, it also has relatively modest habitat requirements. Larch is
typically an addition to multi-species tree stands in fresh deciduous forest, fresh
mixed forest, and sometimes fresh coniferous forest habitats, enhancing their
quality [Chylarecki 2000]. It is found in small, spatially scattered, and isolated
areas. In past centuries, larch migration was influenced by artificial spread
associated with forest management [Rożkowski et al. 2011]. It is a boreal, highly
light-demanding, pioneer species. It is distinguished by rapid growth
[Bruchwald and Zasada 2010], high wood quality [Spława-Neyman et al. 1997;
Szaban et al. 2013a, 2013b], and high resistance to air pollution [Karolewski and
Białobok 1979; Feliksik 1991]. In Poland, two larch subspecies are important for
forest formation: the European larch, Larix decidua Mill. subsp. decidua; and
the Polish larch, Larix decidua Mill. subsp. polonica (Racib.) Domin [Mirek et
al. 2002].
Larch wood has a higher density [Petras et al. 2019] and higher resin content
in the heartwood than Scots pine or European spruce [Bergstedt and Lyck 2007].
Wagenführ [2007] reports that the density of larch wood varies between 400 and
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820 kg·m−3. This significant variation in wood density indicates that population
variability between provenances may be expected in the species. Research on
wood density is important, as this basic physical property of wood affects most
of its strength characteristics, which are fundamental for larch wood buyers.
The purpose of our study was to determine variation in the density of wood
from different provenances, growing under the same soil and climate conditions
at the Siemianice Forest Experimental Station.

Materials and methods
Material for the study was collected from the Siemianice Forest Experimental
Station (E 18˚19’46,90", N 51˚21’00,12"; Fig. 1). The analysis included
European larch wood samples from trees aged 48 years, collected from six
different Polish provenances and grown on a common site.

Fig. 1. Experimental site and provenance locations in Poland: 1 – Konstancjewo-Płonne, 2 – Czerniejewo, 3 – Rawa Mazowiecka, 4 – Skarżysko, 5 – Bliżyn, 6 –
Krościenko;
- location of the experimental site at the Siemianice Forest
Experimental Station

The experimental site from where the wooden samples were taken was
established in 1966 in a fresh mixed-coniferous forest, on podsolic soils with
weakly loamy sands. European larch seedlings (Larix decidua Mill.) were grown
on the site from seeds originating from selected Polish provenances. The area on
which the seedlings were planted was flat, uniform in terms of the type of soil,
and having the same moisture content throughout the area. The seedlings were
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planted in five replications, i.e. each provenance was represented in five plots.
The trees were planted with the same spacing, thus the conditions for tree
growth were the same for all origins. The analysis included wood from six
provenances, growing on the experimental site (Fig. 1). The provenances were
numbered as follows:
 Konstancjewo-Płonne – P1,
 Czerniejewo – P2,
 Rawa Mazowiecka – P3,
 Skarżysko – P4,
 Bliżyn – P5,
 Krościenko – P6.
Diameter at breast height (DBH) and tree height were used to calculate the
parameters for sample trees, which were then selected at random. From each tree
felled for analysis, a 70 cm segment was cut, from breast height upwards (up to
2 m of tree height). Due to the axial variation in density, the segments were
collected at the same height from each tree. The northern direction was marked
on the segments, as samples were obtained from a board sawn along the north-south axis. Two strips, 700 mm long and with a cross section of 20 × 20 mm,
were cut from each board, and then used to prepare classic 20 × 20 × 30 mm
samples for density testing in accordance with the ISO 13061-2 standard.
Samples from the strip closer to the pith were marked I, and those from the strip
farther from the pith were marked II (Fig. 2). Samples with defects (knots,
cracks, rot) or with fibers not parallel to the axis of the sample were rejected.
From each segment 20 samples were obtained: 10 from wood closer to the pith
(I) and 10 from wood farther from the pith (II). An exception was provenance 5,
from which only 5 trees were collected, and thus the number of samples per tree
was increased to 30 (15 samples from strip I and 15 from strip II).
Sample volume was determined by stereometry. Samples were immersed in
distilled water for 48 hours until maximum swell was reached. After drying, the
samples were measured using a manual caliper with a precision of 0.05 mm.
Subsequently, the samples were dried at 103 ±2°C until no weight loss was
recorded, in accordance with Williamson and Wiemann’s [2010] guidelines on
drying temperature. Dried samples were weighed using Sartorius Basic
electronic scales with a precision of 0.01 g. Relative density was calculated
using the following formula:
m
ρ= 0
V max
where:
ρ is the relative density [g cm-3],
m0 is the dry sample weight [g],
Vmax is the sample volume in the state of maximum swell [cm3].
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Fig. 2. Sampling method for larch wood density testing. N – north. I and II –
designation of strips from which the samples were taken

Relative density was determined for 890 samples from 6 provenances. The
number of samples per provenance was not equal, and depended on the number
of trees collected (Table 1).
Impact of provenance on wood density was analyzed using a model
including the random effect of the tree and the number of measurements made
(10 or 15 measurements per strip). The analysis of unbalanced data was
performed for the linear mixed model using residual/restricted maximum
likelihood (REML) analysis. Analysis using the REML algorithm, which
estimates the variance components using residual maximum likelihood, provided
corrected mean density values for all provenances. To verify hypotheses on the
significance of fixed effects, t-tests were performed using the Satterthwaite
method [lmerModLmerTest], and the conclusions were confirmed using the
likelihood-ratio and permutation tests, which were also used to test the
significance of random effects. The same methodology was used to test the
radial variation of density, and the impact of distance between the sample and
the pith on mean wood density in the studied trees. A significance level of 0.05
was used for inferences. A value of N = 1000 was used for the permutation tests.
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Analyses were performed using R 3.5.2 software with the lmerTest, lme4, and
lattice packages.

Results and discussion
Impact of provenance on the relative density of larch wood
Considering all measurements together for each provenance, and disregarding
the effect of the tree and sample location (strip I or II), the highest wood density
was found in trees from P2 (0.506 g·cm-3), and the lowest in trees from P3
(0.461 g·cm-3) (Table 1).
Table 1. Measures of position for the relative density of wood from the analyzed
provenances
Minimum Mean Median Maximum Standard Variation
deviation coefficient
(%)
(g cm-3)

Provenance

N of valid
measurements

1

140

0.352

0.470

0.470

0.589

0.050

11

2

160

0.394

0.506

0.510

0.624

0.050

10

3

160

0.368

0.461

0.450

0.685

0.051

11

4

140

0.376

0.475

0.468

0.618

0.042

9

5

150

0.379

0.486

0.475

0.629

0.049

10

6

140

0.418

0.497

0.496

0.593

0.032

6

The lowest relative density values were found for a sample from P1
(0.352 g cm–3) and for a sample from P3 (0.368 g·cm–3). The highest relative
density values were found for a sample from P3 (0.685 g·cm–3) and for a sample
from P5 (0.629 g·cm–3). The highest standard deviation was found for P3
(0.051 g·cm–3). Similar values were also found for two other provenances, P1
and P2, for which the standard deviation was 0.050 g·cm–3. The lowest standard
deviation was found for P6 (0.032 g·cm–3). The coefficient of variation was the
highest (11%) for P1 and P3 (Table 1).
Analysis of variance including the mean wood density values of trees did not
demonstrate significant differences between provenances in terms of this
characteristic (p = 0.0788) (Fig. 3).
Findings from our study partly confirm those from previous studies
performed at the same experimental site by Spława-Neyman et al. [1997]. These
authors determined, among other things, the provenances of larch that produce
the highest wood density. Their list of best provenances is similar to that
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Fig. 3. Distribution of larch wood densities for the studied provenances at the
Siemianice Forest Experimental Station (midline of box – median, * – mean, lower
border of box – 25th percentile, upper border of box – 75th percentile, upper
whisker – largest value within 1.5 times interquartile range above 75th percentile,
lower whisker – smallest value within 1.5 times interquartile range below 25th
percentile, ° – outlier: value is > 1.5 times and < 3 times interquartile range beyond
either border of the box)

established in the present study. Only P1 had a higher place in the wood density
ranking. Slightly different results for wood from this site had been presented by
Miler and Rzeźnik [1982]. Their rankings for wood density differed from the
present ones. Notably, however, those authors collected samples from 12-yearold trees and did not report the number of trees cut from the site.
The present findings also confirmed the rankings in terms of other larch
wood characteristics. Szaban et al. [2014a] obtained the same ranking of
provenances with respect to modulus of elasticity. The present findings also
strictly correspond to those from previous studies in terms of compressive and
bending strength [Szaban et al. 2013a, b].
Impact of provenance on the radial variation of relative wood density
Mean relative density was higher in larch wood samples from strips cut closer to
the pith (strip I). For all the sampled trees, their mean density was 0.488 g·cm–3.
Mean density for samples from the strip cut farther from the pith (II) was
0.475 g·cm–3. The highest density for an individual sample, 0.685 g·cm–3, was
found in a sample from strip I. Values calculated for samples from strips cut
farther from the pith had a slightly higher spread, with a standard deviation of
0.049 g·cm–3. In both cases (samples from strip I and II) the coefficient of
variation was 10% (Table 2).
An initial analysis of these measurements revealed considerable differences
in the radial distribution of wood density values between individual trees within
a location (Fig. 4).
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Table 2. Statistical characteristics for radial variation of relative density
Distance
from pith

N of valid
measurements

Mean

Minimum

Maximum

Median

Standard
deviation

(g·cm–3)

Variation
coefficient
(%)

I

445

0.488

0.352

0.685

0.492

0.048

10

II

445

0.475

0.368

0.629

0.469

0.049

10

Fig. 4. Radial variation in the density of larch wood from provenances at the
Siemianice Forest Experimental Station (I and II – sample position by distance
from pith, in ascending order; 1, 2, 3 – provenance number; 1_1, 1_2, 1_2 –
individual trees in a provenance) (midline of box – median, * – mean, lower border
of box – 25th percentile, upper border of box – 75th percentile, upper whisker –
largest value within 1.5 times interquartile range above 75th percentile, lower
whisker – smallest value within 1.5 times interquartile range below 25th percentile,
° – outlier: value is > 1.5 times and < 3 times interquartile range beyond either
border of the box)

For samples from strip I, closer to the pith (Fig. 4), the random effect of the
̂ 2T =0.0012 ; that is, 52.6% of the total variance (0.0023, the sum of the
tree is σ
estimates of the variance component between the trees and the residual variance
component) in wood density was associated with the individual tree. This
confirms observations made by visual inspection of the above diagram (Fig. 4).
The highest density in samples from strip I was found for P2 (0.4980 g·cm–3),
and the lowest for P3 (0.4504 g·cm–3) (Table 3).
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Table 3. Mean relative densities of larch wood for the different provenances and
positions within the cross-section (strip I – closer to the pith; strip II – farther from
the pith)
Strip II

Strip I
Provenance

Mean wood density
(g·cm–3)

1

0.4769

0.4626

2

0.4980

0.5131

3

0.4504

0.4716

4

0.4605

0.4892

5
6

0.4759
0.4898

0.4955
0.5028

Significance tests for fixed effects produced consistent results. None of
these tests confirmed a significant difference in wood density between
provenances (the p-values for the likelihood-ratio test and permutation test were
0.0838 and 0.0920 respectively). However, the results show that σ 2T variance
is significantly different from zero, and therefore, the effect of trees should be
considered significant (p-values of < 0.05 in both tests).
For samples cut farther from the pith (containing sapwood), variance in
̂ 2T =0.0009 (p-values < 0.05 in both
density due to the effect of the tree was σ
tests), and accounted for 44.2% of total variance (0.0021) in wood density. In
this case, the effect of location was statistically significant, as confirmed by all
of the tests performed (the p-values for the likelihood-ratio test and permutation
test were 0.0262 and 0.0240 respectively). The highest density was found in
wood from provenance 2 (0.5131 g·cm–3) and the lowest in wood from
provenance 1 (0.4626 g·cm–3). Contrast analysis showed significant differences
between locations 1 and 2 (p = 0.0049), 1 and 6 (p = 0.0268), and 2 and 3
(p = 0.0152) (Table 4).
The above analyses were used as a basis for formulating a ranking list of the
best provenances, yielding wood with the highest relative density:
1. Czerniejewo (P2), 2. Krościenko (P6), 3. Bliżyn (P5), 4. Skarżysko (P4), 5.
Konstancjewo-Tonkowo (P1), 6. Rawa Mazowiecka-Trębaczew (P3).
In all provenances, the mean density of samples cut farther from the pith was
lower than that of samples cut closer to the pith. These findings regarding
variation in density throughout the cross-section seem inconsistent with the
thesis regarding the relationship between wood density and position within the
cross-section. Samples used in our study were collected from the peripheral part
of the cross-section and from an area between the peripheral layer and the pith.
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Table 4. Assessment of difference in mean density between samples cut farther from
the pith (strip II) from the different provenances (t-test and Satterthwaite’s method
were used to evaluate the statistical significance of contrast) (* – statistically
significant values)
Provenance

1

2

0.0505 0.0049**

3

0.0090 0.5972

-0.0415 0.0152*

4

0.0266 0.1357

-0.0239 0.1644

0.0176

0.3041

5

0.0329 0.0900

-0.0176 0.3445

0.0239

0.2014 0.0063 0.7390

6

0.0402 0.0268* -0.0103 0.5447

0.0312

0.0724 0.0136 0.4390 0.0073 0.0702

2

3

4

5

The density of samples cut closer to the bark is lower, as the value was most
likely affected by the large content of sapwood in the sample, while samples cut
closer to the pith were composed of heartwood only. The trend of radial variation
in wood density, observed in our comparison of wood from different
provenances, where density decreases as distance from the pith increases, is
likely to become stronger in older trees.
The provenance of the seeding material does have an impact on wood
properties, but effects of other factors cannot be excluded. Both the habitat,
particularly abandoned agricultural land as opposed to forest stands on standard
forest soils [Cukor et al. 2020], and a number of other external factors have a
significant impact on tree growth. Initial spacing and forestry practices are major
factors. Genes inherited by the trees may predispose them to absorb and use
nutrients, affecting the formation of wood, or to react in specific ways to a
variety of external factors. The structural variability of individual trees is also
large, which affects their further growth and development [Jelonek et al. 2019],
giving them the appropriate biosocial standing [Wertz et al. 2020].
An understanding of the variability of larch wood in Poland will enable the
selection of populations so as to guarantee the most desirable quality of wood
material produced [Szeligowski 2001; Wilczyński and Kulej 2013]. Periodically
repeated studies in experimental sites provide data on the properties of wood
obtained from trees of specific ages. For this study, trees of pre-felling age were
used. One may assume that the wood will continue to exhibit variability, and that
other factors will also affect the characteristics of interest in the future. These
factors include, for example, variation in the proportions of earlywood and
latewood, typical for coniferous tree wood [Wąsik et al. 2020], and differences
in peak increment between provenances. Axial variation in wood density is also
important: in some conifers it is greater within a single trunk than between
individuals from a given stand, as shown in a study on fir wood density [Ochał
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et al. 2018]. Therefore, material from valuable and unique experimental sites
should be further analyzed in subsequent periods.

Conclusions
 A relation exists between the provenances from which the study material was
sourced and the relative density of wood.
 Mean relative density was highest for larch wood from provenance 2
(Czerniejewo), and lowest for wood from provenance 3 (Rawa Mazowiecka).
 Our study provides a basis for formulating a “ranking list” of the best
provenances of larch in Poland, yielding wood with the highest density:
1. Czerniejewo (2), 2. Krościenko (6), 3. Bliżyn (5), 4. Skarżysko (4),
5. Konstancjewo-Tomkowo (1), and 6. Rawa Mazowiecka-Trębaczew (3).
 The relative density of larch wood was found to vary depending on its
position within the cross-section of the trunk. Wood from the peripheral part,
with a high share of sapwood, had lower relative density than wood sampled
closer to the pith, which was composed of heartwood.
 Differences in relative density of wood between the studied provenances
were found only for samples from the outer layers of the trunk.
 Continued research on provenance is warranted, with a view to selecting the
provenances that produce wood material of the highest quality. In times of
increasingly visible climate change, new provenance studies should be
planned, so as to investigate the adaptive capabilities of trees from various
locations.
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PARTICLEBOARDS WITH PARTIALLY LIQUEFIED BARK
OF DIFFERENT PARTICLE SIZES

This paper presents a novel method of partially liquefying bark sawmilling waste
for use in making particleboards. Maritime pine (Pinus pinaster Ait.) bark of
different particle sizes (fine, medium, coarse, and mixed) was partially liquefied in
the presence of ethylene glycol as a solvent and sulphuric acid as a catalyst at
180°C for 30 minutes. Single-layer particleboards were prepared by mixing
partially liquefied bark (PLB) and wood chips at a ratio of 0.25 with no adhesives
(group A) and at ratios of 0.25 or 0.1 with melamine-urea-formaldehyde (MUF)
adhesives for additional bonding (groups B and C respectively). Mechanical and
physical properties of the particleboards were tested according to European
standards. The results showed that the boards in group A had lower densities,
inferior mechanical properties and higher moisture content than those in groups
B and C. Bark particle size had a significant effect on the mechanical properties
of particleboards within each group. Additional MUF bonding and avoidance of
coarse bark particles had a positive effect on mechanical properties. The
thickness swelling (TS) and water absorption (WA) values of MUF-bonded boards
were lower than those of boards without MUF, and greater addition of PLB
produced particleboards with better water resistance. Bark particle size was not
as critical for TS and WA as for mechanical properties. The overall results
suggested using a bark particle size of < 2 mm for further studies.
Keywords: bark, ethylene glycol, liquefaction, maritime pine, MUF resin,
particleboard
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Introduction
Particleboard is a wood-based composite made from wood chips (particles) and
some other lignocellulosic materials bonded with synthetic adhesives (e.g., urea-formaldehyde, melamine–urea–formaldehyde, and isocyanates). Particleboard
is mainly used by the furniture industry because of its low weight, economical
price, and existing processing technology [Barbu et al. 2014]. Competition for
raw materials with other industry sectors (especially the bioenergy sector),
sustainable forest management issues, and increasing transport costs have all led
to an increase in the price of wood raw materials for the wood panel industry. It
is reported that the global demand for particleboards for furniture and flooring
has experienced a strong recovery since 2012, and an expansion in particleboard
production is forecast to continue [BIS Shrapnel 2013; FAO 2017]. The demand
for wood panels is constant in Europe, while it is expected to increase with an
average annual growth rate of 1.05% from 2015 to 2030 in China, which is
a large consumer of panels [Barbu et al. 2014; Yildirim 2019].
There has been a trend in using agricultural residues, industrial wastes like
bark, and other lignocellulosic materials such as bamboo for producing
particleboards [Blanchet et al. 2000; Papadopoulos et al. 2004; Yemele et al.
2008b; Madurwar et al. 2013]. Bark as sawmill residue has been studied as a raw
material in wood-based panels as well as insulation boards for construction [Gao
et al. 2011; Kain et al. 2012; Feng et al. 2013; Aydin et al. 2017]. Blanchet et al.
[2000] prepared particleboards from black spruce bark using urea–formaldehyde
resins. They reported that particleboards with a 1:1 ratio of wood to bark
particles, 14% resin content in the surface layer, and 2-6 mm bark in the core
layer had the best mechanical properties, including modulus of elasticity,
modulus of rupture, and internal bond. Yemele et al. [2008a] investigated the
effects of bark content and particle geometry on the physical and mechanical
properties of particleboard made from black spruce and trembling aspen. Their
results showed that increasing bark content led to decreased mechanical
properties, and slightly increased linear expansion and thickness swelling. The
internal bond strength of particleboard made with 50% bark content decreased
with increasing particle size. As reported by some others, the use of bark in
wood-based panels can cause a decrease in density, which accounts for the
decrease in mechanical properties [Nemli and Çolakoğlu 2005; Yemele et al.
2008b; Kain et al. 2012].
Due to the existence of tannin in the bark chemical composition, it is
possible to use bark for binderless boards [Gupta et al. 2011]. Thermo-mechanical refining of black spruce bark led to hydrolysis of hemicelluloses
and plasticization of lignin for the preparation of fibres for self-bonding under
a hot press [Velásquez et al. 2002; Gao et al. 2011]. Geng et al. [2006] also
reported a pretreatment of bark using an alkaline solution followed by steam-pressurized refining to prepare fibres for fibreboards. After pretreatment and
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refining, the condensed polyphenolics, including condensed tannins and
hydrolysed hemicelluloses, acted as binders for the fibreboards during hot-pressing.
Bark can also be used for other value-added applications such as tannin-based adhesives, preservatives and foams, and resins based on liquefaction or
pyrolysis products [Feng et al. 2013]. A series of papers has been published on
the liquefaction of bark and other lignocellulosic materials for application in
wood adhesives [Pan 2011; Feng et al. 2013; Jiang et al. 2018]. Lee and Liu
[2003] prepared particleboards bonded with phenol-formaldehyde resins based
on liquefied bark. Specifically, they liquefied barks of Taiwan acacia and fir in
phenols catalysed by sulphuric acid and hydrochloric acid. The results showed
that the viscosities and thermal properties of resol resins were affected by the
catalyst type and bark origin. Particleboard made with resol resin based on the
liquefied Taiwan acacia bark catalysed by sulphuric acid had the best mechanical
properties and the lowest thickness swelling among all particleboard types.
Janiszewska [2018] liquefied bark in polyhydric alcohols and
p-toluenesulphonic acid at 120°C for 2 hours, and then prepared three-layer
particleboards using adhesives by combining commercial melamine-urea-formaldehyde (MUF) and liquefied bark (LB). It was also found that replacing
MUF with LB led to a slight reduction in the formaldehyde content.
Nowadays, most commercial particleboards are manufactured with
formaldehyde-based adhesives, which can result in environmental issues and
health concerns [Abuarra et al. 2014; Solt et al. 2019]. Research on liquefied
biomass-based adhesives has received remarkable attention, and although these
alternatives have shown competitive properties, they have not entered
commercial use. A better understanding of reaction pathways and optimization
of the liquefaction processes are prerequisites for further development [Jiang
et al. 2018]. To minimize the negative effect of bark on the mechanical strength
of particleboards, and to utilize the chemical characteristics of bark, this paper
presents a novel approach in using partially liquefied bark (PLB) for
particleboard production. Partial liquefaction of biomass represents a new route
in this area and has not been reported previously by other researchers. Bark was
partially liquefied in ethylene glycol catalysed by sulphuric acid. The obtained
PLB, which could serve as a furnish material with binding ability, was mixed
with wood chips for making single-layer particleboards with the addition of
MUF adhesives or without. It was hypothesized that PLB particles with
chemical-activated surfaces can create chemical linking with wood chips, thus
forming a homogeneous and interconnected furnish. The effects of bark particle
sizes on the physical and mechanical properties of the particleboards were
investigated.
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Materials and methods
Materials
Bark of maritime pine (Pinus pinaster Ait.) was used for liquefaction. Bark was
provided by BVB Substrates (De Lier, Netherlands). Bark was milled with
a CSK 360/N1 Condux mill (Hanau, Germany) and screened to three different
sizes: fine (< 1 mm), medium (1-2 mm), and coarse (> 2 mm). Chemicals used
for liquefaction were ethylene glycol (Honeywell, Germany) as a solvent and
96% sulphuric acid (KEMIKA d.d., Croatia) as a catalyst. Fresh wood chips
from spruce (Picea spp.) were collected from a local sawmill in Ljubljana,
Slovenia. Melamine-urea-formaldehyde (MUF) resin H97 was provided by
Melamin Kočevje d.d., Slovenia. Ammonium sulphate with 20% solid content
was used as a hardener for MUF, and 1,4-dioxane purchased from VWR
(Stockholm, Sweden) was used for the purification of liquefaction products.
Partial liquefaction
The bark fractions were dried in an oven at 105°C for 24 h before liquefaction.
Bark liquefaction was carried out in a 1000 ml three-neck glass reactor,
equipped with a stirrer and a condenser. Four bark particle size fractions, of all
sizes (mixture), fine (< 1 mm), medium (1-2 mm), and coarse (> 2 mm), were
used for the partial liquefaction. Four liquefactions were carried out, by loading
fine, medium or coarse bark or a mixture thereof (an equal oven-dry weight of
each size fraction) with solvents and catalysts into a reactor. For each
liquefaction of the bark fractions, the ratio of solvent to bark was 3:1 (w/w) and
the catalyst concentration was 3% based on the solvent mass. The reactor was
immersed in an oil bath and kept at 180°C for 30 min with continuous stirring.
The selected liquefaction method allowed only partial liquefaction (activation of
bark surface) of the bark materials. As described in previous work [Jiang et al.
2020], the partially liquefied bark (PLB) product is a wet material with a solid
content of 41% (oven-dried mass of solids divided by total PLB mass)
containing unreacted solvent and liquefaction derivatives. The four categories of
PLB obtained from partial liquefaction of different bark fractions were marked
respectively as PLB-A, PLB-F, PLB-M, and PLB-C.
Particleboard manufacture
Wood chips were hammer-milled and then dried (16 hours at 70°C) to a moisture
content of less than 4%. A single-layer particleboard was used as a control board
and was made from wood chips and 10% MUF resin. Twelve single-layer
experimental particleboards were made from PLB and wood chips with or
without adding MUF resin. All boards were prepared with a target thickness of
8 mm. Wood chips together with each PLB category and MUF resin were
blended and hand-formed into a 500 × 500 mm2 particle mat. The mats were hot-
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-pressed at 180°C under a maximum pressure of 3.0 N·mm-2, which was
afterward adjusted to enable vapor degassing (the degassing stage lasted 150 s,
and pressure of 1 N·mm-2), followed by a final mat densification and curing
stage (180 seconds). A pressing diagram can be seen from the previous paper
[Jiang et al. 2020]. Due to the high moisture in the mats, the total pressing time
was 7 minutes for each board (pressing factor 52.5 s·mm-1). Table 1 shows the
manufacturing parameters of the particleboards, which were divided into four
groups. Boards in group A were made by mixing PLB from partial liquefaction
of the different bark particle size categories and wood chips at a weight ratio of
0.25 without using MUF resin for additional bonding. Boards in group B were
made with PLB and wood chips at the same ratio of 0.25, and 10 wt% of MUF
based on the weight of oven-dried wood chips and wet PLB. Boards in group C
were made with a PLB-to-wood weight ratio of 0.1 and an additional 10 wt% of
MUF.
Table 1. Experimental design
Group

Particleboard

Bark particle
size*

PLB-to-wood weight
ratio

MUF
(wt%)

Control

–

–

–

10

A

25PLB-A
25PLB-F
25PLB-M
25PLB-C

All sizes (A)
Fine (F)
Medium (M)
Coarse (C)

0.25 (1:4)
0.25
0.25
0.25

0
0
0
0

B

25PLB-A-MUF
25PLB-F-MUF
25PLB-M-MUF
25PLB-C-MUF

A
F
M
C

0.25
0.25
0.25
0.25

10
10
10
10

C

10PLB-A-MUF
10PLB-F-MUF
10PLB-M-MUF
10PLB-C-MUF

A
F
M
C

0.10 (1:10)
0.10
0.10
0.10

10
10
10
10

*Bark

size denotes the size of bark particles used for liquefaction.

Particleboard testing
All particleboards were tested for physical and mechanical properties according
to the European standards concerning board thickness (EN 324-1:1993,
6 samples), density (EN 323:1993, 6 samples), moisture content (EN 322:1993,
4 samples), modulus of elasticity (MOE) and rupture (MOR) in bending (EN
310:1993, 5 samples), internal bond (IB) strength (EN 319:1993, 8 samples),
and thickness swelling (TS) and water absorption (WA) after water immersion
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(EN 317:1993, 8 samples). A tensile test parallel to the surface of the board was
also applied with six samples of 25 × 210 mm2 (width × length) from each
board. Mechanical tests were performed using a Zwick/Roell Z005 universal
testing machine (Zwick/Roell GmbH, Ulm, Germany).
ANOVA analysis
SPSS version 25.0 (IBM Corp., Armonk, NY, USA) was used for statistical
analysis of the test results. One-way ANOVA was performed on the physical and
mechanical results for the analysis of variance at a 95% confidence interval
(p < 0.05). The statistical differences between mean values within the different
groups were assessed using the Tukey test.
Fourier Transform Infrared (FTIR) spectroscopy
The chemical structure of raw bark, crude PLB, oven-dried PLB (O-PLB), and
oven-dried purified PLB (OP-PLB) was analysed with a Fourier Transform
Infrared spectrometer (Alpha FTIR spectrometer, Bruker, Karlsruhe, Germany)
with a versatile high-throughput ZnSe ATR crystal. Purified PLB was prepared
by first dissolving crude PLB in a solvent mixture of 1,4-dioxane and water at
a mass ratio of 4:1, and then centrifuging the solutions at 1000 rpm for 10 min to
remove the residual solvents and intermediate chemicals, as described
previously [Jiang et al. 2020]. The FTIR analysis was performed in a wavelength
range from 4000 to 800 cm -1 at room temperature, accumulating 64 scans with
a resolution of 4 cm-1.

Results and discussion
The physical properties of all particleboards are given in Table 2. Using a PLB-to-wood ratio of 0.10 with the presence of MUF adhesives (group C) did not
cause large differences in the density and thickness, but led to lower moisture
content in the boards compared with the control. However, when using a higher
loading of PLB, at a PLB-to-wood ratio of 0.25 with or without MUF, the boards
in groups A and B had much lower density, larger thickness, and higher moisture
content than both group C and the control board.
The particleboards in group A made with a PLB-to-wood ratio of 0.25 with
no adhesives were found to have lower average densities than those in group B
and C (Table 2). The reason for such results may be related to a larger
springback effect due to the lack of adhesive bonding between the wood chips
and partially liquefied bark in the boards of group A compared with groups B
and C. Hence, relaxation occurred, leading to a higher thickness and lower
density. The addition of MUF adhesives in the particleboards (group B and C)
contributed to a more stable bond between wood chips and partially liquefied
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bark, thus resulting in lower springback and hence lower thickness and higher
density.
Table 2. Physical properties of particleboards made with partially liquefied bark of
different sizes (mean values ± standard deviations)
Group

Particleboard

Density
(kg/m3)

Thickness
(mm)

Moisture content
(%)

Control

–

754.58 ±17.32

7.63 ±0.09

8.66 ±0.07

A

25PLB-A
25PLB-F
25PLB-M
25PLB-C

553.70 ±17.52
603.29 ±10.31
602.62 ±53.51
436.52 ±45.19

8.32 ±0.27
8.47 ±0.12
8.13 ±0.15
8.52 ±0.12

14.30 ±0.98
13.34 ±0.53
12.99 ±0.90
13.89 ±0.68

B

25PLB-A-MUF
25PLB-F-MUF
25PLB-M-MUF
25PLB-C-MUF

685.89 ±61.78
616.96 ±97.92
633.16 ±42.18
628.92 ±36.17

7.79 ±0.11
7.85 ±0.07
7.88 ±0.06
7.89 ±0.09

15.79 ±3.47
12.27 ±0.71
11.77 ±0.42
12.65 ±0.83

C

10PLB-A-MUF
10PLB-F-MUF
10PLB-M-MUF
10PLB-C-MUF

728.03 ±19.38
759.12 ±34.83
717.32 ±61.13
751.62 ±65.10

7.60 ±0.15
7.64 ±0.12
7.64 ±0.06
7.77 ±0.06

6.46 ±0.33
5.54 ±0.26
7.58 ±0.36
6.80 ±0.30

Higher loading of PLB in groups A and B compared with group C led to
a decrease in the density, because of the high amount of unreacted solvents and
aqueous intermediate fragments from the liquefaction, such as water, furfurals,
acids, and aldehydes, in the PLB [Yamada and Ono 2001; Zou et al. 2009;
Dussan et al. 2015]. These liquids evaporated during the pressing process. An
analysis of the chemical composition of bark and PLB products based on FTIR
is shown in Fig. 1. Ethylene glycol exhibited typical absorption bands in the
FTIR spectrum as follows: strong OH stretching at 3300 cm -1; symmetric and
asymmetric CH stretching vibrations at 2935 and 2872 cm -1; weak bands
corresponding to C–O vibrations between 1456 and 1330 cm -1; strong bands at
1078, 1037, and 874 cm-1 corresponding to CH2 groups [Chirea et al. 2011]. All
the above absorption bands were observed in crude PLB but not in O-PLB or
OP-PLB, which proved the presence of unreacted ethylene glycol in the crude
PLB that can be removed by oven-drying or purification. The PLB residues,
presented as O-PLB and OP-PLB, exhibited different chemical structures than
raw bark. A broad band corresponding to C–O linkage between 1266 and
1030 cm-1 was found in O-PLB and OP-PLB but not in raw bark, indicating the
formation of new substances, as described in previous work [Jiang et al. 2020].
A band shift from 1743 cm-1 in the raw bark to 1720 cm-1 in O-PLB and
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OP-PLB was observed and was attributed to the hydrolysis of hemicellulose and
the solvolysis of cellulose to form levulinic acid esters [Yamada and Ono 2001;
Kobayashi et al. 2004]. The changes in the chemical structure of bark before and
after partial liquefaction confirmed the initiation of the liquefaction process. The
unreacted solvent and intermediate chemicals may prolong the liquefaction and
promote further recondensation reactions during the pressing of particleboards,
since the required liquefaction temperature was the same as the pressing
temperature of 180°C.

Fig. 1. Fourier transform infrared (FTIR) spectra of raw bark, crude partially
liquefied bark (PLB), oven-dried PLB (O-PLB), oven-dried purified PLB
(OP-PLB), and ethylene glycol

As shown in Table 2, the bark particle size used at liquefaction seemed to
affect the physical properties only in the case of boards made without MUF
(group A), where the particleboards made with PLB from mixed-size or coarse
bark had lower densities and higher moisture content than those with PLB from
fine bark or medium bark. Due to their higher density values, particleboards of
groups B and C had higher MOR, MOE, IB, and tensile strength than those of
group A, but only group C attained mechanical strength comparable to that of
the control board (Table 3). This was expected, as MUF provided sufficient
bonding to the wood chips, but a limited portion of PLB should be used. The
statistical analysis (noted in Table 3) showed that the bark particle size used at
liquefaction had a significant effect (p < 0.05) on the mechanical properties of
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particleboards within each group. An exception was noted for the MOR of
particleboards made with a PLB-to-wood chips ratio of 0.25 and 10 wt% MUF
(group B), where no significant differences related to bark particle size could be
observed.
Table 3. Mechanical properties of particleboards made with partially liquefied bark
of different sizes (mean values ± standard deviations)
Group

Panel type

Control

MOR
(MPa)
20.97 ±2.85

MOE
(MPa)
2643 ±223

IB
(MPa)
1.02 ±0.25

Tensile
strength
(MPa)
10.29 ±0.85

A

25PLB-A
25PLB-F
25PLB-M
25PLB-C
Sig.

2.37 ±0.88a
2.57 ±1.22a
2.72 ±0.74a
0.85 ±0.10b
0.003

737 ±297a
826 ±366a
813 ±258a
152 ±26b
0.001

0.06 ±0.02a
0.08 ±0.02b
0.10 ±0.01b
0.01 ±0.01c
0.000

0.98 ±0.30ab
1.26 ±0.06a
0.75 ±0.16b
0.30 ±0.07c
0.000

B

25PLB-A-MUF
25PLB-F-MUF
25PLB-M-MUF
25PLB-C-MUF
Sig.

13.84 ±5.03a
13.33 ±2.45a
8.95 ±3.20a
11.25 ±1.86a
0.077

2308 ±771a
2214 ±255a
1422 ±432b
1736 ±254ab
0.014

0.71 ±0.33a
0.46 ±0.18bc
0.49 ±0.12bc
0.43 ±0.10c
0.045

4.15 ±1.79ab
6.74 ±2.30ac
3.12 ±2.05b
7.72 ±0.82c
0.001

C

10PLB-A-MUF
10PLB-F-MUF
10PLB-M-MUF
10PLB-C-MUF
Sig.

30.87 ±3.94a
28.80 ±4.60ab
23.95 ±3.80b
16.81 ±1.85c
0.000

3837 ±474a
7193 ±690b
3295 ±484a
2316 ±200c
0.000

2.07 ±0.33a
0.87 ±0.13b
0.79 ±0.15b
0.83 ±0.17b
0.000

7.37 ±1.07a
11.17 ±1.56b
7.48 ±2.34ac
4.78 ±1.54c
0.000

Note: For each group, values followed by a different letter within a column are statistically
different at p < 0.05 (ANOVA and Tukey HSD test).

In group A, boards with PLB from coarse bark (25PLB-C) had significantly
lower MOR, MOE, IB, and tensile strength. Boards in the other bark categories
(25PLB-A, 25PLB-F, and 25PLB-M) showed no statistically significant
differences in bending properties (MOR, MOE). PLB made from coarse bark
gave almost zero IB strength in the board 25PLB-C, while the board 25PLB-A
with mixed bark had significantly lower IB than boards with medium and fine
bark (25PLB-M and 25PLB-F). PLB from fine and mixed bark (boards 25PLB-F
and 25PLB-A) gave higher tensile strength than the material with the medium
fraction (25PLB-M).
As mentioned before, MOR was not found to differ with the bark particle
size fraction for particleboards in group B made with a PLB-to-wood ratio of
0.25 and 10 wt% MUF. The board with the medium bark fraction (25PLB-M-
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-MUF) had lower bending properties, but only MOE was significantly different
from the other boards. For group B, mixed bark (25PLB-A-MUF) gave the best
IB results, with a significantly higher mean value than the other individual bark
categories. Boards made with PLB from medium bark (25PLB-M-MUF)
exhibited inferior tensile strength compared with the mixed (25PLB-A-MUF)
and fine (25PLB-F-MUF) categories, while the coarse (25PLB-C-MUF) fraction
had significantly higher tensile strength.
When the PLB-to-wood chip ratio was 0.1, in group C, the board with PLB
from mixed bark (10PLB-A-MUF) had better mechanical performance overall,
especially in terms of MOR and IB. Boards based on PLB from fine and medium
fraction bark (10PLB-F-MUF and 10PLB-M-MUF) also performed comparably
to 10PLB-A-MUF as well as the control board. The board with PLB made from
bark with coarse particle size (10PLB-C-MUF) had lower MOR, MOE, and
tensile strength than the other categories, and the differences were statistically
significant.
Thickness swelling (TS) and water absorption (WA) of the particleboards
were tested after 2 and 24 h immersion in water at a temperature of 20°C. The
TS after 2 and 24 hours of the particleboards made without MUF (group A) was
above 20%, while the particleboards made with MUF (groups B and C) had
much better water resistance, with TS values below 20% (Fig. 2). The higher
swelling of group A may be related to lower density and lower bond strength (IB
and tensile strength). Fig. 2 also shows that groups B and C exhibited lower
values of TS and WA than the control board, while boards in group A had
slightly higher values of thickness swelling after 2 and 24 h, and comparable
water absorption, relative to the control. This indicates that PLB may act as an
excellent water-resistant reagent in particleboards. A reasonable explanation was
given in a previous publication, namely that PLB had an activated surface and
a less porous structure than wood chips, which can enhance the compatibility of
bark with wood chips and result in a reduction of water penetration [Jiang et al.
2020].
As shown in Fig. 2, bark particle size had a significant influence (p < 0.05)
on the TS and WA of group A, 24 h TS and 24 h WA of group B, and WA of
group C. For all cases, TS values were comparable between 2 h and 24 h. In all
groups, TS changed little with varying bark particle size. Only in group A,
25PLB-C exhibited relatively higher TS than the other boards. As expected,
particleboards made without using MUF (group A) absorbed more water than the
MUF-bonded boards (groups B and C). It is surprising to observe, when
comparing the boards made from PLB from the same bark particle size in groups
B and C, that boards made with a PLB-to-wood ratio of 0.25 had lower TS and
WA than those with a PLB-to-wood ratio of 0.1. This indicates that PLB also
acted as a water repellent component. For groups A and B, the TS and WA of
boards made from fine and medium bark had no statistically significant
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Fig. 2. Thickness swelling and water absorption (2 and 24 h) of particleboards made
with partially liquefied bark of different sizes. Error bars represent standard
deviations. Values labelled with different letters are statistically different at p < 0.05
(ANOVA and Tukey test)

differences, which suggests the potential use of a mixture of fine and medium
bark for further studies. For group C, no statistical difference was found between
the boards, but they all had significantly lower values than the control. Values of
WA for coarse bark board (10PLB-C-MUF) in group C were significantly
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different from those for 10PLB-M-MUF, but not from those for 10PLB-A-MUF
and 10PLB-F-MUF.
MUF adhesives were expected to provide sufficient bonding to the wood
chips. Based on previous studies on the liquefaction of different types of
biomass, the liquefied products exhibited no polymerization properties or
cohesion properties [Budija et al. 2009; Ugovšek and Sernek 2013]. However, an
inspiring outcome was the possible production of particleboard from PLB and
wood chips without any commercial resin. As explained above, this was possible
because PLB containing unreacted solvent and intermediate chemicals formed
chemical linking with wood chips. Nevertheless, group A exhibited inferior
properties overall compared with groups B and C. The overall results suggest
that bark particle size has a significant effect on the physical and mechanical
properties of particleboards. The coarse fraction does not promote bonding,
possibly due to a lesser degree of partial liquefaction, but interestingly the bark
mixture, despite the presence of coarse bark particles, seems to be quite effective
(see Table 3 and Fig. 2). A reduction in particle size helps to increase the
accessibility of biomass and enables better heat transfer during liquefaction
[Akhtar and Amin 2011], hence better liquefaction efficiency. Thus, a bark
particle size of less than 2 mm should be considered for further studies (in our
case, sizes F and M). It is known that particle dimensions strongly affect the
properties of particleboards [Mundy and Bonfield 1998]. In this respect, it is
evident that an optimized mixture of wood chips and PLB with appropriate size
must be established to provide a more uniform and compact board structure,
which is required for adequate IB strength and lower thickness swelling [Dai
et al. 2008; Nazerian et al. 2011]. Interactions with MUF adhesives should also
be taken into account, since for example, a higher share of finer particles would
tend to absorb an unpredictable amount of resin, leaving less resin available for
particle bonding [Sackey et al. 2008; Wan Abd Rahman et al. 2019].

Conclusions
The present study has investigated the effect of the particle size of bark
undergoing partial liquefaction, and later used for particleboard manufacture, on
the physical, mechanical, and water-related properties of the particleboards. The
use of PLB to manufacture particleboards without MUF resin was possible, but
the density and mechanical strength of the boards were inferior to those of
particleboards made with the addition of MUF. Bark particle size was shown to
be an influencing factor on the MOR, MOE, IB, and tensile strength of
particleboards made with the same PLB content. However, it was not possible to
draw a definite conclusion on which specific bark particle size had the largest
influence on the mechanical properties. PLB prepared from a mixture of bark
particles with a size of less than 2 mm (i.e. avoiding coarse particles) seemed to
ensure good mechanical behaviour of the particleboards. The results for TS and
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WA implied that the addition of MUF is necessary, and that bark particle size is
not as critical here as in the case of mechanical properties.
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EFFECT OF GROWING ALTITUDE, PARTICLE DRYING
TEMPERATURE AND PRESS TEMPERATURE ON SOME
TECHNOLOGICAL PROPERTIES OF PARTICLEBOARD
PRODUCED FROM BLACK ALDER WOOD

This study investigated the effects of the growing altitude, particle drying
temperature and press temperature on some technological properties of
particleboard produced from black alder wood. The particles were produced from
wood taken from the KTÜ Campus and from Çamoba in Trabzon. Production and
tests of the experimental particleboards were carried out at Kastamonu Integrated
Wood Company. In production of the particleboards, wood from different growing
altitudes [50 m and 250 m] was used, and different drying temperatures [120 and
150°C] and press temperatures [150 and 200°C] were applied. Mechanical,
physical and anatomical properties of the produced boards were investigated.
According to the results, the mechanical properties deteriorate when the altitude
increases. Increasing the particle drying temperature and press temperature had
a positive effect on dimensional stability. A high press temperature improved the
mechanical properties of the boards. In addition, growing altitude had an effect
on anatomical properties: when the altitude increased, the diameter of vessels
narrowed, the number of vessels per mm 2 increased, and fiber length decreased.
This resulted in a deterioration in mechanical properties at the higher altitude.
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Introduction
Developing technology, population growth and various campaigns currently lead
to high levels of consumption. However, the resources available for production
are limited and insufficient to meet demand, and will be completely inadequate
in the future. Solutions are being sought, such as ensuring the continuity of
scarce resources and developing alternatives to these resources.
In the past, wooden products were manufactured using solid wood.
However, today’s conditions require the utilization of whole trees, because of the
excessive increase in demand and lack of high-quality wood raw materials. For
this reason, wood-based composites have taken the place of materials made of
solid wood. Wood-based panels include various engineered wood products such
as particleboards, fiberboards, plywood, and OSB.
Particleboard is obtained using wood particles and lignocellulosic plants
with synthetic adhesives, which are pressed under high temperature until
adhesive curing is completed. It is widely used in all areas of life, including in
bedroom sets, dining room sets, bathroom cabinets, kitchen cabinets, children's
rooms, training grounds, fairgrounds, and libraries [Kord et al. 2016;
Abdulkareem et al. 2017].
It is important to know the effects of factors of production on board
properties in order to obtain a product that is suitable for its places of use. Many
factors affect the characteristics of particleboard, including tree species, particle
geometry, type and amount of adhesives, pressing conditions, and specific
gravity [Nemli 1995; Masraf 2005]. Press temperature has a particularly
significant effect on the quality of the board. The curing of adhesives cannot be
completed when the press temperature is insufficient. On the other hand, the
properties of boards can be adversely affected if they are pressed at a high
temperature [Henriques et al. 2017; Nemli 2002]. When high temperature is
applied to wood, its brittleness increases and its mechanical strength properties
decrease. On the other hand, dimensional stability increases [Esteves and Pereira
2009; Korkut et al. 2015]. Dimensional change is an important problem
especially in production using urea formaldehyde (UF) adhesive. Therefore,
selection of the appropriate drying temperature is important for the board’s
quality properties.
Additionally, wood properties vary among species, among trees of the same
species and in different parts of the same tree. Genetic and environmental factors
are very influential on the anatomical structure and technological properties of
wood [Wodzicki 2001; Topaloğlu et al. 2016]. Previous studies have shown that
growing altitude affects a variety of properties in wood, such as density,
chemical composition [Dönmez et al. 2013; Kiaei et al. 2015], anatomical
properties and physico-mechanical properties [Raskila et al. 2006; Kiaei 2012;
Kaygın et al. 2017]. However, solid wood differs from composite materials,
whose properties can be influenced by process control. There is not enough
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information in the literature about the effects of growing altitude on the
technological properties of particleboard. Therefore, the aim of this study was to
investigate the effect of growing altitude, particle drying temperature, and press
temperature on the quality properties of particleboard.

Materials and methods
Material
Particles obtained from black alder wood (Alnus glutinosa subsp. barbata
(C.A.Mey.) Yalt.) were used in the production of the experimental boards. The
woods were obtained from two different growing altitudes: the KTU Campus
(50 m) and the Central Çamoba region (250 m). The trees were aged 26 years
and had a diameter of 30 cm. Two samples were used for each altitude, and only
the stem wood was used. Kastamonu Integrated Wood Industry and Trade Co.
supplied the UF adhesive, ammonium sulfate and paraffin used in production.
The characteristics of the UF adhesive used are given in Table 1.
Table 1. Properties of UF adhesive used in particleboard production
Surface layer
Solids content (%)
Density (g/cm3)
Viscosity (cps)
pH
Gelling time (sec)

45
1.213
45
8.25
46

Core layer
65.02
1.282
300
8.31
37

Methods
Manufacture of boards
The black alder trunks to be used in production were cut into pieces of 2.5 cm
thickness using a chipper after the removal of bark. The pieces were then were
reduced to particles by means of a knife ring flaker. The particles with air-dry
moisture were sieved as surface and core layers. The drying process was carried
out in a Vötsch Industrietechnik VC3 4060 climate control cabinet with drying
temperatures of 120 and 150°C. The particles were dried to 2% moisture content
and kept in a moisture-free environment until use in production. In the next step,
the UF adhesive was applied with a laboratory-type mixing machine (glue
blender) to obtain a homogeneous particle–adhesive mixture. For the blending,
UF adhesive was used in an amount of 11% in surface layers and 9% in core
layers based on the oven-dry weight of the particles. As the adhesive hardener,
a 25% ammonium sulfate solution was used, in an amount of 2% in surface
layers and 3% in core layers based on the oven-dry weight of the particles.
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Before paraffin application and after the adhesive solution was completely
consumed, the closed system was opened and poured evenly onto the particles.
Based on the dry particle weight, 0.4% and 0.3% paraffin was individually
applied to the surface and core particles respectively. Glued particles were
spread into hand-made molds with dimensions of 50 × 50 × 1.8 cm. The surface
layer/core layer ratio was selected as 65%/35%. The target density of the board
was 620 kg/m3. Cold pressing was applied before hot pressing after mat
formation. The boards were pressed under a pressure of 2.5 MPa, at 150 and
200°C. Three boards were produced in each group. After the hot-pressing
process, the boards were conditioned at 20 ±2°C and 65 ±5% relative humidity
to reach a moisture content of about 12%. The groups and production conditions
for the boards are given in Table 2.
Table 2. Experimental design of particle board types
Board type

Growing area

Drying temperature
(°C)

Press temperature
(°C)

K1
K2
K3
K4

Campus
(50 m)

120
150
120
150

150
150
200
200

120
150
120
150

150
150
200
200

Ç1
Ç2
Ç3
Ç4

Camoba
(280 m)

Anatomical properties
The black alder trunks taken from the KTU Campus and Çamoba were cut at
breast height (1.30 m) and pieces were cut with dimensions 1 × 1 × 1 cm. When
the samples were being prepared, attention was paid to avoid knots, decay and
reaction wood. Anatomical characteristics were measured for the following:
vessels (tangential and radial diameters, number per mm 2), fibers (length, width,
lumen width and wall thickness) and rays (height, width and number per mm).
Firstly, the test specimens were boiled because of softness and air in the tissues.
They were suspended in alcohol-glycerin-distilled water until cross-sectioning
after boiling. A piece of phenic acid (C 5H5OH) was added to the mixture against
fungi effects [Merev 1998]. Afterwards, the samples were sectioned in three
directions with a sliding microtome: transversal, radial, and tangential. The
sections were washed with pure water and clarified in sodium hypochlorite for
about 25-30 min before being neutralized with acetic acid for 1-2 min and
washed again. They were kept in saffron for 10 min for coloring. The colored
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samples were placed in a 50% alcohol-water mixture, and the slices were
prepared transversally, radially and tangentially in glycerin gel [Ives 2001].
The wood elements were subjected to maceration to measure vessel lengths,
fiber lengths and fiber widths. For this purpose, the Schultze method, which is
the most common method and causes the least damage to wood elements, was
used. Data were obtained from 30 experimental measurements. The number of
vessels per mm² and the number of rays per mm were determined with an
Olympus BX 50 photo microscope and an image monitoring and analysis
system. The radial and tangential diameters of the vessels were measured with a
research microscope coupled with a Nikon E 100 device using 10× lenses, from
the widest point based on the lumen. The vessel cell length was measured to
include the tip of the cells with 10× lenses [Baas et al. 1988]. Measurements
were made with a Nikon E 100 research microscope using 10× (ray height) and
40× (ray width) lenses. The lengths of the fibers were measured with a Nikon E
100 microscope using 4× lenses, and fiber width and lumen width were
measured using 40× lenses. Moreover, density values of the black alder woods
were determined according to the EN 323 standard for both elevations.
Physical and mechanical properties
Physical and mechanical properties including density (D), water absorption
(WA) and thickness swelling (TS), modulus of rupture (MOR), modulus of
elasticity (MOE), internal bond strength (IB) and screw withdrawal resistance
(SW) were determined based on EN 323:1993, ASTM D1037:1998,
EN 317:1993, EN 310:1993, EN 319:1993 and EN 320:1993, respectively. The
results were evaluated based on EN 312:2005. Twenty test samples were
prepared for each experiment.
Statistical analysis
One-way analysis of variance (ANOVA) was performed to assess the influence
of the investigated properties on the quality characteristics of the samples, using
SPSS 13.0. Significant differences were analyzed between the mean values of
the board types using Duncan’s new multiple range tests.

Results and discussion
Anatomical properties
The anatomical properties of black alder wood are given in Table 3. According
to the results of one-way ANOVA, it was determined that the effect of altitude
on the Campus and Çamoba black alder wood vessels (tangential and radial
diameters, length and number) and rays (height and number) was statistically
significant. However, altitude had no effect on fiber length and width, lumen
width, wall thickness, and ray width values (p < 0.05). Figure 1 shows the
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transverse (TS), radial longitudinal (RLS) and tangential (TL) views of the alder
wood. Sarıbas and Yaman [2009] determined that the earlywood vessel
diameters decrease with increasing altitude. With an increase of altitude, the
diameter of the wood elements decreases [Bakhsi 2003; Kiaei and Samariha
2011]. It may be stated that the increase in altitude decreased the vessel
tangential and radial diameters and increased the amount of vessels per unit. The
anatomical characteristics of the alder wood samples were compatible with the
literature [Usta et al. 2014].
Duncan’s test showed that altitude did not have a significant effect on the
solid density of black alder wood. Oven-dry densities of wood samples obtained
from the campus and from Çamoba were found to be 0.513 g/cm 3 and
0.528 g/cm3 respectively. This result was consistent with the results of previous
studies [Kahveci 2012; Milch et al. 2016].
Table 3. Anatomical properties of alder woods
Sample area
Anatomical properties

N

Tangential diameter (µm)
Vessels

58.5 ±7

Radial diameter (µm)
Number per

80 ±10

mm2

Length (µm)
Length (µm)
Fibers

Rays

Width (µm)

Campus

60

Camoba
55.5 ±7
75 ±9

94 ±15

103 ±16

784.2 ±94.5

843.2 ±100.7

1296.3 ±174.8

1252.5 ±122.1

25.2 ±4.4

25.1 ±3.9

Lumen width (µm)

14.8 ±2.8

14.8 ±3.3

Cell wall thickness (µm)

5.2 ±1.6

5.2 ±1.1

Height

429 ±65

464 ±93

Width

14 ±2

14 ±2

Number per mm

15 ±2

14 ±2

The values after ± are standard deviation; S.D: p > 0.05; *: p < 0.05; **: p < 0.01; ns: not
significant.

Physical and mechanical properties
Physical and mechanical properties are given in Table 4 for all board groups. It
was shown that growing altitude did not affect the D values of the boards
statistically. In addition, it was found that as the press temperature increased,
there was a significant increase in the D values of the boards. Masraf [2005]
reported that D values of the boards increased with an increase in press
temperature and pressure. According to analysis of variance, growing altitude,
particle drying temperature and press temperature had significant effects on the
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WA and TS values of particleboard. Soaking in water for 24 h resulted in
thickness swelling ranging from 27.62% to 20%.

a, b: TS, wood is diffuse porous, the growth ring is obvious, aggregate rays; c: RLS, homocellular
rays, vessel, fiber texture, scalariform perforation table in vessel; d: TL, uniseriate-homogeneous
rays, type III, fiber texture, and aggregate rays (gathered together).

Fig. 1. TS, RLS and TLS views of the wood of Alnus glutinosa
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Table 4. The physical and mechanical properties of particleboards

Low Alt
120℃
150℃
200℃
150℃
150℃
200℃
High Alt
120 ℃
150℃
200℃
150℃
150℃
200℃

D
(kg/m3)

WA
(%)

TS
(%)

MOR
(N/mm2)

MOE
(N/mm2)

IB
(N/mm2)

SW
(N/mm2)

599A
(1.1)*
611AB
(2.0)

96.25E
(3.69)
93.10D
(4.04)

25.4D
(1.6)
24.7D
(1.5)

15.27B
(0.9)
15.84A
(0.51)

1860.92C
(67)
1871.17C
(194)

0.82A
(0.05)
0.88B
(0.05)

949.83B
(93.75)
797.08E
(110.12)

604A
(1.1)
615C
(0.7)

90.10C
(2.81)
87.01B
(3.73)

23.2C
(0.9)
22.4C
(1.2)

14.73C
(1.2)
15.07BC
(1.2)

1841.54C
D
(158)
1859.39C
(160)

0.79C
(0.07)
0.78C
(0.03)

1037.80A
(95.73)
873.58C
(167)

591A
(1.2)
599A
(0.9)

94.26D
(2.04)
91.65C
(4.34)

24.8D
(1.7)
20.8B
(1.2)

13.06E
(0.6)
15.38B
(1.06)

1770.19D
(141)
2129.74A
(201)

0.63D
(0.04)
0.65D
(0.03)

737.50F
(110.13)
683.16G
(94.40)

593A
(1.8)
611AB
(1.3)

89.23B
(2.90)
85.37A
(3.98)

22.8C
(1.7)
19.9A
(1.8)

12.85F
(0.79)
14.1D
(1.3)

1759.30D
(93)
2038.13B
(112)

0.58E
(0.03)
0.60E
(0.03)

746.50F
(98.49)
829.83D
(160.16)

The values after ± are standard deviations and the following letters show homogeneity groups
(p < 0.05).

The TS results showed that the boards did not meet the requirements for TS
stated in EN 312. With an increase in growing altitude, the WA values of all
board groups decreased. Kiaei and Samariha [2011] determined that an increase
in the altitude led to reduction of the diameter of wood elements and decreased
volumetric swelling rates. Moreover, an increase in particle drying temperature
led to a decrease in the WA and TS values of the boards.
The structure of the wood cell components was altered because of high
temperature [Kartal et al. 2008; Li et al. 2017]. The degradation of hygroscopic
components such as hemicelluloses and amorphous celluloses in the wood
structure may have caused the increase in dimensional stability with increasing
particle drying temperature [Sarı et al. 2013]. Additionally, with increasing press
temperature, the WA and TS values of the boards decreased. Moisture, which is
required to dissociate from the board, leaves the board quickly due to a high
press temperature. The WA and TS values did not reach the same high level,
because the wood material could not easily reach the initial moisture value due
to hysteresis and cell deterioration in the particles [Noack et al. 1973; Patera
et al. 2013].
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Tree location (altitude), particle drying temperature and press temperature
were found to have significant effects on the MOR, MOE, IB and SW values,
according to analysis of variance. According to EN 312, a MOR value of
13 MPa and a MOE value of 1600 MPa are the minimum bending resistance
requirements for type P2 particleboards used in dry conditions. Therefore, all of
the boards except for groups Ç1, Ç3 and Ç4 met the bending resistance
requirements. An increase in altitude led to a decrease in the bending resistance
properties. The density values of wood samples taken from KTU Campus (50 m)
and the Central Çamoba region (250 m) were found to be 0.548 and 0.568 g/cm3
respectively. Kiaei [2012] reported that increased altitude led to an increase in
wood density. The use of particles obtained from high-density wood species in
particleboard production causes a worsening of mechanical properties [Dias
et al. 2005]. Therefore, mechanical properties may deteriorate with an increase
in growing altitude.
Additionally, an increase in the drying temperature of the particles led to
a decrease in the bending resistance values of the boards. High drying
temperatures applied to the particles reduce hydroxyl groups [Albrektas and
Ukvalbergienė 2015]. Reduced hydroxyl groups cause poor adhesion. The lack
of a sufficient bonding surface between the particles may cause the board to
have low flexural properties. It was determined that flexural properties improved
with increases in press temperature. Similar results were reported by Tabarsa et
al. [2010] and Tiryaki et al. [2017].
Lignin is plasticized in the cell structure by the temperature applied to
particles [Bouajila et al. 2005]. Because the lignin in the surface layers of the
boards was plasticized with an increase of the press temperature, this might have
resulted in an increase in bending resistance values. The highest values for MOE
were obtained in samples from the Çamoba region. However, the increase in
altitude caused the MOE values to decrease in the overall results. The increase in
press temperature and particle drying temperature also gave parallel results for
the MOR values.
Internal bonding (IB) strength is one of the most important factors in
determining the quality characteristics of particleboards. This parameter not only
reflects the quality of bonding between the particles and the adhesive used, but
also causes changes in other physical and mechanical properties of the boards
[Melo et al. 2014]. The IB results showed that the boards met the required level
of IB stated in EN 312:2005 for Type P2, P4 and P6 (> 0.40 MPa). Additionally,
all of the board types had higher IB than the value stated in the standard for dry
and humid conditions.
IB values decreased when the altitude and particle drying temperature
increased, while press temperature generally did not affect the IB values. This
was because the volume of wood elements decreased and the number of wood
elements per unit area increased. More wood elements per unit area might result
in a higher number of glued particles and increase the IB resistance by providing
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better adhesion. Moreover, it was observed that an increase in board density led
to an increase in the IB values.
Kakaras and Papadapoulos [2004] found that increasing particle drying
temperature caused a reduction in IB, and for this reason the particles, which lost
their hygroscopic properties, could absorb less adhesive and reduce the adhesion
resistance, which may result in poor adhesion in the core layer. On the other
hand, a previous study [Cuk et al. 2011] reported that increasing the press
temperature led to an increase in the IB of the boards, because enough hardening
of the adhesive occurred due to the greater heat transfer to the core layer with
increasing press temperature.
The SW results showed that all of the boards met the minimum required
level of SW stated in EN 312:2005 for Type P2 (> 650 N). Generally, the
increase in press temperature and high altitude had the effect of reducing SW
values. However, increased particle drying temperature positively affected SW
values.

Conclusions
This study was carried out to determine the effects of tree growing altitude,
particle drying temperature and press temperature on some physical and
mechanical properties of particleboards produced from black alder woods. The
results indicated that:
1. Particle drying temperature did not affect the density of the boards.
2. The density of the board decreased with an increase in altitude because alder
wood had thinner vessel diameter at the higher altitude.
3. The density of the boards increased with an increase in press temperature.
4. With an increase in growing altitude, the WA values of all board groups
decreased.
5. An increase in particle drying temperature and press temperature led to a
decrease in the WA and TS values of the boards, because of changes in the
structure of the wood cell components.
6. The lower altitude improved the mechanical properties of the board, because
the volume of wood elements was reduced and the number of wood elements
per unit area increased.
7. Mechanical properties of the boards decreased with an increase in the
particle drying temperature, because reduced hydroxyl groups caused poor
adhesion.
8. Mechanical properties increased with an increase in press temperature,
because lignin was plasticized in the cell structure by the high temperature.
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INVESTIGATION OF THERMAL INSULATION PANELS
MADE OF WOOD SHAVINGS

Natural insulations made from by-products available in large quantities are
growing in importance. In the wood processing industry, among other materials,
wood chips and shavings are available in large quantities. The aim of this
research was to determine the optimal density of thermal insulation panels made
of different wood shavings. Planer and drill shavings of spruce (Picea abies) were
used as raw material. The same amount of both types of shavings was compacted.
The thermal conductivity of both types of shavings asymptotically approached a
value between 0.05 and 0.06 W/mK. After a preliminary experiment, panels were
manufactured with densities from 55 to 400 kg/m 3 with urea formaldehyde and
with methyl diphenyl diisocyanate glue. The thermal conductivity and the bending
strength of the panels increased with increasing density. The bending strength of
the panels glued with methyl diphenyl diisocyanate was much higher than for the
others with the same densities.
Keywords: natural insulation, wood shavings utilization, urea formaldehyde,
methyl diphenyl diisocyanate

Introduction
Due to climate change and the need to conserve natural resources, the energy
consumption requirements of buildings have become more stringent,
necessitating better thermal insulation for buildings [Gorshkov et al. 2015; Jie et
al. 2018]. Nowadays more types of thermal insulation materials are available,
but in parallel with the reduction in the energy consumption of buildings,
natural-based and waste materials, recyclable and cascade recycled materials and
solutions available in large quantities have become more important, and their use
Zoltán PÁSZTORY (pasztory.zoltan@uni-sopron.hu), Péter KÓKAI (kokai.peter@unisopron.hu), Katalin HALÁSZ (halasz.katalin@uni-sopron.hu), Zoltán BÖRCSÖK (borcsok.
zoltan@uni-sopron.hu), University of Sopron, Sopron, Hungary; Péter ADAMIK (adamik.
peter@bakonyerdo.hu), Pápa, Hungary
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is expected to increase in the future [Stolarski et al. 2013; Szostak et al. 2013;
Tettey et al. 2014; Peñaloza et al. 2016; Dovjak et al. 2017; Sierra-Pérez et al.
2018].
Therefore, natural-based insulation materials are an important research topic
today. Researchers have investigated several natural and waste materials, such as
rice husks [Buratti et al. 2018], sugar cane, coconut fiber [Panyakaew and Fotios
2008], papyrus [Tangjuank and Kumfu 2011], hemp [Collet et al. 2017], various
grasses [Vėjelienė et al. 2011], reed [Asdrubali et al. 2016], jute [Fadhel 2011],
pineapple [Tangjuank 2011], oil palm [Manohar 2012], wool [Zach et al. 2012],
paper [Russ et al. 2013; Aksogan et al. 2018], bark [Kain et al. 2013; Pásztory
and Ronyecz 2013], cork [Limam et al. 2016], as well as feathers, wood ashes,
cotton, animal hair [Rébék-Nagy and Pásztory 2014; Ahmed et al. 2019], pine
and spruce needles [Muizniece et al. 2015] and straw [Volf et al. 2015;
D’Alessandro et al. 2017], olive seeds [Binici and Aksogan 2016], and other
wastes [Vasilache et al. 2010; Hadded et al. 2016; El Wazna et al. 2017;
Bakatovich et al. 2018] to determine their suitability for insulating houses. Wood
chips and sawdust have been used as insulation since the early 1900s. There
were also experiments with different fibers, primarily cellulose, in the same
century, according to Bozsaky [2010], and today the most common wood-based
insulation materials have densities of 30-80 kg/m 3 and thermal conductivity of
0.037–0.067 W/mK, according to two papers [Hurtado et al. 2016; Schiavoni et
al. 2016]. The utilization of by-products of birch veneer production is an
example presented in the work of Veitmans and Griefelds [2016]. Other types of
insulation made of plant fibers have similar thermal conductivity [Schiavoni et
al. 2016; Alabdulkarem et al. 2018]. A relatively large amount of energy must be
used to manufacture panels from fibers, especially when the fiber particles are
less than 1 mm in size. Theoretically, the smaller the particle, the higher the
energy demand. Higher energy demand is not a goal in producing environmentfriendly insulation materials. Therefore, the question arises of how to utilize by-products from wood-based materials for insulation using the least possible
energy.
Wood chips are available in large quantities from the wood processing
industry. Their use is diversified: they serve mainly as an energy source, but can
also be used to make pulp or to produce various panels [Harkin 1969; Faria et al.
2020; Mirski et al. 2020; Wu et al. 2020; Gößwald et al. 2021]. Insulation is also
one of the possible uses.
Porschitz and Schwarz [2000] built a house from finished panels and used
slightly compressed planer shavings as thermal insulation. The thermal
conductivity of the chips was 0.04 W/mK at approx. 70 kg/m 3 density. Sekino
and Kawamura [2004] manufactured insulating panels in different thicknesses
with densities between 80 and 120 kg/m 3, using no adhesive during the process.
The panels were wrapped in polyethylene film after compression. Using
different initial materials with different densities, it was found that a better
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insulating panel can be made from lower-density wood. Starting from the same
initial material, thermal insulation performance deteriorates with compaction.
A panel with a density of 45 kg/m 3 had a thermal conductivity of approximately
0.052 W/mK; at 75 kg/m3 it was approximately 0.06 W/mK. Thermal
conductivity was measured using a special particle geometry. Later these types
of insulation were carbonized at different temperatures, and their thermal
conductivity ranged from 0.044 to 0.06 W/mK [Sekino and Yamaguchi 2010].
Hazrati-Behnagh et al. [2016] made panels with a density of 240 kg/m 3 from
planer shavings, which had thermal conductivity between 0.048 and 0.051
W/mK. Insulation was produced with densities between 80 and 150 kg/m3 using
different sizes of chips, which were placed inside panels without adhesive; these
had low mechanical strength and thermal conductivity between 0.045 and 0.05
W/mK [Newmann and Salisbury 2015]. Most of these insulating materials were
used in bulk form between boards and not in bonded panels, which restricts their
use.
Most studies related to wood shavings have used a closed place to be filled
with insulating material. No study has been published on the production of stiff
insulation panels made of wood shavings. There are two main groups of studies,
depending on the additives used with the raw materials. Some investigators do
not use adhesives, but merely compress the panels and use the plasticization
effect of lignin or filling of closed spaces, or use a blow-in technology, such as
filling of a wood frame compartment [Veitmans and Griefelds 2016; Porschitz
and Schwarz 2000; Sekino and Kawamura 2004; http://www.tyunnos.co.uk] The
other group use natural or organic adhesives [Tangjuank 2011; Hurtado et al.
2016] or uramin (UF) and melamine formaldehyde (MF) [Hazrati-Behnagh et al.
2016]; however, the effect of the adhesive has not been investigated, particular
in the case of methylene diphenyl diisocyanate (MDI).
The main objective of this research was to determine the optimal density of
stiff thermal insulation panels made of different kinds of wood shavings from
a woodworking factory, without any other energy investigation concerning
refinement of the raw material. The secondary purpose was to investigate the
effect of different adhesives on the thermal conductivity and on the bending
strength of panels, which must be handled, machined, transported and stored.

Materials and methods
Drill and planer shavings from spruce (Picea abies) were used in the
experiments, and the raw material was generated from dried wood (moisture
content 8%) by processing with a thickness planer and a drill. The shavings from
the planers and drills had average thicknesses of 0.083 mm and 0.167 mm
respectively. The shavings were utilized in their original shapes; no additional
treatment was performed. The thermal conductivity tests were performed first
without adhesives and then after using adhesives as described below. For
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thermal conductivity measurement a custom-made device was used. The
measurement was made by a hot plate method; the temperature difference
between the cold and the hot side was 15°C. To ensure parallel heat flow lines,
insulation of 20 cm width was used on the sides of the chambers. The
measurement started when a steady state was achieved. A steady state was
accepted when the fluctuation of the last fifty measurements was under
0.002 W/mK. One measurement was performed every minute, and the average
of the last hundred measurements was calculated as the sample result. It is
highly important to minimize the uncertainty of measurement of thermal
conductivity, as is well explained in the literature [Dominguez-Munoz et al.
2010]. The average of results for samples of the same type was calculated as
a sample group result. Three samples were produced from each type of panels,
with a size of 500 mm × 500 mm × 20 mm.
Determination of wood shaving thermal conductivity at different
compression levels without adhesive
A quantity of 1.5 kg of conditioned (20°C, 35%) shavings was placed into the
thermal conductivity measurement apparatus, and their thermal conductivity
coefficient was determined at different compression levels. In the first step, the
shavings mat were 150 millimeters thick; after the thermal conductivity
measurements the shavings were compacted in steps of 10 mm (150 mm,
140 mm, 130 mm …). Planer shavings can be compressed to 60 mm, but drill
shavings can be compressed only to 70 mm, because of their higher strength,
resulting from the more compact particle geometry. Thermal conductivity was
measured for three samples made from planer shavings and three from drill
shavings.
Investigation of glued thermal insulation panel made of wood shavings
Only the conditioned planer shavings were used for pressing glued panels using
adhesives, because of their better thermal insulation properties and their higher
industrial availability. Two types of adhesives were used in the process: urea
formaldehyde (UF) and methylene diphenyl diisocyanate (MDI). The viscosities
[mPa⋅s] of the UF and MDI were 500 mPa⋅s and 176 mPa⋅s respectively. While
the UF has more components and its dry matter content is 68% by weight, MDI
is a single liquid component adhesive. Based on the compression and heat
conductivity measurements, panels with target densities of 200, 250, 300, 350
and 400 kg/m3 were manufactured using UF, and panels with target densities of
150, 200, 300 kg/m3 using MDI. The desired density could be achieved by
admeasuring the calculated amount of shavings and adhesives required for the
20 mm × 500 mm × 500 mm panels; the press was able to stop precisely at
20 mm thickness. The difference in density of the samples was less than 2%.
A 4% urea–formaldehyde (UF) resin was used; the hardener of the resin was

Investigation of thermal insulation panels made of wood shavings

77

a 35% aqueous solution of ammonium sulfate. A 4% MDI adhesive was also
used. Three samples were prepared from five panels of different density glued
with UF and three of different density glued with MDI; altogether eight different
insulation panels were investigated. MDI expands during bonding, so the impact
of the adhesive type and the bonding type was different. While UF forms
a physical-mechanical bond, MDI bonds to cellulose chemically. To improve
foaming of the MDI adhesive, the low moisture content (8%) shavings were
wetted to 12%, assuming that the degree of expansion can affect thermal
conductivity. The pressed panels were 20 mm thick. The pressing temperature
was 180°C, at a specific pressure of 4.24 MPa. The pressure was reduced in
several steps in a laboratory press (Siempelkamp).
After pressing, the panels were conditioned (20°C, 65%) for a week. In the
first step, the thermal conductivity was measured in three samples from each
type of insulation panels. The size of samples for testing bending strength is
significantly smaller than the original 500 mm × 500 mm panel. For this reason,
ten samples were used for the bending tests for each type of insulation panels.
The bending strength of the panels was examined using an Instron 5566
machine, according to the standard, with 3-point bending [MSZ EN 310].
Scanning electron microscopic (SEM) images were taken to compare the
two types of adhesives within the panels. To determine the wetting properties of
MDI and UF resins, contact angles (θ) were measured on sessile drops (using
a PG-X goniometer) on a wood surface. The volume of the drops was set to 4 µl.
Five dynamic measurements were made at randomly selected points, and the
contact angle was measured after 15 seconds. The average value of the five tests
was calculated.

Results and discussion
Determination of thermal conductivity of wood shavings at different
compression levels without adhesive
Thermal conductivity decreased as a function of compression in both drill and
planer shavings.
The thermal conductivity of drill shavings was higher than that of planer
shavings at all densities, which can be explained by the geometry of the shavings:
the thicknesses of the drill and planner shavings were 0.16 mm and 0.08 mm
respectively. Figure 1 shows the thermal conductivity of both types of shavings,
asymptotically approaching a value between 0.05 and 0.06 W/mK. Compression
decreased the air spaces and channels between them, and caused more closed air
bubbles to form. This blocked the free movement of air between the shavings and
decreased their thermal conductivity. The measurement chamber was not able to
compress shavings to more than 155 kg/m 3, although it would have been interesting
to compress the shavings more. Presumably further compression would push out
more air from the spaces, and the contact surface of the shavings would increase,
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Thermal conductivity [W/mK]

which would probably increase their thermal conductivity. However, the density of
the panel made of planer shavings seems to be very close to the minimum thermal
conductivity, at around 150-160 kg/m3. Further compression would cause an
increase in thermal conductivity.
drill shavings
planer shavings
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Fig. 1. Thermal conductivity of drill and planar shavings as a function of density
without adhesive

Investigation of glued thermal insulation panels made of wood shavings
The lowest density of a glued panel was set to 150 kg/m 3, and the highest to
400 kg/m3. As expected, the thermal conductivity of the panels deteriorated with
increasing density. The reason is that compression increasingly displaced air
from the panel, and thermal bridges were formed between flakes in contact, so
that the insulation performance deteriorated (Fig. 2). The ideal range is below
200 kg/m3, although the panel’s strength is not then satisfactory (with the
amount of adhesive used), and thus it does not meet the initial objectives:
a thermal insulation panel which can be machined, transported and stored.
Previous studies have focused mostly on thermal conductivity, and have used
insulation mostly in closed wall sections [Porschitz and Schwarz 2000; Sekino
and Kawamura 2004; Geving et al. 2015; Schiavoni et al. 2016] without
producing stiff panels. This leads to significantly lower density, and
consequently also to lower thermal conductivity.
Thermal conductivity increases with increasing density. With higher
moisture content for the same density, we found a slight decrease in thermal
conductivity (from 0.088 W/mK to 0.086 W/mK) with MDI panels, but the best
value was 0.062 W/mK for the 150 kg/m 3 panel (Fig. 2). These panels have
lower thermal conductivity than those reported in the literature on wood
shavings [Fadhel 2011; Russ et al. 2013; Limam et al. 2016]. The purpose of
these panels was not only to reduce thermal conductivity, but also to increase
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mechanical strength and to find an optimal balance between these two
parameters.

Thermal conductivity [W/mK]
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Fig. 2. Thermal conductivity of panels made with UF and MDI adhesives

After measuring thermal conductivity, bending strength was examined. With
UF bonded panels, the 200 kg/m3 rated density panels could not be measured
because they were destroyed during the preparation of the samples. With
increasing density, the bending strength of the panels increased, and this has
a positive influence on the strength of the product. The insulating ability of the
panels decreases with increasing density, so the lowest bending strength was
measured at 250 kg/m3 density (0.123 MPa on average), and the highest bending
strength was measured at 400 kg/m3 density (2.068 MPa on average) (Fig. 3).
Faria et al. [2020] used Eucalyptus grandis shavings to produce mediumdensity boards with UF adhesive. The nominal density of the panels was
700 kg/m3, and the lowest adhesive (UF) content was 6%. Because both the
density and the adhesive content were significantly higher for these
manufactured panels, their bending strength (6.17 MPa) was higher than that of
our panels (2.07 MPa). Gößwald et al. [2021] also produced particleboards from
wood shavings, with a target density of 475 kg/m3 and using 6%, 9% or 12% UF
adhesive. The panels with 6% adhesive content had similar bending strength
(2.56 MPa) to our panels with 4% UF adhesive and 400 kg/m 3 density
(2.068 MPa).
The panels made with MDI adhesive have greater bending strength than
those made with UF adhesive. The lower-density panels have lower bending
strength than the higher-density ones. A higher moisture content and a better
foaming adhesive slightly increased the bending strength (from 2.574 MPa to
2.594 MPa). Papadopoulos [2006] obtained similar results. He compared UF and
MDI glued particleboards and found that the panels with MDI adhesive had
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superior properties, but did not explain the differences. Of course, the
mechanical properties of panels can also be influenced by other properties, such
as the origin of the wood [Bardak et al. 2019], particle size and particle
properties [Łukawski et al. 2019], but in this case the differences can be
explained only by the adhesive.
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Bending strength [MPa]

2.5

MDI
MDI 12%
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300
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Fig. 3. Bending strength of panels made with UF and MDI adhesives

The good wetting of a wood surface by an adhesive plays a key role in the
ability to form inter-facial interactions. Wetting can be achieved if the contact
angle between the surface and the adhesive is below 90°. The measured contact
angles for MDI and UF adhesives were 35.7° ±2.4° and 84.6° ±3.1°,
respectively. As shown in Figure 4, wetting is better with MDI. It can be
assumed that the inter-facial interactions are also stronger than with UF. This is
in accordance with the observations regarding the differences in their
mechanical properties (Table 1).
Table 1. Differences between the two adhesives
UF

MDI

UF adhesive drops on wood sample surface

MDI adhesive drops on wood sample surface

350×

350×

MDI penetrates the cell wall and covers the wood surface more efficiently
than UF. The same amount of MDI adhesive covers a larger surface. The SEM
pictures show that the UF adhesive film is thinner and more fragile, and cracks
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b)

c)

d)

Fig. 4. MDI and UF adhesives on wood sample surfaces: adhesive drops on a wood
surface (a) UF and (b) MDI, SEM imgages of adhesive films on a shaving panel
fructure surface (c) UF and (d) MDI
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are more frequent. Filaments can be frequently found at the edge of the adhesive
film. These properties and the chemical nature of the bonding cause better
bonding to the wood and produce a higher bending strength.

Conclusion
The thermal conductivity of wood shavings is strongly affected by their bulk
density and their geometry. The thinner planer shavings provide significantly
better thermal insulation at the same density than the thicker and more massive
drill shavings. Thermal conductivity decreased in parallel with compression for
both drill and planer shavings, and the thermal conductivity of both shaving
types asymptotically approaches a minimum value between 0.05 and 0.06
W/mK, until the bulk density reaches 150 kg/m 3. As the density increases during
compression, the difference in thermal conductivity of the planer and drill
shavings decreases. Further compression increases thermal conductivity in
bonded panels up to 400 kg/m3. The optimum density for minimum thermal
conductivity is around 150 kg/m3, and the optimum density for mechanical
strength is 300-350 kg/m3. The 300 kg/m3 MDI panel has about 42% higher
thermal conductivity and 27 times higher bending strength than the 150 kg/m 3
panel.
Adhesives play a significant role in determining the bending strength of
panels, but they have a negligible effect on their thermal conductivity. The
wetting properties of an adhesive greatly affect the size of the bonded surface
and thus the strength of the panel. The 300 kg/m 3 MDI panel has 3.68 times
higher strength than the UF panels with the same density. An increase in the
moisture content of shavings from 8% to 12% has a negligible effect on the
strength and the thermal conductivity of MDI panels. It would be interesting to
conduct further experiments with highly expandable MDI, increasing the
moisture content of the shavings.
The use of planer shavings, a by-product of the woodworking industry,
requires only a small amount of energy to produce thermal insulation materials
which can be optimized for thermal conductivity and mechanical strength. This
cascade utilization of renewable materials is a good opportunity to reduce carbon
dioxide emissions.
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BIOCOMPOSITES BASED ON A BALSA WOOD CORE
CONTAINING INTERMEDIATE LAYERS MADE
OF COCONUT AND SISAL

Sandwich-type composite materials of various geometries were obtained, in which
the inner layer was a laminate of glass fabric, and the core consisted of natural
materials: balsa wood, coconut and sisal fibres. The materials were tested to
determine the type of cracking process under static and dynamic stress conditions
(impact strength). The best results were obtained for hybrid balsa/glass fabric
composites with a spacer made of sisal mat. This type of system allows
a controlled cracking process, which is a consequence of a different stress
distribution. The research shows that the combination of different materials in
a single composite, depending on their volume fraction, density and layering
geometry, opens the way for use in technical constructions, especially where high
specific strength is required. The work contains valuable results of research on
sandwich materials, their behaviour under load, their modification, and their
impact on the transfer of dynamic and static stresses. For the first time,
a composition was tested containing a balsa tree core with transient elastic layers
made of natural cellulose fibres.
Keywords:

wood, cellulose, composites, biocomposites

Introduction
Many types of engineering materials are currently available on the market.
When designing any element, the construction product should be optimized, and
this should be based on the properties of the material sought, according to
specific classes of criteria [Sayyad et al. 2017; Birman and Kardomateas 2018]:
general (cost of the material and its density); mechanical (Young’s modulus,
strength, resistance to cracking and fatigue); thermal (heat resistance, melting
Piotr SZATKOWSKI (pszatko@agh.edu.pl), Department of Biomaterials and Composites,
Faculty of Materials Science and Ceramics, AGH University of Science and Technology,
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point, resistance to creep); consumption (wear indicator); corrosion (corrosion
index). Another important design criterion is the conditions and manner in which
the material will be exploited.
Sandwich composites consist of two thin skins, made of rigid, strong and
relatively dense material, often of metal or fibrous laminate, between which is
a thicker but light core [Nikbakt et al. 2018; Giap and Wang 2019]. Materials of
this type are characterized by high stiffness and low density. They are used in
constructions where high stiffness, strength and low weight are required. The
role of the core is to keep the skins the same distance apart at each point of the
material, to increase the stiffness of the structure and to improve the dampening
properties [Demircioğlu et al. 2018]. The mechanical parameters of sandwich
composites depend on the constituent materials: skin geometry, core geometry
and core structure. As the core thickness increases, the stiffness and strength of
the material increase significantly, while the density increases slightly. The
materials of which the skins and cores are made are of great importance in
layered sandwich constructions. The cores are made of various materials, the
most common being aluminium and polymer. Cores may be isotropic or strongly
anisotropic (like a honeycomb core) [Chun et al. 2015; de Souza et al. 2018]. In
the case of the core, an important parameter is a low value of the Kirchhoff shear
transverse modulus. The main role of the skins is the transfer of tensile and
bending loads. They are also responsible for transferring bending moments,
while the core transfers transverse loads [Li and Wang 2017; Kulkarni et al.
2018]. The materials discussed are used in many fields due to the described
mechanical properties. They are used as elements of aircraft and other means of
transport, and in the construction of hulls, floors, doors, and rudders
[Karthigeyan et al. 2017; Jagath and Burela 2018]. They are also used to build
elements of helicopters, rockets, and satellites, as energy-absorbing protective
structures, and in sports for the construction of skis, golf clubs, and snowboards.
An important goal in materials engineering is care for the environment, and
thus assessment of the lifetime of the materials produced. Other important
environmental aspects are the method of their storage, the recovery of
components in recycling processes, and ultimately their safer storage. There are
several approaches to this problem; one of them is to attempt to replace synthetic
materials with natural materials that have been modified or treated. A material of
interest is wood from the balsa tree, which has the lowest density among wood
materials and very unusual mechanical properties [Mohammadi et al. 2017; Dian
et al. 2018; Jagath and Burela 2018; Okan et al. 2018; Susainathan et al. 2018].
The use of such materials pays off in a decrease in the proportion of nonrecyclable waste on landfills, and reduces the problem of toxicity of composite
elements after the service life. Currently, much attention is focused on materials
of natural origin, mostly of plant origin, and in particular wood [Atas and Cenk
2010]. They have unique properties and are successfully used in different
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branches of the economy, and their considerable share there is an indicator of the
degree of development of an economy [Saeed 2013; Khalet et al. 2019].

Materials and methods
Materials
The balsa wood used was prepared and distributed by DIAB (Sweden), with
a density of 0.155 cm/g3 and a thickness of 2 cm; the core had an anisotropic
structure (the moisture content of the balsa wood was 5-8%, depending on
laboratory atmospheric conditions). Balsa wood has unique properties among all
tree species. It is the lightest known wood. It has a tubular construction, which
makes it very mechanically strong, with high Kirchhoff modulus values.
Coconut and sisal mats (0.3 cm thick) were produced by Enkev (Holland), using
a latex extrusion method. Laminates for skins were made of glass fabric from
Havel Composites, chosen for transparency and good mechanical properties, and
having a weight of 160 g/m2. For the matrix an epoxy resin was used, obtained
from Epidian 601 resin mixed in a ratio of 5:1 with ET hardener (Ciech Sarzyna
SA, Poland). Epoxy resin was used due to its resistance to moisture and weather
conditions, good adhesion to various substrates, good physical coating
properties, and durability. It has good adhesive properties and is resistant to
degradation under the influence of water. Epoxy resins are easy to use, and cure
quickly at temperatures of 5-150°C, depending on the hardener used. (The
maximum temperature of the crosslinking process, called the temperature peak,
was determined according to the standard [PN 88/C-89085/21:1988]). They are
also distinguished by low shrinkage during crosslinking and good electrical
insulation [Chen et al. 2018]. The selected ET hardener is often used for liquid
epoxy resins because it mixes with them easily due to the low viscosity.
The samples were produced in two stages.
In the first stage the skins were made and stuck to the core. Skins were
prepared by a wet manual laminating method. Appropriately sized rectangular
fragments were cut from the glass fabric. The first layer of glass fabric was
placed on the mould, and was then filtered with epoxy resin mixed with
hardener. The next layer of material was applied and again filtered with resin.
Subsequent layers were applied in the same way, depending on the thickness of
the skin. Excess resin and air were spread with a rubber roller. The prepared
glass laminates were pressed (500 kg) and allowed to crosslink at 40°C (this
temperature was selected so that the rate of crosslinking of the resin would be
the same in each type of sample) under a load of 5 kg.
In the second stage sandwich composites were produced. The hardened
skins were connected to the balsa core (Fig. 1A) or, optionally, to a core and a
mat of natural fibres (sisal and coconut) with epoxy resin (Epidian 601 mixed
with ET hardener). Smaller fragments (suitably cut) of the sisal and coconut mat
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(having the same surface area as the samples) were placed between the core and
the skins. The coconut and sisal fibre layers acted as a buffer between the main
components of the designed sandwich. In this way, two more types of cores were
formed: balsa + coconut mat (Fig. 1B), and balsa + sisal mat (Fig. 1C). Like the
skins, the samples thus prepared were pressed (500 kg) and allowed to crosslink
at 40°C under a load of 5 kg. The pressing served to remove trapped air and
additional excess resin, as well as to tighten the layers firmly to achieve a better
connection at the phase boundaries. Figure 1 shows the types of samples tested.

Fig. 1. Types of obtained sandwich composite

Samples prepared in this way were cut into a smaller rectangular beam and
subjected to strength tests and other tests.
Test methods
Intermediate shear strength was tested according to PN-EN ISO 14130:2001. For
this purpose, a Zwick 1345 strength machine was used. The method applied is
called the short beam method, and is mainly used for thermosetting and
thermoplastic fibre-reinforced composites.
The impact dynamic strength was measured by a percussive bending test
using a Charpy hammer. The test consisted of breaking the specimen, supported
at both ends, with a single swinging shuttle hammer. Composite materials
prepared for impact tests had the shape of rectangular beams with a rectangular
cross-section. The work of breaking the sample was calculated based on the
following relationships:
K I =mgR(1−cosα )

(1)

K II =mgR(1−cos β)

(2)

K =K I −K II =mgR(cos β−cos α )

(3)
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where KI is the initial hammer energy, KII is the final hammer energy, K is the
work of destruction of the sample, m is the mass of the pendulum, g is the
acceleration due to gravity, R is the distance from the pendulum axis to the
centre of the sample, α is the angle defining the position of the pendulum before
breaking, and β is the angle defining the position of the pendulum after breaking.
Samples after destruction were subjected to microscopic observations,
mainly at points that had been subject to load, material stratification and
fracture. For this purpose, the Keyence VHX-900F stereoscopic microscope was
used. The most popular methods for determining density are the hydrostatic and
geometric methods. The first test consists of filtering the samples by boiling in
distilled water and then weighing them in water and air. In this work the
geometric method was used, due to the structure of the samples, the
microstructure of the balsa core, as well as the presence of natural material,
which could degrade and swell under the influence of water.

Results and discussion
The mechanism of shearing of a balsa core in sandwich structures
All composites underwent destruction in a similar way when tested on the shear
testing machine. Figure 2 shows how the samples deformed.

Fig. 2. Composite samples: A – with balsa core and four-layer glass skins, B – with
balsa core and sisal mat and four-layer glass skins, C – with balsa and coconut mat
core and carbon skins; D – composite destruction pattern

Vertical core fractures were observed due to the high proportion of bending
stresses.
The development of the fracture mechanism is shown in Figure 2D, and
consisted of several stages:
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1. The presence of defects at the place where stress is concentrated (near the
action of the applied stress) results in heterogeneity at the border between the
skin/core layers, and the appearance of a crack (Fig. 2D, point 1).
2. Propagation of the crack parallel to the axis of the boundary layer (Fig. 2D,
point 2).
3. Disintegration of the core at the incision site (made in the balsa by the
manufacturer) or at a point with a high concentration of stresses (Fig. 2D,
point 3).
4. Skin resistance, delamination of the lower skin and propagation of the crack
parallel to the axis of the interlayer boundary (Fig. 2D, point 4).
5. Layer disintegration, propagation of the crack until complete destruction.
The sandwich samples with the balsa core were destroyed due to
delamination and shearing of the core. The mechanism of destruction was
a multi-stage one, as evidenced by the force–deformation characteristics (Fig. 3).
The materials deformed elastically to reach almost the maximum force (Fig. 3,
point A). The balsa wood core burst in a short time before the sample was
destroyed. In addition, delamination was observed at the interface near the
fracture. In each case the core was damaged. The skins were not destroyed, but
they carried traces of stress transfer. Their colour changed to milky, which may
indicate internal defects of the skin. The reason for this was the microcracks
formed in the matrix under the influence of the load, which dispersed light on
their surfaces. They also provide evidence that the balsa core gives resistance to
stress, spread over the surface of the skin. All materials underwent shearing;
however, the vertical core fractures may indicate a significant share of bending
stresses.

Fig. 3. Strength and strain characteristics for sandwich composites: with balsa and
four-layer glass skins (a), with balsa and coconut mat and four-layer glass skins (b)

The presence of a coconut mat significantly changes the destruction
characteristics of the composite under the influence of bending strains. This is
caused by the spreading of stresses via the coconut layer over the whole surface
of the sample. Many conclusions can be drawn from analysis of the behaviour of
the tested composite materials under the influence of stress. Samples containing
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only the glass skin and the balsa core (Figure 3a) achieved the maximum force
transmission, then the fibres in the bottom skin that were stretched to the greatest
extent ruptured. This resulted in a sharp drop in the force transmitted by the
tested element. After breaking, the whole stress focused on the subsequent layers
of the glass fabric, slightly exceeding the maximum force that the material could
carry, followed by breaking, and the pattern was repeated. This characteristic of
material destruction under the influence of stresses is beneficial, due to the
increase in the work of destruction needed for complete disintegration of the
tested sample. In the case of samples with coconut and sisal mats between the
core and the skin, the destruction characteristics were very different from those
without mats. The applied mats were elastic, and in the first stage, elastic
distribution of the applied tension took place from the glass laminate skin
through the elastic mat to the core. Cracking of the stretched laminates took
place from the bottom skins, which is advantageous from the point of view of
the use of such a material for structural applications.
Density values
The table (Table 1) presents the results of density determination for all prepared
samples. The reason for the low density of sandwich composites is the presence
of pores and voids that result from the core structure, both in the wood balsa and
in the aramid honeycomb. The specific density of the samples was used to
calculate the specific shear strength. The table (Table 1) presents the densities of
all samples prepared in the second stage of work, as well as composites with
a balsa core and four-layer glass skins made in the first stage of work.
Table 1. Comparison of sample density
Material of core

Type of skin

Number of layers

Density [g/cm3]

Balsa

glass

4

0.27

Balsa and sisal

glass

4

0.29

Balsa and coconut

glass

4

0.29

Density measurements did not indicate significant differences between the
samples tested. The sisal and coconut mat present in the sandwich material
causes a slight increase in density.
Strength properties
On the basis of the shear test, the maximum shear stresses occurring in the
composite samples were calculated, as well as the force and work required to
destroy them. The specific shear strength was also determined; this is the ratio of
the calculated shear strength to density. This made it possible to compare the
strength of different materials with regard to their construction.
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Fig. 4. Comparison of shear strength and bending strength

Shear strength for three types of samples is in a similar range, but the
sandwich composite made of pure balsa and skins has the highest shear strength.
The studied composites show greater differences when the results are calculated
by density, because low mass is their greatest asset. The presence of mats as
intermediate layers reduces the static strength by 15% in the case of sisal mats
and 26% in the case of coconut mats. The difference between samples with
coconut fibres and sisal fibres lies in the construction and strength of the fibres.
Sisal fibres contain in their structure twice as much cellulose as coconut fibres,
which positively affects the strength properties (a higher share of cellulose
improves the strength of the natural fibre).
Dynamic impact stress
After the impact tests, the samples were destroyed. Cracks in the core and skins
are visible, as well as the delamination of mats. The composites split into three
parts (Fig. 5). During destruction, the dynamic stresses accumulated in the
central part of the sample (Fig. 5, point 2). The materials became V-shaped when
damaged. The research shows that the surface perpendicular to the impact
direction of the hammer, which accumulates and absorbs impact, is crucial. It
was observed that the thicker the gap between the skin and the core, and the
more resilient the material filling this gap, the area absorbing the impact (Fig. 5)
is larger. Coconut and sisal mats shrink and spring during the test; the impact is
spread perpendicularly, while the skin collapses, distributing stresses along the
length of the sample. Sisal has greater elasticity, and is therefore more resistant
to impact.
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Fig. 5. Samples after impact test. Composites with four-layer glass skins, balsa
wood core and A – sisal mat, B – coconut mat

Fig. 6. Comparison of impact strength of composites with four-layer glass skins and
balsa core and their modifications

As can be seen from the graph (Fig. 6), the highest dynamic impact load
transfer capacity was observed for material modified with a sisal mat (Fig. 6).
The addition of coconut fibres also increased the impact strength, but not as
much as the sisal. Sisal contains up to 22% of water in its structure, which
makes the fibres more elastic and better at withstanding impacts. Coconut fibres
are dry enough that they contain only 45% cellulose, and the amount of water in
the structure is up to 8%. Modification with coconut fibre results in an increase
in the examined properties by approximately 32%, while the sisal gives a 166%
increase in comparison to samples of composites with a balsa core without an
intermediate layer. The last comparison was of the energy of destruction

96

Piotr SZATKOWSKI, Jan CHŁOPEK

calculated by the static test method in bending tests and the dynamic value
calculated in the impact test (Fig. 7).

Fig. 7. Comparison of static and dynamic work of destruction in composite samples

Composites without a sisal or coconut layer have a 50% lower energy of
destruction than samples with intermediate layers. The higher the energy needed
to destroy the material, the better. The energy absorption mechanism is
multidimensional in this case. The difference between a sandwich material
without coconut and sisal mats and composites modified with such mats is
significant, which means that their presence significantly improves the
absorption and distribution of accumulated stresses occurring during the impact
test. The mat is elastic because its component fibres (coconut and sisal) are
bound by natural latex. This combination allows the dissipation of energy to
a large extent before reaching the destructive stress to the core, decreasing the
value of the expansion after which the composite deformation takes place. The
tests did not show any abnormal adhesion at the interface or transfer of stress
from the skins to the core.

Discussion
Method of production of sandwich composite materials with wood balsa
core
A two-stage method was used to prepare the composites, which consisted of
making the skins by means of manual lamination and subsequently gluing them
to the core. The advantages of this method include above all its simplicity and
low tooling costs. In addition, it did not require the use of high temperatures, and
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enabled the use of minimal amounts of resin, the excess of which is removed
under a load (thanks to which no resin is observed in the pores of the balsa core).
As for the disadvantages of the two-step method, it was found that it is very
time-consuming, as the samples have to remain under load for at least a few
days, to thoroughly squeeze the resin and obtain a good connection at the phase
boundaries. When preparing composites using the contact method, it should be
remembered that their quality will largely depend on the production technology,
compliance with the procedures and operations contained therein, as well as the
skills and experience of the person performing the task. In all the samples in
which a natural balsa core was used, the skins were not damaged; only traces of
stress transfer and a slight change of colour at the point of load application were
noted. This shows good adhesion at the phase boundaries.
Models of the destruction of the materials
The tests and observations enabled a description of models of the destruction of
samples of composite material with a balsa wood core. Both static and dynamic
tests were carried out. The samples with a natural core deformed under the
influence of static loads in a similar way. The destruction occurred due to
delamination and shearing of the core. The mechanism was several-fold.
Initially, until the maximum force was reached, the materials deformed
elastically, and the successive appearance of vertical balsa cracks was observed.
Also visible was delamination at the interface, and – in the case of mouldings
modified with mats – delamination of the mats. The balsa core was destroyed
first, which proves good adhesion at the interface, thanks to which the stresses
were transferred from the skins to the core. All samples with a natural core were
bent into a V-shape during destruction. It was observed that in this case the
surface perpendicular to the impact direction of the hammer, which accumulates
and absorbs impacts, is crucial. It was found that the greater the gap between the
core and the skin, and the more resilient the filler material, the greater is the
absorbing area. During the tests, the mats shrank, the impact was distributed
perpendicularly, and the skin collapsed, distributing stresses to the sides. The
final strength and energy values recorded in the conducted tests are influenced
by the following factors: continuity and homogeneity of the layers, especially
layers of coconut and sisal mat; adhesion at the interface between layers; the
mechanical properties of the substrates forming the layered biocomposite; the
properties of the natural fibres and the balsa.
Proposals for future research
In the future, the materials prepared in this work will be subjected to fatigue
tests, in which their strength under the influence of cyclically variable loads will
be determined. In the case of structural composites, this is an important
parameter. Fatigue of the material lowers its durability and is often the cause of
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cracks in components made of it, which can lead to serious accidents. Based on
the research and observations made, it was concluded that in order to obtain
more natural materials in the future, the focus should be on the preparation and
examination of the properties of sandwich composites made of a natural core
(balsa, mats) and natural skins; for this purpose, for example, natural fibre
fabrics can be used.

Conclusions
All of the tests and observations made allowed conclusions to be drawn
regarding methods of production, parameters of the component materials of the
prepared composites, and the mechanism of their destruction. In the production
of materials based on sisal and coconut fibres, it is difficult to reproduce the
same type of materials with identical mechanical properties. Thus, one can speak
of a natural sandwich material having properties within a range of +/– 8% of the
measured average value. This is a significant problem that can be minimized by
taking care to ensure the appropriate level of substrate moisture.
The research enabled an evaluation of all of the prepared materials in the
context of specific technical applications. The highest static strength is exhibited
by samples with a balsa core and glass skins, which are destroyed by shearing of
the core and delamination. The most resistant to impact resistance are materials
with a natural core – balsa, sisal mat – and glass skins. Coconut and sisal mats
dampen internally very well, and do not allow stress concentration in the balsa
core. Balsa is not resistant to impacts parallel to the direction of wood cells.
Despite the identical chemical structure of coconut and sisal fibres, differences
in impact resistance were noted. Sisal fibres are more impact-resistant than
coconut fibres. The fibres differ on the structural level: sisal fibres have longer
cellulose chains in their structure, which favours the dissipation of the impact
energy. These materials are characterized by low density and ease of
manufacture, while a disadvantage is their lower static strength. This material
was considered the most universal sandwich composite of all the prepared
samples.
In conclusion, sandwich-type composites are a very wide and promising
group of materials, but they require proper selection of components and
examination of their behaviour in a specific application. In the materials tested
here, the mass fraction of synthetic components was 7% (resin and glass fabric),
which is a highly satisfactory value. Sandwich compositions containing wood
and other cellulose structures will be increasingly studied. This is part of
a global trend, resulting from the significant waste management problems that
arise when materials based on synthetic polymers reach the end of their
lifetimes.
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EFFECTS OF WEATHERING ON MECHANICAL
PROPERTIES AND SURFACE ROUGHNESS OF
ENDOSPERMUM MALACCENSE WOOD MODIFIED
WITH PROPIONIC ANHYDRIDE

This study evaluated some properties of sesenduk (Endospermum malaccense)
wood treated with propionic anhydride and exposed to outdoor conditions for up
to one year. Defect-free samples of sesenduk were extracted with a 3:1:1 (v/v)
mixture of toluene, ethanol and acetone for 3 hours at a temperature of 100°C.
The samples were then modified at the same temperature for another 3 hours
using propionic anhydride and 10% sodium formate as catalyst. Modulus of
elasticity (MOE), modulus of rupture (MOR) and parallel-to-grain compression
strength of the samples exposed to weathering were tested. Chemical treatment
reduced the MOE but slightly increased the MOR and parallel-to-grain
compression strength compared with untreated samples. However, treated samples
retained higher strength properties than untreated ones. The modulus of elasticity,
modulus of rupture and parallel-to-grain compression strength of treated samples
at radial orientation were respectively 20%, 31% and 62% higher than those of
untreated samples after one year’s outdoor exposure. Weathering adversely
influenced the surface quality of the specimens for all exposure times.
Keywords: chemical modification, weathering; mechanical properties, surface
quality, sesenduk (Endospermum malaccense)

Introduction
Tropical hardwoods are gaining favour around the world, particularly in
European countries, owing to their larger log diameters, appealing texture and
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superior decay resistance. They have been utilized for furniture, wood composite
and a wide range of outdoor applications [Kilic and Niemz 2012]. For outdoor
applications, the durability of the timber against weathering is of the utmost
importance. The term “weathering” describes the irreversible deterioration of
appearance and properties of a material when exposed to the weather
[Jankowska and Kozakiewicz 2016]. Weathering is the general term used to refer
to the slow degradation of materials exposed to the weather. The degradation
mechanism depends on the type of material, but the cause is a combination of
factors found in nature: moisture, sunlight, heat/cold, chemicals, abrasion by
windblown materials, and biological agents.
In tropical countries such as Malaysia, the interest of manufacturers has
shifted to low-density hardwood, as resources of high-density wood are being
depleted [Mohammad-Fitri et al. 2017]. Some lesser-known species (LKS) such
as sesenduk have high potential in replacing the now depleted high-quality
timber in order to sustain wood-based industry. Sesenduk (Endospermum
malaccense) is a light-density tropical hardwood with air-dried density ranging
from 305 to 655 kg/m3. Unfortunately, due to its low density, sesenduk has been
reported as a non-durable wood with an average service life of 1 year [Jackson
1965]. Therefore, treatment is always necessary to enhance the biological
durability and weathering resistance of sesenduk wood.
Treatment with phenolic resin is commonly applied to improve both the
biological durability and weathering resistance of sesenduk wood and other
woody materials [Anwar et al. 2011]. Mohammad-Fitri et al. [2017] treated
sesenduk wood with low-molecular-weight phenol formaldehyde (LMwPF)
followed by hot pressing of the samples at 150 °C and exposure to accelerated
ageing for 10 cycles. The results revealed that the treated wood subjected to
accelerated ageing lost 22.9-38.3% of its initial modulus of elasticity, while
untreated samples lost 51.3%, confirming that the phenolic resin treatment
improved the weather resistance of the treated wood. Heat or thermal treatment
is another effective method for protecting the wood against weathering
[Candelier et al. 2016]. Yildiz et al. [2013] reported that hardwoods and
softwood thermally treated using steam displayed better resistance against
artificial weathering compared with untreated samples.
Apart from the aforementioned treatment methods, several other types of
chemical compounds have been used to modify wood, including anhydrides,
acid chlorides, carboxylic acids, isocyanates, aldehydes, alkyl chlorides,
lactones, nitriles and epoxides [Militz et al. 1997]. For instance, Bhat et al.
[2010] treated Acacia mangium and Acacia hybrid woods with propionic and
succinic anhydride, and exposed the treated wood to weathering for a period of
one year. The results revealed that the treated wood exhibited better resistance
against weathering, where discoloration, weight loss and mechanical strength
loss were lower than in untreated wood samples. Of the two chemicals, succinic
anhydride offers better protection to the treated wood than propionic anhydride.
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However, to the best of the authors’ knowledge, no study has been reported
related to the effects of weathering on the mechanical properties and surface
roughness of propionic anhydride-modified sesenduk wood, especially in the
tropical and ASEAN regions. Therefore, the objective of this study was to
evaluate some mechanical properties and the surface quality of propionic
anhydride-modified sesenduk wood following outdoor exposure.

Materials and methods
Preparation of materials
Sesenduk (Endospermum malaccense) trees with an average age of 19 years
were harvested from a plantation located at Forest Research Institute Malaysia
(FRIM), Kepong, Selangor. The harvested trees were sawn in the radial and
tangential directions. Propionic anhydride and sodium formate were used as
modifying chemicals in this study. The molecular structures of propionic
anhydride and sodium formate are presented in Figure 1, and the molecular
formulae, densities and molecular weights are given in Table 1.
Propionic anhydride

Sodium formate

Fig. 1. Molecular structures of propionic anhydride and sodium formate
Table 1. Properties of propionic anhydride and sodium formate
Properties

Propionic anhydride

Sodium formate

Molecular formula

C6H10O3

HCO2Na

Molecular weight
Density

130.14

gmol-1

68.01 gmol-1

1.015

g/cm3

1.92 g/cm3
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Preparation of propionic anhydride-modified wood
Wood samples were extracted in a Soxhlet apparatus with a 3:1:1 (v/v) mixture
of toluene, ethanol and acetone at a temperature of 100 °C for 3 hours. After the
extraction process was completed, the extracted samples were first air-dried and
then weighed. The air-dried samples were oven-dried overnight at 103 ±2°C
prior to the modification treatment. Oven-dried samples were cooled off in
a desiccator.
In the next step, the samples were modified in a 2 L reaction flask. The
reaction with propionic anhydride was carried out with a 10% concentration of
sodium formate, used as a catalyst, at a temperature of 100°C, for 3 h. The
reactor with an attached condenser was placed in an oil bath. The flask contents
were stirred every 10 min. At the end of the reaction time the flask was removed
from the hot oil bath and the hot reagent decanted off from the samples. The
samples were then immediately soaked in ice-cold acetone for 2 h to quench the
reaction.
Evaluation of mechanical properties of samples
A total of 420 modified and control samples were tested for mechanical
properties. Ten samples for each outdoor exposure level, namely 1-month,
3-month, 5-month, 7-month, 9-month and 12-month exposure, were used for the
tests. The samples were placed on a steel rack facing south, at an angle of 45°C,
at the Forest Research Institute Malaysia (FRIM), Kepong, Selangor, Malaysia
for outdoor exposure evaluation of the sample according to the procedures
specified in Anwar et al. [2011]. The average temperature in FRIM, Kepong is
25.9°C and the relative humidity is more than 80% all year long. The
precipitation is about 2579 mm per year.
The bending strength and compression strength parallel to the grain were
tested based on BS EN 373:1957. Bending and compression test samples had
dimensions of 20 × 5 × 120 mm and 20 × 20 × 60 mm, respectively. A Shidmazu
AG-15 universal testing machine having two supports over a span of 100 mm
with 100 kN capacity was employed for bending strength testing. All outdoor
exposed samples were conditioned to an equilibrium moisture content of 12%
prior to the tests.
Evaluation of surface roughness properties
The effects of weathering on the surface quality of the samples were also
evaluated, using stylus-type equipment. Two roughness measurements were
taken from the surface of each sample across the grain orientation prior to
outdoor exposure. A T-500 Hommel profilometer was used for the roughness
measurements. The device consists of a main unit and a pick-up with a skid-type
diamond tip stylus having a radius of 5 µm. Three roughness parameters –
average roughness (Ra), mean peak-to-valley height (Rz) and maximum
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roughness (Rmax) – were used to evaluate the surface quality of the control and
outdoor exposed samples. The tracing span and cut-off length for the roughness
measurements were 5 mm and 0.25 mm respectively.
Statistical analysis
The data were analysed statistically using analysis of variance (ANOVA) with
mean separation by the least significant difference (LSD) method. All statistical
analysis was performed at p ≤ 0.05.

Results and discussion
Bending strength
The weight percent gain of the wood samples after treatment with propionic
anhydride was around 22%. The results of the mechanical and surface roughness
tests are given in Table 2. The control specimens, in both grain orientations, had
the highest modulus of elasticity (MOE) value among the samples. Average
MOE values of 9369 N/mm2 and 9665 N/mm2 were recorded for the control
samples in the radial and tangential orientation respectively. However, following
treatment with propionic anhydride with sodium formate used as a catalyst, their
stiffness was reduced, as indicated by the lower MOE values. The MOE values
for propionic anhydride-modified samples were 8899 N/mm2 in the radial
direction and 8953 N/mm2 in the tangential direction. On the other hand, the
modulus of rupture (MOR) in radial samples was higher after modification. The
radial MOR value was 78.0 N/mm 2 for control samples and 83.5 N/mm 2 for
treated samples. Bhat et al. [2010] attributed the improvement in MOR to the
reaction of hydroxyl groups of cell wall polymers with the anhydride.
After a 1-month exposure, the control radial samples retained 87.87% of
their initial MOE, while modified radial samples retained 92.48% of their initial
MOE. In other words, MOE loss for modified radial samples was less than that
of the control radial samples after a 1-month exposure. Similar findings were
also recorded for the tangential samples, where control and modified samples
retained respectively 88.97% and 96.65% of initial MOE after a 1-month
exposure. The findings suggest that modification with propionic anhydride
provides better protection against weathering. The difference between control
and modified samples became more and more significant with an increase in the
exposure period (3 to 12 months). After 12 months’ exposure, the control radial
and tangential samples retained only 63.75% and 67.81% respectively of their
initial MOE. Meanwhile, modified radial and tangential samples respectively
retained 83.64% and 79.05% of their initial MOE.
The trend for MOR mirrored that of MOE. Control radial samples retained
84.23% of their initial MOR after a 1-month exposure. The strength decreased as

control

9369.1a

(1026.5)

8232.4a

(1185.4)

7604.7a

(1198.7)

7569a

(1265.7)

7377.7a

(1221.46)

6935.2a

(1246.18)

5972.7a

(666.5)

modified

8899.1a

(1140.46)

8230.1a

(1107.2)

8030.7a

(934.76)

7873.3a

(1147.08)

7694.6a

(476.93)

7546.6a

(861.2)

7443.5a

(1249.82)

radial
control
9665.0a
(1425.9)
8598.7a
(1014.8)
8542.1a
(1020.7)
7511.6a
(1171.4)
7443.5a
(1249.8)
7409.4a
(901.86)
6553.4a
(974.65)

modified
8952.7a
(1297.6)
8652.4a
(1167.36)
8691.9a
(1276.97)
8521.7a
(987.44)
7771.7a
(1001.4)
7751.3a
(833.09)
7077.0a
(1499)

tangential

modulus of elasticity

(5.72)

61.5a

(12.46)

62.4a

(11.31)

64.6a

(7.53)

64.7a

(8.19)

70.8a

(6.29)

71.0a

(10.5)

83.5a

modified

radial

(7.53)

42.4b

(12.67)

52.4a

(7.4)

53.5b

(9.19)

58.5a

(9.79)

62.6a

(9.1)

65.7b

(7.39)

78.0a

control

(5.73)

52.3a

(7.6)

66.4a

(6.29)

64.6a

(9.32)

63.7a

(11.86)

76.8a

(10.8)

74.9a

(11.64)

80.6a

modified

(8.5)

48.2a

(8.45)

50.3b

(11.64)

57.0a

(9.45)

58.4a

(7.53)

70.9a

(8.51)

71.4a

(10.96)

84.6a

control

tangential

modulus of rupture

(7.51)

10.1a

(1.16)

11.08b

(7.1)

29.41b

(7.16)

31.27b

(5.66)

33.71a

(8.7)

37.08a

(2.93)

39.28a

(4.4)

3.77a

(9.71)

5.63a

(2.27)

9.60a

(6.24)

17.45a

(8.3)

20.97a

(4.03)

28.69a

(3)

32.14a

control

strength

compression

modified

Numbers in parentheses are standard deviations. Means followed by the same letter are not significantly different at p ≤ 0.05.

12

9

7

5

3

1

0

(months)

time

Exposure

Mechanical properties (N/mm2)

Table 2. Mechanical properties of sesenduk wood after weathering
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the exposure period increased. After a 12-month exposure, control radial
samples retained only 54.36% of MOR. In comparison, modified radial samples
exhibited higher resistance against weathering, retaining 73.65% of the initial
MOR value after a 12-month exposure. For tangential samples, the control
samples retained 56.97% of initial MOR after a 12-month exposure, while
modified samples retained 64.89%. The findings were in line with Homkhiew et
al. [2014] and Zhu et al. [2015], who reported gradual decrements in the strength
properties of samples as a function of exposure time. Sandberg [1999] reported
that more cracks were formed on the tangential surfaces of wood after outdoor
exposure due to the fact that the magnitude of shrinkage and swelling in the
tangential direction is twice that in the radial direction. Therefore, in this study,
modified tangential samples retained lower MOR and MOE values than their
radial counterparts.
Cellulose depolymerization is the main factor contributing to strength loss
due to weathering [Sander et al. 2003]. Anhydride molecules are able to selfcondense and able to provide protection to cellulose from photodegradation,
resulting in better resistance in treated wood. The dimensional stability of the
treated wood is greatly enhanced. Therefore, the shrinkage and swelling of the
treated cells are much lower than those of untreated cells. This phenomenon
leads to lower distortion in the wall layers of treated wood, resulting in lower
strength loss after weathering [Imamura 1993]. According to Rowell and
Winandy [2005], lignin acts as a matrix material that binds carbohydrate
molecules together within the cell wall and contributes little to the wood’s
stiffness. Upon exposure to outdoor conditions, lignin is the most sensitive
component and is rapidly degraded photochemically by UV radiation. Cellulose
becomes exposed to the weather elements as lignin degrades and is eventually
washed off the wood surface during rain. Next, new lignin-rich surfaces are
exposed and the degradation cycle starts over, contributing to the continuous loss
of strength of weathered wood [Rowell and Winandy 2005].
Compression strength
The initial compression strengths for control and modified samples were 32.14
and 39.28 N/mm2 respectively. Modified samples had higher compression
strength than the control samples. After exposure for 1 month, the control
samples retained 89.27% of their initial compression strength, while modified
samples retained 94.40%. The difference is even greater and more prominent
after a 12-month exposure. The compression strength of the control samples was
recorded as 3.77 N/mm2, which means that 88.27% of their initial strength was
lost after exposure for 12 months. A similar trend, though to a lesser extent, was
observed for the modified samples. After a 12-month exposure, the modified
samples retained 25.71% of their initial compression strength. Although this is
also a substantial loss of strength, it is much better than in the control samples.

108 Mohd Khairun Anwar UYUP, Seng Hua LEE, Hamdan HUSAIN, Nordahlia Abdullah SIAM, Latifah JASMANI

Jankowska and Kozakiewicz [2016] found that the loss in compression
strength of wood is due to the cyclical changes in humidity and temperature
during weathering. The rapid changes in both humidity and temperature caused
cracking of wood as strong sorption stress exceeded the internal cohesion of
wood. Consequently, the wood lost its initial strength after weathering. However,
after modification with propionic anhydride, the wood’s sorption of water
vapour was greatly reduced, as reported by Papadopoulos [2006]. As a result, the
modified wood was subject to lower stress, and therefore the loss in strength was
also reduced.
Surface quality
The surface roughness of control and modified wood after one year’s outdoor
exposure is shown in Table 3. Average Ra values of control and modified
samples before exposure were 2.87 µm and 3.15 µm respectively. As they were
exposed to weathering, their surface quality was adversely affected. For
Table 3. Surface roughness of modified and unmodified wood samples after 1-year
outdoor exposure
Exposure time
(months)
0

1

3

5

7

9

12

Modified (µm)

Control (µm)

Ra

Rz

Rmax

Ra

Rz

Rmax

3.15

31.78

49.18

2.87

23.25

26.74

(0.57)

(5.39)

(10.92)

(0.34)

(4.24)

(14.75)

10.23

48.91

82.69

7.14

41.32

59.76

(3.35)

(51.14)

(26.55)

(2.08)

(9.68)

(22.02)

11.44

56.58

83.39

9.18

49.87

67.80

(1.93)

(6.52)

(14.10)

(2.05)

(10.49)

(16.56)

5.01

43.94

58.17

6.17

57.62

67.04

(1.11)

(6.33)

(2.5)

(0.98)

(5.63)

(7.54)

5.67

53.96

64.53

5.8

56.68

66.85

(1.15)

(7.69)

(9.49)

(0.16)

(5.62)

(9.02)

5.23

55.21

65.61

6.46

59.24

71.24

(0.74)

(1.58)

(7.01)

(0.71)

(3.96)

(10.77)

7.97

62.37

71.33

6.83

59.45

74.91

(1.17)

(2.81)

(4.3)

(1.22)

(4.33)

(11.55)

Numbers in parentheses are standard deviations.
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example, modified samples had an Ra value of 5.01 µm, compared with 6.17 µm
for control samples, as a result of a 5-month exposure, indicating that the
overall surface quality of both types of samples deteriorated. The results were in
agreement with Yildiz et al. [2013], who reported that the surface of thermally
treated wood samples became rougher with increasing time of weathering.
Hiziroglu et al. [2008] reported a similar observation, as the surface quality of
tropical hardwoods started to degrade after a 4-week exposure period.
Degradation of wood polymers and leaching of degraded wood materials are the
main factors causing weathered wood to have a rougher surface [Behbood and
Saei 2015]. However, although not significant, it seems that the chemical
treatment had some positive impact on the surface quality of the modified
samples. After a 9-month exposure, modified wood samples exhibited smoother
surfaces than the untreated samples. However, as the weathering period
progressed, the surface of the modified wood became rougher than the untreated
samples by the end of the exposure period of 12 months.

Conclusions
This study examined the mechanical properties and surface properties of
propionic anhydride-modified sesenduk wood after exposure to weathering. The
results revealed that the treatment using propionic anhydride enhanced the
weathering resistance of sesenduk wood. The modified wood lost 7.52% of its
initial MOE, while unmodified wood lost 12.13%, after a 1-month exposure.
A similar trend was also observed for MOR, where the modified wood retained
higher strength after weathering. The compression strength of the control
samples decreased by as much as 88.27% after a 12-month exposure.
Meanwhile, modified samples lost 74.29% of their initial compression strength.
As for surface quality, all samples became rougher after weathering. The results
obtained in this study indicate that propionic anhydride provides a certain degree
of protection to sesenduk wood against weathering.
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DURABILITY IN OUTDOOR CONDITIONS OF COATING
SYSTEMS BASED ON WATERBORNE ACRYLIC RESIN
WITH COMMERCIAL UV ABSORBER AND TREE BARK
EXTRACT

Environmentally friendly new wood preservative surface materials were
developed to protect the wood surface against outdoor conditions. The durability
performance of different types of waterborne acrylic resin with bark extract used
as coatings on a wood surface exposed to outdoor conditions was investigated.
Scots pine and Oriental beech surfaces were coated with three different
waterborne acrylic resin coatings. Bark extracts from two different trees (fir and
black pine) and a commercial UV absorber were used in the acrylic resin coating
formulations. The durability of the coatings containing these bark extracts were
compared with that of the coating with a commercial UV absorber. The wood
samples coated with the test and control coatings were exposed to the QUV test in
laboratory conditions. The surface colour and roughness changes on the wood
samples coated with the test coatings and exposed to the accelerated weathering
test were compared with the control samples. Microscopic images were taken, and
the coating thicknesses of the control and test samples prepared before the
outdoor test were determined. The results showed that the protective effect of the
acrylic coating system containing fir bark extracts in QUV test conditions over
2016 h was similar to that of the coating containing commercial UV absorbers.
However, while the fir bark extract’s antioxidant effect positively affected the
beech wood to increase durability in outdoor conditions, it had a lower
preservative effect on the pine wood.
Keywords: artificial weathering test, acrylic coating, black pine bark extract,
colour change, fir bark extract, surface roughness
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Introduction
As one of the methods used to protect the surface of wood material against
outdoor conditions, UV light and water contact with the wood surface are
prevented by surface treatments. Today, different wood surface protective
products used in outdoor conditions are offered on the market [Decker et al.
2004; Evans et al. 2005; Penga et al. 2020]. In order to protect the wood surface
from photodegradation, acrylic resin coatings and UV absorbers used in the car
industry are being investigated extensively. According to these studies, high
protection is provided on the surface against photodegradation by an acrylic
resin containing organic or inorganic UV absorbers [George et al. 2005;
Custódio and Eusébio 2006; Aloui et al. 2007; Deka and Petrič 2008]. While
colour stabilisation is provided on the surface, lignification is also prevented by
protecting the wood surface from washing. An acrylic resin containing UV
absorber provides more extended protection against outdoor conditions in
comparison to older generation surface treatments [Hayoz et al. 2003;
Forsthuber and Grüll 2010; Özgenç and Yıldız 2016a]. Several studies have been
carried out on the effects of some bark extracts, high phenol content, or
antioxidant effects. Chang et al. [2010] investigated the antioxidant activity of
extracts obtained from the bark and heartwood of Taiwan’s acacia tree. It was
determined that the acacia heartwood extract is a more effective antioxidant than
bark extract. Douf et al. [2006] tested extraction of hazelnut, sumac, Shinopsis
lorentzii L. leaf, and pine and mimosa barks by three different methods. It was
determined that the antioxidant capacity of the extracts was very high. Jerez
et al. [2007] compared the antioxidant activity and procyanidin components of
extracts obtained from maritime pine and red pine barks. Vázquez et al. [2008]
investigated the potential antioxidant components of chestnut and eucalyptus
bark extracts. The chestnut bark extract was shown to have a high molecular
weight, and eucalyptus bark a lower molecular weight. The phenol content and
antioxidant activity of the bark extracts were found to have a positive linear
correlation. The results of FTIR spectroscopy analysis revealed that the phenol
content of the chestnut bark extract was higher than that of the eucalyptus bark
extract. Salem et al. [2014] achieved positive results for antibacterial, antifungal,
and antioxidant properties of extracts from Delonix regia L. bark, commonly
used as firewood. There are some studies in the literature on the use of tree bark
extracts as organic UV absorbers due to their high antioxidant effect. One of
these studies compared the photostabilisation effect of bark extract, lignin
stabiliser, and UV absorber and inhibitor (amine light stabiliser) on acrylic
polyurethane coating on a wood surface. The highest photostabilisation effect
after the accelerated weathering test was found in heat-treated wood surfaces
with applied acrylic polyurethane containing bark extract and lignin stabiliser
[Kocaefe and Saha 2012]. According to the results of another study, natural
antioxidant (bark extract) and lignin stabiliser alone or combined were mixed
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into an acrylic polyurethane material to increase the durability of the coating
material in outdoor conditions. The colour stabilisation of the wood surfaces
coated with acrylic polyurethane containing bark extract was improved [Saha
et al. 2011]. The colour stability of wood coatings based on a combination of
epoxy functionalized soybean oil and UV-absorber 2-hydroxy-4(2,3-epoxypropoxy)-benzophenone (HEPBP) was very high compared with wood
coatings containing HEPBP only. Additionally, the epoxy-based soybean oil
combination with UV absorber (HEPBP) provided substantial protection against
physical deformation of wood coatings caused by external factors such as UV
radiation and rain [Olsson et al. 2012]. Saha et al. [2013] examined the outdoor
strength of acrylic polyurethane coatings prepared with three different UV
stabilisers (UV absorber, HALS, antioxidant). It was determined that the strength
of wooden surfaces with applied acrylic polyurethane coating modified with
coniferous tree bark and leaf extracts increased in outdoor conditions. It was
concluded that the antioxidant effect of coniferous tree bark and leaf extracts
provides high UV absorption. In a study by Grigsby and Steward [2018],
condensed grain extracted from tree barks was added to an acrylic resin-based
coating as a functional additive. Acrylic coatings modified with tannin with
a high antioxidant effect provided very high protection on the surface of wood
against outdoor conditions.
In studies in the literature, existing coatings have been modified using bark
extracts. This study examined the durability of waterborne acrylic coating
systems containing tree bark extracts in outdoor conditions. Bark extracts
obtained from two different tree species (fir and black pine) and commercial UV
absorber (Tinuvin DW 400) were used as the test and control groups
respectively. The surface colour and roughness changes of the test and control
samples exposed to artificial weathering testing were analysed. Additionally, the
coating thicknesses of the test and control samples were determined by light
microscopy. UV absorber materials used in wood surface coating systems are
imported and expensive products. For this reason, the study will investigate the
availability of tree bark extracts as alternatives to UV absorbers.

Materials and methods
Wood and bark samples
The barks were peeled from 20- to 30-year-old fir (Abies nordmanniana L.) and
black pine (Pinus nigra L.) trees felled in the Black Sea Region in the north of
Turkey. The TAPPI T 257 cm-12 and TAPPI T 264 cm-07 standard methods
were used for preparation and chopping of tree barks for extraction analysis.
Scots pine (Pinus sylvestris L.) and Oriental beech (Fagus orientalis L.) were
used in the study as defect-free samples. The wood samples were prepared with
dimensions of 150 mm (longitudinal) by 70 mm (tangential) by 20 mm (radial)
for artificial weathering.
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Bark extraction process
All tree barks were air-dried at room temperature and then ground using
a laboratory-scale Wiley mill to obtain 40- to 60-mesh bark powder. To obtain
extractives, the bark powders were extracted in a Soxhlet extractor. The bark
powder (25 g for each) was soaked in 300 mL of ethyl alcohol:benzene (1:2 v/v).
The solvents from each extract were removed using a rotary evaporator at 50°C
and stored in sealed flasks at 4°C until use.
The extracts’ antioxidant activities were determined by the method of 2,2-diphenyl-1-picryl hydroxyl (DPPH) radical capture activity. Determination of
total phenolic matter also sheds light on the extract's antioxidant capacity, since
it is based on oxidation–reduction reactions. There is a linear relationship
between the bark extract's total phenolic content (BE) and its antioxidant activity
(Table 1).
Table 1. Total phenol content and antioxidant activity of tree bark extracts (BE)
BE species

Total phenol content
(TPC) (mg-GAE/g-DB)

Antioxidant activity (AA)
(%)

Fir

49.09

75.47

Black pine

191.47

90.31

Preparation and application of coating systems
The waterborne acrylic-based coating system was formulated from the
commercial acrylic resin, a poly-(methyl acrylate/methyl methacrylate/butyl
acrylate) copolymer dispersion. In order to increase the effects of other additives
on photostabilisation, only small amounts of defoamer and 2,2,4-trimethyl-1,3-pentandiolemonoisobutyrate as coalescent agents were used in the formulation.
Acrylic-based coating systems containing bark extracts were compared with the
control coating containing commercial UV absorber. Tinuvin DW 400, known as
a commercial UV absorber containing a hydroxyphenyl-striazine class
(HPT) is a BASF product.
For the artificial weathering test, the back, end-grain, and side faces of wood
samples were covered with 2-epoxy white paint with a brush, and the front side
was left uncoated for the experiments. The commercial waterborne impregnation
product, with the active ingredients 1.20% propiconazole and 0.30%
iodopropynyl butylcarbamate, was used as a primer to protect the samples
against biological deterioration, including soft rot and blue stain. The primer was
applied to the samples in an amount of 120 g/m 2 using a brush. The first layers
of topcoats were also applied to each sample at a spread rate of 100 g/m 2 with
a brush. Later, the specimens were sanded with 240-grit size sandpaper and kept
at room temperature for two days before the second layer of topcoat was applied.
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After the top coating, the samples were conditioned at 20°C and 65% RH for
two weeks.
Artificial weathering test
All wood samples with applied coating systems comprising bark extracts and
mineral UV absorber were subjected to an artificial weathering test by exposure
to fluorescent UV lamps (340 nm) in a QUV/spray accelerated weathering tester
(Q-Panel Lab Products, Cleveland, USA) for 2016 h according to the EN 927-6
standard. The weathering experiment was conducted using cycles of UV-light
irradiation for 2.5 h at 60°C followed by a water spray for 0.5 h, followed by
condensation for 24 h at 45°C in an accelerated weathering test cycle chamber.
Four samples were used for each variation in the artificial weathering test. The
samples were removed from the test chamber at 24 h intervals over 48 h, and
subsequently, colour measurements were performed on the exposed surfaces
coated with acrylic and alkyd systems. After the measurements, the samples
were placed again into the chamber, and then, at every 224 h interval over
2016 h, the samples were removed, and the measurements were repeated on the
surfaces. During the 2016 h test period, 11 periodic measurements were
performed on the exposed surfaces.
Colour measurement
The colour measurements were carried out using a Minolta CM-600d
spectrophotometer (Konica Minolta, Japan) equipped with an integrating sphere
according to the CIE L* a* b* system (ISO/DIS 7724-2 standard). The Konica
Minolta CM-600d instrument’s reflection spectrum was acquired from an area
measuring 8 mm in diameter with 100 in the 400-700 nm wavelength range. Five
measurements were recorded for each sample.
Surface roughness measurement
A TR100 Surface Roughness Tester was employed for the measurement of
surface roughness. The Ra and Rz roughness parameters were measured to
evaluate the surface roughness of unweathered and weathered (treated and
untreated) samples according to the ISO E 4287 standard. Ra is the arithmetic
mean of absolute values for profile departures within the reference length, and
Rz is the arithmetic mean of the 5-point height of irregularities. The cut-off
length was 2.5 mm, the sampling length was 12.5 mm, and the detecting tip
radius was 5 mm for the surface roughness measurements.
Ra = the arithmetic mean of the absolute values for profile departures
within the reference length;
Rz = the arithmetic mean of the 5-point height of irregularities.
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The variable called the Roughness Index (RI) is defined according to
equation (1) [Nzokou, 2004]:
Rz −Rz (i)
RI = ( w )
(1)
Rz(i)
Determination of coating thickness using the light microscope
The coating thickness was determined using a ZEISS Stemi 305 light
microscope and ZEISS AxiocAM erC 5s camera at 2X magnification according
to ASTM D5235-18 [2018]. Dry film thickness was calculated as the average of
the measurements taken from two samples: five measurements from each sample
surface. The viscosities of the three different coatings applied in this study were
determined using DIN cup/4mm/20 0 C ASTM D5235-18 [2018]. The coating
viscosity value was calculated as the average of five measurements taken from
each varnish type.

Results and discussion
Colour change of wood surfaces finished with coating systems
The colour stabilisation of acrylic resin containing tree bark extractives and UV
absorbent was evaluated in artificial weathering conditions for 2016 h. The
changes in the colour as a result of intensive weathering conditions are clearly
seen in Figure 1. The greatest colour change (E*) was found with the coating
systems containing black pine extract, and the smallest with the fir extract on
pine. In this study, it was determined that the effect of colour stabilisation of the
fir extract may rival that of commercial products such as that used in the control
samples.
A positive value of ∆b indicates increasing yellowish colour on the wood
surface, while a negative value refers to a bluish colour. As seen in Figure 1, the
test samples’ colour changed from yellowish to bluish, compared with the
beginning of the artificial weathering test. The greatest change was found in
black pine bark extractives, while the lowest ∆b value was obtained from the
control samples. Moreover, the ∆a value refers to a reddish colour for positive
values, and greenish for negative values [Ozgenc and Yildiz 2016b]. The test
coating samples’ general trend, except for the fir bark extract and control
coatings, was a change from reddish to greenish over the 2016 h. After that time,
the test samples’ surfaces tended to be greenish, except for samples with the fir
bark extract coating. However, the control coating samples had a positive value,
that is, reddish. The lowest ∆a values were obtained from the fir bark extractives
for beech, compared with the control samples as a commercial product. The ∆L
values give clues about the surface quality and lightness [Penga et al. 2020].
Polymerisation of lignin during a weathering test causes the wood surface to be
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Fig. 1. Changes in colour coordinates of wood surfaces with applied acrylic coating
systems

dark [Kocaefe and Saha 2012]. The ∆L values of coatings for beech tended
towards negative during the 2016 hours. Therefore, the beech wood surface
became rougher and darker during the artificial weathering test. It was found
that, in both types of wood, the lowest ∆L value was observed in the coating
systems containing black pine extract.
In the literature, tree bark extractives have provided the best colour
stabilisation based on ∆E values representing the colour change on the wood
surface under artificial weathering conditions. The high antioxidant activity of
tree bark extractives inhibits the oxidation reaction which occurs in cell wall
components, especially in lignin [Evans et al. 1987; Saha et al. 2011, 2013].
Therefore, tree bark extractives improve weathering resistance significantly.
However, in this study, the ∆E values of the control and test samples with the
acrylic coating systems were different. The least colour change was obtained
from the commercial UV absorber (control) for both pine and beech. While the
colour changes increased gradually during the 2016 h for the bark extracts, the
colour change in the coating systems containing bark extracts was generally
higher than in the control coatings containing the commercial UV absorber. The
oxidation reactions induced by weathering conditions (the combination of UV
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radiation, high humidity, temperature, etc.) cause deformation in the resin
structure influencing coating adhesion and cohesion [Singh et al. 2001; Perera
2003]. Therefore, UV rays reach the wood surface, and degradation occurs.
Nevertheless, the colour change of the coating system containing fir extract was
close to that of the control coating applied on a pine wood surface.
Surface roughness change for coating systems
The surface roughness values (Ra and Rz) of waterborne acrylic-based systems
containing bark extract or commercial UV absorber are given in Figure 2. It is
seen that there was no significant change in the Ra and Rz values of the control
samples after weathering. On the other hand, considerable changes arose after
weathering in the coating systems containing bark extracts. Additionally, except
for the test coating systems applied to pine wood, the Ra values of other test
coating systems showed an increase in the weathering test. There was
a significant change in the Rz values of all coating systems. While the Rz values
of the coating systems containing black pine extract applied to beech wood
increased, a decrease was recorded in the samples’ Rz values for the other test
and control coating systems.

Fig. 2. Changes in surface roughness values of wood surfaces with applied acrylic
coating systems

Since the surface roughness change parameters (RI) of acrylic coatings
applied on the Scots pine and beech woods after the weathering test did not
exhibit normality, a comparison was made with the Mann-Whitney U-test. As
seen in Tables 2 and 3, no significant difference was found between the control
coating on both wood species’ surfaces, since p > 0.05. In contrast, a significant
difference was found in other test coatings containing bark extract, as p < 0.05.
The surface roughness of wood materials is not induced only by the
anatomical wood structure, as it is an anisotropic and heterogeneous material.
Therefore, some factors must be taken into consideration to evaluate surface
roughness, for example, earlywood, and latewood content in the annual ring,
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Table 2. Comparison of surface roughness change (RI) parameters of acrylic
coatings on Scots pine samples
Scots pine

N

Average rank

Sum rank

Coating with fir extract

20

10.50

210

0.00

0.00

20

11.50

230

20.00

0.00

20

19.45

389

179.00

0.570

Coating with black pine
extract
Coating with UV
absorber (control)

U

p

Table 3. Comparison of surface roughness change (RI) parameters of acrylic
coatings on beech samples
Beech

N

Average rank

Sum rank

U

p

Coating with fir extract

20

10.50

210

0.00

0.00

Coating with black pine
extract

20

12.35

247

37.00

0.00

Coating with UV absorber
(control)

20

21.25

425

185.00

0.685

natural growth characteristics (knot, fibre curl, etc.), annual ring width, drying
temperature, shear direction and angle [Kilic et al. 2006; Aydın and Çolakoğlu
2005]. Extensive weathering conditions influence the wood surface, and some
chemical changes in both the coating and wood structures result in diminishing
coating adhesion and cohesion [Perera 2003]. The film thickness decreases
depending on the intensity of weathering conditions due to surface erosion
during the exposure period [Decker et al. 2004]. Therefore, the wood surface
deteriorates, which leads to the creation of hollows and bumps on its surface.
Chemical changes occur in the polymer structure because of different changes
on the surface [Perera 1995], resulting in variation for resin types.
Coating thickness
This study investigated the effects of coating thickness and viscosity of coating
systems on durability in outdoor conditions. The coating thickness
measurements were made at ten locations along the coating using a light
microscope equipped with a scale calibrated with a micrometer. A summary of
coating thickness and coating viscosity is presented in Table 4. According to the
results of the study, there was a significant relationship between coating
thickness and viscosity.
As seen in Figure 3, microscope observations revealed that the penetration
behaviour was different in pine and beech wood. It was seen that the colour
change of pine wood was higher than that of beech wood because the coating
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penetration of beech wood was lower than in pine wood. Thus, the high coating
thickness on the beech wood increased the acrylic coating systems’ colour
stability in outdoor conditions.
Table 4. Coating thicknesses and viscosity values of acrylic coating systems
Coating systems

Coating thickness for pine
(μm)

Coating thickness for beech
(μm)

Viscosity
(s)

Fir–Acrylic

45.36 ±5.18

71.24 ±9.89

100 ±10

Black pine–Acrylic

53.73 ±8.72

87.96 ±11.85

120 ±15

Control–Acrylic

37.23 ±4.32

65.37 ±9.15

70 ±8

Fig. 3. Microscopic screening of test and control coating systems applied to beech
and Scots pine surfaces

In this study, there was a significant relationship between coating thickness
and coating viscosity. Low viscosity of the coating led to low coating thickness
on the surface of the wood. Compared with high-viscosity substances, lowviscosity coatings have a higher penetration in the wood [Toker et al. 2012]. In
all instances, the same amount of coating systems was applied to the wood.
However, depending on the coating viscosity and the variability of wood types,
the coating penetration also varied. Because of coating thickness, different
colour changes in wood samples after weathering are seen. The low penetration
of acrylic coating systems on the wood surface increases the coating thickness.
When the thickness of coating systems decreases with increasing penetration, the
colour change on the wood surface decreases after weathering [Bulcke et al.
2008; Dawson et al. 2008]. As seen in Figure 3, microscope observations
revealed that the penetration behaviour was different in pine and beech wood. It
is seen that the colour change of pine wood was higher than that of beech wood
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because the coating penetration of beech wood was lower than that of pine
wood. Thus, the high coating thickness on the beech wood increased the acrylic
coating systems’ colour stability in outdoor conditions.

Conclusions
The bark constitutes a significant part of the weight of trees (10-15%) which
offers vast quantities of biomass to industry. However, it is mainly used as fuel
or left to rot in the forest. Indeed, bark has potential due to its high antioxidant
capacity. In this study, tree bark extracts were evaluated as UV absorbers against
artificial weathering conditions. For this purpose, two different tree barks (fir
and black pine) were obtained by alcohol:benzene extraction and compared with
commercial UV absorber on the surface of two different wood species (pine and
beech) under weathering conditions. The viscosity and penetration are essential
factors to determine the weathering performance of coating systems. Light
microscopy images showed that the coating thickness is higher on the beech
wood surface than on pine wood. Therefore, when the viscosity of coatings
increases, the penetration decreases, which results in a high coating thickness.
As the coating thickness on the wood surface increases, the colour stabilisation
of the coating system increases, and the variation of roughness decreases in
outdoor conditions. However, according to the results obtained, colour changes
on the wood surface due to photodegradation are inevitable. Meanwhile, the bark
extracts show significant resistance against extensive weathering conditions. The
fir bark extract restricted colour changes as much as a commercial UV absorber.
Similarly, the changes in the surface roughness are close to those obtained using
the commercial UV absorber after the weathering test. Consequently, fir bark
extracts with high antioxidant capacity and high phenol content provide
photostabilisation and protect the wood surface against outdoor conditions. Such
tree bark extracts have the potential to compete with commercial UV absorbents.
In future studies it is recommended to study the development of acrylic coating
systems with various tree bark extracts.
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CARBON MONOXIDE AND NITRIC OXIDE
CONCENTRATIONS IN FLUE GAS DURING
COMBUSTION OF AGRICULTURAL BIOMASS
IN THE RESIDENTAL BOILER

Concentrations of carbon monoxide and nitric oxide (in mg/m 3 and presented for
10% O2) in the flue gas from firing hay and palm kernel shell pellets, as well as
a mixture of coffee husk pellets and wood pellets at the weight ratios of 70:30 and
30:70 in a rotary furnace with a 20 kW nominal heat output amounted to:
695.102; 3492.271; 2921.165; 18344.244; 5297.315, respectively, for the boiler
operating with minimum heat output, and 568.192; 2400.341; 4065.275;
20696.380 and 2272.123, respectively, for the boiler operating at a heat output
close to maximum. The value of carbon monoxide concentration was proportional
to the amount of slag generated during the combustion process and the value of
nitric oxide concentration was proportional to the nitrogen content in the fuel.
Variation of parameters in time: temperature in the combustion chamber, carbon
monoxide and nitric oxide concentrations, oxygen concentration and air excess
ratio while firing wood and agricultural biomass pellets were indicated.
Correlation between nitric oxide and carbon monoxide concentrations as well as
carbon monoxide and nitric oxide concentration versus oxygen concentration
and temperature in the combustion chamber were presented. Agricultural biomass
pellets should be mixed with wood pellets to improve combustion process and
reduce carbon monoxide and nitric oxide concentrations. Pollutant concentration
measurements were performed in real-life conditions resembling the ones
experienced by boiler end-users.
Keywords: agricultural biomass; combustion; emission; boiler; rotary furnace
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Introduction
Firing agricultural biomass in grate furnaces with low carbon monoxide
emissions is challenging [Hartge et al. 2000; Musialik-Piotrowska et al. 2010;
Houshfar et al. 2011; Mediavilla et al. 2011a; Ohman et al. 2011; Saez et al.
2011; Verma et al. 2012; Liu et al. 2013; Qui 2013; Garcia et al. 2014; Krugly et
al. 2014; Yanquin et al. 2016; Schonnenbeck et al. 2016; Pałaszyńska and
Juszczak 2018] in comparison with firing wood [Johansson et al. 2004;
Kjallstrand and Olsson 2004; Verma et al. 2009; Francisco Josephinum
Wieselburg BLT 2010; Juszczak 2010; 2011; 2014b; 2016a, b; Boman et al.
2011; Dzurenda et al. 2015; 2017; Verma et al. 2011a, b], because as soon as the
temperature gets a little below 800°C the slagging process originates in case of
many agricultural biomass types [Verma et al. 2013]. On the other hand, carbon
monoxide oxidizes well to carbon dioxide at the temperature of above 650°C
[Nussbaumer 2003]. It is extremely difficult to ensure that end-users maintain
such a narrow temperature range in real-life combustion conditions. Many
examples of firing agricultural biomass on grates prove slag generation, which
hampers the combustion process causing considerable carbon monoxide
emission [Musialik-Piotrowska et al. 2010; Ohman et al. 2011; Saez et al. 2011;
Yanquin et al. 2016; Pałaszyńska and Juszczak 2018]. The intensity of slagging
depends on ash chemical composition [Colannino 2006; Vassilev et al. 2010;
2013a, b; Wopienka et al. 2011; Nunes et al. 2016]. The combustion process can
be improved by mixing agricultural biomass with wood or other organic
materials, e.g cork [Garcia-Cuevas et al. 2011; Mediavilla et al. 2011b; Mignon
et al. 2011; Juszczak and Lossy 2012; Cioabla et al. 2015]. Ash softening and
melting temperatures can be raised using certain additives, such as halloysite.
Experiments using this approach in power plant boilers showed considerable
slagging reduction, improvement of combustion conditions and decreased
emission of incomplete combustion products [Juszczak 2014b]. In low heat
output boilers, however, using these agents may lead to the building-up of
deposits in the fire tubes, which compromises boiler heat efficiency, as well as
results troublesome for the end-users, who are forced to clean the boiler on
a daily basis [Garcia-Cuevas et al. 2011; Juszczak and Lossy 2012].
Out of all the existing grates, one that is seemingly the best for agricultural
biomass firing is the moving step grate, as the reciprocating movement of the
pushing-bars allows for slag disintegration. In this case, however, we must not
exceed the ash softening temperature or otherwise the slag will get sticky, adhere
to the pushing-bars and cannot be eliminated.
For the reasons presented above, the most adequate technique of agricultural
biomass burning seems to be two stage combustion, consisting in biomass
gasification followed by burning of the generated gas. In this case, the
temperature in the gasification chamber usually ranges between 300 and 500°C.
This is well below ash melting temperature and therefore slagging can be
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avoided. What can obviously still be problematic is proper gas combustion in
order to maintain the concentrations of carbon monoxide, hydrocarbons and
nitric oxide is as low as possible. Two stage combustion in domestic boilers with
a heat output of roughly 20-50 kW is uncomfortable due to the fact that the fuel
is supplied manually. Also, on occasions when too much air reaches to the
gasification chamber micro-explosions can occur.
In any case, low heat output boilers (20-50 kW) designed specifically for
two stage combustion of agricultural biomass (in the form of briquettes and
pellets) are not available on the market. Therefore, for the purposes of firing
agricultural biomass pellets different types of furnaces are often used in low heat
output boilers (20-50 kW), namely retort or horizontal-feed furnace, which are
however designed for wood pellets. These furnaces are placed in small
combustion chambers of boilers designed for wood pellet firing. Temperature in
these furnaces usually exceeds agricultural biomass ash sintering temperature
(but not wood ash), which results in slagging hampering furnace operation and
elevating emissions of incomplete combustion products, i.e. carbon monoxide
and hydrocarbons.
In order to fire biomass properly, special furnaces and bigger combustion
chambers are needed, so that the temperature does not exceed the ash sintering
temperature for agricultural biomass (often 750-800°C). This is why it is usually
beneficial to mix agricultural biomass with wood, because ash sintering
temperature for wood pellets is higher (above 1000°C) [Verma et al. 2011a].
The aim of this study is to examine the operation of a new kind of furnace
with rotary combustion chamber with regard to firing agricultural biomass
pellets and determine carbon monoxide and nitric oxide concentrations in the
flue gas while burning the selected kinds of biomass. There are reasons to
believe that the rotary movement of the combustion chamber would cause the
generated slag to ultimately fall down and disintegrate, and thus combustion air
access and the furnace operation would not be compromised and carbon
monoxide concentration in the flue gas would not be as elevated.

Materials and methods
The study used agricultural biomass pellets made from wood, hay, palm kernel
shells, coffee husks, as well as a mixture of coffee husk pellets and wood pellets
at two different weight ratios, i.e. 70:30 and 30:70 [%] (Fig. 1). The pellets were
cylindrical in shape, with a diameter of 8 mm and variable length of 10-20 mm.
The ultimate analysis of the biomass used in the study and its lower heating
value was presented in Table 1. The ultimate analysis was established in our
accredited laboratory and the lower heating value was determined according to
[Mroczek et al. 2011].
The moisture war established at 7% for all types of pellets.
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Table 1. Ultimate analysis and lower heating value of the biomass used in the study
Biomass
type
/parameters

Unit

Wood

Hay

Palm
Coffee husks/wood Coffee husks/wood
Coffee
kernel
70:30
70:30
husks
shell
(weight proportion) (weight proportion)

C

%

56.80

45.69

46.62

H

%

6.30

6.44

4.80

4.90

5.32

5.88

N

%

0.22

1.00

0.61

0.60

0.49

0.33

S

%

0.08

0.39

0.56

0.60

0.44

0.24

KJ/kg 19080 15120 18120

18406

18610

18880

Lower
heating
value

a) wood pellets

d) coffee husk pellets

48.8

51.2

b) hay pellets

e) mixture of coffee
husk pellets and wood
pellets weight ratios
70:30
Fig. 1. Agricultural biomass types used in the study

54.4

c) palm kernel shell
pellets

f) mixture of coffee
husk pellets and wood
pellets weight ratios
30:70

The furnace used in the study (Fig. 2) – manufactured by Kippy Suchy Las –
has a rotary combustion chamber with rotational speed regulation. As the
combustion chamber rotates, the generated slag falls onto the bottom of the
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furnace gravitationally after reaching the highest position in the chamber. Each
subsequent fuel load introduced to the combustion zone pushes the slag out of
the furnace, which makes it a self-cleaning burner. Air stream for combustion
can be regulated by adjusting fan resolutions.
The aforementioned rotary furnace was installed in a 20 kW boiler type
Biomax manufactured by Lumo, which is located in a full scale experimental
heat station belonging to the Poznan University of Technology, Institute of
Environmental Engineering. Division of Heating, Air Conditioning and Air
Protection. The heat station is connected to the district heating network, heat
transfer unit, heat receivers: radiators and water heat storages. Therefore, it can
be assumed that the pollutant emission measurements were performed in reallife conditions resembling the ones experienced by boiler end-users.

Fig. 2. Furnace with rotary combustion and blower chamber (Source:
manufacturer’s website, www.kipi.pl)

Concentrations of: oxygen, carbon monoxide, nitric oxide, nitrogen dioxide
and hydrocarbons (transformed to methane) in the flue gas downstream the
boiler were measured using Vario Plus flue gas analyzer (MRU brand). Oxygen,
nitric oxide (NO) and nitrogen dioxide (NO2) concentrations were measured
with electrochemical cells, while carbon monoxide and hydrocarbon
concentrations using the infrared procedure. NOx concentration was calculated
with the gas analyzer by summing up the concentration of NO (transformed to
NO2) and NO2. The flue gas analyzer also measured the flue gas temperature
with electrochemical cells, while carbon monoxide and hydrocarbon
concentrations using the infrared procedure. NOx concentration was calculated
with the gas analyzer by summing up the concentration of NO (transformed to
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Fig. 3. 20 kW boiler with a pellet furnace equipped with rotary combustion
chamber, installed in a full scale experimental heat station; thermocouple above the
furnace

NO2) and NO2. The flue gas analyzer also measured the flue gas temperature
downstream the boiler and calculated chimney loss and air excess ratio. Heat
received by the boiler water and boiler heat output were measured with
Kamstrup ultrasonic heat meter. The temperature in the combustion chamber
was measured with a thermocouple PtRhPt that was radiation shielded in order
to reduce the negative effect of radiation. The boiler heat efficiency was
calculated as heat transferred to the boiler water divided by fuel mass multiplied
by fuel lower heating value. Fuel mass was determined with a Sartorius lab
balance. Fuel moisture content was determined with the weighing method using
a dryer, and the higher heating value, as well as the lower heating value, by the
bomb calorimetric method [Mroczek et al. 2011].
Several-hour test runs were performed for four types of agro-pellets as well
as for wood pellets (for comparison purposes). In order to describe the value of
the amplitude of fluctuations of the different measured parameters, this
continuous measurement was divided into half-hour periods, for which then
averaged values were calculated. Treating these half-hour periods as separate
measurements, mean value was determined based on these partial mean values
and uncertainty intervals were calculated with a 95% confidence level (Table 2
and 3). Air stream for combustion was set at the beginning of each test run (and
then remained constant), so that carbon monoxide concentration in the flue gas
downstream the boiler was as low as possible and the temperature in the
combustion chamber could be maintained in the range between 650°C and
750°C. All the measured parameters were recorded continuously and transferred
in real time to computer memory, where they were registered every 5 seconds
for averaged value calculation. The temperature measured with a thermocouple
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placed about 0.2 m above the combustion chamber (Fig. 3), indicated in Table 2
and 3 as „temperature in the combustion chamber”, is approx. 100°C lower than
the temperature in the rotary combustion chamber. This was confirmed by the
indications of the pyrometer.

Results and discussion
Measurement results for minimum boiler heat output and heat output close to its
maximum value were presented in Table 2 and 3. Gas analyzer detected
hydrocarbon concentration only on rare occasions, thus the detected values were
not included in Tables 2 and 3 as negligible.
Table 2. Mean parameter values from several-hour test runs examining the
combustion of agricultural biomass pellets in a rotary furnace operating with
minimum heat output
Parameters

Unit

Wood

Hay

Palm kernel
shell

Coffee
husk/wood
70:30

Coffee
husk/wood
30:70

Heat output

kW

9.4 ±1.9

10.6 ±1.2

10.7 ±0.9

10.7 ±0.8

12.0 ±1.1

Fuel mass

kg

16.200

24.400

21.600

22.000

11.300

Boiler heat efficiency

%

88 ±0.4

83 ±0.9

79 ±0.7

75 ±0.9

81 ±0.6

Temperature in the
combustion chamber

C

412 ±22

490 ±30

451 ±35

446 ±26

511 ±27

Flue gas temperature
downstream the
boiler

C

147 ±7

148 ±8

161 ±8

159 ±4

182 ±9

O2 concentration

%

15.0 ±0.9

11.3 ±0.6

13.6 ±0.7

13.3 ±0.9

10.9 ±0.8

CO2 concentration

%

6.1 ±1.0

10.2 ±0.5

7.1 ±0.7

6.7 ±1.1

10.6 ±0.8

CO concentration

mg/m3
(10% O2)

695 ±46

3492 ±1072

2921 ±540

18344 ±1494

5297 ±1196

NO concentration

mg/m3
(10% O2)

102 ±9

271 ±49

165 ±15

244 ±33

315 ±20

NOx concentration

mg/m3
(10% O2)

156 ±14

416 ±75

253 ±23

374 ±51

483 ±31

Time of experiment

h

8

8

8

8

8

Air excess ratio

–

3.4 ±0.5

2.1 ±0.3

2.9 ±0.4

3.1 ±0.5

1.9 ±0.2
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Table 3. Mean parameter values from several-hour test runs examining the
combustion of agricultural biomass pellets in a rotary furnace operating with a heat
output close to maximum

Parameters

Unit

Wood

Hay

Palm kernel
shell

Coffee
husk/wood
weight ratio
70:30

Coffee
husk/wood
weight ratio
30:70

Heat output

kW

18.6 ±1.9

18.2 ±1.4

22.0 ±2.0

18.7 ±1.6

17.2 ±1.8

Fuel mass

kg

30.600

40.400

42.000

37.200

30.800

Boiler heat efficiency

%

92 ±0.4

86 ±3

82 ±4

78 ±5

85 ±5

Temperature in the
combustion chamber

C

537 ±22

509 ±52

577 ±27

602 ±20

509 ±46

Flue gas temperature
downstream the
boiler

C

184 ±7

174 ±2

179 ±10

183 ±14

166 ±9

O2 concentration

%

10.0 ±0.9

8.3 ±0.4

8.1 ±1

8.1 ±0.5

17.3 ±0.3

CO2 concentration

%

11.2 ±1.0

14.0 ±0.4

12.6 ±1.7

12.0 ±0.5

3.8 ±0.4

CO concentration

mg/m3
(10% O2)

568 ±46

2400 ±334

4065 ±365

20694 ±2269

2272 ±983

NO concentration

mg/m3
(10% O2)

192 ±9

341 ±34

275 ±26

380 ±32

123 ±13

NOx concentration

mg/m3
(10% O2)

294 ±14

523 ±52

422 ±40

583 ±49

189 ±20

Time of experiment

h

8

8

8

8

8

Air excess ratio

–

1.9 ±0.3

1.5 ±0.3

1.7 ±0.4

1.7 ±0.3

5.5 ±1.0

Fig. 4. Burner during firing a mixture of coffee husk pellets and wood pellets at
a weight ratio of 70:30. First and second figure from the left: burner clogged with
slag (partly and completely); third figure: burner after having been cleaned
manually
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Fig. 5. Deposits in the boiler after firing a mixture of coffee husk pellets and wood
pellets at a weight ratio of 70:30

The diagrams shown in Figures 6, 10, 14 illustrate the fluctuations of
different combustion parameters (temperature in the combustion chamber,
carbon monoxide and nitric oxide concentrations, oxygen concentration and air
excess ratio) in time for different kinds of pellets used in the study.
Figures 9, 13, 17 show the correlation between nitric oxide concentration
and carbon monoxide concentration in the flue gas for different kinds of pellets
used in the study.
The results also reflect how carbon monoxide concentration (Figs. 7, 11, 15),
as well as nitric oxide concentration (Figs. 8, 12, 16) depend on oxygen
concentration and temperature in the combustion chamber for the analyzed pellet
types.
Carbon monoxide concentration is in this case an indicator of the
combustion process quality: the lower it is, the higher the quality of combustion.
The limit value for carbon monoxide in the flue gas for boilers with a heat output
of up to 500 kW and automated fuel supply according to the country regulations
currently in force is set at 3000 mg/m 3 (presented for 10% O2 concentration in
the flue gas) [EN 14918: 2009]. In case of wood pellets, carbon monoxide
concentration was below this value. However, for agricultural biomass pellets, it
was only a little below the legal limit or, more often, this limit was significantly
exceeded, especially in case of the mixture of coffee husk pellets and wood
pellets at a weight ratio of 70:30 (Table 1 and 2). This shows the differences in
the quality of the combustion process for wood pellets and agricultural biomass
pellets. Combustion quality can be also seen while observing the fluctuation of
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different parameters of the combustion process in time (Fig. 6, 10, 14).
The higher the amplitude of parameter fluctuations, the worse and less stable the
combustion.
NO

NOx

Temperature in the combustion chamber
700
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8
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4
2
0
0

5000

10000

15000

20000

25000

30000

Time of experiment [s]

Fig. 6. Variation of parameters in time: temperature in the combustion chamber,
carbon monoxide and nitric oxide concentrations, oxygen concentration and air
excess ratio while firing wood pellets

In terms of the intensity of slag and deposit generation, firing coffee husk
pellets alone, without mixing them with wood pellets, resulted in clogging of the
rotary combustion chamber. While firing a mixture of coffee husk pellets and
wood pellets deposits were created in the boiler (Fig. 5), which hampered heat
exchange between the flue gas and boiler water, causing boiler heat efficiency to
diminish as a consequence. High carbon monoxide concentrations were due to
the generation of slag, which obstructed air access to the fuel, thus hampering
the combustion process and reducing the temperature in the furnace. It can be
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assumed that the value of carbon monoxide concentration was proportional to
the amount of generated slag.

Fig. 7. Carbon monoxide concentration versus oxygen concentration and
temperature in the combustion chamber while firing wood pellets

Fig. 8. Nitric oxide concentration versus oxygen concentration and temperature in
the combustion chamber while firing wood pellets
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Fig. 9. Correlation between nitric oxide concentration and carbon monoxide
concentration while firing wood pellets
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Fig. 10. Variation of parameters in time: temperature in the combustion chamber,
carbon monoxide and nitric oxide concentrations, oxygen concentration and air
excess ratio while firing hay pellets
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Fig. 11. Carbon monoxide concentration versus oxygen concentration and
temperature in the combustion chamber while firing hay pellets

Fig. 12. Nitric oxide concentration versus oxygen concentration and temperature in
the combustion chamber while firing hay pellets
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Fig. 13. Correlation between nitric oxide concentration and carbon monoxide
concentration while firing hay pellets
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Fig. 14. Variation of parameters in time: temperature in the combustion chamber,
carbon monoxide and nitric oxide concentrations, oxygen concentration and air
excess ratio while firing a mixture of coffee husk pellets and wood pellets at
a weight ratio of 30:70
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Fig. 15. Carbon monoxide concentration versus oxygen concentration and
temperature in the combustion chamber while firing a mixture of coffee husk
pellets and wood pellets at a weight ratio of 30:70

Fig. 16. Nitric oxide concentration versus oxygen concentration and temperature in
the combustion chamber while firing a mixture of coffee husk pellets and wood
pellets at a weight ratio of 30:70
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Fig. 17. Correlation between nitric oxide concentration and carbon monoxide
concentration while firing a mixture of coffee husk pellets and wood pellets at
a weight ratio of 30:70

In the range of temperatures obtained in the combustion zone (below
1000°C), only nitric oxide was generated. However, for comparison with legal
regulations, the concentration of nitric oxide is calculated to nitrogen dioxide
(NO2) and expressed as NOx (Table 2 and 3).
The concentration of carbon monoxide and nitric oxide in the flue gas
depend to a large extent on oxygen concentration and temperature in the
combustion chamber (Figs. 7, 8, 11, 12, 15, 16). Additionally, the concentration
of nitric oxide depends on the nitrogen content in the fuel.
Generally speaking, carbon monoxide concentration decreases with an
increase in oxygen concentration at first and then increases. The values of
oxygen concentration at which the minimum carbon monoxide concentration is
achieved, should serve to set an adequate combustion air flow value. Also, in
general terms, carbon monoxide concentration decreases with an increase in
temperature in the combustion chamber. As far as nitric oxide concentration is
concerned, it increases with an increase in oxygen concentration and temperature
in the combustion chamber .
It is important to note that nitric oxide concentration and carbon monoxide
concentration also mutually affect each other. The surfaces representing carbon
monoxide concentrations (Figs.7, 11, 15) and nitric oxide concentrations (Figs.
8, 12, 16) have ambiguous shapes among other reasons because carbon
monoxide reduces nitric oxide to molecular nitrogen, at the same time oxidizing
itself to carbon dioxide, according to the following formula:
CO + NO = ½ N2 + CO2 [Nussbaumer 2003]
The above formula is reflected in Figures 7, 13,17 as a correlation between
the concentrations of nitric oxide and carbon monoxide. For agricultural biomass
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pellets this correlation is low (Fig. 13,17), significantly lower than for wood
pellets (Fig. 9). Probably, it is a consequence of instable combustion.

Conclusions
The furnace with rotary combustion chamber is well suited for firing wood
pellets. In case of burning agricultural biomass pellets, however, some
combustion-related problems occur, resulting from slagging. For this reason,
this particular type of furnace can only be recommended for agricultural biomass
combustion to users who generate agricultural residues anyway (agricultural
holdings). Obtaining lower boiler heat efficiency does not seem to be
problematic for the farmers, because they have large quantities of free-of-charge
biomass at their disposal.
In case of experiencing combustion-related difficulties and furnace clogging
while firing agricultural biomass pellets, they should be mixed with wood pellets
in a proportion that would considerably reduce slag generation and ensure
maintaining carbon monoxide concentration below the legally permitted value
[PN-EN 303-5: 2012], so that the furnace can operate with no disturbances and
doesn’t get clogged.
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ASSESSMENT OF THE IMPACT OF THE STORAGE TIME
OF FIRE RETARDANT AND HEATING
OF THE PROTECTED WOOD ON THE EFFECTIVENESS
OF FIREPROOFING

It was investigated whether and how the storage time of a fireproof salt
preparation affects the effectiveness of fire retardance. The impact of long-term
heating of the treated wood on the effectiveness was also determined. Statistical
methods were used to determine the significance of changes related to the age of
the preparation and the effect of heating of treated wood on flame retardant
effectiveness. A commercial fire retardant was used for the tests, with three
different storage times and in five concentrations. The flammability tests were
performed using the Mini Fire Tube method. It was concluded that the storage
time of the preparation does not significantly affect the effectiveness values.
Keywords: fire retardants, Mini Fire Tube, wood protection, effectiveness

Introduction
Despite having many advantages, such as strength, low thermal conductivity and
ease of processing, wood also has some disadvantages, particularly its
susceptibility to biotic factors and fire [Goldstein 1973]. The fire resistance of
wooden structures and their elements is directly dependent on the type of wood
and its physical properties [Le Van 1989]. To give wood greater durability
during a fire, it should be protected with fire retardants (FRs). These
preparations can reduce the flammability of wood, but will not lead to a non-combustible material [Oberley 1991]. Research on FRs has a long history, and
Wojciech Ł. GRZEŚKOWIAK (wojciech.grzeskowiak@up.poznan.pl), Marta MOLIŃSKA-GLURA (mglura3@gmail.com), Grzegorz COFTA (grzegorz.cofta@up.poznan.pl), Faculty of
Forestry and Wood Technology, Poznań University of Life Sciences, Poznań, Poland;
Krzysztof MOLIŃSKI (krzysztof.molinski@up.poznan.pl), Faculty of Agronomy and
Bioengineering, Poznań University of Life Sciences, Poznań, Poland

146

Wojciech Ł. GRZEŚKOWIAK, Krzysztof MOLIŃSKI, Marta MOLIŃSKA-GLURA, Grzegorz COFTA

their economic importance is constantly growing. The introduction of FRs into
production and application in practice has enabled a reduction in human and
material losses. The quality and effectiveness of FRs are increasingly important
for safety, applications, economy and environmental protection [White and
Dietenberger 2001].
FRs can significantly improve the reaction to fire of wood and wood-based
materials, but this is not always combined with durability in internal and
external applications. Requirements for the durability of fire protection are not
included in most building regulations [Östman and Tsantaridis 2016]. This is
probably due in part to lack of awareness of the problem, but may also be due to
a lack of procedures. Currently, the issue of durability of fire protection is
gaining more and more attention. Many factors influence the durability of fire
protection of structural elements. Many salt fire retardants are leached by water
(periodic moisture and precipitation). Another factor associated with the
durability of the protection of internal components is the risk of their
humidification and, consequently, the migration of chemical compounds through
diffusion in the wood product. Swelling salt crystals agglomerate inside the
capillaries, leading to mechanical damage, causing a reduction in the strength of
elements by up to 50% [Winandy et al. 1988].
There are many reports regarding the durability of the protection of wood
and wood-based materials, based on salt and coating preparations subjected to
aging in natural and laboratory conditions. Many laboratory methods for
accelerated aging use water in liquid or steam form, freezing and heating. In the
case of salt fire retardants, the use of water (liquid, steam) in most cases will
result in their being washed out of the wood completely, and thus a reduction in
FR effectiveness [Holmes and Knispel 1981; Harada et al. 2009; White 2009;
Kolbrecki and Sudoł 2014; Sudoł 2014; Nakamura et al. 2016; Östman and
Tsantaridis 2016]. A number of publications on FRs and their aging are focused
on the strength properties of structural elements [Winandy et al. 1988].
Alongside many positive features characterizing salt FRs for wood, their
influence on the strength properties of impregnated wood or wood materials,
corrosion of steel elements and biodegradation plays a large role. These
properties are dependent on, among others, the type of agent, its pH, the
impregnation technology, as well as the use class [EN 335:2013-07] of the
treated elements.
In the literature on the subject, there are limited numbers of reports on the
impact of the storage of FRs and heating on the quality of the fire protection. In
most cases fireproofed wood is used in roof truss construction. In such
conditions, the wood is exposed to increased humidity, periodic moisture in
cases of roof leaks, as well as higher temperatures resulting from the heating of
roof coverings. Similarly, there are no reports regarding the impact of transport
conditions and storage time on the properties of FRs and the protected wood. In
considering the effectiveness of FRs and the degree of protection of wood, the
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durability of the protection as well as the durability of the stored preparations
should be taken into account.
In this work, it was investigated whether and how the storage time of
a fireproof salt preparation affects the effectiveness of wood protection. It was
also determined how the long-term heating of treated wood in constant climatic
conditions influences the effectiveness of the protection. Statistical methods
were used to determine the significance of changes related to the age of the
preparation and the effect of heating on flame retardant effectiveness.

Materials and methods
A commercial fire retardant, with the components NH 4H2PO4, (NH4)HPO4,
(NH4)2SO4, CH4N2O and the biologically active substances sodium tetraborate,
benzyl-C12-18-alkyl dimethyl ammonium chloride and 3-iodo-2-propynyl-N-butylcarbamate, was used for the research. The preparation was selected with
regard to the fact that it is the most commonly used fire-retardant preparation in
Poland, as well as the possibility of obtaining preparations from the
manufacturer with specified years of production. The preparation was tested
after three different storage times (Table 1). FR was stored in closed cans, at
room temperature (20°C) and relative humidity 60%, and without light. The
manufacturer specifies the fireproof stability of the preparation in loose form as
2 years. Wood treated with FR (in 5 concentrations) and control samples were
also subjected to a heating process. For each variant, 10 replicas were made.
Samples of Scots pine sapwood (Pinus sylvestris L.) were used. The samples
taken were free of defects, with a moisture content of 8 ±0.5% and dimensions
of 5 × 10 ×100 mm. Test samples were treated by a full-cell vacuum method
with a pressure of 0.085 MPa maintained for 20 min, and then transferred to
atmospheric conditions and maintained in solutions for the next 2 hours. After
treatment, the samples were conditioned to obtain a wood moisture content of
8 ±2%. Control samples had the same moisture content during the test. The
moisture content of the samples was determined by a drying-weight method
before the test [Grześkowiak 2017].
In addition, samples treated with the above variants of the preparation were
subjected to aging using a heating and evaporation procedure. The process was
carried out in incubators with constant humidity of 65 ±5% at 40°C for 6 weeks.
After the saturation and conditioning period, the samples were subjected to MFT
(Mini Fire Tube) flammability tests to determine the effectiveness of the
protection. The MFT method is an adopted and modified ASTM E69-02 method.
It is more accurate and allows for more repetitions, using smaller samples than
the original method. The method is based on the measurement of mass loss and
exhaust gas temperature at the outlet of the pipe. A burner with a pre-adjusted
flame of approx. 1 cm height was placed inside the pipe. For 6 minutes, every
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Table 1. Test variants with acronyms and average retention values
Preparation storage time

Concentration
(%)

K – control

–

A – 5 years

I – 20
II – 10

heated – H

–

–
140.96 (14.48)
68.51 (4.67)

III – 5

35.32 (2.38)

33.27 (2.69)

IV – 2.5

17.11 (1.26)

17.37 (1.23)

6.68 (0.49)

6.97 (0.82)

148.93 (6.94)
71.57 (1.27)

147.32 (7.47)
73.98 (2.98)

I – 20
II – 10
III – 5

35.59 (1.60)

35.03 (1.74)

IV – 2.5

17.00 (0.29)

17.89 (0.35)

7.16 (0.36)

7.08 (0.35)

147.84 (5.95)
71.86 (2.18)

145.86 (7.14)
69.85 (3.37)

V–1
C – current production line

unheated

145.06 (19.41)
71.30 (8.29)

V–1
B – 3 years

Retention (mean) (kg*m-3) + (SD)

I – 20
II – 10
III – 5

34.07 (1.49)

32.69 (3.24)

IV – 2.5

17.83 (1.04)

17.00 (1.91)

7.04 (0.20)

6.69 (0.99)

V–1

1 second the change in mass and temperature of the tested sample was recorded
[Grześkowiak 2015; Can et al. 2017; Grześkowiak 2017; Can et al. 2018;
Zeinali et al. 2018; Łukawski et al. 2019]. The protective effect was assessed for
the final mass loss value (360 seconds) based on the following formula:
E
W =100%⋅(1− )
A
where: W is the conventional effectiveness of the impregnation,
E is the final mass loss of protected samples (%),
A is the final mass loss of control samples (%).
Effectiveness was determined for both heated and unheated variants based
on mass losses and temperatures.
For statistical analysis of the flammability characteristics of wood treated
with the preparation, the k-means method was used. In this method, objects are
divided into a predetermined number of clusters [Grześkowiak and Moliński
2019]. In general, for k-means there will be created k clusters, which are as
different as possible. The initial clusters are improved in the course of the
agglomeration procedure, transferring objects between them so that the diversity
of objects within a cluster is as small as possible and the cluster distances as
large as possible [Lloyd 1982; Arthur and Vassilvitskii 2007]. The algorithm
operates based on a matrix of Euclidean distances between objects. In this work,
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the value k = 3 was adopted, allowing the interpretation of protection variants in
terms of mass losses and temperatures. The research used the Statistica 13.1
package with descriptive statistics and tables and General Linear Models.

Results
The fastest decomposition was exhibited by unheated control samples in the time
interval from 0 to 124 seconds, resulting in a final mass loss of 95.64%. The AV
variant with the lowest concentration gave the largest mass loss of samples in the
period 0–140 seconds, where the final mass loss was 75.42%, yielding 21.11%
effectiveness. In the case of the same variant with intermediate solution
concentrations of 2.5% and 5%, the respective final mass losses were 67.89%
and 32.81%, and the effectiveness values were 28.99% and 65.72%. The best
effectiveness was achieved by variants AI and AII: 75.24% and 77.59%, with
mass loss 23.72% and 21.50% respectively (Fig. 1A).

Fig. 1. Average mass loss for variants A (A) and A+H (C) and temperature curves
for variants A (B) and A+H (D)

Analyzing the temperature values, it was found that the highest values were
obtained by unprotected samples, where the temperature reached about 411°C.
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Slightly lower flue gas temperatures were obtained for samples protected with
the preparation with the lowest concentrations. For the 1% concentration, the
maximum temperature was 389°C, while for a concentration of 2.5% the exhaust
temperature was slightly higher, around 400°C. For a higher concentration of
5%, the maximum temperature was 222°C. In the case of higher concentrations,
the maximum exhaust temperature was recorded at the last measurement
(360 seconds), and was 131.52°C for the AII variant and 131.08°C for AI
(Fig. 1B).
Variant A+H, based on heating of the samples, produced a mass loss in the
control samples of 96.34%. Significant differences were found between the mass
losses for A+H samples protected with lower concentrations. Mass loss was
higher than with unheated samples in the case of the 2.5% concentration, where
the final loss and effectiveness in 360 seconds were 70.09% and 27.29%, the 5%
concentration, with a mass loss of 42.67% and effectiveness 55.74%, and the
10% concentration, with an effectiveness of 73.61% and a mass loss of 25.47%.
Lower mass losses compared with unheated samples were obtained for the 1%
and 20% concentration series, where the mass loss and effectiveness were
respectively 61.71% and 35.95%, and 20.91% and 78.37% (Fig. 1C). In the case
of temperature distribution at the outlet of the pipe, a correlation was observed:
with an increase in the concentration of the preparation the maximum
temperature was lower. In the case of control samples, the maximum flue gas
temperature was 487.13°C. The maximum temperatures for concentrations of
1%, 2.5% and 5% were respectively 379.55, 354.87 and 236.17°C. Similarly to
the preparation without a heating process, the highest exhaust temperatures for
the 10% and 20% variants occurred at the end of the test and amounted to
136.69°C for 10% and 128.72°C for 20% (Fig. 1D).
In the case of the formulation stored for 3 years (B), for the variant without a
heating process, higher mass losses were recorded for all concentrations as
compared with the formulation stored for 5 years (A), except for the lowest
concentration. The final mass losses were as follows: BV 69.43%, BIV 69.83%,
BIII 38.65%, BII 25.06%, and BI 21.54% (Fig. 2A). The effectiveness values
calculated for the 360-second test were 27.37%, 26.95%, 59.58%, 73.85%, and
77.54% respectively.
Analyzing the temperature values, it can be observed that samples protected
with the BIV variant gave a higher maximum exhaust gas temperature than the
control samples. After the initial rapid increase in temperature, it fell off slightly
before another rapid increase to a maximum of 421.2°C. The maximum exhaust
gas temperature for the BV variant was 389.18°C, while for samples protected
with BIII it was 170.39°C. At the highest concentrations, maximum
temperatures were obtained at the end of the experiment: 134.21°C for BII and
135.63°C for BI (Fig. 2B).
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Fig. 2. Average mass loss for variants B (A) and B+H (C) and temperature curves
for variants B (B) and B+H (D)

Mass losses in the B variants subjected to heating showed a tendency to
decrease with increasing concentration of the preparation (Fig. 2C). Compared
with the unheated version, mass losses in the series BV+H, BIII+H and BI+H
were respectively 84.88%, 47.95% and 22.17%, yielding 360-second
effectiveness values of 11.90%, 50.25% and 77.05%. The remaining
concentrations of the preparation gave lower mass losses than the equivalent
unheated variants. For the BIV+H variant, the mass loss was 63.54%, yielding
an effectiveness of 34.05%, and for BII+H the final mass loss was 23.65% and
the effectiveness was 75.51%. The variants with heating produced lower
maximum exhaust temperatures for most concentrations used, compared with
the unheated version. The maximum temperatures recorded for concentrations of
1% and 2.5% were very similar, at 360.12 and 358.42°C respectively (Fig. 2D).
Similarly, small differences in temperature were recorded for variants with the
highest concentrations. Samples protected with a 10% solution of the preparation
produced a maximum exhaust temperature of 130.48°C, while a 20% solution
gave a temperature of 129.29°C. A higher temperature compared with the
unheated samples was also obtained for specimens with a concentration of 5%;

152

Wojciech Ł. GRZEŚKOWIAK, Krzysztof MOLIŃSKI, Marta MOLIŃSKA-GLURA, Grzegorz COFTA

this temperature was 196.62°C. In this case, after reaching the maximum, over
a long time (from 136 to 221 seconds) the temperature remained at a level in the
range 180-186°C, and then until the end of test the temperature decreased. The
preparation from current production (C) also showed a decreasing tendency in
mass loss with increasing applied concentration (Fig. 3A). In all variants with
lower concentrations, the rapid increase in mass loss continued until the
temperature approached the maximum exhaust gas temperature. In the 1%
series, the maximum flue gas temperature was 466.29°C and was higher than the
temperature for the control samples by about 55°C (Fig. 3B). The final mass loss
was 83.5%, yielding 12.66% effectiveness. The series protected with a 2.5%
solution showed a mass loss of 66.65% (effectiveness 30.29%) and a maximum
exhaust temperature of 375.32°C. The 5% variant produced less than half the
weight loss compared with the control samples: the value was 44.21%, with an
effectiveness of 53.76%, at a maximum temperature of 235.78°C. The variants
with the highest concentrations produced series of mass losses and temperatures
similar to the previously described A and B variants. The 10% concentration led
to a mass loss of 25.51% and a temperature of 127.29°C, while the 20%

Fig. 3. Average mass loss for variants C (A) and C+H (C) and temperature curves
for variants C (B) and C+H (D)
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concentration gave 20.66% and 119.22°C, yielding respectively 73.37% and
78.45% effectiveness. The variants with the lowest concentrations subjected to
heating exhibited lower mass losses (Fig. 3C) than the unheated and
approximate maximum exhaust gas temperatures (Fig. 3D). Samples treated with
a 1% solution of the formulation achieved a final mass loss of about 10% lower
than the unheated samples, and it was 73.84% (23.36% efficiency) at
a maximum temperature of 469.16°C. Also, the 2.5% variant showed a mass loss
lower by approx. 6% than its unheated equivalent. The value of mass loss was
60.16% (37.57%) and the maximum temperature was 374.35°C. Concentrations
of 5, 10 and 20% were characterized by higher mass losses compared to
unheated variants. Mass loss, efficacy and maximum temperature values were
respectively: 56.72%, 41.13% and 313.39°C; 26.80%, 72.23% and 133.19°C;
and 22.14%, 77.11% and 122.04°C.
A mathematical analysis of clusters for particular age variants of the
preparation was made, both for the heated and unheated variants, based on mass
losses and temperature during the whole experiment (360 seconds), with
a division into three clusters.
Analyzing formulation A in terms of mass loss, a division into three clusters
was obtained, in which cluster 1 contained two cases after heating: AIII+H and
AV+H (Fig. 4A). Cluster 2 contained five cases including control samples,
namely VA, K, K+H, IVA and IVA+H. These are the variants with the lowest
concentrations of the preparation. The highest concentrations of the preparation
coincide with cluster 3, also containing five elements: IIIA, IIA, IIA+H, IA and
IA+H. Such a cluster system is correlated with the final loss of mass, and thus
with the effectiveness of the preparation after 360 seconds. In the case of
clusters obtained for temperatures, cluster 1 again contained two cases (AIII and
AIII+H), and cluster 2, with six cases, contained variants with the lowest

Fig. 4. Cluster curves for variant A of the preparation for mass losses (A) and
temperatures (B)
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concentrations together with control samples (AIV, AIV+H, AV, AV+H, K, K+H)
(Fig. 4B). Cluster 3 contained four cases corresponding to the highest
concentrations of the preparation (AI, AI+H, AII, and AII+H). This cluster
system corresponds to the temperature efficiency calculated for the critical point.
Taking into account the clusters determined for preparation B based on mass
losses, similar relationships were found as for preparation A (Fig. 5A). Cluster 1
contained three cases (BIII, BIII+H and BIV+H) corresponding to the
effectiveness calculated for the final values of mass losses. Similarly, cluster 2,
containing the lowest concentrations of the preparation and control samples (VB,
VB+H, K, K+H, BIV), and cluster 3, with the highest concentrations of the
preparation (BI, BII, BI+H, BI+H), correlate with the effectiveness of the
preparation at the 360-second point. The clusters based on the temperature
profile of exhaust gases for particular variants behave in a similar way (Fig. 5B).
In the case of temperature-based clusters for preparation B, the same cases were
assigned to the particular clusters as was the case for preparation A.

Fig. 5. Cluster curves for variant B of the preparation for mass losses (A) and
temperatures (B)

For variant C of the preparation, clusters for mass losses had an even
distribution of cases (Fig. 6A). Cluster 1 contained four cases (CIV, CIV+H,
CIII, CIII+H), cluster 2 contained samples with the lowest concentration and the
controls (CV, CV+H, K, K+H), and as in the other variants, cluster 3 contained
cases with the highest concentrations (CI, CI+H, CII, CII+H). This distribution
of clusters corresponds to the mass losses for individual concentration variants
of the preparation. However, analysis of the clusters for temperatures shows that
they do not differ from those obtained for the other age variants of the
preparation (Fig. 6B).
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Fig. 6. Cluster curves for variant C of the preparation for mass losses (A) and
temperatures (B)

Conclusions
1. On the basis of the results for mass losses, no significant differences in the
effectiveness of preparations with the higher concentrations of 20% and 10%
were found, regardless of the time of storage and whether the samples underwent
a heating process. The exhaust temperature ranges obtained for the above
variants also do not show significant differences.
2. In the case of lower concentrations of preparations, both without and with the
heating process, it is not possible to indicate a clear relationship between storage
time and effectiveness changes based on mass loss and exhaust gas temperature.
3. The use of a formulation stored for a longer period of time, in accordance with
the recommended saturation parameters, does not affect its fire protection
effectiveness, and thus the fire safety of protected elements.
4. The results presented in this study were obtained for pine wood and one type
of preparation. Further testing is required for other wood species and
preparations.
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THE SUBJECTIVITY OF THE ESTIMATION OF NATURAL
WOOD’S RESISTANCE TO DESTRUCTION BY TERMITES
BASED ON VISUAL ASSESSMENT IN LABORATORY
TESTS

This study concerns visual assessment of the degree of damage done to Pinus
sylvestris L. wood blocks by Reticulitermes lucifugus Rossi, in an experiment
conducted according to ASTM D 3345-08:2017. The six evaluators made their
assessments individually. The differing results obtained from the evaluators are
a cause for concern. Visual assessment of the degree of wood damage can vary
significantly from person to person. Measurement of weight loss seems to be
a better way of evaluating the degree of damage done to wood samples by
termites in laboratory tests.
Keywords:

termites, wood degradation, research procedure, visual assessment

Introduction
The subterranean termite is considered to be the most dangerous to building
constructions [Forschler and Jenkins 2000; Shupe and Dunn 2000], because this
insect destroys not only wood and wood-based materials, but also electrical
installations and air-conditioning devices. Two types of tests are used to estimate
the resistance of wood to subterranean termite attack: field tests [Grace et al.
1996; Ncube et al. 2012; Shanbhag and Sundararaj 2013] and laboratory tests
[Schultze-Dewitz 1958; Becker and Petrowitz 1971; Becker et al. 1972; Unger
1978; Grace and Yamamoto 1994; Forschler and Jenkins 2000; Shupe and Dunn
2000; Kard et al. 2007; Krajewski et al. 2015]. Laboratory tests on subterranean
termites are conducted according to two basic procedures: ASTM D 3345-08:2017 and PN-EN 117:2013. In both procedures, Reticulitermes sp. is given
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Science and Wood Protection, Faculty of Wood Technology, Warsaw University of Life
Sciences, Warsaw, Poland
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as the test species. The procedure described in ASTM D 3345-08:2017 is
suitable mostly for laboratory estimation of the resistance of wood and other
cellulose-based materials. The procedure described in PN-EN 117:2013 is
typically applied to the testing of wood preservatives used against R. lucifugus.
In both laboratory procedures, a visual estimation of the degree of damage to
wood samples is made. The problem of the subjectivity of such estimation has
been noted in earlier research [Krajewski et al. 2015; 2016; 2018]. The present
study was undertaken with the aim of addressing this problem.

Materials and methods
The experiments were performed according to the ASTM D 3345-08:2017
standard. Sapwood of Scots pine (Pinus sylvestris L.), of medium grain and with
average density 0.498 g/cm3 (0.416-0.575 g/cm3), was used. Samples 25.4 × 6.4
mm in size were extracted from groups of samples taken from seven different
trees. The moisture content of the wood was 7%.
In the experiments, each sample was placed individually at the bottom of
a testing container (a glass container 450 ml in volume) and covered with 200 g
of screened, washed and heat-sterilized white sand. The sand was humidified
with distilled water, in accordance with the procedure in ASTM D 3345-08:2017. The only deviation from the procedure was the non-use of
benzalkonium chloride solution as an antiseptic.
Biological experiments were conducted on the subterranean termite
Reticulitermes lucifugus Rossi as a forced test, in accordance with the procedure
of ASTM D 3345-08:2017. 1 ± 0.05 g of termites were placed in each testing
container with one wood sample. Over 90% of the individuals in each container
were pseudergates. The containers with the termites and the wood samples were
kept for 4 weeks in an incubator at a temperature of 27°C, and the humidity of
the sand in the containers was supplemented weekly.
The degree of wood damage, a decisive factor in the evaluation of wood’s
resistance or susceptibility to termite attack, was classified based on the visual
rating system and photos given in ASTM D 3345-08:2017, namely: 10 – sound,
surface nibbles permitted; 9 – light attack; 7 – moderate attack, penetration; 4 –
heavy attack; 0 – failure. The estimation of the degree of wood damage in the 21
samples was performed independently by six evaluators. In ambiguous cases, a
midpoint index was taken, e.g. 10/9 = 9.5, 7/4 = 5.5, 4/0 = 2. The average
degrees of wood damage for the 21 samples were calculated based on the
estimations of each evaluator (No. I-VI). The significance of the differences
between the calculated average values of the estimations of each evaluator was
statistically verified using Chebyshev’s inequality. If the difference between the
average values resulting from two evaluations was greater than or equal to three
times the standard error of the average values of wood damage, i.e.:
∣x̄1 − x̄2∣⩾3⋅ε ( x̄1 − x̄2 )
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then the difference between the two evaluations was classified as statistically
significant. Otherwise, it was classified as accidental. In addition, the mass loss
of dry wood caused by termite attack was determined.
The mortality rate of the termites was estimated as follows, in accordance
with ASTM D 3345-08:2017: slight (0-33%); moderate (34-66%); heavy (67-99%); complete (100%). This was done based on visual estimation of the
presence of dead individuals.

Results and discussion
The results of the experiments involving visual estimation of the degree of wood
decay by six evaluators are shown in Table 1. In all variants of the experiment,
termites carved tunnels in the sand and built galleries above its surface next to
the glass walls of the containers. Dead or diseased individuals were not
observed. Therefore, the mortality rate of the termites was classified as slight
(0-33%).
Table 1. Results of visual estimation of the degree of damage done to Scots pine
(Pinus sylvestris) sapwood by Reticulitermes lucifugus, performed by six evaluators
(No. I-VI)
No. of sample
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
Average value

Evaluator
No. I
9
5.5
5.5
4
5.5
8
5.5
5.5
5.5
5.5
8
5.5
5.5
5.5
7
4
5.5
4
4
5.5
2
5.5

Evaluator
No. II
4
2
2
2
0
4
2
2
2
2
4
2
0
2
2
0
2
0
0
0
0
1.6

Evaluator
No. III
7
4
0
0
4
4
4
4
4
4
4
0
4
4
4
0
4
0
0
0
4
2.8

Evaluator
No. IV
4
7
9
7
7
4
9
10
10
10
4
7
7
7
4
4
2
4
4
4
0
5.9

Evaluator
No. V
10
7
9
7
8
10
7
9.5
8
7
8
5.5
8
7
7
0
4
2
0
2
0
6.0

Evaluator
No. VI
7
4
7
0
4
7
2
7
4
4
7
4
4
4
4
0
4
0
0
4
0
3.7
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Statistical verification of the differences between each pair of estimations is
shown in Table 2.
Table 2. Statistical verification of the differences between each pair of estimations
For statistical significan
Evaluators
No. I and No. II
No. I and No. III
No. I and No. IV
No. I and No. V
No. I and No. VI
No. II and No. III
No. II and No. IV
No. II and No. V
No. II and No. VI
No. III and No. IV
No. III and No. V
No. III and No. VI
No. IV and No. V
No. IV and No. VI
No. V and No. VI

∣x̄1 − x̄2∣⩾3⋅ε ( x̄1 − x̄2 )
3.9 ˃ 1.35
2.7 ˃ 1.73
0.4 ˂ 2.09
0.5 ˂ 2.40
1.8 ˂ 1.9
1.2 ˂ 1.66
4.3 ˃ 2.05
4.4 ˃ 2.34
2.1 ˃ 1.9
3.1 ˃ 2.30
3.2 ˃ 2.58
0.9 ˂ 2.2
0.1 ˂ 2.84
2.2 ˂ 2.5
2.3 ˂ 2.7

Statistical
significant
significant
insignificant
insignificant
insignificant
insignificant
significant
significant
significant
significant
significant
insignificant
insignificant
insignificant
insignificant

As is shown in Table 1, four (No. I, II, V and VI) of the six people
performing the evaluations used midpoint indices in ambiguous cases. Two
evaluators (No. III and IV) did not use this option in classifying wood damage.
As mentioned above, the problem of the subjectivity of the results of research on
the susceptibility of wood to termite damage based on visual evaluation of the
degree of wood damage has been noted in earlier studies [Krajewski et al. 2015;
2016; 2018]. Unfortunately, there are almost no publications investigating the
correctness of visual estimation of the degree of damage to samples, with the
exception of the above-mentioned paper by the co-authors [Krajewski et al.
2018]. The procedures of both ASTM D 3345-08:2017 and PN-EN 117:2013 are
based on visual estimation of the degree of wood damage. ASTM D 3345-08:2017 defines five possible degrees, while PN-EN 117:2013 defines four.
A larger number of available degrees may increase the likelihood of divergent
evaluations of the degree of damage to the same wood sample when examined
by several evaluators. The procedure of ASTM D 3345-08:2017 is thus more
suitable for examination of the subjectivity of such evaluations.
Based on the authors’ experience, a visual method of evaluation of the
degree of damage to samples is easily applied in the case of wood resistant to
termite feeding. It has long been known that wood suffering from fungal decay
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may attract termites [Grace and Wilcox 1988] and may be more appropriate for
their feeding needs than undecayed wood [Unger 1973]. Sapwood of Pinus sp.,
used for comparative purposes in ASTM D 3345-08:2017, even if not exposed to
fungal decay, is among the wood types susceptible to destruction by the termite.
Unfortunately, even the photographs included in ASTM D 3345-08:2017,
showing representative examples of each degree of damage to the wood, do not
always make the evaluation easier. Some particular difficulties may arise under
certain circumstances. For some wood species it is impossible to extract samples
with annual rings situated in the manner required by ASTM D 3345-08:2017.
This is the case with narrow pieces of many tropical species of wood, as well as
the European Taxus bacatta L. Some difficulties also arise during the
examination of waterlogged wood [Krajewski et al. 2015], when in many cases
it is very difficult to extract samples without ruptures and losses, which may be
mistaken for termite damage when the condition of the wood is evaluated at the
end of the test. For wood from some species, such as hornbeam [Krajewski et al.
2016], the damage caused by the termite may appear completely different than
damage to the sapwood of Pinus sp. used as the comparative species in ASTM D
3345-08:2017.
The results of this study confirmed the problem mentioned in the earlier
paper [Krajewski et al. 2018]. Visual evaluation of the degree of damage done to
wood samples by the termite may be highly affected by subjective factors. The
evaluators in the study appear to be divisible into two groups: the first group
(No. II and III) assigning a higher average degree of damage, and the second
group (No. I, IV and V) assigning a lower average degree of damage. The first
group consisted of scientists with a high or intermediate level of experience in
the visual evaluation of certain phenomena tested in wood science, while the
second group consisted of one person with some experience with these
phenomena and two with no such experience. Within each group, the differences
between the average degrees of damage assigned by individual evaluators were
statistically insignificant. However, the differences between the average degrees
assigned by individual evaluators from two different groups were all statistically
significant. The values assigned by evaluator No. VI (with no experience) lay
between those of the two groups. The average degree of damage assigned by
evaluator VI was statistically different only from the average degree assigned by
evaluator II, who had the greatest experience in visual evaluation of the degree
of wood damage caused by the termite. Evaluator II rated the degree of wood
damage the most severely. However, there is no possibility of verifying whether
their evaluation is in fact fully correct.
It should also be noted that visual evaluation of the degree of termite damage
to wood is more difficult than visual evaluation of resistance to the growth of
mould. In the latter case, the evaluation is performed on a two-dimensional plane
based on the percentage of the surface covered with mould, as described in, for
example, ASTM D 3273-94, ASTM D 4445-91 or ASTM G21-96. In the case of
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ASTM D 3345-08:2017, a three-dimensional loss of varying shape, placement
and segmentation is assessed based on a rather imprecise specification from the
procedure. For example, it is difficult to decide where the cut-off point lies
between light attack (9) and moderate attack, penetration (7), or between heavy
attack (4) and failure (0). Termite feeding in pine sapwood caused an average
weight loss of 34%.
The subjectivity of such evaluation can be eliminated by determining the
mass losses of samples after termite feeding. However, to avoid distortion of the
results, wood drying should be applied at a temperature of 105 °C both before
and after the test, which is inadvisable. The procedure in PN-EN 117:2013
stipulates that only wood dried at temperatures below 60 °C can be used. Other
options include freeze-drying of the samples and taking into account the impact
of wood moisture content on the results. Freeze-drying may, however, also cause
evaporation of some components of the wood (e.g. terpenes). The possibility of
applying such methods should thus be the subject of further research.

Conclusions
The results obtained in this study confirm the doubts expressed by the authors in
earlier work, and lead to the following conclusions:
• Visual evaluation of the degree of damage to wood caused by termites
may be strongly affected by subjective factors.
• Not only minimal experience in visual evaluation (or lack of such
experience) can lead to incorrect results. It seems that the innate ability to
perform visual evaluation may also play a role in the process. A method based on
the mass loss of wood samples is proposed as a way of excluding the influence
of subjective factors on the evaluation.
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