INSTYTUT TECHNOLOGII DREWNA
WOOD TECHNOLOGY INSTITUTE

DREWNO
PRACE NAUKOWE
DONIESIENIA
KOMUNIKATY

WOOD
RESEARCH PAPERS
RESEARCH REPORTS
ANNOUNCEMENTS

Vol. 58				

POZNAN 2015

No. 195

The journal is financially supported by Polish Ministry of Science and Higher Education
Publications are indexed in the databases: Agro – http://agro.icm.edu.pl/agro, Science Citation
Index Expanded – http://thomsonreuters.com, BazTech – http://baztech.icm.edu.pl, SCOPUS –
http://www.scopus.com, DREWINF – http://www.itd.poznan.pl, IC Journals Master List –
http://journals.indexcopernicus.com, The Central European Journal of Social Sciences and
Humanities – http://cejsh.icm.edu.pl
Reviewers (vol. 58): Prof. Marius-Catalin Barbu, PhD; Wilfried Beikircher, PhD; Prof. Pavlo
Bekhta, PhD; Assoc. Prof. Dariusz Danielewicz, PhD (Eng); Manfred Dunky, PhD; Prof.
Antoni Faber, PhD; Prof. František Hapla, PhD; Ari M. Hietala, PhD; Sofia Knapic, PhD;
Magdalena Kutnik, PhD; Prof. Heiko Lange, PhD; Prof. Robert Lanouette, PhD; Achim
Mahrle, PhD; Prof. Carsten Mai, PhD; Prof. Andrzej Mazur, PhD; Assoc. Prof. Ewa Mińska-Struzik, PhD; Assoc. Prof. Izabela Modzelewska, PhD; Magdalena Nowaczyk-Organista,
PhD; Tomasz Nowak, PhD (Eng), Prof. Marc Oudjene, PhD; Prof. Kazimierz Orłowski,
PhD (Eng); Prof. Rodolpho Piccio, PhD; Prof. Piotr Rapp, PhD; Prof. Ladislav Reinprecht,
PhD; Prof. Klaus Richter, PhD; Assoc. Prof. Jerzy Świgoń, PhD; Irene Tunno, PhD; Małgorzata Walczak, PhD; Assoc. Prof. Adam Wójciak, PhD
Impact Factor (2014): 0.300

The original version – paper
Publisher: Instytut Technologii Drewna (Wood Technology Institute)
Winiarska St. 1, 60-654 Poznan, Poland
Editor’s address: Instytut Technologii Drewna
Winiarska St. 1, 60-654 Poznan
phone: +48 61 849 24 01, +48 61 849 24 72, +48 61 849 24 37
fax: +48 61 822 43 72
e-mail: publication@itd.poznan.pl
© Copyright by Instytut Technologii Drewna in Poznan
Poznan 2015
ISSN 1644-3985
Cover design: Piotr Gołębniak
Editor: Edward Grześkowiak
Computer typesetting and print:
Studio Poligrafia, ul. Bułgarska 10, 60-321 Poznań, phone: +48 61 867 53 72
Edition: 180

CONTENTS

Research papers
Tiziana ANNESI, Luca CALIENNO, Rodolfo PICCHIO, Daniele DE SIMONE,
Angela LO MONACO : Degradation of some technological features in the
wood of ornamental species caused by Inonotus rickii (Pat.) Reid ............
Tomasz DOMAŃSKI: Timber member resistance to snow and wind loads in
Polish mountain zones ................................................................................
Marcin KLISZ, Tomasz WOJDA, Szymon JASTRZĘBOWSKI, Joanna UKALSKA:
Circumferential variation in heartwood in stand of black locust (Robinia
pseudoacacia L.) ........................................................................................
Radosław WĄSIK, Krzysztof MICHALEC, Anna BARSZCZ: The variability of
certain macrostructural features and the density of grand fir (Abies
grandis Lindl.) wood from selected stands in southern Poland ..................
Adam KRAJEWSKI, Ewa LISIECKA, Michał DROŻDŻEK, Piotr WITOMSKI,
Aleksandra WÓJCIK: The susceptibility of neolithic waterlogged beech
wood (Fagus sylvatica L.) to destruction by Reticulitermes lucifugus
Rossi ............................................................................................................
M. Sarwar JAHAN, Mamon SARKAR, M. Mostafizur RAHMAN: Sodium carbonate pre-extraction of Trema orientalis in the production of paper
grade pulp ...................................................................................................
Tian-TianGAO, Xue-Fei ZHOU, Zheng-Liang ZHU: Catalytic converison of
kraft lignin using paper-like Co(salen) as an effective catalyst ..................
Izabela RATAJCZAK, Emilia RZEPECKA, Magdalena WOŹNIAK, Kinga
SZENTNER, Bartłomiej MAZELA: The effect of alkyd resin on the stability
of binding (3-aminopropyl) triethoxysilane with cellulose and wood ........
Andrea SUJOVÁ, Petra HLAVÁČKOVÁ, Katarína MARCINEKOVÁ: The trade
competitiveness of furniture products ........................................................

5
19
31
45

59
69
79
91
101

Research reports
Piotr S. MEDERSKI, Mariusz BEMBENEK, Zbigniew KARASZEWSKI, Dieter F.
GIEFING, Eliza SULIMA-OLEJNICZAK, Martyna ROSIŃSKA, Agnieszka
ŁACKA: Density and mechanical properties of Scott Pine (Pinus
sylvestris L.) wood from a seedling seed orchard .......................................

117

Corrado CREMONINI, Francesco NEGRO, Roberto ZANUTTINI: Wood-based
panels for land transport uses .....................................................................

125

Renata PAMIĆ, Franc POHLEVEN: Protection through construction of a
wooden monument in Radomlje (Slovenia) ...............................................

135

Drewno 2015, Vol. 58, No. 195
DOI: 10.12841/wood.1644-3985.136.01
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DEGRADATION OF SOME TECHNOLOGICAL FEATURES
IN THE WOOD OF ORNAMENTAL SPECIES CAUSED BY
INONOTUS RICKII (PAT.) REID

Inonotus rickii (Pat.) Reid is a pathogenic wood-decaying fungus that causes
severe decay in several ornamental urban trees in Europe. It has been known to
occur on different hosts in Sicily (Italy) since 1985, and in Rome (Italy) since
2003.
Some physical and mechanical wood features were studied according to the
standards in order to propose an investigation methodology to set a deterioration
ranking of urban trees. In this phase of the study, Celtis australis L., Acer negundo
L., Acer campestre L., Robinia pseudoacacia L., Tilia × vulgaris Hayne, Ulmus
minor Mill., Platanus × acerifolia (Aiton) Willd. and Quercus ilex L. were studied.
The data were analyzed using ANOVA and M-ANOVA tests to check the
differences among the specimens. A risk matrix was created in order to combine
the features that showed statistical differences between the control specimens and
the inoculated specimens, in order to establish, in vitro, a degradation ranking
among the wood species.
The wood species which showed no in vitro durability to I. rickii, were the same
ones that displayed susceptibility in the living trees.
Keywords: Inonotus rickii (Pat.) Reid; wood physical features; axial compression
strength; wood decay; urban wood species.
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Consiglio per la Ricerca e la Sperimentazione in Agricoltura-Plant Pathology Research
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gmail.com), Rodolfo PICCHIO (r.picchio@unitus.it), Angela LO MONACO (lomonaco@
unitus.it), Department of Agriculture, Forests, Nature and Energy (DAFNE), University of
Tuscia, Via San Camillo de Lellis, 01100 Viterbo, Italy
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Introduction
In urban areas, trees offer a number of benefits [Nowak, Dwyer 2007; Robles et
al. 2011]. Unfortunately, such trees are also exposed to both biotic and abiotic
stress factors, which can cause phytopathological and physiological problems.
Pollution, insufficient space for growth, a lack of nutrients, mechanical injury
[Marchi et al. 2013] and the proximity of structures (roads, sidewalks, retaining
walls...) contribute to a decrease in the vigour of trees and to an increase in the
possibility of fungal attacks. All these factors can cause damage to the xylem
and can reduce stability and resistance to breakage [Schwarze et al. 2000; Sæbø
et al. 2005; Robles et al. 2011]. Dead or decayed wood has a wide range of
ecological values in forest ecosystems, it is also considered a relevant indicator
in the National Forest Inventories and in an ecologically sustainable forest
management [Tavankar et al. 2014], however, in the urban environment it
cannot be accepted for the high risk of harm to people. Decay does not
necessarily mean the immediate death of trees, as the process may extend over
several years. This happens particularly when the damage is done to the
heartwood, which does not affect the basic life processes of the tree. In urban
areas, there is also the risk of accidents involving people or properties [Terho,
Hallaksella 2005; Robles et al. 2011].
Inonotus rickii (Pat.) Reid is a basidiomycete (Hymenomycetes) that can
cause severe damage to trees in urban areas, producing cankers and white rot in
several ornamental trees.
The anamorph state Ptychogaster cubensis Pat. has been described by
different authors [Davidson et al. 1942; Gilbertson, Ryvarden 1986; Intini 1988;
Stalpers 1978, 2000]. Recently, phylogenetic studies have been carried out on
isolates of this fungus from different geographic areas. These studies seem to
suggest that P. cubensis from Florida and the anamorphic form present in
Europe, South America, and China may not be related to the same species [De
Simone et al. 2011; Cui et al. 2014], but further investigations with a larger
number of isolates from the Caribbean are necessary.
In Italy, Jaquenoud [1985] first observed the anamorph, P. cubensis, on
Parkinsonia L. spp. (Sicily) and, in the same place, the author discover later the
teleomorph I. rickii [Jaquenoud 1987].
Other authors have reported the fungus on Schinus molle L. in Catania
(Sicily, Italy) [Intini 1988]; on Celtis australis L. in Montenegro [Kotlaba,
Pouzar 1994]; on Sambucus nigra L. in Greece [Kotlaba, Pouzar 1994]. Intini
[2002] and Intini and Tello [2003] observed P. cubensis attacking Acer negundo
L., C. australis, Platanus × hybrida Brot. and S. molle in Spain. I. rickii was
noted also on Albizia Durazz. spp. in France [Pieri, Rivoire 1996]. In Portugal
Ramos et al. [2008] and Melo et al. [2002] studied it on C. australis and on
Sapindus saponaria L.
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Since 2003, I. rickii has been found on some boulevards in Rome (Italy) on
different tree species [Annesi et al. 2003; Annesi et al. 2005; Annesi et al. 2010].
Data concerning fungal isolates collected in Rome [De Simone et al. 2011]
indicate that they have thermal requirements similar to subtropical and tropical
American isolates [Davidson et al. 1942]. Due to these factors, this species could
play an increasing role in the Mediterranean area affected by climate change
[Pautasso et al. 2012].
I. rickii is a polyphagous pathogen and it produces annual basidiomes and
conspicuous brown powdery masses of chlamydospores, (anamorphic stage).
This behaviour favours the spread of the infection on adjacent trees [Annesi et
al. 2010].
Contaminated trees can show reduced vegetative vigour. Advanced infection
manifests itself by overall decline and death as reported by Ramos et al. [2008]
on a boulevard of C. australis in Portugal and by Mazza et al. [2008] on tree
lines of A. negundo and A. julibbrissin in Rome [Mazza et al. 2008; Annesi et al.
2010].
The knowledge of the potential occurrence of the pathogen on trees species
commonly used in urban trees may provide useful information for tree
management (tree planting, tree maintenance). The evaluation of the residual
technological properties of wood, after fungal activity, is a key factor in
understanding the break risk of a species.
The research aims to assess the physical and mechanical property changes in
inoculated wood specimens of 8 ornamental tree species, hosts and non-hosts of
I. rickii, and to evaluate in vitro the potential resistance or vulnerability of each
tested species, by means of a new methodology.

Materials and methods
Test in vitro: specimen preparation

The wood specimens were obtained from healthy trees mostly grown on the
CRA-PAV experimental farm, located in Monterotondo near Rome. Quercus
ilex was grown in Bultei (Sassari, Italy) and Quercus cerris in Vetralla (Viterbo,
Italy). Test specimens were prepared from the timber according to the general
requirements for physical and mechanical tests [ISO 3129:2012].
The timber was processed to obtain boards, stored in a room at 65 ± 5%
relative humidity and at a temperature of 20°C so as to reach 12% moisture
content. The boards were further processed to obtain clear wood specimens
(with dimensions 20 × 20 × 30 mm).
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In vitro inoculation of specimens

The specimens were soaked in H2O for 48 hours, after which they were sterilized
twice for 2 hours at an interval of 24 hours. Before inoculation, the specimens
were dried in an oven at 50°C for 4 days.
The wood specimens were infected utilizing three isolates of I. rickii
obtained from anamorphic fructifications, which were collected in Rome from
diseased trees of R. pseudoacacia (PF62-1), A. negundo (PF76-2) and C.
australis (PF217-3). Twenty-six sterile transparent polyethylene containers (with
dimensions 63 × 80 mm), containing a thin layer of malt agar (MA), were
prepared for each fungal isolate and tree species to be tested. Each one was
inoculated with one fungal isolate using a mycelium disc grown on a potato
dextrose agar (PDA). These were incubated at 28 ± 1°C in the dark. When the
mycelium had covered the surface of the agar, a wood specimen was introduced
into each pot. The control wood specimens received identical treatment, but they
were not inoculated by I. rickii isolates before incubation.
After 5 and /or 10 months of incubation at 28°C, the specimens were
removed from the containers and the surface mycelium was gently cleaned off.
The specimens were dried in an oven at 50°C for 96 hours (table 1).
Table 1. Wood species and incubation period
Wood species

Duration of inoculation

C. australis

5 and 10 months

A. negundo

5 and 10 months

A. campestre

5 and 10 months

R. pseudoacacia

10 months

T. vulgaris

10 months

U. minor

10 months

P. acerifolia

10 months

Q. ilex

10 months

Wood properties

The physical features examined were: wood density (ρ), shrinkage (β) and the
related coefficient.
Wood density (g cm-3) at 12% moisture content (MC ) was determined
according to the UNI/ISO 3131 standard [1985a] [Lo Monaco et al. 2011; Lo
Monaco et al. 2015].
Tangential (βt), radial (βr) and volumetric (βv) shrinkage was calculated
according to the UNI/ISO 4469 [1985c] and UNI/ISO 4858 [1988] standards,
considering the total amount of dimensional variation from fully swollen to

9

Degradation of some technological features in the wood of ornamental species caused…

oven-dry. In addition, for each variable measured, the coefficient of shrinkage
was calculated (coefficient of tangential shrinkage (Cβt), coefficient of radial
shrinkage (Cβr) and coefficient of volumetric shrinkage (Cβv)). These
parameters constitute the shrinkage value when the MC decreases by 1% below
the fibre saturation point, and under the assumption of a linear relationship, as
according to Ferreira et al. [2012]. The coefficient of shrinkage anisotropy (βt/βr)
is the tangential and radial shrinkage ratio [Giordano 1981].
Four edges and the middle of the surface in the radial and tangential
directions, and 4 edges for the axial direction were measured to obtain more
accuracy in the evaluation of shrinkage.
The axial compression strength (σ) was determined on specimens at 12%
moisture content according to UNI/ISO 3787 [1985b].
The number of the specimens for each feature and set is reported in tables 2
and 3.
Table 2. Number of samples tested 5 months after inoculation
Treatment
Control
PF62-1
PF76-2
PF217-3
Treatment

Shrinkage
C. australis
13
13
13
13

A. campestre
A. negundo
13
13
13
13
13
12
13
13
Density and axial compression strength

C. australis

A. campestre

A. negundo

13
15
15
7

13
13
13
13

13
13
14
13

Control
PF62-1
PF76-2
PF217-3

Table 3. Number of samples tested 10 months after inoculation
Density and axial compression
strength

Shrinkage

Wood species

PF62-1 PF76-2 PF217-3 Control PF62-1
C. australis
A. campestre
A. negundo
R. pseudacacia
T. X vulgaris
P. acerifolia
Q. ilex

9
10
10
9
9
9
9

9
10
9
10
10
8
9

10
10
9
10
9
9
9

10
10
10
9
9
8
10

12
15
15
15
17
17
17

PF76-2 PF217-3 Control
16
15
14
16
16
18
17

15
15
16
16
17
17
17

15
13
15
17
17
17
15
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Statistical analysis

The data were analyzed using Statistica 2010 advanced statistics software. As
a first step, a data distribution was plotted and visually checked for normality.
Differences between the inoculated specimens and the control wood specimens
were checked using the standard paired t-test, with ANOVA and MANOVA
analysis. Post-hoc tests were conducted using the Tukey HSD test method
[Sheskin 2000].
Risk matrix of wood vulnerability

A risk matrix was used to assess the vulnerability of the wood and to evaluate
species behaviour. It was created in order to combine the density and axial
compression strength.
The percentage range of differences in density and axial compression were
divided into 4 classes (minimum 1, maximum 4) and, for each wood species, the
class of density was multiplied by class of axial compression strength. In this
way, an index was calculated to describe the degradation in terms of density and
compression strength.
The minimum value of the matrix was 1 (lower degradation) and the
maximum value was 16 (highest degradation). The risk matrix values were
divided into three groups: in the first group (values 1–3), the effect of the fungal
agent was negligible; in the second group (values 4–6), the effect became
evident; in the third group (values 8–16), the effect was considerable (table 4)
[Ni et al. 2010].
Table 4. Risk Matrix
Axial compression strength

Density

Classes

1

2

3

4

1

1

2

2

2

3

4

4

6

8

3

3

4

4

6

9

12

8

12

16

Results and discussion
The results, after 5 months’ treatment, highlighted the fact that the physical and
mechanical features occasionally showed statistically-significant differences
(table 5). ANOVA and MANOVA analysis and the post hoc Tukey test were
performed in order to underline the differences between the inoculated
specimens and the control specimens.
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Table 5. Analysis of variance of physical and mechanical features after 5 months’
treatment
Density
and axial
compression
strength

Shrinkage

Wood
species
βr

βt

βv

Cβr

Cβt

Cβv

βt/βr

σ

Ρ

C. australis

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

< 0.01

n.s.

A. campestre

< 0.05

n.s.

n.s.

< 0.01

n.s.

< 0.01

n.s.

n.s.

n.s.

A. negundo

n.s.

n.s.

n.s.

n.s.

< 0.05

< 0.01

n.s.

< 0.05

n.s.

T. vulgaris

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

In C. australis, there was a large statistically-significant differencebetween
the inoculated specimens and control specimens, in terms of the axial
compression strength.
In A. campestre, radial shrinkage and the radial coefficient of shrinkage
displayed statistically-significant differences.
In A. negundo, the tangential coefficient of shrinkage, volumetric coefficient
of shrinkage and axial compression strength showed statistically-significant
differences. Whereas T. × vulgaris did not present these differences.
After 10 months’ treatment (table 6), the physical features showed
statistically-significant differences, between the inoculated and control
specimens for some species only, and not for all the parameters.
Table 6. Analysis of variance of physical and mechanical features after 10 months’
treatment
Density
and axial
compression
strength

Shrinkage

Wood
species
βr

βt

βv

Cβr

Cβt

Cβv

βt/βr

C. australis

< 0.05

n.s.

n.s.

< 0.05

n.s.

n.s.

<0.05

< 0.01 < 0.01

A. campestre

< 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

n.s.

< 0.01 < 0.01

A. negundo
R. pseudacacia
T. vulgaris

n.s.
n.s.
< 0.05 < 0.01
n.s.
n.s.

n.s.
n.s.
n.s.

< 0.01 < 0.01
n.s.
n.s.
< 0.01 < 0.01

n.s.
<0.01
n.s.

n.s.
n.s.
n.s.
< 0.05 < 0.01 < 0.01
n.s.
n.s.
n.s.

U. minor

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

P. acerifolia

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

Q. ilex.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

σ

n.s.

Ρ

< 0.01

< 0.01 < 0.01
n.s.

n.s.
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Specifically, all kinds of shrinkage, and the relative coefficients, showed
statistically-significant differences in R. pseudacacia and in A. campestre. In
R. pseudacacia, statistically-significant differences, between the inoculated
specimens and control specimens, were large regarding tangential and
volumetric shrinkage, and the relative coefficients. In A. campestre, the
differences were large in terms of radial, tangential and volumetric shrinkage,
and relative coefficients.
In C. australis, the statistically-significant differences were large with
regards to radial shrinkage, the relative coefficient, and the coefficient of
shrinkage anisotropy.
Regarding density and axial compression strength, large statisticallysignificant differences between the inoculated specimens and control specimens
were found, with the exception of R. pseudacacia, Q. ilex and U. minor. R
pseudacacia and Q. ilex did not show statistically-significant differences and U.
minor only showed large statistically-significant differences for density.
In table 7, the percentage differences between the inoculated and control
specimens are shown.

A.negundo

R.pseud.

T. vulgaris

U.minor

P. acerifolia

Q.ilex

21%

11%

20%

0%

13%

0%

15%

0%

ρ

16%

10%

9%

0%

9%

7%

11%

0%

C. australis

σ

Parameter

A.ampe-stre

Table 7. Percentage reduction of density and axial compression strength

After 10 months’ treatment, the changes in density and axial compression
strength gave interesting information. With the exception of R. pseudoacacia
and Q. ilex, the investigated species displayed a marked decrease. The minimum
value of the percentage differences of the axial compression strength was 11%
(A. campestre) and the maximum value was 21% (C. australis); as for density,
the minimum value was 7% (U. minor) and the maximum 16% (C. australis).
The density and the axial compression strength were combined in the risk
matrix: the values of the risk matrix are shown in figure 1.
C. australis, A. campestre, A. negundo, T. vulgaris and P. acerifolia were in
the highest risk group (8–16 points) and U. minor, R. pseudacacia and Q. ilex
were in the lowest risk group (1–3 points).
In the specimens after 10 months’ treatment, the density and the axial
compression strength were analyzed to understand if and how the three isolates
showed a different form of wood degradation. In table 8, the results of the Tukey
test are shown.
In the majority of the species studied, the three isolates showed a decrease in
density and axial compression strength in relation to the control. Different
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behaviour was sometimes noted among the three isolates: this was evident in C.
australis, A. campestris, A. negundo, U. minor and T. vulgaris.
Table 8. Tukey test on axial compression strength and density
C. Australis
Parameter
σ
ρ

Units of
measurement
MPa
g/cm3

Control

PF62-1

70.30 c
56.72 b
0.769 c
0.659 b
A. campestris

Parameter

Units of
measurement

Control

PF62-1

σ

MPa

64.28 a

60.57 a.b

ρ
Parameter
σ
ρ
Parameter
σ
ρ

3

g/cm

Units of
measurement
MPa
g/cm3
Units of
measurement
MPa
g/cm3

PF76-2 PF217-3

P-value

59.65 b
0.662 b

49.43 a
0.619 a

< 0.01
< 0.01

PF76-2 PF217-3

P-value

0.671 c
0.635 b
A. negundo

0.592 a

56.27
b.c
0.595 a

< 0.01

Control

PF76-2 PF217-3

P-value

48.48 b
0.569 a

48.58 b
0.536 a

< 0.01
< 0.01

PF76-2 PF217-3

P-value

PF62-1

59.34 c
44.51 a
0.611 b
0.558 a
R. pseudoacacia
Control

PF62-1

54.23 c

90.38
0.838

<0.01

> 0.05
> 0.05

T. vulgaris
Parameter
σ
ρ
Parameter
σ
ρ
Parameter
σ
ρ
Parameter
σ
ρ

Units of
measurement
MPa
g/cm3
Units of
measurement
MPa
g/cm3
Units of
measurement
MPa
g/cm3
Units of
measurement
MPa
g/cm3

Control

PF62-1

42.78 a 35.29 c
0.439 c 0.383 a
U. minor
Control

PF62-1

PF76-2

PF217-3

P-value

36.53 b.c
0.398 a.b

38.97 b
0.414 b

< 0.01
< 0.01

PF76-2 PF217-3

P-value

61.32 ± 7.20
0.710 b
0.672 b
0.689 b
P. acerifolia

0.627 a

> 0.05
< 0.01

Control

PF62-1

PF76-2 PF217-3

P-value

49.15 b
0.652 b
Q. ilex

40.03 a
0.587 a

43.09 a
0.588 a

41.75 a
0.575 a

< 0.01
< 0.01

PF76-2 PF217-3

P-value

Control

PF62-1

74.28 ± 6.18
0.783 ± 0.04

> 0.05
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Fig 1. Risk matrix results

Concerning U. minor, only the isolate PF217-3 showed statistically
significant differences for density.
The parameters taken into account were different from those generally used
because the focus of the study was to evaluate the residual strength of the wood
after an attack by I. rickii.
The shrinkages and the relative coefficients were relevant features between
the inoculated and control specimens only for some species, while the density
and axial compression strength efficaciously showed the action of I. rickii on all
the tested species. The Basidiomycetes as I. rickii, are characterized by their
ability to degrade lignin, hemicellulose and cellulose [Martínez et al. 2005]
concurrently.
These polymers influence the mechanical characteristics of the wood: the
lignin influences the axial compression strength [Giordano 1981]. The
considerable statistically-significant decrease in density and in compressive
strength is confirmed in the literature concerning various species of brown and
white rot fungal agents found in various tree species. The physical, chemical and
morphological wood changes, caused by the agents of caries, may be
accompanied by a decrease in mechanical properties [Smith, Graham 1983;
Green III, Highley 1997; Curling et al. 2002; Clausen, Kartal 2003; Yang et al.
2010; Bouslimi et al. 2014]. Brown rot has been extensively investigated in the
literature and in all cases, the studied fungi were found to cause a loss of
resistance to axial compression and a decrease in density [Winandy, Morrell
1993; Curling et al. 2002; Clausen, Kartal 2003; Silva Pereira et al. 2006; Silva
et al. 2007]. The decrease in mechanical features was mainly due to an alteration
in the polymers of the cell wall. Winandy and Morrell [1993] demonstrated the
relationship between a degradation of hemicellulose and a decrease in
compression strength.
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Even weight loss appears to be related to a decrease in compressive strength:
Smith and Graham [1983] demonstrated this statement studying weight loss in
Pseudotsuga mennziesii Franco wood, caused by Postia placenta (Fr.) MJ
Larsen & Lombard. This agent of white rot only occasionally led to a significant
change in shrinkage, in relation to the control. Tsoumis [1991] confirmed that
white rot did not cause considerable variation in shrinkage in relation to the
control.
Density, in place of a decrease in weight, allows a rapid comparison of the
behaviour of fungi which alter wood: this comparison is quantitative as well as
qualitative. The density and axial compression strength were parameters that
showed statistically the destructive activity of I. rickii more clearly than
shrinkages and the related parameters.
The tests made it possible to understand that density and resistance to axial
compression indicated large statistically-significant differences between the
inoculated specimens and control specimens.
Density and axial compression strength were features which displayed large
statistically-significant differences: they were the parameters indicating wood
degradation due to Inonotus rickii (Pat.) Reid. Therefore, a risk matrix was
created to establish, in vitro, a degradation ranking among the wood species,
combining the more significant parameters.
The data showed that C. australis, A. negundo, P. acerifolia, A. campestre,
e T. vulgaris were in the highest risk group. Although in vitro wood decay tests
do not give definitive evidence of the degradative action of the fungus on living
trees, they are useful in defining the potential risk [Baietto, Wilson 2010]. In any
case, the results of surveys carried out in this study, and in previous studies in
Italy [Annesi et al. 2005; Mazza et al. 2008], in Europe [Intini 2002; Intini, Tello
2003; Ramos et al. 2008] and in Argentina [Robles et al. 2011] support these
results. In fact, A. negundo, C. australis e P. acerifolia are the most frequently
recorded and most damaged hosts of I. rickii in urban boulevards.

Conclusions
• The wood of some species showed high residual density and strength.
• The three isolates exhibited different behaviour towards the species.
• The risk matrix made it possible to evaluate the wood of different wood
species using the two statistically significant parameters.
• The wood species which did not show in vitro durability to I. rickii were the
same that displayed susceptibility in living trees.
• The results showed that it is possible to evaluate the relative risk of
degradation by I. rickii before the planting of trees in urban environments,
thereby aiding tree management.
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TIMBER MEMBER RESISTANCE TO SNOW AND WIND
LOADS IN POLISH MOUNTAIN ZONES

The resistance of timber members in structures decreases over time. It depends on
the type of load – permanent or variable- and the sort of timber. Strength
reduction effects, often referred to as creep-rupture effects, due to long- term
loading at high stress ratio levels, are well known for many materials such as
aluminum and concrete. Wood materials are greatly affected by a reduction in
strength with the duration of permanent and variable loads. The methods for
calculating these reductions and the data relevant for structural timber resistance
are presented. Based on snow and wind measurements over 45 years from
mountain zones in Poland (Zakopane, Świeradów, and Lesko), the reduction
factors- kmod for wood members, according to PN-EN – 1995, were estimated.
Keywords: wood, reduction of resistance, variable load, reliability, safety index,
creep rupture effects of wood.

Introducton
Timber-wood materials, such as glued solid timber, are greatly affected by
a reduction in strength caused by the duration of a load over time [Toratti et al.
2007]. Therefore, the design of timber and glued timber [Vratusa et al. 2011]
structures use the strength reduction factor to reduce the characteristic short-term
strength of timber [Molier, Ranta-Manus 1998]. Characteristic values of the load
duration and the load duration factors are calibrated using probabilistic methods.
Three timber damage accumulation models are usually considered, that is,
Gerhards model [1979], the Barret & Foschi model [1978] and the Foshi, Folz &
Yao model [1989]. Reliability is estimated using representative short- and longterm limit states for timber elements. The time variants of the damage reliability
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aspects are taken into account using a simple representative limit state with time
variant strength and a simulation of the whole lifetime load.
The parameters in these models are obtained by the Maximum Likelihood
Method using data relevant to polish structural timber [Noskowiak, Szumiński
2009]. Data for the snow load over 45 years from the mountain zones in
Zakopane, Świeradów, and Lesko [IMiGW Kraków, Wrocław, 2010] were
analysed in terms of the impact on timber structures. The reliability was
evaluated using representative short- and long-term limit states to obtain the load
duration factor kmod (kmod factor also depends on the moisture content of the
wood), which was obtained using the probabilistic models. Safety assessments
[Ellingwood 1997] of timber structures built in the past require that many
different parameters are considered. These parameters are mostly random and
describe material characteristics, actions and the history of actions. Timber
materials are greatly affected by this reduction in strength caused by the duration
of a load [Wang et al., 2012]. Wind and snow are the primary variable loads
acting on timber roofs in Poland, particularly in mountain areas. The main factor
used in calculations of the safety of timber members in structures is the
reliability index β , which is defined as follows:

β = g / σg ,

(1)

Where g is the mean value of the safety margin calculated as the difference
between the mean value of timber resistance R and external loads E . σ g is the
standard deviation of the safety margin g

g =R −E.

(2)

The effect of prolonged stress on timber’s bending strength has been
recognized since at least 1840. Wood [Wood 1951] developed a time strength
curve that was incorporated into the wood design procedure. This curve, often
referred to as the “Madison curve” [Rosowsky, Bulleit 2002], is still in use.
During the last decades, structural reliability methods have been further
developed, refined and adopted and are now at a stage where they are being
applied in practical engineering problems. Furthermore, basic knowledge
concerning the actions carried out on structures and timber material
characteristics has improved due to increased focus, better measuring techniques
and international research co-operation. This knowledge has enabled designers
to take into account uncertainties in material properties and actions in assessing
the load-carrying capacity, serviceability and service life of timber structures and
connections. Most building codes, national and international, are based on a
probabilistic safety approach. The code formats are deterministic with
connections to reliability design achieved through failure probability, partial
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safety factors and characteristic values. Partial safety factors are calibrated for
standard cases and should meet the same safety requirements by means of
probabilistic analysis and deterministic code. Hence, the required safety is
usually not achieved by using probabilistic theories in the normal design
process.

Materials and methods
The reference properties of structural timber are:
• bending strength fm,k in MPa
• bending modulus of elasticity E0,mean in MPa, both measured using short-term
standard test specimens described in PN-EN 408 2012
• timber density ρk [kg/m3], measured according to PN-EN 408 2012
The distribution parameters can be determined by the information given in
table 1 [Faber et al. 2004], and table 2 [Sorensen et al. 2005].
Table 1. Probability distributions of basic timber properties
COV
Property

Distributions

Solid
timber

Plywood

LVL

Bending strength fm,k

lognormal

0.25

0.17

0.11

Bending modulus of elasticity E0,mean

lognormal

0.13

0.09

0.06

normal

0.10

0.07

0.05

Timber density ρk

Table 2. Expected values and coefficients of variation of timber members
Expected value Ex[X]

Coefficient of variation COV[X]

Ex[ft,0,k] = Ex[fm,k]

COV[ft,0,k] = 1.2COV[fm,k]

Ex[ft,90,k] = 0.015Ex[fm,k]

COV[ft,90,k] = 2.5COV[fm,k]

Ex[E90,mean] = Ex[E0,mean]/30

COV[E90,mean] = COV[E0,mean]

Ex[fc,0,k] = 5Ex[fm,k]

0.45

Ex[fc,90,k] = 0.007Ex[ρk]
Ex[fv,k] = 0.2Ex[fm,k]

0.8

Ex[Gmean] = Ex[E0,mean]/16

COV[fc,0,k] = 0.8COV[fm,k]
COV[fc,90,k] = COV[ρk]
COV[fv,k] = COV[fm,k]
COV[Gmean] = COV[E0,mean]

Damage models are usually used for the mathematical description of the
long-term strength reduction as a function of the stress level and the duration of
loading [Ellingwood, Rosowsky 1991]. In this paper, the damage model was
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fitted against data obtained from Polish structural timber subjected to constant
loading [Domański 2010]. The characteristics of the damage model are that α is
defined as the degree of damage, i.e. α = 0 stands for no damage and α = 1
stands for total damage or failure.
The damage accumulation model proposed by Barret and Foschi, [Barret,
Foschi 1978] has the following expression:

dα
σ
= A(
− η) B + Cα ;
dt
fo

σ
>η
fo

Where A, B and C are constants, σ is the stress, fo – short-term strength and
η is the threshold ratio.
This expression was used in simulating timber damage due to load duration.
When dealing with timber and wood-related product structures, in line with the
requirements of PN-EN 1990, the design value of a resistance is R d expressed
in PN-EN 1995-1, as

Rd = k mod

Rk
,
γM

(3)

where kmod (table 3) is the modification - reduction factor that takes into account
the effect of the load duration and moisture content [Henijarvi 2000] in the
timber , γ M is the partial factor for a material property at the Ultimate Limit
State (ULS) and Rk is the characteristic value of the load-carrying capacity at
the ULS.
Table 3. Timber modification factor kmod
Service classes
Duration of load

class 1
MC < 12%

class 2
12% < MC < 20%

class 2
MC > 20%

Permanent (> 10 years)

0.60

0.60

0.50

Long-term (6 months to 10 years)

0.70

0.70

0.65

Medium-term (1 week to 6 months)

0.80

0.80

0.70

Short-term (less than one week)

0.90

0.90

0.70

Instantaneous

1.10

1.10

0.90
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Wind load

maximum year wind velocity
vmax[m/s]

A stochastic model of the wind load in the Tatra mountain zone in Zakopane
was established on the basis of meteorological data. The maximum wind
velocity over the last 42 years [IMiGW Kraków, 2010] is shown in figure 1. The
statistics of wind velocity for the values of wind speeds greater than 13 m/s were
chosen due to the fact that these wind speeds are significant for the safety of
timber roof structures.

maximum year wind velocity v[m/s]
Zakopane Poland

30
25
20

2008

2005

2002

1999

1996

1993

1990

1987

1984

1981

1978

1975

1972

1969

1966

15
10
5
0

years

Fig. 1. Maximum annual wind velocity. Zakopane –Tatry

The wind velocity was modeled using sensors typically placed at a height of
10 m above ground. Measurements were made over a period of 42 years. Based
on the wind data recorded over 42 years in Zakopane, in the Tatra mountains,
the parameters of the wind model were established, figure 2, 3, 4.
Snow load

snow weight kN/sqm

Zakopane, snow weight
3
2,5
2
1,5
1
0,5

Fig. 2. Snow weight: Zakopane – Tatry
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Fig. 3. Snow weight: Świeradów – Karkonosze
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Fig. 4. Snow weight: Lesko – Bieszczady

The duration of snow package T was modelled by XTPm, proportional to the
maximum snow load of snow package XT – the exponential is distributed with
the expected value µXT (table 4) [IMiGW Kraków, 2010], [IMiGW Wrocław,
2010].
Table 4 shows the probabilistic parameters of the snow packets in Zakopane
(Z), Swieradów (S) and Lesko (L).
Table 4. Probabilistic parameters of snow load in mountain zones
Variable

Zakopane

Świeradów

Lesko

µP [kN/m ]

1.47

1.12

0.80

σP [kN/m ]

0.49

0.65

0.37

65.58

40.97

53.62

1.43

1.85

1.64

2

2

µXT[days/(kN/m2)]

λ

25

Timber member resistance to snow and wind loads in polish mountain zones

The short-term conditions design and the limit state equation formulas can
be described as follows:

zf k
− [(1 − κ) γ G Gk + κ( γ QQS ,k + ψ 0QW ,k )] = 0 ,
γm

(4)

g = zf o − [(1 − κ)G + κ(QS + QW )]

(5)

Where z is design parameter, fo – short-term strength, G – permanent load, QS
snow variable load, QW wind variable load,
The reliability indexes β were calculated by simulation according to the
FORM method on the basis of equations (4) and (5), and the stochastic model is
presented in table 5.
Table 5. Stochastic model for Zakopane (Z), Świeradów (S), and Lesko (L)
Variable

Distribution

Expected value

Coefficient of variation

fo timber strength

Lognormal

1

0.18

G permanent load

Normal

1

0.10

QS snow load

Gumbel

1

0.34/0.44/0.46 (Z/S/L)

QW wind load

Gumbel

1

0.65

By utilizing the Monte Carlo simulation for generating random variables, the
modification factor kmod was determined according to the procedure proposed by
Sorensen et al. [2005].
In the code format PN-EN 1995-1, the load duration effect is represented by
a modification factor kmod. The following design equation for the long-term
situation can be described as follows:

zf k kmod
− [(1 − κ) γ G Gk + κ( γ QQS ,k + ψ 0QW ,k )] = 0 ,
γm

(6)

where z is the design variable, fk is the characteristic value for short-term
strength (5% quantile) , QS,k and QW,k are the characteristic values of the variable
– snow and wind loads (2% quantile), Gk is the characteristic value of the
permanent load (mean value), γG is the partial safety factor for the permanent
load (= 1.35), γQ is the partial safety factor for the load (= 1.5), γm is the partial
safety factor for solid timber (= 1.3), ψ 0 is the load combination factor for wind
and κ , the coefficient which represents the proportion between permanent and
variable (snow and wind) loads. The corresponding long-term limit state
equation is:
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g = z (1 − α ) f o − [(1 − κ)G + κ(QW + QS )] ,

(7)

Where α is the damage state variable of the timber member, fo is the short-term
timber strength, G and Q are the permanent and variable – snow and wind –
loads.
Then the kmod factor can be estimated as follows:

kmod =

γ mS (βs )
,
γ mL (βL )

(8)

where γ mS (βs) is the short-term partial safety factor as a function of β and

γ mL (β L) is the long-term partial safety factor as a function of β [Svensson,
Thelandersson 2003].

Results and discussion
Figure 5 shows the relations between the reduction coefficient of timber strength
k mod and parameters κ – part of the variable (snow, wind) loads to the total loads
for different kinds of wood – LVL, plywood and solid timber.

Fig. 5. The dependence of timber reduction factor kmod on coefficient κ for solid
timber, plywood, and LVL

The reduction parameter kmod increased faster for the small values of κ. This
means that kmod was smaller for small snow and wind loads. Figure 6 presents the
relations between the reduction coefficient of timber strength kmod obtained for
different mountain locations, such as Zakopane in the Tatry mountains,
Świeradów in the Karkonosze mountains and Lesko in the Bieszczady
mountains.
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Fig. 6. The dependence of timber reduction factor kmod on coefficient κ for
Zakopane kmodz, Świeradów kmods, and Lesko kmodL

It can be observed that for the places of high altitude, the values of the
modification factor for timber kmod were greater, and for this reason, the locations
for timber building design should be taken into account.
Finally, it is possible to suggest a new diagram and tables for kmod reduction
– modification factor kmod for the Polish mountain zones, as follows: figure 7 and
table 6. The above calculations were made on the assumption that the moisture is
of the second service class (12 % < MC < 20%).
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Fig. 7. The dependence of timber reduction factor kmod on coefficient κ Polish
montain zones
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Table 6. .Suggested new timber modification factor kmod for Polish mountain zones
Type of
material

Loads
Permanent

Long-term

Medium

Short

Instantaneous

Solid timber

0.65

0.70

0.78

0.82

1.10

Plywood

0.70

0.72

0.82

0.84

1.10

LVL

0.71

0.80

0.84

0.86

1.10

Conclusions
The statistical assessment of timber material properties was considered with
special emphasis on the modeling of the effects of timber strength reduction in
time due to permanent and variable loads. The probabilistic model for timber
reduction factor kmod was formulated in such a way that it may be readily applied
in structural reliability analysis. It is noted that a significant effect of the time
variation of snow and wind impulse-packages on the timber damage model was
found. Stochastic models were presented for wind and snow loads in accordance
with load and damage models. The reduction factors kmod for different
combinations of permanent and variable (snow, wind) loads were almost the
same as those found in PN-EN 1995-1-1 [2010]. More research is needed on the
variance parameters of snow package loads as found in practice, and the
assumption that the distribution of the duration of snow packages is exponential
should be verified. The factor kmod value greatly depends on the ratio between
permanent and variable (snow, wind) loads.
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Within the framework of work on the anatomical structure and durability features
of wood, as well as analyses of radial growth, a preliminary analysis was carried
out in regard to variation in the heartwood within Black locust trees. The research
was carried out in three stands of straight-stemmed trees in western Poland. The
variation displayed by the heartwood around its circumference and the
eccentricity of the trunks was characterised with reference to: the heartwood
radial index (HRI), the cross-sectional shape factor for heartwood (CSsf) and the
pith eccentricity index (PEcc). The results confirmed a relationship between the
degree of variation around the circumference of the heartwood and the mean age
of the stands, while at the same time making clear the high level of differentiation
in radial variation at the level of the individual tree. The findings suggest that the
fertility of the habitat does not exert much of an influence on the generation of
heartwood in Black locust trees. No statistically significant relationship was
obtained when the circumferential variation of the heartwood was set against the
total height or diameter at breast-height. Only in the case of crown length, and
then only at the Wołów site, was there a moderate negative correlation with the
coefficients of circumferential variation.
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Introduction
Black locust was the first alien species of tree brought back from North America
to Europe, some 400 years ago now [Stringer, Olson 1987]. The selection of this
particular species for rapid return to the homeland reflected its advantages from
the ecological, technological and economic points of view [Pollet et al. 2012].
Both the density of its wood and its resistance to atmospheric factors are
determined by the high proportion of heartwood [Latorraca et al. 2011]. The
high level of resistance manifested is in turn associated with the presence of two
flavonoids: dihydroflavonol and dihydrorobinetin, both of which curb the
development of fungi in the wood [Magel et al. 1994]. In this species, the
generation of heartwood begins at the ages of 4–6 years [Magel et al. 1991]. The
process most probably links up with the ageing of living cells in the sapwood
[Ziegler 1968]. Indeed, work by Magel et al. [1991] points to the key role played
by the enzymes PAL and CHS, which are active in different periods of the year.
While the former is a precursor of the process by which lignin is produced, the
latter is responsible for the production of flavonoids. Both enzymes are present
at high concentrations in the transitional zone between the heartwood and the
sapwood, thus making it clear in which place the process of heartwood
formation is initiated. The generation of heartwood is in fact understood as
a process by which the sizes of vascular cells are regulated [Bamber 1976]. The
size of the sapwood zone is in turn accounted for by using the Pipe Model
Theory [Shinozaki et al. 1964a,b]. This theory indicates the way in which the
development of a stem along the radial and axial gradient is dependent on the
physiological functions of the crown: the vertical distribution of biomass, the
proportion between crown and stem, the ratio of the dry mass of the assimilatory
apparatus to trunk cross-section, and hence the conductive capacity of the xylem.
Long et al. [1981] point to the existence of a linear relationship between the
cross-sectional area of the sapwood part of a stem on the one hand and the
weight of the assimilatory apparatus on the other. The regularities indicate that
there is a relationship between the variation manifested by heartwood around its
circumference and the dynamic of the growth of trees determined by habitat
conditions. One of the reasons for undertaking the work under discussion
concerning circumferential variation in heartwood was to verify the influence of
selected stand characteristics, as well as the environment, on the process through
which the zone of heartwood is shaped.

Materials and methods
The first stage in the process of selecting stands with straight-stemmed trees and
a prevalence of Black locusts in the first storey was an analysis of archival data
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from the Information System of the State Forests – a register of assessments and
valuations of forest stands. This allowed for the identification of 50 stands which
were then the subject of field work leading to the choice of just 7 target objects
for research [Wojda et al. 2013]. Finally, three of these sites – in the Forest
Districts of Krosno, Wołów and Mieszkowice – were designated for further
study involving the properties of the wood, the anatomical structure of the
cambium and xylem and the radial profiles [Klisz et al. 2014]. One of the stages
to the research on the radial profiles was in turn an analysis of the
circumferential variation characterising heartwood. The stands in question were
found to differ in age, but also to occupy forest habitats optimal and suboptimal
for the black locust, fresh mixed/broadleaved forest and fresh mixed/coniferous
forest, respectively (table 1).

Compartment

Area [ha]

Forest site type

Age

DBH [cm]

Total height [m]

Crown length [m]

Quality class

Stand stocking

Krosno

90b

1.14

LMśw

31

24.7

24.8

9.21

I

0.9

Wołów

194f

2.86

BMśw

38

21.1

22.7

9.85

I

0.8

Mieszkowice

210j

1.31

LMśw

46

26.0

24.5

11.14

I

1.0

Geographical
position

Forest District

Table 1. Locations of analysed stands and selected assessment and valuation
features

N 52 5 40.2
E 14 58 13.7
N 51 25 12.5
E 16 34 41.8
N 52 51 31.5
E 14 11 40.7

In each stand, 10 sample trees were identified, each then contributing to the
research on heartwood thanks to the removal from them of discs at breast height
(1.3 m above the ground). These were made subject to a standard analytic
procedure on the basis of the program WinDENDRO 2009b. The extent of
heartwood and sapwood in relation to the 8 main compass directions was
determined by reference to the colouration of annual rings across the crosssection [Niklas 1997]. On this basis, the share of the given radius accounted for
by wood of the two types was determined for each tree. A comparison of the
share of heartwood in the sample trees and stands was thus achieved by
reference to a one-way analysis of variance using a fixed-effects model taking
the form:
HRjn = µ + Ρj + Ejn

(1)
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where:
HRjn – is the share of heartwood for the nth tree in the jth population
(n = 1,...,10; j = 1,...,3)
µ – is the overall mean,
Ρj – is the jth population effect,
Ejn – is the random error characterising the nth tree in the jth population.
The analysis of variance was carried out in relation to the values for the
variable studied that had first been transformed using the Bliss transformation.
A Levene test (with p = 0.098) was used to test an assumption regarding the
equality of variance among the populations studied. In turn, the normality of
residuals in the analysed model was tested using the Shapiro-Wilk test (with
p = 0.984). The significance of the differences between the stands was verified
using Tukey’s HSD test [STATISTICA 10PL; StatSoft 2011].
The characteristics referred to in analysing the variation displayed around
the circumference by the heartwood were: the heartwood radial index (HRI), the
cross-sectional shape factor for heartwood (CSsf) and the index of pith
eccentricity (PEcc) [Knapic et al. 2014]. The HRI is found by dividing the radius
measured for the heartwood in a given compass direction by the radius noted for
the northerly direction (2).
HRI = HW radius/HW north radius

(2)

The cross-sectional shape factor (CSsf) for heartwood is the ratio between
the largest radius and the radius at right angles (3).
CSsf = Max DiamCS/Orth DiamCS

(3)

The pith eccentricity index (PEcc) is obtained by dividing the largest radius
by the smallest (4).
PECC = Largest radius/Smallest radius

(4)

Pearson coefficients were then determined for the linear correlation between
the cross-sectional shape factor for the heartwood or the pith eccentricity index
on the one hand, and the breast-height diameters or total height of the sample
trees on the other [STATISTICA 10PL; StatSoft 2011].

Results and discussion
The analysis of variance for the heartwood in the sample tree cross-sections
from the three analysed sites confirmed the existence of significant differences
between them (table 2). At the same time, it was possible to observe a
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relationship between the percentage share of heartwood and the mean age of the
sampled trees, in that the older the tree, the greater the share of heartwood at
breast height. The oldest (in Mieszkowice) stand was shown to differ
significantly from the youngest (in Krosno), with the two stands belonging to
different homogeneous groups (fig. 1).
Table 2. Analysis of variance for the % of radial width accounted for by heartwood
in trees from the different study sites.
Source of
variation

Degrees
of freedom

Sum of
squares

Mean square

F value

P

Stand

2

0.00383

0.00191

4.52

0.020

Error

27

0.01144

0.00042

Fig. 1. Variation in the % share of cross-sectional area accounted for by heartwood
– showing homogeneous groups (error bars show standard errors of the means;
different letters show significant differences at p ≤ 0.05). Study sites: KRO –
Krosno, WOL – Wołów, MIE – Mieszkowice

This kind of relationship was indicated previously in work devoted to other
broadleaved tree species, such as Pedunculate oak [Rybníček et al. 2006;
Szymański et al. 2008, Pazdrowski et al. 2009] and Aspen [Yang, Hazenberg
1991]. Work by Szymański et al. [2008] and Pazdrowski et al. [2009] pointed to
the existence of a link between the biosocial positions of trees, their age, the
fertility of the habitat and the share of heartwood. The latter was found to be
greater in poorer habitats and in trees from lower Kraft classes.
Work devoted to the trees in the poorest (fresh mixed/coniferous forest)
habitat involved those from the Wołów site (table 1), among which values for
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the shares of heartwood were intermediate. These relationships may point to the
greater influence of tree age than of habitat conditions when it comes to the
generation of heartwood in this species.
The analysis of the shares of heartwood present along radii in the four main
compass directions confirmed circumferential variation in the generation of this
kind of wood. At all sites, the heartwood zone was widest in the easterly
direction (fig. 2).

Fig. 2. Share of radial widths in the 4 main compass directions accounted for by
heartwood. Study sites: KRO – Krosno, WOL – Wołów, MIE – Mieszkowice.

Such irregularity to the radial formation of heartwood was observed
previously in confers such as the Maritime pine [Berthier et al. 2001; Knapic et
al. 2014; Stokes, Berthier 2000], the Lodgepole pine [Yang, Murchison 1992]
and the Scots pine [Jelonek et al. 2006]. In relation to conditions for growth and
the forms of trunks and crowns in the trees studied, causes identified for
irregularities around the circumference of the heartwood have been: prevailing
wind direction [Berthier et al. 2001], a high level of insolation on west-facing
slopes [Yang and Murchison 1992], growth conditions on former farmland
[Jelonek et al. 2006], irregularity of crown structure [Knapic et al. 2014] and
eccentricity of trunk shape [Stokes, Berthier 2000].
Circumferential variation in the heartwood in the sample trees from each of
the three sites was described with reference to diagrams for the heartwood radial
index (fig. 3). In the case of the youngest stand (in Krosno), it proved impossible
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to distinguish a dominant direction in which the heartwood is developing, while
in the older stands (in Wołów and Mieszkowice) there is a marked difference
between the southerly and south-easterly directions and the remaining directions
where the heartwood radial index is concerned (fig. 4). An increase in crosssectional diameter is thus associated with greater eccentricity to the trunk crosssection (fig. 5).
Studies concerning radial differentiation in the generation of heartwood lack
information on differences around the circumference, the works in question
having focused on durability aspects, or the content of different extractives
[Stringer, Olson 1987; Pollet et al. 2008]. However, work on the share of
heartwood in conifer species does supply certain interesting observations on the
conditioning of variation around the circumference. The results of measurements
of the widths and numbers of discs relating to sapwood in Jack pine and
American larch, as carried out by Yang et al. [1985], point to the width of the
sapwood zone (and indirectly also that containing heartwood) being dependent
on the ages and rates of the growth of the trees. At the same time, these authors
indicate a wider zone of sapwood on the south-facing side of a trunk – which is
not in accordance with our findings for Black locust. Barthier et al. [2001] gave
as their reason for circumferential variation in heartwood the non-symmetrical
development characterising crowns, this translating into differences from one
part of a crown to another in the size of the photosynthetically active surface,
with this in turn directly determining the development of sapwood [Jelonek et al.
2010]. At the same time, the area of sapwood through the profile is associated
with the conductive capacity of the trunk, with this volume in turn deriving from
the stem water-storage capacity of a given tree [Sellin 1994]. Asymmetrical
crown-development may in turn be determined by greater insolation on one part
of the crown, with this in turn being influenced by land relief [Yang, Murchison
1992]. Commencing with cambial activity before the assimilatory apparatus
develops each year, the Black locust is a species affected by increasing trunk
temperature on the sunny side. Thus, in the early phases of the growing
season, it is possible to anticipate the same effect as is observable in hybrid
poplars (Populus sieboldii × P. grandidentata), whereby differences in the trunk
temperature between the sunny and shady sides are capable of giving rise to
differences in the time of onset of cambial activity, and therefore indirectly to
differences in radial growth within a given tree [Begum et al. 2007].
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Fig. 3. Circumferential variation in the heartwood radial index (heartwood radius:
north radius) for the 10 sample trees. The bold (dotted) line shows the average
heartwood radial index of sample trees.
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Fig. 4. Circumferential variation in the heartwood radial index (heartwood radius:
north radius) for the Krosno, Mieszkowice and Wołów study sites.

Fig. 5. Circumferential outline of heartwood in relation to compass directions at the
Krosno, Mieszkowice and Wołów study sites

Pearson correlation coefficients provided confirmation of the way in which
circumferential variation in the cross-sectional shape factor for heartwood and
the pith eccentricity index show a dependent relationship with breast-height
diameter, total height and crown length. While most of the correlations referred
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to did not achieve statistical significance, the relationships in question were
observed to differ from one site to another. In the case of the site with the
youngest stand, Krosno, the correlations between the two indices and the
biometric features of the trees assumed values close to zero. In contrast, in the
case of the older stand at Wołów, both the cross-sectional shape factor for
heartwood and the pith eccentricity index showed moderately negative
correlations with breast-height diameter. Finally, in the Mieszkowice stand (the
oldest of all, and with the most diversified age structure, given the presence of
trees aged 44–47 years), the opposite trend could be observed, with both indices
correlating with breast-height diameter in a moderately positive way (table 3).
The lack of any more distinct dependent relationship between the height and the
analysed indices characterising the dynamic for radial growth was in fact in line
with the authors’ expectations. In turn, the variable nature of the dependent
relationships observed between the indices and the breast-height diameters of the
trees is most probably conditioned by the marked scatter present in the results.
Where the number of samples is low (10 sample trees per site), this fact may
exert an unfavourable influence on the correlation coefficient values. Only the
correlation with the crown length in the trees at Wołów emerged as statistically
significant, albeit with values for both the cross-sectional shape factor and the
pith eccentricity index being moderately negative (-0.6917 and -0.6828,
respectively). This confinement to just one of the stands of any statistically
significant relationship between the crown length and indices of circumferential
variation in heartwood may reflect the influence of habitat conditions on the
development of sapwood. The stand in question was in the poorest of the studied
habitats – fresh mixed/coniferous forest, while the remaining two stands were in
the habitat optimal for the Black locust, which is to say, fresh
mixed/broadleaved forest. The relationship between the dynamic to the
development of sapwood and heartwood and habitat conditions (fertility and
humidity) has been remarked upon by many authors in the case of both
broadleaved trees [Pazdrowski et al. 2009, Rybníček et al. 2006, Szymański
et al. 2008] and coniferous species [Jakubowski 2004, Jelonek et al. 2006,
Nawrot et al. 2008, Spława-Neyman, Pazdrowski 2001]. The previously
mentioned study confirmed the influence of habitat conditions on the shares of
sapwood and heartwood, albeit without going into the relationship concerning
circumferential variation.
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Table 3. Pearson's correlation coefficients between the cross-sectional shape factor
for heartwood or the pith eccentricity index and DBH, total height and crown
length (p-values given in brackets).
Stand

Krosno

Wołów

Mieszkowice

Stand-quality traits

Cross-sectional shape
factor for heartwood

Pith eccentricity index

DBH

-0.0981)
(0.7875)

-0.1277)
(0.7251)

Total height

-0.1225)
(0.736)

-0.2482)
(0.4892)

Crown length

0.0986)
(0.7864)

0.2006)
(0.5784)

DBH

-0.2465)
(0.4923)

-0.4092)
(0.2403)

Total height

0.1204)
(0.7405)

0.1291)
(0.7222)

Crown length

-0.6917)
(0.0267)

-0.6828)
(0.0295)

DBH

0.411)
(0.2381)

0.1713)
(0.6362)

Total height

0.1854)
(0.6081)

-0.1899)
(0.5992)

Crown length

-0.0572)
(0.8752)

0.3018)
(0.3967)

The issue of the circumferential variation in the share of heartwood in the
context of an eccentric position for the pith in the cross-section was analysed at
length in the Maritime pine [Stokes, Berthier 2000; Berthier et al. 2001; Knapic
et al. 2014]. The matter was also addressed by Stringer and Olson [1987], who
considered 12-year-old Black locust trees characterised by unstabilised radial
growth. However, these studies did not address the relationship between
circumferential variation in the heartwood and the biometric features. Only in
the work by Knapic et al. [2014] was a comparison made between the indices for
pith eccentricity and heartwood in trees of different heights. The authors of these
studies stressed the stronger development of the heartwood zone in a northeasterly direction, at a height above the ground corresponding with DBH, as well
as in a south-easterly direction at the base of the crown. The explanation of the
axial differences in heartwood generation assigned a key role to the tree crown,
at the time the process generating heartwood is initiated. Such observations
support the assumption that Black locust resembles Maritime pine in featuring
axial circumferential variation in the share of heartwood.
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Conclusions
The share of heartwood in the trunk cross-section is very much more dependent
on the age of a given tree than on the fertility of the habitat in which it occurs.
As middle-age approaches, the trees in a stand will have greater and great shares
of heartwood. At the same time, with age, trees manifest more and more distinct
circumferential differentiation in the share of heartwood, with generation being
most marked in an easterly direction. In turn, values for the development of
heartwood along radii in different directions, as expressed in terms of an index
comparing this with development in a northerly direction, point to prevalent
growth in a southerly direction in the two older stands of Black locust (in
Wołów and Mieszkowice). Leaving aside the particularly marked southerly
direction to heartwood growth, it was also possible to note a generally high level
of variation from tree to tree in terms of the heartwood radial index. The lack of
statistically significant correlations between the cross-sectional shape factor for
heartwood or the pith eccentricity index, and either height or breast-height
diameter, may reflect the considerable dispersion of results, in the face of a
sample size representing each stand that is relatively small. At the same time, the
significant correlation between the coefficients of circumferential variation
mentioned and crown length – at the Wołów research site only – points to the
key influence of crown architecture on the development of sapwood and
heartwood. Given the high technical quality of the trees representing the stands
under analysis, it would seem astonishing that there is such a high degree of
circumferential variation for heartwood. Insight into the causes of this
phenomenon will only be forthcoming if there is both an augmentation of
research to include the analysis of cross-sections at different heights up the
trunk, and consideration through analysis given to factors other than those
conditioned by the environment (i.e. genetic structure of the stand).

References
Bamber R. K. [1976]: Heartwood, its function and formation. Wood Science and
Technology 10: 1–8
Begum S. , Nakaba S., Oribe Y., Kubo T., Funada R. [2007]: Induction of cambial
reactivation by localized heating in a deciduous hardwood hybrid poplar (Populus
sieboldii × P. grandidentata). Annals of Botany 100: 439–447
Berthier S., Kokutse A., Stokes A., Fourcaud T. [2001]: Irregular heartwood formation in
maritime pine (Pinus pinaster Ait): Consequences for biomechanical and hydraulic tree
functioning. Annals of Botany 87: 19–25
Jakubowski M. [2004]: Udział bielu, twardzieli drewna młodocianego i dojrzałego
w strzałach sosen zwyczajnych (Pinus sylvestris L.) wyrosłych w różnych warunkach
habitatowych. Sylwan 8: 16−24

Circumferential variation in heartwood in stands of lack locust (Robinia pseudoacacia L.)

43

Jelonek T., Pazdrowski W., Tomczak A., Stypuła I. [2006]: Radial and axial variability of
the proportion of sapwood and heartwood in stems of Scots pine trees (Pinus sylvestris
L.) developed in conditions of former farmlands and typical forest sites. Electronic
Journal of Polish Agricultural Universities 9(3): http://www.ejpau.media.pl/volume9/
issue3/art-02.html
Jelonek T., Pazdrowski W., Tomczak A., Jakubowski M. [2010]: Dynamics of heartwood
formation in European larch (Larix decidua Mill.) in terms of age and variation in social
tree position in the stand. Ann. WULS - SGGW, For. and Wood Technol.71: 336–341
Klisz M., Ukalska J., Wojda T., Jastrzębowski S., Mionskowski M., Szyp-Borowska I.
[2014]: Radial growth of selected stands of black locust in Poland. WULS – SGGW, For.
and Wood Technol. 85: 123–130
Knapic S., Oliveira V., Makkonen M., Pinto-Seppä I., Pereira H. [2014]: Circumferential
variation of heartwood and stem quality in maritime pine stems. Eur. J. Forest Res.
http://dx.doi.org/10.1007/s10342-014-0818-2
Latorraca J. V. F., Dünisch O, Koch G. [2011]: Chemical composition and natural
durability of juvenile and mature heartwood of Robinia pseudoacacia L. An. Acad. Bras.
Cienc. 83: 1059–1068
Long J. N., Smith F. W., Scott R. M. [1981]: The role of Douglas-fir stem sapwood and
heartwood in the mechanical and physiological support of crowns and development of
stem form. Can. J. For. Res. 11: 459–464
Magel E., Drouet A., Claudot A. C., Ziegler H. [1991]: Formation of heartwood substances
in the stem of Robinia pseudoacacia L. I. Distribution of phenylalanine ammonium lyase
and chalcone synthase across the trunk. Trees 5: 203–207
Magel E., Jay-Allemand C., Ziegler H. [1994]: Formation of heartwood substances in the
stemwood of Robinia pseudoacacia L. II. Distribution of nonstructural carbohydrates
and wood extractives across the trunk. Trees 8: 165–171
Nawrot M., Pazdrowski W., Szymański M. [2008]: Dynamics of heartwood formation and
axial and radial distribution of sapwood and heartwood in stems of European larch (Larix
decidua Mill.). Journal of Forest Science 54 (9): 409–417
Niklas J.K. [1997]: Mechanical properties of black locust (Robinia pseudoacacia L.) Wood.
size- and age-dependent variations in sap- and heartwood. Annals of Botany 79: 265–272
Pazdrowski W., Szymański M., Kaźmierczak K., Nawrot M., Mańka K. [2009]: Axial
and radial variation of sapwood and heartwood in stems of common oak (Quercus robur
L.) and selected biometric traits of trees and site fertility. Acta Sci. Pol. Silv. Colendar.
Rat. Ind. Lignar. 8(2): 31–45
Pollet C., Jourez B., Héber J. [2008]: Natural durability of black locust (Robinia
pseudoacacia L.) wood grown in Wallonia, Belgium. Can. J. For. Res. 38: 1366–1372.
Pollet C., Verheyen C., Hébert J., Jourez B. [2012]: Physical and mechanical properties of
black locust (Robinia pseudoacacia) wood grown in Belgium. Can. J. For. Res. 42: 831–
840
Rybníček M., Vavrčík H., Hubený R. [2006]: Determination of the number of sapwood
annual rings in oak in the region of southern Moravia. Journal of Forest Science 52(3):
141–146
Sellin A. [1994]: Sapwood-heartwood proportion related to tree diameter, age, and growth
rate in Picea abies. Can. J. For. Res. 24: 1022–1028
Shinozaki K., Yoda K.,Hozumi K., Kira T. [1964a]: A quantitative analysis of plant form –
the pipe model theory I. Basic analyses. Japanese Journal of Ecology 14:97–105

44

Marcin KLISZ, Tomasz WOJDA, Szymon JASTRZĘBOWSKI, Joanna UKALSKA

Shinozaki K., Yoda K. ,Hozumi K., Kira T. [1964b]: A quantitative analysis of plant pipe
model theory II. Further evidence of the theory and its application in forest ecology.
Japanese Journal of Ecology 14:133–139
Spława-Neyman S., Pazdrowski W. [2001]: Effect of site fertility upon formation of
heartwood in timber of Scots pine (Pinus sylvestris L.). – Folia Forestalia Polonica seria
B 32: 83–87
StatSoft, [2011]: STATISTICA (data analysis software system), version 10.,
www.statsoft.com
Stokes A., Berthier S. [2000]: Irregular heartwood formation in Pinus pinaster Ait. is related
to eccentric, radial, stem growth. Forest Ecology and Management 135: 115–121
Stringer J. W., Olson J. R. [1987]: Radial and vertical variation in stem properties of
juvenile Black locust (Robinia pseudoacacia). Wood and Fiber Science 19(1): 59–67
Szymański M., Pazdrowski W., Kazmierczak K., Manka K., Nawrot M. [2008]: Axial
and radial variation in the proportions of sapwood and heartwood in stems of common
oak (Quercus robur L.) depending on site type, age class and social class of tree position.
Acta Sci. Pol. Silv. Colendar. Rat. Ind. Lignar. 7(2): 45–58
Wojda T., Klisz M., Mionskowski M., Szyp-Borowska I., Szczygieł K. [2013]:
Występowanie robinii akacjowej w Polsce oraz badania IBL nad tym gatunkiem. (W)
Robinia akacjowa w krajobrazie Ziemi Lubuskiej. Materiały pokonferencyjne, Łagów:
22–29
Yang K. C., Hazenberg G., Bradfield G. E., Maze J. R. [1985]: Vertical variation of
sapwood thickness in Pinus banksiana Lamb. and Larix laricina (Du Roi) K. Koch. Can.
J. For. Res. 15: 822–828
Yang K. C., Hazenberg G. [1991]: Relationship between tree age and sapwood/heartwood
width in Populus tremuloides Michx. Wood and Fiber Science, 23(2): 247–252
Yang K. C., Murchison H. G. [1992]: Sapwood thickness in Pinus contorta var. latifolia.
Can. J. For. Res. 22: 2004–2006
Ziegler H. [1968]: Biological aspects of the heartwood formation. Holz als Roh-und
Werkstoff 26: 61–68

Acknowledgements
The research was carried out as part of a research project (BLP 386) financed by
the General Directorate of State Forests

Drewno 2015, Vol. 58, No. 195
DOI: 10.12841/wood.1644-3985.118.04

Radosław WĄSIK, Krzysztof MICHALEC, Anna Barszcz

THE VARIABILITY OF CERTAIN MACROSTRUCTURAL
FEATURES AND THE DENSITY OF GRAND FIR (ABIES
GRANDIS LINDL.)WOOD FROM SELECTED STANDS IN
SOUTHERN POLAND

The paper presents the results of investigations into the variability of certain
features of the wood macrostructure, such as the width of the annual ring, the
share of late wood, and the relative density of the wood of grand fir, growing in
four stands in southern Poland. The trees under investigation were 30-35 years
old. The research material consisted of incremental cores sampled from trial trees
with the use of a Pressler borer. The examined wood features were analysed in
sections, each one comprising five annual rings. The rings were given numbers,
sorted in an ascending order from the trunk circumference. The mean values of
the analysed features were as follows: the annual ring width – 4.38 mm, the share
of late wood - 35.39%, the relative wood density – 0.354g·cm-3. It was established
that the wood of grand firs growing on less fertile soils had significantly narrower
annual rings and higher wood density than those on more fertile soils.
Keywords: grand fir, wood, macrostructure, density, variability

Introduction
In Polish forests, there are nearly 30 non-indigenous species, more than
twenty of which are coniferous. Within this group, six species of the fir genus
(Abies sp.) are listed: A. balsamea – balsam fir, A. concolor – white fir,
A. nordmanniana – Caucasian fir, A. procera – noble fir and A. grandis – grand
fir [Gazda 2012]. The latter is characterised by the greatest dimensions among
the other species of the Abies genus, since it may reach up to 90 m in height and
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more than 2 m in diameter at breast height, if growing in optimal habitats
[Bellon et al. 1977; Albrecht, Hőher 1978]. The grand fir was introduced in
Poland in 1856 and, as in Europe, it was primary planted in parks, gardens and
arboreta. Later, at the turn of the 19th and 20th centuries, it was included in forest
plantations. The studies conducted at the end of the 20th century and the
beginning of the 21st century confirmed the suitability of this species for
cultivation in Poland. Furthermore, researchers highlighted the faster growth of
the grand fir, in relation to other, domestic coniferous species [Bellon 1990;
Tumiłowicz, Wodzicki 1990–91; Kulej, Kądziołka 1998; Bellon et al. 2003;
Kulej, Socha 2005, 2008; Sosnowski et al. 2005; Kulej 2003].
Apart from assessing the suitability of the grand fir for cultivation,
knowledge of the properties of the raw wood, determined by specific plantation
conditions, is extremely important. In related Polish literature, there is only one
publication where the outcomes of examinations on the wood properties of the
grand fir may be found [Moliński, Raczkowski 1993]. However, the cited
research was carried out based on one tree only, thus it cannot be considered
reliable for evaluating the variability discussed in this paper of the features
between particular trees or entire tree populations, growing under varied habitat
and stand conditions.
The aim of this paper is to determine the variability of certain
macrostructural features and the density of the wood of the grand fir coming
from selected stands in southern Poland.

Materials and methods
The research was conducted in 2010 in the Regional Directorate of the State
Forests in Cracow, within two forest districts: Myślenice and Nawojowa. In the
former, the investigations embraced the forest subdistricts of Tokarnia and
Kornatka, while in the latter – the forest subdistricts of Kamianna and Feleczyn
were included. At further stages of the studies, the names of the abovementioned units were encoded as follows: Forest Subdistricts Tokarnia –
stand 1, Kornatka – stand 2, Kamianna – stand 3 and Feleczyn – stand 4.
According to the data gathered in table 1, the age of the grand firs under
investigation was similar, reaching 30 (stands 1 and 2) or 35 years old (stands 3
and 4). The trees grew in broadleaved forest habitats, in three stands on acid
brown soils (stands: 1, 3 and 4), and on rusty podzolic soil in stand 2. The share
of grand fir was varied, ranging from 20% (stand 1) to 100% (stand 3).
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Table 1. Location, habitat and stand characteristics of the test plots
Code
of
stand

1

2

3

4

Forest District,
Forest Subdistrict,
compartment area

Age

Myślenice
Tokarnia, 241 f(-01)
1.33 ha

20
20
20
30
20
40

Myślenice
Kornatka, 99 c
4.16 ha
Nawojowa
Kamianna, 110 b
1.49 ha
Nawojowa
Feleczyn, 349 c
0.85 ha

Habitat
type

Type and
subtype of
soil

Stocking
index

3 fir
1 beech
1 spruce
2 grand fir
1 larch
1 fir

mixed
mountain
forest

acid
brown

0.8

40
30

6 fir
4 grand fir

mixed
upland
forest

rusty
podzolic

0.7

35

10 grand fir

mountain
forest

acid
brown

2.2

35
60
11

8 grand fir
1 elm
1 Douglas fir

mountain
forest

acid
brown

1.8

Species
composition

In every stand, in its representative fragment, a rectangular (40 × 50 m) test
plot was established, taking up an area of 20 ares. Diameters at breast height of
all the living grand firs on this plot were measured. Then, based on Draudtʼs
method, 30 trial trees were selected; and, from each one, a single increment core
was sampled with the use of a Pressler borer. The sample was taken at a height
of 1.3 m above ground level, on the northern side of the tree. The increment
cores served to determine the selected features of the macrostructure and the
wood density. The examination was performed in the laboratory of the
Department of Forest and Wood Utilization. Each increment core was placed in
a special holder and then, by means of a sharp knife, a ca. 1-mm layer of wood
was trimmed from it, perpendicular to the wood grain, revealing the trunk crosssection. The increment cores prepared in this manner were then scanned at a
resolution of 1200 dpi. The digital images obtained were used for measuring the
widths of the annual rings, with an accuracy of 0.01 mm, using specialised
“Przyrost WP” software [Biotronik 2001]. The measurements were taken from
the trunk circumference towards the stem pith. For every annual ring, the zones
of early and late wood were measured separately, which made it possible to
compute the share of both zones within a single ring. The boundary between
both incremental zones was established visually (a subjective assessment) by an
operator who took the measurements (the same person in all cases). Afterwards,
starting from the trunk circumference, the increment cores were divided into
sections, each one comprising five annual rings. The latter, the closest to the
stem pith, usually contained less than five rings. For the sections obtained, the
relative wood density was established, being a quotient of the weight of
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absolutely dry wood and the volume in its maximum saturation state. In order to
obtain the state of maximum saturation, particular sections of the increment
cores were placed into test-tubes filled with distilled water and left there until
they sank autonomously. Then, their volume was measured using the hydrostatic
weighing method [Olesen 1971]. Afterwards, the wood was dried at a
temperature of 103 ± 2°C until it became absolutely dry, and then it was
weighed. The density of the wood obtained within the particular sections was
converted into the wood density for the cross-section at breast height, by
computing the mean, weighted by the shares of particular sections within the
overall area of this cross-section, according to methodology applied by Ericson
[1959]. The outcomes were compared, and then the mean values and coefficients
of variation were calculated for the trial trees, test plots and the entire material
under analysis.
For performing the statistical analyses, the following procedures were
employed [Stanisz 1998, StatSoft, Inc. 2011]. The consistency of the empirical
distributions with the normal distribution was estimated with the use of the
Shapiro-Wilk test. The homogeneity of variances within the compared groups
was assessed using Leveneʼs test. The statistical significance of differences
between the means for multiple trials was verified by means of the variance
analysis, whereas for identifying one of the compared population as the one
responsible for rejecting the null hypothesis of equality of mean values,
Scheffeʼs test was employed. Upon not meeting the assumptions required for
applying a parametric test, the significance of the differences was estimated with
the use of the Kruskal-Wallis test. The degree of interdependence between two
variables was determined based on the coefficient of Pearson's linear correlation.
For testing the statistical hypothesis, a significance level of p ≤ 0.05 was
assumed.

Results and discussion
The research covered a total number of 119 increment cores sampled from the
trial trees from four test plots (30 trial trees per test plot). The condition of one
of the cores made a reliable measurement of the wood properties impossible,
therefore it was rejected. Table 2 shows the mean values and the coefficients of
variation of the wood properties under investigation. This data indicates that the
average annual growth for all the analysed trees accounted for 4.38 mm. With
regard to the particular test plots, it ranged between 3.47 mm (stand 2) and 5.27
mm (stand 1). The coefficient of variation for this feature, within a single test
plot, varied from 26.1% to 43.7%, whereas in respect of the variation between
the particular test plots, it reached a value of 17.1%. The widest individual
annual ring was recorded in the wood of one of the increment cores from the test
plot in stand 1, with a width of 15.07 mm. This ring was dated to 1994.
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Table 2. Mean values and coefficients of variation of the wood properties under
investigation
Stand
1
2
3
4
Total

Type of statistics
Xśr
V [%]
Xśr
V [%]
Xśr
V [%]
Xśr
V [%]
Xśr
V [%]

S
[mm]
5.27
30.5
3.47
43.7
4.21
39.7
4.57
26.1
4.8
17.1

U
[%]
35.5
22.8
33.3
23.0
35.5
18.3
37.2
18.8
35.39
4.5

γw
[g·cm-3]
0.348
9.8
0.375
10.4
0.355
15.9
0.338
9.1
0.354
4.4

Verification of the consistency of the annual ring width distribution with
the normal distribution revealed an inconsistency in reference to the firs from
stand 2. The Kruskal-Wallis test, following the verification, proved that the
annual rings in the fir wood from stand 2 were significantly narrower than those
from stands 1 and 4. Although the variance analysis performed on the data
gathered from the three test plots, where the distribution of this variable was
consistent with the normal distribution, indicated an occurrence of statistically
significant differences between the investigated plots (p = 0.04699), Scheffeʼs
test did not enable the identification of the population responsible for rejecting
the null hypothesis. The average share of late wood in all the investigated trees
accounted for 35.4%; for the particular test plots, the value of this feature
oscillated between 33.3% (stand 2) and 37.2% (stand 4). The coefficient of
variation between the analysed test plots reached a value of 4.5%, whereas in
respect of the variation within the particular test plots, it ranged from 18.3% to
23.0%. Regarding the feature discussed here, no significant differences between
the analysed test plots were recorded (Leveneʼs test: p = 0.81551, variance
analysis: p = 0.25224).
The mean value of the relative wood density for all the investigated trees
accounted for 0.354g·cm-3, whereas the coefficient of variation was 4.4%
(table 2). In respect of the mean values and the coefficients of variation within
the particular test plots, they spanned the following ranges: from 0.338g·cm-3
(stand 4) to 0.375g·cm-3 (stand 2), and from 9.1% to 15.9%, respectively.
The statistical analyses performed revealed that the density of the wood in
the grand firs from stand 2 was considerably higher when compared with the
trees from the test plots in stands 1 and 4, considering that the fir wood from the
latter had a significantly lower density than that of stand 3.
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STAND

1

STAND 2

STAND 3

STAND 4
early wood

late wood

relative wood density

Fig. 1. Variability of the wood properties under investigation along the radius of the
trunk cross-section
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The diagrams presented in figure 1 indicate that the widest annual rings
occurred close to the centre of the trunk cross-section of the trees from all the
test plots; however in stands 2, 3 and 4, the widest rings were recorded in section
VI, comprising those formed in 1989–1998, whereas in stand 1 the maximum
point fell in the years 1994–1998, i.e. section III. Moreover, a gradual decrease
in the annual ring widths towards the trunk circumference was observed in the
entire analysed material. Similar trends were also recorded in respect of the
variability of wood density along the radius of the trunk cross-section. This was
true for all the test plots. The lowest values of this feature occurred in the
sections situated closely to the stem pith, with wide annual rings, whereas in the
circumferential sections a significant increase in wood density was recorded,
accompanied by a fall in annual ring width.
The data gathered in table 3 indicates that the coefficients of correlation
between the wood properties under investigation were statistically significant. A
weak positive correlation was recorded between the share of late wood and the
relative density. Whereas, the annual ring width displayed a negative correlation
with both the share of late wood and the wood density, although in the first case
the strength of dependence was weak, while in the second it was moderate.
Table 3. Values of the correlation coefficients (r) and significance levels (p) for the
analysed wood properties
Feature

S

U

U

R = -0.1270
P = 0.007

–

γw

R = -0.5004
P = 0.00

R = 0.2138
P = 0.000

explanation of symbols as for table 2

In North America, the wood of the grand fir is commonly utilised in various
branches of the economy. It is widely used in building, wood-based materials
(plywood, particle boards, fibreboards, and filling blockboard), packaging, as
well as in cellulose and paper manufacture. High-quality wood is occasionally
utilised in aircraft engineering. The technological properties of A. grandis are
similar to those of A. alba, which makes it a highly workable material, suitable
for mechanical processing (sawing, machining, milling, and planing), gluing,
painting, varnishing or even coating with metals [Mućk 1978, Forest Products
Laboratory 2010]. Despite the fine technological properties of grand fir wood
and the promising results of studies on its suitability for cultivation in Europe,
this species has not met with great interest in Poland as yet. This is probably the
reason for the low number of research studies dedicated to the wood of the grand
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fir growing in Polish stands. However, as this species may become more
desirable in the future, a recognition of the variability of its macrostructural
features and its wood density is crucial, not only for the science advancement
but also from a practical point of view. This paper presents the analyses
performed on wood of 30–35-year-old grand firs growing in four stands in
southern Poland.
The average annual ring width of the grand fir wood under scrutiny
accounted for 4.38 mm. The narrowest rings were recorded in the wood of the
trees from stand 2. This might have been caused by less fertile soil in this stand.
The trophic state index for rusty podzolic soils, like those on which the grand
firs from stand 2 grew, ranges from 12.4 to 23.7, whereas for acid brown soils,
like those encountered on other test plots, this index is higher, oscillating
between 23.4 and 31.9 [Brożek, Zwydak 2003]. The variability in annual ring
width along the radius of the trunk cross-section was characterised by a gradual
decrease from the stem pith towards the circumferential sections. This is a
phenomenon typical of fast-growing coniferous trees [Mućk 1978; Wąsik 2007;
Feliksik, Wilczyński 2009]. The relatively high variability in the annual ring
width should be associated with the young age of the trees under investigation
and the high share of juvenile wood along the radius of the trunk cross-section.
The juvenile wood zone is characterised by wider rings when compared with
those formed in mature wood at an older age. With regard to a pine tree, the
number of annual rings in juvenile wood ranges from 14 to 23, according to
various authors [Jakubowski 2004, Mutz et al. 2004, Fabisiak 2005], whereas
Hapla et al. [2014] reported that the quantity of annual rings in the juvenile
wood of a grand fir varied between 10 and 20. In the present paper, the issues
related to juvenile wood were not analysed in detail. However, based on the
outcomes obtained for the three test plots (stands: 2, 3 and 4), it may be assumed
that the juvenile wood comprised annual rings of the two innermost sections (IV
and V), while in stand 1 it embraced 3 sections (III, IV and V). The gathered
data is, therefore, similar to that given by Hapla et al. [2014], and it explains the
great differentiation in annual ring width along the radius of the trunk crosssection.
On average, the share of late wood in the grand firs under scrutiny accounted
for 35.39%. No statistically significant differences between the test plots were
detected. The mean value was slightly lower in relation to the averaged results
obtained by Niedzielska [1995] for the wood of a silver fir (36.7%), growing
within the boundaries of its natural extent in Poland. Moliński and Raczkowski
[1993] also reported a slightly higher share of late wood at breast height of a 80year-old grand fir under investigation – 40%. With regard to another North
American species growing in Poland, i.e. the Douglas fir, the share of late wood
in these trees occurring in mountain habitats was considerably higher, amounting
to 51.2% [Wąsik 2007]. The reasons for the relatively low share of late wood in
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the annual rings of the investigated fir trees must be sought in their young age
and their high share of juvenile wood, as mentioned above. The value of this
particular feature will probably grow in the following years, due to an increasing
number of annual rings formed by mature wood.
The mean relative density of the wood in all the analysed grand firs totalled
0.354 g·cm-3. This made it possible to classify the fir trees under investigation
into the group of species with extremely light wood, i.e. with a density below
0.400 g·cm-3 [Krzysik 1974]. The value in question was 14% lower than the
outcomes obtained by the above-quoted authors, Moliński and Raczkowski
[1993] (412 kg·m-3 at breast height). American sources report that the density of
the absolutely dry wood of a grand fir growing in North America reaches 0.370
g·cm-3 [Miles, Smith 2009]. Therefore, if the relative wood density obtained in
this research was converted into an absolute density (for absolutely dry wood),
assuming that the coefficient of volumetric shrinkage for a grand fir ranges from
10.5% to 11.0% [Forest Products Laboratory 2010; Lukášek et al. 2012], the
recalculated value would increase and vary, respectively, between 0.395 and
0.398 g·cm-3. This would confirm the hypotheses expressed by Moliński and
Raczkowski [1993], that the grand fir growing in Poland is able to form wood
with a density higher than that recorded for the US specimens. This is also
supported by data from Germany, which indicates a slightly higher (when
compared with North American data) wood density of grand firs (0.380 g·cm-3 at
a height of 1.5 m above ground level) growing under conditions encountered in
Central Europe [Hapla et al. 2013]. Nevertheless, the wood density presented
here was lower than the relative density of wood in the indigenous silver fir
(0.388 g·cm-3) investigated by Niedzielska [1995], although this may result from
a considerable difference in age between the trees, since the above-mentioned
author analysed firs over 100 years old. Comparing the relative wood density of
the two North American species occurring in Poland, i.e. the grand fir and
Douglas fir, the wood density of the latter was higher. The relative wood density
of Douglas fir at an age similar to that of the grand firs (24–28 years) under
analysis ranged, depending on the location (mountains, uplands or lowlands),
between 0.446 and 0.489 g·cm-3 [Wąsik 2007].
The analysis of variability in wood density along the radius of the trunk
cross-section of the investigated firs proved that for every test plot, the lowest
value of this feature was recorded in the central part of the cross-section,
however not directly in the stem pith zone, where it was slightly higher in
relation to the adjoining sections. A gradual increase in wood density towards
the trunk circumference was observed. Similar regularities in grand firs from
Germany were reported by Hapla et al. [2014]. These authors stated that the
wood density in annual rings directly adjacent to the stem pith was a little higher
than that in the later, surrounding rings. This value then gradually grew towards
the bark layer.
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The wood density of the grand firs from stand 2 was significantly higher
when compared with those from stands 1and 4, which should be linked with the
significantly narrower annual rings encountered on the first of the abovementioned test plots in relation to the other two. The analyses of mutual
dependences, in terms of wood density and annual ring width, performed on
coniferous species, revealed a negative correlation between both these features
[Niedzielska 1995, Wąsik 2007]. The wood of spruce of native provenance (of a
similar age) was characterised by a higher density, in relation to the results of
this study. The average values of spruce wood ranged from 0.376 to 0.417 g·cm-3
[Szaban et al. 2014].
The above-mentioned correlation was also confirmed by the grand firs under
investigation, in the case of which a negative coefficient of correlation of
moderate strength was recorded. This led to the conclusion that cultivating grand
firs aimed exclusively at achieving the largest possible volume in the shortest
period of time may ultimately result in raw wood of a lower density and,
consequently, worse technical quality, as such wood is characterised by less
favourable mechanical properties [Tomczak et al. 2010, Lachowicz 2011].
The technical quality of merchantable timber is strictly connected with the
raw wood quality, which is mostly affected by the sizes of trunks and wood
defects. Although the research scope presented here did not comprise the quality
of the trunks of the grand firs under analysis, the field observations which were
conducted indicated, without any detailed analyses, that this quality was
relatively low. The major reason for such an evaluation was a frequent
occurrence of thick snags and branches, at a height of 4 m above ground level,
with diameters considerably exceeding 2 cm [Warunki techniczne 2002]. This
defect is also considered the main reason for the depreciation of the value of
spruce wood, which, like fir wood, contains unstained heartwood [Michalec et
al. 2013].
As mentioned above, this is the first paper to present the outcomes of studies
on the variability of macrostructural features and the wood density of grand firs
growing in selected stands in Poland. For more comprehensive characteristics of
the wood of this species, it would be advisable to widen the research area to
cover more stands of this sort, and extend the scope of the investigation,
including analyses of the variability of the features of the wood’s anatomical
structure and mechanical properties, as well as an evaluation of the raw wood
quality in respect of an occurrence of wood defects. This knowledge would be
valuable from the perspective of forest practitioners (cultivating trees of the
desired raw wood parameters) and the wood-based industry (processing
harvested raw wood).
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Conclusions
Based on the studies conducted on certain features of the macrostructure and
wood density of grand fir coming from selected stands in southern Poland, the
following statements and conclusions have been formulated:
1. The average width of an annual ring for all the analysed trees accounted for
4.38 mm, with the mean values for the particular test plots ranging from 3.47
mm (stand 2) to 5.27 mm (stand 1). This feature showed a relatively high
variability, especially if considered within the individual test plots, which
may be explained by the young age of the trees and the high share of juvenile
wood along the radius of the trunk cross-section.
2. The mean share of late wood in the trunks of the investigated trees was
35.39%. This feature revealed a slight differentiation between the particular
test plots.
3. The relative wood density on average reached 0.354 g·cm-3. The highest
mean value was recorded on the test plot in stand 2 (0.375 g·cm-3), while the
lowest in stand 4 (0.338 g·cm-3). Converting the relative density into an
absolute density made it possible to confirm that the values presented in this
paper may be higher than those reported for grand firs in North America.
4. The annual rings of the grand firs from stand 2 were significantly narrower
and the wood density higher, when compared with the trees from stands 1
and 4. The reasons for this should be sought in the less fertile soil on which
the firs from stand 2 grew, characterised by the lower trophic state index.
5. The analysis of variability in the wood features under investigation along the
radius of the trunk cross-section proved that annual rings of low wood
density occurred in the central part of the cross-section, and this was true for
every test plot. Ring width decreased towards the trunk circumference,
whereas wood density increased.
6. The coefficients of correlation between the annual ring width and the wood
density were negative, and of a moderate strength of dependence. This
indicated that cultivating a grand fir aimed exclusively at achieving the
largest possible volume in the shortest period of time may lead to raw wood
of low density, thus of worse technical quality in the future.
7. Due to a low number of published papers concerning grand fir wood in
Poland, it would be advisable to widen the research area to cover more stands
of this sort, and extend the scope of the investigation, including, in particular,
analyses of the variability of the features of the wood’s anatomical structure
and mechanical properties, as well as an evaluation of raw wood quality.
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The article presents the results of a test on the resistance of Neolithic waterlogged
beech wood (Fagus sylvatica L.) to destruction by subterranean Reticulitermes
lucifugus Rossi. Methodology consistent with the ASTM D 3345-08 Standard was
applied in the experiment. In the coercion test, the modern beech wood was
destroyed at an intermediate stage between light attack and moderate attack with
penetration, whereas the pine sapwood was heavily damaged. Under the same
conditions, the waterlogged beech wood was seriously damaged or completely
destroyed by the termites. However, unlike the modern pine and beech wood, all
the termites died after feeding on the waterlogged beech wood. In spite of the
complete destruction of the waterlogged beech wood in the coercion test, it seems
that under natural conditions where there is a possible choice between different
wood species, the infestation by termites of waterlogged wood uncovered in
archaeological work does not necessarily happen. Wood containing few
nutritional substances and substantial lignin, as well as having a high moisture
content facilitating the development of parasitic microorganisms, will deter
termites.
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Introduction
The natural resistance of different wood species to destruction by termites has
long been of interest. There are some species from Africa, Asia and South
America, whose heartwood is relatively resistant to termite feeding [Unger
1978]. The impact of various chemical substances contained in the heartwood of
those species on termites was examined a relatively long time ago [Becker et
Petrowitz 1971, Becker et al. 1972]. In the last few years, the natural resistance
of various wood species used economically in Africa [Ncube et al. 2012], India
[Rashmi, Sundararaj 2013], South America [Gonçalves Peralt et al. 2004] and
the USA (wood from Alaska) has been tested [Grace, Yamamoto 1994]. In
addition, the natural resistance of different wood species and alternative forestry
in Hawaii [Grace et al. 1996], as well as of some American wood species used in
plate production [Kard et al. 2007], was the subject of research. The natural
resistance to termite attack of different European species has also been of high
interest [Schultze-Dewitz G. 1958]. It is assumed, however, that all European
wood species of economic significance require chemical protection against
termites [Unger 1978].
Among the factors influencing termite feeding in Europe, more attention has
been paid to wood carbonization [Becker 1974, Peterson et al. 2008, Duarte et
al. 2012] and fungal decomposition [Becker 1965, 1974, Schultze-Dewitz et
Unger 1972, Unger 1973].
The objective of the present study was to determine the susceptibility of
Neolithic waterlogged beech wood to destruction by termites. The first step of
the experiment was an obligatory test. The damage to waterlogged wood by
termites could be a problem in the near future. For many years, there have been
reports concerning the occurrence of termites in cities outside the continuous
range of those insects in southern and south-western Europe [Weidner 1954,
Becker 1970, Becker, Kny 1977, Sellenschlo 1988]. In recent decades, worldwide trade has increased heavily, enhancing the possibility of the spread of
various insect species, including termites. If it is true that the earth is to face
global warming of 1.1-6.4 degrees Celsius during the 21st century, it raises the
question whether insular populations of termites will spread to north-eastern
parts of the continent. Wood uncovered at archaeological sites has not so far
been exposed to significant destruction by native insects, even if it has remained
at the site for a long time. Due to climate change and the expanding range of
maritime borers, the Baltic Sea States Heritage programme was implemented.
With the possibility of the wider dispersal of termites, will the wood uncovered
at archaeological sites be at risk from those insects? The experiments performed
in this research are an attempt to answer this question.
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Materials and methods
The material used for the research was a very limited amount of Neolithic beech
wood (dated around 3000 B.C.) taken from Zedmar culture during archaeological work conducted by the Institute of Archaeology at the University of
Warsaw, at Szczepanki, Site 8, in the summer of 2007. The wood was located
65–67 metres below the surface, in black and brown peat of high humidity and
with low access to oxygen. It was delivered to the laboratory several months
after excavation and was kept under conditions preventing overdrying. Until the
experiment took place in summer 2012, the wood was kept in the laboratory,
frozen in a polybag.
Biological tests were executed according to the ASTM D 3345-08 Standard
[2009]. The frozen wood was cut into samples measuring 25.4 × 25.4 × 6.4 mm.
One group of samples was dried to a moisture content of approx. 8% (freeze
drying was applied), while the other was left “wet”, i.e. with a moisture content
of approx. 500%.
5 samples of each group were used. Another group of 5 samples was taken
from modern beech wood taken from 3 trees. The fourth group consisted of
5 samples of pine sapwood taken from 3 Pinus sylvestris L. trees.
Each sample, accordingly to ASTM D 3345–08 [2009], was placed
separately on the bottom of a glass container with a volume of 450 ml and
covered with 200 grams of white sand. The sand was screened, washed and
heatsterilized. The saturation point of the sand, determined empirically, was
reduced by 7%. The amount of distilled water, calculated in this way, was used
to moisten the sand in the testing containers. The only deviation from the norm
was the lack of benzalkonium chloride solution as an antiseptic.
In each of the above-described containers, 1 +/– 0.05 g of Reticulitermes
lucifugus Rossi (Rhinotermitidae, Isoptera) termites were placed. Reticuliteremes is an ecologically and economically important genera of termites
[Vargo, Hussender 2009]. According to Dominik and Starzyk [2004], the most
widespread termite species in Europe is R. lucifugus. Pseudergates constituted
approx. 90% of all the termites in each container. The containers with the
termites and wood samples were kept for ca. 4 weeks in incubators, at
a temperature of 27 degrees Celsius. The water was replenished weekly.
After four weeks, the approximate termite mortality was determined,
according to ASTM D 3345-08 [2009], as follows: slight: 0–33%; moderate:
34–66%; heavy: 67–99%; complete: 100%.
The level of sample damage was classified based on a visual rating system
and photos from ASTM D 3345-08 [2009], i.e.: 10 – sound, surface nibbles
permitted, 9 – light attack, 7 – moderate attack, penetration, 4 – heavy, 0 –
failure. In ambiguous cases, a medial grade was noted. The average wood
damage level was calculated for each experiment variant.
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The significance of the differences between the average results obtained in
the experiment was verified statistically. The significance of the difference
between the average levels of wood damage in each variant of the experiment
was assessed using Chebyshev’s inequality. Each time the absolute value of the
difference between the arithmetic means of wood damage levels in two variants
of the experiment was higher than or equal to the triple value of the standard
error of the difference between the average wood damage levels, i.e.:
( 1 –x2)
x1 –x2 ≥ 3 ⋅ ε x
where:
x1 – arithmetic average from one variant of the experiment (e.g. Neolithic
waterlogged wood)
x2 – arithmetic average from other variant of the experiment (e.g. modern
wood)
the difference between the arithmetic means was considered as significant.
Otherwise, it was considered accidental.
The wood from each group of samples which had not been used for the
termite experiment served to examine the chemical content. The cellulose
content was designated using the Kürschner – Hoffer method. The holocellulose
content was tested using the Tappi method, with apparatus typically used for
cellulose content designation according to the Cross – Bevan method. The lignin
content was examined using UV-Vis spectrophotometry. The wood was also
tested for ash content using standard procedures.

Results and discussion
The procedure of the ASTM D 3345-08 [2009] standard used in the experiment
made it possible to reduce the amount of wood 4.5 times and to shorten the
period of the test 2 times in comparison to the PN-EN 117:2005 [2005] standard.
The moisture content of the Neolithic beech wood which had been freeze-dried
equalled 290% (+/– 40%) after the biological test, while the moisture content of
the modern wood equalled on average ca. 90% (+/– 40%). The Neolithic beech
wood which had not been subject to freeze-drying had an average moisture
content of approx. 520% after the biological test. The sand on the bottom of the
laboratory glass used in the experiment had a moisture content of ca. 10% after 4
weeks of the test.
The results of the biological test, as well as the chemical examination, are
shown in table 1. The results of the statistical verification of the results obtained
in the tests are shown in table 2.

The susceptibility of Neolithic waterlogged beech wood (Fagus sylvatica L.) to destruction ...

63

Table 1. Level of wood damage, termite mortality and chemical content of wood in
different variants of the experiment. (WNB – waterlogged Neolithic beech wood wet
at the start of the study; FDNB – freeze-dried Neolithic beech wood)
Type of wood
and sample
number

Degree of
damage of wood
samples –
visually rating

Average
degree of
damage

Approximate
termite
mortality

WNB
1
2

0/4 = 2
0/4 = 2

3

0/4 = 2

4

0/4 = 2

complete

5
FDNB
1
2

0/4 = 2

complete

0
0

complete
complete

3

0

4

0

complete

5
Beech – buk –
1
2

0

complete

9/7 = 8
7

slight
slight

3

9/7 = 8

4

9/7 = 8

slight

5
Pine – sosna –
1
2

9/7 = 8

slight

0/4 = 2
0/4 = 2

slight
slight

3

0

4

4

slight

5

0

slight

Content of cellulose,
holocellulose, lignin,
extractives and ash
in wood

complete
complete
2

0

7,8

1,6

complete
cellulose 8.0
holocellulose 28.1
lignin 52.6
extractives 1.76
ash 3.4

complete

slight

slight

WNB – waterlogged Neolithic beech wood wet at the start of the study
FDNB – freeze-dried Neolithic beech wood

cellulose 52.6
holocellulose 87.2
lignin 15.4
extractives 0.7
ash 0.81

cellulose 49.8
holocellulose 75.9
lignin 29.4
extractives 2.89
ash 0.41
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Table 2. Statistical verification of the results obtained in the tests (WNB –
waterlogged Neolithic beech wood wet at the start of the study; FDNB – freezedried Neolithic beech wood)
Type of wood
FDNB and WNB
WNB and beech
FDNB and beech
beech and pine
FDNB and pine
WNB and pine

Comparison
0
5.8
7.8
6.2
0.4
1.6

=
˃
˃
˃
˂
˂

0
0.6
0.6
2.3
2.2
2.2

Statistical verification
of results
significant difference
significant difference
significant difference
significant difference
negligible difference
negligible difference

WNB – waterlogged Neolithic beech wood wet at the start of the study
FDNB – freeze-dried Neolithic beech wood

As a result of the coercion test, the Neolithic beech wood was completely or
almost completely destroyed, and all the termites died after 4 weeks of feeding.
The modern beech wood was damaged by the termites to a much lower degree,
as it provided more polysaccharides with no need for such intensive drilling.
Termite mortality was insignificant in this case. The beech sapwood was very
heavily damaged, to a similar degree to the Neolithic beech wood, yet termite
mortality was comparably insignificant as in the case of the modern beech wood.
The feeding attractiveness of wood to termites is related to the wood species
and part of the trunk [Schultze-Dewitz 1958, Becker et Petrowitz 1971, Becker
et al. 1972, Grace, Yamamoto 1994, Grace et al. 1996], type and level of
decomposition, as well as the species and the strain of fungi causing
decomposition [Becker 1965, Schulze–Dewitz, Unger 1972, Unger 1975]. While
the influence of fungal wood decomposition to termite feeding has already been
the subject of research [Becker 1965, Schulze–Dewitz, Unger 1972, Unger
1973], no work have been found concerning waterlogged wood degradation by
abiotic factors or bacteria. The high moisture content of waterlogged wood in
situ also points to a high level of cellulose degradation [Hoffmann 1982] which
is also the case in the present study. As a result of strong polysaccharide
reduction in Neolithic wood, the termites were supplied with a low quantity of
nutritional substances. The relative lignin content in the Neolithic beech wood
was much higher than in the pine sapwood (by 80%) and in the modern beech
(by as much as 140%). It is believed that the result of the decomposition of
phenolic compounds in lignin may, in some technological processes, inhibit
wood biodegradation factors [Kartal et al. 2004]. In the research carried out by
Shanbhag and Sudararai [2013], significant correlation was found between the
density, cellulose, lignin, and total phenolic contents of the wood and its
degradation by termites. The higher the density of the wood, the lower the
degradation. Similarly, a higher amount of lignin and total phenolic contents
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ensured a higher resistance, whereas cellulose drives termites towards the wood.
Duarte et al. [2012] proved that thermally- modified wood is more absorptive
and could enhance termite colonization. In the study of Thermally modified
timber (TMT) according to the PN-EN 117:2005 [2005] standard with use of R.
grassei termites, the mass loss of beech wood was 5.9% over 8 weeks.
During ca. 150 million years of evolution, termites have developed an
optimal way of using symbionts in their intestines to decompose polysaccharides
(which can be degraded in 1 day), however, lignin is very poorly decomposed
[König et al. 2013]. Does the content of undecomposed lignin also limit the
possibility of the trophic utilization of waterlogged beech wood by termites? The
high ash content of the Neolithic beech wood (almost quadruple when compared
to the modern beech wood, and more than eight times higher than in the pine
sapwood) may be of some significance as well. In the case of the Neolithic
waterlogged beech wood which was wet at the start of the study, one cannot
exclude the antagonistic influence of bacteria contained in the wood on the
termite symbionts.
The low degree of termite damage risk for waterlogged wood uncovered
during archaeological work may be linked not only with the reduced content of
nutritional substances and a relatively high content of lignin, but also with high
moisture content. The better existence of the termites in the modern wood was
influenced not only by the reduced content of lignin with an increased level of
polysaccharides, but also by the lower moisture content of the wood. The
moisture content of the modern wood was at an average level of approx. 90%
(+/– 40%), while the moisture content of the freeze-dried Neolithic beech after
four weeks of the experiment was at an average level of ca. 290% (+/– 40%). In
the case of the Neolithic waterlogged beech wood wet at the start of the study,
after four weeks of the experiment, the moisture content reached a level of ca.
520%. Meanwhile, the moisture content of the sand on the bottom of the
laboratory glass was at an average level of 10%. There is a significant difference
between the levels of damage of the waterlogged beech wood wet at the start of
the study and the waterlogged beech wood after freeze-drying. Duarte et al.
[2012] proved that thermally-modified wood is more hygroscopic and
absorptive. They attribute this to the fact that the higher moisture content of
TMT attracts the termites. On the other hand, an excessively high moisture
content could discourage termites, as in the case of the waterlogged beech wood.
It seems that, even if better conditions for the existence of termites occur as a
result of possible global warming, the high moisture content of waterlogged
wood uncovered in archaeological work, as well as the poor trophic conditions
of the wood may prove lethal to termites.
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Conclusions
The results obtained in the experiment, concerning the susceptibility of highly
degraded waterlogged beech wood to termite feeding, allow the following
conclusions:
1. In the case of coercion, the Neolithic waterlogged beech wood was heavily
damaged or completely destroyed by the termites. The modern pine sapwood
was heavily damaged, while the modern beech wood was damaged to
a degree labelled as between light attack and moderate attack with
penetration. However, unlike in the cases of the modern pine and beech
wood, all the termites died after feeding on the waterlogged beech wood.
2. It cannot be unequivocally determined whether termite mortality was caused
by the relatively high content of the lignin and the reduced content of
nutritional substances, or by the much higher moisture content of the
waterlogged beech wood as compared to the modern wood. The high
moisture content undoubtedly contributed to the lower wood damage in the
coercion test.
3. In spite of the considerable damage to the waterlogged beech wood in the
coercion test, it seems that in the natural case of free choice of wood, the
settlement of termites in waterlogged wood uncovered in archaeological work
does not necessarily occur. Wood, containing few nutritional substances and
substantial lignin, as well as a high moisture content enhancing the
development of parasitic microorganisms, will deter termites.
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SODIUM CARBONATE PRE-EXTRACTION OF TREMA
ORIENTALIS IN THE PRODUCTION OF PAPER GRADE
PULP

To increase the profitability of the pulp and paper industry, additional value
added products from lignocelluloses are needed, and consistent with this goal,
a biorefinery concept based on the sodium carbonate pre-extraction of Trema
orientalis prior to pulping was proposed. The solid content in the sodium
carbonate pre-extracted liquor was much lower than the hot water pre-extraction,
which affected the pre-hydrolysis yield and overall pulp yield positively. The
alkaline pre-extraction had a beneficial effect on delignification in the subsequent
soda-AQ-pulping. In addition, the alkaline pre-extraction improved the pulp
bleachability. The papermaking properties of the alkaline pre-extracted soda-AQ
pulp were very close to non-extracted pulp after D0EpD1 bleaching.
Keywords: Trema orientalis; Alkaline pre-extraction; Dissolved biomass;
Pulping; Bleaching; Papermaking properties

Introduction
Bangladesh is a populated country with few forests. However, the demand for
lignocellulosic materials for pulp production is increasing. In this context an
increase in the allocated industrial forestland is almost impossible. Therefore,
wood production needs to be increased from the already allocated forestland.
Trema orientalis has shown a promising fast growing species for pulp
production [Jahan et al. 2007, 2008, 2010].
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In recent years, due to global warming, interest has grown in bio-based
products [Bozell, Petersen 2010; Stöcker 2008]. As a result, much research is
being carried out on hemicellulose pre-extraction prior to pulping [Huaiyu 2009;
Yong, Zhang 2011; Jahan et al. 2009]. The pre-extracted liquor contains a
considerable amount of sugars, lignin and acetic acid [Saeed et al 2012], which
can be a good source of bio-based products [Ahsan et al. 2012; Liu et al. 2014].
A study of hot water pre-hydrolysis prior to kraft pulping of T. orientalis [Jahan
et al. 2011] revealed that the pulp yield and papermaking properties of the prehydrolysed pulp were inferior. The prehydrolysis process prior to pulping needs
to be optimized. Autohydrolysis of wood is typically conducted under mild
conditions in order to minimize the degradation of the extracted hemicelluloses
[Testova et al. 2011; Tunc, van Heiningen 2011]. Mild alkaline pre-extraction
produced pulp with better yield and quality, and the extracted hemicelluloses
were in oligomeric form [Yoon, van Heiningen, 2008; Jahan, Rahman 2012;
Jahan et al. 2013]. Alkaline pre-extraction was the best alternative because xylan
extracted in this process had higher molecular mass [Al-Dajani, Ulrike 2008;
Al-Dajani, Ulrike 2010]. Many studies have been carried out on near neutral preextraction of wood [Schild et al. 2010; Yoon et al. 2011]. Alkali extraction of
hemicelluloses from wood chips can be considered well-integrated with an
existing alkaline process in alkaline pulping, since it lowers the alkali charge
when cooking, although the effectiveness of hemicellulose extraction and
recovery is not well-documented for the combining of pulp production with the
bioconversion of hemicellulose. Helmerius et al., [2010] studied birch
hemicellulose extraction prior to kraft pulping using both hot water and kraft
white liquor alkali extractions on the final pulp quality. The study demonstrated
that white liquor can be utilized to extract xylan from birch wood chips prior to
kraft cooking without decreasing the pulp yield and paper strength properties,
while simultaneously impregnating the wood chips with the cooking alkali.
The present study is a continuation of a previous study where molecular
weight of extracted hemicelluloses was to be preserved from severe
depolymerisation and deacetylation to avoid pulp yield losses. According to
previous findings, pH level is a key parameter governing the overall hot-water
extraction process and influences the main characteristics of the extracted and
residual wood materials [Jahan et al. 2012]. To avoid low pH levels and
hydrolytic reactions, extraction with sodium carbonate (Na2CO3) solutions – as
a common and relatively cheap, weak alkaline buffer – was studied. The
objective of this investigation was to extract hemicelluloses from Trema
orientalis, and determine its effect on soda-AQ pulping. Bleaching and
papermaking properties were also evaluated.
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Materials and methods
Materials

T. orientalis wood was chipped in a laboratory wood chipper. All the chemicals
used in this study were GPR grades and obtained from E-Merck, Germany.
Prehydrolysis

T. orientalis chips were pre-extracted with 4.0% Na2CO3 (on the raw material) in
a 5 L capacity digester. Pre-extraction was carried out at 170oC for 60 min. The
T. orientalis to liquor ratio was 1: 4. The time required to reach the maximum
temperature was 50 min. After completing pre-extraction, the pressure was
released and the digester was cooled by circulating cold water. A sample was
then collected from the drained-off liquor for to determine the pH, solid content,
lignin and sugars. The percentage of dissolved components was measured
gravimetrically.
Pulping

Pulping of the pre-extracted T. orientalis was carried out by soda and soda-AQ
processes in the same digester as in the pre-extraction. Non-extracted T.
orientalis chips were pulped by soda and soda-AQ processes for a control
experiment. The pulping conditions were as follows:
− Active alkali: 16, 18 and 20% NaOH on the oven-dry (o.d) raw material
− Anthraquinone: 0.1% on the oven-dry (o.d) raw material
− Cooking time: 120 min at a maximum temperature of 170oC. It took 50 min
to reach the maximum temperature (170oC) from room temperature.
− Liquor to material ratio: 4:1.
After digestion, the pulp was washed until free from residual chemicals, and
screened on a flat vibratory screener (Yasuda, Japan). The screened pulp yield,
total pulp yield and screened reject were determined gravimetrically as a
percentage of the o.d. raw material. The kappa number of the resulting screened
pulp was determined in accordance with Tappi Test Methods (T 236 om-99).
Bleaching

All the pulps were bleached by D0EpD1 bleaching sequence. The ClO2 charge
was 2% and the temperature was 70°C for 60 min in the D0 stage. The pH was
adjusted to 2.5 by adding diluted H2SO4. In the alkaline extraction stage, the
temperature was 70oC for 60 min, and the NaOH and H2O2 charge were 2% and
0.5%, respectively. In the final D1 stage, the ClO2 charge was 0.5, and the pH
was adjusted to 4.5 by adding diluted alkali.
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Strength properties

The bleached pulps were beaten in a PFI mill to approx. 40 °SR and handsheets
were made to determine the tear index (T414 om-98), tensile index (T404 cm92), and burst index (T403 om-97). All the properties were determined
according to the Tappi Standard Methods given in parentheses.

Results and discussion
Pre-extraction

The amounts of the pre-hydrolysis yield, the solid content and pH values after
extraction are presented in table 1. The solid content in the alkaline pre-extracted
liquor was much lower than in the hot water pre-extracted liquor (10.9% vs
18.5%) [Jahan et al 2011], which affected the pre-hydrolysis yield. Other studies
also showed similar results of lower TDSs in an alkaline pre-extraction [Song et
al. 2011]. As shown in table 1, the yield of T. orientalis after the alkaline preextraction was 89.9, which was 9.7% lower than the hot water pre-hydrolysis
[Jahan et al 2011]. In the hot water pre-extraction process, water remained in the
liquid state, which generated hydronium ions and catalyzed the reaction.
Subsequently, the production of acetic and formic acids from the dissolved
hemicellulose lowered the pH of the liquor (pH), which accelerated dissolution
of the lignocelluloses. As shown in table 1, in the alkaline pre-extraction, the
generated organic acid was neutralized (pH 6.42), which created a mild
extraction process. That is why the alkaline pre-extraction dissolved less
biomass than the hot water extraction. Walton et al. [Song et al. 2011] showed
that hot water extraction released up to 30 g/L sugars from mixed southern
hardwood, but resulted in the greatest decrease in pulp yield, dropping from 47%
to 35%. Extraction with 2% green liquor increased the pulp yield to 51% while
greatly reducing the component sugars to 8 g/L. Song et al. [2011] extracted
hemicellulose from Norway spruce and found that at higher concentrations of
NaHCO3, the carbohydrate extraction decreased. Hydrolytic depolymerisation
of hemicelluloses occurring during extraction with plain water was largely
inhibited in the presence of 2.5–5 mM NaHCO3. The hydrolytic deacetylation of
the galactoglucomannans was lower at low NaHCO3 concentrations but
increased dramatically at higher NaHCO3 concentrations.
As shown in table 1, the wood component dissolution and solid wood
residue amounted to more than 100%, which was due to the use of Na2CO3 in
the pre-extraction process. This was reflected by the ash content in the preextracted liquor.
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Table 1. Sodium carbonate pre-extraction of Trema orientalis
PH
6.42

(A) Pre-extraction (B) Solid content
yield (%)
in PHL (%)
89.9

10.97

Ash in PHL

Mass balance
(A+B)

5.87

100.87

Pulping

Kappa number

Sulphur-free cooking was one of the focuses of the alkaline pre-extracted
pulping. Therefore, in this study, sulphur was replaced by anthraquinone (AQ).
The delignification of pre-extracted T. orientalis was faster than its nonextracted counterpart. As shown in figure 1, alkaline pre-extraction positively
affected delignification during soda-AQ-pulping. The kappa number was lower
for the extracted pulps (14.1-22.6) than for the non-extracted ones (17.6-30.6).
The results showed that an increase in alkali charge from 16 to 20% resulted in
a decrease in the kappa number for both the extracted and non-extracted pulps.
Huang et al. [2010] also observed that xylan pre-extracted wood chips required
less H-factor and effective alkali to get a similar kappa number to the nonextracted wood chips. Lu et al. [2012] also showed that the lower kappa number
of xylan pre-extracted aspen wood chips as apposed to non-extracted wood
chips, and the kappa number of the pulps, decreased with increasing preextraction time and temperature. This is potentially due to the structure of the
pre-extracted wood chips being looser than the raw wood, allowing easier access
of the white liquor to the extracted wood chips [Al-Dajani, Ulrike, 2008].

Alkali charge [%]

Fig. 1. Effect of pre-extraction on delignification of T. orientalis
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The screened pulp yield of Na2CO3 pre-extracted T. orientalis was almost
similar at a kappa number of 21-22, where 2% less alkali was required in
cooking (table 2). Prehydrolysis increases the porosity of wood chips, partially
degrades lignin and cleavages of carbohydrate-lignin bonds, therefore,
improving delignification of prehydrolysed biomass [Sixta 2006]. The overall
pulp yield (which included pre-extraction and pulping) is shown in parentheses
in table 2. Much lower pulp yield was observed. As shown in figure 2, a pulp
yield approx. 5% lower was observed in the pre-extracted soda-AQ cooking. The
lower pulp yield after xylan removal was well explained by Colodette et al.
[2011]. The authors proposed that a) the xylan remaining in the prehydrolysed
chips are very sensitive to alkaline cooking because they are severely degraded,
b) cellulose chains become more susceptible to alkaline cooking because the
xylan layer existing over the cellulose fibrils is partly removed, exposing the
cellulose to alkaline attack.
Table 2. Effect of alkali charge on pulping Na2CO3 pre-extracted T. orientalis
Raw material

Alkali
charge (%)

Screened
yield (%)

Reject (%)

Total pulp
yield (%)

Kappa
number

T. orientalis

16
18
20

47.9
49.1
49.0

4.2
1.9
0

52.1
51.0
49.0

30.6
21.1
17.6

PrehydrolysedT. orientalis

16
18
20

47.7
48.0
47.3

1.5
0.7
0

49.2 (44.2)
48.7 (43.8)
47.3 (42.5)

22.6
18.7
14.1

Pulp yield [%]

(Parenthesis indicates overall yield, prehydrolysis and pulping)

Kappa number

Fig. 2. Pulp yield-kappa number relationship of pre-extracted T. orientalis
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Papermaking properties and bleaching

Table 3 shows the physical properties of non-extracted and pre-extracted
bleached and unbleached pulp from T. orientalis. As shown in table 3, the tensile
and burst indexes of the non-extracted pulp were higher than that of the
extracted pulp at a similar drainage resistance. The harmful effects of preextraction on the tensile and burst strength could be explained by the inferior
fibre bonding of pulp with low hemicellulose content [Yoon, van Heiningen
2008]. Inferior tensile and burst indexes can be explained by the higher ratios of
cellulose/hemicelluloses [Molin, Teder 2002]. Schönberg et al [2001] showed
that the tensile index increased after sorption of xylan to the fibres. The chemical
sorption of xylan was found to significantly increase the Scott Bond-value,
further supporting the significance of xylan to bonding ability [Schönberg et al
2001]. Al-Dajani, Ulrike [2008] observed that alkaline pre-hydrolysis of aspen
prior to pulping reduced the tensile index by 10 %. The negative effect of preextraction on the tensile strength of kraft pulp loblolly pine was also observed by
Yoon, van Heiningen [2008]. This lost tensile index was slightly regained by
using AQ in the soda process. As AQ retains carbohydrates during pulping, it
increases fibre bonding during sheet formation. Fibre flexibility and strength are
the most significant factors when it comes to the tensile strength. The nonextracted and soda-AQ pulp had more flexible fibres, with more bonding giving
more energy absorption. The tear index of the pre-extracted unbleached pulp
was higher than the non-extracted unbleached pulp (table 3). However, the tear
index values of the bleached pulp were almost similar. Helmerius et al. [2010]
also showed that non-extracted pulp had lower values of the tearing index than
the extracted sample, indicating more flexible fibres.
Table 3. Papermaking properties of soda and soda-AQ pulps from pre-extracted
and non-extracted sample
Unbleached
Pulping process

Bleached

TI

BI

Ten

Brightne
ss (%)

TI

BI

Ten

Brightn
ess (%)

Nonextracted

Soda
Soda-AQ

8.6
8.8

2.2
2.7

42.0
48.6

13.5
13.7

8.1
8.4

2.3

33.6
25.8

54.0
77.4

Preextracted

Soda
Soda-AQ

10.2
10.6

1.4
2.1

32.9
37.3

17.1
19.4

7.7
7.8

1.2
1.5

30.9
25.6

80.3
83.8

TI-Tear index, mN.m2/g; BI- Burst index, kPa.m2/g; Ten- Tensile index N.m/g

Pre-extraction of hemicelluloses may change the bleaching potential of the
produced pulps, therefore the unbleached pulps obtained with and without preextraction were subjected to conventional ECF bleaching (DoEpD1) in order to
assess bleachability. The brightness of the pulp from the pre-extracted sample
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was better than the non-extracted sample. The final brightness of the soda-AQ
pulp from the pre-extracted sample was 83.8%, which was 6.4% higher than the
soda-AQ pulp from the non-extracted sample. This can be explained by the
lower initial kappa number of the pre-extracted sample. Similarly, Kautto et al.
[2010] showed that prehydrolysis reduced the bleaching chemicals in order to
get the target brightness.

Conclusions
Alkaline pre-extraction neutralized the generated acetic acid, consequently
reduced the dissolved biomass from T. orientalis (10.9%). Alkaline preextraction saved 2% alkali to reach a similar degree of delignification with the
sacrifice of 1.4% screened pulp yield in the soda-AQ process. Alkaline preextraction also improved the bleachability of the T. orientalis pulp. The
papermaking properties of the pre-extracted pulp were very similar to the nonextracted pulp after bleaching.
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CATALYTIC CONVERISON OF KRAFT LIGNIN USING
PAPER-LIKE CO(SALEN) AS AN EFFECTIVE CATALYST

Co(salen) powders were homogeneously scattered over a ceramic fibre network to
give a catalyst paper and the Co(salen) paper was tested for the oxidative
degradation of a kraft lignin using H2O2 as an oxidant. Due to the structural effect
of the interconnected 3D-network, the catalyst paper exhibited a higher
performance in the oxidation of kraft lignin with a oil yield of 23.27 % than the
original Co(salen) powder with an oil yield of 10.63 %, along with excellent
recycling performance. 2,6-Dimethoxyphenol (2.32 mg/kg kraft lignin), vanillin
(3.80 mg/kg kraft lignin), and syringaldehyde (2.63 mg/kg kraft lignin) were found
to be the main products in the oil obtained. In addition, the structural changes in
the kraft lignin were also studied during the process. The phenolic compounds
were formed through side chain oxidation together with the oxidative cleavage of
β-O-4 linkage.
Keywords: kraft lignin, Co(salen), catalyst paper, phenolic compounds

Introduction
Kraft lignin is a major by-product of the conversion of lignocellulosics to pulp in
the kraft process. It can be used for the production of high value-added
chemicals [Santos et al. 2014]. However, due to its complex structure, some
novel catalysts were used in order to oxidise kraft lignin, including
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organometallic catalysis, biomimetic catalysis and plasma oxidation [Bozell
2014].
As an important class of organometallic compounds, salen complexes can be
used as catalysts in lignin oxidation. Their advantages include simple, easy and
economic synthesis and remarkable biomimetic performances [Hurisso, Singer
2013]. As reported in the literature, lignin model compounds with β-O-4 linkage,
including phenolic and non-phenolic models, were selectively and effectively
degraded by the Co(salen)/O2 system [Rajagopalan et al. 2008; Cedeno, Bozell
2012; Haikarainen 2005; Zhang et al. 2015]. Similarly, Badamali et al. reported
that the Co(salen) supported in SBA-15 could be a more effective biomimetic
catalyst for selective oxidation of lignin than neat Co(salen) [Badamali et al.
2011]. Previous work has indicated that zeolite-encapsulation of M(salen)
facilitated the stability of M(salen) to enhance the activity of the catalyst in the
degradation of lignin [Zhang, Zhou 2012; Zhou 2014a, b, c]. In this case, the
degradation efficiency of the lignin depends on the accessibility of the target
molecules to the supercages of the catalyst. For this reason, due to the poor
accessibility of encapsulated M(salen) and the complex structure of lignin, a
more effective process for the immobilisation of M(salen) is clearly needed to
reduce spatial restrictions upon the target molecules entering the pores [Bayne et
al. 2013].
In recent years, catalyst paper has been used in many reactions to make
a structured catalyst. Bortolozzi et al. reported novel catalytic ceramic papers
applied to the oxidative dehydrogenation of ethane, showing very high activity
for the reaction [Bortolozzi et al. 2013], and Homma and Kitaoka reported that
porous paper composites containing ruthenium hydroxide showed significantly
higher reactivity than conventional catalysts in catalytic alcohol oxidation
[Homma, Kitaoka 2014]. Hence, in this study, catalyst paper composed of
ceramic fibre and Co(salen) was prepared using a papermaking technique, and
its catalytic performance and stability were tested in the oxidation of kraft lignin
with hydrogen peroxide as an oxidant.

Materials and methods
Kraft lignin

Kraft lignin was supplied by the Research Center of Pulp and Paper Engineering
of Kunming University of Science and Technology (China). The kraft lignin was
produced by the kraft pulping of bamboo (D. brandisii) using NaOH and Na2S.
The kraft lignin was purified in the following way in order to obtain a pure
sample: heating in 80% dioxane containing 0.05 M HCl, filtering, washing with
80% dioxane, collecting filtrates, neutralizing with solid NaHCO3, evaporating
under reduced pressure, adding acidic deionised water (pH 2), centrifuging,
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freeze-drying the precipitate, washing with methylene chloride, and then drying
under a vacuum. The kraft lignin possessed the following composition after
purifying: acid insoluble lignin 87.02%, acid soluble lignin 3.12% (purity 91%),
total sugars 3.32% and ash content 5.35%.
Preparation of catalyst paper

Co(salen) was prepared according to the method described in the literature
[Cozzi 2004] with minor modifications, and pulverized into powder with 100
mesh-pass size.
The catalyst paper composing ceramic fibre and Co(salen) was prepared
using a papermaking technique. A ceramic fibre suspension (79.82 wt% Al2O3,
19.78 wt% SiO2, with an average length of ca. 0.5 mm) containing 0.4g
Co(salen) powder was vigorously mixed with 0.1 g polydiallyldimethylammonium chloride (PDADMAC), 5.0 g alumina sol and 0.1 g anionic
polyacrylamide (A-PAM). The pulp fibre suspension containing 0.5 g bleached
hardwood kraft pulp (400ml CSF) was added to the mixture. The final
concentration for papermaking was 0.5 w/v%, handsheets were then prepared
according to the TAPPI Test Method T205. The wet sheets were dried at 105°C
for 1h, pressed at 350 kPa for 5 min, and calcined at 350°C for 12 h to remove
the pulp fibres.
An ICP-AES (PerkinElmer Optima 8300 apparatus, USA) was used to
determine the cobalt content in the catalyst paper after acidification of the
sample using nitric acid.
Mercury intrusion analysis was carried out using a Pore-master 33P
(YUASA IONICS Co. Ltd) to determine the pore diameter and surface area of
the catalyst papers.
XRD patterns were recorded on a Rigaku Dmax X-ray diffractometer
(Nifiltered, CuKa radiation).
DR UV-Vis spectra were obtained in the range of 200–800 nm on a
PerkinElmer Lambda Bio40 spectrophotometer equipped with an integration
sphere.
Kraft lignin oxidation test

According to previous studies on salen complexes [Zhang, Zhou 2012; Zhou
2014a, b, c], the following oxidation conditions were used in this study. Kraft
lignin (1.0 g), the catalyst (0.2 g) and 30% H2O2 (1.0 g) were used, with 100 mL
deionised water also added to the mixture in this study. A reaction was
performed at 130°C for 0.5 h in a batch reactor equipped with a condenser with
constant stirring. After the reaction, the catalyst paper was washed with
secondary deionised water and dried for recycling tests. The mixture was
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separated by filtration to obtain solid and liquid products. The solid products
were dissolved in tetrahydrofuran (THF), and filtered. Residual lignin dissolved
in the THF was recovered by vacuum drying for HSQC NMR analysis. The
liquid products were obtained through extraction using ethyl acetate, and vacuum
dried to obtain an oil.
A blank experiment (without a catalyst) was carried out as the control
experiment.
Parallel experiments were also repeated at least three times to ensure the
test’s reliability.
The oil yield was calculated gravimetrically (oil/kraft lignin, %).
Identification of the compounds in the oils was performed on an Agilent
HP6890-5973 GC-MS, equipped with a quartz capillary column (30 m × 0.25
mm × 0.25 µm). Helium was used as the carrier gas. The temperature started at
50°C, then increased to 280°C at 10°C/min (and held for 5 min at this
temperature). Compounds were identified by comparing them to authentic
samples and the database. A quantitative analysis of the oil components was
carried out using a GC-FID under the same conditions as GC-MS, using the
external standard method, as it is simple to use and easy to calculate.
The lignin samples (80 mg of the sample in 0.5 ml of DMSO-d6) were
characterised using 2D HSQC NMR on a Bruker AV 600 MHz NMR
spectrometer (Germany) to obtain the structural changes in the conversion of the
kraft lignin. HSQC spectra were recorded using the Bruker standard pulse
program. All chemical shift values were recorded in ppm relative to TMS
[tetramethylsilane]. The solvent peak was used as the internal reference.
The molecular weight of the acetylated kraft lignin and residual kraft lignin
were determined using GPC with an HPLC Waters 244 equipped with Sephadex
LH 60 gel columns. Determination was performed at 280 nm using a Beckman
UV detector. Polystyrene samples with various molecular weights were used for
calibration.

Results and discussion
Characterisation of catalyst paper

The white of the pulp changed to the grey of catalyst paper after the treatment,
thus confirming the successful preparation of the paper using a typical
papermaking procedure. As depicted in figure 1a, the appearance of the catalyst
paper was similar to cardboard material and the Co(salen) in the sheets was easy
to handle and recover compared to the original Co(salen) in powders. The
PDADMAC and APAM improved the retention of the Co(salen) powders in the
sheets, thanks to the flocculation mechanism involved in adsorbing, bridging
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effect, [ZakrajSek 2014]. Besides, after the pulp fibres were thermally removed,
the physical strength of the catalyst paper was achieved through binder treatment
using alumina sol, as the ceramic fibre, unlike pulp fibre, has no interfibre bonds
[Koga et al. 2010].
In addition, the fibre network structure (fig. 1b) significantly increased the
pore size of the catalyst paper (16.20 µm) (table 1) compared to Co(salen)/NaY
(2.30 nm) [Zhou 2014c], which is important for the accessibility of the reactants
to the catalyst [Mlekodaj et al. 2014]. The cobalt content of the catalyst paper
was also maintained at a high level (8.2 %) compared to the Co(salen)/NaY
(~ 2.3 %) [Zhou 2014c]. In any case, as indicated by the data from the ICP and
EDX analysis, some Co(salen) particles were believed to have been deposited on
the external surface of the catalyst paper. Other supported catalysts also showed
similar results [Pineda et al. 2012; Pineda et al. 2011].

Fig. 1. Optical image of the catalyst paper (a), SEM image of the fresh catalyst
paper (b), and the reused catalyst paper (c)
Table 1. Metal content and textural properties of various catalysts
Metal content
Sample
Ceramic fibre paper
Co(salen)

ICP
[wt%]

Textural properties

EDX
[wt%]

SBET
[m2 g-1]

Pore volume
[mL g-1]

Pore diameter
[µm]

–

–

4262470

4118

36.47

18.33

–

–

–

–

Co(salen)/CP

8.20

2.32

2464543

2448

16.20

Co(salen)/CP-reused

8.07

2.06

2464337

2427

16.12

As expected from the XRD patterns, the Co(salen) powder in the pores of
the support decreased the peak intensity in the XRD diagrams. Some additional
diffraction peaks were observed up to 60° 2θ, considered an indicator of the
external deposition of the Co(salen) powder (fig. 2). However, the structure of
the support framework remained during the sorption/desorption process, as
shown in the XRD patterns [Sagiri et al. 2014].
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Fig. 2. XRD spectra of (a) ceramic fibrr paper, (b) Co(salen)/CP, (c) reused Co(salen)/CP

In the DR UV-vis spectra (fig. 3), all the samples showed characteristic
bands in the 220–420 nm and 420–680 nm range, corresponding to chargetransfer and d-d transitions, respectively. After introducing Co(salen) into the
ceramic fibre paper, a blue shift was observed due to the interaction between the
support and the Co(salen). The spectra retained their original shape in
comparison, confirming that the Co(salen) was successfully introduced into the
ceramic fibre paper [Poltowicz et al. 2006].

Fig. 3. DR UV-vis spectra of (a) Co(salen), (b) Co(salen)/CP; (c) reused Co(salen)/CP
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Catalytic oxidation of kraft lignin

Figure 4 shows the oil yields from the oxidation of the kraft lignin using
different catalysts. The catalytic effects clearly depended on the catalysts used.
The Co(salen)/CP showed the highest oil yield (23.27 wt%), which was twice as
high as the oil yield obtained by the Co(salen). This means, therefore, that the oil
yield obtained by the catalyst paper was relatively high compared to earlier
reported results [Erdocia et al. 2014; Toledano et al. 2012; Zhou 2014b]. The
larger pore sizes of the catalyst paper, giving high accessibility, may be the
reason for this improved catalytic performance.
25

23.27
21.46

Oil yield (wt %)

20

15

10.63
10

5
2.23

0
Blank run

Co(salen)

Co(salen)/CP

Reused Co(salen)/CP

Fig. 4. Oil yield (oil/kraft lignin, %)

Oxidation of the kraft lignin gave the main compounds, 2,6-dimethoxyphenol, vanillin, syringaldehyde, as presented in table 2. Other compounds (2methoxy-4-vinylphenol, catechol, guaiacol, 4-hydroxy-3-metho-xyphenyl
propanone, 4-hydroxy-3-methoxy benzeneacetic acid and 4-hydroxy-3,5dimetho-xyphenyl ethanone) in small amounts were also formed in the selective
oxidation of the kraft lignin. Otherwise, the Co(salen)/CP significantly favoured
the formation of these compounds, as indicated in table 2.
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Table 2. Yield of main compounds in oils (mg/g kraft lignin)
Catalyst
Blank run
Co(salen)
Co(salen)/CP
Co(salen)/CP-reused

2,6-Dimethoxyphenol
0.16
0.84
2.32
2.15

Syringaldehyde
0.18
1.16
2.63
2.48

Vanillin
0.31
1.57
3.80
3.37

The phenolic compounds were produced through side chain oxidation
together with the oxidative cleavage of the β-O-4 linkage. In the HSQC spectra
(fig. 5), a reduction in the peaks corresponding to Cα-Hα, Cβ-Hβ, Cγ-Hγ in the
β-O-4 linkage was found, and an increase in the peaks of the β-O-4 linkage with
Cα = O after the treatments.
GPC analyses further confirmed changes in the structure of the kraft lignin.
As shown in fig. 6, the kraft lignin was slightly degraded during the blank
experiment, in which the residual kraft lignin still had a high molecular weight,
while the degradation of the kraft lignin increased from the Co(salen)
experiment to the Co(salen)/CP experiment. Meanwhile, the results clearly show
that the kraft lignin was highly degradable by Co(salen)/CP, which was in
accordance with the results as mentioned above. This is likely attributable to the
fact that the β-O-4 linkages in the kraft lignin were further cleaved to produce
more lignin fragments in the Co(salen)/CP experiment in comparison to the
Co(salen) experiment.
Reusability of catalyst paper

The catalyst paper was reused after its use in degrading the kraft lignin to test its
recycling performance. According to the spectra in fig. 2c and fig. 3c, the
structural integrity of the catalyst paper was relatively well retained after the first
recycling, as shown by the SEM image of the reused catalyst paper (fig.1c),
indicating that the catalyst paper (Co(salen)/CP) was stable and recyclable under
the reaction conditions. The textura data also confirmed that only a small
decrease in the pore size of the catalyst paper was observed as compared to the
fresh catalyst paper (table 1). The first reuse of the Co(salen)/CP provided
a similar degradation of the kraft lignin (figures 4, 5 and 6; table 2), when
compared to the fresh catalyst paper. Furthermore, the catalyst paper gave most
of its activity after 4 runs and may be reused up to ten times in kraft lignin
oxidation.
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Fig. 5. HSQC NMR spectra of (a) kraft lignin, (b) residual kraft lignin obtained in
the blank experiment, (c) residual kraft lignin obtained in Co(salen) experiment, (d)
residual kraft lignin obtained in Co(salen)/CP experiment, (e) residual kraft lignin
obtained in reused Co(salen)/CP experiment
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Fig. 6. GPC spectra of (a) kraft lignin, (b) residual kraft lignin obtained in the
blank experiment, (c) residual kraft lignin obtained in Co(salen) experiment, (d)
residual kraft lignin obtained in Co(salen)/CP experiment, (e) residual kraft lignin
obtained in reused Co(salen)/CP experiment

Conclusions
A paper-structured Co(salen) catalyst was successfully prepared using a
papermaking method and used in the oxidation of kraft lignin, with H2O2 as the
oxidant. The catalyst paper demonstrated itself to be twice as active as the
Co(salen) powders with a oil yield of 23.27 % and a phenolic compound yield of
2.32 mg 2,6-dimethoxyphenol, 2.63 mg syringaldehyde, and 3.80 mg vanillin/kg
kraft lignin, which was due to the excellent porosity of the catalyst paper and
a well defined paper structure, as well as the biomimetic performance of the
Co(salen). In addition, reuse of the catalyst paper caused similar degradation of
the kraft lignin compared to fresh catalyst paper. Thus, Co(salen) catalyst paper
is a suitable catalyst for the practical conversion of kraft lignin. However, further
studies are still needed to investigate applications on an industrial scale.
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THE EFFECT OF ALKYD RESIN ON THE STABILITY
OF BINDING (3-AMINOPROPYL) TRIETHOXYSILANE
WITH CELLULOSE AND WOOD
Experiments were conducted using (3-aminopropyl) triethoxysilane (APTES) and
alkyd resin in order to improve the reactivity of wood protective preparations with
wood. The results presented concern a structural analysis (FTIR, AAS) of
modified cellulose and wood, both after chemical reactions with silanes and after
water extraction.
The FTIR spectrum of pine wood powder was presented after a reaction with
organosilane preparations and with the addition of alkyd resin, and then after
water extraction. The FTIR analysis detected vibrations of Si-C, Si-O and N-H
groups, indicating permanent bonding with the organosilane preparation. The
presence of bands at 710 cm-1 (characteristic of vibrations of the silicon bond with
an atom of carbon and oxygen) and at 1600-1580 cm-1 (characteristic of
deformation vibrations of N–H coming from the amine group) confirmed the
reactivity of these preparations with the wood. The results of atomic absorption
spectrometry confirmed the stability of the organosilane bonds with the cellulose
and the wood.
Keywords: (3-aminopropyl) triethoxysilane, alkyd resin, cellulose, wood, FTIR
spectroscopy, atomic absorption spectrometry (AAS)
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Introduction
Research has been conducted for several years on the application of organosilane
preparations to improve wood properties such as hydrophobicity, resistance to
high temperatures and biological corrosion (Hill et al., 2004). The hydrophobic
properties of silanes mainly result from the presence of methoxy or ethoxy
groups bound with a silicon atom. An additional advantage of the compound
used in this study, (3-aminopropyl) triethoxysilane containing ethoxy groups, is
its non-toxicity in relation to the environment. Advances in wood protection
methods are closely related to the knowledge and understanding of the
mechanisms of chemical reactions between wood components and
organosilanes, as well as other additives. To date, two main wood treatment
methods have been developed using silicon compounds, i.e. a system of surface
wood protection (Hochmańska et al. 2007, 2014) and micro-emulsion primarily
containing silane and siloxane mixtures. The other wood treatment method using
silicon compounds is complete wood impregnation, such as the hydrolysis of
monomer silanes initiated by the presence of water bound in the wood (Sèbe,
Brook 2001; Mai, Millitz 2004; Muromachi et al. 2006; Tshabalala et al. 2003).
In this case the sol-gel process occurs in the cell walls (Mai, Militz 2004),
resulting in a considerable reduction in wood swelling and limited extraction to
water (Hochmańska et al. 2007).
Analyses were conducted using (3-aminopropyl) triethoxysilane (APTES)
and alkyd resin in order to improve the reactivity of the protective preparations
with the wood.

Materials and methods
Chemical treatment

The reaction of an organic solution system containing (3-aminopropyl)
triethoxysilane (APTES) (Sigma-Aldrich, Steinheim, Germany) (fig. 1) and
alkyd resin (Ftalak S 6120) (PPG Polifarb, Cieszyn, Poland) was run at room
temperature at different volumetric ratios (1, 2.5, 5% APTES, 20% alkyd resin,
white spirit).

Fig. 1. Chemical structure of (3-aminopropyl) triethoxysilane
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The homogenous material of cellulose and wood – Scots pine sapwood
(Pinus sylvestris L.) in the form of powder – was treated with APTES (1/25 w/v)
at room temperature with simultaneous stirring using a magnetic bar stirrer for
2 h. The cellulose (Sigma-Aldrich, Steinheim, Germany) and wood samples
were left in working solutions at room temperature for the next 2 h, then filtered
and dried in air flow at room temperature. The materials obtained were leached
using continuous extraction with deionized water at a constant ratio (1/100 w/v)
for 2 h.
Infrared Spectroscopy

The samples of cellulose and wood were mixed with KBr (Sigma_Aldrich,
Steinheim, Germany) at a ratio of 1/200 mg. The spectra were registered using
an Infinity spectrophotometer by ATI Mattson (Madison, USA) with Fourier
transform at a range of 500-4000 cm-1 at a resolution of 2cm-1, registering 64
scans.
Atomic Absorption Spectrometry

Representative samples of cellulose and wood powder measuring 0.5 g were
collected from the prepared material. The samples were mineralized in a semiclosed microwave mineralization system (Marsexpress, CEM , Matthews, USA).
After each step of treatment, the samples were submitted for AAS analysis of
silicon content using a Spectra 280 AA spectrometer by Agilent Technologies
(Santa Clara, USA). The final results were the median values of three
simultaneous measurements.

Results and discussion
The figures below present the IR spectra of the cellulose following the reaction
with the organosilane preparations and with the organosilane preparations
containing alkyd resin in an organic solvent. The spectra of the cellulose after
reactions with these preparations and then after water extraction are also given.
The bands in the analysed spectra indicate changes occurring in the cellulose
systems after the reactions with the organosilane preparations and following the
subsequent water extraction process. These results were also confirmed in
a study by Ratajczak (2010).
The IR spectrum (1800–1500 cm-1) (fig. 2) analysis of the experimental
material was the main tool used to estimate the effect of the alkyd resin on the
binding of the aminosilane with the wood. The band at 1745 cm-1 proved to be
characteristic for the vibrations of the carbonyl group C = O originating from the
alkyd resin. This band was also found in the spectra of the modified cellulose
following extraction with water (fig. 3).
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Fig. 2. Spectra of cellulose (A), cellulose after reaction with: 1% APTES (B), 2.5%
APTES (C), 5% APTES (D) 1% APTES + 20% alkyd resin (E), 2.5% APTES +
20% alkyd resin (F), 5% APTES + 20% alkyd resin (G)

There was a band in the IR spectra at 710 cm-1 which was characteristic for
the cellulose after the reaction of the (3-aminopropyl) triethoxysilane with the
alkyd resin (fig. 2). This band is was typical for bonds between silicon and
carbon (Si-O-C-R3). The presence of this band indicated a reaction between the
cellulose and organosilane. The results of the analyses confirmed the mechanism
of this reaction discussed in studies by Tingaut et al. (2006), Sèbe et al. (2004)
and Ratajczak et al. (2010). Moreover, an increase in the intensity of the
vibrations of Si-C and Si-O groups was observed at 700 cm-1. This band is was
characteristic of the experimental material modified with the silane containing
alkyd resin. The highest intensity was recorded for the preparations with 1% and
2.5% APTES and 20% alkyd resin.
There were also deformation vibrations of N-H groups found at 1580 cm-1 of
the IR spectra. These vibrations originated from the I amine group of the
(3-aminopropyl) triethoxysilane.
The IR spectrum (1800–1500 cm-1) (fig. 3) analysis of the experimental
material was the main tool used to estimate the alkyd resin effect on the binding
of the aminosilane with the cellulose. The band at 1750 cm-1 proved to be
characteristic for the vibrations of the carbonyl group C = O originating from the
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alkyd resin. The presence of this band indicated bonding of the silane
preparations containing alkyl resin with the cellulose.

Fig. 3. Spectra of cellulose after extraction with water (A), cellulose with: 1%
APTES (B), 2.5% APTES (C), 5% APTES (D) 1% APTES + 20% alkyd resin (E),
2.5% APTES + 20% alkyd resin (F), 5% APTES + 20% alkyd resin (G)

In the spectra of the modified cellulose after extraction with the (3aminopropyl) triethoxysilane and alkyd resin, there was also a band at 710 cm-1,
characteristic of vibrations of Si–C and Si–O groups (fig. 3). Moreover, the IR
spectra contained bands at 1550 cm-1, characteristic of deformation vibrations of
N–H coming from the amine group in the silane. The presence of these bands in
the IR spectra of the modified cellulose following extraction also confirmed the
stable bonding of the silane preparations and alkyd resin with the cellulose.
Figure 4 presents the IR spectrum of the pine wood powder after the reaction
with the organosilane preparations and with the addition of alkyd resin in the
organic solvent. It also shows the spectrum of the wood powder after the
reaction with these preparations, and then after water extraction.
When analysing the bands in the IR spectrum at 1800–1500 cm-1 (fig. 4),
a band at 1740 cm-1 could be seen which was characteristic of stretching
vibrations of the carbonyl group C = O coming from the alkyd resin. This band
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in the IR spectrum may have originated from vibrations occurring in the wood.
This band was also seen in the spectra of the pine wood after extraction (fig 5).

Fig. 4. Spectra of wood (A), wood after reaction with: 1% APTES (B), 2.5%
APTES (C), 5% APTES (D) 1% APTES + 20% alkyd resin (E), 2.5% APTES +
20% alkyd resin (F), 5% APTES + 20% alkyd resin (G)

The spectra of the pine wood after reaction with the (3-aminopropyl)
triethoxysilane and alkyd resin contained a band at 710 cm-1, characteristic of
vibrations of the silicon bond with an atom of carbon and oxygen coming from
the ethoxy group in the organosilane. This confirmed that a reaction had
occurred between the cellulose and organosilane, as discussed earlier. Moreover,
at 700 cm-1, characteristic of the bonds of Si–C and Si–O, an increased intensity
was observed in the case of the modification with the silane preparations
containing resin.
In addition, the IR spectra contained bands at 1600–1580 cm-1, characteristic
of deformation vibrations of N–H coming from the I amine group in the
(3-aminopropyl) triethoxysilane (fig. 5).
The effectiveness of the organosilane bonding with the cellulose was
confirmed by the results of the atomic absorption spectrometry, presented in
figure 6.
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Fig. 5. Spectra of wood after extraction with water (A), wood with: 1% APTES (B),
2.5% APTES (C), 5% APTES (D) 1% APTES + 20% alkyd resin (E), 2.5% APTES
+ 20% alkyd resin (F), 5% APTES + 20% alkyd resin (G)

Fig. 6. Silicon concentrations in cellulose and wood after reaction and after extraction
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The highest silicon concentration was assayed in the cellulose modified with
a preparation containing 5% APTES, both with no alkyd resin added and with
a 20% resin content (fig. 6). In each sample of APTES-modified cellulose with
no alkyd resin added, the silicon concentration decreased after water extraction.
In the modified cellulose preparation (5% APTES + 20% alkyd resin), the
silicon concentration was 124.7 mg/kg, while in the same sample after water
extraction it was 118.3 mg/kg.
The concentration of the silicon decreased in each sample of modified wood
powder after water extraction. In the pine wood modified with the 2.5% APTES
+ 20% alkyd resin preparation , the silicon concentration was 63.33 mg/kg,
while in the same sample after water extraction it was 55.90 mg/kg. A similar
leaching rate was observed when using the 5% APTES + 20% alkyd resin
preparation . The silicon concentration was recorded at 77.90 mg/kg, whereas in
the same sample after water extraction it was 68.30 mg/kg. In this case, one
beneficial effect of the alkyl resin was observed, manifested in the retention of
the active substance in the cellulose and the wood.

Conclusions
The analysis performed using infrared spectroscopy (FTIR) and atomic
absorption spectrometry (AAS) confirmed the hydrophobation capacity of the
APTES and 20% alkyd resin solution applied on the pine wood and cellulose.
For the cellulose and pine wood after the reaction with the APTES – alkyd resin
preparations and after extraction, a band was visible at 1750 cm-1,characteristic
of vibrations of the carbonyl group C = O in the alkyd resin. The presence of this
band indicated the bonding of the silane preparations containing alkyl resin with
the cellulose and wood. The presence of bands at 710 cm-1 (characteristic of
vibrations of the silicon bond with an atom of carbon and oxygen) and at
1600–1580 cm-1 (characteristic of deformation vibrations of N–H coming from
the amine group) confirmed the reactivity of these preparations with the wood.
The results of the atomic absorption spectrometry confirmed the stability of the
organosilane bonds with the cellulose and the wood.
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THE TRADE COMPETITIVENESS OF FURNITURE
PRODUCTS

The production of wood-based furniture is the final stage in the wood processing
chain. Foreign trade in furniture indicates the success of the sector and its
competitiveness on international markets. The aim of this paper is to evaluate the
trade competitiveness, and its trend, in the furniture manufacturing industry in
both the Czech Republic and the Slovak Republic for a period of ten years,
through the implementation of indicators based on industry foreign trade data and
using mathematical and statistical methods. A system of indicators was set up and
the hypothesis: “In the furniture industry the competitive potential is used
insufficiently” was proposed. The results achieved confirmed the hypothesis,
however, despite the furniture industry showing an active foreign trade balance, it
contributed little to the country’s trade balance surplus and low values of the
indicators of Revealed Comparative Advantage (RCA) were achieved. Therefore,
the industry gradually loses its competitive ability.
Keywords: Revealed comparative advantage, net export, foreign trade balance,
competitiveness, furniture industry.

Introduction
Foreign trade affects the level of the gross domestic product of the country as
well as the performance of industries and enterprises. The foreign trade balance
is used as a starting point in clarifying competitive advantages especially at the
industry and sector level within the economic structure of the country. Foreign
trade relations indicate the ability of industry to succeed on international
markets. This ability is called competitiveness. Many economists see
competitiveness as something experienced only at company level and dismiss
notions of national competitiveness. The definition of competitiveness by the
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OECD [2015] is: “Competitiveness is a measure of a country's advantage or
disadvantage in selling its products in international markets.” Some authors,
such as Michael Porter, state that the only meaningful concept of
competitiveness at national level is productivity [Porter, 1990]. However, other
authors do not agree that trade competitiveness should be evaluated according to
productivity. According to Krugman, trade competitiveness is our ability to
produce goods and services meeting the test of international competition while
citizens enjoy a standard of living that is rising [Krugman, 2001]. It can be
agreed that the true definition of trade competitiveness is the ability of a region
to export more in value added terms than it imports by including terms of trade,
which reflect all government discounts and import barriers. [Atkinson, 2013]
The competitiveness of countries and industries on the world market forms
the basis of a modern theory of international trade and economic growth. In
comparison to classical and neoclassical economic theory of international trade,
it highlights the innovation resources of trade and economic development.
[Bobáková, Hečková, 2007]
The paper deals with an analysis of the trade competitiveness of the furniture
manufacturing industry in both the Czech Republic and the Slovak Republic.
The paper is focused on the furniture commodity group for several reasons. The
furniture manufacturing industry provides economic, environmental and social
contributions based on the utilisation of renewable resources. Wood-based
products are recyclable, reusable in new products or as a source of energy.
Production of wood-based furniture in the Czech and Slovak Republics has
a long tradition owing to the sufficient supply of wood material. Therefore,
sustainable growth can be seen in the sector and the Czech and Slovak
economies are capable of affecting the European markets through the maximum
utilisation of their own resources. A need to address the chosen issue is mainly
due to the fact that the European Union (EU) has put special emphasis on
economic development based on renewable resources. For this reason, the
furniture manufacturing industry is a fast-growing industry supported by EU.
One of the interests of the EU is to make this sector highly competitive on the
global market.
The assessment of the trade competitiveness of furniture manufacturing was
based on the findings of previous studies in which the authors of the paper
[Sujová, 2011, 2013; Sujová, Rajnoha, 2012; Hlaváčková, Šafařík, 2014] and
other professionals [Jelačić et al., 2012; Merková et al., 2012; Ratajczak, 2009;
Ratajczak-Mrozek, Herbeć, 2014] deal with the qualitative analysis of
competitive factors of sectors within the wood processing industry. Previous
analyses led to the conclusion that the furniture manufacturing industry has
a high export performance compared to other sectors of the industry. The
furniture manufacturing industry is not dependent on imported wood material
due to sufficient supplies of raw wood within each country. Strong interest has
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been shown by international investors and high inflows of foreign direct
investments. Furniture companies are the most modern and active in the area of
innovation, and the current policies of national governments prefer the
manufacture of furniture using domestic sources of raw wood material [Szostak,
Ratajczak, 2009]. Therefore, price is the main competitive advantage of the
industry.
Forasmuch as furniture represents the highest value-added production in
a wood processing chain, it is desirable to have a high export performance and to
generate the largest trade surplus within the sectors of the wood processing
industry. The trade competitiveness of furniture manufacturing, which the paper
deals with, is therefore very relevant and important. Despite these facts,
insufficient attention has been paid to analysing the competitiveness of furniture
manufacturing and no study in the subject has yet been published.
The aim of the paper is to evaluate the competitiveness of furniture products
on the basis of an analysis of foreign trade, the development of the competitive
position of the furniture manufacturing industry in the Czech Republic, as well
as in the Slovak Republic, over a period of ten years, and to suggest possibilities
to increase competitiveness within the EU.

Research methodology
The required material to solve the issue was obtained from secondary research
based on an analysis of the available scientific literature dealing with the issues
of the competitiveness of sectors and countries, and on the foreign trade statistics
of the wood processing industry.
Current research on competitiveness is based on the use of statistical
methods to assess the revealed and anticipated comparative and competitive
advantages. In practice, several indicators were designed and used to identify
and measure the comparative advantages and costs, which in a specific
combination can characterize the competitiveness of the selected industrial
sector, as well as the country [Han et al. 2009; Dieter, Englert, 2007]. These
indicators can be divided into two basic groups: result-oriented and determinantoriented indicators [Dieter, Englert, 2007].
Result-oriented indicators enable the ex-post detection of a competitive
position. On the basis of the literature and methodologies of international
organisations dealing with assessment of the comparative advantages at
macroeconomic and sectoral level, a system of indicators evaluating the trade
competitiveness of the sector and its commodities was adopted:
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• Revealed Comparative Advantage (RCA) is the most used indicator and
exists in several modifications:
− The RCA indicator under the methodologies of the Austrian Institute for
Economic Research - WIFO Vienna expresses competitiveness at national
level [Aiginger, Landesman, 2002]. The Growth Competitiveness Index
(RCA1) enables the discovery of the competitiveness of an industry on
international and world markets.
− The Trade Performance Index (RCA2) [Balassa, 1965] expresses the rate
at which the industry contributes to an active trade balance formation.
• The Contribution to Trade Balance Index (CTB) [Melíšek, 2012] measures
the contribution to the national trade balance made by the industry.
• The Michaely Index (MI) [Michaely, 1962] demonstrates a certain rate of
national specialisation in the commodity group, or in the industry.
• The Grubel-Lloyd Index (GLI) measures intra-industry trade of an individual
commodity.
The trade competitiveness of the furniture commodity group was analysed
through the identification of the comparative advantages using the selected
measurement methods at industry level. The aim was to validate the accuracy of
the achieved results and the relevance of the characteristics.
The indicators known from the literature study were modified, and in order
to provide an analysis of the competitiveness within sectors of the industry, their
calculations were adjusted. The abbreviations used in the equations are as
follows:
xij – export value of commodity group “i” within industry “i” in country “j”
mij – import value of commodity group “i” within industry “i” in country “j”
Xij – export value of industry “i” in country “j”
Mij – import value of industry “i” in country “j”
Xj – value of total exports from country “j”
Mj – value of total imports to country “j”
Xi – world exports or exports of integration group (EU) in commodity
group “i”
X – total world exports or total EU exports
The RCA Indicator represents the comparative advantage or disadvantage of
an export and its competitiveness. Its calculation was made at two levels,
national (N-RCA) and sectoral (S-RCA):
N-RCA = ln [(xij / mij):( Xj / Mj)]

(1)

S-RCA = ln [(xij / mij):( Xij / Mij)]

(2)

The RCA at national level (N-RCA) shows the competitiveness of the industry
within the country, and the RCA at sectoral level (S-RCA) shows the
competitiveness of a commodity group within the industry in the country.
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The results of indicator RCA mean:
RCA < 0 indicates revealed comparative disadvantages in the industry or
commodity group.
RCA > 0 indicates that there are revealed comparative advantages in the country
for export commodities for that industry or commodity group.
RCA > 1 identifies the commodity and industry as internationally competitive.
The Growth Competitiveness Index (RCA1) is calculated as follows:
(3)
If the RCA1 > 1 there is a revealed comparative advantage of the industry on the
global market. If the RCA1 <1 a commodity group has no competitive potential
on a relevant market.
The Trade Performance Index (RCA2) evaluates the comparative
advantage of industry or commodity exports and their competitiveness. The
formula for calculating the RCA2 is:
(4)
Interpretation of results by RCA2 is as follows:
RCA2 = -1 means that the export does not exist (xij = 0).
-1 < RCA2 < 0 indicates comparative disadvantage.
RCA2 = 0 means that exports = imports.
0 < RCA2 < 1 indicates revealed comparative advantage.
RCA2 = 1 means that import does not exist (mij = 0).
The Michaely index (MI) highlights the degree of specialisation, or the lack
of specialisation in a commodity group. Calculation of the index has been a
djusted at two levels, sectoral (S-MI) and national (N-MI):
(5)
(6)
The Michaely index at national level (N-MI) shows the country’s specialisation
in the industry, while the Michaely index at sectoral level (S-MI) shows the
country’s specialisation in the commodity group within the industry.
Values of the Michaely index refer to the following:
0 < MI < 1 points to a certain degree of specialisation by the country in the
industry or commodity group.
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-1 < MI < 0 indicates insufficient specialisation by the country in the industry or
commodity group.
The Contribution to Trade Balance Index (CTB) was adjusted in order to
establish the competitiveness of sections within the wood processing industry.
Its calculation was made on two levels, national and sectoral, by formulas:
(7)
(8)
The CTB at national level (N-CTB) represents the contribution of the
industry to the national trade balance, while the CTB at sectoral level represents
the contribution of a commodity group to the trade balance of the industry.
The left-hand part of the equation represents the real balance of trade in the
industry or commodity group and its shares within the total foreign trade of the
country or industry which is cross-sectoral trade. The right part of the equation
measures the expected trade balance in the sector or commodity group and
provides information that each commodity contributes to the overall trade
balance according to their share of total trade. The difference between the actual
and the expected trade balance measures the specific contribution to the total
trade balance. The results of CTB mean:
CTB > 0 means that the actual surplus is higher than expected or the relative
trade deficit is lower than expected, and the industry or the commodity group
makes a positive contribution to the overall trade balance.
CTB < 0 means that the industry and the commodity group makes a negative
contribution to the total trade balance because the actual results in comparison
with the expected results are negative or lower than expected.
The original Grubel-Lloyd index (GLI) measures export potential at the
macroeconomic level. It was modified for the evaluation at industry level and its
calculation indicates the level of commodity representation in the intrasectoral
foreign trade of the country. The formula to calculate it is:

(9)

The values of GLI are in intervals from 0 to 1 (0 < GLI < 1). Value for
comparison should be an average GLI value for all the industries in the country
or the GLI value of the EU or global trade in the commodity group.
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A new indicator: the Trade Coverage Index (TCI) was suggested in order to
simplify the comparison of the results of the sector in different countries, as well
as for the purpose of implementing benchmarking. The formula for its
calculation is:
(10)
where:
Xia is exports of sector “i” and Mia is imports of the sector “i” in country “a”
Xib is exports of sector “i” and Mia is imports of the sector “i” in country “b”
Results by TCI mean:
TCI > 0 indicates the higher competitiveness of the sector in country “a”,
TCI < 0 indicates the higher competitiveness of the sector in country “b”.
A calculation of individual indicators was carried out in the furniture
manufacturing industry of the Czech Republic, the Slovak Republic and the
EU 27. Within the classification of business activities in the EU (NACE) this
industry belongs to class NACE II 31 (by 2008 NACE 36). Input data was
obtained from the database of the Statistical Offices of the Czech and Slovak
Republics [www.czso.cz; slovak.statistics.sk] and Eurostat [epp.eurostat.ec.
europa.eu] containing the annual data for the foreign trade of the countries and
the commodity structure divided according to a statistical classification of the
products by activity (CPA) in million Euro during the period 2003–2012.
An application in MS Excel was created for appropriate applications of
statistical methods and for calculating statistical variables. The trade
competitiveness of the furniture manufacturing was analysed on several levels:
on an international level – the EU, on a national level and the competitiveness of
individual furniture commodities. The results obtained in the Czech and Slovak
Republics were compared with the results in the EU as a whole. Moreover,
a trend line analysis of competitiveness indicators was performed.
Dependences among the selected data were analysed using a statistical
method of correlation analysis. Statistical correlation is a statistical technique
which indicates if two variables are related. It is measured by a coefficient of
correlation. The strength of the mutual dependence between the selected
relations was found by calculating the coefficient of correlation (r). The formula
for its calculation is:
Correl ( X , Y ) = r =

∑ ( x − x )( y − y )
∑ ( x − x) ∑ ( y − y)
2

where: x – dependent variable (chosen indicator 1)
where: y – independent variable (chosen indicator 2)

2

(11)
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The numerical values of the coefficient of correlation are range from + 1.0
to -1.0. This gives an indication of the strength of the relationship. The closer the
coefficients are to + 1.0 and -1.0, the greater the strength of the relationship
between the variables.

Results and discussion
The assessment of the trade competitiveness of the furniture sector was based on
the knowledge that the commodity groups with high added value are desirable
for export and the formation of an active trade balance with a growing trend.
The position of the furniture manufacturing industry within the foreign trade
of the country is characterized by the share of the sector in national foreign
trade. Success on foreign markets is represented by the export performance of
the industry (table 1). Table 1 shows that the furniture manufacturing industry
produced a trade surplus. The values of net export in the Czech Republic (CR)
were higher than in Slovakia with a slight increasing trend. On the contrary, the
values of net exports in Slovakia decreased gradually and over ten years net
exports fell to 25% of the initial amount. The furniture manufacturing industry
represented an average share of 1.8% of the national exports in both countries.
This share declined steadily to one-third in Slovakia and it halved in the Czech
Republic compared with the beginning of the analysed period. The import of
furniture was almost the same in both countries and it represented 1% of national
imports. The furniture manufacturing industry represented more than 30% of
sectoral foreign trade within the wood processing industry. The CR was
particularly focused on the foreign trade in furniture manufacturing, especially in
exports (39%). Regarding export performance, the results in each country were
different. The Slovak furniture manufacturing industry showed a high export
performance. Since 2009, the exported value of furniture was higher than
production as well as the sales of own products and services. This indicates that
in addition to manufactured furniture, part of the imported products were also
exported. In the Czech Republic, the export performance of the furniture
industry was much lower. It moved at a level below 60% of production and sales
but its growing trend was positive.
Selected indicators of trade competitiveness at the sectoral level were
inspired by the effort to determine whether the furniture manufacturing industry
and its commodities succeeded on domestic and foreign markets. Evidence of
success is a higher volume of products placed by the domestic industry on
foreign markets than the volume of products placed by the same foreign sectors
on the domestic market. The information was gained using the coefficient of
RCA and its various modifications, coefficients CTB, GLI and the Michaely
index. The achieved results of individual parameters are given in table 2.
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The values of the indicators in table 2 show that the furniture sector had
a comparative advantage within the industry of the country, as well as on
international markets. Positive values of the RCA index mean the comparative
advantage of the industry at national level. However, this advantage decreased
gradually in both countries during the analysed period. In the Czech Republic,
despite the growth of net exports, the RCA index dropped to less than a half of
the value at the beginning of the period. The sectoral RCA indicator assessing
the comparative advantage at the level of the wood processing industry
confirmed the same results. A higher and more stable comparative advantage in
furniture manufacturing was revealed in the Czech Republic. Positive values of
the net Trade Performance Index (RCA2) showed that the furniture industry
contributed to the positive trade balance of the sector but its level had gradually
fallen. The indicator RCA2 relates to the Contribution to Trade Balance
Index(CTB) indicating the contribution of the sector to the formation of an
active national trade balance. The negative CTB values achieved in the Czech
furniture manufacturing industry since 2005 show that the contribution of the
sector to the overall trade balance was negative and there was no real surplus.
This means that the relative trade deficit was smaller than expected. The Slovak
furniture manufacturing industry created a positive contribution to the active
national trade balance until 2011. Positive Michaely index values confirmed the
competitiveness of the furniture manufacturing industry but their low level
showed the very poor specialization of the countries and the wood processing
sector in furniture commodities. On the other hand, the Grubel-Lloyd index
(GLI) values showed a high degree of representation of the commodities of
intrasectoral character in foreign trade and an increase in the share of the
furniture industry. The GLI values of the furniture industry were higher in
comparison to the average values of the processing industry in the Slovak
Republic (0.835), the Czech Republic (0.868) and the EU-27 (0.776). This
means that the furniture sector on the whole contributed to the competitiveness
of the economy.
Further analysis dealt with the dependency between the selected indicators
using statistical correlation and regression methods. The aim was to find out the
factors affecting the comparative advantages of the furniture industry. The
dependences determined, based on the correlation coefficients, are shown in
table 3. The results of the correlation analysis show that the comparative
advantages of the furniture manufacturing sector were strongly influenced by the
following factors:
− the specialization of the country in the commodities of the sector,
− a high rate of intrasectoral foreign trade by the country,
− the export performance of the sector at national level,
− the share of the sector in national exports, mainly making a positive
contribution to an active national trade balance.
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The comparison showed that apart from indicators CTB and GLI, the Czech
and the Slovak furniture manufacturing industries showed much higher
comparative advantages than the furniture industry of the EU.

Conclusions
The quantitative analysis of the foreign trade and comparative advantages of
the furniture manufacturing industry in the Czech Republic and Slovakia showed
that the industry was competitive at national and international levels, as well as
at EU level. This resulted from the industry´s ability to generate a trade balance
surplus. However, its real contribution to the formation of an active national
trade balance was negative. Previous qualitative studies confirmed that the
competitive position of the furniture manufacturing industry was favourable on
the international market and thus increased its performance and contribution to
the sustainable growth of the national economy. According to the quantitative
analysis presented, the comparative advantages of the industry increased through
the growth in positive values of net exports. However, the furniture
manufacturing industry lost this potential because of several factors: lower
prices, a decrease in the quantity of exported commodities or an increase in
imports of furniture commodities. Confirmation of the lost comparative
advantages of the furniture industry in the analysed countries can be seen in the
low values of the RCA indicators and their decreasing trend, the low values of
the Michaely index and the negative values of the CTB index. The analysis
performed confirmed the very low specialization of the countries in the foreign
trade of furniture commodities and the inability of the industry to contribute to
an active national trade balance, resulting in a decrease in the existing
comparative advantages of the industry on international markets. The
development trend in the Slovak Republic was negative due to a fall in net
exports, the country’s low specialization in furniture commodities and the
negative contribution of the industry to the formation of an active national trade
balance. In the Czech Republic, the furniture net exports increased but despite
this the trade in furniture did not contribute to a positive foreign trade balance.
The lowering RCA indicators in the furniture industry should be analysed in a
wider context taking into account changes in the orientation of the country to
other more advanced sectors. The competitiveness of the countries under
analysis is still lower in branches demanding high professional skills, and
research and development, in comparison to traditional sectors including
furniture manufacturing. A slight improvement can only be seen in the
automobile industry.
The results of the analysis performed confirmed the hypothesis: “In the
furniture industry the competitive potential is used insufficiently”. For this
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reason, the subject of further scientific study will be a proposal concerning how
to optimize the structure of foreign trade in the furniture manufacturing industry
to increase sector competitiveness. Moreover, the success of the furniture
manufacturing industry depends on the active creation of new comparative
advantages.
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DENSITY AND MECHANICAL PROPERTIES OF
SCOTS PINE (PINUS SYLVESTRIS L.) WOOD
FROM A SEEDLING SEED ORCHARD

Seedling seed orchard (SSO) growing conditions are different to those in the
forest. Trees grow in wide spacing with more access to sunlight and competition
between trees is less intense causing larger annual rings and limited height
growth. The objective of this research was to: 1) determine the density and
mechanical properties of Scots pine (Pinus sylvestris L.) wood grown in an SSO
and 2) suggest the most suitable use of this wood. Five trees (25-year-old) were
selected using the Urich II method. Final samples (from the height of dbh) were
cut from pith to bark, in the four cardinal directions. From all five trees,
159 samples were used to determine: 1) the wood density, 2) the compressive
strength parallel to the grain, 3) the modulus of rupture, and 4) the strength
quality coefficient. For each property the following mean values were obtained:
327 kg m-3, 32 MPa, 59 MPa and 0.10, respectively. The density did not depend
on the dbh or mean width of annual ring. At the same time, the mechanical
properties depended strongly on the wood density. In all cases, the wood property
values of the Scots pine from the SSO were lower in comparison with those
published for Scots pine grown in regular stand conditions. Therefore, pine wood
from SSOs should be used in the paper industry.
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Introduction
Scots pine is a basic species in Polish forests, comprising 61.3% of the area and
63.9% of the volume in the State Forests [Biuro 2013]. Pine is widely used in the
Polish wood sector and industry demand for this timber is very high. Therefore,
pine wood from seedling seed orchards (SSOs) can be an alternative to wood
from regular stands. In the forest, pine grows in relatively narrow spacing, which
impacts on the dynamic height growth and natural tree pruning. In SSOs,
spacing is very wide and at the early stage of growth, trees attain intensive trunk
increment with slow height growth and limited pruning. These characteristics
have been observed in regular stands where very intensive thinning resulted in
a greater share of trees with large increments and low quality [Dziewanowski
1965, Jackowski 1972, Pazdrowski 1988]. However, it was also found that in
a beech stand, a weak correlation (though significant) was observed between
stand density and ring width [Bouriaud et al. 2004].
It is therefore recommended that a balance is kept between the individual
growth of one tree and valuable wood properties [Cameron 2002]. Trees grown
in wide spacing have a larger share of early wood and properties of lower values
[Krzysik 1978]. A large share of early wood is typical for juvenile wood, which
has different properties to mature wood [Pazdrowski et al. 1995, Person et al.
1995, Wróblewska and Spława-Neyman 1995, Pazdrowski et al. 1997,
Pazdrowski and Spława-Neyman 1999].
In relation to the above-mentioned findings, it was hypothesised that pine
wood from an SSO would be characterised by lower density and lower
mechanical property values in comparison with the same features of pines from
regular stands. Therefore, the objective of the research was to determine: 1) the
wood density, 2) the compressive strength parallel to the grain, 3) the modulus
of rupture, and 4) the strength quality coefficient of Scots pine wood from the
SSO. In addition, the research aimed to make suggestions as to the most suitable
use of this wood.

Materials and methods
The research material was collected from Scots pine trees grown in an SSO
established in 1983 in the Forest of District Zdrojowa Góra (Regional
Directorate of the State Forests in Piła). In compartment 95a, all the dbhs and
heights were measured. Furthermore, 5 trees were selected using the Urich II
method (dbh/tree number): 19/247, 21/246, 24/256, 26/251 and 28/244. North
and West were marked on selected trees.
The wood density and mechanical properties were measured on specimens
selected from tree trunk sections around the dbh area, free from any defects and
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knots. Samples were cut from pith to bark. In the four cardinal directions, two
lines of specimens were prepared, but the same number of samples were not
obtained in every line, due to trunk eccentricity. Between 26 and 39 samples
were prepared, for the thinnest and the thickest tree, respectively. Eventually,
159 samples were used to measure each property:
1) basic density ρ (kg·m-3);
2) compressive strength parallel to the grain Rc (MPa);
3) modulus of rupture Rg (MPa);
4) strength quality coefficient J.
Samples of 20 × 20 × 30 mm were used to calculate the wood density. The
measurement process was carried out according to standard UNI ISO 3131.
In addition, samples of 20 × 20 × 30 mm were used to measure the
compressive strength parallel to the grain according to UNI ISO 3787. Samples
of 20 × 20 × 30 mm were also used to measure the modulus of rupture in
accordance with standard UNI ISO 3133. In both cases, air-dry wood specimens
were used. All the strength properties were measured on a TIRA TEST 2300
machine with MATEST software.
The data was collected for each tree and descriptive statistics were calculated
for further comparisons: the arithmetic mean, the minimal and maximal values,
the coefficient of variation and the number of samples. The coefficient of
determination (R2) was also calculated to find out how well the values of the
mechanical properties were determined by density; the respective linear trend
lines were also created.

Results and discussion
The analysed wood from the pine trees taken from the seedling seed orchard was
characterised by low density, amounting to a mean value of 327 kg·m-3 (table 1).
Additionally, all the analysed mechanical properties consisted of low values.
Selected trees were of large annual rings with a mean value equal to
5.83 mm, as presented by Mederski et al. [2013] in an earlier publication (results
based on the same wood material). These big increments were the consequence
of the habitat of each tree being too large, as they were planted with a spacing
of 4 × 4 m. This was much larger than the spacing of pine trees planted on
forest land (artificial stand regeneration with a spacing of 1.5 m × 0.5–0.8 m).
Additionally, trees in the SSO were selected and removed as a result of other
treatments, which made the spacing even wider [Mederski et al. 2013].

120

Piotr S. MEDERSKI et al.

Table 1. Values of analysed wood properties with descriptive statistics
dbh/tree no
mean
minimum
maximum
coefficient of variation (%)
mean
minimum
maximum
coefficient of variation (%)
mean
minimum
maximum
coefficient of variation (%)
mean
minimum
maximum
coefficient of variation (%)
n for analysed properties

19/247

21/246

24/256

26/251

28/244

basic density (kg·m-3)
330
318
347
304
338
268
256
276
252
268
410
415
665
400
464
12
12
20
11
12
compressive strength parallel to grain (MPa)
31.21
28.50
39.26
26.55
35.56
14.36
16.86
27.07
16.36
19.63
48.99
43.82
53.00
38.09
60.74
29
25
17
22
24
modulus of rupture (MPa)
59.22
54.70
64.33
50.21
64.61
39.30
41.57
42.91
36.23
40.77
102.60
79.59
109.83
74.36
95.17
27
15
27
19
23
strength quality coefficient
0.09
0.09
0.11
0.09
0.11
0.05
0.05
0.05
0.05
0.06
0.14
0.13
0.14
0.13
0.16
26
24
16
21
19
26
26
30
38
39

mean
327
264
471
13
32.22
18.86
48.93
23
58.61
40.16
92.31
22
0.10
0.05
0.14
21
32

The wood of Scots pine grown in stand conditions usually shows the
following regularity: the bigger the annual ring, the lower the wood density and
the lower the mechanical property values [Krzysik 1978]. In the analysed case,
the biggest values were observed for trees with dbh 19, 24 and 28 cm, while the
lowest values were for trees with dbh of 21 and 26 cm (table 1). The results
obtained, where wood density did not lower when the annual rings grew bigger,
are unusual and should be treated with caution. One possible explanation for
such an unusual trend could be that the trees had unlimited access to sunlight. If
this was the case, each tree was able to produce annual rings of the same optimal
quality, irrespective of the width of the increments. Different widths of annual
rings could depend on particular site (microsite) conditions and the genetic
properties of individual trees. However, it was also found that various
provenances of spruce growing on the same site conditions can be characterised
by different basic wood density [Szaban et al. 2014].
Growth conditions and site factors are also recognised by other researchers
as influencing variations in wood properties [Lo Monaco et al. 2015].
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However, when the trees were juxtaposed with respect to the growing values
of wood density – from the lowest to the highest – all the properties followed
this trend: the higher the wood density, the bigger the value of the mechanical
properties (fig. 1).
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R² = 0.9552
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Fig. 1. Growing wood density followed by growing mechanical wood properties.

It was also found in beech wood that density was a main factor influencing
other wood parameters [Lo Monaco et al. 2015]. This follows the principle that
mechanical properties mainly depend on wood density [Krzysik 1978].
The values obtained for the wood density and mechanical properties of pine
wood from the SSO were significantly lower in comparison with those for pine
from a regular stand (table 2). The equivalent values of Scots pine wood
properties (table 2) were taken from earlier publications by Krzysik [1978],
Kubiak and Laurow [1994], Mederski et al. [2013] and Tomczak [2013].
The different properties of the pine wood from the SSO make it suitable for
particular applications. It is recommended that it should be used in the paper
industry, where high values of mechanical properties are not necessary for the
final product. 25-year-old pine trees from the SSO had features of juvenile wood
[Mederski et al. 2013]. Juvenile wood with short fibres and thin cell walls is
more flexible and suitable for fine paper surfaces [Zobel, Sprague 1998]. For the
full range of wood properties of pine from an SSO, it would be necessary to
continue research on its chemical properties. Currently, when pine wood from an
SSO is sold on the market, the customer should be informed about its origin.
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Table 2. Wood properties comparison of Scots pine (Pinus sylvestris L.) from SSO
and regular stands
Scots pine from:

Properties

1

SSO

regular stand

mean width of annual ring (mm)

4.6 ÷ 7.1

0.5 ÷ 2.0

share of late wood (%)

28 ÷ 45

5 ÷ 35

-3

basic density of juvenile wood (kg·m )

304 ÷ 347

401 ÷ 432

compressive strength parallel to grain (MPa)

25.3 ÷ 37.3

41.3 ÷ 46.1

modulus of rupture (MPa)

48.2 ÷ 62.0

85.2 ÷ 87.0

strength quality coefficient

0.09 ÷ 0.11

0.17 ÷ 0.212

1
Values were calculated for MC 15% using the Bauschinger formula: R15 = RMC(1 + α(MC – 15)), where:
RMC – specimen strength at MC, in %; α – coefficient of wood strength change due to wood MC change by 1%
(for compressive strength parallel to grain α = 0.05, for modulus of rupture α = 0.04); MC – moisture content,
in % [Krzysik 1978].
2
Values calculated from data presented in this table.

Conclusions
The mean value of the wood density of the pine wood from the SSO amounted
to 327 kg·m-3 and was lower by ca. 28% in comparison with the mean density of
pine from a regular stand (considered density: 455 kg·m-3). Additionally, the
density of the pine wood from the SSO was also ca. 21% lower in comparison
with the mean density of juvenile wood from pine grown in
a regular stand (considered density: 416 kg·m-3).
The mean value of the compressive strength parallel to the grain amounted
to 32.22 MPa, which was lower by ca. 26% in comparison with the respective
mean value for wood from a regular stand (43.7 MPa).
The modulus of rupture mean value amounted to 58.61 MPa, which was
lower by ca. 32% in comparison with the respective mean value for wood from
a regular stand (86.10 MPa).
The mean value of the strength quality coefficient amounted to 0.10, lower
by ca. 47% in comparison with the respective mean value for wood from
a regular stand (0.19).
The values of the density and mechanical properties of Scots pine wood
from the SSO were significantly lower in comparison with respective values for
pine wood from regular stands. Therefore, the customer should be informed
about the origin of this wood to make appropriate use of it. Preferably, pine
wood from SSOs should be used in the paper industry.
All the analysed properties did not depend on the dbh or width of the annual
rings. However, the mechanical properties greatly depended on the wood
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density: the bigger the value of the basic density, the bigger the value of the
mechanical properties.
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WOOD-BASED PANELS FOR LAND TRANSPORT USES

Wood-based panels are widely used in the transport sector, thanks in particular to
their properties in terms of lightness and mechanical strength. Furthermore, they
offer additional benefits, such as sound insulation or fire resistance. The present
paper takes into account the different wood-based panels used for building the
main typologies of land transport vehicles: buses and cars, trucks and other
commercial vehicles, motorhomes and caravans, and railways vehicles. The aim
here is to give an overview of these products, their historical and current uses, as
well as taking into account future developments.
Keywords: wood-based panels, transport, vehicles

Introduction
From the beginning of the 20th century wood has played an important role in the
transport sector. In particular during World Wars I and II, a great amount of
solid wood and a huge quantity of wood-based panels were used to build
military vehicles [Risbrudt et al. 2007].
Nowadays, the use of solid wood is outdated for land vehicles, although
plywood, Oriented Strand Board (OSB), Medium Density Fibreboard (MDF)
and lightweight wood-based composites are still widely used, thanks to their
high performance in terms of strength, stiffness, lightness and impact resistance
[Youngquist 1999; Cremonini et al. 2009; Cai, Ross 2010].
Plywood is the wood-based panel most frequently used for building land
transport vehicles [Baldwin 1995]. Structural raw and overlaid plywood panels,
thanks to their strength, durability and smoothness, provide an excellent lining
material for a wide range of vehicles, ideal for the manufacturing of floors,
walls, roofs, doors etc. For some applications, raw panels represent the best
Corrado CREMONINI, (corrado.cermonini@unito.it), Francesco NEGRO, (francesco.negro@
unito.it), Roberto ZANUTTINI, (roberto.zanuttini@unito.it) DISAFA – University of Torino,
Grugliasco, Italy
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choice, otherwise a panel overlaid with resin-impregnated fibre, metal,
fiberglass-reinforced plastic or phenolic film can be more adequate.
Table 1. Wood-based panels used in transport sector
Vehicle
type

Vehicle
component

Main
requirements

cars

trunk base
rear decks,
door panels,
truck liners

lightness,
stiffness,
screw
holding

buses

floors

lightness,
stiffness, fire
resistance,
screw
holding

animal trucks

floors,
interior
walls

impact
resistance

floor

smoothness
and
resistance

floor

stiffness,
durability,
thermal
insulation,
noise control

delivery vans

trucks/other
vehicles

railway
wagons

caravans,
motorhomes

floors,
partitions,
walls

floors,
partitions,
ceilings

Strength, fire
resistance,
screw
holding, and
dimensional
stability

Strength,
screw
holding, and
dimensional
stability

Panel type

Panel
description

poplar PW 636 2-G

Raw

wood
fiber/plastic
composites

Raw

beech or birch
PW 636-2G

film faced

PW 636-2G

raw/film faced

OSB/3

Raw

PW 636-2G

raw/film
faced

PW 636-2G

film faced

PW sandwich

FRP faced

PW sandwich

aluminium
faced

PW sandwich

synthetic foam
cored

PW 636-2G

aluminium
faced

exotic or beech PW
636-2G

synthetic
foam/rubber
cored

beech PW 636-2G

film faced

poplar or combi
PW 636-2G

raw or film
or HPL
faced

PW sandwich

synthetic
foam cored

PW sandwich

honeycomb
cored
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In general some basic requirements determine the design of the panel:
vehicle usage, climate conditioning and physical environment. The development
of high-performing wood composites or soundproof plywood, often derived
from the boatbuilding industry, opens up new perspectives for the usage of these
products in modern transport [Barbu et al. 2013].
The present work aims to illustrate the main wood-based panel currently
used in modern land transport vehicles (table 1).

Buses and cars
From 1946 to 1949, various manufacturers built different models of station
wagon with wooden bodies, known as “Break de Chasse”, “Shooting-brake” or
“Canadienne” (fig. 1, left). Today wood fibre based/plastic composites are often
used in cars as a substrate for interior door panels, roof headliners, seat backs,
rear decks and trunk liners; the latter are also made of low density plywood
[Youngquist 1995; Huda et al. 2006; Clemons 2012].
As for bus construction, plywood is still a common material; it is mainly
used for floors or for frames and light partitions. Generally floors of buses
consist of two layers: a subfloor made of exterior-grade plywood and a covering
made of synthetic rubber floor, resistant to abrasion and treading.
Beech and birch, melamine or phenolic film-faced plywood (EN 636 [2012])
is frequently used for floors, usually with a thickness ranging from 10 to 20 mm
(fig. 1, right).

Fig. 1. Left: until WW II the use of solid wood and plywood for car construction
was common. Right: birch phenolic film-faced plywood for floors. (Photos by
Corrado Cremonini)

High quality veneers are used and are bonded using phenolic or melamineurea-formaldehyde (MUF) adhesive systems complying with bonding class 3 of
EN 314-1 [2004] part 1, EN 314-2 [1993] part 2 and EN 350-2 [1994] part 2.
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Trucks and other commercial vehicles
Nowadays a relevant application for wood-based panels concerns the building of
vehicles for animal transportation. The floors and interior walls of these vehicles
are often covered with raw or film-faced plywood. In particular, the great
resistance of plywood to continuous impact makes it suitable for every type of
animal transportation. In some cases OSB panels are also used, representing
a less effective but cheaper choice.
The use of plywood is also well suited for lightweight transport vehicles
such as delivery vans. Raw or phenolic film-faced plywood, with a thickness
ranging from 10 to 30 mm, guarantees a smooth and resistant surface with
a limited number of joints for floor and wall applications. This makes it an ideal
material for the sliding and skidding of palletised goods. The floor is
occasionally still made of solid wood planks screwed on an aluminium frame.
Concerning the use of plywood for floor structures, phenolic film-faced
plywood, either made of birch or beech, is a common solution. Film coatings
play an important role, since they increase durability, prolong service life and
reduce maintenance costs. Generally, the surface density of phenolic films
ranges from 120 to 220 g/m2. In this context, nowadays maxi-plywood is
produced with dimensions up to 13,500 × 2,800 mm.
Several types of trucks and commercial vehicles are commonly
manufactured using an engineered wood-based composite derived from the
boatbuilding industry. This consists of a plywood core glued between two thin
but strong layers made of glass fibre-reinforced plastic (FRP) [Triantafillou
1997; Hardeo, Karunasena 2002]. The bonding of plywood and fibreglass with
resin produces a high-performing composite in terms of mechanical
performance, moisture content and weather resistance. Moreover, the core of
plywood constitutes a natural thermal insulator and a good sound barrier. The
glass content and thickness of the FRP can be adapted in order to obtain a wide
range of performances related to the end applications.
Finally, another reason for the large scale utilization of FRP plywood in the
transport industry lays in its long-term cost advantage for equipment owners.
Today maxi-composite panels are available with dimensions up to 15,400 ×
3,000 mm and a thickness ranging from 11 to 25 mm. Their surface-weight ratio
varies from 9 to15 kg/m2.
A further evolution in FRP plywood composites is represented by insulated
sandwich floorings made of two faces of FPR bonded to a layered core. The
latter is made of external layers of plywood (usually birch but also meranti or
okoumé), a central layer of synthetic foams (polyurethane or polystyrene) and
a solid wooden beam frame (in order to allow easy and secure fixation of the
floor panel to the sub-frame).
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Another interesting family of wooden composites is represented by metalfaced plywood. This combination offers advantages comparable to those of FRP
plywood, but its enhanced characteristics make it suitable where high strength
and long-term durability are required. Typically, metal-faced plywood has been
used for the construction of the sliding doors of railway wagons, while today it is
also used for flooring or interior walls. The metal surfacing can be of aluminium
alloy, zinc-coated steel, phosphate-coated zinc or stainless steel, with a thickness
ranging from 0.5 to 1.5 mm. The metal face is usually bonded to the panel
through phenol or resorcinol adhesive systems; co-polymerised adhesive
systems based on polyvinyl acetate (PVAc) and polymeric diphenyl methane
diisocyanate (PMDI) resins are also suitable.
Finally, the last family of insulated wood-based composites used in the truck
building industry is represented by sandwich panels made of a synthetic foam
core covered with two plywood skins [Davies 2001]. They are used for floors
and are suitable when high thermal insulation and soundproofing characteristics
are required. Today a wide assortment of rigid foams is available, with densities
ranging from less than 30 kg/m3 to more than 300 kg/m3. These foams are also
available in a thickness typically from 5 to 50 mm, often with sealed edges.

Motorhomes and caravans
Nowadays motorhomes and caravans are built using different structures, the
aluminium frame being the most effective. Aluminium tubing or extrusions are
riveted or welded to form a frame for external aluminium cladding. This latter
can be glued or riveted together with an insulating synthetic foam core and
a decorative plywood, usually 20 to 25 mm thick for walls and ceilings and
about 40 mm thick for floors.
Another structure uses a body of fibre-reinforced plastic over a wooden
sandwich subfloor. In this construction, a timber or metal framework provides
the base for a fibreglass shell. An interior lining made of plywood or other
materials is attached to the structure to form interior walls and ceilings. The
subfloor is made using a network of solid wood beams filled with insulating
materials and covered with thin plywood. These structures are popular since they
are very easy to build, although their long term durability is a critical issue and
depends on the quality of the solid wood and on the assembling method.
Depending on the required finishing level, a decorative floor of rubber made
of polyvinyl chloride (PVC) or high pressure laminate (HPL) may be used. The
thickness of insulating wooden flooring ranges from 25 to 80 mm; exterior type
plywood (bonding class 3 – EN 314) faces vary from 5 to 10 mm, and the most
used wood species are poplar, okoumè or coniferous wood.
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Finally, in cheap constructions some builders use other types of wood-based
panel, for instance OSB, to create a subfloor fastened to an aluminium rigid
frame. For ceilings and other lightweight non-structural elements, plywood made
of poplar mixed with exotic wood species (ceiba, ilomba, okoumè, etc.),
commonly named “combi plywood”, is also used.

Railway vehicles
Nowadays, plywood and lightweight wood-based composites (soundproof
and/or fireproof) are mainly used as components of the structural insulated
partitions, floors or elements for ceilings (fig. 2 and fig. 3) [Schonherr 1960]. In
some applications, such as ceilings and light partitions, melamine poplar
plywood overlaid with decorative HPL is used since it guarantees adequate
reaction-to-fire behaviour. In particular, the structure of high-speed trains is
made of extruded light aluminium alloy profiles, while the partitions are usually
made of film-faced beech plywood and the floor of soundproof wood based
composites.

Fig. 2. Left and Right: Plywood and solid wood are a cheap and enduring solution
for the floors, walls, ceilings and interior furniture of light-rail public transport.
(Photos by Corrado Cremonini)

In Europe, all wood-based panels used in railway wagons are of exterior
grade according to the national standards for railway applications. Generally,
plywood and composites are made of beech and birch having a natural durability
rating of Class 4 (EN 350-2 [1994]). Low-density species, such as okoumè, with
a durability rating of Class 4 may also be used and are especially suitable when
a light weight is required. Plywood for railway applications is generally made of
high quality veneers and is bonded using exterior adhesive systems complying
with bonding Class 3 of EN 314 or two-component thermoplastic (PVAc)
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adhesives (type D4 according to EN 204 [2001] and EN 205 [2003]). The
thickness usually ranges from 8 to 30 mm. Raw plywood is rarely used, although
the faces are often covered with a film and present a smooth and non-slip side.
The latter offers an ideal surface for the adhesion of synthetic coverings, usually
hard layers of durable rubber floor.

Fig. 3. Wagon type “GS” 12 Tons; in this and other similar wagons, after the ’50s,
beech plywood replaced the conventional painted European larch planking for the
walls (Photo by Corrado Cremonini)

Railway passenger vehicles represent another relevant field; for this
application, soundproof wood-based panels provide a good level of sound
insulation and vibration absorption. For specific uses, additional requirements in
terms of fire resistance may be stipulated according to national standards.
One of the most important uses of wood based panels, in particular plywood,
is the construction of railway vehicles for the transportation of goods (fig. 3).
Since the’ 60s painted plywood has substituted the conventional painted solid
wood planking, usually in European larch. Previously the raw exterior plywood
was painted, although today red/yellow melamine film faced plywood is used.
The film-facing is red on the exterior and yellow on the interior in order to
brighten the inside of the wagons. Depending on the required end-uses, the
surface density (or area/surface related mass) of melamine film varies from 120
to 440 g/m2.
A great number of high-capacity wagons with sliding doors and intended for
the transportation of goods stacked on pallets have been equipped with sliding
partitions made of 18 mm thick beech exterior plywood. In this case, plywood
exhibits an excellent stiffness, which enables it to be used without framing or
bracing, which is often required for other materials.
Finally, in all railway networks, several types of refrigerated wagons are
used for perishable goods. Sandwich thermal insulation composites are
specifically produced for these applications, as well as for refrigerated trucks.
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The thermal insulation properties of the inner foam are the most important
requirement, although these composites should also be very strong and impact
resistant to prevent damage due to penetration by forklift tines.

Conclusions
Despite the recent development of various high-performing materials, woodbased panels are still important products for transport vehicles. They are widely
used to construct the walls, floors, subfloors, ceilings and partitions of buses,
cars, trucks, motorhomes and railway vehicles. Such a wide range of uses is
mainly due to their remarkable properties in terms of lightness, mechanical
performance and relative cheapness; moreover, the continuous development of
new wood-based composites with enhanced properties may further increase the
usage of wood-based panels.
On the whole, the current scenario indicates that wood-based panels will
continue to play a relevant role in the transport vehicle sector.
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PROTECTION THROUGH CONSTRUCTION OF A
WOODEN MONUMENT IN RADOMLJE (SLOVENIA)

Biodegradation of the wood, photo-degradation of the coatings and major cracks
appeared on a six-metre high oak monument built in 1960. Due to three
displacements and exposure to increased moisture and pests, the monument lost
its original appearance. Damage due to the fixation elements became so extensive
that they threatened its load-bearing capacity. During the renovation work, the
monument was subjected to original and specific constructional measures and its
original appearance was restored. Restoration of the original details allowed
water to flow off the monument easily, hence the wood could dry quickly. The
weakened and worn parts of the wood were replaced or consolidated. Dilatation
between the wood, metal and stone was stopped and further corrosion processes
prevented. Restoration of the cracks prevented the entry and retention of water
inside. Where this was not achievable, drainage was installed and aeration of the
wood was enabled. By means of a central metal mandrel and a supporting system
of adjustable bolts, the bearing capacity was improved and, in the event of
possible displacements, centring of the monument was made possible. Removing
the external fixation elements contributed to the monument’s aesthetics. These
innovative construction solutions may represent a model case for the future
restoration of similar cultural monuments.
Keywords: wood decay, wood protection by construction, restoration, cultural
property, consolidation
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Introduction
Wood used for outdoor applications is exposed to biotic and abiotic degradation
factors, therefore it must be protected in order to achieve an adequate service
life. It can be protected by measures of constructional, chemical and surface
protection, whereby chemical protection is used as little as possible, only where
necessary [Pohleven, Petrič 1992; Humar 2004].
Due to the shrinkage of wood when it releases moisture and its expansion
when it accumulates moisture, wood is dimensionally unstable, which is one of
its drawbacks [Torelli, Čufar 1983]. Project mistakes can also be the cause of
building decay [Jokilehto 1986]. A great deal of damage to wooden
constructions also occurs due to negligence and mistakes in renovation [Gockel
1996; Deu 2004]. In addition, atmospheric pollution in urban industrial
environments accelerates harmful biochemical processes in wood [Herrera et al.
2004].
Wood with a moisture content below 20% is safe from infestation by fungi
and most wood insects. Air-dry wood with a moisture content from 12 to 15% is
safe from the majority of wood pests. The best protection for wood is to
maintain conditions in which the wood is air-dry, which is possible with proper
construction [Pohleven 1994]. To prevent biodegradation, the wood moisture
content must be balanced with the air humidity where the wood is used.
Monitoring air and wood humidity is necessary for the prompt maintenance of
suitable conditions and the planning of protective measures [Gobakken et al.
2008; Finch et al. 2013]. Protective measures must be carried out correctly and
in such a way that they can be monitored and repeated [Schmidt 2006]. The
optimal approach is to use constructional solutions which ensure the durability
and longer life of the construction. The best prevention is a carefully designed
project which consequently includes elements of protection by design
[Willeitner, Peek 1994; Brischke et al. 2010; Morris 2013].
Experts in the field of the protection of historical buildings and monuments
incorporate the preparation of a conservation plan in protective measures, which
includes constructional protection. This conservation plan attempts to implement
the planned protective measures without the devaluation or loss of the original
features [Kerr 2013]. Russell [2002] therefore stipulates, before the
implementation of protective measures, prior identification and analysis of any
defects and the causes of any damage found.
Nowadays, when much of the knowledge of our ancestors has been
forgotten, standards established in this field are taken into consideration, in
terms of the choice of wood species depending on wood durability [Pohleven
2012]. For example, wood for sleepers and bearers must have a natural or
required durability allowing its use in hazard class 4 as defined in EN 3351:2006. According to EN 350-2:1994, solid wood to be used in hazard class 4

Protection through construction of a wooden monument in Radomlje (Slovenia)

137

must conform to natural durability class 1–2. Wood with natural durability of
classes 3, 4, or 5 or containing non-durable sound sapwood must be treated to
achieve the required durability.
Coatings play an important role in wood protection, while adhesive agents
contribute to wood stability. The former protect wood from abiotic factors and
highlight its decorative qualities, while the latter are part of the static support
system. When construction joints are well performed, they do not cause
deformations but enable constructional protection. Wallner [2004] states that in
clamping a wooden pillar, rotations and movements must be reliably prevented
so that bending moments are fully transferred to the supporting elements.
However, loosening of the joint, stress cracking and instability of the
construction often occur due to moisture at the site of clamping. Wood can also
be damaged by corrosion, which can be caused by preservatives containing
metal ions [Zelinka 2013]. Since wood with a moisture content of less than 10%
is not subject to significant change when in contact with metal [Unger et al.
2001], it is advisable to prevent moisture affecting joining elements and to use
rust-resistant joining elements [Piazza et al. 2005].
A good protective coating basically protects the wood against extreme
oscillations of humidity, has good adhesion and elasticity, and adapts to the
processes in the wood. Vapour-permeable coatings allow the diffusion of water
vapour and, in addition, protection against UV rays prevents pest infestation.
With their penetration into the wood, polymers certainly prevent the capillary
rise of water in the wood but do not contribute to the diffusion of water vapour
or the regulation of the moisture balance in the wood [Jirovš-Rajković, Turkulin
2002].
It has been found that darker pigmented coatings and coatings which do not
have a water-soluble base better protect wood from UV rays and better prevent
wood humidity oscillations than transparent coatings. Coatings that penetrate
into the wood protect it against moisture less efficiently than coatings that make
a film on the surface of the wood. [Hrastnik, Tišler 2006]. On the other hand, an
incorrectly applied surface coating can accelerate the infection of wood with
fungi. Despot and Glavaš [1999] found major infections of fungi in samples
treated with alkyd coating, which were believed to be due to the poor vapour
permeability of the translucent coatings.
In the renovation work presented in this paper, constructional protection
stopped or at least slowed down further degradation of the monument, improved
the conservation conditions and restored its original appearance. In order to
achieve the aims of the project, innovative solutions for the constructional
protection and stabilisation of the monument had to be developed, which could
act as a model for the arrangement of similar cultural objects in the open air.

138

Renata PAMIĆ, Franc POHLEVEN

Materials and methods
Material

The monument of solid oak wood (Quercus sp.) has an octagonal ground plan
and is situated in the World War II cemetery in Radomlje. The monument was
made in 1960. In 1981, when the cemetery was rearranged, the monument base,
made from masonry units, was replaced with a concrete base and later, in 2006,
with a granite pedestal. The monument is 600 cm tall, with a bottom diameter of
60 cm and is set on a granite pedestal 100 × 100 × 60 cm. The monument is
protected at the top by a copper cover. The monument is decorated with
a surface coating of angled rhombi painted in gold bronze. The monument is
secured to a stone base using an iron ring with vertical slats bolted in place using
bolts measuring 13 × 1 cm.
The following materials were used in the renovation:
• Oak wood (oak prisms and wedges, dowels with a diameter of 1 cm, oak
bushings with a diameter of 5 cm, height 15 cm of Slovenian origin, from
the Švelc sawmill, Kranj.
• Inox tube with a diameter of 7.5/4 cm, type AISI 304L, M20 inox bolts and
inserts (bushings) with a diameter of 3 cm, height 10.5 cm, with an internal
thread of 10 cm in height, from the Spanish manufacturer TTI – Tubacex
tubos inoxidables, Llodio (Alava).
• Silvanolin – a biocidal product for wood protection from the Slovenian
manufacturer Silvaprodukt, Ljubljana, Slovenia.
• Epoxy resin for the injection of Kemapox Fill 1000 (A/B component) with an
additive for increasing thixotropy (microsilica), Kemapox Dens SM, from the
Slovenian manufacturer Kema Puconci.
• Araldite 427 (epoxide) from the Swiss manufacturer CIBA-BASF Schweiz
AG.
• 1 cm alkali resistant (AR) glass fibres from the French multinational
corporation Saint-Gobain Vetrotex.
• Wood flour from the Slovenian company Samson Kamnik.
• Glass roving fabric RT500, 0.065 cm thick, from the Croatian manufacturer
Kelteks, Karlovac.
• Paraloid B-72 granulate from the US manufacturer Rohm and Haas,
a 15% solution of Paraloid B-72 ethyl acetate (from the Slovenian
manufacturer, Samson Kamnik).
• Vivat oxide black pigment in powder form, bronze in powder form – Sirius
Pigment Pearl – Zlati antik, from the Slovenian manufacturer Samson
Kamnik.
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• Urethane glue (PU) – two-component polyurethane foam, 2K Schaum, from
the Austrian manufacturer Pichler Chemie GmbH, Ehrenhausen.
• Novilon – polyamide plastic produced by Akripol, Trebnje, Slovenia.
• Plastic (PVC) protective mesh produced by Weber Saint-Gobain, Grosuplje,
Slovenia.
Methods

Interventions on the monument were divided into the following procedures:
1. Documentation and recording of damage on monument
The cultural and artistic significance of the monument was established using
the historical method. Sources and project documentation were examined and
the causal-consequential relationship between the previous stabilization
methods and damage to the monument were established using analytical and
comparative methods. The previous method of fastening had led to
comparable damage to the monument. In the phase of recording, the
following were carried out: a visual inspection, documentation, register of
damage and basic measurements of the monument.
2. Realization of constructional and chemical protection
Constructional protection was carried out promptly and consistently at points
where there was an inflow of water and wherever wood decay would occur
due to moisture. The rotten parts in the zones of the previous fixation
elements, as well as the weak points, were impregnated with Silvanolin.
3. Anticorrosion and surface protection of the monument
Removing the old fastening system, coating the cleaned metal parts, the use
of rustproof load-bearing and protective materials, and dilatation between
materials prevented further corrosion processes. The monument`s aesthetic
appearance was restored using surface colour coatings.
4. Static verification of the installation of the monument
The innovative concept of the installation of the monument was based on
deepening the monument boring, static calculation of the system of loadbearing bolts and a lengthened supporting mandrel, lifting, and dilatation of
the monument from the stone base. In calculating the static model, D30 oak
wood and S 235 structural steel were considered. The static calculation was
made according to the standard Eurocode 5 [EN 1995-1-1: 2004].
5. Setting of the monument
A specific base with bolts, which can be set and regulated, ensuring a firm
support, and enable the centring and monitoring of the position of the
monument, was developed and constructed.
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Results and discussion
Analysis of damage

Once the monument was taken down, it was examined in detail and the damage
to it documented. The monument was protected by a copper cover, which had
caused galvanic corrosion where the metal came in contact with the wood.
Flaking, dislodged wooden inserts and rotten wood were documented over the
entire surface coating. The multi-layered decorative coatings were cracked and
photo-degraded (fig. 1). Cracks, wooden inserts and rotten parts were visible
where water had flowed into the wood. The greatest damage was found in the
lower part of the monument, in the area of screwing, where radial cracks
extended to the bore (fig. 2).

Fig. 1. Detail of photo-degraded
surface and rotten area

Fig. 2. Damage to monument due to
the fastening system

A 10 cm bore in the wood was only 50 cm deep and was badly cracked. The
monument was mounted on a metal tube with 9 cm diameter and a height of
50 cm, which was fixed in a granite pedestal and filled with cement mass. The
slats were enclosed within a metal ring which did not allow water to run off,
therefore it accumulated, saturated the bottom of the monument and caused
intense rotting.
At the points where the ring was screwed in place, pronounced tearing of the
wood fibres and, to a height of 200 cm, radial and longitudinal cracks of up to
10 cm deep in the direction of the wood fibres were found. Brown rot and white
rot, slightly higher above the screws, were found. On account of this, the lower
section of the monument was severely damaged.
Due to the inadequate fastening, as well as biotic and abiotic factors, the
monument was in an extremely bad condition. The short mandrel and loose
screwing points could no longer ensure the bearing capacity of the monument. A
new, innovative installation and integrated remediation of the monument was
therefore planned.
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Constructional and chemical protection

The copper cover, corroded bearing ring and bolts were removed from the top of
the monument. After cleaning, aeration between the ring and wood and between
the ring and the copper cover was assured using spacers, and the openings were
protected against insects with a plastic mesh.
The fillings and colour coatings were removed from the surface of the
monument. The surface, particularly the fillings, were sanded and levelled to the
desired form. The wood humidity was 16%. The wood was chemically protected
with Silvanolin, in such a way that the rotten parts, cracks and fillings were
repeatedly permeated by dowsing, spraying and coating. The wood was then
dried for one week. After drying, the wood humidity was 19%.
The filling places (deepening, niches) and wooden inserts were cut in the
direction of the water outflow and reinforced with dowels and urethane glue (fig.
3). The rotten parts were filled with epoxy binder with added wood flour and AR
glass fibres. The rotten parts not suitable for the insertion of wooden implants
were thoroughly cleaned and strengthened with dowels and Paraloid B-72. In the
open parts of the damage, unbound dry wood flour was scattered and the
remaining volume was filled with Araldite. When the epoxy mass hardened, the
residue of unbound wood flour was blown out through a water drainage duct,
drilled at the lowest point of damage. The opening was covered with stainless
steel wire wool, allowing drainage and aeration but, at the same time, preventing
access for insects (fig. 4).

Fig. 3. Insert of new oak wood

Fig. 4. Reinforcement of rotten parts
with dowels and epoxy mass

The rotten wood at the site of the previous bolting was removed with
a joiner's chisel, the areas were impregnated with Silvanolin and substitutive
glued oak prisms measuring 35 × 10 × 10 cm were inserted. The peripheral part
of the monument was structurally remediated so that, with the new concept of
installation, it could bear the static load. The wood was drilled around the
perimeter at a width of 10 cm and to a depth of 40 cm. It was then impregnated
with Silvanolin and oak dowels were inserted using urethane adhesive (fig. 5).
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The weakened zone of major radial cracks was fastened together with four
butterfly wedges of glued oak wood and additionally secured against extraction.
The cracks were cleaned beforehand, cleared by blowing and then impregnated
with Silvanolin. In order to prevent the accumulation and retention of water
above the wedges, drainage of the main cracks was provided through the
wedges. The wedges were glued with urethane glue only at the sides and, on the
edge above, the upper surface of the wedges was hollowed out into a funnel-like
shape towards the centre, where a hole of 0.8 cm in diameter was drilled and
covered with a mesh against insects. At a distance of 1.5 cm from the perimeter,
a drip chamfer was also carved on the lower surface of the monument (fig. 6).

Fig. 5. Reinforcement of lower part of
monument with oak dowels and prisms
inserted with urethane adhesive

Fig. 6. Arrangement to stainless
steel inserts with an internal
thread. Drainage of main cracks
through wedges

Water retention was prevented and, at the same time, aeration of the major
cracks was enabled by providing drainage above the lower remediated part of
the monument. Oblique ducts with a 0.8 cm diameter were added on four sides
of the monument. The exposed portions of the ducts were deepened, cut in the
lower section in the direction of the water outflow, and covered with mesh.
The constructional solutions applied functionally should protect the wood
against moisture and should allow water drainage and aeration of the critical
points.
This was followed by surface treatment of the monument. 7% diluted
Paraloid B-72 was applied on the cleaned surfaces of the monument thus
strengthening the monument, and a bonding layer for subsequent coatings
prepared. The sunken parts of the surface were coated several times with 15%
diluted Paraloid B-72 with added inorganic pigments and bronze powder. Other
surfaces were coated with Paraloid B-72 with added brown and black UV-stable
pigment in powder form. The monument's distinctive decorative appearance was
thus restored.
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Installation of the monument

An innovative installation system was developed. By increasing the depth of the
boring of the monument by 50 cm to 130 cm, incorporating a longer supporting
mandrel (tube) and supports with threaded bolts, the monument was raised from
the pedestal by 5 cm, which enabled drainage, aeration, cleaning, centring and
monitoring of the basic, most burdened part of the monument
During preparation of the pedestal for installation of the new mandrel (tube),
previous elements of the external fixation, which spoiled the aesthetic
appearance of the monument, were eliminated. In order to prevent destruction of
the pedestal, part of the old tube in the granite pedestal was retained, the
concrete filler and rust were removed from it and the tube was corrosion
protected. A new stainless tube with a diameter of 7.5/4 cm was inserted into the
old tube, centred, and the gap between the tube and pedestal was filled with the
two component, highly adhesive, low viscous epoxy resin Kemapox Fill 1000.
For drainage and aeration of both the tube and the boring, a 0.8 cm hole was
drilled in the tube just above the pedestal and a spacer was welded onto the
upper edge of the tube. A mesh against insects was placed in the upper part of
the tube and in the small hole.
Dilatation of the areas of contact between the metal and the pedestal was
performed to prevent corrosion processes. Novilon rubber caps, 4 cm in diameter
and 0.8 cm thick, were placed on the adjustable bolts. The cap was held with the
deeper part in the correct position, thus preventing direct contact between the
bolts and granite and, at the same time, acting as a vibration absorber.
In case of dimensional instability and of smaller movements, the load was
distributed evenly among the circumferential bearing bolts, helping to easing the
tensions in the wood. The bearing tube was fixed at the base but not in the upper
section, to allow the wood to react to external impact (fig. 7).

Fig. 7. New inox tube
fixed at the base

Fig. 8. Adjustable supporting
elements of the monument
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Since the new tube, with a height of 195 cm (135 cm above the pedestal and
60 cm in the pedestal) was sufficient to bear 60% of the load, eight M20 bolts
were inserted on the periphery of the monument, to bear the remaining 40% of
the load. They were bolted into stainless steel inserts with an internal thread.
Each insert had a diameter of 3 cm and height of 10.5 cm, with a thread depth of
10 cm. The inserts with bolts were installed in a radius of 20 cm, 4 in
replacement oak prisms in the original mounting points, and 4 in special oak
bushings with a diameter of 5 cm and a height of 15 cm (fig. 8).
The bearing strength of the monument was checked by the static calculation
of the system of load bearing bolts and the lengthened supporting mandrel
attached to the stone base.
Monitoring the monument
After installing the obelisk on the pedestal, the bolts were set and tightened in
such a way that the obelisk was supported by all the peripheral bolts and
carefully centred. Due to the expected dimensional instability of the wood and
the effect of the wind, occasional monitoring of the settings of the bolts and the
state of the dilatation caps, meshes and top cover, as well as the condition of
coatings, was envisaged.
Monitoring the condition of the monument in future is important for the
timely planning of necessary interventions, however monitoring public
monuments is very difficult, because the monuments are on different locations,
not equipped with infrastructure and there is a
lack of personnel.
Nevertheless, occasional monitoring of the
fastening system, surface coatings, drainage
holes and other parts of monument is
envisaged, which will show whether the
restoration of the monument has implemented
preventive constructional measures to a
sufficient extent or these should be upgraded
during further maintenance interventions.
Measurement of the moisture content of the
monument several times a year is also
envisaged.
The innovative and statically-verified loadbearing system applied helps shape the
architectural appearance of the monument and,
at the same time, enables protection through
Fig. 9. Monument after
restoration
construction (fig. 9).
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Maintenance and possible problems in the future

Since the monument is erected in the open air, it is difficult to predict how
unforeseen weather conditions will affect the obelisk in the future.
Due to the natural resistance of oak wood according to EN 350-2 [1994] and
the constructional measures applied, it is possible to argue that, under normal
climatic conditions and constant load, its service life is guaranteed for a long
time. Due to exposure to the weather and dimensional instability processes in the
wood, changes in the decoration and small cracks can be expected over time but
these are manageable with regular annual maintenance and the renewal of
vapour permeable surface coatings.
The renovation raises the question of a possible repetition of the restoration
procedures and the reversibility of the materials, as advocated by Schmidt
[2006]. Materials with tested properties were certainly added to the wood but
their influence on the processes in the wood, and how they respond over the long
term to changes in humidity and temperature in this specific case is not known.
During possible repeat renovation, the question will arise of whether this
particular solution should be changed or even removed. It is thought that this is
unlikely as the renovation was carried out with great care. If the wood needs to
be replaced in future due to heavy wear, the new solution allows the fastening
system to be kept and enable the installation of monument in the same manner
without damage to the system.
The procedures of constructional protection applied are technically
repeatable, however it is considered that maintenance interventions should be
adapted to the state of the obelisk and that new materials and procedures should
perhaps be used. In the event of damage, some of the solutions are repeatable
and maintenance work such as cleaning the cover and meshes, clearing the
drainage channels by blowing, the installation of new meshes, the replacement
of bolts and washers and the renewal of coatings do not require disassembly of
the monument.
Another dilemma concerns the regularity of the application and knowledge
of the materials used [Russell 2002]. During the restoration, much was learned
about the monument and this was documented, as suggested by Morris [2013].
All the planned measures of constructional and chemical protection were carried
out, although the effects will have to be monitored occasionally.
The innovative solutions developed will contribute to better preservation of
similar cultural and historical monuments, therefore the study is essential for the
development of restoration in general.
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Conclusions
Due to incorrect fastening, the six-metre tall wooden monument in Radomlje
was at risk of collapse. Incorrect interventions in the past had spoiled its
appearance and it had been exposed to moisture. It is believed that the possibility
of further degradation has been reduced by providing the monument with
improved protection against the harmful conditions to which it will be exposed
in the future.
The innovative and statically-verified load-bearing system applied helps
shape the architectural appearance of the monument and, at the same time,
enables protection though construction.
Technical measures, such as covering, cutting wood in the direction of
rainfall, drainage, aeration, raising the monument from the ground at the
pedestal, preventing prolonged retention of water in the timber and permitting
rapid water drainage and drying of wood surfaces, are so important to obtain the
monument durability.
In the process of the restoration of the monument, deficiencies were
eliminated and the installation used should ensure the stability and service life of
the monument, while allowing regular monitoring and regulation of the situation
and simple maintenance work. The daring construction solutions have restored
the original architectural appearance of the monument and thereby helped
maintain its cultural-historical mission.
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