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Québec City, September 24-26, 2007 

Preface 

The idea to hold an international scientific conference on hardwood processing was first raised in a 

working group meeting about cooperation among IVALSA (Italy), CTBA (France) and FPInnovations-

Forintek Division (Canada) held in Florence, Italy in April 2006. All the participants agreed that the 

hardwood scientific community working on entire production chain should network to better enhance 

research cooperation and more exchange of knowledge and expertise.  

FPInnovations-Forintek Division agreed to organize this first conference, in collaboration with IVALSA 

and FCBA (formerly CTBA), being held in Québec City in September 2007. Sessions were selected so as 

to include as many research scientists as possible and also to raise interest from professional associations 

and industry. The themes are: Product Development, Performance Assessment & Testing; Finishing; 

Supply Chain Management; Optimisation & Process; Markets; and Responsible Business Practices. 

Private and governmental partners have given their financial support to make this event a reality. 

FCBA will organize the second conference which will be held in Bordeaux, France two years from now. 

Mark your agenda and do not hesitate to invite your colleagues to join us to ensure a high quality 

conference on hardwood processing and hardwood products. 

All the papers presented at this conference have been reviewed by an international peer committee. These 

are included as informative material only and do not at any time or by any means constitute an 

endorsement of any process, product or machine described or mentioned.    

The success of the conference is now in the hands of our speakers.  

Welcome to Québec City and we hope you enjoy your stay, you will surely appreciate the bright and 

beautiful autumn colors of the hardwood trees. 

Pierre Blanchet 

Editor 
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Session: Markets 

Québec City, September 24-26, 2007 

Trends in tropical timber production and trade, 2005-2007 
Steve Johnson
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1. ITTO, Yokohama, Japan 

ABSTRACT 

• For International Tropical Timber Organization (ITTO) producer countries as a whole, forest coverage 
declined from 52.7% of total land area in 1985 to 46.4% in 2005 primarily as a result of agricultural 
expansion. 

• Softwood exports from tropical countries to advanced economies remain marginal, although pine 
plantations have grown strongly and steadily and will play a key role in the future as many countries 
(especially in Asia) restrict production from natural forests. 

• Public procurement policies have entered into effect in many EU countries such as France, the largest 
EU log and veneer importer, where from 2007 50% of public procurement of timber is to be sourced from 
certified tropical forests, rising to 100% by 2010. 

• Malaysia is still by far the largest exporter of all tropical primary timber products, dominating the export 
of logs (41.2% market share 2007 forecast) and veneer (33% market share 2007 forecast). 

• Chinese exports of tropical plywood have grown strongly over the last three years (from 0.7 million m3 
in 2004 to a forecasted 1.3 million m3 in 2007) due to its booming plywood industry. 

• China is by far the largest importer of tropical logs and sawnwood, although Chinese tropical log 
imports have decreased slightly over the last three years (from 7.3 million m3 in 2004-2005 to a forecasted 
6.5 million m3 in 2007) as supplies tighten and Russian softwood log imports continue to increase. 

• Decreasing exports from many tropical countries, together with a global economic expansion and 
improved consumer confidence in many markets, led prices for a majority of primary tropical timber 
products to finish strengthened in 2006 or at least equal to their levels at the end of 2005.  

• Brazilian suppliers of softwood plywood, still exporting half of their production to the United States 
despite an 8% import tax and an unfavourable exchange rate, are increasing exports to the EU and favouring 
domestic markets boosted by a flourishing construction sector. 

• Secondary processed wood products exports from tropical countries exceeded $10 billion in 2005 for the 
first time, 5% more than the value of primary products and are forecast to continue growing because of 
competitive prices and labour costs, excellent timber quality and supportive policies. 

• As only 5% of forests certified for sustainable forest management are in tropical developing countries, 
most tropical countries are having difficulty accessing markets demanding certified wood products. 

Introduction 

This analysis of tropical timber market trends is 
based on the 2006 Annual Review and Assessment 
of the World Timber Situation and bi-weekly 
Market Information Service (MIS) reports 
produced by the International Tropical Timber 
Organization (ITTO). Where possible, 
information for 2005, 2006 and 2007 (ITTO 
Secretariat forecasts) has been included. ITTO 

categorizes its 60 member countries 1  into 
33 producers (predominantly tropical countries 
split into the three tropical regions of Africa, Asia 
and Latin America) and 27 consumers 
(predominantly non-tropical countries), which 
together constitute 95% of all tropical timber 
trade and over 80% of tropical forest area. Poland 
joined ITTO in 2007, with the rest of the new 
(since 2005) EU countries set to follow suit soon. 

                                                      
1 ITTO member countries available at: 

http://www.itto.or.jp/live/PageDisplayHandler?pageId=2
33&id=224 

3



For a complete analysis of trends in the 
production, consumption and trade of primary and 
secondary tropical timber products in relation to 
global timber trends, see ITTO’s Annual Review 
and Assessment of the World Timber Situation – 
2006, available on www.itto.or.jp. 

Tropical forests and plantations 

In all three ITTO producer regions, forest cover 
has been declining since the inception of ITTO in 
the mid-1980s: in Africa, from 49.3% of total land 
area in 1985 to 44.2% in 2005; in Asia, from 
41.4% in 1985 to 35.4% in 2005; and in Latin 
America from 59.4% in 1985 to 52.4% in 2005 
(Figure 1). For ITTO producer countries as a 
whole, the decline was from 52.7% in 1985 to 
46.4% in 2005. Forest degradation was not 
measured, and in the case of natural forests, 
deterioration could progress far from pristine 
conditions before forest cover loss would be 
recorded. Forest loss is due principally to 
conversion to agricultural crops such as soya and 
oil palm, while degradation arises from factors 
such as fires and illegal logging. While the total 
area of tropical forest loss continues to increase, 
FAO’s recent Forest Resource Assessment (FAO, 
2006) found that in most countries, the rate of loss 
is decelerating.  

The movement to establish tree plantations in 
tropical countries, progressing rapidly in recent 
years, was feared to carry risks that natural 
tropical forests might be cleared to make way for 
plantations. However, most plantations in the 
tropics have been established on already 
deforested or degraded land. Plantations have 
grown by more than a quarter in Asian producer 
countries, jumping from 10.4 million ha in 1990 
to 12.9 million ha in 2005. Despite almost 
doubling between 1990 and 2005, African 
producers’ plantation area remains small – 
583,700 ha in 1990, growing to 972,000 ha in 
2005. Plantations have also grown steadily in 
Latin America, from 6.1 million ha in 1990 to 
7.7 million ha in 2005. In some countries (e.g. 
Brazil) a majority of timber exports are now 
sourced from plantations. 

30%
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Source: FAO, 2006 and ITTO, 2007c. 

Figure 1 Forest cover, ITTO producers, 1980–

2005 

According to a recent ITTO study, timber 
plantations (hardwood and softwood) in the 
tropics (including large areas in tropical China 
and Australia)) are estimated to cover 
67 million ha, of which 10% to 15% are of 
softwood species, primarily pines. About 80% of 
tropical plantations are in the Asia-Pacific region, 
13% in Latin America-Caribbean and only 7% in 
Africa.  

Although the vast majority of timber production 
in the tropics is hardwoods, softwoods (natural 
and plantation forest based) are playing an 
increasing role in some countries/regions, with the 
exception of Africa. ITTO African producers 
report almost no softwood primary products 
production. Non-ITTO African tropical countries 
reported an estimated production of 3 million m3 
of softwood industrial roundwood (most of it 
produced in Zimbabwe, Kenya, Tanzania) in 
2005. They exported only a negligible quantity of 
softwood logs to the world (an estimated 
21,250 m3 in 2005) and only slightly higher 
amounts of the sawnwood which was the main 
product arising from these softwood logs. Most of 
this trade was inter-African.  

In Latin America, the 13 ITTO producers reported 
a production of 53 million m3 of softwood logs in 
2005 (of an estimated total production of 
54 million m3 from tropical America). Log 
production boomed over the last five years, with 
an annual increase of 5%. Brazil accounted for 
83% of this production, mainly from its large pine 
plantations located in the non-tropical south of the 
country. It is not possible to disaggregate Brazil’s 
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tropical and non-tropical softwood timber 
production and trade. Only 100,000 m3 of 
softwood logs were exported from Latin America 
at an average price of $52/m3. The remaining logs 
were locally processed into softwood sawnwood, 
with Brazil and Mexico accounting for 90% of the 
12.5 million m3 produced in 2005. Exports of 
sawn softwood by Latin American producers have 
decreased over the last four years (from 
2.8 million m3 in 2002 to a forecasted 959,000 m3 
in 2006) as a result of increased domestic 
consumption. Most sawn softwood is still 
exported to the US (75% for Brazil and 95% for 
Mexico). The slowing US housing market over 
the last four years has resulted in lower demand 
for sawn softwood (US sawn softwood imports 
decreased from 1.6 million m3 in 2002 to 
1.3 million m3 in 2006), while non-tropical 
competitors such as Chile have increasingly 
focused on the US market. On the other hand, 
flourishing construction sectors in Mexico and 
Brazil have boosted domestic consumption of 
sawnwood, especially in Mexico where $3.7 
billion was invested over the last four years in 
diverse projects of housing, and urban 
development.  

Latin American softwood plywood production 
almost doubled between 2002 and 2006 (jumping 
from 1.7 million m3 to 3.2 million m3, 90% from 
Brazil). Exports have remained stable at around 
1 million m3 over this period. Brazil was virtually 
the only exporter of softwood plywood in the 
region. Owing to an 8% US import tax, Brazilian 
producers have diversified their exports to the EU 
(especially the UK, Germany and Belgium), 
which now accounts for 31% of their exports. 
However, despite the import tax, the US market 
still absorbs 50% of Brazilian softwood plywood 
exports.  

Softwood log production almost doubled (from 
3 million m3 to almost 6 million m3) in ITTO 
Asian producer countries from 2002 to 2007. Of 
the major producers, India has had constant 
production of about 3 million m3 over this period, 
while Indonesia and Fiji have been producing 
increasing amounts of softwood logs recently 
(1.8 million m3 and 300,000 m3 respectively in 
2005). Few logs are exported (less than 2,000 m3 
in 2005 for an average price of $143/m3). India 
processes all softwood logs into sawnwood 

(817,000 m3 in 2005) for the domestic market. In 
Indonesia, most softwood logs were processed 
into plywood (714,000 m3 in 2005), which was 
then exported primarily to Saudi Arabia 
(340,000 m3 for $253/m3), Bahrain and Yemen.  

While natural softwood forests play an important 
role in providing species such as pines (e.g. 
Mexico, Honduras and Guatemala) and podocarps 
(e.g. Latin America and Asia) to tropical forest 
industries, it appears likely that softwood 
plantation areas will continue to grow strongly in 
the tropics and play an increasing role in wood 
supply. Many producer countries in the tropics are 
introducing more stringent regulations governing 
exploitation of natural forests, with resulting raw 
material shortages leading some to become large 
importers of wood. For example, by 2014, the 
Government of Indonesia proposes to completely 
forbid the use of timber from natural forests, 
which (even if this measure is only partially 
implemented) implies a need for a greatly 
expanded plantation area (including softwoods) if 
the country’s forest industry is not to be 
decimated. 

Production trends 

Table 1 contains a summary of tropical hardwood 
timber production and trade statistics. 

Table 1 Production and trade of primary 

tropical hardwood timber products, ITTO total, 2005–

2007 (million m
3
) 

 2005 2006 2007f % Change05-06  

Logs 

Production 127.1 140.6 142.5 10.6 
Imports 15.4 15 14.7 -2.5 
Exports 12.7 11.5 11.7 -9.4 

Sawnwood 
Production 42.2 47.7 49.9 13 
Imports 10.7 10.9 11.2 1.8 
Exports 10.7 9.7 9.7 -9 

Veneer 

Production 3.4 3.5 3.6 2.9 
Imports 1.3 1.1 1 -15.3 
Exports 1.1 1.1 1.1 0 

Plywood 
Production 20.4 22.5 23 10.2 
Imports 9.8 8.4 8.7 -14.2 
Exports 9.8 10.4 10.5 6.1 

 
Notes: Total of producer and consumer countries. f = ITTO 
Secretariat forecasts. 

Source: ITTO, 2007a.  
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Production of tropical industrial roundwood (logs) 
in ITTO countries totalled 127.1 million m3 in 
2005 (125.6 million m3 from producer countries 
and 1.5 million m3 from consumer countries), a 
6.4% decline from 2004. ITTO producers 
represent about 85% of total tropical log 
production in the world, with similar or higher 
ratios for sawnwood, veneer and plywood. The 
largest non-ITTO tropical log producers are 
Vietnam, Uganda, Tanzania, Kenya and Solomon 
Islands. In 2006, tropical log production 
rebounded to 140.6 million m3 (137.3 million m3 
in producer countries, 3.3 million m3 in consumer 
countries), and the 2007 forecast is 
142.5 million m3 (138.7 million m3 in producer 
countries, 3.7 million m3 in consumer countries).  

The rebound in log production in 2006 is largely 
explained by developments in Indonesia. In 2005, 
the Government drastically reduced its allowable 
cut, generating a raw materials shortage for its 
entire forestry industry. Indonesian log production 
decreased by 22% and many wood product 
companies stopped operating, laying off 
employees and creating tremendous social 
problems. The Government appears (at least in 
practice) to have relaxed the allowable cut limit in 
2006, leading to a strong rebound in log 
production (from an estimated 18 million m3 in 
2005 to an ITTO estimated 26 million m3 in 
2006). Other observers estimate even higher 
production, as high as 47 million m3. Log 
production in Indonesia is difficult to estimate 
owing to weak statistical infrastructure and high 
levels of illegal logging. African producers 
increased their log production by 6% in 2005 
(mainly as a result of increases in Gabon and 
Cameroon) while Latin America decreased 
production by 7%.  

Tropical sawnwood production by ITTO 
countries totalled over 42.2 million m3 in 2005 
(41 million m3 in producer countries and 
1.2 million m3 in consumer countries), a 4.5% 
increase from 2004. In 2006 sawnwood 
production jumped 13% to 47.7 million m3 
(45.4 million m3 in producer countries and 
2.2 million m3 in consumer countries), mainly 
because of an estimated rebound in Indonesian 
production. Sawnwood production is forecast to 
increase to 49.9 million m3 in 2007.  

Tropical hardwood veneer production in ITTO 
countries held steady at 3.4 million m3 in 2005 
(2.6 million m3 from producer countries and 
0.8 million m3 from consumer countries). 
Production grew by 2.9% to 3.5 million m3 in 
2006 (2.7 million m3 from producer countries and 
0.8 million m3 from consumer countries) and is 
forecasted to grow another 1% to 3.6 million m3 
in 2007.  

Tropical plywood production remained stable in 
2005 at 20.4 million m3 (14.3 million m3 in 
producer countries and 6.1 million m3 in 
consumer countries), jumped by 10.2% to 
22.5 million m3 in 2006 (16.1 million m3 in 
producer countries, 6.3 million m3 in consumer 
countries), and is forecast at 23 million m3 for 
2007. The jump in production in 2006 was mainly 
due to estimated increases in Indonesia. Because 
of its strong impact on tropical timber markets, 
ITTO is working closely with the Indonesian 
authorities to obtain reliable estimates of its 
production and trade of timber products. 

Export trends 

Exports of tropical hardwood logs were nearly 
12.7 million m3 in 2005 (12.6 million m3 from 
producer countries and 0.1 million m3 from 
consumer countries) a 1.5% increase from 2004. 
In 2006, exports were down 9.7% to 
11.5 million m3 (11.5 million m3 from producer 
countries, 0.08 million m3 from consumer 
countries) with a forecast increase of 1.3% to 
11.7 million m3 in 2007. Most of the 2006 drop 
was due to an 18% decrease in Malaysia’s exports 
under a new domestic policy. Malaysia’s 
exportable log surplus is likely to decline further 
in the future, as more logs will be domestically 
processed into value-added timber products. The 
top four exporters have combined to account for 
about 83% of total ITTO exports in recent years 
(Figure 2). 
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Figure 2 Major tropical hardwood log 

exporters, 2004–2007 

The proportion of logs exported from Latin 
America and Asia in relation to the volumes 
processed in these regions is low (almost nil for 
Latin America and less than 10% in Asia), 
whereas Africa continues to export a higher 
proportion of unprocessed logs. However, the 
volume of log exports from Africa has been 
falling in recent years (from over 40% of 
production in the mid-1990s to under 20% today) 
and there is now a clear trend towards expanding 
processing capacity in Africa at the expense of log 
exports. 

Tropical hardwood sawnwood exports rose 5.1% 
to 10.7 million m3 in 2005 (10.1 million m3 from 
producer countries, 0.5 million m3 from consumer 
countries) but fell back to 9.7 million m3 in 2006 
(9.3 million m3 from producer countries, 
0.4 million m3 from consumer countries), where 
they are forecast to remain in 2007. The decline in 
2006 was attributable for the most part to a drop 
in Thailand’s (-22%) and Malaysia’s (-12%) 
exports of tropical sawnwood. This was 
attributable for the most part to strong domestic 
consumption in both countries, boosted by their 
growing construction sectors. Among the major 
tropical sawnwood exporters, Malaysia and 
Indonesia account for about half of total ITTO 
exports (Figure 3). 
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Figure 3 Major tropical hardwood sawnwood 

exporters, 2004–07 

Tropical hardwood veneer exports increased 7.1% 
in 2005 to 1.1 million m3 (1 million m3 from 
producer countries, 0.1 million m3 from consumer 
countries), stabilizing at this level in 2006 and in 
2007. The top five veneer exporters account for 
three quarters of total ITTO exports, with 
Malaysia alone accounting for one third 
(Figure 4).  

Tropical hardwood plywood exports increased by 
1% in 2005 to 9.8 million m3 (8.3 million m3 from 
producer countries, 1.5 million m3 from consumer 
countries), rose 6.1% to 10.4 million m3 in 2006 
(8.7 million m3 from producer countries, 
1.7 million m3 from consumer countries) and are 
expected to ease up by 1% in 2007 to 
10.5 million m3. Plywood exports were boosted in 
2006 partly by China, which has been expanding 
its share of many markets owing to quality 
improvements. Indonesian and Malaysian exports 
also expanded in 2006 and now account for over 
three quarters of total ITTO exports (Figure 5). 
Chinese plywood exports have been growing 
strongly, however, almost doubling from 
0.7 million m3 in 2004 to a forecasted 
1.3 million m3 in 2007. Chinese exports initially 
comprised mainly okoume plywood from 
imported African logs, but more recently China’s 
mix of at least partially tropical export panel 
products has broadened to include a variety of 
combinations of different cores (often China-
grown poplar) overlaid with face veneers of 
tropical woods such as bintangor or meranti. 
Chinese plywood products are comparatively 
lighter and cheaper than Southeast Asian products 
and their quality has improved noticeably in 
recent years. Interest in China’s plywood products 
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is rising in many markets as demand outstrips 
available supplies from Southeast Asia. 
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Figure 4 Major tropical hardwood veneer 

exporters, 2004–2007 
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Figure 5 Major tropical hardwood plywood 

exporters, 2004–2007 

Import trends 

Imports of tropical hardwood logs stabilized in 
2004 and 2005 at 15.4 million m3 (4.1 million m3 
by producer countries, 11.3 million m3 by 
consumer countries) but declined by 2.5% in 2006 
to 15 million m3 (4.3 million m3 to producer 
countries, 10.6 million m3 to consumer countries), 
with a 2007 forecast of less than 14.7 million m3 

(Figure 6). Chinese tropical logs imports 
accounted for almost half of all ITTO members’ 
tropical log imports at their peak in 2004-2005 
before declining in the last two years. China’s 
tropical log imports rose very steeply from the 
mid-1990s to their 2004 peak, with Malaysia, 
Papua New Guinea, Gabon, Myanmar and Congo 
the main sources. China’s imports of non-tropical 
logs (hardwood and softwood) are huge and still 
growing, with Russia the main supplier. China’s 
total log imports from all sources reached 

31 million m3 in 2006, exceeding by far those of 
all other countries, and are projected to rise 
further in 2007, to almost 33 million m3.  
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Figure 6 Major tropical hardwood log 

importers, 2004-2007 

Imports of tropical hardwood sawnwood 
decreased by 1.8% in 2005 to 10.7 million m3 

(3.3 million m3 to producer countries, 
7.4 million m3 to consumer countries) but 
rebounded by 1.8% to 10.9 million m3 in 2006 
(3.6 million m3 to producer countries, 
7.2 million m3 to consumer countries). A 2.7% 
increase to 11.2 million m3 is forecast for 2007 
(Figure 7). China, despite recent decreases, still 
accounts for about a quarter of total ITTO 
imports. 
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Figure 7 Major tropical hardwood sawnwood 

importers, 2004-07 

Total ITTO tropical hardwood veneer imports 
increased by 1.5% to 1.3 million m3 in 2005 
(0.36 million m3 to producer countries, 
0.94 million m3 to consumer countries), slumped 
by 15.3% to only 1.1 million m3 in 2006 
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(0.26 million m3 to producer countries, 
0.84 million m3 to consumer countries) and are 
forecast at 1 million m3 for 2007 (Figure 8). The 
drop in veneer imports was partially the result of 
the Government of Korea’s imposition of higher 
taxes on those owning more than one house in 
2005. The aim was to stabilize the continuous rise 
of house prices. The new tax has had a dampening 
effect on the housing and interior sectors and thus 
on veneer demand in this former number one 
importer. 
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Figure 8 Major tropical hardwood veneer 

importers, 2004-2007 

Total ITTO imports of tropical hardwood 
plywood declined by 10.5% to 9.8 million m3 in 
2005 (0.4 million m3 to producer countries, 
9.4 million m3 to consumer countries) and 
continued falling to 8.4 million m3 in 2006 
(0.4 million m3 to producer countries, 
8 million m3 to consumer countries) (Figure 9). 
This decrease in plywood imports was mainly due 
to the combined effect of plunging Japanese and 
Chinese imports (down 12% and 14% 
respectively in 2006). China’s booming plywood 
industry has been producing more panels for the 
domestic market and for export from imported 
and domestic log supplies and therefore needs to 
import less, while the Japanese economy and 
building sector have remained subdued. A modest 
rebound in plywood imports to 8.7 million m3 is 
forecast for 2007.  

Japan remains in number-one position among all 
ITTO importers of tropical plywood, despite the 
declining trend noted above. Japan’s imports will, 
however, continue declining owing to its slow 

economy, declining population and its progressive 
substitution of temperate and boreal conifers for 
tropical hardwoods, both in imports of plywood 
panels as such, and in the raw material feedstock 
for its shrinking primary wood-processing 
industries. 
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Figure 9 Major tropical hardwood plywood 

importers, 2004-2007 

In 2007, public procurement policies for timber 
began to be implemented in many European 
countries such as Denmark, France and the UK, 
while other countries (e.g. Japan) continued the 
development of such schemes. France is by far the 
largest European importer of tropical logs 
(accounting for 40% of total EU imports in 2006) 
and is also the largest EU tropical veneer importer 
(26% in 2006). From 2007, 50% of French public 
timber procurement is to come from certified 
forests, and by 2010 this share is to be increased 
to 100%. It is estimated that public procurement 
accounts for 25% of the tropical timber imported 
by France. Problems foreseen in implementing the 
scheme include the lack of availability of products 
meeting requirements, the difficulty of correctly 
identifying the origin (temperate or tropical) of 
the products, and the difficulty in monitoring the 
actual effects of the policy. The lack of 
availability of certified tropical wood compared 
with certified temperate wood (only 5% of 
certified forests are in tropical developing 
countries) will likely be disadvantageous to 
tropical wood products seeking access to the 
French market and others like it demanding 
certified wood. Efforts are therefore under way to 
help tropical countries improve sustainable forest 
management (SFM) and report on their progress. 
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In 2006, France cancelled Cameroonian debt 
through a “debt for nature swap”, which calls for 
Cameroon to invest around 20 million euros in 
sustainable forest management. ITTO is also 
active in improving SFM in its member countries 
to allow them to attain credible certification for 
wood products exports. 

Prices 

Prices for a majority of primary tropical timber 
products ended strengthened in 2006 or at least 
equal to their levels at the end of 2005, as exports 
of primary timber products declined, global 
economies expanded and consumer confidence 
improved in many markets. During 2006, African 
log prices mostly held on to gains made the 
previous year, with some species reaching new 
record highs in 2006 (Figure 10). An ongoing 
degree of instability was seen, at least partially as 
a result of exchange rate fluctuations (prices 
sometimes declined in US dollar terms but were 
rising or stable in euros).  
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Figure 10 Tropical hardwood log price trends, 

2004-2007 

The improvement of log prices reflected greater 
demand (including from China and India) some 
continuing disruptions in log supply, and further 
tightening of log export restrictions in the region. 
Several African species are drawing increasing 
attention as substitutes for similar Southeast Asian 
species recently subject not only to rising prices 
but also to some instances of unavailability at 
quoted prices. 

Log prices for some Southeast Asian species rose 
to 10-year and, in certain cases, all-time highs in 

2006, as a result of further tightening of supply, 
heightened by strengthened law enforcement on 
logging operations and restrictions on log exports. 
Tropical log price increases were supported by 
active buyers from major Asian consumer 
countries, with the exception of Japan, where 
there was an increasing willingness to accept 
lower-priced substitutes such as softwoods.  

Prices for sapele, a reddish brown timber from the 
Congo Basin found in countries from Liberia to 
Gabon, went through a cyclical trough in late 
2005 and early 2006, at first seeming to fall from 
the upward trend tracked since 2001. But after 
dipping briefly in early 2006, sapele prices 
ratcheted upward for the remainder of the year. 
Recently sapele prices have shown clear linkages 
with the prices for Asian meranti, an alternative 
red/brown timber, in both rising and falling 
cycles, so it was hardly surprising to see sapele 
shadowing soaring meranti prices in the first half 
of 2007.  

2006 price surges were also seen for keruing and 
meranti, which had already been climbing steadily 
though less dramatically since the end of 2003. 
Prices for keruing and meranti logs rose steadily 
through 2006, reaching nine-year and 13-year 
highs. Both seem poised to go on rising through 
2007. In addition to shortages in Asian producers’ 
log supplies owing to harvesting and export 
restrictions and some extraordinary weather 
episodes, continued strong demand from China 
and India fuelled the upward pressure. Both of 
these large-scale importers are now accepting 
wide ranges of sizes and grades. One result is that 
buyers from Japan have found difficulty 
competing for scarce supplies as they try to source 
larger sizes at exacting grading standards, yet 
wanted to get them at lower prices. 
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Figure 11 Tropical hardwood sawnwood price 

trends, 2004-2007 

Prices for most Asian and African tropical 
sawnwood species were stable or rising in 2006 
(Figure 11). However, there were a few 
exceptions such as obeche sawnwood, which 
moved cyclically, showing firmness through the 
middle and latter parts of 2006 but not testing the 
highs of 2002 and 2004. After reaching historical 
highs in 2005, iroko prices lost some ground in 
2006 mainly owing to exchange rate fluctuations. 
Meranti and seraya sawnwood prices had been 
rising strongly during this period, with meranti 
continuing to post historical highs. Supply 
shortages and scarcity of offers were common in 
2006, not only for traditionally strongly preferred 
sawnwood species such as dark red meranti 
(DRM) but also for others including rubberwood 
sawnwood. 

Prices for Brazilian jatoba sawnwood firmed in 
early 2006 but declined gradually for most of the 
year as US demand slowed. In contrast, Latin 
American mahogany (Swietenia macrophylla) 
sawnwood prices kept reaching fresh record 
levels, driven upwards by harvesting and export 
restrictions linked with controls undertaken to 
meet the requirements of the species’ Appendix II 
CITES listing. CITES is playing an increasing 
role in the tropical timber trade, with all 13 of the 
timber species currently listed in Appendix II of 
tropical origin. Several more tropical species were 
proposed for listing in 2007, including the 
relatively highly valued and widely used Cedrela 
odorata (Spanish cedar), but only one (pau brasil 
or pernambuco) was added to CITES’ 
Appendix II.  

The demand for African mahogany (khaya or 
acajou, one of the continent’s most valuable 
sawnwood export species) has been gaining 
strength and fuelling steady price gains ever since 
2001. The US continued absorbing much of the 
African mahogany marketed, as the restrictions 
noted above curtailed the supply of South 
American mahogany.  
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Figure 12 Tropical plywood price trends, 2004-

2007 

Plywood export prices from all suppliers have 
been on a strong and steady upward track during 
the entire period from 2004 through early 2007 
(Figure 12). Causative factors include scarce 
supply of large diameter peeler logs for plywood 
production, strong demand from North American 
and some European consumers, and problems in 
harvesting and shipping logistics, compounded in 
some cases by extreme weather conditions. 
Malaysia, where plywood mills are 
technologically better equipped, assumed price 
leadership in the market in 2005-2006, after 
overtaking Indonesia as the largest exporter to the 
key Japanese market in 2005. Malaysian exporters 
received another boost in January 2006 with the 
EU’s reduction of its plywood import duty from 
7% to 3.5%, while maintaining its 7% tariff on 
Indonesian and Chinese plywood. Indonesian 
panels have failed to benefit from the same price 
hikes seen in Malaysian panels as buyers have lost 
confidence in the reliability of supply. Several 
Indonesian panel manufacturers have been unable 
to fulfil orders amid mill closures, lay-offs and 
declining exports. Additionally, Indonesia’s 
export ban on logs and rough sawnwood 
introduced an additional level of bureaucracy, 
hindering the operations of legal exporters. Facing 
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declining plywood supply from Indonesia, 
European and Japanese buyers have turned to 
Malaysia to replenish stocks but Malaysian mills 
were recently reported to be producing almost at 
full capacity. This has driven prices further up. In 
late 2006, importing countries began taking a 
second look at Indonesia and further increasing 
imports from China because of worries about the 
tight supply situation in Malaysia.  

The Brazilian plywood sector has been 
undermined by the sustained strengthening of its 
currency, the real, and suspension in the approval 
of forest management plans. The suspension was 
due to a crackdown on illegal logging and to 
institutional changes in the forest authority. The 
plywood sector has been hardest hit by declining 
exports, which led to widespread lay-offs. 
Brazilian exports of pine plywood plunged in the 
first half of 2006 as prices fell in the US and 
Europe and the exchange rate remained 
unfavourable. In the second half of 2006, the 
Brazilian plywood sector was further affected by 
the slowdown in the US housing market. Tropical 
plywood benefited from higher prices owing to 
low supply in foreign markets, although price 
increases for white virola plywood have not been 
as steep as those for Southeast Asian plywood, as 
shown in Figure 12. Brazilian pine softwood has 
lost competitiveness as the product continued to 
face loss of preferential tariff treatments it had 
enjoyed in both North American and European 
markets, as well as strong competition from 
Chinese plywood exporters, particularly on prices.  

Secondary processed wood products 

Exports of secondary processed wood products 
(SPWP) by ITTO producers continued their long-
term upward trend in 2005. ITTO producer 
country exports of these value-added products 
rose by 7.1% in 2005, reaching almost 
$10.3 billion, exceeding the $10 billion mark for 
the first time. The leading producer country 
SPWP exporters in 2005 were Indonesia, 
Malaysia, Brazil, Thailand and Mexico. Each 
earned more than $1 billion from their 2005 
SPWP exports, and all of them increased their 
exports from 2004 levels. Together, these five 
countries accounted for 89% of total ITTO 
producer SPWP exports in 2005. Much of 
Brazil’s export furniture was made from solid 

pine and reconstituted panels from outside the 
tropics – it is impossible to disaggregate tropical 
SPWP from export statistics. 

Japan and the US remained the two largest 
markets for SPWP from ITTO producers, with 
such products making up 31% and 22% of their 
total SPWP markets respectively in 2005. 
However, these shares had declined (from 35% in 
Japan and 25% in the US) since 2000, primarily 
as a result of competition from China, the world’s 
largest SPWP exporter. The US was the main 
partner of ITTO producers in value terms 
($4.8 billion in 2005) and its market continued to 
be the engine driving SPWP (mainly furniture) 
trade, growing almost four-fold in the last decade 
and up by 52% in the five years to 2005. In 2005, 
imports of SPWP by ITTO consumers from ITTO 
producers were worth a record $10.2 billion, 
exceeding the value of their imports of primary 
tropical timber products from these countries by 
almost 5% (Figure 13). 
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Figure 13 Tropical timber trade trends, 1991-

2006 

Reflecting the growing importance of SPWP to 
ITTO members, the 2007 Market Discussion 
(held on 9 May 2007, in conjunction with the 
42nd Session of the International Tropical Timber 
Council in PNG) focused on “Trade in Secondary 
Processed Wood Products (SPWP): Trends and 
Perspectives”. An overview of the SPWP trade 
indicated that Asia (69%) and Latin America 
(31%) were the dominant exporting regions in the 
tropics in 2005. Around 55% of the SPWP 
exports by ITTO producers were furniture. 
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However, producers faced intense competition 
from countries such as Vietnam, Poland and, 
particularly from China, which was the world’s 
largest exporter of almost all SPWP categories in 
2005, except builder’s woodwork. Vietnam, in 
turn, displaced Malaysia in 2005 as the largest 
tropical exporter of furniture. Although ITTO 
producers have made important inroads in SPWP 
trade, they have lost share to these countries in all 
key markets. This is despite the fact that China 
and Vietnam import most of their timber raw 
materials, much of it from tropical countries.  

The discussion identified some prospects for the 
SPWP trade, including:  

producers will continue expansion of exports and 
gain market share at the expense of industrialized 
countries. 

growth will be driven by competitive prices, 
excellent timber quality (primarily from forest 
plantations) and supportive policies, among 
others. 

producers’ trade will remain below its potential 
due primarily to product design deficiencies and 
tariff/non-tariff barriers. 

the recent elimination of furniture import tariffs 
by China will provide opportunities for exports to 
that huge market in spite of the country 
continuing to be a major competitor. 

In addition to rapid growth in value added SPWP 
product exports, several ITTO producer countries 
have also been expanding exports of pulp, paper 
and reconstituted panel products at a similar pace. 
Exports of pulp and paper products from tropical 
countries have increased from around $1 billion in 
1990 to around $6 billion in 2005, while 
reconstituted panel exports (mostly fibreboard) 
have grown from $100 million to close to $1 
billion over the same period. Brazil, Indonesia, 
Malaysia and Thailand account for the majority of 
this trade, which (like many SPWP exports) is 
largely based on plantation rather than natural 
forest resources.  
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ABSTRACT 

Market globalization and free circulation of products and services has created a new competitive 
environment in North America. Canadian furniture manufacturers are now facing competition in their 
traditional markets from countries with significantly lower labour costs, and furniture imports from those 
countries are continuously increasing. The objectives of the present study were to assess what are the 
important attributes that impact the buying decisions of furniture retailers and how they relate to China, 
Canada and the USA as furniture source countries. To address the research questions, a survey of 220 
Canadian furniture retailers was conducted. Retailers stated that an important segment of consumers takes 
the country of origin into account when purchasing wood household furniture, Canada being the favoured 
source country. However, Canada’s performance with regard to important attributes is only slightly 
stronger when compared to China and the USA. Retailers consider accuracy of delivery, finishing quality, 
steadiness of product quality and respect of shipment delays as the most important attributes. Overall, 
retailers note few differences in the performance of the three considered countries as furniture suppliers. 

Introduction 

Studies of the impact of country of origin on 
attitudes toward products have received 
considerable attention in research and media 
outlets. Research has investigated “made in” 
product image concepts at both the consumer 
level (Gaedeke 1973; Halfhill 1980; Narayana 
1981) and the industrial (e.g., purchasing 
managers) level (Nagashima 1977; Chasin and 
Jaffe 1979; Niffenegger et al. 1980; Cattin et al. 
1982). Each study found that such images do 
influence attitudes towards products. In some 
cases, specific countries are perceived to be good 
at producing specific products, such as 
automobiles made in Germany (Halfhill 1980). 
In other cases, when a specific country is 
perceived to be superior across product 
categories, the authors often attribute a halo 
effect (Chasin and Jaffe 1979). Cattin et al. 
(1982), in a cross-cultural study found a 
tendency for respondents to rate their own 
countries highly. Still other studies have found 
that "made in" attitudes toward countries can be 
investigated in general terms without reference 
to specific products or product categories 
(Nagashima 1977). 

The inroads achieved by Chinese manufacturing 
into the USA wood household furniture industry 
are well-documented and widely discussed. 
Given the increasing influence of the Chinese 
economy on global manufacturing in many 
product categories, recent interest in “made in” 
topics has not unexpectedly focused on China. A 
recent article in the Wall Street Journal, for 
example, highlighted a study which found that 
Chinese consumers rated Japan as the best 
country for producing computers, electronic 
goods and automobiles, ahead of the USA and 
China (Brown 2004). The article noted that other 
countries such as the United Kingdom, South 
Korea, and European Union countries are facing 
a perception barrier in China's developing 
markets. It also was recently noted in 
Furniture/Today that Canadian retailers view 
China as a competitive source for moderately 
priced furniture goods while United States 
manufacturers' strength lies in the higher-priced 
niches (Knell 2004). 

A relatively unexplored dimension of the rising 
imports of household furniture into the North 
American market is the perspective of the 
retailer. Retailers play a critical role in the 
supply chain in part because they are in direct 
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contact with consumers and understand 
consumer knowledge of, and demand for, 
domestically produced furniture, or the lack 
thereof. They also have experienced the relative 
strengths and weaknesses of suppliers in 
different source countries. An international 
procurement officer for a major retailer recently 
stated, “The reason practically all home 
furnishings are now made in China factories is 
that they simply are better suppliers. American 
manufacturers aren't even in the same game” 
(Engardio et al. 2004). While such statements 
are sure to generate discussion, it is useful for 
the entire furniture supply chain in North 
America to look deeper into the specific reasons 
why Chinese manufacturers continue to capture 
an increasing share of the North American 
furniture market. 

The success of imported furniture seems to 
indicate that country of origin is not a major 
factor in making a purchase decision. It is less 
clear whether this is a result of indifference or a 
lack of information. Retailers are in a position to 
provide insights into these issues. 

This study sought to determine the perceptions 
and attitudes of Canadian furniture retailers 
toward China, the USA and Canada as 
manufacturing sources for residential furniture, 
and to assess retailer perceptions of consumer 
interest in “country of origin” for furniture 
manufacturing. A better understanding of the 
Canadian retail perspective will assist 
manufacturers as they devise ways to better 
serve their customers in this market and make 
decisions about the role of imports in their 
product lines. 

Methodology 

The present study was conducted in 2006 in 
Canada. The same survey had been undertaken 
with USA retailers a year earlier (Buehlmann et 
al. 2006). The questionnaire developed for the 
USA study had been developed with assistance 
from several persons familiar with furniture 
retailing and manufacturing in Canada and was 
entirely applicable to the Canadian study. It was 
seven pages long and contained the following 
sections: General Information, Your Customers, 
Your Sourcing Decisions and Background 

Information. The 18 attributes chosen for 
measurement of attitudes (located in the Your 
Sourcing Decisions section) were those deemed 
important to retailers' decision-making and those 
that could be altered to enhance the competitive 
position on the part of manufacturers. Attitudes 
toward the manufacturing sources for residential 
furniture were measured using a multi-attribute 
approach similar to the Fishbein model, whereby 
attitudes are based on the summed set of beliefs 
about the sources' attributes weighted by the 
evaluation of those attributes (Engel et al. 1990). 
For beliefs about the manufacturing sources (bi), 
respondents were asked to indicate the degree to 
which they perceived each source to possess 
each attribute using a 5-point scale anchored by 
possess to a small extent and possess to a great 
extent. Respondents were instructed to indicate 
their beliefs for each country across the attributes 
separately (Jaffe and Nebenzahl 1984), i.e., 
complete their responses for China for each 
attribute, then proceed to Canada, and lastly to 
the United States (Europe was originally 
included in the questionnaire between Canada 
and the USA, but as noted below, was removed 
after the pretest). In addition, as a form of 
evaluation (ei), respondents were asked to 
indicate the importance of each attribute to 
furniture sources in general using a 5-point scale 
ranging from not important to critically 
important. Attitudes for each source were then 
given by ∑biei. 

Other questions related to retailers' source 
locations and knowledge of source locations, and 
perceived consumer willingness-to-pay and 
interest in country of origin, were included with 
categorical response options. Demographic 
information was also collected. 

For the 2005 study in the USA, a pretest had 
been conducted by randomly selecting 98 
companies from the sampling frame 
(membership directory of the Home Furnishings 
International Association) and sending them the 
questionnaire. Fourteen usable questionnaires 
were returned after approximately three weeks 
(one unusable questionnaire was also returned; 
the respondent was not a retailer of residential 
furniture). Two modifications were made to the 
original questionnaire as a result of the pretest. 
First, Europe was removed as a source of interest 
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due to its strong association with Canada on 
perceived attribute possession, the large number 
of times attribute data for Europe was left blank 
(6/14 times), and the fact that only 5% of the 
furniture sourced by respondents came from 
Europe. Second, two attributes were removed 
from consideration due to high correlation with 
other attributes. The attributes removed included 
overall product quality (correlated with 
consistency of product quality at r=1.0) and 
consistently available product (correlated with 
on-time delivery of orders at r=0.87). While 
some other moderately high correlations existed 
between attributes (29 out of the 153 correlations 
among the 18 original attributes were 0.60 or 
greater), these were not removed because it was 
not intuitively clear that the attributes were 
measuring similar things. 

Sample description 
A list of telephone numbers was generated using 
the Yellow Pages of Canadian provinces. The 
initial list contained 171 phone numbers of 
furniture stores in Québec, 264 numbers in 
Ontario, 149 numbers in British Columbia and 
87 numbers in New Brunswick, Alberta and 
Manitoba for a total of 671 phone numbers. The 
survey targeted the residential wood furniture 
market and respondents had to be responsible for 
the supply of the stores (buyers). In the case of 
multiple store chains, only the main office was 
contacted. The survey was conducted via 
telephone by a marketing firm located in Québec 
City in spring 2006.  

Results and discussion 

Respondents’ profile 
A total of 220 usable responses was obtained 
(response rate = 33%). The average respondent 
had been in business for over 25 years. Almost 
90% of the respondents had yearly sales of five 
million CAN$ or less, 60% having an annual 
sales volume of less than one million CAN$. The 
average respondent sold merchandise at a 
medium to high price-point. Sixty percent of the 
respondents indicated having seven or more 
manufacturers represented on their showroom 
floor. Nearly 37% of the respondents indicated 
that they were the president or CEO of the 
company and another 37% stated they were the 
store owner. Almost 90% of respondents 

reported selling wood bedroom, wood dining 
room, upholstered furniture, and living room 
furniture. Fewer respondents sold wood juvenile 
furniture (75%) and metal residential furniture 
(65%). 

Sourcing behaviour 
Respondents indicated that they sourced 
products from a variety of source countries 
(Table 1), with approximately 40% being 
imported, and with China the leading exporter. 
Respondents were apparently familiar with 
issues surrounding global sourcing, as 60% 
indicated that they had increased the proportion 
(on a value basis) of imported products in their 
product lines over the past five years. 
Seventy-eight percent indicated that they always 
knew where the products they sold were 
manufactured; the other 22% knew the locations 
of the companies they bought from, but not 
necessarily from where these suppliers sourced 
the products. 

Table 1 Manufacturing sources as percent 

value of purchased furniture 

Source Country Percentage of Total 

Value 

Canada 58.4 
China 23.0 

Other Asia 6.3 
USA 7.8 

Europe 4.3 
Other 0.2 

Consumer Interest in Product Origins  
Respondents were asked how often their 
customers asked from where (i.e., what country) 
the furniture they were interested in purchasing 
was made (Table 2). Sixty-three percent 
indicated this occurred either “sometimes” or 
“often”.  

Table 2 How often do your customers ask the 

source country of furniture they are interested in? 

Category Count Percent 

Never 18 8.2 
Rarely 63 28.8 
Sometimes 72 32.8 
Often 66 30.2 

Respondents were then asked the more important 
question of whether there actually was a segment 
of their customers that took country of origin 
into account when making furniture purchase 
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decisions. Over 69% of respondents said there 
was such a segment. Of the 145 companies that 
indicated such a segment exists, 35 indicated that 
the segment was more than 50% of their 
customer base. No significant relation was found 
between those 35 stores and the furniture’s price-
point sold in their stores. Eighty-five percent of 
these companies indicated that this segment was 
either increasing in size or remaining stable. 
Nearly 43% indicated that customers in this 
segment spanned their entire price-point and 
couldn't be classified as being lower- or higher-
end product customers; 36% said the segment 
was generally at their higher price-points. 

The 145 respondents who indicated that there 
was a segment that took country of origin into 
account when making purchase decisions were 
asked the following question: "If two bedroom 
groups were of similar style and look, and one 
group was labelled as being made in Asia and 
the other as made in North America, what price 
premium do you think the [customer in the 
segment] would pay to buy the domestically 
made group?" Respondents were asked to 
provide answers for their lowest price-point and 
highest price-point. At their lowest price-point, a 
majority of respondents (53%) indicated that no 
customer would pay more than 10% more. 
However, 26% thought a 20% price premium 
was possible. 

At their highest price-point, 47% of the 
respondents indicated that customers would not 
pay more than a 10% premium, but 34% 
indicated it would be greater than 20%. It thus 
appears to be of some benefit to promote a North 
American manufacturing source; however 
anything more than a 10% differential in price 
between North American-made and Asian-made 
goods will usually result in imports holding the 
advantage. 

Attitudes toward source countries 
The manufacturing sources for residential 
furniture were evaluated using a multi-attribute 
approach similar to the Fishbein model, whereby 
attitudes are based on the summed set of beliefs 
about the source's attributes weighted by the 
evaluation of these attributes (Engel et al. 1990). 
For beliefs about the manufacturing sources, 
respondents were asked to indicate the degree 

(on a scale from 1=very weak to 5=very strong) 
to which they perceived each source to possess 
each attribute (bi). In addition, as a form of 
evaluation (ei), respondents were asked to 
indicate (on a scale from 1=not important to 
5=very important) the importance of each 
attribute to furniture sources in general. The 
attributes were chosen by the authors after 
discussions with persons knowledgeable with 
furniture retailing. The results are shown in 
Table 3. Canada was evaluated most favourably 
as a furniture source (score of 267.3), followed 
by the United States (score of 261.0) and then 
China (score of 248.3). Note that the highest 
possible score would be 25x16=400. 

Table 3 Results of the multi attribute analysis 

of Canadian retailers' attitudes toward 

manufacturing sources for residential furniture 

  Possession 

means
2
 (bi) 

Attribute 
Importance  

means
1
 (ei) 

China Canada USA 

Accuracy of delivery 4.43 4.01 4.28 4.29 

Quality of finishing 4.40 4.04 4.31 4.34 
Consistency of product quality 4.33 4.02 4.31 4.17 

On-time delivery of orders 4.30 3.86 4.26 4.18 
Design acumen 4.29 4.08 4.40 4.17 

Replacement parts readily available 4.29 3.92 4.28 4.20 
Knowledgeable sales force 4.24 3.91 4.18 4.19 

Easy to return damaged or defective goods 4.20 3.77 4.22 3.81 
Short lead times after order 4.05 3.83 4.02 4.03 

Broad range of style options 3.96 3.78 4.03 3.87 
Low delivered wholesale price of product 3.94 4.07 3.93 4.12 

Broad range of finishing options 3.91 3.57 4.08 3.84 
Flexibility in order quantities 3.85 3.73 4.01 3.81 

Favorable payment terms and conditions 3.81 3.60 3.82 3.74 
Provision of promotional material 3.69 3.59 3.73 3.79 

Strength of brand names 3.36 3.08 3.68 3.41 

Total ? biei score  248.3 267.3 261.0 

  
1 1=not important, 5=very important 
2 1=very weak, 5=very strong 

Respondents indicated similar performances for 
North American furniture manufacturers with 
regard to attributes that influence Canadian 
retailers’ buying decisions. None of the attributes 
got significantly different scores when assigned 
to Canada or the USA (α=0.05). China follows 
closely the North American scores even when 
considering China’s global score indicating that 
it was less attractive as a source country for 
Canadian furniture retailers. 

China did not score higher than North America 
on any of the 16 attributes with the exception of 
low wholesale price where the USA obtained the 
highest score. Even though the difference with 
regard to that attribute was not significant, it was 
a surprising result considering that price is 
generally perceived as the driving force that 
pushes China into the North American market. 
The difference between China’s scores compared 
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to North America was significant in 11 out of 16 
attributes. Respondents did not indicate a 
significant difference between China and North 
America with regard to shipping delays. 
Canadian and USA manufacturers do not seem 
to take advantage of their closeness to the market 
by shipping fast to the retailers. 

Respondents indicated Canada’s strengths to be: 
design acumen, easy to return damaged or 

defective goods, flexibility in order quantities 
and its broad range of styles and finishes. 
Respondents perceived the relatively high 
wholesale price as Canada’s weakness. 

The strengths of the USA were: the relatively 
low wholesale price, quality of the finishing and 

accuracy of delivery. The USA manufacturers 
performed less well with regard to: easy to 
return damaged or defective goods, broad range 

of finishing options and flexibility in order 

quantities. 

China’s strengths were identified as: accuracy of 
delivery, quality of finishing, consistency of 

product quality, design and low delivered 

wholesale price. Its weakness seemed to be on-
time delivery. 

Overall, accuracy of delivery and quality of 
finishing were indicated by the respondents as 
the most important attributes, followed by 
consistency of product quality and on-time 
delivery of orders. These attributes address 
agreements between retailers and manufacturers 
in order to avoid consumer complains. Non 
respect of these agreements by the manufacturer 
will lead directly to non satisfaction of 
consumers. It is not surprising to see these 
attributes ranked first on the list. Low wholesale 
price was ranked 11th of the 16 attributes. That 
position does not seem to reflect its real 
importance considering the dramatic increase of 
imports from low labour cost countries. 

Segmentation of the respondents in one group of 
retailers with annual sales of $50 million and 
more (large retailers) and one group of retailers 
with annual sales of less than $50 million (small 
retailers) was performed. Seven out of 16 
attributes obtained a significantly (α=0.05) 
higher score by large retailers. Low wholesale 
price was considered more important by those 
retailers. Often less specialized than small 

retailers, a broad range of styles and finishes was 
considered more important by large. On-time 
delivery of orders, replacement parts readily 
available and easy to return damaged or 
defective goods were also more important to 
large retailers than to the smaller ones. Overall, 
large retailers seemed to be more demanding 
than smaller retailers with regard to the attributes 
considered in this study. 

Conclusion 

What should each manufacturing source focus 
on as they continue to compete in the global 
marketplace and for the loyalty of Canadian 
retailers? For most attributes, the source 
countries seemed to perform relatively well 
across the board, thus limiting opportunities for 
differentiation. However, some attributes 
showed significantly different scores when 
related to the source countries. Canadian 
manufacturers should focus on reducing 
wholesale prices. With regard to that attribute 
Canada seems to perform poorly compared to 
China and the USA. Design is a perceived 
strength of the Canadian manufacturers and 
could be a means to differentiate their products. 
For Canadian manufacturers, another factor to 
consider is the relatively positive attitude that 
Canadian retailers have toward Canadian 
manufacturers, which perhaps could be exploited 
with some type of “Made in Canada” promotion 
and/or labelling program. The high USA score 
on low wholesale prices indicates a competitive 
advantage over Canada on that attribute. USA 
manufacturers should improve their service with 
regard to replacement parts readily available 
and easy to return damaged or defective goods 
to catch up with Canada. A broader offer of 
styles and finishes may also be considered by the 
USA manufacturers to improve their 
performance. China still seems to have some 
product quality problems and should improve 
shipping delays and on-time delivery.  

It was interesting that on-time delivery of orders 
was considered quite important as a 
manufacturing source attribute, but short lead 
times after order was less important. This would 
suggest that lead times themselves are not as 
important as uncertainty about lead times; 
retailers do not want to make the call to their 
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customers informing them that their scheduled 
deliveries have been delayed.  

Limitations 

Readers are reminded that respondents tended to 
be single location stores with yearly sales of less 
than $5 million per year, with a relatively long 
tenure, and that sold products at middle- to high 
price-point. Furthermore, as with most telephone 
surveys, responses were from a single contact 
within the company. The vast majority of 
responses were from company presidents and 
store owners, so it is likely that the perceptions 
of the primary decision-maker were captured in 
the survey. However, the opinions of the 
respondents might not necessarily reflect the 
opinions of other decision-makers within their 
respective companies. 
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ABSTRACT 

This paper is intended to provide an overview of hardwood resources and use in Sweden today. The 

figures presented are estimates and should be interpreted accordingly. 

Sweden has about 23 million hectares of productive forest land. This means that forests cover more than 

half of Sweden’s area. Sweden is located in the northern coniferous zone; spruce and pine are the most 

common tree species.  

Sweden is an important country with respect to the production of pulp, paper and sawn softwood timber. 

An increased demand for hardwood by the pulp industry and new perspectives on deciduous forests, 

regarding them not only as a source of raw materials but also as an ecosystem with a rich biodiversity and 

a place for human recreation, has resulted in a growing interest in the sustainable management of 

deciduous forests. 

The total stock of wood in Sweden’s forests amounts to about three billion m
3
sk (m

3
sk = cubic metres 

standing volume incl. bark and tops (forest cubic metre)). Annual growth amounts to about 

100 million m
3
sk, while the volume harvested each year is around 85 million m

3
sk. The annual growth of 

deciduous trees is roughly 20 million m
3
sk. The stock of hardwood has increased from about 

300 million m
3
sk in 1920, to roughly 500 million m

3
sk today. This is about 17% of the total stock of wood 

in Sweden. Birch is the dominant deciduous species, accounting for about 67% of the hardwood volume. 

Aspen accounts for 9%, alder for 8%, oak for 6% and beech for 4%. These five species together represent 

93% of the total stock of hardwood. The total volume of ash, elm, maple and lime is 8 million m
3
sk – less 

than 2% of the total hardwood volume. 

In 2004, Sweden produced 11.6 million tonnes of paper; about 86% of this was exported. Hardwood 

accounts for about 15% of the wood consumption in the pulp industry. The total production of sawn wood 

in 2004 was 16.7 million m
3
 and of this, 11.2 million m

3
 were exported. There are about 300 sawmills in 

Sweden producing more than 1,000 m
3
 per year and about 1,600 mills producing 25-1,000 m

3
 per year. In 

the small sawmills, about 9% of the production is from hardwood, but it accounts for only about 1% in the 

larger mills. There are fewer than 10 hardwood sawmills in Sweden that produce more than 5,000 m
3
 a 

year. The total industrial use of hardwood in Sweden is about 7.5 million m
3
fub (m

3
fub = cubic metres 

solid wood excluding bark and tops). 

The main consumer of birch, aspen, beech and alder is the pulp industry. Alder reaches the pulp mills in 

mixed hardwood assortments. Birch, beech and alder are also used, to a large degree, in the sawmill 

industry and for furniture. Oak and ash are used mainly in the sawmill industry. During the last 25 years 

there has been an increased demand for oak, ash and beech for flooring. A large proportion of elm comes 

from felling trees that are infected with Dutch elm disease; this wood is usually burned. Otherwise, elm is 

used for exclusive furniture and parquet. The supply of maple is very small and trees seldom reach the 

dimensions required by the sawmill industry. A great deal of maple, in the form of veneer, is imported into 

Sweden. Lime wood is mainly used by carpenters. The demand for ash, which is quite high, has resulted 

in imports from Denmark and Germany. 

Introduction 

This paper is intended to provide an overview 

of the resources and use of hardwood in 

Sweden today. Our sources of information are 

official statistics from, for example, the National 

Forest Survey, SDC, The Swedish Forest 

Industries, and the 2000 Sawmill Inventory. Since 
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the statistics for hardwood are not often 

presented with reference to individual species, 

we also talked to representatives of sawmills 

and other industries that use hardwood as a raw 

material in order to get a more complete 

picture. The figures presented are estimates 

and should, therefore, be used with discretion. 

The Swedish forest 

When considering deciduous species it is 

essential to examine the situation in Swedish 

forestry as a whole.   

Sweden has about 23 million hectares of 

productive forest land. This means that forests 

cover more than half of Sweden. About half of 

the Swedish forest area is owned by 

individuals or families. In all, some 

350,000 people own forests in Sweden. The 

average area of privately owned properties is 

just less than 50 hectares. Forest companies, 

such as Bergvik Skog, SCA and Holmen, own 

about one-quarter of Sweden’s forests. 

Approximately 18% of Sweden’s forest land is 

owned by the state, including the large forestry 

company Sveaskog AB. Other public bodies, 

such as the church, municipalities and 

universities own the remaining 7%. 

Sweden is located in the northern coniferous 

zone, with spruce and pine being the most 

common tree species. This is one reason why 

research and investment during the last 

100 years has almost entirely focused on the 

management and exploitation of coniferous 

forests and the industrial uses of pine and 

spruce. Today, Sweden is an important country 

with respect to the production of paper and 

sawn softwood. There is an increasing demand 

by the pulp industry for hardwood. Deciduous 

species have become more highly valued in the 

last decade, not only as a raw material for the 

forest industry, but also in forests used for 

recreation and because of their importance for 

enhancing biodiversity.  

Forest resources 

Apart from a few years in the 1970s, forest 

growth has always exceeded the volume 

harvested. The total growing stock in 

Sweden’s forests amounts to about three 

billion m
3
sk. Today, annual growth is about 

100 million m
3
sk, whilst the volume harvested 

each year is around 85 million m
3
sk. The annual 

growth of hardwood is roughly 20 million m
3
sk.  

Forests are not uniformly distributed around the 

world. Areas with large populations often have 

very few forests–and vice versa. One way of 

illustrating this is to compare how much forest a 

country has in relation to its population. In 

Sweden, with a population of about 

9 million people, there are 327 cubic metres of 

wood per inhabitant. A comparison with 

conditions in other European countries shows that 

only Finland, with 374 cubic metres per inhabitant 

has more wood per capita. In France and Germany 

there are only 50 and 35 cubic metres per capita, 

respectively. In Great Britain the figure is as low 

as 6 cubic metres per inhabitant. 

Deciduous forests are not very common in Sweden 

and most of the deciduous trees are naturally 

interspersed within the coniferous forests. The 

most common deciduous species are birch, aspen 

and alder. In recent years, deciduous species have 

increased within the Swedish forests. 

 

Figure 1 Standing volume by tree species. 

Source: Swedish National Forest Inventory 1998-

2002 (Anon. 2005) 

The growing stock of deciduous trees has 

increased from about 300 million m
3
sk in the 

1920s to 500 million m
3
sk today. Deciduous trees 

account for 17% of the total standing volume. The 

total stock of wood by species and diameter is 

presented in Table 1. 
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Table 1 Growing stock (million m
3
sk) on 

forest land, by species and diameter. Source: 

Swedish National Forest Inventory, 1998-2002 

(Anon. 2005) 

Diameter (cm) at breast height 

Tree species 0-14 15-24 25-34 35+ Total 

Percentage 

of all 

species 

(%) 

Scots pine 177.7 434.0 378.0 192.5 1182.2 38.7 

Norway spruce 49.6 479.2 361.8 188.5 1279.1 41.9 

Lodge pole 

pine 

8.5 2.9 0.1 0.0 11.5 0.4 

Larch 0.1 0.3 0.3 0.5 1.2 0.0 

Birch 158.2 118.3 46.6 18.1 341.2 11.2 

Aspen 7.8 12.7 13.0 11.7 45.1 1.5 

Alder 13.4 13.1 9.1 3.5 39.3 1.3 

Oak 3.6 5.4 7.2 15.1 31.2 1.0 

Beech 0.9 2.3 3.6 11.2 18.1 0.6 

Sallow 5.1 5.2 2.8 1.9 14.9 0.5 

Rowan tree 4.1 1.6 0.4 0.1 6.1 0.2 

Ash 0.8 1.0 0.9 1.8 4.4 0.1 

Elm 0.1 0.2 0.3 0.7 1.3 0.0 

Maple 0.4 0.3 0.3 0.2 1.2 0.0 

Lime 0.2 0.2 0.2 0.5 1.1 0.0 

Hornbeam 0.3 0.3 0.1 0.0 0.4 0.0 

Cherry 0.2 0.2 0.2 0.0 0.6 0.0 

Other 

broadleaved 

species 

1.4 0.6 0.5 0.2 2.8 0.1 

Dead trees 25.0 24.4 14.0 7.4 70.8 2.3 

All 657.2 1102.3 839.3 453.8 3052.5 100.0 

  
Birch is the dominant hardwood species, 

accounting for about 67% of the hardwood 

volume. Aspen accounts for 9%, alder 8%, oak 

6% and beech 4%. These five species together 

represent 93% of the total stock of hardwood. 

Birch, aspen and alder can be found across the 

whole country, while most of the other 

hardwood species grow only in the southern 

regions.  

The forest industry 

International trade in forest products generates 

a large export surplus for Sweden. In 2004, 

forest products worth 110 billion SEK were 

exported, while imports of forest products 

amounted to only 25 billion SEK, resulting in a 

surplus on the trade in forest products of 85 

billion SEK (exports less imports of pulp, 

paper, sawn timber products, waste paper, 

wood, joinery products etc.).  

Forest products accounted for 12% of the total 

value of exports in 2004. Paper and paper 

products account for the greater part of 

Sweden’s forest product exports. In 2004, 

Sweden produced 11.6 million tonnes of paper 

and, of this, 10 million tonnes were exported. 

The production of sawn wood in 2003 was 

16.7 million m
3
 and 11.2 million m

3
 were 

exported.  

About 300 sawmills in Sweden produce more than 

1,000 m
3
 per year and about 1,600 mills have a 

production volume of 25 to 1,000 m
3
 per year. In 

2000 the small sawmills (25 to 1,000 m
3
 sawn 

wood) together produced 325,000 m
3
, of which 9% 

was hardwood. The percentage of hardwood 

processed by larger sawmills was less than 2%. 

There are fewer than 10 hardwood sawmills in 

Sweden that produce more than 5,000 m
3
 a year. 

The industrial consumption of wood in Sweden in 

2003 is shown in Figure 2. 

Slightly less than one-fifth, or about 

11 million m
3
fub, of the total wood used is 

imported, mainly from Russia and the Baltic 

countries. About 40% of the imported roundwood 

is hardwood. Birch is the dominant deciduous 

species, but aspen and eucalyptus are also 

imported. In addition to the traditional industrial 

consumption of wood as a raw material, it is 

increasingly used for fuel. 

 

Figure 2 Industrial consumption of wood in 2003 

(million m
3
fub). Source: SDC, The timber 

measurement council (Anon. 2004) 

In 2002 the percentage of softwoods and 

hardwoods (roundwood and chips) consumed in 

the pulp industry was about 85% and 15%, 

respectively. The hardwood roundwood 

consumption accounted for approximately 20% or 

about 6.7 million m
3
fub and, of this, 80% was 

birch, 10% aspen, 7% beech and 2% alder. Sweden 

imports large volumes of pulpwood. About 

3.2 million m
3
fub of birch pulpwood comes from 

Russia and the Baltic countries. Most of the beech 

used for pulp and paper, approximately 75%, is 

also imported, mainly from Germany and Poland. 

In addition, an increasing amount of aspen is 

imported from Russia. 
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Figure 3 Consumption of hardwood saw 

timber over the last 50 years. Source: Ekström 

1987, Anon. 2004 & Staland et al., 2002ill In-

ventory (Staland et al. 2002) 

The sawmill industry produces about 

16.7 million m
3 

of sawn wood and, of this, 

about 200,000 m
3 
are hardwood. The dominant 

species are birch, beech and oak. The 

consumption of hardwood sawn timber during 

the last 50 years is presented in Figure 3.  

The changes over the period are probably 

related to market forces. The peak in 

consumption in 1973 is, to some extent, related 

to an overall increase in production for the 

whole sawmill industry.  

Table 2 Consumption and export of 

hardwood as a raw material in different industrial 

sectors (volume in 1,000 m
3
fub, fuel wood in 

1,000 m
3
fpb

1
). Source: Ekström 1987, Anon. 2004 

& Staland et al. 2002 

Consumption Industrial branch 

1984-86 2002 

Pulp mills 5,600 7,023 

Sawmills 400 410
*
 

Fuel wood 5,400 3,500-6,500 

 
 

* This figure refers to the year 2000 

Of the total industrial consumption, pulpwood 

accounts for about 90% and sawn timber for 

10%. Logs for veneer and other uses 

(excluding fuel wood) represent less than 1% 

of the total consumption of roundwood; these 

industries use softwood almost exclusively as 

their raw material.  

In 2002, the use of wood fuels in district 

heating plants amounted to 18.4 TWh. Of this, 

short rotation energy forest (Salix spp.) 

accounted for about 0.2 TWh. The use of wood 

fuels in one- and two-household dwellings was 

                                                 
1
 m

3
fpb = cubic metre solid volume including bark 

9.9 TWh. With an efficiency of 80% it amounts to 

23.0 TWh and during 2000-2004 (fuel wood 

excluded) 12.3 TWh, respectively, of unprocessed 

raw material. The wood fuel supplied to district 

heating plants is in the form of whole tree chips 

from forest residues derived from clearcuts, bark, 

sawdust and chips from sawmills as well as 

roundwood of insufficient quality to be used for 

pulpwood. The percentage of hardwood used is 

assumed to be a little less than the standing stock 

of hardwood, around 15%. The amount of 

hardwood in wood fuels in one- and two-

household dwellings is assumed to be 50%, 

because hardwood from thinning and final felling 

is often used as this sort of fuel. Assuming that the 

conversion for pine and spruce is 2.0 mWh/m
3
 and

 

for birch is 2.5 to 2.7 mWh/m
3
, the volume of fuel 

wood amounts to about 14.5 million m
3
. 

Hardwood is also used in the forest industry, for 

instance, bark from beech pulpwood and bark, 

chips and sawdust produced in sawmills are all 

used as fuel. We estimate that the true figure for 

the amount of hardwood used for fuel is probably 

between 3.5 and 6.5 million m
3
. 

Table 3 Estimated total annual consumption of 

roundwood from deciduous trees in Sweden 

Consumption 

Tree species Volume  

(1,000 m
3
fub) 

Import  

(%) 

Birch 5,700-6,000 60-75 

Aspen 600-800 40-50 

Beech 500-600 60-75 

Oak 200-250 10-25 

Alder 50-70 < 1 

Ash 12-15 10-30 

Maple 4-5 70-90 

Elm 1-3 <1 

Lime 0.4-0.6 <1 

Cherry < 0.2 <1 

Hornbeam < 0.1 <1 

Other species 0.5-1.5 <1 

Total 7,100-7,800 55-75 

  
Uses of the dominant hardwoods in Sweden 

Birch (Betula pubescens and Betula pendula) 
In Sweden, birch is used mainly by the pulp and 

paper industry. Today, 5.3 to 5.8 million m
3
fub are 

used in the sulphate process. The consumption of 

saw logs is about 120,000 m
3
fub. Total production 
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of sawn birch has decreased by 45% over the 

last five years. Most of the sawn wood is used 

for flooring and furniture. The veneer industry 

is estimated to use about 2,000 m
3
fub. The 

pulp and paper industry imports about 

3.2 million m
3
fub of birch pulpwood annually 

from Russia and the Baltic countries. 

Curly birch (Betula pendula var. carelia) has a 

wood that differs from the common silver 

birch. The wood has a wavy grain and is used 

for exclusive furniture. Currently, the volume 

produced of this type of wood is very small, 

but a new breeding technique has increased the 

area of plantation. The value per m
3
 of sawn 

wood from curly birch is more than 200 times 

that of birch pulp wood. 

Aspen (Populus tremula) 
Swedish sawmills use between 2,000 and 

4,000 m
3
fub

 
of roundwood per year. The 

consumption for matches is about 

40,000 m
3
fub,

 
of which 50% is imported. 

Today there is just one mill in Sweden 

producing matches. At the beginning of the 

1900s matches were manufactured by 

170 companies. Aspen is also the classic 

timber used for sauna benches in Scandinavia. 

During recent years the pulp and paper 

industry has increased its use of aspen as a raw 

material. Aspen is used in the CTMP-process, 

but also increasingly in the sulphate and 

sulphite processes. The total consumption of 

pulpwood is between 600,000 and 

800,000 m
3
fub per year, of which about 50% is 

imported. Most of the imported wood comes 

from Russia and the Baltic countries. 

Alder (Alnus glutinosa and Alnus incana) 
In 2004 about 8,000 m

3
 of sawn wood was 

produced in the sawmill industry. The 

production reflects an estimated roundwood 

consumption of 14,000 m
3
fub. Most of the 

sawn wood is used for furniture and alder is 

becoming increasingly popular for interior 

decoration. Other uses include clog-making 

and moulds for the metal- and glass industries. 

Alder is used, to some extent, in the pulp and 

paper industry as it arrives at pulp mills in the 

mixed hardwood assortments. The volume of 

alder pulpwood is estimated to be 

50,000 m
3
fub per year. 

Beech (Fagus sylvatica) 
About 500,000 m

3
fub of beech is used annually in 

the production of pulp and paper in Sweden. 

Almost all of the beech pulpwood is bought by a 

single mill: Nymölla in southern Sweden, owned 

by StoraEnso. The mill has two production lines: 

one based on softwood and one based on 

hardwood. The hardwood line is dominated by 

beech, but imported eucalyptus and aspen are also 

used. Most of the beech, approximately 75%, is 

imported, mainly from Germany and Poland. The 

products derived from the hardwood pulp are 

photocopy and envelope paper.  

During 2004, Swedish sawmills used about 

55,000 m
3
fub of beech. Consumption of beech for 

sawn timber has decreased by 60% during the last 

five years. The sawn wood is mainly used for 

flooring/parquet and furniture. Production of beech 

veneer in Sweden is negligible. Beech is also used 

as a fuel wood and is a good raw material for toys, 

wood turning and lollipop sticks. 

Oak (Quercus robur and Quercus petraea) 
About 123,000 m

3
 of sawn oak was produced by 

the sawmill industry during 2004. Based on an 

estimated yield of 60%, the roundwood 

consumption is about 175,000 m
3
fub. This makes 

it the most common sawn hardwood used for sawn 

timber in Sweden. The volume of oak for sawn 

timber has decreased by 20% during the last five 

years. The use of oak for flooring and furniture 

has, however, increased based on imported sawn 

wood. Most of the sawn wood is used for parquet 

and furniture. The veneer industry in Sweden only 

uses a small amount, less than 2,000 m
3
fub, of oak, 

but quite a large quantity of oak is used as fuel. 

About 60,000 m
3
fub per year of the lowest quality 

oak is chipped and exported to Norway for use in 

manufacturing Bauxite. 

Oak is imported from other European countries 

and from the USA. The volume imported is 

estimated to be 30,000 to 40,000 m
3
fub of 

roundwood per year. Of this, Red oak (Quercus 

rubra) accounts for about 15,000 m
3
fub. 

Ash (Fraxinus excelsior) 
Between 12,000 and 15,000 m

3
fub was used by the 

Swedish sawmill industry in 2004. Most of the 

wood is used for flooring and furniture. The 

Swedish ash is said to have darker heartwood than 

ash grown in Denmark or Germany. However, 
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darker ash is becoming more acceptable, since 

it can be used for design features in, for 

example, furniture and floors.  

Elm (Ulmus glabra) 
Elm is used for exclusive furniture and 

parquet. The amount of roundwood used is 

estimated to be around 2,000 m
3
fub per year. 

However, many elm trees are dying as a result 

of Dutch elm disease and the supply of 

Swedish grown elm is limited. 

Lime (Tilia cordata) 
Wood from the lime tree is mainly used by 

carpenters and roundwood consumption is 

estimated to be less than 500 m
3
fub per year. 

Most of the wood comes from avenues and 

city parks and from scattered trees in 

hardwood forests. 

Maple (Acer platanoides) 
The demand for veneer made from maple has 

increased during the last 10 to 20 years. The 

veneer is used for furniture, and for cabinet 

doors in fitted kitchens. In 2004, about 

4,500 m
3
fub

 
of maple roundwood was 

produced in Sweden, of which roughly 90% 

was imported from Germany. Swedish maples 

seldom reach the dimensions demanded by the 

sawmill industry. Maple is also used for 

flooring, produced from imported sawn wood 

from Germany or North America. 

Cherry (Prunus avium) 
The volume of cherry used by industry is very 

small, less than 200 m
3
fub

 
per year. However, 

wild cherry is a very popular hardwood species 

to plant, especially on former arable land. 

Cherry has a special value since it could be 

used in the same way as many of the imported 

tropical hardwoods. 

Hornbeam (Carpinus betulus) 
The roundwood consumption of hornbeam is 

estimated to be less than 100 m
3
fub per year. 

The wood is used for hand tools, such as 

planes and mallets. Other uses include rollers, 

cogs, piano keys and hammers, butchers 

benches and shoemakers’ lasts.  

Other species 
Other hardwood species that can be found in 

Sweden are rowan (Sorbus aucuparia), 

whitebeam (Sorbus intermedia) and different 

species of willow (Salix spp.). None of these 

species account for industrial use of more than 

100 m
3
 a year.  

Discussion 

Despite an increase in the growing stock of 

deciduous trees, the demand from the Swedish 

market exceeds supply and the industry imports 

between 4 and 6 million m
3
fub of roundwood each 

year. Sawn wood is also imported, in particular 

oak for the furniture industry. It is, therefore, 

possible that there is potential to increase the profit 

derived from deciduous forests. In addition, the 

increasing non-industrial value of forests (human 

recreation, biodiversity etc.) contributes to this. 

It may be possible to combine intensive 

management of urban and recreation forests with 

the production of high quality wood, and the 

rotation time for valuable hardwoods such as oak, 

ash, beech and maple could be increased to 150 to 

200 years. In this way, dimensions and quality 

could reach the same levels as those achieved in 

central Europe. 

The pulp industry today imports large volumes of 

hardwood as a raw material for the production of 

short fibre pulp. In addition, wood is required for 

use as a fuel. Small-diameter wood from cleanings 

and thinnings, or wood of insufficient quality for 

use by sawmills could, therefore, find a market. 

What is currently imported could, perhaps, be 

produced in deciduous forests in Sweden! There 

are reasons to expect an increased demand for 

hardwood for the production of paper products 

from short fibres and an increase in the use of 

wood fuel. This means there is the potential for 

forest owners to achieve an increased economic 

return on essential silvicultural activities, which 

currently usually only generate costs. A profit 

could be made by selling small dimension wood 

for pulp or fuel.  

Today a great deal of high quality hardwood does 

not reach the sawmills, instead it is mixed with 

pulp- or fuel wood. One reason is that, in Sweden, 

deciduous trees often grow interspersed within the 

coniferous forests and the small volumes of 

hardwood harvested together with the coniferous 

trees make it very costly to extract and deliver 

these logs to the hardwood sawmills. There is a 

significant logistical problem to be solved. A 
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greater number of pure deciduous stands or a 

higher percentage of deciduous trees in the 

coniferous stands would probably result in 

better and more economic use of the wood 

from deciduous trees. 

The fact that, in Sweden, the production of 

sawn timber from some deciduous species has 

decreased does not necessarily mean that 

consumption is lower than before. In fact, 

users such as furniture and floor manufacturers 

import increasing amounts of sawn timber and 

components. This means that the Swedish 

furniture industry imports raw materials and 

exports the finished products. In the long run 

this is likely to become uneconomical as the 

cost of labour and capital investments will 

become standardised across Europe.  

As discussed, Sweden imports a large volume 

of pulpwood. Most of this originates from the 

Baltic countries and Russia. It is not certain 

whether such imports will be available in the 

future, nor is it clear what influence transport 

costs will have on their economic viability. 

When choosing which species to grow, one has 

to make guesses about factors such as the risk 

from storms, future markets for the wood and 

the development of new products. There are 

many opportunities to spread the risk by 

diversifying the range of forest stands and, as 

the saying goes, to “not put all your eggs in 

one basket”.  
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ABSTRACT 

Approximately 90% of birch logs in the Baltic Sea area are used in the plywood and veneer industries, 

and only ca. 10% in sawmills. Finland, north-western Russia and the Baltic countries are traditional 

producers of plywoods and veneers in the Baltic Sea area, mostly from European birch species (Betula 

pendula, B. pubescens) but also from boreal softwoods, Norway spruce (Picea abies) and some Scots pine 

(Pinus sylvestris). The hardwood product markets in the Baltic Sea area have experienced dramatic 

changes during the past 10 to 15 years. In this paper we try to combine facts from history with current 

knowledge, and draw some conclusions of possible development in the near future. 

Current Production and Wood Resources 

The following total volumes of birch plywood 

and veneer production (thousands of cubic 

metres) were listed for the countries in the Baltic 

Sea area in 2005: Russia 2,351, Finland 520, 

Latvia 225, Estonia 43, Lithuania 36. In 

addition, spruce plywood was produced in large 

volume in Finland 815,000 m
3
 (incl. LVL), with 

growing volumes in Russia and some in Sweden. 

In the other countries, production data of 2003 

showed the following figures for all non-

coniferous plywood and veneers: Germany 637 

(beech, tropical woods, some poplars et al.), 

Poland 379 (poplars et al.), Norway 28 (misc.), 

Denmark 17 (misc.). 

Birch and spruce plywood are still partly 

manufactured in parallel at the same mills with 

similar technology, but the new mills in Finland 

and Russia are specialized in either species. 

Plywood mills are typically large- volume units 

of forest industry groups, the annual production 

capacity of one unit being between 30,000 to 

150,000 m
3
 per year for birch and more than 

250,000 m
3
 for spruce. 

Production of birch sawn timber is small 

compared to plywood and veneers in the Baltic 

Sea area, but more widespread to different 

countries, more de-centralized to SMEs and 

more specialized according to product segments, 

market areas and production technology. Exact 

figures for production are not available by 

country; however, we estimate the following 

volumes for the leading countries (thousands of 

cubic metres): Russia 300 to 1000, Poland 150 to 

300, Latvia 100 to 200, Lithuania 100 to 200, 

Finland 50 to 100, Estonia 20 to 60, Sweden 20 

to 40. 

In Finland and Sweden, it should be noted that 

the pulp, paper and paperboard mills are, by 

volume, the main birch industries. They use 

more than 80% of all commercial birch wood 

(excl. firewood). Along with roundwood, these 

mills use almost all fresh, bark-free by-products 

of plywood mills and larger sawmills (as chips), 

being of importance for birch mills, among 

others. 

The birch plywood and sawmill industries are 

based on high-quality log resources. In Finland 

and the Baltic countries, the birch resources are 

concentrated on rather limited geographic areas 

with good logistic connections. In north-western 

Russia, on the other hand, the species grows in 

vast areas that are often difficult to access. Since 

birch typically grows as an admixture in pine- 

and spruce-dominated stands, its availability is 

largely bound to the demand for these softwood 

species. Soft ground often sets limits for logging, 

as well. Of the two birches that are commercially 

notable, silver birch (Betula pendula) is the most 

suitable for mechanical wood processing. 

However, compared with pubescent birch 

(Betula pubescens) with lower timber and wood 

quality, silver birch is a minority birch species 
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considering all wood volume in the forests 

(Verkasalo 1997a,b; Heräjärvi 2002). 

Finnish, Latvian and Estonian industries have 

traditionally imported birch logs from Russia. 

Finland is the largest importer and, 

simultaneously, the most dependent on imported 

birch (with a share of 25 to 40% of all plywood 

and saw logs of the mills). The import focused 

traditionally on the neighbouring areas (Republic 

of Karelia, Leningrad and Vologda Regions); 

however, other birch-rich areas in Russia have 

become of interest. Latvian and Estonian log 

importers are concentrated to the most western 

regions in Russia, Lithuania and Belarus. 

Currently, resources of birch logs are nearly in 

full use in Finland, Estonia and Latvia, whereas 

in Russia, in particular, and in Lithuania and 

Poland there is potential for further expansion in 

harvesting and plywood and sawmill industries 

(Table 1). 

In this log availability, new birch sources are 

under investigation for development in Finland 

and the Baltic countries. In Finland, the 

resources of high-quality birch logs from 

naturally-born forests have continuously 

decreased since the 1960’s. For the 

compensation, a plantation programme was 

launched, starting from the 1960’s, and the 

import of birch logs has increased since the 

middle of the 1990’s. Wood quality of birch logs 

in these sources has been under discussion. The 

Finnish plywood and sawmill industries expect 

that one-third of their birch logs could be 

procured from plantations in 2010 to 2020, 

thanks to their fast growth and short rotation 

period (40 to 50 years) compared with the 

naturally-born forests (60 to 100 years). Instead, 

the import of birch logs is expected to decrease, 

even rapidly (see further chapters). 

Figure 1 shows some results of recent peeling 

experiments of birch logs from selected areas in 

Russia (naturally-born forests) and in Finland 

(plantations) (Arponen 2007). 

Average diameter of bolt, mm

Peeling recovery: Volumetric proportion of wet veneers of the volume of 

debarked, trimmed bolt

Peeling efficiency rate: Volumetric proportion of wet veneers of the 

volume of unbarked log

Gross efficiency rate: Volumetric proportion of dried and trimmed

veneers of the volume of unbarked log
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Figure 1 Results from peeling experiments of 

birch plywood logs from seven Russian final- felling 

stands and two Finnish second- thinning stands 

(Arponen 2007) 

Consistent with the observations at the Finnish 

plywood mills, Russian logs appeared, on 

average, larger than Finnish logs from 

plantations (in this study) or naturally-born 

forests (in the former studies; e.g., Verkasalo 

1997a,b,; Luostarinen and Verkasalo 2000; 

Heräjärvi 2002). The total veneer recovery, as 

well as the proportion of knot-free grades, was 

higher in Russia. Plantation logs produced a 

competitive veneer recovery for volume, 

especially considering their small diameter; the 

quality, however, concentrating on sound-

knotted grades. The true recovery of ready basic 

plywood, all material wastes considered, is at the 

level of 40 to 45% at the Finnish mills using up-

to-date technology; the results were somewhat 

higher for the (large) Russian and lower for the 

(smaller) Finnish plantations logs. The quality of 

the logs imported from Russia depends much on 

the supplier, the reject percentage ranging from 

one to twenty of the log volume, and the overall 

variation in quality is larger than in the Finnish 

logs (plantations or naturally-born forests). 
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Table 1 Resources and estimated cuttings of 

birch timber, and birch-based plywood and veneer 

production in five countries in the Baltic Sea area, 

review of the available data in April 2006 

Country Growing stock, 
mill. m3  

Recovery of industrial 
roundwood, mill. m3/a 

Plywood and veneer industries (using birch) 

   Number 

of mills 

Production 

capacity, 1,000 m3 

Exports 

% 

Russia 9883 1 Approx. 22 15 2 2700 (1500 2) 60 

Finland 311 7 11+4 700 82 

Sweden 313 4 0 3 0 … 

Latvia 159 3 4+4 250 90 
Estonia 95 2 2 60 90 

  
1 Only forests with birch as the dominating species. 
2 European North-West Russia. 
3 Production of birch plywood ceased during the 1990’s. 

In Russian birch, hard rot is common owing to 

its typically high age at the stage of final felling 

(80 to 120 years) and the logs’ form is worse 

owing to the diverse or lack of silvicultural 

treatments during rotation. 

Historical Development of Industries 

The Finnish plywood industries have been in the 

global market since the 1920’s. The stable and 

long-term presence, the large size of the 

plywood companies, their integration with the 

pulp and paper industries, and intensive 

development of the technology and products, 

largely explain their strong market position. The 

share of the Finnish mills is now nearly 40% of 

the plywood production of the EU countries. 

During the 1990’s, two big softwood plywood 

mills were opened, which almost doubled the 

total production of plywood. Meanwhile, the 

production of birch and mixed grades remained 

at a constant level. The considerable growth in 

log imports facilitated the growth in birch 

production, as well, during the 2000’s, albeit the 

limited domestic birch resources. Older and 

smaller mills were shut down and the production 

and investments were concentrated in the larger 

units. 

The main product segments are in vehicle 

industries (floors and walls of trucks, trailers, 

containers and buses, shipbuilding), and 

construction, furniture, interior flooring and wall 

panels, as well as decorative uses. The industries 

are expecting the maturing of birch plantations 

established since the 1960’s, to affect the 

potential for further domestic investments. 

Product development is still active, the focus 

being on customised products, specific end-uses 

and high-quality customer service. The few face 

veneer mills have maintained their position, also 

using valuable imported hardwoods in addition 

to the best grade logs of birch and pine. As a 

curiosity, some 10,000 m
3
 of birch veneer logs 

are annually exported, of which 40 to 50% go to 

Germany. 

In the birch sawmilling sector, there are two 

medium-sized manufacturers and several small 

mills. The production is now solely aimed at 

high-value products for furniture and interior 

joinery (esp. parquetry). The production of 

sound-knotted birch for furniture (edge-glued 

panels, etc.) that looked promising at the late 

1990’s to utilise small-diameter (11 to 18 cm) 

thinning wood has practically ceased, due to the 

lack of competitiveness against foreign 

producers. 

German plywood industries still used a 

considerable amount of beech in the 1980’s. 

Beech plywood mainly competed with birch. 

Since then, the mills have become outdated and 

the availability of beech has weakened. 

Currently, German plywood mills’ products are 

often based on face veneers from temperate 

hardwoods from Europe or North America, such 

as oak, ash and hard maple, and low-priced core 

veneers of spruce. Tropical woods are used as 

well. Face veneers for furniture and interior 

products are manufactured by specialised, often 

globally operating companies. 

Latvia has traditionally had a strong birch 

plywood and veneer industry, both with 

domestic and German ownership. The 

investments in plywood manufacturing have 

accelerated since 1993, and the volume and 

value of the production grew three- and fivefold, 

respectively. Log availability is now the limiting 

factor for the growth of production. Estonia has 

also a small birch plywood industry, and the log 

balance is similar to Latvia. Lithuania is a 

potentially growing producer of birch plywood. 

In Poland, the plywood industries manufacture 

mainly low-priced products from poplar et al. 

hardwood species for construction and 

packaging, though in rather large volumes. In 

Sweden, the birch resources might enable 

plywood production, but the focus has been 

traditionally on sawmilling and furniture 

manufacture. Some veneers are produced from 
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temperate hardwoods, such as oak, maple and 

beech. 

Production of sawn timber from birch is still 

important in the Baltic countries and Poland, 

mainly in SMEs but increasingly aiming to ward 

low-cost, ready-to-assemble furniture products 

and export to Russia and the CIS countries. In 

Poland and Lithuania, an increase in birch 

sawing is possible and may even be expected. 

Competitiveness of Industries 

Based on different FAO scenarios, global 

demand for plywood is growing at the stable rate 

of 1.7% over the next 15 years (comp. with 0.9% 

for sawn timber). The per capita consumption is 

expected to increase in the developing countries, 

and has already increased since the 1960’s. 

Growth has been much more rapid in Asia and, 

since the 1990’s in Oceania, than in the 

developed countries. The growth rate has 

continuously slowed in Europe and North 

America, partly due to the substitution of 

softwood plywood with OSB in construction. 

According to the FAOSTAT database, the 

average global specific consumption of plywood 

and veneers was 0.009 m
3
 per capita 

(industrialised countries 0.027, Oceania 0.015, 

Asia 0.007, Latin America 0.005, Eastern 

Europe (excl. Russia) 0.005, Russia 0.003, and 

Africa (0.001) for 2002. The average global per 

capita consumption has remained at the same 

level for 30 years (Kärkkäinen 2005). 
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Figure 2 Russian market share in EU25 

imports of sawn timber and plywood. Sources: 

UNECE 2005, FAOSTAT 2006, EFI 2007 

The higher growth rate in the global demand for 

plywood than for sawn timber can be seen in the 

investment policies in the wood-based industries 

in the countries where suitable log resources are 

available. The production of birch plywood has 

grown rapidly in north-western Russia since the 

1990’s, and the growth is continuing at the rate 

of ca. 10% per annum (Table 1). This is possible 

due to the vast wood resources (esp. birch), 

growing domestic consumption and, so far, good 

competitive ability to export to the European 

markets. Two Finnish and some German 

plywood companies have invested in production 

in Russia since the 1990’s. However, the big 

growth in production occurred mostly in the 

domestic companies. The individual domestic 

companies are still generally smaller than the 

foreign ones. 

A similar trend of investments has occurred in 

birch sawmilling in Russia, but exact figures are 

not available. The ready-to-assemble furniture 

type production also increased in Poland, as well 

as in Belarus, Slovakia, Hungary, Romania and 

Ukraine, due to the competitiveness in labour 

costs and larger investments (supported by EU 

subsidies). 

The Russian plywood companies manufacture 

mainly small-sized basic panels 

(1525x1525 mm). Their competitiveness against 

the West European producers is based on low 

production costs that enable low product prices. 

The penetration of Russian industries to the 

European plywood markets with low-price 

products could be seen in the market price in the 

early 2000’s (Figures 2 and 3); however, re-gain 

of the price level was seen since 2004. 

Figure 3 Export price trends of birch (solid 

line) and spruce (dashed line) plywood of the 

Finnish mills 1989–2004 (€/m
3
), adjusted at the 

level of 2004 using the appropriate indices. Data: 

Finnish Forest Research Institute 2007; ETLA 2007 
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Figure 4 Plywood exports from Finland (solid 

line) and Russia (dashed line) 1992-2005 (1000 m
3
) 

(Toppinen and Toivonen 2006, after FAOSTAT 

2006) 

The main uses of Russian plywood are in 

construction, furniture and, to some extent, 

vehicle industries. Face veneers of furniture and 

interior products are also manufactured of birch. 

Advanced production technologies are under 

active implementation in Russia, both in 

greenfield and renovation investments. Up-to-

date market information is also available and 

modern business management is being adopted 

by the industries. 

During the 2000’s, Russian sawn timber exports 

doubled and plywood exports increased by 60%. 

Simultaneously, the costs of logs and labour 

have been growing. The most important factors 

for the further investments are the true stability 

and predictability of the political atmosphere, 

and the stable infrastructure for log harvesting 

and transportation. This concerns particularly 

greenfield investments in the industry plants. 

Adoption of cut-to-length harvesting technology 

in Russia will gradually harmonise the logistic 

chain of roundwood with the Nordic countries.  

For the plywood product markets of all countries 

in the Baltic Sea area, maybe except for Russia, 

decreasing prices in the face of strong 

competition from China have been apparent 

(Figure 3). For example to Germany, China 

increased its exports of non-coniferous plywood 

last year, reaching a 10% market share. Instead, 

the North American plywood industry is, so far, 

concentrating on their domestic markets, but 

occasionally aiming to penetrate Europe. For the 

technical properties and the relationship of price 

and quality, birch plywood has few competitors 

but softwood plywood faces growing 

competition from OSB, and maybe from 

plantation pines in the Southern hemisphere. In 

furniture and joinery segments, the customer 

preferences are unstable for species: e.g., light-

coloured wood, such as birch, showed growing 

favour during the 1990’s but dark wood regained 

its position during the 2000’s. This is more true 

in the markets of birch sawn timber than in the 

markets of birch plywood. 

Future Insights 

In the future, in Europe there will be moderate 

GDP and population growth affecting demand 

and prices of forest products, and the market 

balance in sawn timber and plywood will be 

fragile unless increasing per capita consumption 

levels are achieved in economically developed 

countries. 

After the recent expansion of the European 

Union, the most important factors are currently 

the growing production and log exports from 

Russia (Figure 4), which have already changed 

roundwood trade flows around the Baltic Sea. 

However, the situation may now be changing, 

having an impact on the industry 

competitiveness in different countries as well as 

the product markets. 

The current policy of the Russian Federation is 

to make roundwood exports (total of 51 mill. m
3
 

in 2006) unprofitable, and thereby provide 

incentives to promote the export of value-added 

forest products and speed up investments in 

domestic wood processing. Export tariffs will be 

gradually increased from the current 20% of 

export value level (minimum 10 €/m
3
) up to 80% 

of export value (minimum 50 €/m
3
) by January 

2009. 

For example, Finland alone imports ca. 0.6 mill. 

m
3
 of birch logs and 0.3 mill. m

3
 of spruce logs 

per year for their plywood industries, and close 

to 4 mill. m
3
 of coniferous sawlogs, almost 

solely from Russia. The Russian export tariff is 

predicted to efficiently decrease the log imports. 

In 2005, the price of imported logs already 

exceeded that of the domestic wood at most 

Finnish plywood and sawmills importing logs 

from Russia (Mutanen and Toppinen 2007). 

However, in 2007 the birch plywood industries 

have already faced a log supply problem, 
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whereas the effects were much less visible at 

birch sawmills. 

The probable decrease in wood imports from 

Russia will, however, hit the most of the pulp 

industries in Finland and Sweden using birch 

(and aspen). During the last years, birch 

pulpwood was imported 5 to 6 mill. m
3
 per year 

to Finland; there are not any alternative birch 

reserves available either from domestic or 

foreign sources to fully compensate for this 

volume. 

Conclusions 

Globally, it is China with its strong GDP growth 

and high competitiveness that will also increase 

its role in the markets of plywood and sawn 

timber. As global future exports opportunities 

will increasingly arise in Southeast Asia in all 

main products, competition and production will 

also be growing there (e.g., establishments of 

13.4 mill. ha of fast-growing plantations in 

China). 

For wood supply and raw materials, the biggest 

question in the Baltic Sea area will concern 

Russia and the further implementation of its 

roundwood export tariffs. These will definitely 

have impacts on the export markets and 

competitive environment of the industries in this 

area. As a whole, the future production based on 

Russian imported wood is somewhat uncertain 

in, e.g., Finland, Estonia and Latvia. For birch, 

this affects much more severely the large 

plywood industries than the medium-sized and 

small veneer mills and sawmills.  

Whether Russia is able to attract new investment 

capital to its plywood and sawmill industries to 

reap the benefits from raising the export tariffs is 

yet uncertain. Therefore, the implementation of 

Russian export tariffs, in conjunction with the 

strong Euro, could also provide new export 

opportunities obviously for Asian, and 

eventually for North American sawmill and 

plywood industries. All in all, we believe that in 

the coming years, international plywood and 

sawn timber markets will be inevitably 

changing, partially due to the altering situation in 

the raw material base for the producer countries 

in the Baltic Sea area. 
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ABSTRACT 

Even if the Italian wood industry is very developed, the production of timber on a national level is 

inadequate, and approximately 80% of the raw material is imported. In addition, the amount of small 

dimension and low quality Italian timber is increasing. 

IVALSA, in collaboration with local administrations and Italian companies, promoted some studies in 

order to provide new products to the wood industry. The investigated product fields were: Solid Wood 

Panel (SWP) production and their utilization for indoor furniture; solid wood flooring; outdoor furniture 

by innovative design of park benches; and noise barriers. 

All the experimentation followed common principles: 

• the use of a raw material characterised by low dimensions and low quality; 

• the development of prototypes characterized by innovative design; 

• the evaluation of customers’ liking on the finished products. 

The studies show that it is possible to find one or more innovative solution to add value to low quality 

wood. The wood properties should be enhanced with correct and careful design; this represents a real 

chance to add value to national timber and to improve the use of secondary wood species. 

Introduction 

Italian wood production is very limited and 

forests play the prominent roles of soil 

protection, conservation of natural habitats and 

enhancement of landscape quality. 

In spite of this situation, the Italian wood 

industry is considerably developed; the main 

Italian industrial association (FEDERLEGNO) 

has over 90,000 companies (most Small/Medium 

Enterprises) and over 500,000 employees 

involved. In addition, related to the timber 

industry, there is a large production of wood 

processing machinery, which represents an 

important reference at the international level for 

quality, efficiency and innovation. 

The demand for raw material is considerable. 

The manufacturers request about 

15 million t/year of timber, and 80% of this 

quantity, raw material and semi-fished products, 

is imported from tropical and temperate regions. 

Starting in the last years of the twentieth century, 

trade with eastern European and Asiatic 

countries increased and timber was also involved 

in this trend. 

The main reason that has brought about the high 

industrial development, in spite of the lack of 

raw material, is undoubtedly the ability of the 

Italian industry to identify innovations, to use 

most of the material (little reject) and to give 

added value to its products, often using new 

design as a valid instrument of value. 

This situation could change because of strong 

competition from the international market, 

leading to the necessity by several local realities 

of improving the use of their own forest 

resources. 

In addition, due to the recent Italian forest policy 

devoted to convert the silvicultural systems to 

high forest and to the European Union input 

aimed to change agricultural production into 

timber production, the supply of national raw 

material in Italy is increasing. At present, a 

considerable quantity of hardwood timber 

coming from thinnings made in forest stands and 

in the young plantations (composed exclusively 

of hardwoods) is now available. 

This trend will increase in the next years when 

the new arboriculture stands will reach maturity. 
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Unfortunately, at the moment, this material is 

characterised by small dimensions and low 

quality and it has little economic alternatives to 

its final use except for firewood. 

In order to contribute to finding good 

alternatives and to provide new products to the 

wood industry, IVALSA, in collaboration with 

local administrations and with the financial 

support of the UE research programme, has 

promoted some studies that are presented here. 

Considering that the success of the Italian 

manufacturing industry is due mainly to 

customer satisfaction through design, the 

IVALSA activity was devoted to improving the 

knowledge of wood properties and advanced 

technology for better design. 

Method 

The investigated product fields were: Solid 

Wood Panel (SWP) production and their 

utilization for indoor furniture; solid wood 

flooring; outdoor furniture by innovative design 

of park benches; and noise barriers. 

Four case studies are presented here; all of them 

were carried out with the following steps and 

operating principles: 

The raw material The raw material used for the 

product manufacture was made up of 

underutilized (secondary) forest species and/or 

assortments with low dimensions and low 

quality. The choice of the species was based on 

the local availability of raw material and on the 

wood properties needed for effective 

manufacture (aesthetical value of wood for 

indoor furniture; natural durability for outdoor 

uses). 

The product manufacturing The product 

development pursued the realization of 

prototypes characterized by innovative design 

but simple processing technology. The 

manufacturing was realized with the close 

cooperation of local firms. 

The product evaluation Laboratory tests, under 

way valuations and surveys of customers’ liking 

were carried out on semi-finished SWP and 

finished products. 

Results and discussions 

Solid Wood Panels for indoor furniture 
IVALSA, in collaboration with ARSIA and 

ERSAF (Regional Agency for Agricultural and 

Forest Development of, respectively, Toscana 

and Lombardia Regions) and with the financial 

support of EU projects (EC Forest Project, 

MEDCOP), promoted and carried out some 

studies in order to produce single-layer Solid 

Wood Panels made of wood of underutilized 

species, and to demonstrate the feasibility of 

using them to manufacture added-value 

products, mainly furniture for indoor (non-

structural uses). 

The chosen species for this first case study were 

Turkey oak (Quercus cerris), black locust 

(Robinia pseudacacia), sweet chestnut 

(Castanea sativa), wild cherry (Prunus avium) 

and ash (Fraxinus excelsior). 

The forest stands where the raw material was 

collected are described by Assolegno (1995), 

Amorini et al (1996) and Bargelli et al. (1999). 

The characteristics of the utilized logs, poor in 

dimension and quality, are summarized in 

Table 1. 

Table 1 Species, number (N) and mid-

diameter (d), length (l) and volume (V) mean values 

of logs employed in the experimentation 

Logs 

Species N 

 

d (over 

bark)* 
(cm) 

l 

 
(cm) 

V 

 
(dm3) 

oak 114 19 

(16–27) 

220 52 

b.locust 151 20 

(11–38) 

125/250 63 

chestnut 80 22 

(17–53) 

220 65 

cherry 103 16 

(13–20) 

200 40 

ash 99 15 

(12–21) 

200 38 

*mean (min-max) 

The SWP production process is summarized in 

the following steps: 

1. sawing 

2. kiln drying 
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3. edging and ripping into strips 

4. marking of defects to be cut out 

5. cross-cutting of strips to eliminate defects 

6. planing on the four sides 

7. selection 

8. finger-jointing 

9. planing on the four sides and ripping into the 

definitive cross-sections 

10. matching for thickness, provenance and 

quality into panel sets  

11. edge-gluing 

12. edging and sanding to final thickness. 

At present, the experimentation on wild cherry 

and ash is still in progress; meanwhile, a large 

number of SWPs in Turkey oak, black locust and 

chestnut wood have been built industrially. In 

Table 2 the production yields, registered during 

the different steps of the manufacture process, 

are shown. 

The SWPs produced had two different 

thicknesses: 19 mm and 42 mm. They underwent 

laboratory tests so as to measure the mechanical 

properties of the panels (bending modulus of 

elasticity and bending strength) and the glue 

bond strength according to the EN standards. 

The panel dimensional stability was also tested. 

The results of the lab tests are showed in Table 

3. 

For more details see Assolegno (1995), Berti et 

al.(1996) and Bargelli et al. (1999). 

Table 2 Production yields of the steps of the 

manufacture process 

 Vol 

 

(m
3
) 

log 

 

(%) 

green board 

(%) 

dry board(%) 

Turkey oak 
log 5.9 100   
green board 4.8 82 100  

dry board 4.3 72 88 100 

panel 0.5 9 11 12 

black locust 
log 9.5 100   

green board 8.5 89 100  

dry board 7.6 80 89 100 
panel 1.3 14 15 17 

sweet chestnut 
log 5.2 100   
green board 3.7 71 100  

dry board 3.5 67 95 100 

panel 0.9 17 24 26 

wild cherry (in progress) 

log 4.1 100   

green board 2.4 59 -  
dry board - - - - 

panel - - - - 

ash (in progress) 
log 3.7 100   

green board 2.1 56 -  

dry board - - - - 
panel - - - - 

  

Table 3 Mean values of the bending modulus 

of elasticity (MOE); bending strength (MOR); shear 

test on glue-lines in dry condition (STGL); shear test 

on solid wood (STSW), for the two panel thicknesses 

(Th) 

 Th 
(mm) 

MOE 
(MPa) 

MOR 
(MPa) 

STGL 
(MPa) 

STSW 
(MPa) 

  Em0(*) Em90(**) fm0(*) fm90(**)   

Turkey oak 19 
42 

16600 
13800 

1560 
1440 

71.3 
64.0 

7.7 
5.9 

15.3 
16.8 

21.1 
20.0 

black 

locust 

19 

42 

15300 

15700 

1520 

1540 

79.0 

65.0 

6.9 

6.7 

16.3 

17.9 

20.5 

21.0 

chestnut  19 

42 

10200 

10400 

738 

780 

45.3 

46.2 

3.8 

2.7 

- - 

(*) parallel to the longitudinal direction 

(**) perpendicular to the longitudinal direction 

  
The tests allowed us to draw some conclusions: 

• the elastic properties of the panels (MOE) 

basically depended on the elastic properties 

of the solid wood of which they were made 

• the bending strength showed a high 

anisotropy, comparable to that of solid wood 

• the longitudinal bending strength was 

limited by the actual strength of finger joints. 

This kind of stress led to a gradual break 

• the transversal bending strength was limited 

by the actual glue bond strength among 

strips. In this case the break occured abruptly 

• the bond quality seemed slightly better in 

black locust than Turkey oak and in thicker 

panels if compared with the thinner ones 

• the dimensional stability of the SWPs was 

strongly influenced by the thickness of the 

panel, as well as the speed of the 

deformation occurrence. It means that 

thinner panels curve more rapidly and show 

a higher distortion than thicker panels. 

In conclusion, it’s important to recommend that 

any kind of utilisation should consider the above 

mentioned peculiarities of SWPs, both in design 

and manufacture. 

With the aim of demonstrating the technical and 

aesthetic validity of the semi-finished products, 

IVALSA asked a designer to plan and built a 

series of furniture examples using the SWPs. 

The items manufactured were shown at some 

furniture exhibitions and were very much 

appreciated by visitors, especially for their pretty 

appearance (Figure 1). 
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Figure 1 Some examples of indoor furniture 

built with the SWPs 

Solid Wood flooring 
Currently, a great quantity of the wood flooring 

produced in Italy is based on the use of tropical 

species but the trend is changing quickly and the 

demand for temperate species coming from 

plantations is increasing. In this context 

IVALSA started an experiment aimed to utilise 

the timber coming from thinnings in Italian 

arboriculture plantations for solid wood flooring 

manufacture. 

In collaboration with the AliParquets company, 

which proposed the following described product, 

we decided to use wild cherry (Prunus avium) 

because of the aesthetic value of its wood and 

because of its abundance in Italian plantations. 

The working process is as follows: starting from 

boards of small dimensions glued together to 

produce a semi-finished element of 

approximately 10 x 10 x 60 cm (Figure 2), 

14 mm thick elements are obtained by means of 

cuts effected orthogonally in respect to the initial 

board’s largest face. The new elements appear 

therefore composed of thin strips and are already 

provided with tongue and groove. At the end, the 

face and the back of the elements are both 

varnished. The final product is the composite 

solid wood flooring showed in Figure 3. 

 

Figure 2 Semi-finished element during cherry 

wood flooring processing 

According to the previous experience of the 

AliParquet company, the same type of product 

made with other wood species has given good 

results after laying, mainly as concerns the 

dimensional stability. 

During the processing of the wild cherry 

prototype no problems occurred and the final 

good aesthetic quality of the surfaces allowed us 

to consider the experiment extremely positive. 

The next step will be the optimisation and the 

development of the industrial production 

process. 

42



 

 

Figure 3 Finished cherry parquet 

Outdoor furniture: park benches 
The species selected for the third case study was 

the sweet chestnut (Castanea sativa). 

Chestnut is very widespread in central Italy, 

predominantly in coppice stands. Moreover, 

chestnut wood is one of the most appreciated 

timber for external uses because it is 

characterised by a remarkable natural durability, 

not requiring any impregnation to resist fungi 

and insect attacks. 

Starting from these good characteristics that 

have allowed chestnut wood to be used for poles 

and others agricultural uses, IVALSA and the 

University of Florence’s, Faculty of 

Architecture, in collaboration with Tecnolegno 

Fantoni company, tried to find a space in a field 

of little competition for chestnut: urban furniture. 

A new prototype of park bench was studied, 

always keeping in mind the criteria of industrial 

reliability. It used sawn timber with width less 

than 24 cm, length of about 200 cm and 

thickness of 4 cm, Monti (2004). 

The prototype, designed by Bernardo Monti and 

named “XILOFANES”, took into consideration 

all the main solutions aimed to guarantee long 

life outside, i.e., the presence of sacrificed wood 

elements in touch with the ground that could be 

replaced easily every 5 years, and the sitting 

inclination of 5° in order to avoid water 

stagnation. Great care was put, besides, to the 

choice of the non-wood components. An 

example is the anchorage to the ground obtained 

by means of a particular screw, not visible after 

assembly. 

The production yield of the bench was 29%, 

starting from the volume of the unedged sawn 

timber to the volume of the wooden prototype. 

It is possible to conclude that the final result was 

convincing from an aesthetic point of view, not 

only because of the chestnut wood 

characteristics but also as a result of the validity 

of the design. However, to guarantee the long 

duration of the aesthetic features of the 

manufacture it is of fundamental importance to 

effect the appropriate surface finishing. 

If this project is be supported by industrial 

interest and by a proper marketing plan, it will 

be able to contribute to the better use of local 

timber production. 

 

Figure 4 Park bench in chestnut 

Noise barriers 
With the purpose of improving the use of local 

timber to create productive alternatives for 

enterprises and to increase the number of 

employees involved in the forest-wood chain, 
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another project studied the production of wooden 

noise barriers. 

Chestnut (Castanea sativa) wood was chosen 

again because of its availability as raw material 

and its good natural durability. 

The project was developed, on behalf of ARSIA, 

by IVALSA and by the Agriculture and Forest 

Engineering Department of the University of 

Florence. An important contribution was offered 

by the association of local sawmills that supplied 

to actual manufacture of several prototypes. 

In agreement with the regional guidelines in the 

matter of sustainable development, the project 

exclusively considered low environmental 

impact materials and products, all potentially 

recyclable. 

Altogether five design solutions were chosen and 

tested in the reverberation room in order to 

estimate their acoustic efficiency. The tested 

panels were composed of chestnut solid wood as 

frame and expanded clay as a sound adsorbent 

internal part. 

On the basis of the results obtained in the 

reverberation room and the problems linked to 

the transport and the assembling of the barriers 

the best panel was selected (Berti et al. 2004). 

The constructive scheme of the final prototype is 

illustrated in Figure 5. 

 

 

Figure 5 Scheme of the noise barrier prototype 

An experimental barrier (150 m long) was 

erected on the road connecting Florence with 

Siena so as to verify the actual performance of 

the manufacture. After 3 years from the 

installation, the barrier was still in perfect 

condition (good durability of the panels) and 

efficient; its behaviour was very encouraging 

(Figure 6). 

Conclusions 

The experiments developed by IVALSA with the 

aim of improving Italian timber utilization show 

that it is possible to find one, or more, innovative 

solutions to add value to the low quality timber 

coming from thinning operations. The tests 

carried out on the semi-finished products and the 

evaluation of the aesthetic and efficiency aspects 

of the final products have demonstrated the 

validity of all the proposals. 

As concerned the SWP products and the 

subsequent furniture trial, we can state that it is 

already possible to use Turkey oak, black locust 

and sweet chestnut coming from thinning 

operations in panel and furniture processing; we 

expect also that for wild cherry and ash there 

will be the same possibility.  

In general the SWP production, but also the 

innovative indoor wood flooring system used for 

cherry, can be take into consideration to enhance 

interest for the underutilized species. 

 

Figure 6 The noise barrier on the Firenze-

Siena highway 

In addition, the choice to take advantage of some 

properties of chestnut wood, such as the natural 

durability, to build park benches or noise barriers 
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was extremely positive. The characteristics of 

the wood can be enhanced with a correct and 

careful design. It is necessary to emphasize this 

last consideration because it represents a real 

chance to add value to small dimension and low 

quality timber and to improve the use of 

secondary wood species. 
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ABSTRACT 

Increasing pressure to limit the use of hazardous treatments for the preservation of wood used for exterior 

applications has led manufacturers of chemically treated wood products to investigate alternative means of 

providing durable wood products. Utility poles and cross arms have traditionally been treated with 

creosote, pentachlorophenol and chromated copper arsenate (CCA), which are now considered unsafe for 

most treatment applications. An alternative to using chemically treated wood is to utilize wood species 

that have natural resistance to decay and attack from insects. Numerous species of hardwoods from Brazil 

have proven to be extremely durable under exterior exposure. Full-scale utility pole and cross arm testing 

was conducted to determine the physical and mechanical properties of these woods, and their suitability 

for use as utility poles and cross arms was further investigated by conducting durability tests. Descriptions 

of the wood species, testing and test results are presented along with a synergistic discussion on why these 

woods are an environmentally sustainable alternative. Testing and subsequent analyses provided data 

verifying that these species have adequate strength, stiffness and durability for use as utility poles and 

cross arms throughout North America. 

Introduction 

Chemical treatments commonly used to extend 

the life of wood and wood-based materials that 

are subjected to exterior conditions have become 

less popular with consumers and environmental 

advocates, requiring manufacturers of 

chemically treated wood materials to seek 

alternative means of providing durable wood 

products. Utility poles and cross arms for utility 

poles have traditionally been treated with 

creosote, pentachlorophenol and chromated 

copper arsenate (CCA), which are now 

considered unsafe for most treatment 

applications, especially for use in 

environmentally sensitive areas. Utilizing wood 

species that have natural resistance to decay and 

attack from insects is one alternate method for 

providing naturally durable wood products, 

rather than chemically treated ones. Numerous 

species of wood from Brazil have proven to be 

extremely durable under exterior exposure based 

on laboratory studies and field investigations of 

these species in harsh environments around the 

world (Gonzalez and Sundaram 2005). While 

concrete, steel and fiberglass are also 

alternatives to chemically treated poles, their use 

requires significant changes in equipment and 

procedures used by utility companies, which 

results in higher costs for these poles.  

The current study investigated eight wood 

species for use in utility pole and cross arm 

applications. Abiurana Ferro, Acariquara and 

Mata Mata’ Preto were the species tested as 

utility poles, and Cupiuba, Guajara, Piquia, 

Tauari Vermelho and Timborana were the 

species tested as cross arms. Full-scale flexural 

testing was performed according to ANSI 05.1 

(ANSI 2002a) and ANSI 05.3 (ANSI 2002b) for 

evaluation of the mechanical properties of these 

woods and of their suitability for use as utility 

poles and cross arms, respectively. Durability 

testing according to ASTM D 2017 – 81 

(Reapproved 1994) (ASTM 2004) was 

conducted to determine the resistance of these 

woods to white and brown rot. Sections below 

provide descriptions of testing performed and 

test results, along with comparisons of properties 

with wood species commonly used for utility 

poles and cross arms in North America. All 

species utilized for testing have been and will 

continue to be harvested utilizing 
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environmentally sustainable methods under 

certification processes that ensure these woods 

are being responsibly harvested and that the use 

of these materials is not detrimental to the 

ecology of the Brazilian forests. 

Experimental Methods 

Introduction 
Utility pole testing was conducted based on 

requirements of ANSI 05.1 – 2002, American 

National Standard for Wood Poles (ANSI 

2002a), which stipulate that full-scale pole 

testing be performed in accordance with ASTM 

D 1036 – 99 Standard Test Methods of Static 

Tests of Wood Poles (ASTM 2004c). 

Supplemental testing required by ASTM D 1036 

– 99 was performed on specimens obtained from 

a section of each pole between the ground line 

(1.98 m from the butt end) and the butt end, and 

included tests for specific gravity, moisture 

content and sapwood thickness, and small clear 

specimen tests for flexural strength and stiffness, 

compressive strength and hardness according to 

ASTM D 143 – 94 (Reapproved 2000), Standard 

Test Methods for Small Clear Specimens of 

Timber (ASTM 2004a).  

Cross arm testing was conducted based on 

requirements of ANSI 05.3 – 2002, American 

National Standard for Wood Products – Solid 

Sawn-Wood Crossarms and Braces (ANSI 

2002b), which stipulate that full-scale cross arms 

be tested according to ASTM D 198-02 

Standard Test Methods for Static Tests of 

Lumber in Structural Sizes (ASTM 2004b), 

Sections 4 – 11, and Annex B of ANSI 05.3 – 

2002, which specifies a support span of 2.24 m 

and a loading span of 0.56 m. Supplemental 

testing conducted on 25.4 mm thick slices taken 

from each cross arm tested included moisture 

content and density, along with visual 

documentation of growth rings per cm, slope of 

grain and percentage of summerwood present. 

Testing for resistance to fungi that cause rot in 

wood was conducted according to ASTM D 

2017-81 (Reapproved 1994) Standard Method of 

Accelerated Laboratory Test of Natural Decay 

Resistance of Woods (ASTM 2004d). Small 

blocks of each wood species were exposed to 

four rot fungi species, two for white rot and two 

for brown rot, in decay chambers and evaluated 

for the extent of weight loss that occurred during 

exposure. 

Utility Pole Testing Methodologies 
Full–scale flexural testing of poles was 

conducted according to ASTM D 1036 – 99 

(ASTM 2004c), Sections 20 – 23, utilizing the 

machine test method, which specifies a simple 

support span of 12.8 m, when testing 13.7 m 

long poles, where the tip end is supported 0.61 m 

in from the end, and the butt end is supported 

0.31 m in from the end, and where both supports 

allow for rotation and longitudinal movement of 

poles during testing. Loads were applied at the 

ground line, which was 1.98 m in from the butt 

end, utilizing a servo controlled hydraulic 

actuator under displacement control using a 

loading rate based on the circumference at the 

ground line of each pole. The testing apparatus is 

shown in Figure 1.  

 

Figure 1 Pole Testing Apparatus Shown 

Following Failure of Abiurana Ferro Pole 

Measurements of ground line deflection were 

obtained using a linear variable differential 

transformer (LVDT) internal to the hydraulic 

actuator used to apply load to specimens. 

Applied load at the ground line, reaction load at 

the tip end support, and actuator movement were 

obtained continuously throughout testing and 

were recorded using a computer controlled data 

acquisition system. Prior to flexural testing, 

specimens were weighed and measured for 

overall length, circumference at tip end, ground 

line and butt end, and temperature. Poles were 

tested to failure and descriptions of each failure 

type recorded and photographed, and included 
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approximate location of failures where 

appropriate. Following failure, the section from 

the butt end up to the ground line was cut off and 

weighed. The segment cut from each pole was 

used to prepare supplemental test specimens as 

described below.  

From each cut off butt end segment, two 

25.4 mm thick disks were cut at 0.31 m from the 

ground line toward the butt of the pole, as 

described in ASTM D 1036-99 (ASTM 2004c) 

Section 25. One of these was used to determine 

age, sapwood thickness and number of rings per 

cm. Age of the trees and number of rings per cm 

were virtually impossible to determine visually, 

even with a 10x hand lens, due to the indistinct 

nature of growth rings, which is typical for 

certain tropical species, due to a lack of distinct 

growing seasons. Efforts were made to conduct 

density profiles of cross sections from several 

poles, but results were inconclusive, indicating 

primarily that the densities of the pole species 

from pith to bark were extremely consistent and 

that growth rings as commonly observed in 

North American softwoods were not discernable. 

Sapwood thickness for each pole was calculated 

as the average of four measurements taken at 

quarter point locations around the edge of each 

disk. The second disk was cut along radii into 

six, approximately equal segments, from which 

three nonadjacent segments were used for 

determining moisture content and the remaining 

three segments used to determine specific 

gravity.  

The remaining sections cut from each pole were 

used to prepare small clear specimens for 

hardness, compression and flexural strength 

testing. Care was taken to obtain these 

specimens from locations as close to the outer 

surface of the poles as possible without having 

defects in them. These were cut into specimens 

with 51 mm by 51 mm cross sections and 762 

mm lengths for flexure testing, 152 mm lengths 

for hardness and 203 mm lengths for 

compression testing. It was not possible to obtain 

51 mm by 51 mm specimens in the required 

lengths without defects for all poles, due to 

either cracks in the wood, splits caused by 

testing, or in the case of Acariquara there was 

not enough solid wood between voids to get an 

acceptable sample. ASTM D 1036 (ASTM 

2004c) Section 26.1 allows for smaller 

specimens to be obtained in the event that 

previously mentioned sizes cannot be fashioned 

from pole butt ends. Five hardness, compression 

and flexure specimens were obtained from each 

pole butt end. Small, clear specimens were tested 

for static bending strength, compression strength 

parallel-to-grain and hardness according to 

ASTM D 143 – 94 (Reapproved 2000) (ASTM 

2004a), Sections 8, 9 and 13, respectively. 

Cross Arm Testing Methodologies 
Cross arm specimens were delivered in ready to 

test dimensions of approximately 0.095 x 0.121 

x 2.50 m. Full-scale testing of five cross arm 

species included measuring and weighing, and 

then testing each specimen in flexure according 

to ASTM D 198-02 (ASTM 2004b) Sections 4 – 

11, and Annex B of ANSI 05.3 – 2002 (ANSI 

2002b), which specifies a support span of 2.24 m 

and a loading span of 0.56 m. Prior to flexural 

testing, all specimens were weighed and 

measured for overall length, average width and 

average depth. Average width and depth 

measurements were obtained by averaging three 

measurements taken at the center and location of 

the support at each end. Any defects that were 

visible were noted and placed on the tension side 

for testing. Thirty specimens of each species 

were tested about the major and minor axis for a 

total of 60 specimens tested per species. Flexure 

specimens were tested utilizing the apparatus 

shown in Figure 2. Rate of loading was 

determined for each specie and orientation using 

the equation provided in Section 9 of ASTM D 

198-02 (ASTM 2004b). Measurements of neutral 

axis deflection were obtained using an LVDT 

mounted to a yoke suspended from neutral axis 

points at the supports while monitoring 

downward deflection of a pin driven into each 

cross arm at the neutral axis at the centre of the 

support span. Applied load and crosshead 

movement were recorded directly from the 

testing machine. All measurements were 

obtained continuously throughout testing and 

were recorded utilizing a computer controlled 

data acquisition system. Cross arms were tested 

to failure and descriptions of each failure type 

were recorded. 

Following full-scale flexure testing of the cross 

arms, specimens were obtained from each cross 
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arm to assess moisture content, density, growth 

rings per cm, slope of grain and percentage of 

summerwood. Specimens used for these 

determinations were approximately 25.4 mm 

thick cross sectional slices that were cut as close 

to the failure as possible without having 

fractures or missing sections due to the failure of 

the cross arm. Immediately after cutting, the 

rectangular slices were weighed and measured 

for volume, and then were placed in an oven for 

drying. Specimens were weighed again after 

attaining oven-dry equilibrium to determine 

moisture content and density. In order to 

determine number of rings per cm, slope of grain 

and percent summerwood, each slice was sanded 

to more easily observe growth characteristics. 

Rings per cm were obtained by recording the 

number of rings over a 100 mm distance and 

dividing that number by 10. Slope of grain was 

determined by measuring the deviation of grain 

across the grain and dividing it by the distance 

over which the deviation occurred. Slope of 

grain was determined for two adjacent faces and 

averaged for each cross arm. Percentage of 

summerwood was estimated through visual 

inspection and was categorized according to 

Annex B of ANSI 05.3 – 2002 (ASTM 2002b). 

 

Figure 2 Cross arm testing apparatus during 

testing of guajara specimen 

Decay Resistance Testing Methodologies 
Specimens were obtained for rot resistance for 

the eight species tested by obtaining specimens 

from several different trees and then cutting 

them down to approximately 25 x 25 x 9 cm. 

According to ASTM D 2017-81 (Reapproved 

1994) (ASTM 2004d) specimens were 

conditioned, weighed and then placed in 

containers with feeder blocks that had been 

exposed to fungi for at least 3 weeks. The four 

fungi utilized were Ganoderma aplanatum 

(white rot), Trametes versicolor (white rot), 

Gloeophyllum trabeum (brown rot) and Lentinus 

lepideus (brown rot). Testing was terminated at 

the time when the feeder blocks had experienced 

at least 60% loss in weight and at which time the 

test specimens were weighed so that a 

percentage of weight loss could be determined. 

Each species was rated for decay resistance 

when in ground contact based on percentage 

weight loss and using the categories provided in 

Section 15.2 of ASTM D 2017 (ASTM 2004d). 

Analysis and Results 

Applied load and ground line displacement data 

from pole tests were utilized to calculate 

Modulus of Rupture at Ground Line (MORGL) 

and Modulus of Rupture at Break Point 

(MORBP) for each specimen. MORGL values 

were calculated using equations provided in 

ASTM D 1036 – 99 (ASTM 2004c), Section 

23.2, and maximum moments were calculated at 

the approximate location of breakage assuming a 

linear decrease in moment from ground line to 

tip end support in order to calculate MORBP. In 

some cases, the point of failure was estimated to 

be near the middle of the failed region, but in 

certain instances, such as full-length horizontal 

shear failures, this was not possible, and for 

those poles the MORBP value was assumed to 

the same as the MORGL. Additionally, due to 

significant distortion of poles in the failure 

region it was often difficult to obtain a 

measurement of pole circumference at break 

point. Therefore, MORBP was calculated 

assuming a uniform taper from ground line to tip 

for determining circumference at the point of 

failure. Table 1 provides average results for each 

of the three pole species for maximum applied 

load, equivalent tip load, MORGL, standard 

deviation and coefficient of variation (COV). 

Table 2 provides average results for moisture 

content, specific gravity and sapwood thickness 

based on 30 specimens tested for each species. 

Table 3 provides species averages for test results 

obtained from small clear testing of specimens 

obtained from each pole. 
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Applied load and center line displacement data 

were recorded throughout each cross arm flexure 

test and were used to calculate Modulus of 

Elasticity (MOE) and Modulus of Rupture 

(MOR) for each specimen. MOE and MOR 

values were calculated utilizing equations 

provided in ANSI 05.3 – 2002 (ANSI 2002b) 

Annex B and ASTM D 198-02 (ASTM 2004b) 

Appendix X2, respectively. Table 4 provides 

average results for the five species tested for 

MOE, MOR, standard deviation and coefficient 

of variation (COV) for each species and loading 

orientation. Table 5 provides average results for 

moisture content and density data for each 

species tested. 

Table 1 Average Results for Full-Scale 

Flexural Pole Testing 

Species 

Maximum 

Applied 

Load 

(kN) 

Equivalent 

Tip Load 

(kN) 

MORGL 

(MPa) 

MORGL 

Standard 

Deviation 

(MPa) 

MORGL 

COV 

(%) 

Abiurana Ferro 306.8 40.2 108.5 19.4 17.8% 

Acariquara 102.6 13.8 53.3 12.9 24.2% 

Mata Mata’ Preto 217.6 29.4 87.4 20.9 23.9% 
  

Table 2 Average Results for Supplemental 

Utility Pole Testing on Disks 

Species 

Heartwood 

Moisture 

Content (%) 

Sapwood 

Moisture 

Content (%) 

Average 

Moisture 

Content (%) 

Specific 

Gravity 

Sapwood 

Thickness 

(mm) 

Abiurana Ferro 32.5% 28.5% 30.5% 0.90 45 

Acariquara 35.7% 25.2% 30.4% 0.81 23 

Mata Mata’ Preto 51.3% 29.2% 40.3% 0.82 38 
  

Table 3 Average Results for Small Clear 

Specimen Testing 

Species 
MOR 

(MPa) 

MOE 

(MPa) 

Maximum 

Compression 

Stress 

(MPa) 

Average Radial 

and Tangential 

Hardness (kN) 

End Grain 

Hardness 

(kN) 

Abiurana Ferro 150.3 22,960 75.2 12.5 9.6 

Acariquara 134.5 16,340 60.7 8.2 7.6 

Mata Mata’ Preto 120.0 17,930 51.0 9.8 9.2 
  

Table 4. Average Results for Flexural Testing of 

Cross Arms 

Species 
Bending 

Axis 

MOR 

(MPa) 

MOR 
Standard 

Deviation 

(MPa) 

MOR 
COV 

(%) 

MOE 

(MPa) 

MOE 
Standard 

Deviation 

(MPa) 

MOE 
COV 

(%) 

Piquia Major 69.6 11.5 16.59% 10,580 1,613 15.25% 

Tauari Vermelho Major 59.2 12.0 20.22% 7,650 2,248 29.40% 

Timborana Major 74.3 16.3 21.97% 12,120 1,738 14.33% 

Cupiuba Major 70.9 13.5 19.10% 11,520 2,439 21.17% 

Guajara Major 76.2 5.0 6.61% 10,430 1,475 14.14% 

Piquia Minor 67.6 12.5 18.47% 10,400 2,077 19.97% 

Tauari Vermelho Minor 63.6 10.2 15.98% 7,490 1,058 14.13% 

Timborana Minor 79.2 14.8 18.70% 12,900 1,900 14.73% 

Cupiuba Minor 71.2 13.2 18.55% 12,770 1,838 14.39% 

Guajara Minor 76.5 4.5 5.91% 9,890 1,390 14.06% 
  
In order to ensure that there is 75% confidence 

that the true mean of fiber stress is greater than 

the calculated value for fiber stress, ANSI 05.3 –

2002 (ANSI 2002b) Annex C provides an 

equation for adjusting maximum fiber stress, or 

MOR, which is based on average calculated fiber 

stress, sample size and COV for the group of 

tested specimens. Table C.1 in Annex C (ANSI 

2002b) provides values from a one sided t 

distribution for 75% confidence that was used 

for adjusting fiber stresses according to the 

species tested. Table 6 contains adjusted values 

for maximum fiber stress or MOR using the 

equation and t values provided in Annex C 

(ANSI 2002b). 

Table 5 Average Moisture Content and 

Density of Cross Arms 

Species 
Moisture 

Content 

Density 

(g/cm
3
) 

Piquia 44.8% 0.73 

Tauari Vermelho 34.6% 0.56 

Timborana 26.6% 0.73 

Cupiuba 36.3% 0.75 

Guajara 47.0% 0.67 

Table 6 Adjusted Fiber Stress (MOR) Values 

for Cross Arm Species Tested 

Species 
Bending 

Axis 

MOR 

(MPa) 

Adjustment 

Factor 

Adjusted 

MOR 

(MPa) 

Piquia Major 69.6 0.979 68.2 

Tauari Vermelho Major 59.2 0.975 57.7 

Timborana Major 74.3 0.973 72.3 

Cupiuba Major 70.9 0.976 69.2 

Guajara Major 76.2 0.992 75.6 

Piquia Minor 67.6 0.977 66.0 

Tauari Vermelho Minor 63.6 0.980 62.4 

Timborana Minor 79.2 0.977 77.4 

Cupiuba Minor 71.2 0.977 69.5 

Guajara Minor 76.5 0.993 75.9  

Results of decay resistance testing demonstrated 

that all of the wood species for pole use had a 

highly resistant classification. Cross arm species 

having a highly resistant classification were 

Piquia and Guajara, while Tauari Vermelho, 

Timborana and Cupiuba had a classification of 

resistant, which is the same used for first growth 

Western Red Cedar. 

Comparisons and Conclusions 

Objectives of utility pole and cross arm testing 

of Brazilian hardwood species included 

evaluation of the physical and mechanical 

properties of these woods and an assessment of 

their applicability for these uses, particularly in 

comparison with wood species that are already 

used in North America, specifically Douglas-fir 

and Southern Pine. Tabulated data presented in 

the previous section provide quantification of the 

properties of these Brazilian wood species. 
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Information provided in ANSI 05.1 – 2002 

(ANSI 2002a) requires that Douglas-fir and 

Southern Pine utility poles have MOR values 

greater than 54.2 MPa and 58.1 MPa, 

respectively, in order to be acceptable for use as 

utility poles. Full-scale flexure tests of Abiurana 

Ferro and Mata Mata’ Preto poles indicated that 

these species had greater MOR levels than either 

of the North American species requirements. 

Testing of Acariquara poles showed that the 

maximum fiber stress of this species was greater 

than requirements of Douglas-fir poles only.  

These data suggest that the three Brazilian 

species tested would provide adequate strength 

for use as utility poles based on ANSI 05.1 – 

2002 (ANSI 2002a) requirements. Additionally, 

Figure 3 provides a comparison of utility poles 

based on circumference at the ground line, which 

indicates that while Acariquara had a strength 

roughly equal to that of the North American 

species, Abiurana Ferro and Mata Mata’ Preto 

had strengths exceeding North American species 

of similar dimension. 

Information provided in ANSI 05.3 – 2002 

(ANSI 2002b) requires that Douglas-fir 

members that are to be used for power and 

communication cross arms or heavy duty cross 

arms have MOR values greater than 53.8 MPa 

and 51.0 MPa, respectively, in order to be 

acceptable for these purposes. Full-scale flexure 

tests indicated that Cupiuba, Guajara, Piquia, 

Tauari Vermelho and Timborana, all had 

average MOR levels that exceeded these values. 

These data, along with decay resistance test 

results, indicate that the five Brazilian species 

tested would provide adequate strength and 

durability for use as cross arms based on ANSI 

05.3 – 2002 (ANSI 2002b) requirements. 
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Figure 3 Utility Pole Comparisons Among 

Acariquara (ACA), Abiurana Ferro (AF), Mata 

Mata’ Preto (MMP), and Douglas-fir/Southern Pine 

(DF/SP) Based on Ground Line Circumference 

Some additional considerations for the use of 

these wood species for utility pole use include 

the ability to climb tropical hardwood poles 

utilizing current practices and equipment, and 

the ability to drill into and install fasteners into 

the poles without having to purchase additional 

equipment and train personnel for additional 

material handling. Field tests conducted by 

Rogers International Consulting, LLC and 

several utilities around the United States have 

shown that the only change in current practices 

for utility pole installation and maintenance 

required would be to keep the drill speed below 

500 revolutions per minute. Therefore it is 

concluded that the wood species tested have 

suitable material and mechanical properties for 

use as cross arms and utility poles according to 

currently accepted standards for use in North 

America. 

Environmental issues and current acceptance 
status 

Ecological issues are typically at the forefront of 

discussions involving the use of tropical 

hardwoods, and the use of these tested species 

for poles and cross arms throughout North 

America is no exception. All of the wood 

harvested by Precious Woods in Brazil for use as 

poles and cross arms, including tested materials, 

is certified as being sustainably harvested and 

managed by the Forest Stewardship Council 

(FSC). This indicates that these materials are 

harvested with minimal impact to the 

surrounding ecology and that the removal of 

these materials is conducted in a sustainable 

manner so that the forest remains a healthy 

ecosystem. By establishing a market for this type 
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of material, deforestation of the Amazon rain 

forest for crop use and poaching can be reduced. 

Other environmental benefits of these woods 

include fewer pesticides and chemical treatments 

that leach into soils and water sources, and a 

high value for decommissioned poles and cross 

arms, which for treated material can be a 

significant source of pollution. 

Use of these pole species has already begun, 

with 150 poles delivered to Consolidated Edison 

Company of New York in May 2007 for field 

installation. Currently more poles are being 

produced and expected to be delivered by year 

end. Figures 4 and 5 show Abiurana Ferro and 

Mata Mata’ Preto poles en route to utility 

companies in the United States. 

 

Figure 4 Poles at the Port of Camden, New 

Jersey 

 

Figure 5 Poles at the E. H. Allen pole yard in 

New Jersey awaiting field installation 

The Secretary of State for the State of Amazon, 

Professor Virgilio Viena, invited agents of 

Rogers International, L.L.C. for a meeting with 

his Cabinet to discuss programs to assure forest 

sustainability and to address potential Carbon 

Sequestration Credits for poles derived from 

managed forests with sustainable forest 

management programs. Professor Vienna has 

assigned Mr. Joao Tezza Neto, Director of 

Forest Products Commercialization to work with 

Rogers International, L.L.C. on the tropical 

hardwood poles and cross arms, to build upon 

this responsible commercialization of tropical 

hardwoods from the Amazon Rain Forest and to 

address the carbon credits’ certification for each 

pole produced. This cooperative work with the 

State of Amazon is in progress and is continued 

assurance that these products will be sustainably 

harvested from managed forests. 

The ANSI O5.1 Foreign Wood Species Sub-

Committee, The Electrical Power Research 

Instituted (EPRI) and agents of Rogers 

International, L.L.C. met on July 10, 2007 in 

Santa Ana, California to address the approval of 

the tropical hardwoods for use in the United 

States. This sub-committee has agreed that the 

tropical hardwoods do meet the fiber strength 

criteria established for poles in ANSI O5.1, for 

both the Abiurana Ferro and Mata Mata’ Preto 

poles, and that for the Acariquara poles, due to 

the natural voids, more test data is required for 

further analysis and evaluation. The ANSI O5.1 

Committee plans to issue an industry-wide letter, 

once approved by the larger O5.1 Committee, 

approving the Abiurana Ferro and Mata Mata’ 

Preto poles for use by the utility industry in the 

United States, provided the poles follow the 

same classification of poles observed for the 

Southern Yellow Pine and Douglas-fir. The sub-

committee also agreed that the ANSI O5.1 Wood 

Pole Standard is not suited to list the tropical 

hardwood poles because many of the stated 

characteristics are not applicable to tropical 

hardwoods, while at the same time many 

attributes of tropical hardwoods are not suited 

for the O5.1 Standard. The general consensus 

reached was that a new Wood Pole Standard 

O5.X will be developed as soon as is feasible in 

order to accommodate wood poles with natural 

durability that do not require chemical 

preservation treatments. 
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ABSTRACT 

Paper birch (Betula papyrifera Marsh.) is a promising species for the Canadian forest economy 

considering its availably throughout the country. Its clear and homogenous wood is much appreciated for 

appearance wood products. However, paper birch grown in Canada develops traumatic heartwood, also 

called red heartwood or red heart. Given the serious losses in terms of lumber quality and value due to the 

occurrence of red heartwood, it would be valuable to understand why it occurs and how we could control 

the proportion of red heartwood in paper birch. This study aims to characterize the red heartwood of paper 

birch and to develop tools to predict its occurrence and proportion in living trees. The main results and 

their implications for industry are presented.  

Introduction 

Paper birch (Betula papyrifera Marsh.) normally 

develops a light-colored and uniform wood, 

which is particularly appropriate for appearance 

products. However discoloration occurs 

frequently in standing birch trees (Shigo 1967; 

Basham 1991). Paper birch discoloration is dark 

brown-reddish with large color variations. The 

presence of discolored wood is usually 

undesirable because it seriously decreases the 

lumber value. However discoloration is not 

decay and its mechanical properties are slightly 

similar to those of clear wood. Campbell and 

Davidson (1941) mentioned that paper birch 

discoloration has little effect on wood strength 

and hardness, but it has a higher tendency to 

check and split during drying than clear wood.  

Discoloration is mainly of traumatic nature in 

paper birch. When a tree is injured, oxygen and 

micro-organisms may penetrate through the open 

wound and discoloration may occur (Shigo 

1979; Smith 1988). The brown-reddish staining 

is due to the polymerization and the oxidation of 

phenolic compounds (Siegle 1967). These 

discoloration processes are catalyzed by the 

presence of non-decay microorganisms (Siegle 

1967; Allen 1996; Hallaksela and Niemisto 

1998; Pape 2002). Discoloration can be initiated 

by an injury to roots (hydric stress, logging 

damage), to the stem (stump wounding, animal 

or insects injuries, frost cracks, scars) or the 

crown (dead or broken branches, forks). Its 

extent depends mainly on wound severity and 

tree vigor (Shigo and Hillis 1973).  

Discoloration extends more longitudinally than 

radialy to form a column of discolored wood, 

related to the location of the injury (Campbell 

and Davidson 1941; Shigo 1979). When a tree is 

injured repeatedly, columns of discolored wood 

may gradually group to appear like one column. 

In the literature, this central column of 

discoloured wood is called red heartwood (RH) 

or red heart in paper birch (Campbell and 

Davidson 1941; Shigo 1967; Siegle 1967; 

Basham 1991; Allen 1996; Giroud 2005). Red 

heartwood is often confused with true 

heartwood. Shigo and Larson (1969) stated 

however that most of the northern hardwood 

species, including paper birch, are clear coloured 

woods which do not develop true heartwood. In 

fact, the formation of true heartwood is initiated 

by endogen stimuli associated to normal tree 

aging; while the red heartwood is formed as a 

result of injuries (Shigo and Hillis 1973; Taylor 

et al. 2002).  

Paper birch red heartwood develops mainly 

under the living crown and thus affects a large 

amount of stem merchantable volume (Basham 

1991; Giroud 2005). However, discoloration 

located in the crown has no economic impact. 

The proportion and occurrence of red heartwood 

was determined in 936 paper birches from 

Ontario’s boreal forest region (Basham 1991). In 

this study, red heartwood was more frequent 

than decay and accounted for about 70% of the 
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stem defects. The proportion of red heartwood 

also increased with age classes. In the study by 

Campbell and Davidson (1941), all 48-year-old 

and older trees had well-developed red 

heartwood at breast height. Furthermore, dead 

and broken branches have been associated with 

large columns of discoloration in birch (Allen 

1996; Hallaksela and Niemisto 1998). Hence, 

these results suggest that mature birch trees with 

a large and damaged crown have a high 

probability of red heartwood presence. Finally, 

the growth conditions certainly influence the red 

heartwood occurrence and proportion even if 

there is no statistical study about this topic. It 

appears however that birch and maple trees have 

more red heartwood and a lighter sapwood in 

their northern distribution limits (Boulet 2005).  

Red heartwood has been studied in European 

beech (Fagus sylvatica L.), the most important 

hardwood species in Western and Central 

Europe (Seeling 1998; Knoke 2002). The 

development of beech red heartwood seems to be 

similar to that of paper birch (Siegle 1967). Its 

occurrence and proportion has been predicted 

from the following parameters: tree age, 

diameter at breast height (dbh), number of dead 

branches, knots, scars and presence of forks 

(Knoke 2003; Wernsdörfer et al. 2005a; 

Wernsdörfer et al. 2005b). Furthermore, the 

vertical profile of beech red heartwood is usually 

spindle-shaped and, in later stages of 

development, parallel to stem taper (Wernsdörfer 

et al. 2005a; Wernsdörfer et al. 2006). 

Hallaksela and Niemisto (1998) have observed 

the same red heartwood shapes in silver birch 

(Betula pendula Roth.). The spindle-shaped red 

heartwood was also the most common.  

This research aims to characterize the 

development of paper birch red heartwood. 

Occurrence, proportion and distribution have 

been investigated in relation to tree and crown 

characteristics. Statistical models have thus been 

developed to predict and describe paper birch red 

heartwood in standing trees. 

Material and Methods 

Paper birch red heartwood was investigated in 

the Montmorency Forest, 75 km north of Quebec 

City, Quebec, Canada. Birch dieback occurs 

frequently in this region, characterized by 

difficult growth conditions. In addition, the 

occurrence and proportion of paper birch red 

heartwood are particularly high.  

One hundred and fifty paper birch trees were 

sampled with a Pressler probe at stump height 

and the occurrence of red heartwood was 

determined. Eighteen trees showing occurrence 

of red heart were then felled. Disks of 5 cm in 

thickness were cut at every 0.5 m. The 

proportion and vertical distribution of red 

heartwood were analyzed in relation to tree and 

crown characteristics. 

A multiple logistic regression was developed to 

predict the probability of red heartwood presence 

at stump height for a given tree. The red 

heartwood proportion was determined from disks 

of eighteen birches with red heart. A multiple 

linear regression was developed to predict the 

red heartwood proportion for a given tree. 

Finally sixth-degree polynomials were used to 

describe the vertical distribution within trees. 

The SAS software was used for all statistical 

analyses.  

Results and discussion 

Twenty-seven percent of the sampled trees had 

red heartwood at stump height. A logistic model 

was developed to predict the red heartwood 

occurrence from inventory data. The diameter at 

breast height (DBH) and the total tree height 

(TH) were the only significant variables to enter 

into the logistic model (equations 1 and 2). This 

logistic model has correctly classified 73% of the 

observations after cross-validation. The model 

discrimination was excellent with an area under 

the receiver operating characteristic (ROC) curve 

value of 0.867.  
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Logit (Pij) = log [ Pij /(1- Pij)] (1) 

Logit (Pij) = β0i + β1i (10
6
/ DBH 

2
ij) + β2TH (2) 

Where, 

Pij : probability of red heartwood presence for 

the “j
th
” tree from the “i

th
” site; 

β0i : site-specific intercept; 

β1i : site-specific coefficient for DBH (diameter 

at breast height) effect; 

β2 : coefficient for TH (total height) effect. 

Red heartwood occurrence is related to tree 

dimensions. The bigger a tree is, the higher the 

probability of red heartwood occurrence. A big 

tree usually has a large crown with big branches 

and forks, which are potential entrances of 

oxygen and microorganisms. Wernsdörfer et al. 

(2005a) suggested that the contact area and the 

duration of oxygen penetration should be more 

important for large than for small dead branches. 

Threshold diameters were determined from site-

specific logistic regressions. Above these 

thresholds, red heartwood presence is considered 

as highly probable. The diameter thresholds of a 

12 meter-high tree were respectively 19.8, 19.4 

and 21.6 cm for sites 1 to 3. Red heartwood 

occurrence varied slightly among sites which 

were very similar in average age, height and 

DBH.  

The average proportion of red heartwood within 

a tree was determined from 18 trees with red 

heartwood. The average proportion was 

0.032 m
3
, corresponding to 13.3% of the gross 

merchantable volume. Predictive models were 

developed to predict the red heartwood 

proportion in paper birch.  

The volume (VRH) and percentage (PRH) of red 

heartwood were age-dependent (equations 3 and 

4). In addition, the percentage of red heartwood 

was negatively influenced by the amount of 

direct sunlight reaching the top of the crown 

(SUN). This last variable is a numerical criteria 

(values of 0 to 10) used in hardwood crown 

classification (Meadows et al. 2001). There was 

no significant site effect on the red heartwood 

proportion. 

VRH = – 0.0608 + 0.0015*Age (3) 

With R
2
adjusted = 0.769 

PRH = 0.3895 + 0.0029*Age – 0.0464*SUN (4) 

With R
2
adjusted = 0.755 

By extrapolation (equation 3), the starting age of 

red heartwood development was estimated to be 

41 years with an average discoloration rate of 

1.5 cm³ per year. In the growth conditions of the 

Montmorency Forest, paper birch red heartwood 

thus develops from 40-years-old and on.  

The red heartwood proportion increases with 

age. This relationship is not universal since some 

aged and large paper birch trees have no red 

heartwood. In fact, the summation of injuries 

over time probably explains the age effect on red 

heartwood proportion. Furthermore, the higher 

the amount of direct sunlight at the top of the 

crown the lower the red heartwood proportion 

inside the stem. We suggest that a sunny crown 

is more vigorous and less susceptible to dieback. 

The potential risks of injuries are consequently 

reduced. 

The vertical distribution of red heartwood was 

analyzed in the 18 paper birch trees. It was 

spindle-shaped for 14 trees and conical-shaped 

for 4 trees. The four latter trees had either recent 

stump wounds or particularly weakened crowns. 

The vertical distribution of paper birch red 

heartwood is thus similar to those observed in 

European beech and silver birch (Hallaksela and 

Niemisto 1998; Wernsdörfer et al. 2005a; 

Wernsdörfer et al. 2006). 

The vertical distribution of spindle-shaped red 

heartwood was modeled by a sixth-degree 

polynomial function (Figures 2 and 3). The 

maximum of red heartwood diameter is found at 

a relative height of 9%. This height varied 

among sampled trees; however, almost all the 

red heartwood was located under the live crown 

base. Thus a large proportion of merchantable 

volume was discolored when red heartwood was 

observed at stump height.  
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Figure 1 Vertical distribution of paper birch 

red heartwood 

 

Figure 2 Main characteristics of paper birch 

red heartwood observed in Montmorency Forest 

Conclusion 

This study demonstrated that red heartwood 

occurrence is associated with tree dimensions 

(DBH and height) and that its proportion 

depends on tree age and sunlight exposure. Our 

results suggest that big and old paper birch trees 

with low sunlight exposure include more red 

heartwood. In the Montmorency Forest, paper 

birch red heartwood develops from 40 years-old 

or from around 20 cm in DBH. Its vertical 

distribution within stems is mainly spindle-

shaped and sometimes conical-shaped when red 

heartwood development is advanced. However, 

the influence of growth conditions and some 

external characteristics (scars, forks, dead 

branches) on red heartwood development should 

be investigated in further studies in order to 

improve our prediction capacity. 
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ABSTRACT 

In order to position oak as a performing building raw material, professionals realized that some technical 

and commercial information were missing. To suppress the lack of information, FCBA engaged in 2002 a 

study on French Oak for 2 species (Petraea and Robur oak). 420 tested trees with 3 Dbh class (25 cm up to 

more 65 cm) were taken from 70 stands exploited in 6 French areas. More than 2500 beams were used in 

non-destructive and destructive tests. A sub sample (230 beams) was done in squared timber. Three main 

criteria (density, modulus of elasticity and modulus of rupture) establishing the strength classes according 

to EN 338 are high, conferring on oak very good mechanical properties.  

The optimal grading gives 71% in D40 and 13% in D30 at the end of bending tests. Therefore, 

correlations between knots and mechanical properties are low, visual grading cannot grade efficiency 

beams (57% in D24 and 27% in D18). Investigations are ongoing in order to find oak in upper grade by a 

previous log sorting. A simple model has been developed to predict mechanical behaviour with height and 

diameter of trees in order to increase the output in higher mechanical classes. 

Objectives 

The main objectives of the French oak project 

are as follows: 

• to present the situation of the oak market 

today and tomorrow 

• to establish the characteristics and the 

properties of oak wood  

• to specify the oak position in European 

standardization and EC market 

• to study the new opportunities to use oak in 

different way of the market 

The paper describes methodologies and results to 

improve the output of parts usable in housing by 

grading rules for lumber. 

Sampling and mechanical behaviour 

The national resource of oak in France is 

estimated at more than 4000.10
3
 ha for an 

approximate volume of 514 Mm³, representing 

more than 40% of the hardwood trees.  

Seventy stands were selected and 420 trees 

sampled in six forest subdivisions defined by the 

French Trees Inventories (IFN).  

To be representative of the oak resource, the 

stands and trees were selected according to: 

1. The geographical distribution: taking away 

within six forest subdivisions, 

2. Two sylviculture treatments (high forest 

stand and coppice with standard), 

3. The characteristics of the site (acid / neutral 

site and wet site), 

4. The DBH: from 25 up to 80 cm. 

 

Figure 1 Overview of selected oak stands in 

France 
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Table 1 Anatomical and morphological prop-

erties of the sample 

420 trees Average CV %  

Age (year) 119 24% 

DBH (cm) 48 26% 

Texture (%) 74 8% 

Annual growth  

ring (mm) 
2.4 27% 

The adult resource of oak has low annual growth 

rings related to the specie and the sylviculture. 

Its texture is strong compared to other resinous 

trees such as spruce and European silver fir, 

which confers it very good mechanical 

properties (particularly in bending strength). 

Each tree was transformed in one dried square-

edged timber (50*150 mm²) by 3000 mm long.  

The different lumber (more than 2500 results of 

edgewise four points bending test) was identified 

by origin (forest, stand, log, etc.). The following 

table gives some overview on properties. 

Table 2 Basic properties for French oak 

 Average 
Coefficient 

of variation 

Density at 12% MC 

(kg/m
3
) 

722 8% 

Knots projection in 

timber face (%) 
29 62% 

Knots projection in 

timber edge (%) 
40 72% 

Knot Area Ratio KAR 

(%) 
22 47% 

Annual growth ring 

(mm) 
2.4 68% 

Modulus Of Elasticity 

MOE at 12 % of MC 

(GPa) 

13.1 27% 

Modulus of Rupture  

MOR (MPa)  
51.9 42% 

The mean mechanical properties of oak are very 

interesting. Only the modulus of rupture can be a 

criterion discriminating in the choice of the 

timber pieces according to the various uses in 

construction.  

Grading rules 

After destruction, the mechanical potential of 

each piece was well known and timber pieces 

were classified (optimal grading) according to 

the mechanical criteria defined in the standard 

EN 338. The outputs would be the following for 

optimal grading and visual grading 

(correspondence between defects and mechanical 

properties).  

Table 3 Optimal grading for squared edged 

timber 

Grades 
MOR 

(5
th
 perc) 

MOE 

(average) 

MV 

(5
th
 perc) 

Outputs 

D40 40 14.4 635 71% 

D30 30 11 622 13% 

D24 24.1 10.1 612 7% 

D18 * * * * 

Reject 8.8 8.1 620 9% 

Total     100% 

However, correspondence between mechanical - 

visual classes and the two classes D24 and D18 

do not exist in EN 1912 A1 (2007) but will be in 

the next draft of EN 1912. 

The aesthetic of the oak timber pieces is strongly 

knotty which implies a low correlation between 

the knots and the mechanical properties. Visual 

grading cannot efficiently grade beams.  

Table 4 Visual grading for square edged tim-

ber 

Grades 
MOR 

(5
th
 perc) 

MOE 

(average) 

MV 

(5
th
 perc) 

Outputs 

D40-0 * * * * 

D30-1 * * * * 

D24-2 24.7 14 625 56% 

D18-3 18.4 12.6 633 26% 

Reject 13 10.8 637 18% 

Total     100% 

Investigations are ongoing in order to find high-

grade oak by previous log sorting. A sub-sample 

(230 beams) was done in squared timber in order 

to improve the relationship between knottiness 

and mechanical properties. 
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Figure 2 Overview of FCBA bending device for 

squared timber 

Table 5 Visual grading for squared timber 

Grades 
MOR 

(5
th
 perc) 

MOE 

(average) 

MV 

(5
th
 perc) 

Outputs 

D40-0 * * * * 

D30-1 37.6 12.6 709 49% 

D24-2 28.1 10.4 732 51% 

D18-3 * * * * 

Reject * * * * 

Total     100% 

The analysis of results of visual criteria and 

mechanical properties leads to French oak grades 

in a new draft of NF B 52-001 including all cross 

sections. The results are summarized as follows.  

Table 6 Visual grading for oak 

Grades 
MOR 

(5
th
 perc) 

MOE 

(average) 

MV 

(5
th
 perc) 

Outputs 

D40-0 * * * * 

D30-1 31.1 14.2 632 26% 

D24-2 24.5 13.5 632 23% 

D18-3 * * * * 

Reject 16 12 634 52% 

Total     100% 

The gap between Table 4 and Table 6 is not 

relevant enough because the number of rejects is 

too high (52% cannot be used in construction) 

but the D30 appears. The rejects are coming 

from the higher diameter trees (>60cm). 

Modelling 

The yields of visual grading for each of the three 

allowed classes are very low. However, 

sawmillers would like to know the amount of 

quality product directly by analysis of the logs. 

A lot of machines as the medical CT scanner 

(CT scan) are now able to check internal defects 

and knottiness of high speeds.  

However, the price of this equipment is too high 

for small French enterprises. FCBA has 

developed one macroscopic approach to 

determine the prediction of structural properties 

for maritime pine (Reuling et al. 2005). The 

modelling approach previously done had been 

directly used for larch (Reuling et al. 2007).  

Firstly, data (structural properties) were sorted as 

follows with three forest parameters: 

• DBH (3 parameters)  

◦ DBH 1  25-30 cm 

◦ DBH 2  40-50 cm 

◦ DBH 3   50-60 cm 

◦ DBH 4  60-70 cm 

◦ DBH 5  70-80 cm 

◦ DBH 6  > 80 cm 

• Position of lumber along the tree by 3.3 m 

step. 

The impact of the other forest parameters (sites 

and sylviculture) decreases or increases data by 

10%. The sampling was sorted as follows for 

mean MOR and MOE values for three optimized 

classes of diameter. Data decreased on one hand 

along the trees, and on the other hand, with the 

diameter. 

Table 7 Experimental mean MOR per height 

MOR (MPa) 

Mean value 
25-40cm 40-60cm >60cm 

H1 (3.3m) 67.4 59.4 52.9 

H2 (6.6 m) 58.9 47.9 48.2 

H3 (9.9 m) 54.0 41.4 43.7 

H4 (13.2 m)  38.0 34.2 
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Table 8 Experimental mean MOE per height 

MOE (GPa) 

Mean value 
25-40cm 40-60cm >60cm 

H1 (3.3m) 15.8 14.2 12.1 

H2 (6.6 m) 14.9 12.6 12.1 

H3 (9.9 m) 13.9 11.6 11.4 

H4 (13.2 m)  12.9 11.7 

Secondly, the distribution was fitted with 

Weibull, normal or Log Normal law. The 

accuracy of each law for each sub-sample was 

established by the Anderson-Darling test. This 

procedure is used to test if a sample of data came 

from a population with a specific distribution. It 

is a modification of the Kolmogorov-Smirnov 

(K-S) test and gives more weight to the tails 

(than does the K-S test). The K-S test is a 

distribution free in the sense that the critical 

values do not depend on the specific distribution 

being tested.  

The Anderson-Darling test makes use of the 

specific distribution in calculating critical values. 

The advantage is to allow a more sensitive test 

and the critical values must be calculated for 

each distribution. Currently, tables of critical 

values are available for normal, lognormal, 

Weibull, and the best law was taken into account 

for the analysis.  

For example, the mean values for MOE and 5
th
 

percentile MOR versus heights are plotted as 

follows. Values are given into a 95% confidence 

interval. 
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 percentile MOR versus height for 

five diameters 

At the end, FCBA simulates the proportion of 

specimen, which could be graded according to 

EN 338 mechanical classes as follows. 

Table 9 Grade modelled per forest parameters 

(NS not significant) 

 25-40cm 40-60cm >60cm 

H1 (3.3m) D30 D24 D18 

H2 (6.6 m) D27 D18 D14 

H3 (9.9 m) D20 D16 Reject 

H4 (13.2 m) NS Reject NS 

Optimum grading 

D40 
88% 70% 58% 

This model did not take into account the squared 

timber, because the forest information was 

missing. Therefore, a sawmiller can produce 

squared timber with squared-edged timber as 

shown.  

 

Figure 5 Squared timber (150*150 mm²) done 

with 4 squared edged timber 

Conclusions 

This project was born from the wish of French 

professional groups (sawmills, Institutions, wood 

suppliers, etc.), within the association APECF, to 

promote French oak species. Their aim is to 
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obtain the technical elements necessary for the 

diversification of their products, and to develop 

as well as possible, particularly in housing, this 

main French forest resource.  

Four hundred and twenty tested trees in 2 species 

(Petraea and Robur oak) with 3 Dbh class (25 cm 

up to more 65 cm) were taken from 70 stands 

exploited in 6 French areas. More than 2500 

beams were used in non-destructive and 

destructive tests. A sub-sample (230 beams) was 

done in squared timber. 

Three main criteria (density, modulus of 

elasticity and modulus of rupture) that establish 

the strength classes according to EN 338 are 

high, which means that oak has very good 

mechanical properties.  

The optimal grading gives 71% in D40 and 13% 

in D30 at the end of bending tests. Therefore, 

correlations between knots and mechanical 

properties are low; visual grading cannot 

efficiently grade beams (57 % in D24 and 27% 

in D18). If the effect of knottiness is taken into 

account with squared timber, the yield increases 

by 26% in D30 and 23% in D24. 

Investigations are ongoing in order to find high-

grade oak by previous log sorting. A simple 

model has been developed to predict quality of 

product (mechanical behaviour) when taking into 

account height and diameter of trees.  

Sawmillers now have a basic tool to determine 

easily the final quality of wood construction 

products with forest parameters according to 

their production, and gain added value on the 

final product.  

Therefore, the model did not prevent the final 

grading for the EC marking (EN 14-081 2006) 

which be done by visual or mechanical grading 

but increase the output in higher mechanical 

classes.  
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ABSTRACT 

Cross-grain helical planing, face milling and sanding were used to surface paper birch wood before 
coating application. Surface roughness and wetting properties of wood as well as the pull-off strength of a 
water-borne and a solvent-borne coating were evaluated. Helical planing produced surfaces with the 
highest roughness, the best wettability, and no cell damage. Face milling generated an intermediate 
roughness, the lowest wettability, and slight cell damage. Sanding produced the lowest roughness, 
intermediate wetting properties, and the highest level of cell damage. The three surfacing methods showed 
similar adhesion strength before weathering. However, the helical planed surfaces yielded the best long-
term adhesion strength. The water-borne coating created stronger bonds with the substrate than the 
solvent-borne coating.  

Introduction 

The adhesion to wood surfaces is of great 
interest to extend the service life of transparent 
film-forming coatings. Wettability and surface 
roughness analyses provide important 
information on surface quality for adhesion of 
coating films. For any type of coating, good 
wetting might contribute to better film 
performance (Šernek et al. 2004). Good wetting 
properties indicate better mechanical 
interlocking, molecular-level interactions and 
secondary force interactions between the coating 
film and the wood surface. An increase in 
surface roughness enhances wettability by 
facilitating liquid spreading (Garrett 1964; Lewis 
and Forrestal 1969). In addition, a suitable level 
of roughness provides a greater actual surface 
available for adhesion mechanisms. The 
importance of roughness and wetting properties 
on adhesion of polyurethane varnishes has been 
previously reported by de Moura and Hernández 
(2006). 

Sanding is the most common surfacing method 
preceding wood coating application. Sanded 
wood is characterized by a layer of crushed cells 
at the surface and subsurface, lumens clogged by 
fine dust, scratches, and packets of micro-fibrils 
torn out from cell walls. Crushing and clogging 
of cells hinder the penetration of coating (de 

Meijer et al. 1998), while fibrillation and 
scratches accelerate spreading of liquid coatings 
on sanded surfaces. The benefits of fibrillation 
for mechanical adhesion of coating films have 
previously been stated by de Moura and 
Hernández (2006). Sanding is, however, one of 
the most skill-based, time-consuming, and 
expensive operations in the wood industry 
(Taylor et al. 1999). In order to reduce the need 
for sanding, other methods, as helical planing 
and face milling, have been proposed (Stewart 
and Lehmann 1974; Stewart 1974). These 
techniques provide surfaces with improved 
wetting properties, good fibrillation and virtually 
free of subsurface damage. 

Solvent-borne coatings are usually applied in the 
wood furniture industry. Although these 
products are efficient, there is a need to reduce 
the emission of volatile organic compounds 
(VOC). Consequently, water-borne coatings 
have been introduced into the market and have 
proved to be able to reduce the emission of VOC 
up to 60 percent and created stronger bonds with 
the substrate when compared with solvent-borne 
coatings (Tichy 1997; Rijckaert et al. 2001).  

This work evaluated the effect of three surfacing 
methods on the surface quality of paper birch 
wood for varnish coating. Surface quality was 
assessed by wetting and roughness 
measurements, and cell damage evaluation. The 
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performance of two coating films, water-borne 
and solvent-borne, were evaluated by accelerated 
aging and pull-off tests.  

Materials and methods 

Testing material 

Twenty-six air-dried flat-sawn boards of paper 
birch wood (Betula papyrifera Marsh.) were 
conditioned at 8 percent equilibrium moisture 
content (EMC). Each board was then crosscut 
into three matched sections of 390 mm (L) in 
length. All sections were machined at 50 mm (T) 
width and 22 mm (R) thickness. Each section 
underwent a surfacing treatment and was 
resectioned to prepare specimens for roughness 
(50 by 25 mm), wetting (50 by 25 mm), 
varnishing, accelerated aging and pull-off 
adhesion tests (50 by 85 mm). The average and 
standard deviation of basic density of the boards 
were 495 and 35 kg/m³, respectively. 

Machining treatments 

The helical planing was performed with a 
Casadei planer provided with two freshly 
sharpened knives. The rake and helix angles 
were 30° and 14°, respectively. The specimens 
were planed across the grain at 0.6 mm cutting 
depth and 5.5 m/min feed speed (0.99 mm 
wavelength). The face milling was performed 
with a Rotoplane planer provided with 34 new 
insert knives having an angle of 60°. The 
positive axial rake and radial rake angles were 
15° and 13°, respectively. The boards were fed 
through the center of the disk and therefore 
planed to nearly 13° to 90°. The depth of cut was 
0.6 mm while the feed speed was 7.4 m/min 
(0.07 mm feed per knife). The sanding was 
performed with a SCM sander provided with 
aluminium-oxide sanding belts. The program 
was a 100-120-150-grits with 0.35 mm, 
0.15 mm, and 0.10 mm of depth removal, 
respectively. Sanding drums were operated at 
21 m/s while feeding was carried out fiberwise at 
10 m/min. 

Surface quality evaluation 

Roughness was measured along and across the 
grain with a Micromeasure confocal microscope 
based on the method described by Hernández 
and Cool (2007). The average roughness (Ra) 

and the maximum height of profile (Rz) were 
determined by using the Mountain software 
based upon ISO 4287. A cut off length of 
2.5 mm combined with a Gaussian filter (ISO 
11562) were used. Wetting analyses were 
performed with a FTÅ D200 goniometer based 
on the method described by Hernández and Cool 
(2007). Contact angle was calculated as an 
average of both sides of the droplet. To quantify 
the spreading and penetration of the probe liquid, 
the K-value was determined according to de 
Moura and Hernández (2006). Environmental 
scanning electron microscopy (ESEM) 
micrographs were taken for cell damage and 
coating penetration analyses. 

Coating procedure, accelerated aging and 

adhesion tests 

The surfaces were coated following a typical 
industrial procedure within a few hours after the 
machining treatments. Two types of coatings 
were applied, a solvent-borne (SB) lacquer and a 
water-borne (WB) varnish. The SB coating 
consisted of a Valspar-Superseal sealer 
(0.7 g/m²) followed by a Valspar-20 Ultraguard 
lacquer (0.6 g/m²). The WB coating consisted of 
a Chemcraft-Plastiseal low VOC sealer 
(1.1 g/m²) followed by a Chemcraft-Aquacure 
varnish (0.85 g/m²). A 320-grit sanding was 
performed manually between the two coats. Half 
the specimens underwent an accelerated aging 
treatment in an environmental chamber, based on 
the ASTM D 3459. This consisted of 2 cycles of 
48 hours at 50°C and 10% relative humidity 
(RH) followed by 48 hours at 50°C and 
90% RH. After aging, samples were equilibrated 
again at 8% EMC. The adhesion of the aged and 
not aged films was evaluated by a pull-off test 
according to ASTM D 4541.  

Results and discussion 

Surface topography 

No major defects, like torn grain or fuzzy grain, 
were noted on the surfaces machined for all 
surfacing methods. Ra and Rz were significantly 
higher across the grain than along the grain for 
all surfacing methods (Table 1). The highest 
roughness for both directions of measurement, 
were provided by cross-grain helical planing, 
followed by face milling and sanding. Sanded 
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surfaces showed a uniform and fibrillated 
structure, as shown in previous works (de Moura 
and Hernández 2006; Sinn et al. 2004). ESEM 
showed slight subsurface damage and crushed 
cells. Contrary to helical planing and face 
milling, sanded surfaces presented the 
characteristic scratches and did not show opened 
lumen cells (Figure 1A; C). Lumens were 
covered by neighbouring cells, which prevented 
penetration of coating at higher levels (de Meijer 
et al. 1998). Helical planed surfaces showed no 
subsurface damage while some bent rays were 
occasionally observed in the face milled ones. 

All three machining processes generated cell-
wall fibrillation on the surface. Helical up-milled 
samples presented the lowest level of fibrillation 
(Figure 1A). In up-milling, chip thickness was 
minimal at the beginning of the cut. As a result, 
wood cells were more clearly severed and a 
higher number of opened vessel lumina were 
exposed. Face milling produced an intermediate 
level of cell-wall fibrillation. A 15° rake angle 
probably produced type III chips, with 
compression and shear failures occurring ahead 
of the insert knives (Stewart 1979). Fine dust, 
bent rays and packets of microfibrils were 
dragged by the tools and likely clogged open 
vessels. The sanded samples showed the greatest 
level of cell-wall fibrillation (Figure 1B). Type 
III chips were also formed because of the 
negative rake angle of abrasives. Groups of 
fibres were detached from the surface and filled 
lumen vessels. 

The coating adhered mechanically on the 
substrate, which was enhanced by the cell-wall 
fibrillation. The latter increased the actual 
surface available for mechanical anchorage. The 
exposed lumens observed in helical planed and 
face milled surfaces could also have contributed 
to this adhesion (Figure 1A). The parameter Rz 
was lower for the sanding process (Table 1). 
This confirms the fact that sanding uniformizes 
the surface and minimizes the influence of wood 
anatomy. On the other hand, the high Rz 
measured for helical planing could partially 
indicate the presence of opened lumens, which 
would permit a better mechanical anchorage.   

Surface wettability 

Helical planing showed the fastest wetting, 
followed by sanding and face milling (Figure 2). 
The initial wetting is fast thus suggesting that the 
coating will spread easily on the surface and will 
be able to fill the asperities properly. ESEM 
confirmed that up to two to three cells were often 
filled with the coating (Figure 1C). The k-values 
show that helical planing induced good 
penetration and spreading characteristics (Figure 
2). Fibrillation as well as the opened vessels 
makes it possible for the coating to spread and 
penetrate easily into the substrate. Face milling 
showed the worst wetting properties (Figure 2). 
ESEM confirmed that the first row cells were 
filled with coating and that it rarely penetrated 
further. Sanded specimens had quite good 
overall wetting properties. The initial wetting 
was low, but the substrate absorbed the probe 
liquid constantly (Figure 2). ESEM showed that 
only the first cells were filled with coating 
(Figure 1D). Poor penetration and spreading 
properties are also pointed out by the k-value 
(Figure 2). As noted by de Moura and Hernández 
(2006), the damaged layer observed on the face 
milled and sanded specimens prevented the 
probe liquid to penetrate the surface. The higher 
degree of cell-wall fibrillation observed on the 
sanded surface could also have slowed down the 
process. 

Table 1 Roughness parameters measured 

along and across the grain, obtained for three 

surfacing techniques applied to paper birch wood 

Ra (µm)  Rz (µm)  
Surfacing method 

along the grain across the grain along the grain across the grain 
Helical planing 6.21  (0.1)²  A³   9.0   (0.3)   A 36.3   (0.7)   A 59.9   (1.7)   A 
Face milling 5.6   (0.2)   B   8.1   (0.3)   B 32.5   (0.9)   B 52.4   (1.6)   B 
Sanding 3.3   (0.1)   C   4.7   (0.1)   C 21.5   (0.7)   C 31.0   (0.8)   C 
  
1 Means of 26 replicates.  
² Standard error of the mean in parentheses.  
³ Means within a column followed by the same letter 
are not significantly different at the 5% probability 
level. 
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Figure 1 ESEM micrographs illustrating 

fibrillation of a helical planed sample (A) and a 

sanded sample (B). Subsurface damage and coating 

penetration is also illustrated for a helical planed 

sample (C) and a sanded sample (D) 
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Figure 2 Contact angle as a function wetting 

time for all surfacing treatments 

Adhesion tests 

The pull-off strength was statistically similar for 
the two coatings before the aging treatment. 
After the aging treatment, the WB coating 
performed better than the SB lacquer regardless 
of the surfacing process (Table 2).  

Helical planed surfaces showed slight lower 
adhesion before the aging treatment for both 
types of coatings. However, after aging, the WB 
coating lost up to 13% and the SB coating lost 
up to 37% of the adhesion strength. This loss in 
adhesion was significantly lower than those 
produced by the surfaces machined with face 
milling or sanding (Table 2). Thus, it is possible 
to affirm that better long-term bonds were 

created with helical planing. Because no 
subsurface damage was observed, better 
mechanical adhesion took place. The latter was a 
result of the good wetting properties and level of 
cell-wall fibrillation produced by this technique.  

The sanded and face milled samples 
experimented similar aging effects (Table 2). 
The higher loss in strength resulted from a more 
important subsurface damage. During the aging 
process, damaged cells shraunk and swelled 
more, causing micro ruptures in the coating-
substrate interface. The fibrillation on the surface 
could have shrunk and swelled through the aging 
process, which also weakened bonds.  

Table 2 Pull-off adhesion strength for a 

water-borne (WB) and a solvent-borne (SB) coating 

applied to paper birch wood machined by three 

surfacing methods 

Pull-off adhesion  

before aging (MPa) 

Pull-off adhesion  

after aging (MPa) 

Loss in 
adhesion (%) 

 

Surfacing 
method WB SB WB SB WB SB 
Helical planing 5.11(0.2)²A³a4 4.6 (0.3) Aa   4.4 (0.2)  Aa 2.9 (0.2)  Ba 13 37 
Face milling 5.9 (0.2)  Aa 5.4 (0.4) ABa 4.3 (0.3)  Ba 2.7 (0.1)  Ca 27 50 
Sanding 5.5 (0.3)  Aa     5.4 (0.3) Aa 4.2 (0.2)  Ba 3.0 (0.1)  Ca        24 44 
  
1 Means of 26 replicates.  
² Standard error of the means in parentheses.  
³ Means in a row followed by the same upper case 
letter are not significantly different at the 5% 
probability level.  

4 Means in a column followed by the same lower 
case letter are not significantly different at the 5% 
probability level. 

Conclusions 

Although all three surfacing techniques 
generated samples having the same coating 
adhesion strength after the accelerated aging 
treatment, helical planing was the one that had 
lost the less adhesion strength throughout the 
aging treatment. Thus, helical planing showed 
the best potential for long-term utilization since 
the coating-substrate bond created was of better 
quality. Surface fibrillation, no subsurface 
damage and high wetting properties seemed to 
be a good combination to obtain good and long-
term adhesion strength.  
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ABSTRACT 

Among the finishes for hardwood flooring, natural oil is gaining popularity due to factors including, ease 
of application and maintenance, and its natural look. We studied the surface properties of four hardwood 
species: red oak, silver maple, sugar maple and white ash, finished with natural oil. Surface properties 
studied included: hardness, abrasion resistance and color stability. Dimensional stability of the four 
hardwood floors was also measured. The oil finished properties were compared to unfinished properties of 
the same hardwoods and to other commercially available flooring. Results indicated that surface 
properties varied among species and were highly correlated to wood density. Compared to unfinished 
surfaces, oil finishes improved the surface properties, particularly the hardness. 

Introduction 

Finishing wood with oil is gaining popularity 
mainly because it is perceived as a natural finish 
and made from safe ingredients (McGinniss 
1996). It can be easily applied on both softwoods 
and hardwoods. Most penetrating oil 
sealers/finishers are combinations of highly 
modified natural oil, such as linseed or tung oil, 
with additives to improve hardness and drying. 
Adding wax to an oil-finished floor will afford 
protection against spills and abrasion, although 
some oil finishes do not require wax. Oil finishes 
are classified into four groups (UFFEP 2005). 

Natural oil finishes comprises vegetable raw 
materials such as linseed oil, Chinese wood oil, 
drying agent, petroleum-based linseed oil 
modifiers. Color pigments also occur in some 
products. Commercially available natural-oiled 
floors are generally treated with two different 
products which, together, produce the desired 
surface and properties. At the bottom lies the 
impregnation oil and on top there is a wax/oil 
mixture. The surface treatment is free from 
solvents and is comprised mostly of renewable 
raw materials (Kähr 2005; UFFEP 2005). 

Advantages of natural oils as wood flooring 
finish include the ease of application and repair, 
and good durability. The oil finish will not crack, 
craze or peel. It creates a strong sense of nature 
and is pleasantly “silky” to walk on. Despite the 
perception of low hardness and wear surface 
properties, natural oil finishes are very suitable 

for use in public areas such as dance floors and 
restaurants that are subject to considerable wear. 
This is mainly because of the ease of 
maintenance and repair (Kähr 2005; UFFEP 
2005).  

Disadvantages of natural oil finishes wood 
flooring include frequent and careful 
maintenance. Contact with water could cause 
white spots if not removed. During application, 
drying times are generally high. These finishes 
are also perceived as not as durable as other 
finishes. Also, surface of oil-finished wood may 
collect dust (Kähr 2005; UFFEP 2005).  

The Oil-Modified Urethane finishes are 
composed from vegetable oils (soya, linseed, 
ricin). These solvent-based oil-modified 
urethanes have been a mainstay in wood flooring 
and clear varnish applications for many years. 
Since their introduction into the United States in 
the early 1950s, their usage has grown steadily. 
They find application in tough environments, 
like gymnasium and athletic floors, as well as 
clear varnishes for hardwood floors in homes, 
offices and other public buildings (Caldwell 
2005; UFFEP 2005).  

Advantages of this popular finishing technology 
include ease of application, fast dry, excellent 
long-term durability and reasonable cost. There 
are very few resin and varnish systems that can 
provide the ease of use, appearance, dry time, 
early mar and scuff resistance, abrasion 
resistance, and household stain and chemical 
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resistance of a solvent-borne oil-modified 
urethane varnish (Caldwell 2005). 

Disadvantages of this finish are mainly 
environmental in nature. Despite its features and 
benefits, the introduction of volatile organic 
compound (VOC) regulations is threatening this 
technology. The top performing solvent-based 
oil-modified urethanes have a 520–
550 gram/liter VOC while the regulations that 
took effect in 2005 in the United states call for 
VOCs ranging from 275 g/L to 350 g/L 
(Caldwell 2005). 

Wax-oil finishes are oil and wax mixtures which 
comprise: vegetable and animal waxes (karnauba 
wax, candellila wax and beeswax), vegetable 
oils, vegetable resin and drying agent (cobalt, 
zirconium and calcium octate). These finishes 
take advantages from both the hardness and the 
strength of the modified oils and the speed of 
lustring and flexibility of the wax. Its application 
could be accomplished through brushing or by 
hand with a rag or a brush. Like natural oils, 
their maintenance and repair is very easy and 
very fast. These finishes are recommended for 
domestic use although they are suitable for all 
types of flooring applications. Advantages over 
natural-oil finishes include surface brightness 
(UFFEP 2005). 

Technical oils regroup various novel oils 
recently developed to comply with future 
regulations for VOC emissions. Several water-
based oils have been introduced to the market; 
however, the most interesting technical solutions 
are these oils with high solids content (UFFEP 
2005).  

The quality of wood flooring and finishes is 
determined mainly from the surface hardness, 
wear resistance, impact resistance, dimensional 
stability and color stability. Some new tests are 
emerging for assessing the surface quality of 
wood flooring including the black heel mar 
resistance (BHMR) (Sykes 2005).  

Generally, these properties are used as marketing 
tools for wood flooring producers. However, 
little information is available on the variation of 
these properties by wood species and the impact 
of the surface finish on the physical and 
mechanical properties of the flooring product. 

The main objective of the present work is to 
study the properties of oil-finished hardwoods. 

Material and Methods  

Wood flooring planks were sampled randomly 
from Planchers Ancestral inc. a flooring 
manufacturing facility in St-Georges, Quebec. 
Four species were studied: white ash (Fraxinus 
americana L.), silver maple (Acer saccharinum 
L.), hard maple (Acer saccharum Marsh.) and 
red oak (Quercus rubra). 

Planks were finished with natural oil composed 
of two commercial oils: impregnating oil and 
finishing oil to three different basis weights. The 
basis weight was varied through the number of 
applications of oil on the wood surface. The total 
basis weight varied among species due to the 
difference in their wood structure and 
permeability. Drying was done at 25°C using an 
air fan to accelerate the process.  

On both finished and non-finished woods, we 
measured hardness, wear index, dimensional 
stability and color stability. The surface hardness 
was measured according to the ASTM D1037 
standard method. Wear index was measured 
using a Taber abrasion tester according to the 
ASTM D4060 standard method. In this test, 
wood samples were exposed to an abrasive 
wheel designated CS-17 at a fixed speed and 
weight (1000 g). Abrasion resistance is 
expressed in terms of wear index, which is the 
weight loss per specified number of cycles under 
a specific load. In the present study, we 
measured the weight loss after 500, 1000, 1500 
and 2000 cycles. Wood density of finished and 
non-finished surfaces was measured on small 
wood samples using an X-Ray densitometer. 

Wood flooring samples from red oak and white 
ash were exposed to an accelerated weathering 
cycle according to the ASTM Standard G155-
OOa. The accelerated weathering cycle was 
conducted as follows: 3.8 hours light (35% 
relative humidity and 63°C) 1 hour dark 
(90% RH and 43°C). This cycle was repeated 
continuously for 30 days. Color measurements 
were made before drying, after drying and after 
weathering with a spectrophotometer using the 
CIELAB color system :L* is lightness; a* is red-
green share; and b* is blue-yellow share. The 
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total color difference, ∆E, integrates the 
difference between the three variables of the 
colorimetric system according to equation 1 
(Chrisment 1997): 

222
**** baLE ∆∆∆∆++++∆∆∆∆++++∆∆∆∆====∆∆∆∆  [1] 

Results and Discussion 

Surface density 
Oil finishing of wood surfaces is associated with 
an increase in wood density as shown in Figure 1 
where the wood density at the surface increased 
from 7 to 10% depending on the hardwood 
species.  
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Figure 1 Average surface density of unfinished 

and oil-finished hardwoods 

The increase of wood density through oil 
finishing is a surface phenomenon where a 
density peak is observed from X-ray profiles of 
the oil-finished samples (Figure 2). From these 
analyses, the depth of penetration of finishing oil 
is inferior to 0.2 mm and this depth depends on 
the wood species. The increase of wood density 
on the surface could be explained by the fixation 
of the solid oil after drying on the wood 
structure. 

Hardness 

Hardness is considered among the most 
important properties for appearance applications, 
especially flooring. The variation of wood 
hardness with species for both oil-finished and 
unfinished hardwoods is shown in Figure 3. The 
variation of wood hardness among species could 
be explained by the differences between the 
wood densities of the studied species. In fact, 
hardness is a property closely related to wood 
density (Panshin and de Zeeuw 1980). Data from 

Figure 4 also show the close relationship 
(R2=0.93) between average hardness and wood 
density values among the studied species.  

Oil finishing improves the wood hardness 
(Figure 3). This improvement is the function of 
the amount of oil applied on the wood surface 
(not shown) and is explained by the increase in 
density on wood surface (Figure 2). 

We conducted a comparison between the 
hardness of oil-finished floorings from soft 
maple and hard maple to varnished commercial 
floorings from the same species (Table 1). 
Results show that the hardness of oil-finished 
hard maple is comparable or even better than 
that for of varnished flooring from the same 
species. The same holds for soft maple.  
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Figure 2 Surface density of oil finished 

hardwoods 
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Figure 3 Average surface hardness of 

unfinished and oil-finished hardwoods 

Abrasion 

The abrasion resistance is the ability of a surface 
or a surface coating to resist being worn away by 
rubbing or friction. Results of the abrasion 
resistance, expressed in terms of wear indexes of 
unfinished wood surfaces of the four studied 
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hardwoods are shown in Figure 5. Wear index 
increases with abrasion cycle and is dependent 
on wood species. 
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Figure 4 Relationship between density and 

hardness of unfinished and oil-finished hardwoods 

Table 1 Comparison between the hardness of 

oil finished flooring to other commercial wood-

based floorings 

Flooring Unfinished Oiled1 Varnished 

 Hardness (kN) 

Hard maple 7.3-7.7 7.4-8.7 8.0 

Soft maple 4.4 4.5-5.8 5.4 

1 the hardness of oil-finished flooring varied with the 
quantity of oil applied on the wood surface 

The impact of oil-finishing on wear index is 
dependent on wood species. For soft maple 
(Figure 6), the wear index decreased when the 
surface was finished with natural oil. Thus, for 
this species, the oil finishing improved the 
abrasion resistance. However, for higher density 
species, including hard maple and white ash, the 
wear index increased with oil finishing 
indicating a decrease in the abrasion resistance 
(Figure 6). For red oak, oil finishing did not 
show any significant effect on the wear index. 
The density of red oak is in between that of soft 
maple and the hard maple and white ash. In fact, 
a close relationship is found between the wood 
density and the wear index for oil-finished and 
unfinished hardwoods, respectively (Figure 7). 
The lower the density of the wood, the higher is 
the wear index, and vice versa. In addition, the 
relationships for oil-finished and unfinished 
woods are distinct. These results suggest that the 
abrasion resistance is not related to the hardness 
of the surface finish only but it is also correlated 
to the density of the material itself. 
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Figure 5 Variation of the wear index with 

hardwood species and abrasion cycle 

0

0.1

0.2

0.3

0.4

W
ea
r 
in
d
ex
 (
%
)

Soft Maple Red Oak Hard Maple White Ash

Species 

Unfinished

Oil-finished

 

Figure 6 Effect of oil-finishing on the wear 

index (after 2000 cycles of abrasion) of hardwood 

species 
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Figure 7 Relationship between density and 

wear index (after 500 cycles of abrasion) of 

unfinished and oil-finished hardwoods 

Color stability 

Color stability of any finish or wood surface 
upon exposure to UV light is an important 
appearance quality attribute especially for 
interior applications. Exposure to UV light from 
both sun and artificial light may produce 
significant color variation and thus, aesthetical 
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damage. Results of the accelerated weathering 
test, 30 days of exposure to a weathering cycle 
which simulates interior long-term exposure, are 
summarized in Table 2 for unfinished wood 
(white ash) and oil-finished wood samples 
(white ash and red oak). The results are 
presented in terms of ∆E according to the 
CIELab system. A ∆E value inferior to 2 
indicates a color change barely perceptible to the 
naked eye (Chrisment 1997). From the data 
shown in Table 2, the color change is important 
for all samples, both oil-finished and unfinished. 
For finished samples, the change is dependent on 
the color of finish. For dark finish, the color 
change is small compared to clear finish. This 
result is expected since the weathering resulted 
in darkening of the wood. Consequently, the 
aesthetical damage to weathering is much more 
important for light colors. 

The color stability of oil finishes compares 
favourably to that of varnish finishes. The Color 
change (∆E) for soft maple finished with 
medium color was 32.1. For hard maple finished 
with clear varnish finish, the average color 
change was 37.5.  

Table 2 Average color change (∆∆∆∆E) of wood 

surfaces after 1 month of accelerated weathering 

Type of Finish White ash Red oak 

Unfinished 18.3 (4.7)1 - 

Oil-Finished   

Clear color 75.8 (1.1) 72.2 (3.4) 

Medium color 21.6 (1.6) 23.9 (2.1) 

Dark color 6.6 (2.5) 9 (1.0) 
1 Standard deviation is between parentheses 

Dimensional stability 

The dimensional stability of the wood is among 
the most important properties for wood flooring. 
Data from Table 3 show the impact of different 
cycles of water immersion on the frequency of 
appearance of warping on oil-finished and 
unfinished wood samples. From this data, it is 
evident that oil-finishing substantially reduces 
the appearance of wood defects due to the 
contact with moisture. For unfinished samples, 
the proportion of pieces with warp was 40% or 
higher for the four species. However, for the oil-
finished samples, the proportion of pieces with 

warp after water immersion is below 25%. The 
difference could be explained by the fact that oil-
finished samples absorb less water after 
immersion. 

Table 3 Proportion (%) of pieces with defects 

after 24 hours of immersion in water 

Species Unfinished Oil-finished 

Soft Maple 40 20 

Hard Maple 75 25 

Red Oak 40 0 

White Ash 60 0 

The evolution of swelling as a function of wood 
moisture content is indicative of the dimensional 
stability of the wood in service. Figures 8 to 11 
show these relationships of the four species 
studied for tangential and radial swelling. Oil-
finished and unfinished samples fall almost on 
the same curves indicating that oil-finished 
samples behave in a similar way as the 
unfinished wood samples.  
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Figure 8 Evolution of radial (R) and tangential 

(T) swelling of soft maple wood as a function of 

moisture content 
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Figure 9 Evolution of radial (R) and tangential 

(T) swelling of red oak wood as a function of 

moisture content 
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Figure 10 Evolution of radial (R) and tangential 

(T) swelling of hard maple wood as a function of 

moisture content 
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Figure 11 Evolution of radial (R) and tangential 

(T) swelling of white ash wood as a function of 

moisture content 

Conclusions 

Surface properties of oil-finished hardwoods 
varied among species and were highly correlated 
to wood density, especially surface hardness and 
wear index. Oil-finished wood behaved in a 
similar way as unfinished wood with regard to 
contact to moisture. Color stability of oil-
finished wood depended on the color of the 
finish and was more stable for dark colors. 
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ABSTRACT 

Radiation curable coatings are presently the standard in wood flooring industries, although important 
improvements can still be brought to these coatings. In the thermoplastic area, nanocomposites studies 
have shown that mechanical and thermal properties can be improved by the addition of clay nanoparticles. 
Montmorillonite was added in a typical acrylate formulation for wood flooring and these coatings were 
cured by UV irradiation. Visual observations of the clay dispersion were realized by Transmission 
Electron Microscopy (TEM) and Atomic Force Microscopy (AFM). Real-time infrared spectroscopy (RT-
FTIR) was used in order to investigate the effects of clay loading and clay dispersion on the curing rate 
and conversion of the acrylate functional group. Then, mechanical (hardness, adhesion, scratch, wear and 
impact resistance) and optical properties (color, gloss, optical clarity) were evaluated. 

Introduction 

UV radiation curing is a technique widely used 
to prepare transparent coatings with good 
mechanical properties. In 1998, in the European 
market for radiation curable coatings, wood 
products held 50% while only 14% of the North 
American market was held by wood. Since this 
time, many wood industries have moved to 
radiation curing technology. In the 80’s, 
radiation curable coatings were first used in the 
wood flooring industry. In 2005, their use 
reached 84% of the wood flooring market 
(Anonymous 2005).  

This technology is very attractive because of its 
rapid polymerization, low energy consumption, 
low operation temperature, application versatility 
and good viscosity control. The greatest 
advantage of UV coatings comes from the global 
properties’ improvement.  

Polymers cured by UV light usually exhibit 
superior mechanical, chemical and heat 
resistance because of their higher crosslinking 
density. For all these reasons, radiation curable 
coatings have been used in the biggest wood 
flooring industries for the past few decades. 
However, despite the superiority of UV coatings 
over other coatings’ systems, reinforcing agents 
must still be used to increase the properties of 
neat polymers.  

For a few years polymer nanocomposites 
appeared to be the most promising hybrid-
organic materials. Laminate particles like mica 
and clay have shown the most promising results. 
Their aspect ratio, higher than that of spherical 
particles, can explain the widespread interest in 
clay-based nanocomposites. The addition of clay 
resulted in major property (Leszczynska et al. 
2007; Utracki 2004, Yu et al. 2004; Liu et al. 
2004) improvements, including thermal stability 
and chemical resistance. Rheological, 
mechanical and physical properties were also 
enhanced at low clay loadings (1 to 5% by 
weight). Clay-based nanocomposites were 
mostly prepared from thermoplastic (Seyhan et 
al. 2007; Ray et al. 2006) like polyolefins 
(Picard et al. 2007; Fedullo et al. 2007), 
polyurethanes (Chen-Yang et al. 2007), 
polyimides (Agag et al. 2001) and nylons (Liu et 
al. 2003). In fact, nanocomposite preparation is 
easier with thermoplastic matrices but it leads to 
materials with lower chemical resistance than 
those prepared from thermoset matrices. For this 
reason, the number of clay-based 
nanocomposites studies with thermoset matrices 
has increased considerably in the last few years.  

Over the last decade, clay exfoliation was the 
main concern in clay-based nanocomposites. To 
achieve great property improvements, studies 
have shown that clay layers have to be separated. 
However, clay platelets’ exfoliation is difficult to 
achieve due to strong ionic bonding between the 
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negatively charged clay layers and the 
intergallery inorganic cations. Substitution of 
Ca2+ and Na+ ions by organic cations leads to a 
more organophilic filler than the original 
hydrophilic clay and facilitates the separation of 
the clay layers. This process allows resin 
penetration between the clay layers then clay 
exfoliation can be achieved. Though, in many 
cases, clay still has to be added to a polymer 
matrix by mechanically. Decker et al. (2005) 
used 7 hours of ultrasound treatment to disperse 
montmorillonite in their acrylate and epoxy 
functionalized resin.  

Transmission electron microscopy (TEM) and x-
ray diffraction (XRD) have shown that 
ultrasound treatment leads to exfoliated structure 
when modified clay is used and to intercalated 
structure for unmodified clay. Many studies have 
demonstrated that sonication can degrade 
polymer chains (Kost et al. 1989). Sonication 
treatments are also too time-consuming for some 
industries like wood flooring where production 
times have to be as short as possible. Shorter 
mechanical treatments can be more suitable for 
this kind of industry. Three roll milling, bead 
milling and ball milling treatments are among 
those. These treatments are shorter than those 
performed with ultrasound and they are also 
more appropriate for large volumes. Yasmin et 
al. (2003) demonstrated that the use of three roll 
mill results in good clay dispersion in a short 
period of time. These results can be explained by 
the intensive shear forces which are applied on 
compounds when three roll mill equipment is 
used properly.  

In this paper, we have studied the effect of three 
roll milling, bead milling, ball milling and high 
speed mixing treatments on clay dispersion in an 
acrylate formulation used for wood flooring 
applications. The ultimate objective is to 
determine which treatment is more effective for 
montmorillonite dispersion. We also attempt to 
study the effect of dispersion on UV curing and 
coating properties. 

Materials and Methods 

Materials 
A basic formulation was prepared from two 
acrylate monomers and oligomers. The acrylate 

monomers which were used are 1.6 hexanediol 
diacrylate (HDODA, SR 238, 9 cps) and 
tripropylene glycol diacrylate (TRPGDA, SR 
306, 15 cps), two bifunctional monomers. The 
oligomers chosen are an aliphatic polyester-
based urethane hexaacrylate oligomer (CN 968, 
18000 cps) and a difunctional bisphenol A based 
epoxy acrylate blended with TRPGDA (CN 
104A80, 36000 cps). The free-radical 
photoinitiator chosen is 2-hydroxy-2-methyl-1-
phenyl-1-propanone (Darocur 1173) from Ciba 
Specialty Chemicals. The montmorillonite used 
is Cloisite 30B from Southern Clay products. 
This is a natural montmorillonite modified with a 
quaternary ammonium salt. The organic modifier 
used is presented in Figure 1. The distance 
between clay platelets, as reported in the 
litterature, is 18.5 Å and the cation exchange 
capacity is 90 mequiv/100 g of montmorillonite. 
A coupling agent was used in order to help the 
separation of clay platelets. The selected 
coupling agent is a methacrylfunctional silane 
that can be used as adhesion promoter, surface 
modifier, co-monomer for polymer synthesis and 
crosslinker (a 
trimethoxysilylpropylmethacrylate, Dynasylan 
MEMO, from Degussa).  

Nanocomposites preparation 
Formulations were prepared with 1, 3 and 
10% wt of Cloisite 30B. A basic acrylate 
formulation was prepared from acrylate 
monomers and oligomers, defoaming agent and 
photoinitiator. The two acrylate oligomers were 
first mixed together, then defoming agent was 
added. Mixing was performed for 5 minutes. 
Then, monomers were added and mixed again 
for 5 minutes. The ratio monomer/oligomer used 
was 0.4. Silane coupling agent was added before 
the clay at 1% wt of clay. Clay was added before 
or after the addition of the monomers according 
to the dispersing equipment used. Four different 
apparatuses were used to disperse clay: high 
speed mixer, ball mill, bead mill and three roll 
mill. 

High speed mixing was performed on clay-
acrylate formulations for 15 minutes at 
approximately 1000 rpm. The high speed mixer 
used is from Gast MFG Corp., and it is the 
model 4AM FRV 13C. The shear created by this 
kind of equipment is low, thus good dispersion is 
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generally difficult to obtain even at a 
micrometric scale. 

Ball mill treatment was also performed. The high 
speed mixer noted above was used with the 
addition of small glass beads. The mixer was put 
in rotation in the formulation/glass beads media. 
Long treatment times are usually required in 
order to achieve a good dispersion. For each 
formulation, ball mill processing was performed 
for two hours.  

Bead mill equipment usually allows a good 
dispersion. A spinning rotor inside the bead mill 
chamber activates the beads. Particle aggregates 
are broken by the high liquid and shear 
gradients, and collision with the beads. In this 
study, a self-contained horizontal bead mill was 
used to disperse clay. The apparatus used was a 
Laboratory MINI mills model 250-VSE-EXP 
from Eiger. Zirconium beads of 0.8 to 1.0 mm 
were used. Bead mill processing was performed 
at 2000 rpm for 5 minutes following by 
5 minutes at 3500 rpm and a final 5 minutes at 
5000 rpm.  

A fully hydraulic three roll mill from Bühler, 
model SDY 200, was used to disperse clay. The 
ideal processing viscosity for a three roll mill is 
higher than 10 000 cP. The viscosity of the neat 
formulation used in this study is about 400 cP, 
then clay was first dispersed in the oligomer mix 
only. For the formulations with 1 and 3% wt of 
clay, 2 passes were performed and for the 
formulation with 10% wt, 3 passes were 
performed. For the first pass, the pressure 
between rolls was fixed at 40N/mm and for the 
second and third pass, the pressure was elevated 
to 48N/mm. All passes were performed at 34oC. 
After three roll milling, monomers and 
photoinitiator were added. Photoinitiator was 
added at 4% wt of the acrylate reactives 
(monomers and oligomers). Photoinitiator was 
always added at the end of the mixing process to 
prevent as much as possible the evaporation of 
this reactant. 

Methods 
The viscosity of the neat acrylate formulation 
and the different acrylate/clay formulations was 
determined using a Viscolab 4000 from 
Cambridge Applied Systems. Three 

measurements were performed on each 
formulation and the average is presented here. 

The sample was placed in the compartment of a 
Perkin-Elmer 781 infrared spectrophotometer 
where it was exposed for one thousand seconds 
to the UV radiation of a medium pressure 
mercury lamp (HOYA-SCHOTT-UV-200) via a 
fiber optic light pipe. The light intensity used for 
these experiments was 18.7 mW/cm2. The 
polymerization was followed in situ using RTIR 
spectroscopy. The degree of conversion of the 
UV-exposed sample was evaluated by infrared 
spectroscopy through the decrease of the IR band 
at 812 cm-1 or 1625 cm-1 of the acrylate double 
bond.  

A nanoscope III multimode AFM (Digital 
Instruments, Santa Barbara, CA), operated in 
tapping mode was used to capture AFM images 
in height, amplitude and phase contrast mode. J 
and E-scanner were used to record images from 
250 nm to 10 µm at ambient temperature.  

Transmission electron microscopy (TEM) was 
used for visual observation of the level of 
exfoliation of the silicate platelets. Resins were 
cured with UV equipment from Waymar 
Manufacturing Co., Model EC 801 Serial 8101. 
These were cut using a Reichert-Jung 
ultramicrotome, model Ultracut E (Vienna, 
Austria). Films of 80 nanometers’ thickness were 
obtained and they were dyed with uranyl acetate 
and lead citrate. Images were recorded at an 
acceleration voltage of 80 kV. 

The Persoz hardness of 150 microns film was 
measured by monitoring the damping time of the 
oscillations of a pendulum placed on the UV-
cured sample coated onto a horizontal glass 
plate, with the pendulum swinging in a vertical 
plane from an initial angle of 12o to a final angle 
of 4o. 

Impact (coatings side) and reverse impact (steel 
plate side) resistance were determined using the 
falling weight test. One hundred and fifty micron 
films were applied on steel plates. Samples were 
subjected to the impact of a 4 ponds weight at 
different heights. 

Pencil hardness was used to study the scratch 
resistance of the coatings’ films. One hundred 
and firty micron films were coated on glass 
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panels, then the resistance to pencil for 9H 
hardness to 9B hardness was determined. 

Wear resistance was determined using the Taber 
Rotary Platform Abraser. The abrasives selected 
for this study were S-42 sandpaper strips 
attached to the periphery of the CS-0 resilient 
rubber wheels. The mass loss was determined 
after 100 rotations.  

Color values of the acrylate formulations were 
determined with a color-guide 45/0 from BYK-
Gardner. The CIELAB color scale was used for 
color measurement. Three basic coordinates (L*, 
a* and b*) were determined for each sample and 
they were compared with a standard which, in 
this study, was the neat acrylate formulation. The 
four delta values (∆L, ∆a, ∆b and ∆E) are 
presented in this paper. 

The influence of the clay on the 60o gloss of the 
coatings was determined by haze-gloss 
equipment from BYK Gardner.  

Results and discussion 

Clay dispersion 
Good clay dispersion appears to be the key issue 
to the achievement of good properties. In this 
project, many attempts were made to achieve 
exfoliation of the clay platelets. Ultrasound 
treatment was first used to disperse clay at the 
single state. X-ray diffraction studies and 
stability tests have clearly shown that the 
dispersion was not good at all for all clay 
loadings no matter the intensity or the length of 
the ultrasonic treatment. Thus, different 
mechanical treatments were performed on the 
clay-acrylate formulations. High speed mixing, 
ball milling, bead milling and three roll milling 
treatments were selected. Small angle x-ray 
diffraction was performed on these samples. For 
the 1% wt formulations, no peak was observed 
which means that clay exfoliation was achieved. 
However, microscopic studies gave different 
results. Atomic force microscopy was used to 
study the effect of clay on the surface 
morphology and to image the clay dispersion. 
This technique showed that the morphology of 
these formulations is really different according 
to the clay loading and the efficiency of the 
dispersing equipment.  

Figure 1 presents the difference in morphology 
observed for two formulations prepared both at 
3% wt of clay with different dispersion 
equipment. Figure 1(a) presents an image of the 
surface of the formulation prepared by bead 
milling at 3% wt of clay and a height section of 
this image. Figure 1 (b) presents an image of the 
surface of a formulation prepared with 3% wt of 
clay with the high speed mixer. The 
morphologies of these two formulations are 
really different. The same Z scale, 
60 nanometers, was used for the two images. It is 
possible to see that the formulation prepared by 
high speed mixing presents large features at 
nanoscale. In contrast, only small asperities are 
present on the image of the 3% wt formulation 
prepared by bead milling. These results show 
that the formulations prepared with higher shear 
equipment, like the bead mill, seem to have a 
better dispersion.  

Figure 2 presents a phase contrast image 
obtained for the 3% wt formulation prepared by 
high speed mixing. The lighter features on this 
image represent the clay aggregates. This pattern 
can be observed for formulations prepared by 
high speed mixing and ball milling, the two 
lowest shear equipment, at any clay loading. 
This means that this equipment is far from 
efficient to disperse clay. This pattern can also 
be observed for formulations prepared by three 
roll milling and bead milling but only at a high 
clay loading, 10% wt. For the formulations 
prepared at 1 and 3% wt by three roll milling and 
bead milling, no phase domains can be observed. 
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Figure 1 Height images of the formulations 

prepared with (a) 3% wt by bead milling and (b) 

3% wt by high speed mixing 

The atomic force microscopy observations led to 
the conclusion that the clay dispersion is a lot 
more better for the three roll milling and the 
bead milling treatments. Transmission electron 
microscopy (TEM) of the 3% wt formulations 
was then performed in order to determine on the 
best dispersion equipment. 

 

Figure 2 Height image (1µm x 1µm) of the 

formulation prepared with 3% wt by bead milling 

treatment 

Figure 3 presents images for formulations 
prepared, respectively, by three roll milling, bead 
milling, ball milling and high speed mixing at 5x 
magnification. As it is possible to see, the three 
roll milling formulation and the bead milling 
formulation led to smaller clay aggregates than 
the two low shear equipment, the ball mill and 
the high shear mixer. High speed mixing led to 
the worst dispersion of the clay particles. 

Aggregates of more than 10 microns were 
observed at any clay loading.  

Viscosity measurements were also realized on all 
formulations. One would expect an important 
rise in viscosity with exfoliation of finely 
dispersed MMT. Viscosity was found to be 
related to the dispersion extent. An important 
increase in viscosity values was found, even at 
1% wt, for the three roll milling formulations. 
The formulations prepared by bead milling also 
presented an important increased viscosity, even 
though it was smaller than for the three roll mill 
treatment. Finally, only a small increase in 
viscosity values was recorded for the two low 
shear equipment, the ball mill and the high speed 
mixer. These results agree with the literature. In 
fact, it was reported that a better clay dispersion 
led to a more important viscosity increase 
(Gopakumar et al. 2002). 

Nanocomposites properties 
As mentioned many times in the literature 
(Utracki 2006; Ray et al. 2006), clay dispersion 
can considerably affect the properties of the 
polymer matrix. It was proven that a good 
dispersion, or an exfoliation of the clay platelets 
led, in many cases, to a strong increase of the 
mechanical and thermal properties in the 
thermoplastic studies. Although we found in this 
study that the formulations which gave the best 
property improvements and the fastest and more 
complete curing were the bead mill formulations. 
Whereas, three roll milling treatment gave a 
more efficient clay dispersion. These results can 
be explained by the strong viscosity increase 
associated with the bead mill treatment. The 
mobility restrictions can decrease the efficiency 
of the curing. Another explanation was reported 
in the litterature by Cai et al. (2007). The 
montmorillonite which was used in this study, 
the Cloisite 30B, was modified with a quaternary 
ammonium salt in order to improve or facilite 
the dispersion of the clay. However, only a part 
of the hydroxyl groups present on the surface of 
the clay platelets are replaced by the organic 
groups. When the majority of the clay platelets 
are separated (three roll mill treatment), a more 
important part of the polymer is in contact with 
the unmodified clay platelets. When the 
interaction between the polymer chains and the 
unmodified clay is not favorable, then the curing 
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and final properties of the nanocomposites can 
be affected.  

  
(a) (b) 

  
(c) (d) 

Figure 3 Transmission electron microscopy 

images of the formulations prepared with 3% wt of 

clay for: (a) three roll milling, (b) bead milling, (c) 

ball milling, (d) high speed mixing treatment 

UV curing was first studied. Acrylate 
polymerization was followed by real time 
infrared spectroscopy (RT-FTIR). The effect of 
the clay dispersion and the clay loading on the 
UV curing process was examined. For each 
formulation, the initial rate of polymerization 
and percent conversion were determined.  

Bead milled formulations were found to present 
a more important and faster curing than the other 
formulations. Table 1 presents the initial rate of 
polymerization and the total conversion 
percentage obtained for the neat acrylate 
polymerization and the bead milled formulations 
prepared at 1% wt and 3% wt. As mentioned 
earlier, the three roll milling treatment led to 
better clay dispersion thus, for this system, the 
dispersion extent is not clearly related to the 
curing efficiency. UV curing, as any other 
polymerization, is influenced by the viscosity of 
the media. As explained earlier, the unfavorable 
interactions between the hydrophilic clay 
platelets and the polymer chains can also explain 
this result. 

Mechanical and optical evaluations of the 
formulations were performed. Persoz hardness 
and pencil hardness, impact and reverse impact 
resistance and finally the wear resistance by 
taber abrasion were determined. Gloss and color 

measurements were also performed. The delta 
(∆L, ∆a, ∆b) of the three color parameters (L, a, 
b) were first determined, then the total color 
difference was evaluated. Table 1 presents the 
results obtained for the neat acrylate formulation 
and the formulations prepared with 1% wt and 
3% wt of clay by the bead milling treatment. 
These formulations were found to be more 
interesting from the point of view of the curing 
and mechanical properties.  

Table 1 Curing, mechanical and optical 

properties of the neat acrylate formulation and the 

formulations prepared with 1% wt and 3% wt of clay 

by bead milling 

Property /Measurement Neat formulation Bead milled 1% Bead milled 3% 

Initial rate of polymerization (s-1) 5,65 6,45 4,94 
Total% conversion  75,32 85,03 77,38 
Persoz hardness (s) 284 285 410 
Pencil hardness 9H 8H 9H 

Impact resistance (cm) 35 50 40 
Reverse impact resistance (cm) 7,5 12,5 15 
Mass lost after 100 rotations (g) 0,158 0,128 0,137 

Color, ∆L ?  0,29 0,53 
Color, ∆a ?  0,11 0,16 
Color, ∆b ?  0,12 0,11 
Color, ∆E ?  0,33 0,57 
Gloss 123 111 109 

  
The Persoz hardness was found to be greatly 
enhanced by the addition of 3% wt of clay, 
although the addition of a lower clay loading, 
1% wt of clay, did not change the hardness.  

The pencil hardness, which is related to the 
scratch resistance, did not change significantly 
for both formulations, with 1% wt and 3% wt of 
clay. The impact resistance was determined by 
the falling weight test. The addition of 1% wt of 
clay was found to considerably change the 
impact resistance. The height at which we 
observed a degradation of the coating changed 
from 14 inches to 20 inches for the neat acrylate 
formulation to the formulation prepared with 
1% wt of clay. However, when more clay was 
added, the impact resistance started to decrease 
but stayed superior to the result obtained for the 
neat formulation. The reverse impact resistance 
was also found to be more important with the 
addition of clay. Contrary to the direct impact 
resistance, the reverse impact resistance was 
more important with the addition of a higher clay 
loading. Finally, the wear resistance was 
determined by the mass lost when an abrasive 
was put in rotation on the surface coating. As for 
the direct impact resistance, the wear resistance 
was more important with 1% wt of clay and 
decreased and stayed superior to the neat 
acrylate formulation. The optical properties were 
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also determined. The three color parameters (L, 
a, b) were determined and it was found that the 
addition of clay was related to a coating 
yellowing and a decrease of the luminosity (the 
L parameter decrease). The gloss was also found 
to decrease when clay was added and the gloss 
diminution was related to the clay loading. The 
more important the clay loading, the more 
important the gloss decrease. 

Conclusion 

Atomic force and transmission electron 
microscopy were used to study the morphology 
of the clay-acrylate formulation prepared at 
different clay loadings. We found that the two 
low shear equipment, the ball mill and the high 
speed mixer, gave a poor clay dispersion. 
However, good clay dispersion was achieved 
with the bead mill and the three roll mill 
equipment. The two microscopic techniques 
used in this study showed that an important 
difference in morphology is obtained for the low 
and high shear equipment. 

Clay dispersion was found to be closely related 
to the UV curing efficiency and to the 
mechanical properties. Three roll milling led to 
more efficient dispersion, although the best 
results in terms of curing and mechanical 
property improvements were found when the 
bead milling treatment was used. The 
formulations prepared at 1% wt and 3% wt by 
bead milling led to efficient curing and good 
mechanical properties. Color and gloss were 
found to be slightly affected by the clay addition 
in the acrylate matrice. 
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ABSTRACT 

Colour changes in wood in outdoor conditions, such as for building façades, outdoor furniture and urban 

artefacts affect and limit the use of wood. Within the framework of a large project on wooden buildings, 

IVALSA is studying the evolution of colour changes on different wood species either without any surface 

treatment, or with various finishing and/or protecting products or processes, included hygro-thermal 

modifications of wood. 

The main goal is to provide the behaviour of the different wood species, according to the protecting 

methodology adopted, due to the ageing effect deriving from the outdoor environmental conditions. The 

colour changes are recorded as: pictures (digital colour calibrated), CIE-Lab coordinates, a gloss values 

and, finally Near Infra-Red spectra. Contact angle and reflectance to visible and to structured light was 

also measured on a sub-sample. In this paper CIE Lab coordinates are discussed. 

The contribution of visible and UV-A spectra, such as RH and temperatures are logged in field 

experimental set-up. The tests reported here were carried out from February 5
th
 to April 16

th
. 

Introduction 

The goal of our study is to monitor the behaviour 

of four hardwood species in outdoor conditions.  

The specimens of selected hardwood species 

were exposed outdoors without any finishing 

product; on the same wood species, various 

protective finishing products were used in the 

same experimental conditions.  

The wood species were selected according to 

their biological durability: chestnut (Castanea 

sativa Mill.), oak (Quercus robur L.), black 

locust (Robinia pseudoacacia L.) and thermally 

modified beech
1
 (Fagus sylvatica L.). 

The natural ageing is in progress and data are 

now available for the first 70 days. The tests are 

planned to be carried out for the next three years. 

Background 

Wood colour and wood discolorations are topics 

of great interests for many applications; 

therefore various standards are available for both 

natural and artificial ageing of surfaces. Colour 

                                            
1
 The thermal modification of wood improves 

the durability properties. 

science – mainly developed for other fields such 

as printing, textiles, Cultural Heritage and others 

– is supported by well established methodology 

and performing measurement devices.  

Many studies on wood colour and wood colour 

change have been developed in France in 

different application fields (Janin et al., 1992, 

1993, 1996, 1997); in the field of colour 

description systems, mainly CIE, is discussed by 

Katiscak et al. (2000), Brunner et al. (1990) and 

others. 

Material and methods 

Specimens preparation 
From chestnut, oak, black locust and beech ThW 

105 × 2.0 × 4.5 cm boards were processed. The 

wood was sent to a few finishing product 

manufacturers for the finishing processes 

according to the best practice and requirements 

for each protecting cycle. 

From the 105 cm board, some ten, 10 cm long 

specimens were obtained. According to EN 927-

3: 2003 the finishing product was applied on the 

front and on the lateral sides; on top and back 

sides a reference white waterproof and flexible 

filming product was applied. 
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Each specimen was named with a number 

containing the following information: 

• orientation (south / north) 

• wood species 

• finishing product manufacturer 

• finishing cycle 

• replications. 

Measurements  
Colour and gloss were measured and recorded as 

a digital image. The pictures were taken in a 

black box providing repeatable light conditions 

by using camera ttl controlled flashes. The 

Nikon D200 camera was set as follows: 

• 10 MPx resolution 

• ISO 100 (minimum noise) 

• iris f 18 

• quality: Raw (NEF Nikon) + JPEG Fine 

• flash white balanced 

• colour space: Adobe RGB. 

For colour measurements a Datacolor spectro-

photometer in the range of visible spectrum (400 

to 700 nm) was used, with the following 

parameters:  

• d/8 (diffuse hemispheric illumination at 8° 

observation) 

• specular component included 

• measurement area diameter 3 cm 

• D65illuminant (daylight UV region 

included, temperature closet o T68= 6504) 

• standard observer 10° 

• colorimetric space CIELab. 

CIE-Lab colour coordinates: 

• L (lighting): from 0 to 100 represents the 

position on the black-white axis 

• a : colour component from green to red 

• b: colour component from blue to yellow.  

The results of colour change are reported in 

terms of chromatic distance ∆E*ab from time 0 to 

day 70
th
. In the colour space L *a*b*, ∆E*ab, is:  

222 )()()( baLE ∆+∆+∆=∆  

Where  

• ∆E*ab within 0 and 5 means no or non-

significant colour change, slightly difficult to 

evaluate without a colour measurement 

device 

• ∆E*ab within 5 and 10 means colour change, 

visually valuable without a colour 

measurement device  

• ∆E*ab >10 means significant colour change. 

Field tests 
The field tests were set up on a south oriented 

non-standard 3 x 3 m roofed wall
2
. 

On each side 12 rows are available for the 

specimens; presently other species than those 

reported here are under testing, i.e., conifers and 

tropical species. 

 

Figure 1 Wall 3 x 3 m large; the whole study 

considers also conifers and tropical hardwood, not 

mentioned in this paper  

On each side one thermometer with a n RH 

sensor, one radiometer and one pyranometer are 

connected to a solid state data-logger, enabling 

recording of the following environment data: 

• relative humidity ( RH%) and temperature 

(C°) 

• global irradiance in the spectral region UVA 

(W/m
2
); 

• global solar irradiance (W/m
2
). 

The UVA irradiance is measured in the spectral 

field 327÷384 nm (50%) with a typical 

sensitivity of 150÷350 µV/(W/m
2
). The global 

solar irradiance is measured in the spectral field 

305÷2800 nm (50%) with a typical sensitivity of 

10µV/(W/m
2
). 

                                            
2
 The structure was built by Mr M. Passer, the 

specimens were processed by Mr. B. Lazzeri  
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Finishing and protective products 
The wood can be protected by various finishing 

products, sorted according to the solvent, the 

type of resin, the performances, the colour, etc. 

In Table 1 the products are reported, as follows: 

• water-based products with synthetic resins 

(acrylic, or alkyd or both) 

• water-based products with natural resins 

(tung, dammar, etc.) 

• water- and organic solvent-based products 

with acrylic resins and oil 

• organic solvent-based products and oil 

• organic solvent-based products with alkyd 

resins. 

In Table 1 other details are reported, such as the 

number of layers, type of solvent, type of resin 

or oil, thickness of the film, where appropriate, 

and the colour. 

Table 1 Protective finishing cycles 

Name Layers Solvent Resin Other Thickness Colour 

T0 Natural non finished wood 

T20 2 Water Alkyd UV filter, biocid <10µm Transparent 

T3 3 Water Alk./acr. UV filter, biocid 30µm Semi-transparent  dark 

T4 4 Water Alk./acr. Biocid 100µm Thick grey 

T7 3 Water Natural resins Inorganic salts 20 µm Semi-transparent light 

T8 3 Water Natural resins Inorganic salts 50 µm Semi-transparent dark 

T9 2 Water 

Natural resins 
- none 

Semi-transparent mid 

dark 

T10 2 Water 

Natural resins 
- none 

Semi-transparent dark / 

very dark 

T11 3 Water Natural resins Inorganic salts none Semi-transparent dark  

T12 3 Water 

Natural resins Inorganic salts 
none 

Semi-transparent very 

dark 

T13 3 Water Natural resins Inorganic salts 40 µm Semi-transparent light 

T14 3 Water Natural resins Inorganic salts 30 µm Semi-transparent dark 

T15 2 Water Natural resins - 80 µm Thick brown 

T21 2 organic solvent Oil UV filter None Transparent very light 

T1 3 organic solvent Alkyd UV filter, biocid 30µm Semi-transparent dark 

T2 3 organic solvent Alkyd UV filter, biocid 80µm Thick grey 

T5 2 organic solvent Alkyd UV filter, biocid 30µm Semi-transparent dark 

  
Result 

Colour change of natural, non-finished 

wood 
The natural wood rapidly changes its original 

colour. 

Even after only 70 days the ∆E*ab colour change 

index shows significant changes, as shown in 

Figure 2. 

In the two following graphs (Figures 3 and 4), 

the colour changes are detailed after 15, 33 and 

70 days according to the north/south orientation.  

In 70 days all four species changed colour in a 

way perceptible to the human eye. 

∆E in 70 days outdoor

0 5 10 15 20 25

Beech ThW

Black locust

Oak

Chestnut

∆E

south nord average

 

Figure 2 Colour change ∆∆∆∆E after 70 days 

outdoors 
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Figure 3 Colour change ∆∆∆∆E after 15, 33 and 

70 days outdoors, south oriented 
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Figure 4 Colour change ∆∆∆∆E after 15, 33 and 

70 days outdoors, north oriented 
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Figure 5 Digital pictures of the non-finished 

hardwood specimens on the south oriented wall 

The colour changes are different according to the 

orientation, south / north, as reported in Table 2.  

Table 2 Colour change ∆∆∆∆E of non-protected 

wood according to the orientation 

∆∆∆∆E South North Average cv% 

Chestnut 14,5 19,4 16,9 20,7 

Oak 18,3 10,7 14,5 36,8 

Black locust 12,0 15,1 13,5 16,4 

Beech ThW 11,9 8,8 10,3 21,6 

 
 

Colour change of finished wood 
In Tables 3 and 4 the finishing cycles, 

respectively water-based and organic 

solvent-based, are reported according the 

magnitude of the ∆E*ab. 

According to Table 3, five water-based products 

are effective in lowering the surface colour 

change, being the ∆E mean is not higher than 5. 

For three organic solvent-based products the 

behaviour is similarly effective, as reported in 

Table 4.  

Table 3 Mean colour change of wood 

protected by water-based products 

Water based  finishing product Thick. ∆∆∆∆E 

T0 Non protected wood - 13,8 

T20 Transparent <10µm 8,1 

T3 Semi-transparent dark 30µm 6,4 

T7 Semi-transparent light 20 µm 5,7 

T8 Semi-transparent dark 50 µm 8,0 

T13 Semi-transparent light 40 µm 6,7 

T14 Semi-transparent dark 30 µm 7,3 

T9 Semi-transparent mid dark None 2,7 

T10 

Semi-transparent dark / 

very dark None 3,7 

T11 Semi-transparent dark None 4,8 

T12 Semi-transparent very dark None 3,2 

T15 Thick brown 80 µm 3,1 

 
 

Table 4 Mean colour change of wood 

protected by organic solvent-based products 

Organic solvent products Thick. ∆∆∆∆E 

T0 Non protected wood - 13,8 

T21 Organic / oil transparent None 8,5 

T1 

Alk. semi-transparent 
dark 30µm 5,0 

T2 Alk. thick grey 80µm 0,5 

T5 

Alk. semi-transparent 

dark 30µm 5,0 

 
 

Table 5 Colour change ∆∆∆∆E*ab of wood 

protected by water-based products reported for each 

species  

 Chestnut Oak 

Black 

locust 

Beech 

ThW 

T0 16,9 14,5 13,5 10,3 

T20 - 7,3 4,5 12,6 

T3 6,4 5,9 5,9 7,3 

T7 7,7 7,0 5,7 2,4 

T8 8,6 7,5 8,1 - 

T9 2,3 2,0 3,7 2,7 

T10 8,4 0,9 1,6 - 

T11 1,8 0,9 8,5 7,9 

T12 1,0 6,2 2,2 - 

T13 2,0 7,5 7,5 9,8 

T14 7,6 7,4 6,9 - 

T15 1,2 6,8 1,2 - 

 
 

Checking the single species, it should be noted 

that some finishing products provided effective 

protection against the colour change only on 

some species, being less effective on others 

(Tables 5 and 6, strong grey background for 

∆E*ab higher than 10, light grey background for 

∆E*ab between 5 and 10). 

  

Chestnut 70 days 

  

Oak 70 days 

  
Black locust 70 days 

  

Beech ThW 70 days 
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Since we observed differences in colour change 

due to the south / north orientation for the same 

species protected with a given product, in 

Tables 7 and 8 these behaviours are expressed as 

coefficient of variation (Cv %) of the averaged 

∆E; higher the value, higher the behaviour 

difference between south and north (In Tables, 

dark background for Cv % higher than 100). 

Table 6 Colour change ∆∆∆∆E*ab of wood 

protected by organic solvent-based products 

 Chestnut Oak 

Black 

locust 

Beech 

ThW 

T0 16,9 14,5 13,5 10,3 

T21 6,9 5,7 9,3 12,3 

T1 2,4 1,1 8,5 8,0 

T2 0,4 0,7 0,4 - 

T5 3,0 7,1 7,2 2,9 

 
 

Table 7 Different behaviour on the same 

species of water products due to the orientation 

CV% Chestnut Oak 

Black 

locust 

Beech 

ThW 

T0 21 37 16 22 

T20 112 24 72 19 

T3 87 117 115 80 

T7 84 68 60 100 

T8 61 106 11 - 

T9 86 42 40 72 

T10 51 48 4 - 

T11 3 51 1 81 

T12 141 117 37 - 

T13 89 91 58 76 

T14 44 110 24 - 

T15 21 114 18 - 

 
 

Table 8 Different behaviour on the same 

species of organic products due to the orientation 

CV% Chestnut Oak 

Black 

locust 

Beech 

ThW 

T21 41 30 18 48 

T1 84 85 70 84 

T2 4 71 14  

T5 28 104 84 80 

 
 

Colour versus the environmental conditions 

The tests were carried out in San Michele 

all’Adige (Italy), 220 msl in the Alps from 

February 2007. The environmental conditions 

recorded during the field tests are reported in 

(Table 9). Total and UVA irradiance during the 

first 15 days of the field test are in Figures 6 

and 7. From the recorded curves the daily and 

the total doses for both solar irradiance and UVA 

irradiance have been computed, in Table 10.  

Table 9 Average environmental conditions, 

including visible and UVA irradiance 

Average UVA irradiance south (W/m
2
) 5,25 

Average UVA irradiance north (W/m
2
) 1,57 

Average solar irradiance south (W/m
2
) 223 

Average solar irradiance north (W/m
2
) 51,3 

Relative Hunidity (%) 63,6 

Temperature (°C)  8,6 

 
 

Table 10 Irradiance and UVA irradiance doses 

per day and along the 70 days of testing 

Daily dose Total dose 
Irradiance (W/m2) (W/m2) 

UVA south 217 15.190 

UVA north 70 4.900 

Irradiance south 8.975 628.250 

Irradiance north 2.128 148.960 

 
 

The colour change ∆E*ab is then shown in 

relationship to the solar irradiances in Figures 8 

and 9. The trend of curves for UVA region is 

very similar and therefore not reported. 
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Figure 6 UVA 365 nm irradiance during the 

first 15 days of the field test 
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Figure 7 Solar irradiance during the first 

15 days of the field test on both orientations 
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Figure 8 Colour change as a function of the 

total irradiance dose during the 70 days on south 

orientation 
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Figure 9 Colour change as a function of the 

total irradiance dose during the 70 days on north 

orientation 

Discussion 

On the non-protected wood specimens, all the 

species provided significant colour change 

during the 70 days outdoors (Figure 2); the 

largest colour change – ∆E*ab about 15 – was 

provided by chestnut and oak, both quite light 

coloured immediately after sawing or planing. 

The cardinal orientation affected the colour of 

the wood, sometimes the north oriented 

specimens provided the higher colour change, 

e.g., chestnut and black locust, sometimes the 

opposite behaviour occurred, e.g., oak and beech 

ThW (see Figures 2, 3 and 4 and Table 2). 

As expected, the colour of protected wood is 

more stable than the colour of the non-finished 

specimens. 

As reported in Tables 3 and 4, the mean colour 

change of the four non-protected hardwood 

together is significant (∆E >10), while even the 

less effective product provided colour change 

lower than 10.  

Table 3 (water-based products), shows that the 

less effective products are the ones providing a 

film from 10 to 50 µm thick; the more effective 

are the semi-transparent non-filming products 

pigmented from mid-dark to very dark together 

with a heavy dark brown 80 µm thick. 

Only one product is effective on all the 

hardwood tested, i.e. “water-based, semi-

transparent mid-dark, non-filming” T9 product. 

All the organic solvent-based products (Table 4) 

are filming products, except a quite un effective 

oil-based treatment.  

The best product is a thick grey varnish; in this 

case the wood is no more than a physical 

support. 

The different behaviour between south and north 

has been recorded also in the case of protected 

wood, as shown in Tables 7 and 8 as coefficient 

of variation (Cv %) of the averaged ∆E; the 

higher the value, the higher the behaviour 

difference between south and north.  

Even more than the natural non-protected wood, 

couples of “wood species / product” provided 

very significantly different behaviour; 

particularly oak, whereas the highest colour 

change was on the north side specimens.  

Since the test is still ongoing and this behaviour 

is still to be confirmed in the long-term, any 

explanation of this preliminary result –somewhat 

unexpected – is premature. 

The environmental conditions are shown in 

Tables 9 and 10 and in Figures 6 and 7. Both 

UVA and solar irradiance are roughly from three 

to four times higher on the south orientation than 

on the north side.  

Nevertheless the colour changes are, apparently, 

not related with the irradiance doses; in fact in 

Figures 8 and 9 the colour changes are similar 
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for both orientations but the irradiance dose is 

strongly different. 

Conclusions 

The criteria for selection of a wood species 

employed in building façades should consider 

carefully the aesthetic functions, the durability of 

these functions and the related maintenance 

costs.  

One of the main aesthetic properties is the 

colour: how long does it maintain its properties, 

how does it change, what will be the expected 

conditions in a few months, in a few years, in 

many years? 

The very preliminary results of field tests on four 

hardwoods from temperate forests (chestnut, 

oak, black locust and thermally modified beech) 

from the 70-day trials suggested some 

conclusions: 

• both natural non-protected wood and 

protected wood change colour in a few 

weeks outdoors 

• non-protected wood changes colour faster 

than protected wood 

• the most effective products are the heavy 

thick pigmented varnishes, where the wood 

is nothing more than a physical support of 

the material exposed outdoor, i.e., the 

varnish 

• good colour stability was provided by the 

water-based non-filming semi-transparent 

products more or less strongly dark 

pigmented  

• the highest colour change was provided by 

transparent products, both water- and 

organic solvent-based products. 

Finally, there is no relationship between both 

solar and UVA irradiances – as measured in this 

study – and colour changes; in many cases the 

highest colour changes are on the north side, 

even if not systematically.  

This last point suggested check of the whole 

methodology applied until now and to verify if 

the environmental factors, particularly the 

wavelength range of the irradiance measured, are 

the correct ones. 
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ABSTRACT 

Both in Europe and North America, VOC reduction is currently one of the most important challenges for 

the paint manufacturing industry. As a compliant technology, waterborne coatings are therefore predicted 

to strongly develop in coming years, particularly in the industrial coatings sector. One of the difficulties 

for paint formulators, especially for low solvent or solvent-free systems, is the effective incorporation and 

correct dispersion of additives such as light stabilizers which are mostly hydrophobic substances. To 

overcome these difficulties, a Novel Encapsulated Additive Technology (NEAT) was developed to allow 

such additives to be easily and homogeneously mixed to aqueous paints without using cosolvents and 

without requiring high energy dispersion equipment. 

Introduction 

It is a known fact that the ability of coatings to 

provide durable weather resistance and long-

term outdoor protection relies quite heavily on 

light stabilizers (Valet 1997). This is particularly 

true for wood substrates which are very sensitive 

to harsh environmental exposure and need a 

reinforced protection against deteriorating 

effects of light, water and bio-organisms for 

long-term service life. The role of light 

stabilizers in this respect is crucial as they 

increase the photo-oxidation resistance of 

coating binders. Therefore longer lasting film 

properties and improved film integrity also 

provide enhanced protection against water and 

wood biodegradation. Optimal protection effects 

are obtained by careful selection of the stabilizer 

types and ratios, and generally in combining UV 

absorbers and radical scavengers as well as wood 

treatments in adequate ways. 

The amount of stabilizers required is usually in 

the range of a few percent on coating 

formulations. This small additive quantity is easy 

to dissolve when solvent-borne systems are used. 

The problem is totally different when it comes to 

easily and properly dispersing hydrophobic 

substances into waterborne coatings. Post 

addition to formulated systems is impossible 

most of the time without the use of cosolvents 

and high energy dispersing methods. Storage 

stability of liquid paints can be limited and dry 

film properties of applied coatings altered to 

some extent. With the NEAT approach these 

difficulties are eliminated. 

UV degradation and protection of coatings 

Light and more precisely the UV component of 

solar radiation is known to be a key factor to the 

chemical modification of exposed paint and 

wood surfaces resulting in damage such as color 

change, loss of gloss, chalking, flaking, peeling 

etc. Clear coats on wood, for instance, are a 

critical case as the sensitivity of the substrate to 

light and humidity is creating an additional 

source of problems leading to early failures like 

cracking, checking and adhesion loss of clear 

coatings due to the fast degradation of the wood 

substrate beneath the coating (Derbyshire and 

Miller 1981). In indoor conditions light induced 

changes on wood surfaces lead to discoloration 

resulting in darkening of pale wood species and 

bleaching of darker colored ones. 

Such light induced damage on wood can be 

reduced significantly by using UV-light 

screeners. Certain pigments reflect and partly 

absorb UV and visible light and contribute to 

reduce the irradiation of deep coating layers and 

substrates and limit their consequent degradation 

effects. However they reduce transparency and 

give color. Micronized titanium dioxide and iron 

oxide pigments can be used as transparent UV 

screeners to overcome these limitations in clear 

coat systems. However a noticeable drawback of 
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nanoscale titanium dioxides is their tendency to 

reagglomerate, leading to reduction in film 

transparency above a certain use level and to a 

hazy whitish aspect.  

For waterborne systems another drawback is the 

high amount of dispersant required for the 

stabilization of these fine pigment dispersions 

and the use of cosolvents to avoid dry-out 

effects. This may reduce gloss and affect dry 

film properties such as blocking resistance or 

water sensitivity. In the case of iron oxides a 

significant color shift towards yellow to brown 

shades occurs when they are used at levels 

required for effective UV protection. Therefore 

for totally transparent and colorless systems only 

organic UV absorbers can be used, typically at 1 

to 5% active substance on resin solids depending 

on the coating thickness and the desired degree 

of protection.  

For exterior applications, combinations of UV 

absorbers and HALS, sterically Hindered Amine 

Light Stabilizers, are the state of the art for the 

stabilization of clear and light pigmented 

coatings. HALS are free radical scavengers 

which inhibit the binders’ photo-oxidation and 

help to maintain longer their initial film 

properties such as flexibility and water 

repellency. HALS are especially effective at 

coating surfaces, providing better gloss retention, 

higher chalking resistance in pigmented systems 

and avoiding crack formation in clear coats. UV 

absorbers on the other hand perform as deep 

coating layer and substrate protectors, due to 

increasing UV absorbance with the coating 

thickness (Beer-Lambert’s absorption law). The 

selection of appropriate UV absorber/HALS 

combinations depends on the coating systems 

and applications and was described in previous 

publications (Rogez, 2000 & 2002; Hayoz et al. 

2002 & 2003).  

Novel Encapsulated Additive Technology-
based light stabilizers for waterborne 
coatings 

The challenge for the organic stabilizer producer 

was to develop suitable product forms that 

enable unproblematic dispersion into the 

broadest range of aqueous binder systems 

without impairing the additives’ performance. 

So far the selection of light stabilizers, which 

could be incorporated by simple post-addition, 

was limited to a few hydrophilic modified 

products. In recent times the suitability of these 

products for the constantly growing waterborne 

resin ranges has been restricted on one side by 

new hazard labeling requirements in Europe and, 

on the other, by higher technical performance 

demands.  

One of the most suitable UV absorbers so far is a 

hydrophilic modified 

hydroxyphenylbenzotriazole derivative (BTZ), 

which requires cosolvents for proper 

incorporation and for getting storage stable 

dispersions. For outdoor applications the 

combination with a HALS is necessary and the 

correct dispersion of both stabilizerss requires 

cosolvents or additional emulsifiers. In the 

literature there are further ways mentioned to get 

light stabilizers into water-based formulations, 

i.e., through polymer dispersions and emulsions 

(Landfester 2005).
 
 

This approach assures that the UV absorber 

remains compatible even at high dosage, does 

not migrate and is not leached out during service 

life, which is important particularly for thin film 

applications. The methods are convenient to 

produce modified dispersion resins for improved 

polymer and substrate protection. However paint 

producers are limited in their formulation 

freedom, as the UV absorber amount is generally 

limited for cost reasons and strictly fixed by its 

addition level in the dispersion. 

Another approach to disperse products into 

waterborne formulations are paste forms. Solid 

UV absorbers or screeners are ground to fine 

particle dispersions with suitable dispersing 

agents and cosolvents. Such products offer the 

coating formulators greater flexibility in 

selecting the required use levels. On the other 

hand, the non-molecular distribution of the UV 

absorber in the coating film can lead to poorer 

protection and lower film transparency 

depending on particle size and reagglomeration 

tendency. 

The limitations of the current approaches made 

clear that an optimal solution with full 

formulation freedom and optimized performance 

for waterborne wood coatings was still required.  
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The NEAT dispersions were developed to close 

this gap and make the incorporation of 

hydrophobic stabilizers to waterborne paints 

simple and easy. Based on a proprietary 

encapsulation technique, a range of NEAT 

dispersions was produced consisting of 

preparations where the actives, both of the UV 

absorber and HALS types are incorporated to 

acrylic latex particles easily dispersible to water-

based coatings (Peter et al. 2004 & 2005). 

NEAT product features 

Particle size and distribution 
The characterization of the dispersions was done 

by microphotography (Figure 1) and analytical 

ultra-centrifugation, providing information about 

particle size, distribution, density and density 

distribution. Measurements indicated that the 

UV absorber is homogeneously distributed in the 

polymer latex.  

 
 

Figure 1 Microphotography of a NEAT-based 

UV absorber preparation for wood coating 

applications 

Particle size measurements were also performed 

with dynamic light scattering which showed, as 

seen in Figure 2, that the particle size of the new 

products were in the range of 0.03 to 0.20 

micron.  

 

Figure 2 Particle size distribution of a NEAT-

based UV absorber preparation 

UV absorption spectra 
The absorption spectra of two aqueous UV 

absorber preparations made according to NEAT 

are represented in Figure 3. 

A first sample was prepared using a standard 

HydropxyPhenylTriazine chromophore (HPT) 

with 20% active UV absorber. Due to its 

predominant UV-B ray absorption (280 to 

320nm range) this product is suited for industrial 

coating applications based on acrylic and PUR 

resins.  

Another preparation was made with the same 

active content using a red shifted 

TrisResorcinolTriazine (TRT) derivative. This 

product shows a high extinction in the UV-A 

area (320 to 400nm range) with an absorption 

maximum Lmax around 360nm.  

In comparison to the spectra of 

hydroxyphenylbenzotriazole UV absorbers 

(BTZ) the main benefit of this compound is its 

absorption profile able to provide superior 

protection for UV-A radiation sensitive 

substrates such as wood. Its high extinction 

allows high filter effect in thin layers and its high 

photostability provides long lasting 

photoprotection effects. 
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Figure 3 UV spectra of NEAT-based UV 

absorber preparations in water: 20mg/l active HPT 

or TRT in comparison to BTZ type UV absorbers 

Properties of the NEAT additive dispersions 

Dispersion stability, easy handling and 

broad resin compatibility 
The NEAT product forms are low viscous 

solvent-free preparations that are easy to 

incorporate in waterborne coating formulations 

by simple mixing, without specific equipment 
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and no need for water miscible cosolvents as 

seen in Figure 4 below. 

 

Figure 4 In all tested formulations no 

sedimentation was observed during long in-can 

storage tests, whereas ground UV absorber and 

inorganic UV screener pastes have a strong 

tendency to sediment after a relatively short storage 

period of about four weeks at room temperature 

Transparency of coating films 
One of the most critical points for solid UV 

absorber pastes is the haze they show due to light 

scattering of the solid particles in the dry 

polymer film. Figure 5 illustrates that UV 

absorber pastes (i.e., BTZ) show a strong haze 

even opacity, while the NEAT-based absorber 

UVA-DW (Dispersed in Water) of the same 

BTZ type provides full transparency at the same 

active use level.  

 

Figure 5 Transparency of acrylic clearcoats 

(30 microns) with 2% active UV absorber (BTZ on 

resin) 

In another example indicated in Figure 6, milled 

aqueous UV absorber dispersions show a 

significant reduction of the Delta E* (DE* value) 

over black/white cardboard indicating the strong 

haze versus the NEAT additive as well as 

hydrophilic modified and water soluble UV 

absorbers. The haze can be explained by the 

differences of the particle sizes of the UV 

absorbers. In this example, sizes around 1 to 

2 microns and large distributions exist in the 

case of pastes while the NEAT-based absorbers 

have sizes of 0.05 to 0.20 micron and narrow 

distributions.  

The new product form of the substituted TRT 

completely meets the requirements of full 

transparency of the coating film. It was observed 

that most mineral and organic screener pastes 

also significantly reduce the initial gloss of high 

gloss coatings which was not the case for the 

NEAT-based UV absorber preparations. 
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Figure 6 DE* over black/white cardboard for 

different UV absorbers (2% active UV absorber in 

solid film, ca 60 microns dry film application) 

Photopermanence 
To guarantee long-term protection of the wood 

surface and the coating itself, it is essential that 

the selected UV absorber has an excellent 

inherent photostability (resistance to photolysis 

and photo- oxidation) and an outstanding 

photopermanence which means lightfastness as 

well as high resistance to migration and leaching 

(Rogez 2006, Schaller et al. 2006).
 

Photopermanence tests were conducted in a 

QUV-High Intensity testing device (Q Panel 

Company) using a cycle of 8h high-intensity 

light exposure (1.22W/m
2
 at 340nm) at 60°C 

(black panel temperature = BPT) followed by 4h 

water condensation at room temperature. 

Coatings based on a self-crosslinking acrylic 

dispersion resin were applied as 30 microns dry 

films on glass plates. The remaining UV 

absorber level upon exposure time was followed 

by recording the change in the absorption 
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spectra. Results are shown in Figure 7. The 

poorest UV absorber retention is clearly obtained 

with a water soluble BTZ which is almost totally 

washed out after 200h exposure. A ground BTZ 

paste shows better permanence than the 

precedent absorber with about 50% retention 

after 500h exposure. Interestingly the 

hydrophilic modified BTZ shows 50% retention 

after 900h and the hydrophilic TRT being better 

with 60% retention after 1200h. Assuming 

similar leaching behavior for both BTZ and TRT 

UV absorbers, the difference is explained by the 

better photostability of the TRT chromophore. 

Finally the best result is obtained with the 

NEAT-based TRT absorber showing a high 80% 

retention level due to its highest 

photopermanence and excellent leaching 

resistance thanks to its hydrophobicity.  
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Figure 7 Photopermanence of different UV 

absorbers in 30 microns acrylic clear coatings. 

QUV-HI exposure. Cycle: 8h UVA-340/4h water 

Optimal light protection concept of wood 

Improved UV light protection of wood with 

TRT-based UV absorbers in top coats 
As mentioned, the light induced degradation of 

wood can be reduced significantly by the use of 

UV screeners in top coats. Organic UV 

absorbers allow coating films to be totally 

colorless without compromise on film clarity as 

they do not mask the wood grain and pattern. 

Two earlier used commercial UV absorber types 

were benzophenone (BP) and oxalanilide (OX) 

based, both characterized by a narrow UV-B 

spectral coverage and inferior photopermanence. 

Today UV absorbers based on hydroxyphenyl- 

benzotriazole (BTZ) chemistry with broader 

absorption profiles and better photostability are 

considered as the most important class for the 

stabilization of clear coats in a variety of end 

uses including wood and wood-based substrates 

(Auschra and Braig 2007). However, due to the 

sensitivity of wood, and its lignin component to 

UV and visible light up to nearly 500nm 

(Kataoka et al. 2007), it became necessary to 

develop a concept for the optimal protection of 

wood and wood coatings including effects of 

visible light.  

In the first part, a new UV absorber based on a 

substituted TRT chromophore with higher 

extinction, broader UV-A wavelength (so-called 

red-shifted) absorption and especially improved 

photopermanence was introduced for high 

performance solvent-borne (Hayoz et al. 2003) 

and now thanks to NEAT, in microdispersion 

form for waterborne wood coating applications 

(Peter et al. 2004 & 2005; Rogez 2006). 

Figure 8 shows the transmission spectra of 

different classes of UV absorbers with a 2-

hydroxybenzophenone (BP-1), a 2-(2-hydroxy 

phenyl)benzotriazole (BTZ-1) in comparison to a 

substituted tris-resorcinol-triazine (TRT-1) 

representative. The absorbers are used at 1% in a 

Long Oil Alkyd (LOA) varnish applied at a dry 

film thickness of 20 microns on glass. The 

wavelength numbers for 50% light cut-off of the 

absorbers (BP-1: 362nm; BTZ-1: 385nm; TRT-

1: 392nm) clearly indicate TRT-1 to have the 

broadest UV absorption profile, but none of 

these products is actually designed to screen the 

visible light over 400nm as they have to remain 

colorless. Therefore, and this is the second part 

of the concept, a way had to be found to stop the 

unscreened visible light hitting the wood surface 

to cause the lignin photo-oxidation or at least to 

reduce this phenomenon. 
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Figure 8 Transmission spectra of long pass 

filters and LOA varnish (DFT = 20 microns on glass 

panels) with 1% UV absorber on paint (BP-1; BTZ-

1 and TRT-1) 

Additional protection from visible light 

effects with lignin stabilizer wood treatments 
The means to improve the protection of wood 

against visible light was found by application of 

a lignin stabilizing pretreatment, which provides 

better color stability of pale wood species in 

interior applications and improved durability to 

transparent and semi-transparent wood coatings 

in exterior applications (Hayoz et al. 2002 & 

2003). The active ingredient in the treatment is 

based on a specific hindered amine light 

stabilizer (HALS) derivative which traps the 

radicals created at the wood surface by visible 

light which is not screened by the UV absorber 

(Schaller and Rogez 2006). According to this 

concept the wood color protection is optimal, 

when the lignin stabilizer (applied as such in 

dilute aqueous solution or added to an already 

utilized wood primer formulation) is associated 

with a selected broadband TRT UV absorber in 

the top coat for indoor applications or TRT UV 

absorber/HALS mix for outdoors. The UV 

absorber can also be used in the lignin treatment 

as an internal UV filter for the wood surface but 

it is more effective when used in a subsequently 

applied top coat to get an external filter effect. 

Besides the improved aesthetic aspects, other 

benefits of the better wood surface protection are 

increased property retention such as coating 

adhesion and resistance to failures such as 

flaking and cracking. As a result higher 

durability and extended maintenance intervals in 

outdoor applications are gained. 

For indoor applications the concept has proven 

to provide permanent color stabilization to pale 

wood species such as fir, spruce, pine, ash, beech 

and also light tinted or stained substrates. Using 

this approach in an appropriate way for naturally 

colored wood species (oak, cherry etc.) requires 

reduction or omission of the lignin treatment and 

use of light pigmented finishes for better color 

retention of such darker wood species (Schaller 

et al. 2006; Rogez 2007). 

Materials and Methods 

Light sensitivity experiments were made on (50 

x 50 x 2 mm) samples of pine veneers (pinus 

radiata). The light source for this study was 

filtered Xenon light for interior applications 

according to DIN EN ISO 11341 using an Atlas 

Weather-Ometer Ci-65 A. Test conditions: Xe-

WOM Cam 0 (outer filter “sodalime” window 

glass / inner filter boro silicate) with irradiance 

0.35 W/m
2
 at 340nm, permanent light, black 

panel temperature BPT (50±2) °C, relative 

humidity RH (50±5)%. To simulate the light 

influence at different wavelengths, long pass 

filters (N-WG 305, GG 385, GG 400, GG 435, 

GG 475, GG 495 from Schott, Germany) were 

used with different transmission profiles; the 

number in the filter name indicates the 

wavelength at which 50% of the light intensity is 

cut off. The transmission spectra of the filters 

and a standard linseed oil-based Long Oil Alkyd 

(LOA) paint film (thickness = 20 microns on 

glass) stabilized with 1% absorber on total paint 

are shown in Figure 8.  

The lignin stabilizer pretreatments were 

performed with 2% aqueous solutions of lignin 

stabilizer applied by brush (1 x 80 g/m
2
). 

For the artificial weathering exposure studies, 

the samples were made of pine (200 x 90 x 10 

mm) with back and end grain sealing with a 2K-

PUR clear coat. The light source used in these 

experiments was Xenon light according to DIN 

EN ISO 11341 A using an Atlas Weather-

Ometer Ci-65 A. Test conditions: Xe-WOM 

CAM 7 cycle for exterior applications (inner and 

outer filters of boro silicate) with irradiance 0.35 

W/m
2
 at 340nm: 102 min light, BPT (60±2)°C, 

RH (35±5)%; 18 min light and spray, BPT 

(60±2) °C, RH (35±5)%).  

As paint, a linseed oil-based Long Oil Alkyd 

(LOA) was used with and without different 
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additives: TRT-1 as UV absorber, a HALS 

[Decanedioic acid, bis(2,2,6,6-tetramethyl-1-

(octyloxy)-4-piperidinyl) ester] and a lignin 

stabilizer pretreatment (2% aqueous solution, 1x 

80 g/m
2
 brush applied). 

The coloristics were measured with a Minolta 

CM-3600d device (gloss included) and 

calculation of L*, a*, b*, C*, h and DE* with 

CGREC software according to DIN 6174. The 

gloss evaluation was performed at a 60° angle 

with Byk/Gardner Micro-Tri-Gloss equipment 

according to DIN 67530. The cracking 

evaluation was performed visually according to 

DIN EN ISO 4628-4. Integrated transmission 

spectra were recorded on paint films (20 microns 

DFT over glass) between 200 and 800nm with 

1nm resolution by using a Perkin Elmer 

UV/VIS/NIR spectrophotometer Lambda 900. 

ATR spectra were recorded between 4000 and 

850 cm
-1
 with 1 cm

-1
 resolution and 64 scans by 

using a Bruker IFS55 spectrometer. 

Results 

Light sensitivity experiments on pine wood 
In order to assess the spectral sensitivity of wood 

and lignin, the chemical changes occurring on 

pine samples covered with different long pass 

filter types during Xenon light exposure were 

recorded by FT-NIR ATRP spectroscopy. The 

assignments of bands in the infrared spectrum of 

pine are given in Table 1 (Evans et al. 1996).  

Table 1 Assignments of bands in the IR of 

pine 

Freq. 
/ cm

-1
 Assignments 

3350 H-O-H stretching vibration of absorbed water in 
carbohydrates 

1730 C=O stretching vibration of carboxyl groups of 
hemicellulose and chromophores 

1640 H-O-H stretching vibration of absorbed water in 
carbohydrates 

1600 C=C stretching vibration in aromatic ring of lignin 
1505 C=C stretching vibration in aromatic ring of lignin 
1450 C=C stretching vibration in aromatic ring of lignin 

and CH2 vibration in cellulose 
1425 CH2 scissors vibration in cellulose and C=C 

stretching vibration in aromatic ring of lignin 
1370 CH bending vibration in cellulose and hemicellulose 
1330 OH in-plane deformation vibration in cellulose and 

hemicellulose 
1315 CH2 wagging vibration in cellulose 
1260 C-O stretching vibration in lignin and hemicellulose 
895 Anomeric carbon group frequency in cellulose and 

hemicellulose 
870 CH out-of-plane bending vibration in lignin 
810 Vibration of mannan in hemicellulose and CH out-of-

plane in lignin 
775 Vibration of galactan in hemicellulose  

The change of intensity of absorption peaks at 

specific wave numbers of the characteristic C=O 

stretching vibration of the carboxyl groups of 

hemicellulose and chromophores (1730 cm
-1
), 

the C=C stretching vibration in the aromatic ring 

of lignin (1450, 1505 cm
-1
) and the OH in-plane 

deformation/CH bending vibration of cellulose 

and hemicellulose (1370,1330 cm
-1
) provide an 

indication of the chemical changes on the 

wooden surface during light exposure. The 

absorption region of the C=O stretching 

vibration of the carboxyl groups (1850 cm
-1
 to 

1550 cm
-1
) and the C=C stretching vibrations of 

lignin (1530 cm
-1
 to 1440 cm

-1
) during Xe-WOM 

CAM 0 exposure are shown in Figure 9.  
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Figure 9A) Absorption region of the C=O 

stretching vibration of the carboxyl groups (1850 - 

1550 cm
-1
) and Figure 9B) C=C stretching 

vibrations of lignin (1530 - 1440 cm
-1
) during Xe-

WOM CAM 0 exposure 

The absorption of the carboxyl C=O stretching 

vibration at 1730 cm
-1
 increases during Xe-

WOM Cam, 0 exposure (Figure 9A). On the 

other hand, the absorption of the lignin C=C 

stretching vibration at 1510 cm
-1
 decreases 

(Figure 9B). The absorption of the OH in-plane 

deformation/CH bending stretching vibration of 

the cellulosic and hemicellulosic materials stays 

constant during exposure (not shown here). This 

first result confirms the mentioned lignin 

degradation mechanism where lignin structures 

break down during light exposure and build up 

chromophores containing carboxylic structures. 

The chromophore formation occurs fast as seen 

from spectral changes over the first 50 to 100h 

Xenon light exposure resulting in the formation 

of quinoidic structures, aromatic ketones and 

aldehydes by oxydation. 

As a measuring size of the absorption change the 

relative intensity (RI) was introduced. The RI is 
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defined as the intensity of the absorption after 

light exposure I divided by initial intensity I0 

(I/I0); i.e., RI = 1: no change, RI > 1: increase in 

absorption due to chromophore formation, and 

RI < 1: decrease in absorption due to 

disappearance of structures. Figure 9 shows the 

RI of the absorption of the chromophore C=O 

stretching vibration at 1730 cm
-1
 (RI1730), the 

absorption of the lignin C=C stretching vibration 

at 1510 cm
-1
 (RI1510) and the absorption of the 

cellulose and hemicellulose OH in-plane 

deformation/CH bending vibration at 1330 cm
-1
 

(RI1330) during Xe-WOM Cam 0 exposure. 

Besides this the color deviation DE* and the 

chroma deviation DC* of the pine samples 

during Xe-WOM Cam 0 are indicated. 

 

Figure 10 Relative intensity of the chromophore 

C=O vibration at 1730 cm
-1
 (RI1730), the lignin C=C 

vibration at 1510 cm
-1
 (RI1510), the absorption of the 

cellulose and hemicellulose OH in-plane 

deformation/CH bending vibration at 1330 cm
-1
 

(RI1330) and the color/chroma deviation DE*/DC* 

during Xe-WOM CAM 0 exposure 

Figure 10 clearly shows the increase in RI1730 

related to chromophore formation whilst lignin 

structures are destroyed (decrease in RI1510) and 

a constant RI1330 –within the error margin– of 

cellulose and hemicellulose. Changes are very 

fast within the first 100h of exposure, followed 

by flattening out in a plateau value. This can be 

seen as a total conversion of light-accessible 

lignin into chromophores and other by-products 

resulting in a kind of preservation layer on the 

wooden surface. A comparison with the 

coloristic results of the exposed pine samples 

shows an excellent correlation between 

chromophore formation and discoloration of the 

wooden surface. The changes in the chroma DC* 

and DE* follow the same pattern as the RI of the 

chromophores RI1730. Based on these results it 

can be stated that the color deviation of pine 

during light exposure is related to the formation 

of carboxylic chromophores resulting from 

lignin degradation. A way to track this 

phenomenon is obtained by simply measuring 

the color deviation. The following experience 

was then undertaken to evaluate the light 

wavelengths’ dependency on lignin degradation 

especially in the Visible region. Figure 10 shows 

the relative intensity RI1730 of the chromophore 

formation of pine exposed to Xenon-light 

(WOM Cam 0) filtered with the different long 

pass filters described previously. 
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Figure 11 Relative intensity of the chromophore 

RI1730 of pine covered with long pass filters of 

different wavelengths during Xenon-WOM CAM 0 

The relative intensity RI1730 indicates a clear 

dependency between chromophore formation 

(lignin degradation) and light wavelength. The 

initial speed and level of RI1730 increase after 200 

to 250h exposure decreases with increasing filter 

wavelengths. With a 305nm filter there is 

practically no change compared to unfiltered 

light resulting in very rapid and high 

discoloration. Increasing progressively the 

wavelength reduces the extent of degradation. At 

400nm, all UV light being filtered out, RI1730 still 

increases to about half of the level due to the 

unfiltered visible light, indicating that about half 

of the degradation is caused by visible light 

above 400nm. By using the 475 and 495nm cut-

off filters the chromophore formation is almost 

completely suppressed. These results indicate 

that pine as a pale wood species is sensitive to 

visible light up to nearly 500nm and therefore 
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needs not only UV but also visible light 

protection. This experiment shows that organic 

UV absorbers of the 2-(2-hydroxyphenyl)-

benzotriazole (BTZ) or of the tris-resorcinol-

triazine (TRT) classes allowing cut off of UV 

light up to 375 to 385nm (for BTZ) and 390 to 

395nm (for TRT) can only partially protect pine 

wood. Practical experiences show that such UV 

absorbers used at levels of 1 to 3% on resin 

solids and depending on coating thickness, only 

reduce pine discoloration in terms of DE* 

increase by some 50 % which corresponds well 

to the degree of reduction of RI1730 observed here 

(Figure 11).  

The recently introduced lignin stabilizer concept 

is the only way to overcome this problem. To 

verify that lignin stabilization improves the color 

stability, the filter experiment was repeated on 

pine having received the lignin stabilizer 

pretreatment. Figure 12 shows the relative 

intensity RI1730 of pine at different filter 

wavelengths and BP-1 and TRT-1 in comparison 

with and without lignin stabilizer pretreatment 

after 230h Xenon exposure.  
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Figure 12 Relative intensity RI1730 of pine with 

different filter wavelengths and BP-1 and TRT-1 

with and without lignin stabilizer pretreatment after 

230 Xe-WOM CAM 0 

As already seen in Figure 10, RI1730 decreases 

with increasing filter wavelength. A complete 

inhibition of chromophore formation is given by 

using the 495nm cut-off filter. If the lignin 

stabilizer pretreatment is used without a filter or 

with the cut-off filter at 305nm, to only small 

effects on reduced chromophore formation can 

be seen. First a small improvement is obtained 

by combining the lignin stabilizer treatment with 

BP-1 (~ 362nm). A significant improvement of 

RI1730 to almost no chromophore formation is 

obtained when combined with a filter of 385nm 

(BTZ-1) or 392nm (TRT-1). These results show 

that a remarkable color protection effect is 

obtained with the combination of the lignin 

stabilizing pretreatment and the UV absorber 

with the broadest absorption spectrum. Without 

absorber the pretreatment has practically no 

effect; with the less effective BP-1 the protection 

effect appears to be weak. This experiment 

confirms the already known behavior that the 

lignin stabilizer has to be used with absorbers of 

the BTZ or even better, with the TRT class to 

obtain an effective color stabilization
 
(Rogez 

2002).  

Based on these results it can be stated that in 

principle two possible approaches for long-term 

pale wood species color protection and coating 

stabilization exist: the use of UV/visible 

screeners with transmission profiles acting like 

the 495nm filter (meaning strongly pigmented 

systems) or a clear coating system combining a 

UV absorber of the TRT or BTZ type closing the 

UV window up towards 390 to 395nm, 

preferably used in a top coat, and especially in 

association with the lignin stabilizing 

pretreatment.  

Improved durability of exterior coatings 

In order to illustrate the latest case the next 

section will present some practical results. 

Accelerated weathering of (10 x 30 cm) test 

panels was performed with a spray nozzle 

modified QUV device according to a cycle used 

by the Swiss Federal Institute EMPA (5h UV A-

340 at 50°C/1h water spray at RT ).  

In a first example, a clear coating based on a 

self-crosslinking acrylic dispersion resin was 

applied on pine panels in two layers over a 

primer coat containing, or not, the lignin 

stabilizing HALS described previously. In this 

experiment the color change is used to record the 

protection effect provided by the TRT class 

absorber in NEAT predispersed form in 

comparison to a standard hydrophilic BTZ UV 

absorber. 

After a total exposure of 1200h, the unstabilized 

coating showed severe crack formation while the 

substrate has strongly darkened due to lignin 
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photo-oxidation. Cracking had not yet happened 

on the panels which had been treated with the 

lignin stabilizer and its color variation was much 

lower. Both stabilized coatings were in perfect 

condition without any sign of cracking. A 

difference exists on the degree of wood color 

protection provided by the two UV absorbers. 

The color protection provided by the BTZ on its 

own was relatively poor under the given 

exposure conditions.  

The HALS lignin stabilizer pretreatment showed 

a strong influence in improving the color 

protection. However the best effect, especially 

when applied over the lignin stabilizer 

containing primer, was obtained with the TRT 

type absorber. Over the HALS pretreatment it 

showed its advantage with the absolute best 

color stabilization improvement obtained from 

all systems.  

Table 2 Color change (DE* increase) of pine 

panels coated with an acrylic clear coat (two layers) 

over aqueous primer (one application) after 1200h 

QUV weathering (% UVA indicated on resin solids 

in top coat; % lignin stabilizer on total primer 

formulation) 

HALS in primer 
� 

UVA in top 

None 
2% lignin 

stabilizer 

None  27.6 19.4 

2% BTZ 

hydrophilic 
22.4 7.1 

2% NEAT TRT 

derivative 
17.2 3.3 

A second example is given in Table 3 for fir 

panels coated with three layers of an acrylic clear 

coat. The criterion for durability assessment was 

the time to reach significant crack formation. 

The unstabilized clear coat already cracked after 

1600h exposure. The hydrophilic-modified BTZ 

(2% active on solids) extended the time to 

2400h. A further improvement was obtained 

with the hydrophilic-modified TRT reaching 

3200h till cracking appeared. By far the best 

result was achieved with the NEAT predispersed 

hydrophobic TRT product. At an addition level 

of 2% active, the coating film and the wood 

surface were still completely intact after 4000h 

exposure. 

This experiment confirms the outstanding 

properties of the hydrophobic substituted TRT 

based compound in its NEAT designed product 

form for waterborne wood coatings. 

Table 3 Crack formation of an acrylic clear 

coat (3 layers) on fir wood with 2% active UV 

Absorber on solid binder after accelerated QUV 

weathering exposure (no lignin stabilizer) 

No 

stabilizer 

Hydrophilic 
modified 

BTZ 

Hydrophili

c modified 

TRT 

NEAT 

additive 

TRT 

1600h 2400h 3200h > 4000h 

Conclusion 

A Novel Encapsulated Additive Technology was 

developed to produce aqueous preparations of 

hydrophobic UV absorbers and HALS, enabling 

their easy incorporation and effective use in 

waterborne wood coatings. The products can be 

added as supplied by simple mixing to the 

formulations without any cosolvent at any stage 

of the manufacturing process and ideally for 

post-addition. The NEAT product form allows 

ideal dispersion of the hydrophobic substance 

into aqueous systems without separation 

problems upon storage. The NEAT-based 

additive, due to its dispersion in very small 

submicron size particles, does not influence the 

optical properties of clear coatings such as gloss 

and transparency. Thus it overcomes the 

disadvantages of solid organic or mineral UV 

absorber pastes, which cause haze and gloss 

reduction and may lead to sedimentation in the 

liquid formulation during longer storage periods. 

A further advantage is that the dispersed 

hydrophobic compounds show very high 

migration and water washout resistance and 

therefore provide long-term protection effects.  

Preliminary results show that combining the 

NEAT stabilizers in top clear coats with specific 

lignin stabilizing wood pretreatments 

significantly improve the substrate color 

retention and extend the longevity of surface 

coatings. The experiments confirmed the spectral 

sensitivity of lignin in the UV and in the visible 

region up to 500nm. The best way to protect 

wood from these influences is to select TRT-type 

UV absorbers with the broadest and most 
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durable UV absorbing capacity and to associate 

them with a lignin stabilizing treatment which 

inhibits the degradation caused by visible light. 
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ABSTRACT 

To meet the implementation of the European Directive relating to the reduction of VOC emissions 

published in 1999, and harmonized with the French regulations in May 2000 and May 2002, companies 

had to find solutions to replace solvent coatings, mainly used in furniture. If in the northern Europe, 

softwoods are dominant in furniture, in the South of Europe, the species mainly used are beech, cherry, 

oak, and maple – solutions had to be developed in terms of species. The characteristics of hardwoods are 

their texture, warm colour, porosity; extracts such as tannins may make coatings complicated. The 

objectives of this paper are to give some results with regard to species, different types of products (single 

component, two-component or UV waterborne systems), technologies used for the application and the 

drying. 

Introduction 

Wood and furniture industries are very 

concerned by the implementation of the 

European Directive relating to the reduction of 

VOC emissions published in 1999 and 

harmonised with the French regulations 

respectively in May 2000 and May 2002. 

Companies must use environmentally friendly 

technologies to replace solvents, which, in 80% 

of cases, are still used in the wooden furniture 

industry to produce decors, coatings by using 

stains, varnishes, and lacquers.  

Alternatives must meet the following criteria: 

• obtain an appearance compatible with the 

market expectations, therefore consumers’ 

expectations; 

• have technical performances (resistance to 

abrasion, scratch, stains) related to the usage 

(kitchen, bathroom, office, education, 

contract.); 

• be able to manufacture the furniture element 

or component  in order to comply with the 

above but at a market price; 

• respect the environmental regulation in 2005 

for France, deadline to be decided by the 

Environmental Administration, but 

nevertheless by 2007. 

Most companies use a lot of coatings and must 

reduce their emissions by 50 to 80%. To reach 

this target, they studied all options, including 

VOC destruction equipment as well as 

technologies with little or no solvents.  

This is why to help the furniture industry choose 

products and processes using objective data, 

CTBA and CETIAT  decided to carry out a study 

to compare the different solutions (products and 

equipment). The main results relating to drying 

technologies, in particular to consuming energy, 

have been presented in the last two years. This 

paper will focus on the link between wood 

species and the choice of waterborne coatings. 

Companies need to know if there are some 

differences on hardwood, mainly used in 

furniture, when they move to water technology 

compared to solvents. Results come from a study 

carried out by a partnership including all know-

how: coating producers, equipment and furniture 

manufacturers and two Technical Centres –

CETIAT more involved in the energy 

consumption analysis, and FCBA (formerly 

CTBA), for its knowledge of market demand, 

mid-2004 to mid-2006. 

Method  

State-of-the-Art 
Waterborne products were studied for more than 

10 years, and several papers were published in 

magazines, CTBA wrote two reports (Baclet and 

Hacq 1981; Hacq 1983). In the 1980s, 

waterborne technology did not meet the 

expectations of the furniture market because of 

technical points, but also of economic criteria: 
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the cost of the chemistry was high while the 

demand was low. The implementation of the 

European Directive to reduce VOC emissions is 

the opportunity to develop waterborne 

technology and to find solutions to reduce their 

disadvantages which prevent the manufacturers 

from using it. Before starting experiments, a 

survey was carried out in 2004 to update the 

knowledge of offers of coating suppliers for the 

furniture market, in terms of markets, substrates, 

appearances, and drying modes. Results were 

presented in Brussels in March 2006 (Roux, 

Delorme, Mondain, Laigle, Chave and Vial 

2006); the part linked to wood species is 

provided in Table 1. 

Table 1 Coating suppliers answers 

 Oak Beech Pine Cherry Beech 

Plywood 

Red wood 

Home Yes Yes Yes Yes   

Kitchen Yes Yes Yes    

Bathroom       

Contract     Yes  

Office    Yes  Yes 

 
 

Note : Substrates are used in terms of the usage. 

Other substrates such as MDF (Medium Density 

Fibreboard), decorative papers, plastics or metal 

are used in furniture too. Domestic furniture is 

more concernend with appearance, consequently 

this market will choose beech, oak, cherry, and 

maple with transparent coatings. For contract 

furniture, even if this market also wants some 

attractiveness, the main parameters are 

performance and durability. The two segments 

will have to answer to environmental and 

economic criteria. 

To validate all results and to show the progress 

of waterborne solutions, CETIAT and CTBA 

decided to carry out investigations with products 

proposed by coatings’ suppliers
 
(Potapov 2005b) 

but by using several drying processes per coating 

(Potapov 2005a) when it was recommended by 

coatings companies. The aim was to give 

practical information to the furniture companies 

which must invest at a reasonable cost and 

choose an appropriate system to apply and to dry 

(or polymerise) varnishes or lacquers.  

Experimental procedures 
The study was divided in several parts: 

1. CTBA produced samples to show 

appearance and adhesion with the same 

coating systems on the same substrates and 

also with other systems to try to meet all the 

expectations of the market with regard to 

decor and technical performance. 

2. Another part of the study involved two 

furniture manufacturers – Gautier for 

domestic and office furniture but not on 

hardwood, and MMO Rupin for contract 

furniture manufactured mainly in beech 

(moulded plywood and solid wood). They 

agreed to support this project in order to 

establish their own viewpoints, because they 

were preparing for complete modification of 

their finishing work zones. To select 

products and equipment, tests were carried 

out on industrial lines or within CTBA. The 

technical performance of those samples 

considered as acceptable for production and 

the market were assessed. 

3. Finally, companies which moved on to 

waterborne technology in 2004 to 2005 were 

visited to collect feedback on the setup in the 

plant, the difficulties they encountered, and a 

first approximation to the economic impacts. 

In this part, several hardwoods were studied, 

mainly  beech, cherry, oak (solid wood or 

veneer). 

To validate all the results and to show the 

progress of water-borne solutions, CETIAT and 

CTBA decided to carry out investigations into 

products offered by coatings’ suppliers using 

several drying processes for each coating when 

these were recommended by the coatings’ 

companies (Potapov 2005c). The aim was to 

provide practical information to furniture 

companies, which will need to invest at a 

reasonable cost and choose an appropriate 

system to apply and to dry (or polymerise) 

varnishes or lacquers. 

CETIAT’s objectives were to: 

• assess the behaviour of several coatings 

during drying; 

• obtain information on drying conditions 

(temperature, air speed, drying time, power 

density, etc.) and specific energy 

consumption. 

CTBA's objectives were to: 

• determine the optimum conditions of 

application and drying to obtain appearance 
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and technical performance adequate for the 

specific end-use of the furniture; 

• compare different drying solutions for the 

same coating system. 

The energy consumption results were presented 

in Brussels (Roux, Delorme, Mondain, Laigle, 

Chave and Vial 2006), results connected with 

appearance, performance and production criteria, 

obtained on CTBA and industrial pilot lines were 

shown in Prague (Roux, Delorme, Mondain, 

Laigle, Chave and Vial 2006). 

When experiments were carried out at CTBA in 

conjunction with CETIAT, the materials used 

were as described below. When the experiments 

were related to industrial projects, materials 

(both substrates and coatings) were chosen by 

the manufacturers themselves. 

The sampling was: 

Substrates: particleboard with beech and cherry 

veneer; solid woods – oak and maritime pine, 

fibreboards (MDF) and beechmoulded plywood. 

(see Figure 1). 

Coatings: single- and two-component, UV 

system, transparent or opaque, different glosses 

and two solvent systems (PU and solvent UV) as 

references. 

 

Figure 1 Examples of substrates 

The application devices were pneumatic or 

Airmix spray units. 

The drying equipment used was: drying or flash-

off by hot air (in a conventional oven), UV for 

UV products (direct or indirect, often called cold 

UV), then variants with jet air, infrared or 

microwave systems to reduce ‘blocking’ at the 

end of the line in order to aid packaging and 

stackability, even if sometimes there are some 

reaction with substrates. (Swaboda 2005) 

For some samples, the technical performance 

was assessed in relation to the final usage of the 

furniture. Finally, environmental and economic 

issues were estimated as far as was possible. 

The project set out to validate some results on 

industrial lines. Several types of tests were 

carried out: 

• A first series on suppliers' platforms (at 

Cefla and Giardina) or at CTBA related to 

two projects: 

• Gautier France’s domestic furniture 

project; 

• MMO Rupin’s project for school and 

contract furniture. 

• A second series of tests on equipment 

suppliers: 

• Sunkiss at Lyon, France; 

• SCM (Elmag, Superfici) in Italy. 

The objectives of the various tests were to 

validate drying systems on complex or simple 

shapes, and to determine the limits and 

advantages of each process. The aim was to 

produce guidelines or recommendations (Roux 

2006) for the industry in deciding whether to 

move to waterborne technology for furniture 

applications. 

Results 

The aim of this paper is to show what the 

advantages or disadvantages of using hardwood 

when companies move to waterbased technology 

in the place of solvent coatings. 

Influence of substrates  
1. The significant parameters are: colour, 

texture, porosity, and water extract contents. If 

we consider the porosity effect, beech is the best 

example of a fine texture with small pores, 

consequently, beech will be easier to cover with 

a waterborne coating, and it will often be chosen 

as a standard for tests to compare different 

products, different processes, and solutions. On 

the opposite side, oak shows large vessels with 

large pores. It will be more difficult to cover oak 

by a waterbased coating even stains were applied 

on oak a long time ago. An other point is the 

fibres erection of woods and the swelling of 

these fibres when they are in contact with water. 

Consequently, in terms of the type of species, the 

behaviour may be considered as easy with 
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Beech, moderately easy with cherry, difficult 

with oak. 

2. If other criteria such as the colour, which is 

not only a physical factor but also a sensorial 

factor are taken into consideration, the 

perception of wood will be assessed in relation 

with market (home or school usage for example), 

country or European zone (north or south), style 

of furniture (rustic or modern). Cherry and oak 

will be considered as difficult with regard to the 

water technology, because the use of solvent 

technology allowed the warm colours of wood to 

be kept. When waterborne coatings are applied 

on beech or softwoods, because the colour of 

these species are similar to ‘white’ or pale 

colours, the difference is not so significant to the 

eyes. On the opposite side, for cherry and oak, 

the colours are darker, reddish, and when water 

technology is applied on these kind of woods, 

the colour of the covered wood appears ‘milky’. 

We speak about ‘the warm effect’ of 

solventbased coatings.  

3. Some species e.g., oak, are used with a dark 

appearance because oak is associated to ‘rustic 

style’. Conventionally, the image of oak is 

completely linked to the rustic style in France. 

The step to get over is higher for water 

technology; therefore, if we look at the swelling 

of fibres, ‘rustic style’ is more tolerant than 

‘modern-style’. As compromises must be found 

between colour, fibre erection, porosity and the 

demand of the market, the solution is to choose a 

combined coating system with a solvent base-

coat to block the wood surface and a waterborne 

topcoat. This compromise allows for better 

appearance (colour, fibres erection) with less 

VOC emissions. The European Directive 

explains clearly that solutions must be a BAT 

(Best Available Technology). A BAT integrates: 

Technique, Environment and Economy or 

Market. 

4. A last point is the ability to apply water on 

species which contain extracts such tannin or 

similar molecules. This point is not really a 

problem, even if, sometimes some white primers 

may become slightly ‘grey-brown’. Problems 

had to be solved in joinery in 1996 to 1999 when 

companies moved to waterborne technology in 

France, not to respect an environment regulation, 

but for better durability of coatings. In furniture, 

it is rare. The solution is to add some additives in 

the base-coat to prevent extracts from going in 

the base-coat or to use a solvent base-coat or an 

insulating base-coat. 

Influence of the type of coatings 
1) Stains 

As for solvent coatings, water technology must 

offer all types of products: stain, varnish, patina, 

lacquer. As for solvent products, it is mandatory 

to have information about risks and prevention 

concerning the use of waterborne finishings 

which are chemical products and not water. 

(INRS2005). Stains already exist in water 

phases. Stains may be applied by appropriate 

guns (see Figure 2). 

There are two kinds of stains: 

1. with ammonia to improve ‘adhesion and 

penetration’ in wood, more to colour oak 

which shows a specific dark coloration, the 

result of a reaction between tannin and a 

basic chemical agent; and 

2. with alcohol to obtain better wettability and 

spreading of product.  

The advantage of solvent stains is to dry quickly, 

and to unify the colour on non-heterogeneous 

species. With water-based stains, systems 

composed of colorants do not allow an 

homogeneous aspect.  

Even if this point is more significant for 

softwood because of early and late woods, some 

expectations of users were present for other 

types of wood. Another approach may consist of 

using stain as an ‘insulating coat’ to ‘glue’ fibres 

by using a few binders to avoid the swelling of 

fibres. Main coatings’ producers have this kind 

of product in their portfolio.  

2) Transparent lacquers or varnishes 

The same coatings are used equally well on 

hardwood as on softwood. 
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Figure 2 Application of varnish by manual 

spraying 

 

Figure 3 Application of varnish by a spraying 

robot 

3) Patinas 

The offer of the water-based patina is reduced. In 

the beginning of 2007, about 80% of patinas 

were solvent. The market of patinas is small, 

consequently producers preferred to develop 

transparent and opaque lacquers before offering 

water-based patinas. There are two types of 

patinas, the first is called ‘to polish or dry 

patina’, the second one is called ‘to dry’ (see 

Figure 4). At present, patina ‘to dry’ is still in a 

solvent version. Then, the topcoat must also be 

in a solvent version to obtain a correct link 

between the two coats. 

 

Figure 4 Drying of a patina 

4) Opaque lacquers 

Coating producers offer: 

• a complete colour chart 

• mat and satin appearances 

• gloss or high-gloss are not available except 

by the application of a coat of polished 

varnish 

• there is the same problem with covering 

knots for softwood or hardwood 

• to avoid the extracts in the basecoat, a very 

thin coat is applied on the surface. 

5) Waxes 

Some waxes also exist in water phase, but, even 

if it is better for their health, consumers do not 

appreciate this kind of product because they do 

not smell the ‘the good odour’ of wax given by 

the aromatic phase of solvent. When consumers 

use wax, it is for appearance, touch and odour. In 

this case, it could be imagined to include some 

odour additive in water-based wax. 

Influence of process criteria 
Different steps make up the process: 

• preparation of substrates by sanding; 

• application of coatings (stain, basecoat, 

topcoat, sometimes patina, filler or 

insulating); 

• drying of different coats; 

• conventional smoothing of the basecoat. 

There is no real difference between a process 

based on water technology compared to solvent 

technology (Hacq 2006). Therefore, some steps 

may be adapted to include some specificity, in 

particular the preparation of substrates or the 

smoothing of basecoats. Water-based coatings 

tend to produce wood fibres’ erection in terms of 

wood and coating (presence or not of a 

percentage of cosolvent in formula). The main 

point is to adapt sanding procedures to avoid or 

to limit fibre raising. It was noted that it was 

better to cut the fibres in several directions with 

a rotating machine rather than in a mono-

direction as used for solvent-based coatings. 

Another advice is to use up and down machining 

or sanding for waterborne products, while up 

sanding is the best way for solvent products. 

The second concept was to use a finer grain 

sandpaper. Several times the machining was 
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redefined to limit the sanding of the wood or the 

smoothing of the basecoat. 

Finally, in some cases, pre-heating the substrates 

(e.g., by infrared) will allow the product to be 

applied to a substrate in temperature conditions 

which are more homogeneous in winter and in 

summer, on Monday morning and in the middle 

of the week, to obtain consistent results. 

It was fruitful to have companies’ feedback. 

• Prieur, a kitchen manufacturer using mainly 

oak, maple, alder for façades (Figure 5) 

 

Figure 5 Prieur’s kitchen façades 

• Lelievre, a domestic chair producer using 

beech, cherry and oak (Figure 6) 

 

Figure 6 Chairs before coating 

• Manucere and Nachin making contract 

furniture of 95% beech (solid wood) (Figure 

7) kept the same sandpaper (P180) for the 

great number of pieces. However, they have 

to adapt the smoothing in terms of species 

(fine texture such as beech and cherry or 

high porous texture for oak). 

• Manucere noted that he had to change 

sandpaper for water-based coatings more 

often than with solvent coatings. Lelievre 

made it clear that he worked on the 

improvement of the checking of machining 

and sanding. 

 

Figure 7 Beech components in the UV tunnel 

Choice of equipment 
The main parameters to take into consideration 

for the drying phase are: 

• air temperature 

• air speed 

• product temperature 

• belt or tunnel filling rates. 

The most significant parameter with regard to 

wood is the air temperature, because wood 

species are more or less sensitive to temperature. 

Beech withstands with temperature better 

compared with cherry, and more with oak. 

Softwoods are on the same level as cherry, but 

softwoods show a modification of colour when 

the temperature is higher than 50°C, they turn 

gold. To reduce the sensitivity of oak, the 

preheating of surfaces may improve results. 

Beech may be considered as a reference. Cherry 

degases less than oak because of the size of 

pores. Another parameter, more than air speed, is 

the thickness of the applied coating. A thin coat 

of basecoat is better, water will evaporate fast, 

which allows better behaviour of wood and less 

swelling of fibres. 

The objective of the study was to assess 

typologies of paints with equipment 

representative of those which are offered in 

furniture for the fast drying of water-based 

coaatings. Some conclusions may be submitted: 

• tested paints were less thermo sensitive 

• the nature of wood had no real influence on 

coatings in the drying phase 

• the weak thermal conductivity of wood and 

the fast localized heat of coat show a slight 

penetration of the heat flux in the thickness 

of samples 
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• air convection is very often associated with 

microwaves or infrared technologies to 

obtain a “regular and smooth” heat around 

the wood element for better drying and better 

appearance 

• some caution had to be observed when 

samples entered the infrared zone. If the 

temperature was too high bubbles were 

noted. The evaporation oven had to be 

maintained at 40 to 45°C.  

The other criteria are connected precisely to 

species. 

Environmental analysis 

• VOC reduction 

Solvent finishes (Cellulosic, Polyurethane) 

contain about 80% to 30% of VOC. At present 

the majority of waterborne coatings only contain 

4 to 7% of VOC, with some coatings being 

without VOC. Consequently, the VOC reduction 

coming from products is real (between 20 to 

70%). However, cleaning solutions may contain 

VOC too, about 10% (sometimes up to 20%), 

but the last rinsing may be made by acetone.  

• Wastes 

Waste will be a function of types of coatings, 

(Potapov 2005c) application processes, then, in 

particular, product retrievals on lines or in 

cabins. When a company decides to move to a 

water technology, the cleaning devices and waste 

must be studied properly.  

 

Figure 8 Example of water recycling in Prieur 

• Energy consumption 

Specific consumption noted for the drying phase 

are clearly lower than those measured in other 

sectors such as paints on metal. Explanations are 

because of the type of formula used for wood but 

also because wood substrates do not warm up 

heat. Heat is used for the drying of  coating, 

there is no diffusion in substrates. Results were 

presented in Prague. 

Conclusion 

Water-borne technology offers one way to 

reduce VOC emissions. The solutions offered by 

coatings’ suppliers are continually improved. We 

found single-component systems to replace 

nitrocellulosic systems, water-borne UV to 

replace solvent UV, and now water-borne 

polyurethanes to replace conventional solvent-

borne PU, even if some of these developments 

did not satisfy all the required criteria. Today, 

even though some species require precautions to 

be taken, the appearance and touch may be 'sold'. 

A hierarchy of coatings exists in relation to their 

performance, as it does for solvent-based 

products. Choosing another technology should 

not transfer pollution to another environmental 

impact such as energy, waste etc. This study 

shows that the consumption of energy is not as 

high as we might imagine, even if some 

approaches were simplified during the 

experiments. Indeed, some points may be 

improved, and as with all new technology, 

people must learn to use it to its best advantage. 

To include a new finishing system involves a lot 

of time for analysing all the parameters of the 

finishing workshop but, in the majority of cases, 

the integration of water-borne technology 

requires the organisation to review its work in 

the plant, not only in the finishing zone, but also 

in the zones before and after it. 
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ABSTRACT 

Conventional renovation techniques for wood coatings (chemical or thermal stripping, sanding) are 

demanding techniques which take a long time to implement. Therefore easier renovation techniques are 

required. These techniques should ensure that the wood surface is suitable for a re-coating. Conventional 

sandblasting is too aggressive for wood especially because of the pressure generally used in this process. 

There are two renovation techniques which are of interest: hydro-sandblasting and micro-sandblasting, 

these are both renovation techniques used in other industrial sectors and operating at lower pressures.  

This paper presents different investigations carried out with these two surface cleaning techniques on 

wood and wood coatings. The influence of the abrasive media (plastic, vegetable, glass) was studied. 

The investigations have shown that these methods both are very efficient at removing old coating material 

from wood. When aged uncoated wood samples are considered, the techniques allow the samples to get 

back free of discoloration (grey).  

Three coating systems have been used to study the re-paintability of blast cleaned wood.  

Natural weathering results highlight the importance of using coatings systems with a high solids content 

when sandblasted wood has to be re-painted in order to cover any surface irregularities created by the 

sandblasting process. 

The influence of the cleaning techniques on wood structure has been studied using SEM and EDX. 

Introduction 

Exterior wood coatings are becoming 

increasingly durable and often more film 

forming. As a result they become difficult to 

remode. Conventional renovation techniques 

(chemical or thermal stripping, sanding) are time 

consuming techniques. Therefore easier 

renovation techniques are required and these 

techniques should ensure that the surface 

condition of the wood is suitable for a re-

coating. 

Abrasive blasting is commonly used to restore 

buildings. Abrasive blasting is defined as the 

cleaning or preparation of a surface by forcibly 

propelling a stream of abrasive material against a 

surface. Such a blasting occurs in nature as a 

result of the sand particles blown by the wind 

causing surface erosion. That is why the term 

“sandblasting” is also a common expression used 

to describe this process. Historically the material 

used for sandblasting was sand that had been 

sieved to a uniform size. The silica dust 

produced in the sandblasting process caused 

silicosis after sustained inhalation of dust. 

Nowadays the abrasive used must contain less 

than 5% (weight) of free silica (not the silicium 

in the form of silicate). Silica-free materials for 

sandblasting have also been developed to be 

used instead of sand, for example plastic 

abrasives (polyvinyle chloride, polycarbonate or 

polyamide for example), glass bead, crushed 

glass grit, and even vegetable materials like 

ground coconut shells, ground walnut shells or 

corn cobs. The choice of abrasive has a great 

influence on the results obtained. 

However traditional sandblasting is too 

aggressive for wood, especially because of the 

pressure generally used in such a process 

117



(typically 7 to 10 bars, or even more for high-

pressure cleaning). 

Against this background there are two 

renovation techniques which are of interest: 

hydro-sandblasting and micro-sandblasting, 

these are both renovation techniques used in 

other industrial sectors, especially to clean 

historic buildings or fragile objects such as 

statues and sculptures. 

In the first method a mixture of water, abrasive 

particles and air are propelled towards the 

surface using a low pressure (less than 4 bars). 

The second one is similar, but operates without 

the addition of water. The addition of water 

makes the abrasive media heavier and reduces 

dust formation. The water also plays a role as 

shock absorber and reduces abrasion of the 

surface. 

The aim of the project was to study micro-

sandblasting and hydro-sandblasting as 

renovation techniques for weathered wood with 

and without coatings and to study the re-

paintability of wooden surfaces cleaned this 

way. The influence of the techniques on false 

acacia structure is also considered. 

Method 

Pieces to be blasted were maritime pine and oak 

samples coated and naturally weathered for 

several years at Fontainebleau near Paris, 

France. 

They were profiled samples in order to evaluate 

how effective the micro-sandblasting and hydro-

sandblasting were on surfaces which are not flat. 

A sketch of the samples is shown in Figure 1. 

The coatings weathered for several years and 

mainly to be removed were waterborne stains 

more or less damaged that have been applied by 

spraying. 

In addition some bare and grey false acacia 

samples from a decking weathered several years 

outdoors were used to evaluate the techniques’ 

suitability for regenerating the surface of greyed 

wood. 

 

Figure 1 Samples coated and weathered 

selected for sandblasting 

Sandblasting equipment that can operate with or 

without water was used. Several types of 

abrasive media were tested on some samples and 

are described in Table 1. The pressure was 3 bars 

and the abrasive media consumption was 4 to 

5 kg/m². 

Table 1 Abrasive media tested 

Type of abrasive media Particle size 
Plastic abrasive 

Vegetable abrasive 

Crushed glass grit (type 1) 

Crushed glass grit (type 2) 

200 to 450 microns 

425 to 600 microns 

200 to 500 microns 

75 to 180 microns 

After removing the old coatings using micro-

sandblasting and hydro-sandblasting, samples 

were stored in a room at 20°C and 65% RH until 

constant weight. Three coating systems were 

chosen for the renovation, as described in 

Table 2. They were supplied by Zolpan (Fr). 

After coating application, samples were stored at 

20°C and 65%RH until constant weight. Natural 

weathering took place in Bordeaux (France) with 

exposure racks inclined at an angle of 45° to the 

horizontal and facing south west. Samples were 
exposed on these racks for 4 years. 
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Table 2 Description of the coating systems 

used after sandblasting 

System Type of coating Description 

1 Solventborne 

coating system 

(transparent) 

3 coats of “Satizol 50” (solid 

content 30%, solventborne 

alkyd stain) 

Colour: dark walnut 

2 Hybrid coating 

system 

(transparent) 

1 coat of “Satizol 50” (solid 

content 30%, solventborne 

alkyd stain) + 2 coats of 

“Satizol Acryl” (solid content 

40%, waterborne acrylic stain) 

Colour: dark walnut 

3 Waterborne 

coating system 

 1 coat of “Satizol opaque” 

(solid content 50%, acrylic 

and opaque stain) diluted with 

10% of water + 2 coats of 

“Satizol opaque 

colour: brick 

In order to study the influence of micro-

sandblasting and hydro-sandblasting on wood 

structure, some samples were analysed using a 

Scanning Electron Microscope (JEOL JSA-35C 

of CC) equipped with an Electron Diffraction X-

ray analysis system (WINEDS V3.0). Before 

being introduced into the SEM they were 

fractured in order to avoid any influence of the 

surface preparation in the observations. 

Influence of the abrasive media 

The suitability of hydro-sandblasting and micro-

sandblasting to remove old coatings were 

visually inspected taking into account the 

capacity of the techniques to clean the surface 

without creating too much damage to the 

substrate. A rating scale from 1 to 5 was 

established as follows: 

1 = good blasting effect 

2 = correct blasting effect with some coating 

residues at the surface 

3 = some coating residues at the surface and 

some wood degradations 

4 = no blasting effect 

5 = considerable degradation of the wood 

samples 

Results are presented in Table 3. This table 

shows that plastic and vegetal abrasives are not 

effective at all. On hardwoods such as oak and 

false acacia, the results are the same with and 

without water. However the addition of water 

into the process leads to less damage to the 

surface of soft substrates like pine. 

Table 3 Effectiveness of the abrasive media 

during micro-sandblasting (MS) and hydro-

sandblasting (HS) 

 Plastic 

abrasive 

Vegetable 

abrasive 

Crushed 

glass grit 
(type 2) 

Crushed 

glass grit 
(type 1) 

 MS HS MS HS MS HS MS HS 

Pine 

coated + 

weathered 

5 3 4 4 5 3 3 2 

Oak 

coated + 

weathered 

4 4 4 4 1 1 1 1 

Bare and 

grey false 

acacia 

4 4 4 4 1 1 1 1 

The best results were obtained with crushed 

glass grit (type 1) which was selected for further 

experiments. 

Suitability of hydro-sandblasting and micro-
sandblasting to remove old coatings 

Hydro-sandblasting and micro-sandblasting were 

performed on the different samples of oak and 

on maritime pine for comparison. 

It was shown that hydro-sandblasting and micro-

sandblasting are very effective for removing 

degraded coating. For most samples, less than 5 

minutes were required to remove the coatings. 

After sandblasting a lot of samples showed an 

increase in roughness, especially pine. This 

demonstrates that the process must be performed 

with conditions as gentle as possible, especially 

on low density wood species. Bare false acacia 

decking samples that were grey due to several 

years of natural weathering were cleaned with 

the micro-sandblasting technique. This technique 

allowed the samples to become free of greying. 

Paintability of sandblasted wood samples 

Samples sandblasted and recoated with coating 

systems described in Table 2 were assessed after 

exposure to natural weathering.  

After 4 years of natural weathering, coating 

system 3 was the best. Coating system 2 showed 

some degradation, whereas coating system 1 was 

very damaged. The poor performance of this 
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coating was due to its low solids content. Even 

when applied in 3 coats, it was not sufficiently 

film-forming to cover the roughness created by 

the sandblasting process. Therefore this study 

highlights the importance of using coating 

systems with high solids content when 

sandblasted wood has to be re-painted. 

Influence of micro-sandblasting and hydro-
sandblasting on false acacia structure by 
means of SEM and EDX 

A view of a false acacia sample from decking 

weathered 2 years and then micro-sandblasted is 

shown in Figure 2. This Figure shows a 

remarkable crack in the wood, certainly already 

present before sandblasting because of the 

natural weathering, and probably enlarged due to 

sandblasting. The surface of the wood is much 

disturbed and the different anatomy elements are 

hardly recognizable. 

On the top left, an unfamiliar element of the 

wood anatomy can be seen. It has a sharp shape, 

as shown in Figure 3 at a higher magnification 

(x300). 

 

Figure 2 False acacia sample from decking 

weathered 2 years and then micro-sandblasted (x60) 

 

Figure 3 False acacia sample from decking 

weathered 2 years and then micro-sandblasted 

(x300) 

An element analysis was made on this zone and 

the result appears in Figure 4. This Figure shows 

a dominating peak of Silicium which shows that 

the sharp element observed in the wood is made 

of glass. 

A Silicium mapping was made to determine its 

localization as shown in Figure 5. This clearly 

confirms that the sharp piece is indeed a glass 

splinter (height approx 150µm) that came from 

the sandblasting process. 

This Figure also shows a lot of other dots but 

because they are very disseminated and with no 

specific shape, it is impossible to conclude 

whether they came from glass particles or are 

just electronic noise. 

 

Figure 4 X-ray analysis of the false acacia 

sample (x300) 

? 
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Figure 5 Silicium localization (black dots) in 

the false acacia sample (x300) 

A SEM view of a False acacia sample from 

decking weathered 2 years, then micro-

sandblasted and at last re-coated with coating 

system 1 is shown in Figure 6. 

This photo shows that sandblasting particularly 

affects the structure of the earlywood. The big 

vessels have obviously been damaged and 

compressed by the technique.  

Some glass particles were detected in the 

earlywood where the penetration is easier 

because of the difference in density between 

earlywood and latewood. Sandblasting created a 

large crack at the surface where the coating 

thickness is higher. 

 

Figure 6 False acacia sample from decking 

weathered 2 years then micro-sandblasted and re-

coated with coating system 1 (x100) 

Other SEM investigations on pine (Podgorski et 

al. 2004, 2007) have allowed an estimation of 

the depth of the wood removed and/or 

compressed by the technique (up to 540 µm). 

Some glass particles were measured. Their 

longest dimension that could be seen varied from 

60 µm to 70 µm. Comparing their initial sizes 

(see Table 1) with those measured inside the 

wood showed that the impact with wood during 

the cleaning broke the abrasive particles. Their 

presence in the wood structure does not seem to 

affect the performance of the stain used for 

renovation. 

Conclusion 

Exterior wood coatings are becoming 

increasingly durable and often more film 

forming. As a result they become difficult to 

renovate. Conventional renovation techniques 

(chemical or thermal stripping, sanding) are 

demanding techniques which are time-

consuming. Therefore renovation techniques 

required which are easier to use and which 

ensure that the wood surface is suitable for a re-

coating. 

Abrasive sandblasting is commonly used to 

restore buildings. However traditional 

sandblasting is too aggressive for wood, 

especially because of the pressure generally used 

in such a process. 

There are two renovation techniques which are 

of interest: hydro-sandblasting and dry micro-

sandblasting, these are both renovation 

techniques used in other industrial sectors that 

operate at lower pressures.  

Thus the aim of the project was to study micro-

sandblasting and hydro-sandblasting as 

renovation techniques for weathered wood with 

and without coatings and to study the re-

paintability of wooden surfaces cleaned this 

way. The influence of the techniques on wood 

structure was also considered. 

The influence of the abrasive media was studied 

and showed that plastic or vegetal media were 

not effective whereas crushed glass grit gave 

good results. 

On hardwoods such as oak and false acacia, the 

results were the same with and without water. 

However the addition of water into the process 

led to less damage at the surface of soft 

substrates like pine. 

The results show that both techniques are of 

interest for cleaning weathered wood with or 

coating 

Glass particles 

ppparticles

Latewood 

crack 

Earlywood 
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without coating. They save considerable time in 

comparison to traditional chemical stripping. 

Overall, the two techniques appear to be 

appropriate for use in removing most of the 

initial coating systems which were chosen.  

Three coating systems were used to study the re-

paintability of blast cleaned wood. Natural 

weathering results highlighted the importance of 

using coatings systems with a high solids content 

when sandblasted wood has to be re-painted in 

order to cover any surface irregularities created 

by the sandblasting process. 

The different SEM observations showed that 

these cleaning techniques especially affect the 

earlywood whatever the wood species and 

compress the wooden cells. The cleaning 

techniques leave a topography reflecting the 

variations in wood hardness.  

With EDX analysis some glass particles were 

detected on the wood structure. Comparing their 

initial sizes with those measured inside the wood 

showed that the impact with wood during the 

cleaning broke the abrasive particles. Their 

presence in the wood structure did not seem to 

affect the performance of the stain used for 

renovation. 

It was not possible to conclude which of the two 

techniques is least harmful to the surface. 
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ABSTRACT 

Surface properties have the most influence on the quality of products made of hardwood. This paper 

presents some unique measurement techniques developed for the characterization of such surfaces. A 

wettability scanner with 3D drop measurement, full sphere light reflectance goniometer, and 3D surface 

roughness scanner, among others, are presented. 

Introduction 

God made the bulk; surfaces were invented 

by the devil (Wolfgang Pauli) 
The surface of every matter is a very complex 

structure affecting its performance and 

appearance. It is especially considerable in the 

case of wood (hardwood) surfaces. Diverse 

properties could be of interest, depending on the 

function of the surface: 

• optical (color, gloss, pattern) 

• geometrical (flatness, waviness, roughness, 

texture) 

• chemical (chemical composition, distribution 

of molecules) 

• physic-chemical (wettability, surface energy, 

adhesion, cohesion)  

• mechanical (hardness, resistance to scratch) 

• others. 

Moreover, the finishing process of wood 

(hardwood) depends upon many factors, such as 

the finishing products (physical and chemical 

properties of products), the finishing process 

(machines, tools and type of process) and the 

wood itself, with the properties related to the 

species, to the provenance and to the anisotropy. 

Obviously it is important to characterize/measure 

such surface characteristics. For that reason the 

non-destructive wood testing laboratory at 

IVALSA/CNR has started a special scientific 

program dedicated to evaluation of wood surface 

properties. Our approach is focused on the 

evaluation of different physical and physical-

chemical properties carried out through various 

measurement methods, on surfaces obtained by 

different machining processes. The idea is to set 

up a measurement chain able to provide the full 

(or complete as much as possible) 

characteristics, suitable to be linked with the 

product quality and processing technologies. 

The measurement chain at the beginning of the 

project was composed by the following devices: 

• single axis contact stylus roughness 

measurement device 

• single axis non-contact laser roughness 

measurement device 

• standard sessile drop contact angle 

measurement device 

• contact angles and surface tensions computer 

controlled Wilhelmy device 

• spectrophotometer in the visible spectrum 

range. 

During evaluation of the varied surfaces we have 

discovered several problems both with the 

measuring hardware as well as with data 

processing algorithms and results’ 

interpretations. This paper presents some 

solutions for the above problems and 

unique/alternative techniques born in our 

laboratory. 

Surface roughness 

The meaning of wood surface roughness may 

differ relating to diverse purposes (Sandak 

2005). For the customer buying furniture in the 

shop, the roughness is an impression related to 

the senses of touch and vision. The classification 

of products into smooth and rough is subjective 

and fuzzy, without numerical quantification. For 

the engineer in the factory managing the wood 

machining process a numerical quantification of 

the surface roughness provides the most 

meaningful information. Roughness parameters 
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can be used to adjust process variables or to 

monitor tool and machine. The roughness 

parameter must be within certain limits.  

Up to now, the stylus technique has been a 

“standard” technique for roughness assessment. 

Unfortunately, the stylus method poses some 

important limitations: contacting in principle, 

non-zero tip radius, cone angle of the tip and 

slow feed. Some commercial devices capable of 

describing surface roughness are already 

available on the market; however, these are 

usually designed for high precision applications. 

Such devices are both very expensive and 

overly-accurate for application on porous 

biomaterials such as wood. Moreover, 

measurement velocity and their fragility are 

sometimes appropriate only for laboratorial 

metrology. It should be also mentioned that due 

to the specific properties of wood not all 

sophisticated techniques could measure the 

roughness or provide results with a large error. 

Simply these are not suitable for the industrial 

environment. 

Necessity for 3D evaluation 
Surface smoothness can be evaluated in one, two 

or three dimensions (1D, 2D or 3D) (Thomas 

1999), but most methods are based on 2D 

measurements. Depending on application, the 

information regarding an area of surface 

provided by using non-reproducing of the profile 

device (1D measurement with sensors such as 

pneumatic, capacitance, ultrasound, optical 

reflection or scatter), could fulfill requirements. 

However these only provide an average quantity 

over the surface area and much quantitative 

information about the relief cannot be extracted. 

Characterization of surfaces using 2D profiles is 

rewarding, but has important limitations. Some 

surface properties such as anisotropy cannot be 

measured and quantified, and assessment of the 

total surface area is also impossible with one 

pass of the sensor. The solution could be whole 

surface area assessment. Stylus or laser 

displacement sensors could realize it by 

multiplication of the scanned sections through 

multi-pass parallel scanning or increased 

numbers of sensors. The first solution is time 

consuming and requires a special traction system 

– limiting the application area to the laboratories. 

Increasing the number of sensors leads to higher 

scanning density, but it is costly and rather 

complicated. Therefore another, more suitable 

scanning technique is required. The system can 

be based on the triangulation (laser line 

sectioning, shadow scanner, Schmaltz 

microscope), stereovision, depth of focus, 

interference, Moiré fringes or other. Utilization 

of 3D techniques creates new areas for 

mathematical evaluation of the surface, more 

accurate prediction of its performance, and better 

understanding of the varied phenomenon 

affected by the surface geometry. 

Triangulation scanner – experimental 

platform at IVALSA/CNR 
The hardware of the 3D roughness scanner under 

development at IVALSA/CNR is presented in 

Figure 1. Camera � captures the image of the 

light profile thru camera lenses �. The light 

source � illuminated the measured surface with 

a structured light. The measured sample is 

located on the motorized linear moving stage �. 

Vertical moving stage � is used for adjusting 

the height of sample. Rotating arm � serves to 

regulate the triangulation angle. To minimize an 

effect of the ambient light, the dark box � is 

constructed to cut out external illumination.  

A number of different light sources are under 

investigation: micro-focus lasers, red and green 

lasers with different nominal power, fibre optic 

sources with collimated light illuminator and 

linear illuminator with rod lenses, LED 

illuminators and others. Moreover different types 

of lenses are under examination (telecentric, 

semi-telecentric, macro, etc). Such a large set of 

components is a starting point for selection of 

the optimum set-up. Two main variations of 

triangulation sensors developed at 

IVALSA/CNR are: surface scanner with laser 

line measurement and surface scanner with 

shadow measurement (Figure 2). 
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Figure 1 Experimental platform for 

development of 3D roughness scanner for wood; ���� 

camera, ���� telecentric lenses, ���� laser line projector, 

���� linear moving stage, ���� vertical moving stage, ���� 

rotating arm, ���� dark box 
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Figure 2 General schematic of the laser line 

scanner (a) and shadow scanner (b) 

Surface scanner with laser line measurement 
Set-up of the laser line triangulation scanner is 

presented in Figure 2a. The laser line creates a 

profile section on the measured surface. The 

camera installed above captures an image of the 

line and the digital signal processor uses image 

analysis techniques to scrutinize the profile 

section. Single measurement provides 

information about one section of the surface, but 

by moving the workpiece under the sensor, the 

next section can be scrutinized. By continuing 

this process a number of times, the total sample 

area can be examined and a 3D numerical model 

of the surface shape can be created. Cylindrical 

lenses might also be applied to improve the 

optical resolution of the system in the 

perpendicular direction.  

Special software is an integral part of the 

developed system. This software must be 

capable of supervising all elements of the 

scanner, acquiring the data, creating a 3D surface 

map from the profile sections, 

processing/filtering the data, and expressing the 

surface geometry using standardized parameters. 

Measurement starts with the trigger provided by 

rotary encoder, switch or controller. The trigger 

signal initiates an image acquisition process. One 

section of the measured surface is scrutinized in 

each cycle. 

The CCD camera captures one image of the 

measured surface including the laser line zone. 

The image from the camera is then transferred 

into the digital signal processor (specialized 

vision system unit or personal computer) for 

future processing. The components of the signal 

processing procedure could include various 

operations such as: extraction of the ROI (region 

of interest) to minimize the amount of data to be 

processed by the microprocessor, extraction of 

the most meaningful colour plane (R/G/B or 

H/S/I), filtration of the image for elimination of 

any unacceptable signals from the source image, 

contrast corrections, or any other operations to 

be executed on the image with the objective of 

improving the quality of information provided. 

As a result, a monochromatic image of the laser 

line on the surface is created, and is ready for 

further segmentation. Various algorithms are 

typically used to define the laser line section 

from the image: one threshold, multi-threshold 

average, median, mean, centre of gravity or 

other. In fact all these desire to calculate the 

“middle” of the line. Calibration of the system is 

performed using samples having known 

reference surface shape (Figure 3a). Relatively 

high accuracy of the shadow scanner can be 

confirmed by comparison to corresponding 

profiles acquired by stylus (Figure 3b and c). 
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a) 

 

b) 

 

c) 
 

Figure 3 3D surface scanned from the 

workpiece (a); Cartesian space (b); surface map 

represented as a gray image (c) 

Surface scanner with shadow measurement 
The surface profile scanner with laser line 

calculates the height of the surface profile in 

each section as the “middle” of the laser line 

thickness (Sandak 2007). Unfortunately, 

significant misrepresentations may result due to 

the complex interaction between laser light and 

wood surface. Moreover, this method cannot 

distinguish fine surface roughness components, 

particularly when the profile wavelength is 

smaller than the thickness of the laser line and 

the surface roughness amplified a laser speckle. 

The attempt to improve this triangulation method 

is through eliminating the factor of line thickness 

through creation of an alternative sectioning 

technique. In this method, a collimated white 

light projector (incoherent light source creating 

less speckle) is installed with a fixed angle to the 

measured surface (Figure 2b). A sharp-edged 

curtain made from metal eclipses half the 

measured surface. The curtain creates a shadow 

on the measured surface, and the shape of the 

border between bright (highly lighted area) and 

dark (shadow area) is a profile section of the 

surface. Analogically to the laser line scanner, 

the camera installed over the measured surface 

captures an image of the border and the digital 

signal processor uses image analysis techniques 

to scrutinize the profile section.  

Signal pre-processing of the shadow image is 

identical to the laser line. However in the next 

steps, the shadow image is segmented 

(binarized) into two sections corresponding to 

shadow (pixels with low intensity) and 

illuminated areas of the measured surface (pixels 

with high intensity). It was proven 

experimentally that use of the red plane for 

binarizing the shadow image gave superlative 

results. Threshold function offers the simplest 

and most effective separation of those areas. The 

boundary value of the threshold can be obtained 

dynamically through histogram analysis. Next, 

the border between the shadow and illuminated 

surface must be mapped. The edge detection 

algorithm could be applied for this purpose. A 

single calculation of the edge position provides 

the location of the pixel for only one column, 

therefore for the total surface section the edge is 

detected for each column of the image, one-by-

one in a loop formula. Numerical coordinates of 

the 2D section of the surface are thus obtained. If 

a 3D model of the surface is required, the 

workpiece must be moved under the sensor a 

certain distance and the next section can then be 

scrutinized. This process must be continued to 

the end of the measurement length, and all 

operations are therefore performed in the loop. 

Finally, the matrix of data obtained can be 

visualized on a graph, be used for future 

calculation/analysis of surface smoothness 

indicators, or it can be analyzed in other ways 

depending on the application (e.g. surface defect 

detection). Some more details regarding the 

shadow scanner, specification of set-up and 

image processing algorithms are presented by 

(Sandak 2005). 

Surface energy 

In the analysis of wettability, the contact angle 

can be either directly measured on the drop 

either computed from Wilhelmy experiment 

(Della Volpe 2006, Magnus et al. 2001). 

The sessile drop on anisotropic and porous 

material, such as wood, provides many 

problems. At first, the shape of the drop is 

influenced by the grain direction, so that can 
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modify the expected roundness. Moreover, the 

adsorption of the drop in time provides a 

continuous change of the drop physic-chemical 

properties (as well as volume), so that the 

measurement can be either difficult to reproduce 

or simply impossible. 

On the other hand, when the wood properties of 

the specimen under testing are favourable, the 

sessile drop technique allows for testing of large 

dimension specimens, whilst the Wilhelmy 

experiment needs tailored small specimens, 

roughly 1 mm thick. 

Measurement of the contact angle with 

Wilhelmy balance 
The introduction of the computer-controlled 

Wilhelmy experiment in the eighties, appeared 

as a possible solution to the problem of 

measuring contact angles and surface tensions 

free of some errors. Unfortunately this is not the 

ultimate solution because proper use of modern 

microbalances requires that the experimenter 

understands the principles well and the practical 

problems underlying its experiments. 

On the contrary the use of a modern apparatus, 

driven by a powerful computer and controlled by 

a complex software can induce the false idea that 

all that one needs to do is to use clean samples 

and liquids and to accurately  repeat as many 

experiments as he can, trusting in its powerful 

and often expensive devices. The case of the 

Wilhelmy experiment to measure contact angle 

or surface tension can be a good example of such 

difficulties, which must be solved to obtain 

reasonable results. 

The problem of obtaining information from 

porous samples has already been published in 

recent literature with controversial conclusions 

(Magnus et al. 2001). As it is known, the 

Wilhelmy experiment consists in the immersion-

emersion of a sample (regular and well-defined 

shape) and suspended to a microbalance, in a 

liquid. Analysing this physical situation from a 

reference system based in the liquid, it can easily 

obtain the following equation for the total force 

acting on the sample: 

F(x)= mg+ Pγ cosθ − ρgV{ }   (1a) 
F1(x)= F(x)−mg = Pγ cosθ − ρgV{ }    (1b) 

Where: m is the sample weight, g the gravity, P 

the wetted perimeter of the sample, γ the liquid 

surface tension, Θ the contact angle, ρ the liquid 

density, V the immersed volume of the sample. 

Given the constancy of the weight, the equation 

can be written as (1b). The initial portion of the 

immersion, the zone where there is the change of 

direction and the final portion of receding, where 

the liquid detaches from the solid are strongly 

influenced by the details of the sample shape and 

cannot be used.  
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Figure 4 Wilhelmy experiment: balance for 

measuring wettability (a); immersion curve (b) 

Main problems with wooden specimens 
Each porous material is always rough and so its 

wet perimeter generally does not coincide with 

the geometrical one. To correct the perimeter, 

the value measured from the use of a liquid 

perfectly wetting the solid can be used, due to its 

very low surface tension. In this way in the 

Wilhelmy equation cosΘ is zero and only 

knowing the liquid surface tension, the perimeter 

is unknown. This value can be used also during 

experiments with different liquids, even if two 

different liquids could in principle “see” 

different perimeters; however this is certainly 

true on simply rough materials. In the case of 

porous materials a liquid can more easily 

penetrate the boundary and increase the 

perimeter. 

127



The size of a porous sample can remain constant, 

but also vary during the experiment. Wood is a 

strongly non-isotropic material; it absorbs water 

and its sizes strongly vary in all directions, 

considerably affecting results. Moreover, wood 

can absorb significant quantities of the liquid; its 

mass is not a constant during the test. It can 

easily lose a certain percentage of the absorbed 

liquid through evaporation; in consequence, this 

reduces the volume of the liquid and decreases 

its reference height.  

For all the shown phenomena the analysis of the 

Wilhelmy experiments made on porous materials 

is neither easy, nor immediate. So finally, is it 

possible to apply the Wilhelmy experiment to 

evaluate the wettability of porous materials? 

Literature shows some examples of analysis, 

which conclude that the method is useful, but in 

our opinion the up-to-now analyses are not fully 

reliable. For this reason we are trying to develop 

a simple model able to extract useful information 

from a Wilhelmy experiment on wooden 

materials. The present approach of the group at 

University of Trento (led by Della Volpe) we are 

co-operating with, is based on accepting that 

there is an absorption during Wilhelmy runs and 

trying to model this phenomenon to respect at 

least the basic ideas of the Wilhelmy experiment. 

An obvious consequence of this approach is that 

our results refer not to a dry or original surface, 

but to an “already” wetted surface, as happens 

during captive-bubble method or at longer times 

in sessile or ADSA methods. Doing so, on the 

other hand we do not modify the samples at all 

and use a standard speed, without effect on the 

meniscus shape; this proposal, together with 

other already used approaches (the correction of 

the wetted perimeter for example), allows us to 

obtain more reliable information from wettability 

analysis of wooden materials. 

3D sessile drop scanner 
Another device developed in our laboratory is a 

unique goniometer for measurement of the drop 

shape on the surface. 

a) 

 

b) 

 

Figure 5 3D drop measuring scanner for 

contact angle estimation (a) approximated 3D shape 

of the drop and surface map (b) 

It consists of various sub-systems: sample 

holder, 3D surface scanner, robot for spreading 

the drop, two side cameras for measuring contact 

angle, top camera for measuring drop shape, 

post-processing software. The system developed 

is presented in Figure 5a. The device reproduces 

a three-dimensional shape of the deformed drop 

on the real surface (Figure 5b).  

The drop contours are approximated to the 

ellipsoid, and contact angles in each point can be 

very accurately estimated. Additionally the top 

camera allows measurement of the surface 

roughness and liquid penetration during the test. 

The specially designed robot allows automation 

of the routine experiments and very precise dose 

of the liquid drop on the precisely dedicated 

space. 
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Surface gloss 

One of the most important, but sometimes 

underestimated properties of the surface is the 

light reflectance or gloss. In general there are 

three types of interactions when light hits a 

surface: 

• reflection 

• absorption 

• transmittance. 

The light interaction with wood is especially 

complex therefore the standard techniques of the 

reflectance measurement with a gloss-meter are 

very limited. Our alternative is: instead of 

measuring only one direction of the light 

reflection, measure the whole sphere. It is known 

from literature (Sillion 1994) as Bi-Directional 

Reflectance Function (BDRF) (2).  

( )vuBRDF ooii ,,,,, φθφθλ   (2) 

The degree to which light is reflected depends on 

the viewer and light position relative to the 

surface normal and tangent. BDRF is a function 

of incoming (light) direction θi and outgoing 

(view) direction φi relative to a local orientation 
at the light interaction point. When light interacts 

with a surface, different wavelengths of light λ 
may be absorbed, reflected, and transmitted to 

varying degrees depending upon the physical 

properties of the material itself, this means that a 

BDRF is also a function of wavelength. Light 

interacts differently with different regions of the 

surface u and v, this is known as positional 

variance, especially noticeable in “facture” 

materials such as wood, marble, etc. For 

estimation of the BDRF we developed a 

gonioreflectometer. Figure 6a presents a picture 

of the system. An example of the reflectivity 

distribution from the wooden surface is 

presented in Figure 6b. Certainly the quantity 

and quality of information is superior to the 

standard gloss-meters, but at the same time the 

algorithm for data processing is much more 

complex. It is rather difficult to present the 

reflectance type by one numerical expression. So 

our efforts now are dedicated to developing a 

simple and intuitive algorithm for computation 

of the numerical indicators (calculated on the 

base of BDRF) and express the surface reflective 

properties easily.  

a) 

 

b) 

 

Figure 6 Reflectance scanner developd: 

hardware of the goniometer (a); example of the 

bidirectional reflectance function acquired by the 

device (b) 

Surface chemistry 

Recent developments in the field of optics 

brought completely new tools for measurements. 

One such tool is near-infrared spectroscopy 

(NIR) (Chi et al. 2004). The method allows 

assessment of the chemical composition of the 

surface as the non-visible infrared light is 

absorbed by molecules. The laboratory at 

IVALSA/CNR has recently started a new line of 

research involving the FT-NIR 

spectrophotometer (Figure 7a) into evaluation of 

the surface chemical composition and following 

that estimate surface (whole piece) properties. 

Some of the research directions are: 

• estimation of the chemical composition of 

the wood sample 

• detection and estimation of the fungi 

infection 

• identification of specific chemical 

components (heavy metals, etc.) 
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• estimation of the chemical changes due to 

weathering, and 

• recognition of the wood species with 

estimation of the provenience. 

The FT-NIR technique has many advantages:  

• relatively fast measurement 

• no need for special sample preparation/non-

destructive testing 

• no residues/solvent to waste 

• possibility for determination of many 

components simultaneously 

• high degree of precision and accuracy 

• direct measurement with very low cost, etc. 

Unfortunately FT-NIR also possesses some 

disadvantages; it is perceived as a rather difficult 

method, and needs very intensive calibration 

before “routine testing”. An example of the 

spectra obtained with our device is presented in 

Figure 7b. As can be seen, the second derivative 

of the absorbance spectra varies when weathered 

and non-weathered hardwood samples were 

measured. However at this stage it is rather 

difficult to determine precisely which parts of 

the spectra belong to specific chemical 

components. The future steps of our project are 

directed at improvement of the data post-

processing and data mining.  
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Figure 7 FT-NIR spectrophotometer used at 

IVALSA/CNR (a); and sample of the spectra 

acquired with this device (b) 

Conclusions 

Wood is very difficult material for most 

measurements, particularly the ones related to 

the surface properties. Even though, since the 

surface itself is so important for the 

manufacturing process and final product it is 

particularly important to be able to accurately 

measure such properties.  

Some simple measurement techniques are rather 

limited and more adopted procedures could be 

used instead of “traditional” ones. From our 

experience the measurement chain at the 

beginning of our project was not sufficient. 

Therefore we were pushed toward new 

developments and improvements of existing 

systems.  

We discovered that for characterization of the 

surface roughness, 3D measurements should be 

applied. In our laboratory we developed a 

prototype device based on a triangulation 

measurement approach. Two options have been 

presented in this report: laser line and shadow 

scanner. 

Measurement of wood (hardwood) surface 

wettability is very complicated and problematic 

due to various reasons (discussed above). Two 

approaches studied in our Institute (with co-

operation with external experts) are:  

• modification of the Wilhelmy experiment by 

modeling of changing perimeter and liquid 

absorption, 

• development of the 3D goniometer able to 

measure the 3D shape of the sessile drop 

together with surface roughness. 

The surface appearance depends very much on 

the gloss. According to our experience, the 

traditional method of using a gloss-meter is not 

providing sufficient information abut the gloss. 

We developed an alternative device able to 

measure the light reflected from the surface in all 

directions. The quality and quantity of data is 

much superior, but some additional problems 

related to the data interpretations arose. 
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We consider FT-NIR technology as a very 

promising supplement for the recent 

measurement chain. The method has great 

potential, but requires from us much more effort 

to be able to use it more efficiently. A number of 

calibration procedures have been undertaken and 

we hope in the near future to utilize FT-NIR for 

better characterization of the wooden surfaces. 

The scientific project related to characterization 

of the wooden surface is in progress and constant 

development. We believe that our contribution 

could help both the research community as well 

as industrial colleagues to improve the 

methodologies of measurement, better 

understand the wood surface and contribute to 

further developments in this field. 

Literature Cited 

Chi-Leung C., Via B., Groom L., 

Schimleck, L., Shupe T., Todd F., Kelley S., 
Rials T., Timothy. 2004. Near Infrared 

Spectroscopy in the Forest Products Industry, 

Forest Products Journal, 54(3): 6-16. 

Della Volpe, C. 2006. COST E35 Training 

School on Surface Characterization, 

IVALSA/CNR, San Michele All’Adige, 8-10 

November. 

Magnus E., Wålinder P. and I. Johansson 
2001. Measurement of Wood Wettability by the 

Wilhelmy Method. Holzforschung 55: 21-41. 

Sandak J., C. Tanaka. 2005. Evaluation of 
Surface Smoothness Using a Light-Sectioning 

Shadow Scanner, Journal of Wood Science, 

51(3):270-273. 

Sandak J., M. Negri. 2005. Wood Surface 

Roughness – What Is It?. Proceedings of the 

17th International Wood Machining Seminar, 

Rosenheim, Vol.1 pp.242-250. 

Sandak J. 2007. Optical Triangulation in Wood 

Surface Roughness Measurement, Proceedings 

of the 18th International Wood Machining 

Seminar, Vancouver, Vol.1 pp.275-284. 

Sillion F., C. Puech. 1994. Morgan Kaufmann 

Pub. 251p.  

Thomas TR. 1999. Rough surfaces. Imperial 

College Press, London. 278p.  

131



 

 

132



Session 4 

Optimisation and process 

133



 

 

134



Session: Optimisation and process 

Québec City, September 24-26, 2007 

White beech: a tricky problem in the drying process 
Cividini Rodolfo

1
, Travan Livio

2
, Allegretti Ottaviano

3 

1
 Private Consultant, Trieste, ITALY 

2
 NARDI s.r.l. Drying Kilns, Arcole, Verona, ITALY 

3
 IVALSA-CNR, Timber and Trees Institute, S. Michele all’Adige, ITALY 

ABSTRACT 

According to periodic trends, the market for semi-finished wood products in Europe repeatedly demands 

dry beech with a typical natural pale colour turning to grey-white for different end-uses, from furniture to 

interior design.  

One of the problems is that nobody knows what white beech means, and the absence of standards and 

methods for grading creates confusion and misunderstanding between buyers and sellers. In general white 

beech is considered to be the sawn timber from 25 to 100 mm thick with a light and homogeneous colour 

within all the thickness from the surface to the core.  

Those characteristics are not easy to reach, above all for large thickness timbers and during the summer. 

Many factors influence the colour of the dried wood but the drying process, as well as the operations 

before drying such as log storage and sawing process are fundamental. This provides paper the 

experiences and knowledge of the authors and it reviews the main rules to apply during drying to attempt 

to reach good results. 

Trend of colour in the European wood 
industry in the last century  

The main requirement for all wood product 

manufacturers is the uniformity and precise 

definition of characteristics of the material. The 

maximum value of the wood material is 

probably reached in the production of furniture 

and interior decoration. In these products, 

superficial colour is, of course, the principal 

factor which undergoes the vagaries of fashion.  

Compared to species with more definite colours, 

such as mahogany, walnut and oak, beech wood, 

due to its heterogeneous characteristics is not an 

ideal material for industrial production. Before 

the First World War, in Europe darker colours 

were appreciated and beech, steamed to dark 

reddish-brown, was used as a substitute for 

walnut, especially in curved furniture elements 

(Tonet). After the Second World War, starting 

from the 80’s and 90’s,the  market started to 

demand light colour furniture; natural beech, 

without false heartwood (red heart) was now 

much appreciated. The “white” colour was 

usually obtained following traditional air drying, 

down to 20% MC, sometimes under cover in 

heated chambers to 10% MC. Only rarely was 

beech dried in kilns. Industrial production of 

course now requires that wood is dried directly 

in kilns decreasing drying time but dramatically 

increasing the risk of undesired discolourations. 

In the kilns, it is difficult to preserve the light 

colour of wet beech. At the same time, white 

beech is not clearly defined, ranging from white 

to pale reddish, with subjective and indistinct 

interpretations by the operators. 

Characteristics of beech wood 

Beech heartwood is undifferentiated from 

sapwood, has a uniform white-yellowish colour, 

often containing false heartwood. It has diffuse 

porosity with a fine texture, rings are 

distinguishable and late wood, in thicker rings, 

takes up most of the space giving it a reddish-

brownish hue with evident veining. Moisture 

content of wet from sawn wood is high (85% to 

95%), fibre saturation point is approximately 30 

to 32% at a temperature of 20 to 25°C, basic 

density is 560 kg/m
3
 but very variable. Total 

shrinkage in the radial direction ranges from 2% 

to 9% and in the tangential direction from 9% to 

20%, volumetric shrinkage ranges from 11% to 

29%; beech wood has therefore high 
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deformability, and due to the presence of 

numerous and conspicuous parenchymatic rays, 

is prone to checking. Beech wood often has 

growth stresses, which together with the 

presence of conspicuous rays, cause checking 

and splitting in wood, even before kiln drying. 

Normal wood has high permeability to water and 

water vapour while false heartwood is 

impermeable, because of the occurrence of 

tylosis. Immediately after felling, the colour of 

the wood starts turning to reddish–faster the 

higher the ambient temperature and relative 

humidity of the air. It is perishable, in warm and 

humid conditions, especially if felled at the 

beginning of the growing season when sugar and 

starch are present in wood in high concentration. 

When wet, colour changes rapidly; it slows 

down approaching hygroscopic MC and 

becomes stable when dry < 20% (Cividini 2007). 

The problem of white beech 

The darkening of beech material at high 

temperature and humidity seems to be related to 

the enzymatic oxidization of accessory 

compounds, like highly condensed phenolic 

extractives formed during drying (Koch and 

Bauch 2000).  

Many experiments have been made to assess the 

climatic parameters influencing the 

discolouration of light coloured wood species 

and the ways to prevent it, not only in beech 

(Aleon 2002; Trübswetter 1995) but also ash 

(Straze et al. 2003), maple (Yeo and Smith 

2003) and birch (Kärki and Möttönen 2004). The 

results of these tests seem to agree in giving the 

major role to the combination of temperature and 

moisture content (MC) which triggers the 

enzymatic oxidization. Furthermore, time seems 

to be another important factor because it is stated 

that a long period of warm and humid conditions 

increases the oxidative action. 

These phenomena are not a problem in the 

normal drying and steaming of beech where the 

temperature ranges between 55 and 75°C and the 

colour of the dried wood is a homogeneous red-

yellow. In fact, steaming of beech is now a 

common practice also to allow the 

commercialisation of beech material containing 

false heartwood to reduce the conspicuous 

colour differences; in the past, beech containing 

false heartwood was used as fuelwood only. 

Problems arise when the target colour of kiln-

dried lumber is the so-called white beech. In this 

case, the most evident and unwanted 

discolouration is a darkening of the inner core 

while the surface portions remain light in colour, 

producing what is called the “sandwich effect”.  

This phenomenon can also occur in wood, air 

dried in summer, in humid conditions with no 

wind. 

In general, because of the dynamic of transport 

of water in wood during drying this problem is 

proportional to the thickness of the sawn timber. 

Normally, thin boards dried at low temperatures 

will not discolour. Also lateral boards which dry 

faster will discolour less than radial boards. On 

the contrary, in large thicknesses the core stays 

humid for a longer period than the surface, 

causing a darkening of the core. 

On the other hand, thick beech boards are prone 

to casehardening due to a too high drying rate 

during the second drying stage. Casehardening 

produces several problems, one of these is an 

inhomogeneous colour with a thin light dry shell 

and a dark and humid core. Such correspondence 

of effect due to opposite causes makes the 

experimental tuning of the drying process a hard 

task, above all during summer and for 

thicknesses higher than 40 to 50 mm. In fact, in 

case of beech material thicker than 40 to 50 mm 

the tendency is to pre-cut it into elements before 

drying, reducing drying time and therefore the 

risk of discolourations.  

Something similar to casehardening occurs in 

winter, especially when wood is frozen. It 

consists of a very thin white shell, with the rest 

of the core still moist. 

There are infinite gradations of results between 

the perfect homogeneous white beech and the 

worst sandwich effect; the absence of standards 

and methods for grading the quality of colour 

creates confusion and misunderstanding between 

buyers and sellers. Also, technological and 

aesthetic requirements in the manufacturing of 

end-products demand different colour hues that 

are often all called white beech. Difficulties 
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arise, for example, when having to match 

different lots of dried material.  

Because of the technical difficulty of managing 

the production of white beech, discolorations are 

a major cause of losses at sawmills processing 

this species (Koch 2004).  

Some colorimetric observations 

In the present work, a proposal for the 

characterization of the term “discolouration”, 

through spectrophotometric colour analysis is 

discussed. This technique overcomes the 

problem of the subjectivity of the perception of 

the colour and is it widely used at a scientific 

level for the colour characterisation of wood, 

even if there are some well documented 

problems, mainly due to the local variability of 

the wood.  

Colour measurement was performed on beech 

specimens dried under different conditions. All 

the specimens came from the wood sample 

collection (xylotheque) of Nardi and each one 

has its drying history documented. In particular 

we examined the colour of : 

• Specimen 1, 30 mm, T drying 30°C (initial 

temperature) white beech schedule 

• Specimen 2, 30 mm, T drying 50°C (initial 

temperature) normal beech schedule 

• Specimen 3, 50 mm, air dried  

• Specimen 4, 85 mm, T drying 26 to 27°C 

(initial temperature) drying schedule for white 

beech (sandwich effect) 

• Specimen 5, 67 mm, T drying 26 to 27°C 

(initial temperature) drying schedule for white 

beech (sandwich effect) 

• Specimen 6, 55 mm, T drying 50°C (initial 

temperature) drying schedule for normal colour 

• Specimen 7, 55 mm, T drying 50°C (initial 

temperature) drying schedule for normal colour 

+ steaming treatment. 

The colour was measured by a portable 

spectrophotometer, providing a d/8 (hemispheric 

light, 8°) specular component included 

measurement, being the area measured window 

25 mm large. 

The results are expressed in terms of colour 

coordinates L*, a*, b* of colour space CIELAB 

with light D65 (daylight UV included) for a 

standard eye at 10° where: 

• L* is the brightness ranging from –100 

(black) to +100 (white); 

• a* ranges from –60 (blue) to + 60 (yellow) 

and in terms of absolute values, it indicates the 

colour saturation (0 = gray); 

• b* ranges from –60 (green) to + 60 (red). 

• 
22 baC += ranges from 0 to 84,8 and it 

gives the value of the saturation of colour. 

Our attention was mainly focused on the colour 

differences, trying to understand if it is possible 

to graduate the intensity of colour difference in 

the discolouration called sandwich effect. 

The colour difference can be evaluated in terms 

of ∆L* ∆c* and ∆b* and ∆C. The global colour 

difference between colour 1 and 2 is given by:  

2

12

2

12

2

12 )()()( bbaaLLE −+−+−=∆  

The magnitude of ∆E can be classified according 

to the grading rules reported in the table below: 

0,2<∆E Not visible difference 

0,2<∆E<2 Small difference 

2<∆E<3 Colour difference visible with high quality 
screen 

3<∆E<6 Colour difference visible with medium quality 
screen 

6<∆E<12 High colour difference 

∆E>12 Different colours 

The colour is influenced by many factors such as 

the anatomical direction of the surface and the 

ring density. Because of such variability and the 

limited number of measurements performed, the 

results must be considered only as a base for a 

discussion and for possible future developments. 

The main results show that: 

1. The average coordinates of white beech 

are L=72.6; a=7; b=19.1, C=20.4. The 

variability is quite low but the data are 

not sufficient to assess differences 

among different white gradations. 

2. The coordinates for normal beech show 

a high variability, corresponding to the 

high variability of the possible 

combination of drying temperature and 

post-processing treatments and 

conditions. We measured the range of 

value of: L=56 to 68; a=9 to 13; b=21 to 

27 , C=26 to 30. 
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3. Compared to white beech, the colour of 

normal beech is darker and more 

saturated. The average ∆E between 

white and normal beech=12 (high colour 

difference). Average ∆C=5. 

4. The difference of colour in the sandwich 

effect mainly concerns L* which 

become darker going from the surface 

(av. L=75.5) to the core (av. L=69.8) 

while the saturation shows a slight 

increment (av. ∆C=1.6). The global 

colour variation ∆E measured is in the 

range 5.7 to 6.5 (sensible colour 

difference).  

Drying techniques to obtain white beech 

The main rules for the drying process in 

conventional kilns are: 

• very short time between sawing operations 

and start of drying; 

• the drying time for the first and second 

drying stages should be as short as possible; 

• temperature of first and second drying stages 

must not exceed 30 to 35°C. 

In order to combine the right elements, a low 

EMC of air is needed in the kiln together with a 

very accurate control of the drying parameters 

because: 

• too high temperature produces a reddish 

discolouration; 

• too low temperature produces moulds and 

decaying; 

• diminishing EMC of air improves colour but 

causes drying stresses (casehardening). 

This requires special kilns with oversized vents, 

better if equipped with fans, a very efficient air 

circulation system and possibly, more than 6 MC 

probes. Such probes as well the probes for the 

measurement of temperature and humidity of the 

circulating air must always be efficient and 

calibrated. If EMC wafers are used to assess the 

air humidity, the hysteresis (up to 5% during 

sorption and desorption) has to be taken into 

account. Moreover, the control of the material 

before and during the drying process is very 

important and the use of wood samples is highly 

recommended. 

However, short drying times and low 

temperatures are not always easy to combine in a 

conventional kiln especially during summer 

when it is often impossible. Furthermore pre-

dried material is usually already affected by 

discolouration (white shell or sandwich) which 

could be improved only by steaming, reaching a 

uniform reddish colour. The colour of dried 

beech wood (<25% MC) could not be evidently 

altered. 

A series of different drying schedules is 

presented in the Appendix to illustrate the effort 

to obtain different colour hues or overcome 

technological limitations due to unfavourable 

climatic conditions. They are the results of long 

practical experience of the authors in this field 

coming from the observation of hundreds of 

drying cycles performed on wet-from-saw, pre-

dried (45 to 55% MC) or dried (<25%) material 

in industrial kilns in different countries of 

Europe. 

Some accessory operations have to be 

considered: in winter, for example, if frozen 

material is present, this must undergo a de-icing 

phase to avoid the further occurrence of 

casehardening and discolouration. Of course, 

equalization and conditioning phases have to be 

performed too (the latter not only at the end of 

drying), to relax the stresses generated inside 

wood in the kiln.  

All this can be considered the state of the art of 

the topic and it must be applied taking into 

account all the rules for correct management of 

the process.  

However, it is very important to point out that, 

despite all the good practices and correct 

management, these recommendations are not 

sufficient to control the colour perfectly, so that 

significative differences of colour can occur 

among different pieces of the same lot or among 

different lots dried in the same conditions.  

Conclusion 

Despite many efforts at the scientific and 

industrial levels, the white colour for beech dried 

in conventional kilns is still a problem far from 

having a definite solution.  

138



The technical problems are in the heterogeneity 

of the material and the variables involved in the 

colour change phenomena as well as in the 

physics of the process itself. The latter concerns 

the difficulty to set given air characteristics in 

the kiln under some circumstances (i.e., low 

temperature and EMC during summer) but also 

the mechanism of internal movement of water 

within wood which generates MC gradients and 

consequently quality loss due to internal stresses, 

casehardening and colour difference between 

core and surface (sandwich effect). Because of 

this, the conduction of the drying process is a 

complicated equilibrium between fast drying rate 

to avoid colour change and slow drying rate to 

avoid mechanical degradation. The problem is 

proportional to the thickness of the sawn boards 

so that it is practically impossible to obtain white 

beech when it is thicker than 40 to 50 mm. In 

this case the best solution is to load the kiln with 

semifinished pieces (typically 5 x 5 cm pieces 

for furniture) in order to avoid, mitigate or to 

conceal the sandwich effect. 

Beside the technical issues, there are often some 

commercial and even legal problems due to the 

subjectivity of the perception of the colour and 

the total absence of rules or grading standards. 

They would be useful to define quality criteria 

and to improve the conduction of the process. 

Colorimetric analysis at the industrial level could 

be developed for the control of the process and 

for the in-line after-process selection of wood 

pieces. This paper suggests some simple 

colorimetric rules that could be used in practice 

to define what can be considered white beech 

and the related discolourations, first of all the so 

called sandwich effect. In fact a significant 

relation between this form of discolouration and 

the colorimetric difference ∆E (higher than 5 to 

6 when sandwich is present.) was observed. 

Many more samples must be still analysed to 

statistically validate these rules but the method 

seems promising in its practical applicability, 

suggesting for example the definition of some 

grading classes for colour difference and a 

standard method for the measure.  
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Appendix: Recommended drying schedules (MC 

measured at ½ thickness) 

1. - Normal schedule 
Moisture Content  MC% Thicknesses < 30 mm thicknesses 32 - 48 mm Thicknesses > 50 mm 

Initial MC % T°C EMC% ∆T°C T°C EMC% ∆T°C T°C EMC% ∆T°C 

Wet 40 35 30 25 22 20 17 15 55 16 2,5 52 17 2,5 50 18 2 

Initial MC for the following steps: Kiln climate in following steps: 

40 40 35 30 25 22 20 18 15 55 13,6 4 52 15 4 50 16,7 3 

35 35 35 30 25 22 20 18 15 55 11,4 6,5 52 12,5 5 50 13,9 4 

30 30 30 30 25 22 20 18 15 57 10 8 54 11 7 52 12,2 5 

25 25 25 25 25 22 20 18 15 60 8,8 10 58 9,8 8 55 10,8 7 

22 22 22 22 22 22 20 18 15 64 7,4 13 62 8,6 10 58 9,5 9 

20 20 20 20 20 20 20 18 15 67 6,4 15 65 7 14 62 7,7 12 

18 18 18 18 18 18 18 18 15 70 5 20 68 5,5 17 65 6 16,5 

15 15 15 15 15 15 15 15 15 75 4 24 72 4,3 19 70 4,7 21 

12 12 12 12 12 12 12 12 12 75 4 24 72 4,3 19 70 4,7 21 

  
2. - Schedule to obtain a slightly reddish hue in 

warm summer climate 
Moisture Content  MC% Thicknesses < 30 mm thicknesses 32 - 48 mm Thicknesses > 50 mm 

Initial MC % T°C EMC% ∆T°C T°C EMC% ∆T°C T°C EMC% ∆T°C 

Wet 40 35 30 25 23 20 17 15 45 14 3 43 15 3 40 16 2,5 

Initial MC for the following steps: Kiln climate in following steps: 

40 40 35 30 25 22 20 18 15 45 12 4,5 43 13 4 40 14 3,5 

35 35 35 30 25 22 20 18 15 45 11,5 6 43 12,5 5 40 13,6 4 

30 30 30 30 25 22 20 18 15 45 9,6 8 43 10,4 6 40 11,4 5,5 

25 25 25 25 25 22 20 18 15 47 8,4 7,5 45 9,2 6,5 42 10 7 

22 22 22 22 22 22 20 18 15 50 7,6 10 47 8,3 10 45 9,1 9 

20 20 20 20 20 20 20 18 15 55 6,8 13 51 7,3 13 49 8 11 

18 18 18 18 18 18 18 18 15 60 5,6 17 56 6 17 53 6,5 135,5 

15 15 15 15 15 15 15 15 15 65 4,4 21,5 60 4,7 20 57 5,1 19 

12 12 12 12 12 12 12 12 12 65 3,6 25 62 3,8 25 60 4,2 22 

  
3. - Schedule to preserve the white-yellowish 

colour in warm summer climate 
Moisture Content  MC% Thicknesses < 30 mm thicknesses 32 - 48 mm Thicknesses > 50 mm 

Initial MC % T°C EMC% ∆T°C T°C EMC% ∆T°C T°C EMC% ∆T°C 

Wet 40 35 30 25 23 20 17 15 37 13 4,5 37 13,5 4 37 14 3,5 

Initial MC for the following steps: Kiln climate in following steps: 

40 40 35 30 25 22 20 18 15 37 10 7 37 10,7 6 37 11,5 5,5 

35 35 35 30 25 22 20 18 15 37 8,3 9,5 37 8,9 9 37 9,6 7,5 

30 30 30 30 25 22 20 18 15 40 7,3 8 39 7,9 11 39 8,5 9 

25 25 25 25 25 22 20 18 15 43 6,7 12,5 42 7,1 12 41 7,6 10,5 

22 22 22 22 22 22 20 18 15 46 5,9 13,5 45 6,3 13,5 43 6,8 12,5 

20 20 20 20 20 20 20 18 15 50 4,8 19 50 5,2 17 46 5,6 13,5 

18 18 18 18 18 18 18 18 15 55 3,8 23 55 4 22 5 0 4,4 20 

15 15 15 15 15 15 15 15 15 57 3,1 25 57 3,3 25 57 3,6 24 

12 12 12 12 12 12 12 12 12 60 3 27 60 3 27 60 3 27 

  
4. -Winter schedule to preserve the natural col-

our in cold and fresh seasons 
Moisture Content  MC% Thicknesses < 30 mm thicknesses 32 - 48 mm Thicknesses > 50 mm 

Initial MC % T°C EMC% ∆T°C T°C EMC% ∆T°C T°C EMC% ∆T°C 

Wet 40 35 30 25 23 20 17 15 37 13 4,5 37 13,5 4 37 14 3,5 

Initial MC for the following steps: Kiln climate in following steps: 

40 35 35 30 25 22 20 18 15 30 10 7 29 10,7 6 28 11,5 5,2 

35 30 35 30 25 22 20 18 15 30 8 8,5 29 8.5 7,5 28  9,5 6,5 

30 30 30 30 25 22 20 18 15 32 6,3 11,5 30 6,7 11 29 7,1 10,5 

25 25 25 25 25 22 20 18 15 35 5,7 13 32 6,1 12 31 6,5 11 

22 22 22 22 22 22 20 18 15 40 5,1 15,5 36 5,5 14 35 5,8 13 

20 20 20 20 20 20 20 18 15 45 4,3 17 42 4,5 17 40 4,8 17 

18 18 18 18 18 18 18 18 15 50 3 24 48 3,6 21 45 4 19 

15 15 15 15 15 15 15 15 15 55 2,9 26 52 3 24 48 3,2 22 

12 12 12 12 12 12 12 12 12 55 3 25 55 3 25 50 3 25 

Note: at 25% MC condition if necessary for  
a time (hours) = to thickness (cm) at: 

45 10 7,5 42 10,7 6 40 11,5 5,5 
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ABSTRACT 

Curve sawing softwood logs has been done for many years. However, it has had limited application in 

hardwoods, We have and continue to study curve sawing of hardwood logs, Curve sawing hardwood 

sawlogs with yield reducing sweep can provide higher yields, longer lumber and better lumber. We will 

present the results of three studies that we have completed and give you some preliminary results of a 

fourth study. The first took a look at processing curved hardwood logs. The second determined the sweep 

problem in normal hardwood sawmill log yards. The third looked at converting sweepy small diameter 

logs to straight lumber and the fourth is looking at curve sawing sweepy normal sized sawlogs. The 

benefits of curve sawing will be stressed in the presentation. 
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ABSTRACT 

Reducing processing times and energy wastage are two important current objectives of the timber drying 

industry. The present investigation shows that super heated steam drying under atmospheric pressure 

contributes significantly to the goal of industry. Drying time can be decreased by at least 50% and energy 

consumption can be reduced clearly up to 20% retaining the same drying quality. The effect of steam drying 

on the colour of the timber depends on the wood species. The colour of the wood is slightly darker, but in 

some cases it is desirable getting the timber slightly or even severely coloured through and through, especially 

hardwoods. 

Introduction 

Beech and oak are two of the most important and 

valuable hardwood species in Europe. The high 

value of beech is based on the aesthetic 

appearance of the surface structure, and the good 

machining and bending properties. It is used for 

furniture, doors, plywood and parquet flooring. 

Huge volumes of oak are currently used for 

parquet flooring and furniture. For centuries beech 

and oak were used for structural applications but 

have mostly been displaced by softwoods. 

Nowadays both wood species are also used for 

structural applications such as glued laminated 

timber. A number of other European, Asian and 

Latin American hardwoods have entered the 

commercial European market such as maple, 

sapupira, jatoba, robinia, chestnut, poplar and 

meranti. Dimensions vary from thin boards 25 mm 

x 100 mm to beams 85 mm x 130 mm. 

From the drying point of view hardwood normally 

takes extensive drying times in comparison to 

softwood. From this follows that energy 

consumption also gradually increases per cubic 

metre timber (Gard et al. 2002; Gard 2003). 

The use of hardwoods in a wide field of 

applications is mirrored in the diversity of drying 

quality requirements. Beside distortions, moisture 

content distribution and fissures, the colour and 

discolouration are major issues for hardwoods 

(Welling et al. 1995). In the furniture and parquet 

industries most of the problems with hardwood are 

the surface with appearance. In this case, high 

quality requirements concerning the colour 

balance of the surface dictates if the timber is 

accepted or not. The colour balance is mainly 

determined by designers who conduct the fashion 

of interior decoration. Sometimes bright, 

sometimes dark colours are desirable. Fulfilling 

those requirements is a challenge for the drying 

operation.  

In practice, drying operators complain about 

discolouration under stickers, colour spots and 

collapse. In consequence conventional drying 

schedules for wood species sensitive to 

discolouration (e.g., beech) consist of very low 

dry-bulb temperatures (30°C to 40°C) to avoid 

collapse and discolouration. It has been shown that 

this type of schedule does not always meet the 

required wood quality and causes high amount of 

rejection of dried wood. Within this scope during 

the last years, vacuum technology has been 

applied on hardwoods to reduce drying time and 

get higher drying quality. Best results have been 

obtained with vacuum steam drying.  

Due to the operational costs and low flexibility in 

using vacuum chambers, the breakthrough of this 

system has not happened in comparison to the 

conventional heat-vent kilning. Promising results 

from recent national and European research 

projects on super heated steam drying of 

softwoods gave cause to continue research with 

super heated steam drying on hardwoods. 
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Drying process 

The super heated steam drying process is different 

from conventional convection drying. The drying 

process with super heated steam takes place above 

100°C in a steam medium. 

Principle of convection drying 
In a regular convection drying kiln for sawn 

timber the drying process is performed with heated 

air blown through a stack of boards. The hot air 

heats up the boards at the start of the process and 

thereafter supplies the heat needed for the 

evaporation process. The water evaporated from 

the wood will mix with the air flow and is 

removed from the stack. 

The temperature and relative humidity (RH) are 

the key parameters, which determine the progress 

of the drying process. 

If air is blown through a channel between two 

boards with a very high moisture content above 

fibre saturation point (FSP), then the boards will 

get a steady state temperature close to the so-

called wet bulb temperature. At this wet bulb 

temperature all convective energy supplied by the 

air flow is used for evaporation of water from the 

surface of the boards. If the RH of the drying air is 

increased then the evaporation rate will decrease 

(at RH=100% no evaporation will occur). 

As a consequence the energy balance is disturbed. 

Not all energy supplied by the air flow is now 

used for evaporation of water and therefore the 

boards will be heated up until a new balance is 

found at a higher wet bulb temperature. 

To maintain the wet bulb temperature at the 

surface of the boards, the internal transport of 

water in the board towards the surface should be 

as high as the evaporation rate (Bank et al. 1998). 

In practice the internal moisture transport, driven 

by water diffusion, is slow and forms the limiting 

factor in the drying process. If there is not enough 

water available for evaporation at the surface of 

the boards, the energy balance is disturbed and the 

temperature of the boards will increase until a new 

balance is achieved (Neto Da Silva 1992; Gard et 

al. 1994). So the temperature of the boards in 

normal drying practice will have a value between 

Twet and Tdry, even if the moisture content of the 

boards is above FSP. 

Principle of super heated steam drying 
Steam condensation 

Steam is injected in the drying kiln during the 

warming-up phase to heat the wood and keep the 

relative humidity (RH) high. An increase of the 

RH implies an increase of the so-called dewpoint 

temperature of the drying air (Figure 1). The 

dewpoint temperature is the temperature at which 

condensation will occur, which means that mist 

will be formed if the air is cooled down below the 

dewpoint temperature. It means that on all objects 

in a kiln with a temperature below the dewpoint, 

temperature condensation will be formed. If the 

water vapour condenses into water, the latent heat 

of evaporation will be generated and applied to the 

cold surface. The latent heat of evaporation is, for 

example, 2337 kJ/kg water at a temperature of 

70°C, which is a considerable heat source. 
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Figure 1 Dewpoint temperature as function of 

relative humidity 

To heat one m
3
 wood (density of 450kg/m

3
), with 

moisture content (MC)=35% by 1°C requires, for 

example, 0.35 kWh. So, with one kg steam it is 

possible to heat two m
3
 wood by 1°C if it 

condenses completely on the wood surface. 

The advantage of condensation heat transfer is that 

it will occur at all places were cold surfaces are in 

contact with the drying medium regardless of the 

air velocity.  

However the condensate may form a film layer on 

the surface of the boards, which causes insulation, 

limiting the condensation process. This effect can 

be reduced if the air velocities during the 

warming-up phase are high enough to disturb the 

condensate layer (in practice above 3 m/s). The 

condensation rate is also limited by the internal 

heat transport in the boards. Once the surface of a 

board is heated up to the dewpoint temperature, 

the condensation will stop until the surface 

temperature will decrease again below the 

dewpoint temperature.  

144



Super heated steam drying 

Super heated steam is water vapour with a 

temperature above 100°C. During the warming-up 

phase all air, which is initially present in the kiln, 

will be replaced by steam. The relative humidity 

of the air during the warming-up phase is kept at a 

maximum level close to 100%. If the temperature 

of the drying medium approaches 100°C and the 

relative humidity is equal to RH=100% the 

climate has changed into saturated steam. No 

drying occurred yet, because the wet bulb 

depression was zero during the warming-up phase.  

If the saturated steam is further heated by the 

heating coils in the kiln, the steam will become 

super heated. The overpressure valve will keep the 

pressure in the kiln at atmospheric conditions. At 

atmospheric conditions water boils at 100°C, i.e., 

Twet = 100°C.  

The temperature difference between the steam and 

the boards will increase and the boards will start to 

dry. Since the evaporation occurs at the boiling 

point the internal moisture transport inside the 

board towards the surface is no longer driven by 

diffusion, but is forced by an internal overpressure 

greater than the atmospheric pressure. As a 

consequence the internal transport coefficient is 

highly increased in comparison with the normal 

water diffusion coefficient. 

Therefore the internal efficiency factor E in 

equation (1) will remain E=1, as long as the 

moisture content of the boards is above fibre 

saturation point (FSP).  

(1) 
360

)(2
_

DHvap

TwetTdryhE
ratedrying

Wρ

−
=

[%MC/h] 

with: 

h  convective heat transfer coefficient [W/m
2
K] 

Tdry  dry bulb air temperature [°C] 

Twet wet bulb temperature [°C] 

Hvap latent heat of evaporation [kJ/kg] 

ρW density of the wood species [kg/m
3
] 

D thickness of the boards [m] 

E internal transport efficiency = (Tdry – 

Tboard)/(Tdry – Twet) 

For better understanding it can be compared with 

boiling water in a kettle on a fire. As long as the 

water temperature is below 100°C, some 

evaporation takes place, but most of the energy is 

used to heat the water. At the moment the 

temperature becomes 100°C the lid will be pushed 

off the kettle by overpressure and the temperature 

of the water will no longer increase. The physical 

explanation behind this phenomenon is the 

saturated water vapour pressure of air-vapour 

mixtures. 

Below 100°C water vapour can be added to a 

system of air and vapour until the partial saturated 

vapour pressure is reached. Figure 2 shows that if 

the temperature is 70°C and the wet bulb 

depression is 20°C (Twet = 50°C), that the partial 

vapour pressure is 0.11 bar. If vapour is added this 

vapour pressure will increase to a maximum value 

of 0.31 bar. If more vapour is supplied to this 

system condensation will occur (mist will be 

formed). 
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Figure 2 Water vapour pressure of drying 

medium (air-steam) 

Drying trials 

Drying trials were carried out on semi-industrial 

and industrial scales for oak and beech. Drying 

schedules were developed for bright and reddish 

coloured beech and steamed and unsteamed oak.  

Drying schedule 
The starting point was the high temperature 

schedule for softwood, which has been used in 

industrial operations. 

From practice and research it is known that the 

level of temperature and moisture content 

combined with a certain time interval determine 

the colour.  

In order to keep the colour as bright as possible the 

steaming period has to be short and drying has to 

be started as quickly as possible. The high 

temperature drying phase starts when the wood 

temperature of 100°C is reached.  

The basic drying schedules are divided into the 

following phases: 
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• Warming up the timber. This phase also can 

be combined with a steaming phase. 

• Steaming if desired–it depends on the colour 

• Drying with temperatures above 100°C 

• Cooling down below 100° and drying with 

temperatues below 100°C 

• Conditioning  

• Cooling down 

A principle drying schedule for super heated steam 

drying is given in the Figure 3. 
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Figure 3 Schematic super heated steam drying 

schedule 

Depending on the requirements of the drying 

quality and the dimension of the timber, the 

schedules were adjusted. In a few cases a steam 

phase was inserted in order to influence the colour 

of the surface.  

Kiln and sensors 
Drying runs in a semi-industrial kiln were 

intended for the development and optimization of 

drying schedules. 

On an industrial scale, the trials were carried out in 

specially designed kilns for super heated steam 

drying (Figure 4). The stack volume is about 

80 m
3
. The industrial kiln was equipped with a jet-

burner system, a steam supply, a spraying system 

for cold water, RH sensors, MC sensors and 

temperature sensors for both air and wood. The 

fans can be reversed. The control system is able to 

monitor and control drying process conditions for 

super heated high temperature processes.  

 

Figure 4 Industrial kiln for super heated steam 

drying 

In order to avoid discolouration during storage, the 

timber (beech and oak) was immediately 

transported to the kiln after sawing. Thus the 

timber was green and had a wood moisture content 

of approximately 70%. 

Great attention had to be paid to the stickering of 

the stack and the timber load distribution in the 

kiln.  

Because of the high temperature and the high 

moisture content, the wood enters into the 

softening state. Consequently the timber becomes 

more flexible and tends to bend between the 

sticks. The distance between the sticks depends on 

the thickness of the boards. For the 35 mm thick 

boards a space of 0.40m was calculated. 

Since the drying process is very fast, it has to be 

assured that the drying condition is even in all 

timber stacks. This can be guaranteed if the 

airflow distribution between the boards is even. 

Therefore the kilns need at least a high filling level 

with boards of the same thickness. If this is not 

possible, the drying schedule has to be adjusted to 

keep the drying rate low. Then super heated drying 

does not gain.  

Results 

Beech trials 
The drying time for 28 mm beech sawn wood 

could be reduced from 3 weeks to about 3 days 

obtaining the same drying quality according to the 

customer. Maximum dry-bulb temperatures were 

applied at 110°C. In this case the colour of the 

surface was bright (not white) because there was 
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no special steaming phase integrated into the 

drying schedule (Figure 5).  

The final moisture content spread was ±0.2% MC, 

caused by the long conditioning phase. No 

discolouration under the sticks (stick marks) 

occurred.  

In order to get a darker wood colour, a steaming 

phase was inserted into the drying schedule 

(Figure 6). A steam period of about 18 hours 

obtained a reddish colour of the wood from 

surface to the core. After this steaming period the 

accelerated drying period was started.  

The results with regard to checks were about the 

same in comparison to conventional drying 

systems; distortions were less.  
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Figure 5 Drying schedule without extra 

steaming phase 
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Figure 6 Drying schedule with an extra 

steaming phase 

Oak trials 
A few drying trials of oak were dedicated to obtain 

a slight dark colour. Because of the anatomical 

structure of oak it turned out that a combination of 

pre-drying and steaming was necessary to obtain 

the desirable drying quality (Figure 7).  
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Figure 7 Drying schedule for oak; 35 mm thick 

boards 

Energy consumption 
Since the drying time is cut down significantly, the 

energy efficiency of high temperature kilns is 

better than conventional kilns. The fans will 

operate less and also the transmission losses 

through the kiln walls will be lower, although the 

kiln temperature is higher. Ventilation losses are 

minimal during the high temperature phases, 

because of the use of super heated steam. Only the 

heat accumulation in the wood will be higher in 

the case of high temperature drying. The energy 

consumption of the combined steam-drying 

system is about 35% less than the conventional 

system. In addition the wood does not have to be 

specially warmed up for the drying process. In 

summary, an improvement of kiln efficiency up to 

20% may be expected, depending on the specific 

situation. Figure 7 indicates the energy 

consumption of conventional and super heated 

steam drying operations.  
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Figure 8 Indicative comparison between the 

energy consumption in a high temperature kiln and 

a conventional kiln 

Conclusion 

• Super heated steam drying is a viable option 

for drying European and Latin American 

hardwood species.  

• Drying time/rate can be accelerated by super 

heated steam drying without quality decrease. 
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• The combination of steaming and drying 

results in shorter process times and less energy 

consumption. 

• Depending on the required drying quality, 

drying time can be reduced up to 70% and energy 

consumption up to 20%. 

• High flexibility in combining steam with low 

and high temperature in one drying process in a 

economical way. 

Future work will be focused on optimizing drying 

schedules for tropical timber and effects on 

mechanical properties of wood. 
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ABSTRACT 

In Germany, beech (Fagus sylvatica) is increasingly being cultivated in silvicultural areas because of the 
reorganization of pure coniferous forest stands. Therefore, beech hardwood is gaining interest for the 
wood product industry. Beech is usually not employed for derived timber products and thus, little 
experience exists in processing. 

To characterize wood and composed wood products of this species, FTIR ATR spectra of samples running 
the production process from wood to oriented strandboard (OSB) were recorded. The influence of the 
process on the chemical constituents in the wood samples was analyzed by spectra interpretation and 
cluster analysis. It was possible to distinguish between spectra of raw material, intermediate- and final 
products, depending on the particular production step. The results will support the optimization of OSB 
production processes. 

Introduction 

Wood products and derived timber products are 
used for interior construction, furniture 
production, as packing or building materials with 
coniferous tree species being the major source 
for these products (Marutzky and Thole 2003). 
The properties of the intermediate and final 
wood products depend on the raw materials as 
well as on the production processes (Fengel and 
Wegner 2003). Therefore, for technical wood 
use, profound knowledge of the structure and 
chemical composition of wood and its products 
is of great importance. This holds especially if 
novel tree species, for which little experience 
exists, were introduced into production 
processes. Such new wood products are 
currently being developed using beech wood 
(Fagus sylvatica). 

Beech is a broad-leafed tree species growing on 
14% of the German silvicultural area, locally 
with an occurrence of 75% (Happach-Kasan et 
al. 2004; Dertz 1996). Juvenile trees up to an age 
of about 50 years can be seen as fast-growing, 
because annual shoot increments of 40 to 70 cm 
are possible. Due to its hardness and resistance, 
Fagus sylvatica is mostly used for furniture 
production, inlays, planking or parquet; and 
lower qualities as firewood but hitherto not as 

raw material for derived timber products 

(Wagenführ 2000).  

OSB, usually a multi-layer board, is formed by 
layering long, slight particles (strands) of wood 
in specific orientations. They are compressed 
and bonded together with resin adhesives. 
Different board qualities referring to thickness, 
size, strength and rigidity can be produced by 
changes in the manufacturing process. In 
general, lower quality wood parts of harvested 
trees, small or young trees and fast growing 
species are used for OSB production. OSB is 
mostly used as sheathing in walls, floors and 
roofs. The largest production facilities in the 
world are in the USA and Canada (Ambrozy and 
Giertlova 2005; Deppe and Ernst 2000; Dunky 
and Niemz 2002). 

To utilize wood most efficiently, an 
understanding of product properties requiring 
laboratory analyses of the anatomy and chemical 
components is necessary. A main problem of 
many established standard methods is that they 
are labor and time intensive and not appropriate 
for large-scale fast screening of the material 
involved (Böttcher 1993).  

In contrast to wet chemical methods, FTIR 
spectroscopy offers great potential for screening 
of wood properties, because it is a fast and quite 
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simple method for determination of the chemical 
composition of complex samples (Naumann and 
Polle et al. 2005; Müller et al. 2007; Naumann et 
al. 2007). The FTIR spectra of wood and wood 
products are determined by biochemical and 
physical properties of the material.  

The aim of our work was to evaluate the 
potential of FTIR spectroscopy combined with 
cluster analysis to illustrate the whole chain of 
OSB production and to detect the influence of 
the production process on the chemical 
composition of the material involved. Spectra of 
beech solid wood, intermediate wood products 
(strands), final product (OSB), Polymer 
Diphenylmethane Diisocyanate (PMDI) and 
Melamine Urea Phenol Formaldehyde (MUPF) 
as particular binder were investigated.  

Material and Methods 

Solid wood 
Samples of Fagus sylvatica were taken in 2006 
from ten trees harvested in the city forest of 
Schmallenberg (North Rhine-Westphalia). The 
forest stand has western exposure at an altitude 
of 600 m and is located on a steep slope. The 
ground consists of brown soil with limited 
nutrient supply. When the trees were harvested, 
they had an age of 114 years, an average height 
of 24 m and an average breast height diameter of 
27 cm. 

Preparation of solid wood samples 
Two bole disks were excised from each tree, one 
at the stem base and one below the crown. For 
FTIR ATR analyses fine wood powder of two 
woodblocks per disk (juvenile wood, wood near 
bark) was prepared. The blocks had cross 
sectional dimension of 1 cm2, 2 cm in height and 
were hackled with a gripper to small pieces. The 
wood parts were milled (Retsch, MM 2000) for 
5 min at 50 u/min. The frequency was raised 
slowly during the next 5 min to 90 u/min. The 
whole milling process took 10 min for each 
sample. 

Strands 
Stem sections of beech were processed to maxi 
chips in a drum chipper (Klöckner, Hirtscheid-
Niesertal, Germany). The maxi chips were 
cooked at 100°C and decomposed to strands 
with a knife ring flaker (Maier, Brackwede, 

Germany) with an overhang of 0.45 mm. These 
strands were dried at 250°C in a drum drier 
(Kunz, dry Tec AG, Dintikon, Switzerland) for 
25 min. Fine powder of the dried strands was 
prepared for FTIR ATR analyses as described 
above. Ten FTIR ATR measurements were 
accomplished and the spectra averaged. 

Binder 
Before processing the strands to three-ply OSB 
boards, they were mixed with two types of 
binder, each type used for a particular layer. The 
strands in the intermediate layer were mixed 
with PMDI (Desmodur PU1520 A31, BASF AG, 
Mannheim, Germany), the strands in the overlay 
with MUPF (Kauramin 533, BASF AG, 
Mannheim, Germany). The liquid binder showed 
a high spectral homogeneity, therefore 3 FTIR 
ATR measurements were accomplished and the 
spectra averaged. 

Oriented strandboard 
The strands with a humidity of 9% and a length 
of 40 mm were mixed with the particular binder, 
separately for each layer. Afterwards, they were 
scattered and pressed to boards in a hot-press at 
200°C. As a result we received boards at a 
density of 650 kg/m3 and a thickness of 16 mm. 
The MUPF percentage in the overlay was 12% 
and 5% PMDI in the intermediate layer. Overlay 
to intermediate layer were at a ratio of 40:60% 
referring to the whole board volume. 
Four boards were investigated, whereby 
5 measurements were respectively made for each 
type of layer and averaged. 

FTIR spectroscopy 
Innovative measuring devices, such as the ATR-
unit (Attenuated Total Reflectance) have been 
developed recently for FTIR spectroscopy and 
replaced the necessity to employ KBr-pellets for 
sample analysis. The measuring technique has 
been described recently (Naumann et al. 2006). 
Spectroscopic measurements are possible 
without any pre-treatment of a sample. It is 
possible to measure wood blocks with plane 
surface and wood powder to determine different 
chemical components of wood such as lignin and 
cellulose. The technique allows identification of 
the structure of substances by the interpretation 
of the frequencies of functional groups and is 
convenient for detection of the chemical 
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modifications of raw materials and mixtures. 
With a deuterium triglycinesulfate detector, 
measurements of spectra within a frequency 
range from 6500 to 400 cm-1 are possible (Setz 
2005).  

FTIR ATR spectra were recorded with an 
Equinox 55 spectrometer (Bruker Optics, 
Ettlingen, Germany) with an attached ATR-unit. 
The unit has a plunger on the top side which is 
pressed on the sample with constant pressure. 
FTIR-ATR measurements were conducted with 
a resolution of 4 cm-1 and a number of 32 scans 
per sample.  

The heterogeneity of FTIR spectra can be 
analyzed by cluster analysis. According to their 
heterogeneity, spectra are classified into clusters 
or classes in dendrograms (Anonymus 2004). 
The first derivative and vector normalization 
(9 smoothing points) were utilized as pre-
treatment methods of the spectra, applying the 
standard method for creating the distance matrix 
with the OPUS 5.5 software (Bruker Optics, 
Ettlingen, Germany). For calculating the spectral 
distances the Ward's Algorithm was applied. The 
analyzed wavenumber area was 4000 to 
400 cm-1.  

Results 

FTIR spectroscopy of solid wood, strands 

and OSB 
To illustrate the production chain of OSB 
manufacturing, FTIR spectra of solid wood, 
strands and OSB (intermediate layer and 
overlay) were recorded and compared to each 
other (Figure 1). The spectra of solid wood and 
strands obviously seem to be very similar. Their 
bands are appearing at the same wavenumber 
area and are consistent in their absorbance units. 
Just in bands 4 (C=O stretch in ketones, 
carbonyl- and ester groups), 12 (C-C, C-O, C=O 
stretch) and 15 (C-O vibration in cellulose and 
hemicelluloses, aromatic CH deformation, C=O 
stretch, C-O deformation in prim. alcohols) 
small differences were detected. A reason for 
that is probably a conversion of the thermal 
instable polyoses, caused by the cooking-
process.  

To obtain reference spectra for PMDI and 
MUPF in OSB and to illustrate the influence of 

the binder on the spectra of strands, FTIR 
spectra of pure binder were determined and 
compared with the intermediate products. Figure 
2a illustrates this for MUPF.  

By comparing the overlay spectrum of the OSB 
with the spectrum of strands, it is getting 
obvious, that several bands appear at the same 
wavenumber range, but there are clear 
deflections in the absorbance unit. Bands 2 and 3 
(CH- stretch in methyl- and methylene groups) 
of the board spectrum show a significantly 
higher absorbance unit than the strand spectrum 
(Figure 1). They are surely due to the influence 
of the binder (Figure 2a). Arising deflections are 
also visible in bands 5 (C=O in arylketones), 7 
(Aromatic skeletal vibration in lignin) and 8 (OH 
in carbohydrates, CH- deformation in syringyl 
rings). In contrast to these effects, bands 4 (C=O 
stretch in ketones, carbonyl- and ester groups), 
12 (C-C, C-O, C=O stretch) and 15 (C-O 
vibration in cellulose and hemicelluloses, 
aromatic CH deformation, C=O stretch, C-O 
deformation in prim. alcohols) show a 
degradation of the absorbance units.  

Differences between intermediate layer with 
PMDI and strands are not so evident. Only bands 
2 and 3 (CH- stretch in methyl- and methylene 
groups) of the intermediate layer spectrum with 
PMDI show a difference in their absorbance unit 
compared to the strands spectrum. Figure 2b 
shows these differences. The deflection can be 
seen as influence of the binder (PMDI) on the 
strands spectrum. Further spectral differences 
were hardly detectable, although a spectrum of 
pure PMDI is significantly different to a strands’ 
spectrum. In addition to these results, all samples 
show an absorbance unit in the wavenumber 
range from 1038 to 1013 cm-1 (C-O vibration in 
cellulose and hemicelluloses, aromatic CH 
deformation, C=O stretch, C-O deformation in 
prim. alcohols), which is decreasing from raw 
material to intermediate product to final product, 
where the overlay shows the lowest absorbance. 
This is most likely an effect of the production 
process, caused by the heat treatment during 
cooking and pressing.  
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Table 1 Wavenumber characterization (Faix, 

1991, Fengel and Wegener 2003, Usmanov et al. 

1972). Numbers in the table refer to the numbers 

assigned to the peaks in Figure 1 

Wavenumber 

(cm
-1
) 

Compound 
Peak number from 

Figure 1 

3460-3412 O-H stretch 1 

3000-2842 CH- stretch in methyl- and methylene groups 2 + 3 

1755-1705 C=O stretch in ketones, carbonyl- and ester groups 4 

1670-1640 C=O in arylketones  5 

1625-1570 Aromatic skeletal vibration in lignin 6 

1530-1490 Aromatic skeletal vibration in lignin 7 

1463-1450 OH- in carbohydrates, CH- deformation in syringyl rings 8 

1435-1405 Aromatic skeletal vibration, CH 9 

1376-1368 CH in carbohydrates  10 

1330-1325 Syringyl ring vibration, C=O stretch 11 

1240-1220 C-C, C-O, C=O stretch 12 

1170-1142 C-O-C assym. vibration in saccharides 13 

1112 Glucose stretch 14 

1038-1013 
C-O in cellulose/ hemicelluloses, aromatic CH deformation,  
C=O stretch, C-O in prim. alcohols 

15 

897 CH deformation in cellulose 16  

FTIR spectroscopy 

 

Figure 1 FTIR ATR average spectra of beech 

solid wood, strands, OSB intermediate layer mixed 

with PMDI and OSB overlay mixed with MUPF for 

a wavenumber range from 3800 to 850 cm
-1

. For 

each sample, 10 replicates were measured with a 

resolution of 4 cm
-1

 and 32 scans in a wavenumber 

range from 4000 to 400 cm
-1

. The spectra have been 

baseline corrected and were vector normalized. The 

particular bands are numbered 

  
Figure 2 Illustration of the influence of the 

binder on the strands. FTIR ATR average spectra of 

pure strands, OSB overlay mixed with MUPF and 

pure MUPF (a) for a wavenumber range from 1650 

to 1480 cm
-1

. Figure (b) illustrates the influence of 

PMDI on the spectra of pure strands for a 

wavenumber range from 3000 to 2800 cm
-1

. The 

spectra have been baseline corrected and were 

vector normalized. The arrows show the influence of 

the binder on the spectra of the strands, the 

particular bands are numbered 

Cluster analyses 
Cluster analyses were conducted to investigate 
the similarity of solid wood, strands and OSB 
spectra, respectively, which are shown in 
Figure 1. Their FTIR ATR spectra revealed two 
main clusters (Figure 3a). One cluster represents 
raw material and intermediate wood product 
(solid wood, strands); the other maps the derived 
timber product (OSB). Both clusters are 
additionally split into two further sub-clusters in 
which on the one hand solid wood and strands, 
on the other hand overlay and intermediate layer 
are mapped separately. The heterogeneity 
between overlay and intermediate layer in the 
OSB is three times as high as the one between 
strands and solid wood. The homogeneity 
between strands and solid wood is furthermore 
visible in the direct linkage of one strand 
spectrum with a solid wood spectrum.  

The heterogeneity between overlay and 
intermediate layer is likely to be caused by the 
influence of the binder on the spectra of pure 
strands. Pure MUPF and PMDI show particular 
FTIR spectra. In the final product they affect the 
spectra of the strands by modifying band 
positions and absorbance units (Figures 1 and 
2a). This results in different FTIR spectra for the 
intermediate layer and the overlay in the OSB, 
depending on the type of binder used. These 
spectral differences are most likely the reason 
for the heterogeneity detected in the cluster 
analysis. 

The evaluation of the recorded FTIR ATR 
spectra of the overlay, intermediate layer, MUPF 
and PMDI with cluster analysis resulted in two 
main clusters (Figure 3b). One cluster was 
formed by OSB overlay, pure MUPF and OSB 
intermediate layer, the other by pure PMDI. The 
spectra of MUPF, overlay and intermediate layer 
seem to be more homogeneous among each 
other than to PMDI, although there is PMDI in 
the intermediate layer. The reason is probably 
that the spectrum of the overlay showed a 
significant influence of MUPF, whereas PMDI 
was hardly detectable in the intermediate layer. 
Thus, the spectrum of the intermediate layer is 
probably more similar to MUPF and overlay 
than to the PMDI spectrum.  
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Figure 3 Dendrogram for FTIR ATR spectra 

of solid wood, strands and binder (a) for a 

wavenumber range from 3728 to 1810 cm
-1

. The 

spectra are pre-treated with the first derivation and 

vector normalization. Figure (b) illustrates the 

dendrogram for OSB and binder for a wavenumber 

range from 3566 to 2764 cm
-1

. The spectra are pre-

treated with vector normalization 

Discussion 

Our aim was to illustrate the chain of OSB 
manufacturing with FTIR spectroscopy 
combined with cluster analysis and to detect 
influences of the production process on the 
chemical properties of the material involved.  

An influence of the cooking process on the FTIR 
spectra of strands was hardly notable. We 
detected a decrease in the absorbance units in 
band 15 (C-O in cellulose/ hemicelluloses, 
aromatic CH deformation, C=O stretch, C-O in 
primary alcohols) from solid wood to strands. A 
combination of water and high temperatures, as 
usual during the cooking of maxi chips, can 
cause a separation of the C-O bondage of 
polyoses. The result is an intermediate product, 
consisting of circulate carbon ions, which form 
monomers under consumption of water 

(Kollmann and Fengel 1965; Bourgois and 
Guyonnet 1988; Garrote et al. 1999). Heat 
treatment of wood can cause decomposition of 
hemicelluloses, which create new bonds 
(Neckermann and Wooding 1982). A 
depolymerisation of the thermal sensitive 
polyoses is eased by water and is possible at 
temperatures below 180°C (Sivonen et al. 2002; 
Garrote et al. 2001). These effects are perhaps 
the reason for the observed decrease of the 
absorbance units in band 15 (Figure 1).  

In contrast to cooking, changes in band positions 
and absorbance units of the final product were 
more obvious (bands 4, 5, 6, 7, 8, 15). An 
influence on the spectrum of the OSB can surely 
be seen in the pressing process. A decrease of 
the absorbance unit in band 15 was apparent in 
the spectra of the intermediate layer as well as in 
the overlay spectrum of the OSB. A separation 
of the C-O bondage of polyose residues could 
possibly be the reason for this result, as it might 
be the case for the strands’ spectrum.  

Furthermore, the decrease in the spectrum of the 
overlay is more obvious than in that of the 
intermediate layer. A reason for this might be 
differences in the temperatures inside the layer 
during pressing. Ohlmeyer (2002) described a 
distinct temperature rating scale of board layers 
after the pressing process. The overlay reaches 
almost the temperature of the hot plate, where 
200°C is possible. This is also accredited by 
Deppe and Ernst (2000). The temperature inside 
the intermediate layer is normally not higher 
than 100°C, because of a co-occurring vapour 
pressure (v. Haas 1998). Thus, a considerably 
higher separation of the C-O bondage of polyose 
devices could have been caused in the spectrum 
of the overlay compared to that of the 
intermediate layer. This might be the reason for 
the strong decrease of the absorbance units in 
band 15 for the overlay spectrum and only a 
weak decrease for the band of the intermediate 
layer. A further decrease in the absorbance units 
is visible in band 4 of the overlay spectrum. The 
high reactivity of the carbonyl groups could be a 
reason for this effect. A decomposition of C-O 
caused by hydrolysis of ketones or carbonyl 
groups during the cooking process of the maxi 
chips is possible. However, the spectra of strands 
and intermediate layer do not show a decrease in 
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their absorbance units, as it is visible in the 
spectrum of the overlay. Thus, the spectral 
difference in band 4 seems to be influenced by 
the higher temperature in the overlay during the 
pressing process than by other effects. It is 
presumed, that ketones and carbonyl groups 
create new compounds due to the heat effect and 
therefore the oscillation of C-O in band 4 is 
decreasing.  

In contrast to MUPF, PMDI was difficult to 
detect with FTIR spectroscopy. However, both 
substances have, in pure condition, a differing 
FTIR spectrum compared to wood. The reason is 
surely due to the lower content of PMDI mixed 
with the strands (5%), compared to the content 
of MUPF (12%). A further reason can be seen in 
the inhomogeneous distribution of binder in the 
intermediate layer. In each board, the strands in 
the overlay were pressed together very densely, 
whereas the intermediate layer areas did not 
show such a density. Some single FTIR spectra 
of the intermediate layer did not show any 
spectral differences compared to the spectra of 
strands. There was no binder detectable. This 
could have affected the average spectrum for the 
intermediate layer.  

The similarity of the ATR spectra of solid wood 
and strands was proven by cluster analysis 
(Figure 3a). Raw material and intermediate 
product showed a low heterogeneity in their 
spectra. We suggest a low influence of the 
chipping and cooking processes on the chemical 
properties, although the absorbance unit for 
strands in band 15 is a little decreasing. 
However, this influence is obviously not strong 
enough to separate the spectra in different 
clusters. In contrast to that, the OSB spectra are 
clearly distinguishable from the spectra of raw 
material and intermediate products. This is 
surely due to the pressing process and to the 
particular binder mixed with the strands. Both 
factors, pressing and binder, obviously have an 
influence on the chemical properties of the 
sample. The high spectral heterogeneity made it 
possible to separate the two types of binder into 
two sub-clusters.  

We showed that it is possible to detect changes 
in the spectra of beech raw material, 
intermediate and final products during OSB 

processing with FTIR spectroscopy combined 
with cluster analysis. This enabled us to unravel 
changes in the chemical composition occurring 
during the production process. 
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ABSTRACT 

NIR spectroscopy has been applied to many industrial processing operations. Applications to forest 
products’ processing are beginning and the potential has been shown for NIR to predict chemical, 
mechanical and physical properties, mostly in softwoods. In hardwoods, there is potential to use NIR to 
assess MC and density, extractive content and natural durability, and dimensional stability. The 
application of this potential to hardwood lumber manufacture could help optimize both the processing and 
utilization of the wood. However, there are challenges in applying NIR spectroscopy to hardwoods. 
Anatomical variation in hardwoods can influence measurements, as can surface preparation and the 
statistical methods used. The usefulness of NIR in hardwood processing will be affected both by the 
ability of NIR to make consistent and accurate predictions of the variables of interest, and by the level of 
precision required in the processing environment. 

Introduction 

Hardwood lumber manufacturing can be 
optimized if the variation in material properties 
can be measured in real time. Such 
measurements can allow the sorting of the 
lumber into more uniform groups, which can 
improve subsequent processing steps and can 
allow better use of the lumber when the 
properties of the material are matched to a 
specified end-use.  

A technology that has shown potential for the 
rapid assessment of material properties is near 
infrared (NIR) spectroscopy coupled with 
multivariate statistical techniques. In this paper 
we report on trials on applying NIR spectroscopy 
to hardwood lumber, specifically for predicting 
green moisture content and density, extractive 
content and natural durability, and dimensional 
stability. Some of the special challenges 
encountered are highlighted. The potential for 
improved prediction by the use of advanced 
statistical methods is also discussed. 

Near Infrared Spectroscopy 

NIR spectroscopy of wood involves measuring 
the surface diffuse reflectance of electromagnetic 
radiation between 700 to 2500 nm. The resulting 
spectra contain large amounts of correlated data. 
Visual interpretation of the spectra and standard 
multiple linear regression techniques are not 
suitable. Computerized statistical methods, such 
as principal components’ regression (PCR) or 
partial least squares’ regression (PLS), are used 
to find the most significant linear combinations 
(principal components - PCs) of the spectral data 
and to use only these components in regression 
equations. PCs are created such that the first PC 
accounts for the maximum variation in the 
original data, the second PC accounts for as 
much of the remaining variance as possible, and 
so on. Each PC is a linear combination of the 
original variables but, unlike the original data, 
the PCs are not correlated. In this way irrelevant 
and unstable information is discarded and only 
the most relevant part of the x-variation is used 
for regression (Næs et al. 2004). Models must 
first be calibrated using samples with 
known/measured parameters. Once the 
calibration models have been developed, 
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prediction of these parameters is possible with 
new samples using only the NIR spectra and the 
calibration models. 

NIR spectroscopy equipment is relatively 
inexpensive, with spectrometers available for as 
little as $3,000 USD. Suitable multivariate 
computerized statistical software is 
commercially available and is easy to use, e.g., 
Unscrambler, SAS, MATLAB, etc. The 
hardware is robust to industrial environments 
and spectral data can be collected and processed 
in fractions of a second, so the technology has 
the potential for on-line applications. NIR 
spectroscopy has been applied for many years in 
the food, pharmaceutical and petroleum 
processing industries. 

Most work using NIR spectroscopy to predict 
wood properties has been conducted with 
softwoods. Its potential for predicting physical, 
mechanical and chemical properties of wood has 
been the subject of reviews by So et al. (2004) 
and Shimleck and Workman (2004).  

MC and Density Prediction in Red Oak 

The opportunity 
Red oak (Quercus spp.) is a dense, ring-porous 
hardwood commonly used in eastern North 
America for cabinet, flooring and furniture 
materials. It must be dried slowly and carefully, 
with surface checking and honeycombing being 
major risks to wood quality. It may be possible 
to improve the drying of red oak by sorting 
lumber into different classes based on density or 
initial moisture content (MC). The objective of 
our work has been to assess the possibility of 
predicting green moisture content and basic 
density of red oak using NIR technology.  

NIR spectroscopy can be used to predict the MC 
and basic density of green red oak (Quercus 
spp.) wood (Defo et al. 2007). Briefly, small 
samples (32 mm long x 32 mm wide x 19 mm 
thick) were prepared from fresh-sawn lumber 
purchased from a sawmill in east Tennessee, 
USA. NIR spectra were collected from face, 
edge and ends of each sample. Measured MC 
and density data were correlated with spectra 
from 1000 to 2300 nm using projection to latent 
structures (PLS) models. PLS models were then 
validated using an independent test set.  

Good predictions were obtained using spectra 
collected from transverse or radial surfaces; with 
root mean square of errors of prediction 
(RMSEP) of less than 3.6% for MC and 
19.8 kg/m3 for basic density when using 
8 principal components. This suggests that NIR 
has the potential to be used for rapid in-line 
measurement of green MC and basic density of 
red oak lumber. This could allow in-line sorting 
of red oak lumber into moisture content classes, 
perhaps in combination with density sorting.  

Challenges 
In ongoing research on the application of NIR 
spectroscopy to the sorting (based on MC) of 
green red oak lumber, several challenges have 
been encountered.  

1. Grain orientation 

NIR models created using data collected from 
the various surface of the samples differ in their 
ability to make predictions of MC and density. 
For example, Figure 1 compares the performance 
of MC models created using spectra collected 
from the edge and face of the samples. The edge-
based models performed better. We suspect that 
this is due to anatomical variation within the 
growth ring. The face of the samples in this case 
corresponds to the tangential face. Red oak is a 
ring porous species, so there will be large 
differences in the density (and thus moisture 
content) within growth rings. Because NIR data 
is collected only from the surface, variations in 
which component of the growth ring is exposed 
on the surface (earlywood versus latewood) will 
impact the spectral information. 
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Figure 1 Validation set of NIR-based model 

predictions of the moisture content of green red oak 

samples. Edge samples were primarily the radial 

face, whereas the face samples were mostly 

tangential face in these flat sawn boards 
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2. Surface roughness 

Green lumber in sawmills has rough, irregular 
surfaces, while the samples used for our initial 
study were planed before scanning. Although 
previous work suggests that surface roughness 
has only a minor effect on NIR spectroscopy 
(Faix and Böttcher 1992; Hoffmeyer and 
Pedersen 1995), further work in our lab has 
shown that the rough-sawn edges of boards can 
be unsuitable for the use of NIR spectroscopy to 
predict moisture content.  

In our test, 60 boards were collected (random 
width, 2.43 m long, 2.5 cm thick) fresh from a 
local sawmill. The mill uses a band headrig and 
resaw, with circular saw blades in the edger and 
trimmer. The boards were wrapped to prevent 
drying and the edges scanned as quickly as 
possible after returning to the laboratory. Two 
moisture content samples were taken from each 
board. A calibration model was created, using 
the spectral data to predict MC. A smooth edge 
was then created on each board using a jointer, 
this edge was scanned and a new calibration 
model was created. The model based on the 
jointed-edge spectral data performed much better 
than the model based on the rough-edge spectral 
data (Figure 2). Multiplicative scattering 
correction (MSC) is an option in the statistical 
software that can assist in the analysis of 
irregular surfaces but it did not improve the 
performance of the rough-edge models in this 
case (data not shown). 
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Figure 2 Predictive ability of regression models 

using NIR data collected from the rough-sawn and 

jointed edges of the same red oak boards 

The difference between the rough and smooth 
edges could be due to uneven drying of the 
surface (although steps were taken to prevent 
drying) or the relatively rough surface 
characteristics of the sawn vs the jointer knife-
cut surface.  

3. Relationship between scanned surfaces and 

whole-piece properties 

The energy collected from samples in NIR 
spectroscopy is affected by the surface (only) of 
the sample. In order to be successful, the 
surfaces analyzed in NIR spectroscopy must be 
similar in properties to, or consistently correlated 
with, the properties of the sample as a whole. In 
previous work (Defo et al. 2007), the end 
surfaces of the relatively small samples used 
were suitable for creating effective NIR-based 
models for predicting the moisture content of the 
sample as a whole (Figure 3a).  
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Figure 3 Prediction of moisture content using 

NIR spectra collected from the end surfaces. Panel a 

is for small (32mm x 32mm X 18mm) samples 

prepared in the laboratory. Panel b used full-size 

boards directly from a sawmill 

In contrast, Figure 3b shows that when full-size 
boards collected fresh from a sawmill are used, 
the ends of the boards are not useful for creating 
such models. It could be that moisture content 
variation within the board is large enough that 
samples taken at two locations (i.e., each end) 
are not enough to cover the intra-board variation 
in such large boards. 

Alternatively, although care was taken in our 
experiment to prevent this, it could be that the 

a 

b 
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ends of the boards dried rapidly – and unevenly 
– after they were cut at the sawmill. Regardless 
of the explanation, this example, and the 
previous example,  point to the potential 
difficulties that can arise when the scanned 
surface is not representative of the whole sample 
property of interest. 

Natural durability prediction of a tropical 
hardwood 

The opportunity 
The natural durability of wood is related to its 
extractive content and some recent studies 
suggest that NIR can be used to predict 
extractive content and natural durability  (e.g., 
Geirlinger et al. 2002 & 2003).  There are, 
however, no published data on the ability of this 
technique to assess decay resistance of 
hardwoods or species with high natural 
durability. The ability to identify both low- and 
high-durability samples in a population of 
naturally durable samples would allow more 
rational use of these materials, for example, by 
using samples in the lower ranges of durability 
in non-soil contact (lower decay hazard).  

We have recently assessed the ability of NIR to 
predict both extractive content and resistance to 
fungal attack in tigerwood (Lovoa trichilioides) 
(Taylor et al., submitted). Briefly, samples of 
tigerwood were exposed to one of two decay 
fungi (Gloeophyllum trabeum, a brown rot and 
Trametes versicolor, a white rot). Mass loss from 
the samples was measured. Matched wood 
samples were ground to powder, scanned with a 
NIR spectrometer and the extractive content 
measured using standard wet chemistry methods. 

NIR spectra could be used to accurately predict 
the extractive content of tigerwood (Figure 4) 
and its resistance to attack by T.versicolor 
(Figure 5) suggesting that this technology has the 
potential to assist in selecting more durable 
boards and using them where decay hazards are 
greater.  
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Figure 4 The use of NIR spectroscopy to 

predict the extractive content of tigerwood 
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Figure 5 Predicting mass loss of tigerwood due 

to exposure to the wood decay fungi G.trabeum and 

T. versicolor. Results from calibration models shown 

Challenges 
Predictions of decay susceptibility based on NIR 
spectral data differed for the two fungi. The 
correlation between predicted and actual weight 
losses was poor for G. trabeum, where weight 
losses were very low (Figure 5). The predictive 
capability of NIR spectroscopy was better for T. 
versicolor, where weight losses ranged 
considerably and where such weight losses were 
correlated with the extractive content of the 
wood (Figure 6). These data suggest that it is 
difficult to predict decay resistance when the 
wood is highly resistant to the test fungus.  
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Figure 6 Relationship of extractive content of 

tigerwood samples to mass loss after exposure to two 

wood decay fungi 

For more aggressive fungi (T.versicolor in this 
case), variations in extractive content appear to 
play a role in determining the durability of wood. 
In these cases, a rapid, non-destructive method 
for estimating extractive content, such as NIR 
spectroscopy, may provide a useful means of 
predicting wood durability. However, the only 
moderately-strong relationship between 
extractive content and decay resistance seen here 
is typical of natural durability analyses (Taylor et 
al. 2002; Taylor et al. 2006). This highlights a 
potential limitation on NIR-based methods of 
property prediction: when the property of 
interest (decay susceptibility in this case) is not 
well correlated with some chemical property of 
the wood (extractive content in this case), NIR 
spectroscopy will be limited in its ability to 
make precise predictions. 

Prediction of dimensional stability of 
mahogany 

The opportunity 
Dimensional stability (tendency to shrink and 
swell) is an important property of hardwood 
lumber that is to be used in cabinets, furniture, 
musical instruments and other high-value 
applications. Because dimensional stability is 
influenced by wood density and extractive 
content, and because both of these parameters 
can be predicted using NIR spectroscopy, it is 
likely that NIR can be used to predict the 
swelling and shrinkage of wood. 

In our test, 70 boards of dry (MC ~10%) 
mahogany (Swietenia spp.) were obtained from 

an instrument maker. Large cubes (approx 5 cm) 
were cut from each board and scanned on the 
cross-sectional surface with a NIR spectrometer. 
The cubes were pressure impregnated with water 
and their swollen volume measured by 
displacement of water. The blocks were then 
oven-dried and their volume again measured by 
displacement. Total volumetric shrinkage was 
measured as the difference between swollen and 
oven-dry volumes.  

The NIR data could be used to predict shrinkage 
(Figure 7). This suggests that NIR spectroscopy 
could be used to detect and eliminate boards 
with extreme swelling potential or to match 
lumber with similar properties for laminating 
applications. 

 

Figure 7 The use of NIR spectroscopy for the 

prediction of total volumetric shrinkage of 

mahogany blocks. This model had an RMSEP of 

0.9% 

A further opportunity: The application of 

advanced statistical techniques 
NIR spectroscopy is based on the use of 
statistical methods that resolve the vast amounts 
of correlated data in the spectra into a few, 
independent variables that can be used for linear 
regression models. Examples of these methods 
include well-established techniques such as 
Partial Least Squares (or Projection to Latent 
Structures) and Principal Components 
Regression. Despite the successful application of 
these tools in many cases, new methods are also 
being developed that can in some cases offer 
superior performance. For example, Kernel 
Partial Least Squares (KPLS) is a nonlinear 
version of PLS that can deal with nonlinear 
variations in data. Wavelet transformation is an 
alternative method for resolving spectral data. 

161



We have compared traditional PLS models with 
the application of wavelet transformation and 
kernel PLS modeling to predict the dimensional 
stability of mahogany. The wavelet/kernel 
method provided superior performance 
(Figure 8).  

 

Figure 8 Prediction of total volumetric 

shrinkage of mahogany blocks. This model had an 

RMSEP of 0.7% 

The level of prediction accuracy and precision 
that is required from NIR spectroscopy will vary 
with the application. In some cases, advanced 
statistical methods may provide increased 
modeling performance that will make NIR 
spectroscopy a practical lumber manufacturing 
optimization tool. 

Conclusion 

NIR spectral data collected from wood surfaces, 
combined with multivariate statistical methods, 
can be used for predicting wood properties, 
including green moisture content and density, 
extractive content and natural durability, and 
dimensional stability. Predicting these properties 
in hardwood manufacturing could help to 
optimize the processing and use of the lumber. 
Challenges to the successful application of NIR 
in wood processing include anatomical 
variations within the lumber, lack of correlation 
between surface and whole-sample properties, 
and the inherent unpredictability of some wood 
properties. The usefulness of NIR spectroscopy 
as a hardwood lumber optimization tool will be 
determined by the ability of NIR-based models 
to make accurate and consistent predictions and 
by the requirements for precision in the 
application. Emerging statistical methods may 

help to make NIR spectroscopy a more useful 
tool. 
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ABSTRACT 

Machine strength grading has traditionally been focused on softwoods. With the introduction of many 

'new' (hard)wood species from around the world on the market, especially from sustainable managed 

forests, there is a need for strength grading of 'unknown' species and assigning them into strength classes. 

In this project, over 1500 beams from 30 different species covering the whole range of strength, stiffness 

and density profiles have been tested using both non-destructive and destructive testing techniques. The 

dataset was used to develop a species independent strength grading model in order to classify timber 

without the need for extensive and expensive laboratory testing. Since optimization of the yield of a 

hardwood species with visual grading is hardly possible, non-destructive measurements on hardwood 

allows it to be assigned to higher strength classes, greatly improving the yield. The species independent 

grading model is applicable for both tropical and European hardwood species. 

Introduction 

To use timber in structures two steps have to be 

taken. The first step is to grade the timber. This 

means that beams from a timber species that 

fulfil some predefined visual or machine 

measured characteristics are assigned (graded) 

into an accompanying strength class for use in 

practice. The second step is to use the design 

values of the mechanical properties of that 

strength class to calculate the resistance of the 

timber structure with design rules that are laid 

down in standards. 

However, the present grading rules and design 

rules are mainly based on softwood, with the 

implicit assumption that these are also valid for 

hardwood. For the grading of (tropical) 

hardwood the problem is that there are very few 

distinct visual characteristics such as knots. This 

means that only one visual grade for a hardwood 

species can be derived. Secondly, the correlation 

with the modulus of elasticity and the bending 

strength is not as clear for individual hardwood 

species as it is for softwood species. In this paper 

an approach for machine grading of (tropical) 

hardwood timber is presented. 

The aspects on grading and design of hardwood 

are relevant because presently many unknown 

timber species are being introduced into the 

market as a result of the demand for timber from 

forests that are managed in a sustainable, 

environmentally friendly manner. To make 

economic use of them, grading and design has to 

be accurate. 

Strength grading of softwood and hardwood 

General aspects of strength grading 
For the design of timber structures the strength 

properties of the species that is used have to be 

known and to determine these properties a 

representative sample of the timber species has 

to be tested. Based on the tested sample, beams 

of a timber species that fulfil the requirements 

for the characteristics can be assigned to a 

strength class. 

A basic principle is that the strength class can be 

determined by three main properties: bending 

strength, modulus of elasticity (MOE) and 

density. For bending strength and density the 

5%-lower fractile has to be determined and for 

MOE the mean value. In the next two sections 

the differences between grading for softwood 

and (tropical) hardwood timber will be 

highlighted. 
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Differences in strength grading for softwood 

and hardwood 
For visual strength grading, characteristics such 

as knot size, knot ratio and grain deviation are 

the main parameters. The limit values for these 

characteristics are laid down in grades, published 

in standards. A grade of a timber species can be 

connected to a strength class. For machine 

grading, parameters such as MOE and density 

are generally used, sometimes based on or 

extended with X-ray profiles. The grading 

parameters are used to predict the strength 

properties of the beams. After grading, not more 

than 5% of the beams may incorrectly be graded 

too high. 

In softwood, knots are clearly visible and this is 

used to grade beams from a softwood species in 

more than one grade. However, the correlation of 

MOE with the bending strength is more accurate 

than the correlation of the knot ratio with the 

bending strength. As a result, using MOE as a 

grading property makes it possible to grade 

beams in a higher strength class. This property is 

often used in machine grading, where MOE is 

determined either by leading the beams through 

a bending machine or by means of a longitudinal 

stress wave analysis. 

In contradiction with softwood, it is not possible 

to distinguish more than one economic 

interesting grade based on both knot ratio and 

MOE. For knot ratio this can be explained by the 

fact that most tropical hardwood species have no 

clear visual characteristics such as knots. 

Previous research has shown that there is no 

profit in using MOE as a grading criterion for 

tropical hardwoods since no more than one class 

can be distinguished. However, this is detected 

when hardwood species are observed on an 

individual basis. During this research the 

question arose if it is necessary to observe every 

hardwood species individually. In this research 

project we studied what the effect is on the 

prediction of the bending strength for individual 

hardwood species having little distinct visual 

characteristics, when the material properties of 

these species are regarded as coming from one 

population. The reason for this approach is that a 

timber species is defined only by its distinct 

botanical characteristics and the assumption is 

that judging the whole population of timber on 

material properties such as knots, density and 

stiffness, will give better strength predictions to 

subpopulations or species-combinations. 

In Europe a division is made in strength classes 

for softwoods (C-classes) and hardwoods 

(D-classes). The lowest qualities of hardwoods 

have too low values for D-classes. Until further 

classes are developed, they are assigned to 

C-classes. 

Experimental research on grading of (tropical) 
hardwood species  

Scope of the research  
The research had the following goals: 

• For use with visual grading: determine the 

strength classes of hardwood species new on the 

market.  

• For machine grading: develop a method to 

grade beams of (tropical) hardwood with little 

visual distinctions, in more than one strength 

class, when they are machine graded. And when 

this question could be answered positively, also 

a practical solution for machine grading of 

hardwoods was demanded. 

To achieve the research goals, several testing 

program with many destructive and non-

destructive tests were performed.  

Test program and methods  
The test program covered a great number of 

timber species, for which bending strength, 

MOE and density were determined. The species 

were selected in such a way that the expected 

values of the material properties would cover the 

relevant range of values for timber. Over several 

years a large number of timber species were 

tested (Van de Kuilen and Ravenhorst 2001).The 

timber species that were tested in these research 

programs are listed in Table 1. The goal for the 

separate research programs was to determine the 

strength class of the tested timber species. 

Besides the species mentioned in Table 1 a test 

sample of the species azobé was also 

incorporated in the analysis part of the research. 

The species azobe (lophira alata) was already 

investigated in previous research (Van de Kuilen 

and Blass 2005).  
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From all timber species, samples were taken 

with a minimum of 40 test pieces. The test 

pieces were beams with dimensions that are used 

in construction, for example 50 x 150 mm
2
.  

For every test piece the following data was 

established: 

• Visual characteristics: knot sizes, grain angle 

and other imperfections 

• The mass of the test piece 

• The moisture content measured with an 

electronic moisture meter 

• The moisture content derived with the oven 

dry method 

• The MOE determined through measurement 

with the Timber Grader MTG (dynamic modulus 

of elasticity Edyn). See section “practical 

application for hardwood grading with the 

Timber Grader MTG” for an explanation of this 

device 

• The MOE determined through a 4-point-

bending test according to EN 408 (static 

modulus of elasticity Estat) 

• The bending strength determined through a 

4-point-bending test according to EN 408. 

The test values were adjusted to the reference 

conditions according to European and Dutch 

standards. 

The test program was divided into 2 groups: 

• Tropical hardwoods 

• European hardwoods. 

Results for tropical hardwoods 
The test results according to EN 408 are 

presented in Table 1. The average bending 

strength, the coefficient of variation of the 

bending strength, the mean static MOE and the 

mean density are given. All data has been 

adjusted to the reference conditions at a moisture 

content of 12%.  

Table 1 Results of test according to EN 384 and EN 

408 for tropical hardwoods 

Species Origin Mean MoR 

(N/mm
2
) 

COV-MoR Mean Static MoE 

(N/mm
2
) 

Mean Density 

kg/m
3
) 

Angelim vermelho Brazil 82.9 0.21 16816 1045 

Bangkirai Indonesia 96.3 0.23 20851 930 

Basralocus Surinam 70.5 0.33 21484 725 

Cumaru Brazil 115.5 0.21 20710 1017 

Denya Ghana 84.2 0.16 17727 947 

Karri (South-Africa) South-Africa 77.4 0.20 19302 706 

Massaranduba Brazil 124.5 0.14 24796 1034 

Nargusta Bolivia 77.7 0.22 18349 723 

Piquia Brazil 76.6 0.22 21018 792 

Vitex Solomon islands 69.8 0.19 16339 731 

  

A species independent grading model  

Correlations between destructive and non-

destructive measurements 
The correlations between non-destructive 

measurements and the bending strength (and 

MOE) according to the standardized laboratory 

methods were studied. Test results from the 

timber species were studied as an individual 

species being a population and as all timber 

species together being a population (Ravenshorst 

et al. 2004). 

According to the expectations formulated 

previously, the analysis showed that it is not 

possible to make reliable predicting models for 

all hardwood pieces individually, contrary to 

softwood species such as pine and spruce. An 

example is given in Figure 1 for the hardwood 

species Karri. What can be seen is that the range 

of the bending strength values of this individual 

hardwood species does not start close to zero 

(this in contrast to softwood species, whereas the 

minimum strength values for the bending 

strength are very close to zero). Furthermore, the 

Figure shows poor correlation between the MOE 

and the bending strength. A possible explanation 

could be that test samples from individual 

species do not have enough clear distinct 

characteristics to regard them as a specific 

subpopulation. The division in botanical species 

does not seem to be the appropriate way to 

determine the strength predicting phenomena. 
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Figure 1 Test results for Karri and for all 

hardwood species together of the destructive 

bending strength according to EN 408 plotted 

against the dynamic modulus of elasticity 
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When the hardwood species are not considered 

as individual populations, but are merged 

together to form one large population “timber”, 

it shows that there are good correlations between 

non-destructive measured properties and the 

bending strength. These correlations apply to the 

entire range of values of the bending strength, as 

shown in Figure 1. Then the data of the species 

Karri fit into the entire data set values of the 

population. In that case there is a prediction line 

that gives reliable predictions that can be used 

for optimisation.  

The main conclusion is that the bending strength 

of hardwood timber can be predicted for a 

specific timber species, when the behaviour of 

the material properties of the entire population of 

“timber” is taken into account. This opens the 

possibility of making models for hardwood 

timber that can predict the bending strength of 

beams of hardwood species with the required 

reliability. With these predictions hardwood 

beams can be classified into more than one 

strength class in an economic way when they are 

machine graded. 

The best predicting model for the bending 

strength turns out to be a model where the 

predicting material properties are the dynamic 

MOE and the density. A correlation coefficient r 

= 0.82 can then be achieved. The static modulus 

of elasticity has a strong correlation with the 

dynamic modulus of elasticity. For these 

properties a correlation coefficient of r = 0.85 

was found. 
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Figure 2 Comparison of grading yields for 

(machine) species independent grading with visual 

grading 

Grading yields for tropical hardwoods 
With the species independent grading model, 

settings were derived to grade individual beams 

in D-classes (C-classes below D30). These were 

compared with the grading results for visual 

grading. With visual grading all the beams of 

one species have the same strength class because 

there is no visual distinction to be made among 

them. With the (machine) grading model, 

individual beams within one species can be 

assigned to different strength classes 

(Ravenshorst et al. 2005). 

Figure 2 shows that with the species independent 

grading model based on non-destructive 

measurements the yields are much higher than 

with visual grading. More than 50% of the 

beams are assigned to a higher strength class 

than with visual grading. 

Application of the models for European oak 
and chestnut 

European oak 
European oak was sampled from Poland, France 

and Germany. The same test program for 

destructive and non-destructive tests was 

followed as for the tropical hardwoods. The 

results are shown in Table 2. 

European chestnut 
European chestnut was sampled from Italy. The 

same test program for destructive and non-

destructive tests was followed as for the tropical 

hardwoods. The results are shown in Table 3. 

Table 2 Results of test according to EN 384 and EN 

408 for European oak 

Species Origin Mean MoR 

(N/mm
2
) 

COV-MoR Mean Static MoE 

(N/mm
2
) 

Mean Density 

kg/m
3
) 

European oak, Poland Poland 51.2 0.16 11596 616 

European oak, 

Middle- and Central 
Europe  

France and Germany 45.6 0.30 10358 684 

  

Table 3 Results of test according to EN 384 and EN 

408 for Italian chestnut 

Species Origin Mean 

MoR 

(N/mm
2
) 

COV-

MoR 

Mean Static 

MoE 

(N/mm
2
) 

Mean 

Density 

kg/m
3
) 

Chestnut Italy 54.9 0.26 12790 587 

  

Model predictions for oak and chestnut 
The beams of European oak and chestnut were 

also predicted with the species independent 

grading model. The results are shown in 

Figure 3. 
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Figure 3 also shows that the strength of oak and 

chestnut is lower than for most tropical 

hardwoods, but that it is possible to make 

predicting models that include both tropical and 

European hardwoods. 

With visual grading it is not possible to grade 

beams above D30. Using the species 

independent grading model based on non-

destructive measurements, it is possible to grade 

30% of the amount of the beams in D35. 
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Figure 3 Predicted bending strengths for 

oak and chestnut plotted in the entire population of 

hardwoods 

Practical application for grading of individual 
hardwood beams with the Timber Grader MTG 

It was explained that hardwood beams can be 

machine graded, without the need for very large 

populations tested as is generally done for 

softwoods and in-line strength grading machines. 

For the relatively small amounts and many 

different sizes of hardwoods that enter the 

market today, practical and economic reasons 

prevent in-line grading machines from being 

used for hardwoods. That is why TNO has 

developed the Timber Grader MTG in 

cooperation with Brookhuis Micro Electronics. 

At present, this device has a European approval 

according to EN 14081-4 for Northern and 

Middle-European spruce. 

The Timber Grader MTG is a handheld grading 

machine as shown in Figure 4, based on the 

principle of frequency response. The stress 

waves are introduced with an integrated 

automatic hammer and measured with an 

integrated sensor. This makes it an easy-to-use 

device. The results are stored on a notebook with 

a bluetooth connection to the handheld. Only a 

visual override for abnormal growth disturbances 

is necessary. The Timber Grader MTG can also 

be used for softwood for small companies for 

whom in-lines machines are too expensive. 

 

Figure 4 The Timber Grader MTG. An 

automatic hammer and sensor are integrated in the 

front that is placed on the end of the timber beam 

Conclusions 

It is possible to determine a common ground on 

which hardwood beams can be strength graded 

based on non-destructive measurements. 

Hardwood is characterized by few visual defects 

but it should be possible to grade hardwoods in 

more than one strength class when they are 

machine graded. On the basis of the different 

species tested, a species independent strength 

grading model was developed. When hardwood 

species are not considered as individual 

populations, but are merged together to form one 

large population “timber”, it shows that there are 

good correlations between non-destructive 

measured properties and the bending strength. 

The model is programmed into a simple 

handheld machine that can be used under 

difficult circumstances in sawmills. Even in 

remote areas, hardwood timber can be machine 

graded into strength classes as used in the 

Pacific, North America and Europe, improving 

their opportunities to sell timber to these high-

end markets. The aspects on grading and design 

of hardwood are relevant because presently 

many unknown timber species are introduced on 

the market as a result of the demand for timber 

from forests that are managed in a sustainable, 

environmentally friendly manner. 
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ABSTRACT 

Variation in sawmill processes reduces the financial benefit of converting logs into lumber. Lumber is 
intentionally over-sized during manufacture to allow for sawing variation, shrinkage from drying and final 
surfacing. The over-sizing of lumber due to sawing variation requires higher operating targets and leads to 
sub-optimal fiber recovery.  

For more than three decades, competitive global businesses’ strategies have involved the use of statistical 
methods to reduce variation, improve quality and lower costs as a means to ensure competitiveness. Given 
the current and future economic pressures faced by the hardwood lumber industry, sawmills of the future 
need to consider the use of statistical methods to maximize fiber recovery. 

In this study, a real-time statistical process control (SPC) system was developed and implemented for 
green lumber thickness measurement. The system relied on calipers with wireless transmitters for the 
measurement of lumber thickness. These measurements were instantaneously displayed using control 
charts and histograms on PC monitors at the sawing stations and in management offices. Target size 
reductions occurred at each sawmill and ranged from 0.030” (inches) to 0.120” for 4/4 (4-quarter) green 
hardwood lumber. Lumber recovery increased at all sawmills, ranging from 0.2 percent to 1.6 percent. 

Introduction 

Lumber is intentionally over-sized to allow for 
sawing variation, final surfacing and drying 
shrinkage. The amount of material removed from 
rough-cut lumber depends on the variation due to 
surface roughness and size variability caused by 
differential shrinkage during drying (Young and 
Winistorfer 1998, 1999). Brown’s (1982) model 
of this relationship was: 

( )
(1 /100)

score t

h

F P
T z s

s

+
= + ×

−
 [1] 

where, T =  target thickness of lumber, 
 F = final dried lumber thickness, 
 P = planer thickness allowance, 
 sh = drying percent shrinkage, 
 st = thickness standard deviation of 

green lumber,  

 z = z-score for the lower α/2 
percentage of the standard normal 
distribution. 

Even though Brown (1982) noted limitations of 
his non-probabilistic equation [1], the general 
principle of the equation holds, i.e., greater 
thickness variation during sawing (st) requires 
higher target sizes. The over-sizing of lumber 
during the sawing process leads to financial 
losses and impairs an organization’s 
competitiveness. Wengert (1993) and Brown 
(1997) have suggested that the over-sizing of 
rough sawn lumber can lead to losses of $50,000 
to $250,000 per year. 

The hardwood lumber industry has noted the 
importance of thickness variation and target 
sizes as indicated by their response to a National 
Hardwood Lumber Association survey (NHLA 
1995). Out of 19 research needs cited in the 
NHLA study summary, statistical process 
control technology development was ranked as 
the 6th most important. 

Traditional quality control programs in the 
lumber industry vary greatly and are focused on 
the business strategies of sawmills. One quality 
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control function that all sawmills have in 
common is the grading of lumber, which is based 
on standardized criteria to ensure accuracy and 
consistency (Brown 1982; Williston 1988). The 
grading of lumber does not ensure improvement 
of the lumber manufacturing process and is not 
intended to address reducing thickness variation 
and target sizes. However, excessive lumber 
thickness variation may also reduce the grade of 
lumber, e.g., when thin edges are below lower 
thickness specifications (NHLA 2003).  

Continuous improvement of manufacturing 
processes is based on using statistical methods to 
quantify natural variation. Natural variation is 
typically attributable to factors such as raw 
material, equipment, work methods, 
measurement and people (Ishikawa 1976). 
Quantifying natural variation is considered to be 
the basis of continuous improvement (Shewhart 
1931; Deming 1986, 1993). After natural 
variation is quantified, the first step towards 
variation reduction is the prevention of 
assignable causes that lead to special-cause 
variation. In a sawmill this can include excessive 
over-feed on dull saws, elimination of cants that 
are not square, elimination of variation at shift 
change and saw change, elimination of product 
setup variation, etc. Long-term variation 
reduction comes from improvements to the 
manufacturing system, e.g., change to better 
band saw technology, more consistent speed of 
the head-rig carriage, long-term mechanical 
improvements, etc. Young (1997) believes that 
process improvement cannot be initiated without 
first quantifying variation.  

Others have studied applications of SPC to 
sawmill operations (Brown 1982; Brown and 
Page 1994; Cassens et al. 1994; Copithorne et al. 
1994; Leicester 1994; Brown 1997). Previous 
studies advanced the application of SPC to 
improve sawmill processes, but the studies 
focused more on post-processing measurements, 
and did not address the use of real-time SPC in 
sawmill operations to reduce variation at the 
time the product is manufactured. 

Methods 

Case Study Sites 
The study was conducted from January 1999 to 
May 2004 and involved four hardwood sawmills 
located in Mississippi, Tennessee and West 
Virginia. The resaw was the predominant sawing 
center sampled at the participating sawmills and 
is the focal point of comparison. The 
predominant lumber sampled was 4/4, which 
reflected the production and order file of the 
participating sawmills.  

Comparisons of the descriptive statistics were 
made for the “first six-months” and the “last six-
months” of the study. Justification for this 
categorization by six-month time interval was 
that during the first six-month time period, visits 
by research staff to the sawmills were made once 
a month or once every two months to conduct 
training and facilitate the use of the real-time 
statistical process control system. After six 
months, training and visits ceased.  

Statistical Process Control (SPC) 
The primary tool of SPC is the Shewhart control 
chart. The Shewhart control chart quantifies 
variation as either special-cause or common-
cause (natural) variation. The control limits on 
control charts quantify variation as that inherent 
to the process (natural variation data inside the 
control limits), or variation caused by an event or 
assignable-cause (special-cause variation data 
located outside the control limits). Data outside 
the control limits are also referred to as “out of 
control” points.  

The study documented the change in sawyer 
operating targets when sawyers are presented 
with real-time thickness data in the form of 
control charts. Most sawyers have an anecdotal 
knowledge of historical lumber thickness 
averages and variation, i.e., thickness 
measurements are made infrequently for setup at 
saw change, shift change, production reporting 
from last shift, or as a reaction to extreme 
variation. As saws wear from continuous sawing, 
the sawyer may experience greater saw 
deflection at a constant carriage speed (i.e., 
increased within-board variation). Sawyers are 
reluctant to slow carriage speed and tend to over-
size lumber thickness given their imperfect 
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knowledge of real-time lumber thickness at the 
time of sawing. Over-sizing lumber is a costly 
“hedge” and is not competitive as a long-term 
business strategy.  

Real-time SPC System 
The real-time SPC system utilized the 
fundamentals of control charting, wireless 
calipers for measurement, and human machine 
interface technology. The system was unique in 
that the real-time lumber thickness 
measurements were taken for each sawing center 
and distributed throughout the sawmill in the 
context of real-time SPC.  

The real-time SPC system was displayed at the 
sampling stations, resaw, headrig, gangsaw, 
supervisor’s office, saw-filing room and 
management offices (Figure 1).  

 

 

Figure 1 Board sampling station at sawmill B; 

resaw display at sawmill C 

An example of one real-time SPC display 
window used in this study is presented in Figure 
2. System features included color-coded alarms 
for “out of control points”, “assignable-cause” 
tracking, and “corrective action” storage. Pareto 
charts displayed sources of special-cause 
variation by species, product and sawing center. 
The system included histograms of lumber 

thickness in the context of specification limits 
for real-time capability analysis.  

 

Figure 2 Real-time SPC thickness display for 

six boards at resaw for sawmill C 

System Architecture 
Lumber thickness measurements were taken 
manually with a digital caliper and a wireless 
transmitter. The data were received by 4-channel 
receivers with RS-232 connectivity to a PC 
server. The wireless caliper transmitted data up 
to 125 feet.  

The system architecture consisted of a Dell PC 

Server with a Windows 2000 Server OS and 

Wonderware InTouch 8.0 SPCPro. The 
headrig, resaw, gangsaw and sampling stations 
had “view-only” PC monitors that were 
connected to the PC server. The saw-filing room 
had a PC Client with LAN connectivity to a 
server. This enabled full access to all of the 
features of the system.  

Board Measurements and Stratified Random 

Sampling Scheme  
Sampling stations were developed near the 
sawing centers. Sampling stations were designed 
to maximize safety and be ergonomically 
friendly, i.e., boards were removed from 
conveyors without lifting. Ten measurements 
were taken on each piece of lumber (representing 
a sample). Five measurements were equidistantly 
dispersed along each board edge and were 
approximately 12 inches apart. All 
measurements were taken in the same sequence 
to enhance the ability to detect patterns in 
lumber thickness variation.  

Recommended board sampling plans were 
initially developed using a stratified random 
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sampling scheme. Pre-studies were conducted at 
each sawmill to derive initial estimates of 
average thickness and variance required for the 
stratified random sampling plans. The strata of 
the sampling plans were species, thickness and 
sawing center. Schemes were developed for each 
case study sawmill using an acceptable level of 
confidence and error on the average lumber 
thickness estimate. However, participating 
sawmills selected stratified random sampling 
plans that were deemed most affordable and 
practical given their production schedules and 
customer order file (Table 1; see Deming, 1950, 
1986, 1993). Deviations from the recommended 
sampling plans occurred throughout the 12-
month studies of the sawmills given changes in 
market conditions and order file. 

Table 1 Descriptive statistics for 4/4 lumber 

for the resaw by mill, by species 

 

Mill A First Six-Month Period Second Six-Month Period 

 
4/4 Lumber 

 
n 

Average 

x  

Median 
(M) 

Avg. Std. 

Dev. ( )s  

 
CV 

 
n 

Average 

x  

Median 
(M) 

Avg. Std. 

Dev. ( )s  

 
CV 

Liriodendron 

tulipifera 966 
 
1.112” 

 
1.114” 

 
0.046” 

 
4.1% 

 
977 

 
1.116” 

 
1.116” 

 
0.033” 

 
3.0% 

Quercus rubra 1291 1.123” 1.121” 0.040” 3.6% 1217 1.123” 1.108” 0.032” 2.8% 

Quercus alba 885 1.112” 1.113” 0.040” 3.6% 1035 1.119” 1.121” 0.033” 2.9% 

   

Mill B First Six-Month Period Second Six-Month Period 

 
4/4 Lumber 

 
n 

Average 

x  

Median 
(M) 

Avg. Std. 

Dev. ( )s  

 
CV 

 
n 

Average 

x  

Median 
(M) 

Avg. Std. 

Dev. ( )s  

 
CV 

Fraxinus 

caroliniana 2868 
 
1.133” 

 
1.133” 

 
0.035” 

 
3.1% 

 
3035 

 
1.125” 

 
1.126” 

 
0.032” 

2.8% 

Populus deltoides 3531 1.127” 1.134” 0.044” 3.9% 769 1.136” 1.132” 0.029” 2.6% 
Carya illinoensis 1967 1.140” 1.140” 0.040” 3.5% 1352 1.151” 1.251” 0.032” 2.7% 
Quercus falcata 577 1.131” 1.135” 0.044” 3.9% 5658 1.117” 1.119” 0.036” 3.2% 
Quercus alba 2010 1.134” 1.134” 0.037” 3.3% 637 1.130” 1.126” 0.031” 2.7% 

   

Mill C First Six-Month Period Second Six-Month Period 

 
4/4 Lumber 

 
n 

Average 

x  

Median 
(M) 

Avg. Std. 

Dev. ( )s  

 
CV 

 
n 

Average 

x  

Median 
(M) 

Avg. Std. 

Dev. ( )s  

 
CV 

Fraxinus 
caroliniana 1048 

 
1.142” 

 
1.143” 

 
0.028” 

 
2.5% 

 
1508 

 
1.098” 

 
1.099” 

 
0.040” 

3.6% 

Populus deltoides 1024 1.169” 1.172” 0.027” 2.3% 2058 1.149” 1.151” 0.028” 2.4% 

Carya illinoensis 309 1.164” 1.171” 0.031” 2.6% 1053 1.165” 1.165” 0.036” 3.1% 

   

Mill D First Six-Month Period Second Six-Month Period 

 
4/4 Lumber 

 
n 

Average 

x  

Median 
(M) 

Avg. Std. 

Dev. ( )s  

 
CV 

 
n 

Average 

x  

Median 
(M) 

Avg. Std. 

Dev. ( )s  

 
CV 

Fraxinus 

caroliniana 390 
 
1.127” 

 
1.126” 

 
0.023” 

 
2.0% 

 
320 

 
1.124” 

 
1.127” 

 
0.028” 

2.5% 

Prunus serotina 809 1.116” 1.115” 0.029” 2.6% 150 1.115” 1.113” 0.027” 2.4% 

Acer saccharum 1154 1.129” 1.126” 0.033” 2.9% 530 1.125” 1.122” 0.033” 2.9% 

Populus deltoides 5939 1.120” 1.123” 0.027” 2.7% 3848 1.121” 1.124” 0.024” 2.4% 

Quercus rubra 7089 1.119” 1.121” 0.024” 2.1% 2258 1.122” 1.125” 0.023” 2.0% 

Acer rubrurm 979 1.126” 1.123” 0.033” 2.9% 953 1.116” 1.115” 0.027” 2.4% 

Quercus alba 2188 1.131” 1.128” 0.035” 3.1% 2262 1.126” 1.125” 0.029” 2.6%  

Reporting System in Access/SQL 2000
©
 

A reporting system was developed in MS Access 
2000 using the MS SQL 2000 database 
architecture of InTouch 8.0 SPCPro. The 
reporting system featured daily, weekly and 
monthly reports by shift, species, thickness and 
sawing center. A graphical user interface was 
developed in the reporting system that allowed 
the user to easily query the system (Table 2).  

Table 2 Daily summary report for resaw, red 

oak, 4/4 lumber 

       

Sawing Center 
Product 

Day Average Std. Dev. Min Max Count 

Resaw       
 REDOAK44 05/29/2003 1.135 0.019 1.059 1.197 610 

 05/30/2003 1.117 0.018 1.051 1.150 150 

 06/02/2003 1.122 0.025 0.967 1.628 1765 

 06/03/2003 1.118 0.017 1.068 1.159 80 

 06/10/2003 1.115 0.022 1.005 1.174 1229 

 06/11/2003 1.119 0.025 0.957 1.388 2627 

 06/12/2003 1.118 0.024 0.960 1.270 2729 

 06/19/2003 1.122 0.023 1.017 1.213 1460 

 06/20/2003 1.124 0.017 1.056 1.165 500 

 06/23/2003 1.119 0.014 1.084 1.156 260 

Shift 1 (Day)       

Saw Center Products Average Std.Dev. Min Max Count 
Resaw ASH44 1.124 0.024 0.982 1.183 700 
Resaw HARDMAPLE44 1.139 0.025 0.933 1.214 740 
Resaw SOFTMAPLE44 1.136 0.022 1.020 1.222 839 
Shift 2 (Night)       

Saw Center Products Average Std.Dev. Min Max Count 
Gang1 ASH44 1.089 0.072 0.855 1.141 30 
Headrig ASH44 1.389 0.017 1.368 1.402 5 
Gang1 BASSWOOD54 1.386 0.062 1.258 1.558 60 
Headrig BASSWOOD54 1.394 0.025 1.337 1.454 46 
Resaw BASSWOOD54 1.380 0.024 1.281 1.444 90 
Gang1 SOFTMAPLE44 1.113 0.021 1.079 1.154 10 
Resaw SOFTMAPLE44 1.121 0.019 1.059 1.164 70 
Gang1 SOFTMAPLECANT 3.510 0.237 2.596 3.622 17 

  

Results 

Effect of Real-time SPC on 4/4 Lumber 

Thickness Variation at the Resaw 
For the sake of meaningful comparisons and 
conciseness the results that follow are presented 
in the context of 4/4 lumber sampled from the 
resaw.  

Sawmill A The coefficient of variation (CV) 
declined for the three predominant species 
manufactured (Table 1). The CV for poplar 
(Liriodendron tulipifera) declined from 4.1% to 
3.0% between the first and last six-month time 
periods. The CV for red oak (Quercus spp.) 
declined from 3.6% to 2.8% between the first 
and last six-month time periods. The CV for 
white oak (Quercus spp.) declined from 3.6% to 
2.9% between the first and last six-month time 
periods.  

For the most common product (4/4 red oak), 

there was statistical evidence (α < 0.05) that 
both the means and medians were smaller at the 
end of the 12-month study period. There was 
strong statistical evidence that the variation of 
4/4 red oak as measured by the sample standard 
deviation (derived from the sample variance) 
was smaller in the last six months of the study 
period.  

Sawmill A had no prior experience using SPC in 
sawmill operations. Experienced sawyers 
indicated they had historically over-sized lumber 
due to inadequate knowledge of real-time 
thickness variation. 
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Sawmill B The CV declined for all species 
sampled (Table 1). The CV for poplar (Populus 
spp.) declined substantially from 3.9% to 2.6% 
between the first and last six-month time 
periods. The CV for white ash (Fraxinus spp.) 
declined from 3.1% to 2.8% between the first 
and last six-month time periods. The CV for 
white oak declined from 3.3% to 2.7% between 
the first and last six-month time periods.  

Sawmill C The CV increased for all species 
sampled (Table 1). The CV for poplar increased 
slightly from 2.3% to 2.4% between the first and 
last six-month time periods. The CV for white 
ash increased from 2.5% to 3.6% between the 
first and last six-month time periods. The CV for 
pecan (Carya spp.) increased from 2.6% to 3.1% 
between the first and last six-month time 
periods. The increase in CV at this sawmill was 
unexpected but upon review of the statistics, the 
average had significant reductions for all species. 
The standard deviation had a significant increase 
for one species and slight increases for the other 
two species studied. This explains the increase in 
CV between the two time periods.  

For the most common product (4/4 poplar), there 

was statistical evidence (α < 0.05) that both the 
means and medians were smaller at the end of 
the 12-month study period. The increase in CV 
previously mentioned may be the result of a 
smaller average with a somewhat constant 
standard deviation which may still be considered 
a positive outcome of the study for two species, 
i.e., analysis of any one statistic by itself may be 
misleading. 

Sawmill D The CV declined for two of the 
predominantly manufactured species (Table 1). 
The CV for poplar declined from 2.7% to 2.4% 
between the first-six and last six-month time 
periods. The CV for white oak declined from 
3.1% to 2.6% between the first six-month and 
last six-month time periods. The CV for red oak 
was approximately unchanged from 2.1% to 
2.0% between the first six-month and last six-
month time periods.  

Variation by Sawing Center 

Sawing variation for hardwood lumber 
producing machines has been related to the 
feedworks and setworks used with the lowest 
total sawing variation being for gangsaws and 

the highest for headrigs (Steele et al. 1992). In 
this study, total sawing variation was analyzed 
for two components, “within-board” and 
“between-board” variation. 

Sawmill A Lumber produced at the resaw had 
the largest variance for all species at the 
beginning of the study. “Within-board” variation 
was the largest component of variance for all 
species at all sawing centers. Total board 
variance at the resaw declined from 0.00135” to 
0.0006” by the end of the 12-month study 
period. 

Sawmill B Lumber produced at the resaw had 
the largest variance for all species at sawmill B. 
“Within-board” variation was overwhelmingly 
the largest component of variance for all species 
at sawmill B. “Within-board” variation was the 
largest component of variance manufactured at 
the headrig sawing center at Sawmill B. At the 
resaw, “between-board” variance was the largest 
component of total variance at this mill. 

Sawmill C As was the case for sawmill B, 
lumber of all species produced at the resaw had 
the largest variance at Sawmill C. “Within-
board” variation was the largest component of 
variance for all species at all sawing centers at 
Sawmill C. Within-board variation was 
particularly pronounced at Sawmill C’s two 
headrigs. 

Sawmill D A limiting factor for target size 
reduction at Sawmill D was higher variation of 
4/4 lumber produced at the headrig relative to 
the variation in 4/4 lumber produced at the resaw 
or gangsaw. Even though the variability over 
time was not stable by sawing center, the headrig 
had a consistently higher average variance over 
the 12-month study period relative to other 
sawing centers (Figure 3). While it may not be 
operationally feasible, establishment of target 
sizes by sawing center may lead to improved 
green lumber recovery and appears possible as 
each machine center has different potential 
sawing variations as indicated by this work and 
Steele et al. (1992). 
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Figure 3 Average standard deviations (s) for all 

4/4 lumber by sawing center - sawmill D 

An example of improvements made by Sawmill 
D was an attempt to reduce an identified source 
of variation, e.g., movement in the “knees” on 
the headrig that stabilize the log on the carriage 
during sawing. Movement in the “knees” was 
caused by bolt movement on the “knees” due to 
carriage vibration. This source of variation was 
reccurring due to equipment wear and design 
flaws of the headrig. Even though the source of 
variation was not eliminated, the real-time 
control charts acted as an early-warning device 
to alert operators of this reccurring problem.  

Financial Outcomes 
As defined in equation [1], reducing variation in 
the sawing processes leads to lower target sizes 
and improvement in the amount of fiber 
converted from the log to lumber. The average 
return on investment for the four sawmills was 
approximately 17:1 (Table 3). 

Table 3 Return on investment for 

participating sawmills 

 

Company Study Investment 
SPC System 

Net Income Leveraged 
Return 

A 8/99 to 07/00 $15,000 $180,000 12:1 

(Sawmills B and C) 3/01 to 12/02 $27,000 $752,000 28:1 

D 6/03 to 5/04 $22,000 $158,000 7:1 

 Average: $21,000 $363,000 17:1  

Sawmill A Estimates of financial gain from 
target size reductions over the 12-month study 
period were approximately $180,000, a 12:1 
financial leverage on invested assets in the SPC 
system. Most of the gain during the study was 
due to a consistent increase in “overrun” for 4/4 
red oak lumber which was analyzed to be 
independent of red oak log size. 

Sawmill B The average overrun for Sawmill B 
for all species declined by approximately 1.1% 
after installation of the real-time SPC system. 

The decline in overrun at Sawmill B was due to 
a consistent 1% increase in average log volume 
for all species, which was due a log grading 
procedural change at the sawmill. This change 
denied us the opportunity to detect any 
improvement in overrun from the installation of 
the SPC system. The average “Common and 
Better” grade had a statistically significant shift 
of 3 percent at Sawmill B after installation of the 
real-time SPC thickness improvement system 
due to a reduction in “thin-edges” on lumber 
(e.g., wedge-shaped lumber with an edge less 
than 1.000” in thickness), see NHLA (2003). 

Sawmill C The average “overrun” for Sawmill C 
for all species increased by approximately 2.6% 
after the installation of the real-time SPC system 
which was independent of log size changes (i.e., 
the 2.6% increase was analyzed to be 
independent of log size change). The “Common 
and Better” average grade for Sawmill C had a 
statistical shift of 4 percent after installation of 
the real-time SPC thickness improvement 
system. 

The annual financial improvement from use of 
the real-time SPC system for Sawmills B and C 
combined (same company) was approximately 
$752,000, a 28:1 leverage on SPC system assets 
at both sawmills. This financial improvement 
was estimated by company accountants and 
management, who preferred combining both 
sawmills in the financial analysis. The $709,120 
return was estimated to be due to overrun 
improvement and $42,980 return was from the 
improvements in the percentage of “Common 
and Better” grade lumber. 

Sawmill D There was no statistical evidence that 
the return on investment at this sawmill was due 
to improved lumber recovery as measured by the 
“overrun” statistic. Even though the bias 
between “overrun” and log volume was stable 
during the 12-month study period, unexplained 
increases in “overrun” did not occur. However, 
management and accounting personnel attributed 
the SPC system with the improvement in grade 
of lumber at the end of the study period. 
Reductions in lumber with “thin edges” 
occurred. Reductions in “thin edges” resulted in 
an improvement of 190,308 bd. ft. in “#1 
Common and Better” lumber. The financial gain 
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from this improvement in lumber grade was 
estimated by company accountants to be 
approximately $158,000, a 7:1 leverage on 
invested SPC system assets. 

Summary and Conclusions 

The research study which was conducted at four 
hardwood sawmills in the U.S. over a five-year 
time period indicated that the use of real-time 
SPC quantified lumber thickness variation, led to 
variation reduction, improved lumber recovery 
and improved financial performance. There was 
strong statistical evidence at each sawmill that 
median lumber thickness and thickness variation 
declined for rough-sawn lumber. Reductions in 
median lumber thickness and thickness variation 
also varied by sawing center, i.e., gangsaw, 
resaw or headrig.  

Increases in overrun (independent of log size 
change) and improvements in lumber grade were 
validated by participating company accountants 
and estimated financial gains ranged from 
$128,000 to $752,000 per year. The financial 
leverage on invested assets in the SPC system 
for the four hardwood sawmills ranged from 7:1 
to 28:1. Development costs for the real-time SPC 
systems ranged from $15,000 to $27,000 per 
sawmill, and were highly dependent on sawmill 
capacities and sawing configurations.  

Competitive pressures in the hardwood lumber 
industry from international imports and 
substitution of non-renewable products are not 
likely to subside in the future. Improved sawmill 
efficiency and reduced manufacturing costs will 
be essential for sawmills. The philosophy of 
continuous improvement and real-time statistical 
process control (SPC) provide sawmill owners 
with the ability to reduce lumber thickness 
variation, lower target sizes and improve the 
recovery of fiber from log to lumber. Real-time 
SPC is a contemporary philosophy of using the 
Shewhart control chart in a real-time setting with 
distribution of the information throughout the 
manufacturing environment. Real-time SPC 
enhances the ability to prevent the manufacture 
of defective product by reducing the time 
interval between the viewing of process data and 
taking action on product variability. Variation 
cannot be reduced unless it is first quantified.  

The potential benefits from adopting a “low risk” 
strategy of continuous improvement and real-
time SPC should not be ignored by the hardwood 
sawmill industry. Even though this case study of 
four hardwood sawmills represented a small 
fraction of the sawmill industry, there is reason 
to believe that the results of this study are 
transferable to the entire industry. A parallel 
study is on-going in the softwood lumber 
industry. 
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ABSTRACT 

This paper explores conceptually the overall implications, impacts and benefits resulting from setting up an 
integrated factory for the production of large and standardized solid wood panels as the prime raw material 
used by a highly automated solid wood furniture plant. The paper begins with an overview of the current 
value creation network of solid wood furniture from the forest to the customer. Then, a comprehensive 
assessment of potential opportunities for improvement leading to higher enterprise agility is conducted. The 
advanced technologies that can be introduced in the crucial processes are also reviewed. The expected gains in 
terms of agility are identified, and different hypothetical scenarios are discussed. 

Introduction 

The solid wood furniture industry is an important 
manufacturing sector of value-added products in 
Quebec, Canada; a large portion of its production 
is exported to the United States. However, this 
industrial sector faces major challenges as it 
undergoes the effects of the rising Canadian dollar 
combined with the increasing export from low 
labour cost countries (such as China) to North-
America (Bryson et al. 2003; Lihra et al. 2006). 
This increasing pressure seems however not to 
affect all the furniture sectors in the same way. 
Indeed, sectors such as office and cabinets remain 
very profitable and their market share is 
increasing. As can be seen from Figure 1, 
shipments of household furniture manufactured in 
Quebec have been decreasing significantly since 
2000. During the same period, shipments of office 
furniture have been increasing roughly year after 
year. This situation can partly be explained by 
analyzing the characteristics of the primary raw 
material used in each type of furniture. 

Figure 1 Shipment of furniture products from 

Quebec (Source: Industry Canada 2006) 

Solid wood is the primary raw material for 
household furniture. It is a material of biologic 
origins, heterogeneous and highly variable. This 
makes it very challenging with respect to the 
quality and cost of the end products; the solid-
wood furniture components are dimension parts 
and edge-glued panels produced from sawn 
lumber. Lumber is cut into parts of specified 
dimensions, eliminating objectionable 
characteristics in the lumber such as knots, splits, 
checks and stains. This process (often referred to 
as secondary lumber breakdown or rough mill) is 
known to govern profits or losses in the wood-
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based furniture industry (Yao et al. 2003). 
Typically, the components are processed on a 
variety of task-specific machines and are 
assembled into the finished piece of furniture on a 
production line. This is a labour intensive 
manufacturing method. In addition, waste and 
rework are prevalent. 

The office furniture and kitchen cabinet sectors are 
quite design-intensive and require better proximity 
to customers (Leslie and Raimer 2006). The fact 
that the products are bulky, difficult to knock-
down or transport, and are custom produced in 
unit lot sizes, makes these sectors less attractive 
for overseas competitors. On the other hand, the 
manufacturing processes put in place are known to 
be more flexible, not very costly, and result in 
shorter lead-times. It is believed that the office 
furniture and cabinet sectors draw most of their 
benefits from the standardization of the primary 
raw material used to manufacture the final 
products. Indeed, the majority of office furniture 
and cabinet manufacturers make their products out 
of composite-wood such as particleboard, medium 
density fiberboard (MDF), hardwood plywood, 
and composite veneer. Composite wood is very 
advantageous, in terms of cost and technical 
properties, compared to solid wood. It can be 
purchased in the form of panels of standard 
dimensions and it can be manufactured with no 
core voids, knotholes, splits, etc.  

Not only are the panels a high quality and high 
value material produced from lower quality and 
lower value material, their standardized 
dimensions and technical properties make them 
particularly interesting for manufacturing 
optimization and flexibility. In general, office 
furniture and cabinet manufacturers have 
introduced software that simplify the design effort 
and break down the design into individual 
components that can be obtained from a full sheet 
of composite wood panel. They also introduced 
state-of-the-art manufacturing technologies, 
including Computer Numeric Control (CNC) 
panel saws and CNC-routers with nesting 
capabilities and effective fastener holding 
capabilities dedicated for panels. The 
implementation of these technologies, in 
conjunction with the design software, helped to 
shift the differentiation point of the products to the 

end of the value chain in a cost-effective manner 
(Susnjara 2006).  

As emphasized by Anderson (2004), raw material 
standardization is the key to minimizing material 
overhead, providing raw material on-demand, and 
building product in any batch size in any order. 
According to this author, “The cost savings in 
material overhead and less material handing 

(including avoiding multiple sheet feeders) should 

easily exceed any cut-off waste. And with 

experience, waste will go down as CNC programs 

get more efficient at nesting various shapes.” This 
statement is not bound to a specific industrial 
sector. Keeping in mind that raw material accounts 
for the largest portion of the production cost of 
most forest products (see Figure 2), then 
Anderson`s statement becomes very appropriate to 
the office furniture and kitchen cabinet sectors, 
and appears to be very appealing to the household 
furniture sector.  

 

Figure 2 Typical forest products’ cost structure 

It is clear that the operational and technological the 
choices of solid wood furniture industry in Quebec 
have been constrained by the heterogeneity of the 
raw material. By eliminating this constraint, the 
solid wood furniture sector would be able to 
evolve towards adopting new strategies and 
integrating state-of-the-art manufacturing 
technologies, thus reducing the gap with the office 
and kitchen cabinets sectors. This offers new 
perspectives for quality, timeliness and innovation 
in the manufacturing and design of solid wood 
furniture. Interestingly, these themes have been 
identified as being especially important to 
competitiveness in the North American market 
(Bumgardner et al. 2004; Azouzi et al. 2007). 

One major transformation could result from the 
setting-up of an integrated factory for the 
production of large and standardized solid wood 
panels as the prime raw material used by a highly 
automated solid wood furniture plant. This paper 
emphasizes the overall implications, impacts and 
benefits resulting from such transformation. 
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After presenting a literature review about solid 
wood panels and the value stream mapping 
approach, this paper conceptually draws the value 
stream mapping of a solid wood furniture industry 
in Quebec that would be based on standardized 
solid wood panels. Interestingly, some activities in 
the proposed value stream become crucial while 
others become obsolete. The advanced 
technologies that should be introduced in the key 
activities are discussed. The expected gains in 
agility – gaining flexibility, responsiveness and 
efficiency to continuously adapt to the changing 
market conditions, innovate and capture new 
markets – are identified, and various scenarios are 
discussed. 

Literature review 

Solid wood panels 
Little research on solid hardwood panels can be 
found in the literature. Deaver (2006) carried out 
probably the most relevant study on this matter. 
This author assessed the commercial potential of 
solid hardwood panels manufactured from low-
grade lumber, small-diameter roundwood and 
sawmill slabs. He simulated the processing of 
these resources in a rough mill similar to that of 
System 6, an earlier effort by the USDA Forest 
Service to promote the use of low-value timber 
(Reynolds and Gatchell 1982). Basically this 
rough mill produces blanks with no need for the 
production of grade lumber as an intermediary 
step. The resulting yields were promising 
considering the quality of the resources used. 
However, the author found that removing the 
usable material required many cuts and he 
estimated that this would be too costly. Despite 
bold assumptions the author made regarding the 
available resources, manufacturing technologies 
and wood markets, the capital investments were 
found to be too large for commercialization of the 
produced panels to be economical. At this stage, it 
is worthwhile to recall the experience of the wood 
processing industry in the Asia-Pacific region with 
rubberwood. The latter, formerly viewed as a 
waste product, is today a valuable raw material. 
Over the last decade, the industry has developed 
large and uniform panels. In Malaysia, the 
availability and low cost of this material are seen 
to be at the origins of the expansion of the 
furniture industry (Enters 1997).  

Value stream mapping 
Value stream mapping is a useful approach for 
working out how to create the greatest possible 
customer value, and how to maximize profit. 
Value stream mapping focuses on the specific 
parts of the firms that actually add value to the 
specific product (in this research, solid wood 
furniture), whereas value chain mapping includes 
the complete activities of the enterprises involved 
in any way in the delivery of the final product to 
the customer (Hines and Rich 1997). This 
approach has a relatively short history and still 
lacks clarity in terms of the choice of tools that can 
be applied to the specific needs of the individual 
value stream. Hines and Rich (1997) have derived 
a typology of the tools that have been developed 
and applied to understand and analyze the value 
adding process in different industries. It appears 
from this typology that process activity mapping is 
the most appropriate tool; it showed the highest 
correlations with the typical sources of waste in a 
value stream. In addition, process activity mapping 
appears to be in complete conformity with the 
definition given by Womack and Jones (1996) to 
the general approach of value stream mapping 
“…the simple process of directly observing the flows of 
information and materials as they now occur, 
summarizing them visually, and then envisioning a 
future state with much better performance.” This 
general approach has been structured in different 
ways. However, the authors find it more 
convenient to the problem addressed in this 
research to adopt the following three steps 
categorization: (i) activity analysis, (ii) value 
analysis, and (iii) evaluation and planning. The 
first step consists mainly of analyzing the value 
adding and non-value adding activities or 
transformations that the primary raw material 
(solid wood) is subjected to. In the meantime, the 
flow of related information is scrutinized. Next, in 
the value analysis step, the authors think through 
possible standardization of the raw material and 
the needed process integration that will eventually 
lead to value addition. Finally, the third step 
consists of evaluating whether it is worth 
integrating the processes and then determining the 
action points needed. 
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Figure 3 Value stream of solid wood furniture 

Mapping the value stream of solid wood 
furniture 

Activity analysis 
Figure 3 shows the entire spectrum of activities, as 
they now occur, transforming the harvested trees 
into finished solid wood furniture products 
delivered to customers.  

Logging. The first set of activities is part of the 
woodland operations where trees are felled, 
delimbed, slashed and the resulting logs are then 
sorted and scaled before they arrive at the mill via 
trucks. Notice that at the sorting stage, veneer and 
pulp logs are separated from saw logs. The logs 
are scaled before they are processed into boards of 
standard thickness (lumber). The scaling process 
consists of grading or measuring the logs in terms 
of their quality and lumber yield, and it can be 
practiced as a woodland operation or at the mill. 

Sawmilling. The logs entering the sawmill might 
be stacked and sorted again before they are 
debarked. The basic operations that transform a 
log into lumber are sawing, edging and trimming. 
More and more, these operations are automated 
and controlled and scanning technology is used in 
order to reduce waste and maximize log 
conversion. The following is a typical flow of 
activities: each log is individually scanned in order 
to determine its physical characteristics in terms of 
length, diameter and amount of warp, curve or 
twist. Here again, the logs might be subjected to a 
sorting operation based on their physical 
characteristics. Subsequently, each log is head 
sawn and edged. The sawn log becomes a ‘cant’ (a 
log with two parallel flat surfaces). Each cant is re-
scanned in order to determine the best breakdown 
model. Based on this model, the cant is then re-
sawed and trimmed. This produces the green 

lumber that is then quality graded and sorted, and 
finally stacked for transport to the drying area.  

Kiln drying. The common drying method of 
lumber is to expose it to an outside environment 
(air-drying) or in a controlled environment (kiln 
drying). Note that quality grading activities can be 
performed on dry and/or green lumber. Dried 
lumber is the form under which wood becomes 
ready for use in furniture making. It is supplied 
either rough or planed. Rough lumber comes from 
the sawmill without further cutting or shaping. It is 
usually sold in random lengths and widths, and 
measured in North America in board feet (a unit of 
1 inch x 1 inch x 1 foot). Planed lumber results 
from rough lumber being processed through a 
planer mill that smoothes the two faces of the 
board. The dried lumber typically goes through a 
stacking machine that packs it in bundles.  

Rough milling. The next step or set of activities in 
the value stream of solid wood furniture consists 
of the production of wood components from the 
dried lumber. These components are mainly 
dimension parts and edge-glued panels of specific 
lengths, widths, thicknesses and qualities. They are 
produced at the rough mill where lumber is cut 
into parts of specified dimensions, eliminating 
objectionable characteristics such as knots, splits, 
checks and stains. Basically the process consists of 
subjecting the dried lumber (rough or planed, 
sometimes pre-surfaced, and of random width and 
length) to a crosscut and rip sawing process after 
having been either visually inspected or using a 
scanner to mark the locations of the objectionable 
characteristics. Edge-glued panels are produced by 
gluing edge-to-edge a number of narrow wood 
strips. The parts should be appropriately sized and 
of uniform color. The resulting board is then 
trimmed and otherwise finished. These processes 
have been identified as very labour intensive and 
difficult. Today, automated scanners reading 
crayon marks are being introduced in order to 
improve the speed of cut-off operations. Some 
systems are able to distinguish different types of 
crayon marks that identify different defects. The 
decision whether a defect is acceptable or not is 
still made by an operator (Industry Canada 2005). 
These technologies remain costly to buy and to 
operate. 
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Final manufacturing. The final set of activities in 
the solid wood furniture value stream takes place 
at the furniture factory. Here, the solid wood 
components are processed with a variety of task-
specific machines (for machining and finishing 
operations) and are assembled into the finished 
piece of furniture on a production line. The final 
product is then packaged and shipped to the 
customer. 

At this stage, it is important to understand the type 
of information that flow throughout the network of 
activities. To do this, one needs to identify the 
different actors responsible for every specific 
activity (or set of activities) and analyse how they 
perceive value in their activities. Typically, one 
would expect the number of actors in a value chain 
to vary depending on the size and the structure of 
the firms, as large firms are generally more 
vertically integrated than small firms and thus, 
their value chains contain fewer actors. In practice, 
however, solid wood furniture firms are seldom 
‘purely’ vertically integrated. In fact, even the so-
called ‘vertically integrated’ firms may acquire 
supply from the open market, through 
relationships with industrial suppliers, or employ a 
combination of strategies (Tokarczyk et al. 2006). 
The open market could include independent log 
and/or wood yards including yards belonging to 
communities, wholesalers or competitors. 
Accordingly, different value chain configurations 
involving actors of different sizes, belonging to the 
same firm or not, can be encountered. Each 
individual actor interprets and implements one or 
some sets of the activities described previously, 
enhancing his competitive advantage in the value 
chain.  

Six basic groups of actors can be identified along 
with very specific objectives: 

Logging industry. This industry mainly consists of 
private loggers, contract loggers and landowners. 
They generally aim to maximize the stumpage 
value (value of the trees as they exist in the woods 
or "on the stump").  

Sawmilling industry. This group comprises 
independent sawmills and sawmills owned by 
large firms. These firms can be either independent 
or integrated with the pulp and paper industry. At 
the sawmill, the objective consists of maximizing 
throughput. Since the value of hardwood lumber is 

based more heavily on appearance-related criteria 
within pre-specified dimensions, the sawyers seek 
to maximize the volume of upper grades.  

Further processing industry. This group is made 
up of actors refining the lumber–implementing the 
set of activities identified previously for kiln 
drying of sawn logs–to customer needs and to 
wholesalers stocking and distributing lumber for 
further users such as rough mills. Like the 
previous group of actors, actors in this industry 
aim to maximize volume and grade recovery. At 
this stage it is important to keep in mind that the 
timber and lumber industry is governed by strict 
regulations and standards for grading certification 
established by the NHLA (National Hardwood 
Lumber Association 2007). These regulations and 
standards cover different processing stages of 
wood from saw logs to dried lumber. 

Components industry. This group comprises 
independent or private rough mills as well as 
rough mills belonging to large firms in the solid 
wood furniture industry. Some rough mills might 
also be producing components needed for wood 
products other than furniture. At rough mills, the 
objective typically consists of maximizing yield, 
i.e., to produce all the components appearing in the 
cutting bill or order list (list of all components of 
specific dimensions, quality and due date to be 
made during a production run). 

Manufacturing industry. All the firms that produce 
or assemble finished solid wood furniture products 
belong to this group of actors. Manufactures in this 
group might produce all or some of the 
components used in their products. In other words, 
it is possible to find manufacturers from this group 
who own private forest and/or are granted rights to 
harvest some public forest, and which are in the 
logging, sawmilling, rough milling, and 
components industries. The trend in this industry 
has been to move towards a purely make-to-order 
production. Nevertheless, this industry continues 
struggling to guarantee the quality of its products 
while minimizing costs and delays. 

Distribution industry. This group of actors 
comprises direct and indirect distribution channels. 
Direct distribution channels include a network of 
stores or websites owned and operated by the 
furniture manufacturer. On the other hand, indirect 
distribution channels include conventional 
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furniture retailers, specialty stores and mass 
merchants. Actors in this group aim to maximize 
revenue and customer loyalty. 

As products flow down the value chain from raw 
material to customer following any of the possible 
configurations described previously, there is a 
corresponding flow of information taking place in 
the opposite direction, e.g., order information 
travelling from actor to actor or between every two 
consecutive activities upstream in the value chain. 

Value Analysis 
In this section, the authors try to envision the 
future of the industry. As it can be understood 
from the discussions presented in the introductory 
section, the future industry should try to develop 
agility in the value chain focusing on product 
design and development, market alignment and 
customer satisfaction. The standardization of the 
primary raw material is a major step towards this 
goal. It would be possible if an integrated plant for 
the production of large and standardized solid 
wood panels as the prime raw material used by a 
highly automated solid wood furniture plant is 
setup.  

At the origin of the envisioned future state is the 
continuing development of high-tech scanning 
hardware, equipped with the latest artificial vision 
systems and with innovative rough mill optimizing 
technology in order to automatically detect defects 
on wood boards. In addition, the recent automated 
gluing machines and radio-frequency drying 
machines can easily be introduced in the 
production of panels.  

From Figure 3, this implies that material supply 
becomes standardized at stage 4. All the furniture 
components would only result from the 
breakdown of edge-glued panels of standard 
dimensions and grades. As a result, some activities 
in the value chain would be intensified while 
others would diminish or be eliminated.  

The grading activities are a priori eliminated. 
Grading has been viewed as a value adding 
process in the wood industry. In fact, it is an 
artefact that gives a value of worthiness and 
satisfaction to sellers and purchasers, and to 
managers of the forest resource but not to the end 
buyers of the furniture products. The grading 
systems are not properly aligned with the needs of 

the secondary processing sector. The furniture 
component manufacturer, for instance, should 
optimize the breakdown of the raw material 
(lumber) to meet the requirements stipulated by 
the customer (in terms of length, width, thickness 
and physical appearance). The resulting solution is 
significantly constrained by the dimensions and 
quality standards derived from the grading 
process.  

The elimination of the grading barriers between 
the component industry, the further processing 
industry, the sawmilling industry and eventually 
the logging industry, becomes possible only when 
these industries are effectively vertically 
integrated. Vertical integration here goes beyond 
the fact of owning the supply chain (owning the 
upstream suppliers and the downstream buyers), 
and it extends to the integration of the flow of 
material with the flow of information. This has 
been clearly emphasised by Nord (2005) “In a 
perfect world, information and products coincide with 
each other creating a value chain with very little waste 
which could happen if there were only one company in 
the value chain and with the possibility to optimise input 
with output without any external or internal 
uncertainties”. Integration can be achieved through 
vertical integration but also through inter-
organisational coordination and synchronization. 
The integrated plant of standardized solid wood 
panels can be viewed as a major shift in this 
direction. The plant would produce the panels that 
satisfy the specific demands of the furniture 
industry in terms of quantity and grade. The exact 
knowledge of these demands provides the 
opportunity to make manufacturing activities more 
efficient all the way back to the tree. Indeed, the 
activities marked (underlined) in Figure 3 can be 
changed to generate substantial tangible and 
intangible benefits. Tangible benefits are 
associated to specific activities: 

• The grading activities can be replaced with an 
in-house grading system that is less elaborate. 
• The rough milling activities are, in general, 
intensified. Nevertheless, as they are automated 
and focused, their efficiency will be maximized. 
• The characteristics of the end products being 
known (with less variety), then the control 
variables of the kiln dryers can be optimized.  
• At the sawmill, the logs do not need to be re-
sawn to a final dimension or cut to length.  
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• Since the sawn boards and the components cut 
up are generally longer, then the overall handling 
operations, including stacking and transport, are 
reduced. 

Intangible benefits include the following: 

• Solid wood furniture manufacturers are given 
the opportunity to compete on value rather than on 
price, in a way that is very similar to the office and 
kitchen cabinet sectors.  
• Manufacturers are enabled to streamline their 
processes through automation and implementation 
of state-of-the-art technologies. 
• Furniture manufacturers become design-
intensive and customer focussed. 
• Solid wood panels contain much less glue than 
composite-wood panels, in conformance with the 
requirements of environment friendly furniture. 

Evaluation and Planning 
The evaluation and planning of the proposed 
future state of the industry is a compound task. On 
the one hand, the resulting agility improvement 
(e.g., flexibility and customer satisfaction) are 
difficult to quantify, on the other hand, tangible 
benefits depend on the available technologies and 
on the level of integration that could be achieved. 
Therefore, the pivotal activities in the value chain 
would be: (i) the breakdown of the components 
required to produce the panels and (ii) the 
breakdown of furniture components from these 
panels. 

The technologies available for the breakdown of 
furniture components from the panels have been 
commercially available for many years and have 
proven to be highly effective in helping to achieve 
higher agility (e.g., the CNC-routers with nesting 
optimizers already used in sectors such as the 
office and kitchen cabinet sectors). However the 
situation is quite different for breakdown of the 
components required to produce the panels. As 
discussed previously, wood is a highly variable 
material; sources of this variability come from the 
species used in the general hardwood 
manufacturing context, from the cutting practices 
(radial or tangential cut), from the season of 
harvest and from the drying schedule used. In the 
meantime, the needed technologies remain very 
costly to own and operate, and performance in 
terms of yield remains an issue.  

A promising solution in this area is the one 
developed by the Machine Design Group of 
Centre de Recherche Industrielle du Québec 

(CRIQ) (Caron et al. 2005). The group has 
recently developed a wood scanner integrating a 
selective brute force two axis and two face rough 
mill optimisation algorithm, 3D profile imaging, 
black and white and color defect detection, and 
color matching in a completely automatic turnkey 
high volume production line.  

Figure 4 illustrates the layout of an integrated plant 
of solid wood panels in which the CRIQ scanner is 
central. This plant also comprises a finger-jointing 
machine. On finger-jointing machines the parts 
being joined must be of equal widths. This 
restriction limits the design of the panels because 
breakdown must be accomplished in rip-first 
processing so that the resulting sticks are of fixed 
widths. The number of different widths must be 
controlled in order to limit the number of 
automated bin sortes in front of the trimmer and 
also to facilitate the assembly of the parts in panels 
(the more different widths in progress, the longer 
the waiting time for a finished panel). The plant of 
Figure 4, for instance, produces the five types of 
panels illustrated in Figure 3. 

Figure 4 Example of an integrated plant of solid 

wood panels 

In a first operation scenario, it can be assumed that 
the plant is supplied with NHLA-graded lumber, 
i.e., the components used to make the panels are 
cut from lumber of similar grade distribution as 
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the supply of a typical furniture component 
manufacturer. A preliminary study made at CRIQ 
showed that such a plant would be profitable 
(Caron 2007). Interestingly the solid hardwood 
panels could be sold at the same prices as those of 
equivalent composite-wood panels (e.g., 
particleboard, MDF) available in the market.  

In fact, the Caron (2007) study reported that 
today’s technology could effectively automate the 
roughmill activities, maximise yields and allow for 
improved agility. Accordingly, in a second 
operation scenario, one can speculate that the 
production of solid wood panels can be even more 
economical if the plant is supplied with boards that 
had not been sawn to the specifications for 
NHLA-graded lumber. As identified earlier, 
economies would result from changes that would 
be made to the activities throughout the value 
chain. In particular, the tangible benefits would 
ultimately lead to product cost reductions and 
margin improvements. 

Conclusions & Future Work 

This paper explored conceptually a future state for 
the solid wood furniture industry in Québec with 
the objective of improving the flexibility of 
furniture enterprises. Setting up an integrated 
factory for the production of large and 
standardized solid wood panels plays a leading 
role in this future state, and requires profound 
changes in the overall value stream of solid wood 
furniture. The authors showed that the 
technologies needed to support these changes are 
already available or are being introduced to the 
market. In particular, the activities needed for the 
breakdown of the components required to produce 
the panels are very critical. Earlier preliminary 
simulations using the technology chosen to fulfill 
these activities showed that the panels plant would 
be profitable. 

In future work, the authors will focus on the 
detailed assessment of the tangible and intangible 
benefits that would result from the suggested 
future state of the industry when all the identified 
changes are made, and whether integration is 
achieved vertically or through inter-organisational 
coordination and synchronization. 

Literature Cited 

Anderson, D. M. 2004. Build-to-Order & Mass 
Customization, the Ultimate Supply Chain and 
Lean Manufacturing Strategy for Low-Cost On-
Demand Production without Forecasts or 
Inventory, London, CIM Press, 520p. 

Azouzi, R., Beauregard, R. and S. D’Amours. 
2007. Case Studies on the relationships Between 
AMT, Competitive Priorities, and Customization 
Strategies in the Canadian Furniture Industry, 
Submitted to the World Conf. on Mass Cust. and 
Personalisation, October 7-12, Boston, USA.  

Bryson, V., Lanzillotti, G., Myerberg, J., Miller, 
E. and F. Tian. 2003. The furniture Industry 
(Case goods): The Future of the Industry United 
States versus China, Paper prepared for UNC 
Kenan-Flagler professor Bob Connolly’s Industry 
Economics class.  

Bumgardner, M., Buehlmann, U., Schuler, A. 
and R. Christianson. 2004. Domestic 
competitiveness in secondary wood industries, 
For. Prod. J. 54(10): 21-28. 

Caron, M. 2007. Étude de faisabilité technique et 
économique du processus de fabrication de 
panneaux en bois solide de grandes dimensions 
pour l’industrie du meuble au Québec, 7th Inter. 
Cong. of Ind. Eng., Trois-Rivières, Qc, Canada. 

Caron, M., Gagné, P., Couturier, J.P. and 

R. Gagnon. 2005. BorealScanTM : CRIQ’s endline 
achievement in vision and process optimisation 
technologies, 11th Int. Conf. on Scanning 
Technology and Process Optimization for the 
Wood Industry (ScanTech), Las Vegas, USA. 

Deaver, M. E. 2006. Economic Feasibility of a 
Solid Hardwood Panel Manufacturing Enterprise. 
Master's Thesis. Wood and Paper Science, NCSU.  

Enters, T. 1997. Technology Scenarios in the 
Asia-Pacific Forestry Sector, Asia-Pacific Forestry 
Sector Outlook Study Working Paper Series 
(FAO), 25, 77p. 

Hines P. and N. Rich. 1997. The Seven Value 
Stream Mapping Tools, Int. J. of Op.&Prod. Man. 
17(1): 46-64. 

Industry Canada. 2005. Technology Roadmap: 
Lumber and Value-Added Wood Products, site 

188



 

viewed on 2005.8.22, http://strategis.ic.gc.ca/ 
epic/internet/infi-if.nsf/en/fb01315e.html. 

Leslie, D. and S. Reimer. 2006. Situating Design 
in the Canadian Household Furniture Industry, 
The Canadian Geographer / Le Géographe 
canadien 50(3): 319–341. 

Lihra, T., Beauregard, R., D’Amours, S., 

Dessureault, Y., Lagacé, D. and J. Blanchette. 
2006. Connecting Research to the Furniture 
Industry: PARIM, For. Prod. Soc. 60th Int. Conf., 
June 25-28, Newport Beach, California, USA. 

NHLA. 2007. Rules for the Measurement & 
Inspection of Hardwood & Cypress Plus NHLA 
Sales Code & Inspection Regulations. 

Nord T. 2005. Structure and developments in the 
solid wood value chain: dominant saw milling 
strategies and industrialized housing, Licentiate 
Thesis, Luleå Univ. of Tech., Sweden. 

Industry Canada. 2006. http://strategis.ic.gc.ca. 

Susnjara, K. J. 2006. The New Furniture, 
Thermwood Corporation. 210 pa. 

Reynolds, H.W. and C.J. Gatchell. 1982. New 
technology for low-grade hardwood utilization: 
System 6: Res. Pap. NE-504. Broomall, PA. U.S. 
Department of Agriculture, Forest Service, 
Northeastern Research Station. 8p. 

Tokarczyk, J., Hansen, E., Green, M. and 

L. Down. 2006. Contrasting Paths: Two Forest 
Product Firms Search for Success, Int. J. of Case 
Studies in Man. 4(3):1-17. 

Yao, A.C., John, G.H. and J.G.H. Carlson. 
2003. Agility and Mixed-Model Furniture 
Production, Int. J. of Prod. Econ. 81–82: 95-102. 

Womack, J. P. and D. T. Jones. 1996. Lean 
Thinking: Banish Waste and Create Wealth in 
your Corporation, Simon & Schuster. 

189



 

 

190



Session: Supply chain management 

Québec City, September 24-26, 2007 

Collaborative Wood Transportation with the 
Virtual Transportation Manager 

Philippe Marier
1
, Jean-François Audy

2
 and Catherine Gingras

3 

1. FORAC Research Consortium, Université Laval 

2. Department of Mechanical Engineering, FORAC Research Consortium and CIRRELT, 

Université Laval 

3. FPInnovations – Feric Division 

ABSTRACT 

In this paper, we show how wood transportation costs can be reduced through collaboration with other 
companies, or divisions within the same company. We use a business case (Groupe Transforêt) to 
illustrate the typical hardwood transportation problem and evaluate one collaboration possibility in wood 
transportation. 

We first describe the operations at Groupe Transforêt (GT) and its current transportation plannings 
organization. The emphasis is on the transportation problem which is specific to the hardwood industry 
(low volume and large geographic spread). We then present the Virtual Transportation Manager (VTM), 
an internet tool developed to help distinct entities (such as companies or divisions) share wood 
transportation needs in order to make collaborative transportation plans. 

We illustrate how GT could use the VTM tool to plan deliveries to their customers. Numerical results 
show significant savings for GT in terms of cost, traveling distance and fuel consumption, as well as 
greenhouse gas emissions. 

Introduction 

Currently, carriers play an important role in the 
day to day operations of Canadian forest 
companies and assist companies to attain their 
business objectives. Many economic 
considerations (reduction of inventory costs, 
additional processing costs generated by poor 
fiber freshness, world-wide competition, etc.) 
contribute to increasing the importance of 
transportation logistics in the supply chain. 
Moreover, the recent move from an exclusive 
push production approach towards a mixed pull-
push approach requires a robust and agile 
transportation planning organization to ensure 
on-time delivery without increasing 
transportation costs. 

The standard haulage trip in current 
transportation planning organizations is a series 
of ‘simple’ trips where the truck travels loaded 
from the origin to the delivery site and travels 
back empty. This results in poor efficiency with 
half of the hauling distance empty and more, if 
we consider the distance from/to a truck’s depot 

before and after the trip. Transportation and 
handling operations represent an average of 21% 
of the wood supply cost for a softwood sawmill 
in the province of Quebec (Consultants forestiers 
DGR inc. 2003). Making these operations more 
efficient by planning more ‘complex’ trips 
represents an excellent cost-saving opportunity 
for forest companies. 

One of the main explanations for these 
inefficiencies is the decentralized organization of 
transportation planning, which is in the hands of 
local managers. Each local manager “optimizes” 
their routing plans according to local 
requirements. Cost-savings through better 
routing plans are consequently quite low in the 
fiber-flow pattern of each local manager. 
Nevertheless, in many forest regions, if we pool 
all fiber-flows within the region without taking 
into consideration current organization, we can 
obtain an interesting regional fiber-flow pattern. 
This regional pattern, with its cross-over and 
opposite fiber-flows, will allow for 
transportation cost-savings through the reduction 
of empty hauling distances by combining two or 
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more ‘simple’ trips in one ‘complex’ trip. Figure 
1 illustrates a simple example of transportation 
inefficiency due to a low level of interaction 
between two local managers: the total unloaded 
travelling distance (i.e., broken line) is higher 
when local managers plan independently 
(Figure 1-A) compared to when they collaborate 
(Figure 1-B). 

 
Figure 1 Improvements in transportation 

efficiency with collaborative planning 

Cost-savings through better transportation 
planning is not new to the domain of 
transportation research. In forested countries 
such as Chili (Weintraub et al. 1996), Finland 
(Linnainmaa et al. 1994), Lithuania (Puodziunas 
et al. 2004), New Zealand (Rönnqvist and Ryan 
1995; Murphy 2003), Sweden (Rönnqvist et al. 
1998; Palmgren 2001; Eriksson and Rönnqvist 
2003; Forsberg et al. 2005) and United States of 
America (Shen and Sessions 1989), research 
projects have been done on roundwood 
transportation optimization to mills. However, in 
Canada this research theme is quite new. Lately, 
an annual cost-savings opportunity of 3.3% was 
established for roundwood transportation 
planning from several harvest areas to many 
mills of a major forest company in northeastern 
Ontario and northwestern Quebec (Gingras 
2005). Using the transportation planning tool of 
Gingras (2005) named MaxTour, about ten other 
evaluations have been done by 
FPInnovations - Feric Division at other eastern 
Canadian forest companies and potential savings 
in the range of 2 to 7% have been identified. 
Actually, three Canadian forest companies use 
MaxTour in their transportation planning at the 
tactical level. 

To take advantage of the cost-savings 
opportunities that exist at a tactical level, the 
challenge is to modify the current operational 
transportation planning organization. This is the 
aim of the Virtual Transportation Manager 
(VTM) research project. The VTM project 

consists of the development of an internet tool to 
support the wood transportation needs’ sharing 
between distinct entities (such as companies or 
divisions) in order to make collaborative (and 
cost-saving) transportation plans. It is a 
partnership project between the FPInnovations – 
Feric Division and the FORAC Research 
Consortium. 

The next section of this paper introduces the 
operations at Groupe Transforêt (GT), the first 
business case study tested on the VTM system. 
We then describe GT’s transportation planning 
problem, introduce the VTM routing system, and 
how GT could use it to plan deliveries to their 
customers. The results of the simulation with 
almost a year of real data are presented. Finally, 
we provide some concluding remarks and a 
future research consideration. 

Operations at Groupe Transforêt 

GT is a high-value hardwood log specialized 
supplier that buys logs from a network of more 
than 4500 wood producers/supplier mills, 
classifies them, and finally, resells them in its 
network of customer mills. Its business activities 
take place in the deciduous and mixed forests of 
three Canadian provinces: eastern Ontario, 
southern Quebec and northern New Brunswick. 
This large territory is separated into regions, 
each being under the responsibility of one 
coordinator (a local manager) who is in charge 
of the purchasing and transportation of the logs 
purchased inside the region. Figure 2 illustrates 
the coordinator regions and business network of 
Groupe Transforêt. 

 
Figure 2 Coordinator regions and business 

network of Groupe Transforêt 

Each coordinator uses a hand-held computer to 
directly register all purchased logs in the field. 
An in-house Internet based inventory system is 
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used to transfer invoicing information on the 
purchase from all regional coordinators to GT’s 
central administration office. Even if GT is only 
one company, the transportation planning is 
organized as if each regional coordinator was an 
independent company. In other words, in the 
current organization, each coordinator 
“optimizes” its routing plans according to its 
own purchasing volumes. 

GT signs supply agreements with customer mills 
based on log species and grades. Thus, when a 
coordinator purchases a log, these agreements 
require the measuring (i.e., length and small-end 
diameter under the bark) and classification of the 
log according to a ‘species-grade’ pair. Sixteen 
species are purchased, all hardwood except three 
(white pine, and white and red spruce) for 
musical instruments. For one species, up to nine 
grades are possible among many lengths and 
diameter classes (small-end, under the bark). For 
example, for nine lengths and eight classes of 
diameter, there exist nine possible grades for 
yellow or white birch. The purchase and resell 
prices are different between the species (or a 
group of species) but also between the grades of 
one species. For example, the slicing grade of 
yellow or white birch can reach up to three times 
the price of its low veneer grade, five times the 
price of its medium saw grade and ten times the 
price of its poor saw grade. Moreover, at 
purchasing time, these agreements imply that the 
logs are almost always allocated by the 
coordinator to the nearest customer mill which 
has the corresponding species-grade agreement. 
The CEO of GT asks that the log allocation 
decision in the hands of the coordinator (i.e., no 
customer-mill reallocation is allowed). 

All agreements can be roughly divided into two 
categories: 

• agreements on higher value species-grades 
which are signed with only one or two 
customer mills. The transportation of these 
logs is characterized by high one-way 
delivery distance (up to 700 km) and they 
are almost always delivered outside the log 
coordinator purchase region. 

• agreements on all other value species-grades 
which are signed with several customer mills 
under the general rule of at least one species-

grade customer mill inside each coordinator 
region (almost all one way delivery distance 
between 50 and 250 km). In Canadian 
softwood operations, the average one way 
delivery distance is 140 km (Hillman and 
Michaelsen 2006). 

Even with adequate sorting and slashing 
operations of harvested trees into logs, high 
value logs purchased by GT represent a small 
proportion of the total harvested volume 
available on the roadside. With the small 
harvesting areas that characterize GT’s wood 
producer network, this small proportion could 
represent as few as a dozen logs. Consequently, 
almost all volumes purchased at roadside are 
immediately transported to one of GT’s closest 
storage terminals for consolidation purposes. It is 
at this point that the transport planning of the 
logs purchased in the wood producer network 
comes under the responsibility of the VTM 
system. The volume purchases in the GT 
supplier mill network are directly under the 
responsibility of the VTM system (already 
consolidated by the supplier mill). Thus, the 
typical transportation requests of GT are less-
than-truckload and few represent a truckload or 
more in volume. In softwood operations, almost 
all transportation requests represent at least one 
truckload in volume (e.g., a spruce and fir 
roadside volume of 1000 m3). 

To carryout its transportation planning 
operations, GT coordinators utilize several truck 
types owned by several carriers. In almost all 
regions, five truck ypes are available with 13.5, 
31.5, 34.5, 37.5 and 41 ton truck-trailer 
capacities. The two smaller truck types have 
self-handling arm equipment. These self-
handling truck types are essential for pickup in 
terminal without on-site handling equipment. In 
softwood operations, self-handling truck types 
are not very common. Self-handling truck types 
also allow pickup or delivery outside the time 
window availability of on-site handling 
equipment 

The profitability of GT can be roughly estimated 
by the difference between the resale price of a 
log and its purchase price minus the operation 
costs to deliver the log to the customer mill. 
Transportation costs account for a significant 
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proportion of these operation costs. With the 
knowledge that there are transportation flows 
between several regions, collaborative 
transportation planning could lead to more 
efficient routes which are not possible in the 
current operating mode. This increase in 
transport efficiency would lead to transportation 
cost reductions which, in turn, would lead to a 
profitability increase for GT.  

The next section describes the practical 
considerations we are confronted with in the 
routing problems of GT. 

Routing Problem Description 

The vehicle routing problem of GT is a pickup 
and delivery problem (PDP). In the PDP a set of 
trips must be generated in order to satisfy a set of 
transportation requests at the total minimum cost 
(or a similar objective function) and subject to a 
set of constraints. Each transportation request 
specifies the size of the load to be transported, 
the site where it is to be picked up (origin) and 
the site where it is to be delivered (destination). 
Each load must be transported by only one 
vehicle so no transfer through a terminal is 
possible. For this, a fleet of vehicles is available. 
The vehicles are spread throughout a set of 
specific depot sites. This fleet of vehicles may 
consist of different vehicle types, each with a 
unique set of transportation relevant 
characteristics.  

In GT’s context, the PDP involves a set of 
practical considerations adding other constraints 
to the classic PDP and modifying its cost 
structure. These are described in the following 
subsections. 

Vehicle fleet 

Because GT maintains no contract with carriers, 
we don’t have a knowing fleet by depot as in the 
classic PDP. However, regional coordinators 
have unofficial agreements with regular carriers 
and maintain business contacts with other 
carriers. Thus, the available vehicle fleet is 
represented on a regional basis: each coordinator 
provides an estimation of the expected number 
of available trucks per type, and this defines the 
consolidated regional transportation capacity. 

All these consolidated trucks are linked to a 
regional 'pseudo-depot', usually located in the 
middle of the region. However, we don’t start 
and finish a route at this ‘pseudo-depot’ as we do 
in classic PDP. Payment methods used in 
practice by the industry fix the transportation 
price on the basis that a route starts and finishes 
at the first pickup site. We apply this practice in 
our route generation except when both the first 
pickup site and the last delivery site on the route 
are outside the truck's region. In this situation, 
we start and finish the route at the truck 'pseudo-
depot' to reflect the additional costs in empty 
traveling distances to and from the truck’s 
region. 

Time windows 

In the classic PDP with time windows, 
constraints are usually added to the 
transportation request or to the origin/destination 
sites or, more rarely, to both. In GT’s context, 
we have a time window for pickup (an earliest 
pickup time at origin) and delivery (a latest 
delivery time at destination) of each 
transportation request and also time windows for 
all sites’ opening registration period. Within a 
site, time windows for handling equipment 
availability periods can also be specified. The 
distinction between the two last time windows is 
to allow self-handling truck types the possible 
longer pickup/delivery periods on a site. For 
example, a site may be accessible on a Monday 
from 6 am to 9 pm but on-site handling 
equipment could be available only between 8 am 
and 5 pm. Self-handling truck types get an 
additional 5 hours flexibility for pickup/delivery 
on the site compared to truck types without self-
handling equipment. The last time windows refer 
to the consolidated availability periods of each 
truck type by region. 

Vehicle trailer design 

Depending on the truck type and the length of 
the loaded logs, the design of a log trailer can be 
viewed as a sequence of two to four individual 
compartments, each with loading/unloading 
access by the top. This trailer design is not 
constrained by the ‘First In, Last Out’ constraints 
known in general freight PDP in which 
loading/unloading access is restricted by the 
trailer’s rear door. Thus, the sequence of 
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deliveries is not constrained to be the reverse 
sequence of pickups and many more routes can 
be generated. 

Moreover, in classic PDP, when a delivery has 
been made, no pickup is allowed until the truck 
is empty (we must complete the delivery of all 
transportation requests loaded). In GT’s context, 
the log trailer design allows new pickup even if 
the truck is not completely empty. Again, many 
more routes can be generated than in classic PDP 
and, as far as we know, this has never been 
studied before in freight PDP. 

Driver regulations and other rules 

Transportation legislation which regulates 
working and driving hours for drivers of 
commercial carriers must be respected by each 
generated route. In GT’s context, a route is done 
by the same driver (i.e., no driver exchange). In 
the province of Quebec, where all the deliveries 
are made, three basic rules need to be observed 
(Société de l’assurance automobile du Québec 
2007): 

(a) The maximum driving time allowed per 
working shift is 13 hours, i.e., after 13 hours 
of driving the driver must take a rest time of 
at least eight consecutive hours before 
continuing the route. Of course, the truck 
may stay loaded during the rest period to 
allow for routes that are otherwise too long 
to be planned. 

(b) The maximum working time allowed per 
working shift is 14 hours, i.e., after 
14 working hours (including driving, 
waiting and loading/unloading time), the 
driver must take a rest time of at least eight 
consecutive hours before continuing the 
route. 

(c) Each day, a driver must rest for at least 10 
hours, of which 8 must be consecutive. 

The loading and unloading times being long, in 
practice route generation is restricted by the 
second rule rather than the first one. Within 
VTM, the third rule is respected by setting the 
rest time to 10 hours when the limit (b) above is 
reached. 

Other rules and possible exceptions in 
transportation legislation are related to the 
driver’s work cycle (i.e., the number of working 

hours in a given number of consecutive days). 
They were not integrated into the planning since 
our objective is not to manage a specific fleet of 
vehicles and their carriers but to generate routes 
which will then be allocated to different carriers. 
Moreover, the regional volumes in transportation 
requests of GT represent a small business for the 
regional carriers. 

Finally, due to general practices and industry 
standards, two customized limits have been 
added. First, a route must start during a ‘normal’ 
working day. Second, to try to reduce the 
number of nights away from home for drivers, 
there is a maximum number of consecutive 
working shifts on a route. In accordance with 
actual standards, the smaller truck type was 
constrained to one shift while others were 
constrained to three shifts. 

Transportation requests 

In a classic PDP, a transportation request must 
be entirely pickup (i.e., no split). In GT’s 
context, it is possible (and economical) to split a 
request in order to pick up some logs from one 
request to make a truckload. 

Cost structure 

A route is an ordered sequence of segments 
starting at one site and traveling towards another. 
There are four potential operations in a segment: 
waiting, handling, carrying and resting. The first 
three operations involve an hourly cost 
depending on the truck type selected and the last 
one a fixed cost (compensation). Note that 
handling time is estimated according to: the 
volume, if it’s for loading (slow) or unloading 
(fast), if it’s performed by a self-handling truck 
(slow) or the on-site handling equipment (fast) 
and finally, a short fixed time before/after 
handling operations (e.g., load attached). 

Except during the resting operation, fuel 
expenses are calculated according to three 
different truck engine fuel consumption 
functions (idling, handling if it’s a self-loading 
truck type and on-road). The estimation with the 
‘on-road’ fuel consumption function integrates 
the total load weight of the truck on a segment. 
The total cost of a route is the sum, in each 
segment, of the operation’s cost, including fuel. 
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In order to obtain the GT transportation data 
required to solve its routing problem and thus to 
quantify the value of collaboration at GT, we use 
the VTM system described in the next section. 

The Virtual Transportation Manager System 

The VTM uses Internet technology to 
consolidate and manage fiber volume data and 
storage locations in order to make better 
transportation decisions on a regional basis. 
Information and volume sharing among several 
business units results in improved transportation 
efficiency. 

A given VTM would be managed by a third 
party who would host the system and/or ensure 
data accuracy. A critical management task is 
related to the generation of the routes, making 
carrier selections and ensuring the follow-up of 
these carriers. The person making these 
decisions would have to be impartial and trusted 
by all the companies using the VTM. 

In order to gain access to a VTM, a company 
would need to become a member of that VTM. 
The VTM members have to agree on certain 
standards such as the naming convention for the 
products, the different product types that will be 
managed by the VTM, the naming convention 
for the locations (point of origin and destination 
of products to carry), etc. These conventions are 
required for the system to be able to perform 
data consolidation.  

There are three roles in the VTM, each having 
different access rights: regular member, 
dispatcher and administrator. The administrator 
has access to the whole system but is mainly 
utilized to manage users and membership. The 
dispatcher is entitled to the same rights as the 
administrator, except for users and membership 
management. Finally, regular members have 
access to their own company data that are their 
site locations and their transportation requests. A 
secured system access ensures that the dispatcher 
and the administrator are the only ones who can 
have a complete view of all the wood products 
that need to be moved. 

As the VTM supports transportation requests of 
different types of products (e.g., chips, logs, 
lumber), the system allows  defining 

relationships such as the product types that can 
go on a given vehicle type, whether or not the 
same vehicle can move different product types at 
the same time (multi-use trailer) and if so, the 
product-product compatibility matrix. 

Although the VTM has been presented as an 
Internet platform to consolidate transportation 
requests from different companies, it can also be 
used to integrate transportation requests of 
different business units within the same 
company. For instance, the six coordinators at 
Groupe Transforêt operate independently but are 
now planning to collaborate through the use of 
the VTM. The VTM allows them to get a global 
view of what needs to be moved (Figure 3-A) 
and they can then make propositions on how to 
consolidate transportation requests into routes 
(Figure 3-B). Just to be able to see on a map the 
volumes that need to be transported is a great 
improvement in their planning process. They 
could also go a step forward in making use of the 
proposed routes.  

 
A 

 
B 

Figure 3 Screenshots from VTM on an 

inventory query result (A) and the display of a 

route (B) 
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The core of the VTM is an engine that solves the 
routing problem. Using OPL Studio 3.7 from 
ILOG software, we developed a 'greedy & 
repetitive' solution methodology imbedding 
heuristics in a constraint programming modeling. 
The choice of constraint programming is 
explained by its two major features reported by 
Gendreau (2002): expressivity for problem 
complexities’ descriptions and flexibility for 
problem resolution possibilities. 

For different companies to be able to update 
their transportation needs on a VTM, an Internet 
service part of the VTM has been designed to get 
such data into the system. At Groupe Transforêt, 
a small component had to be developed in order 
to extract transportation orders from its in-house 
inventory system and to push that information 
into the VTM every night. Also, before the 
resolution of the routing problem, a customized 
process had been developed for GT to 
consolidate in transportation requests all the logs 
inscribed individually in the inventory. 

Numerical tests and results 

Lately in the literature, interest in collaborative 
transportation planning has risen since 
significant cost savings could be obtained. 
Examples of such collaborative transportation 
planning that have improved transportation 
efficiency of forest companies are found in 
Forsberg et al. (2005). In many of the case 
studies, the savings are defined as the difference 
between the cost of the collaborative plan (i.e., 
all the local managers of the divisions or 
companies together) compared with the sum of 
the cost of each individual plan (i.e., each local 
manager of the division or company alone). 

We follow this definition of saving in our 
numerical tests. Numerical tests for almost one 
year (July 2006 to April 2007) of GT’s 
transportation requests were realized. Every two 
weeks, each coordinator's individual planning 
was done and compared to the results of a 
collaborative planning approach. 

Table 1 Numerical results 

Reduction Period Resolution 
time 

(second) 
Cost 
($) 

Fuel 
(L) 

Distance 
(Km) 

1 543.6 9.8% 7.1% 13.0% 

2 647.3 7.3% 4.3% 11.1% 

3 620.4 10.5% 8.3% 12.1% 

Table 1 presents the results according to three 
distinct operating periods for GT. For each 
period, we give the average in resolution time 
and percentage of reduction in cost, fuel 
consumption and travelling distance. Average 
cost savings opportunities in the range of 7.3% 
to 10.5% exist in the collaboration of the 
six coordinators. 

Conclusion 

In this paper, we detailed the operations and the 
routing problem of a business case study of a 
high-value hardwood log specialized supplier. 
Then, we introduced the VTM routing system as 
well as how the business case study could use it 
to plan deliveries to their customers. Results 
from numerical tests show that collaborative 
transportation planning for the business case 
study allows significant savings in terms of cost, 
fuel consumption and traveling distance. 

In order to evaluate opportunities to generate 
more cost savings through collaboration on the 
VTM system, different networks of business 
units with GT customer mills must be tested in 
future work. Also, economic evaluation on the 
use of multi-use trailers must be conducted to 
evaluate the additional benefits to opening these 
networks to other wood products shipped by GT 
customer mills. 
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ABSTRACT 

The supply and conversion chain - from the forest to the end products and users - is a complex system. 

Traditionally, different stages of the chain have operated too independently with nobody taking 

responsibility for the chain as a whole. The stages involved in converting wood raw material to final 

products have an influence on each other as well as the result. To obtain a good economic result the chain 

must be seen in its entirety. This is the only way for optimal utilization of wood raw material. There are a 

lot of operational alternatives and options in the sawmill business processes which means that ICT support 

is necessary for optimized business decision making. Two principal ICT levels can be recognized: 

planning (management) and process control. Both of these levels should be closely integrated. WoodCIM, 

an integrated planning and optimizing software system for sawmill companies, covering the whole supply 

and conversion chain, has been developed at VTT -Technical Research Centre of Finland. This model 

system configuration and industrial implementation are described in this paper. New ICT technologies 

such as x-ray scanning of round wood and flexible production systems provide future possibilities to 

considerably increase profitability in the supply and conversion chain. 

Introduction 

The utilization of wood raw material resources 

starts with the supply of raw material, including 

the bucking of sawlog stems, and proceeds via 

the manufacture of sawn timber and its further 

conversion into final products and their end uses. 

Traditionally different stages of the wood 

conversion chain have operated too 

independently. In the conversion chain the 

product of the former phase provides raw 

material for the latter one. Often the resulting 

input raw material and semi-finished products 

are not optimal or even far from good in respect 

to the final product. The incompatibility between 

wood raw material, conversion products and the 

final product causes a lot of waste and 

considerable economic losses. 

Wood Conversion Chain

SAWING FURTHER

CONVERSION

STEMS

STANDS

END USE

 Information flow

Material  flow

 

Figure 1 The phases in wood conversion chain 

are interacting to achieve maximum profitability 

The stages involved in converting wood raw 

material to final products have an influence on 

each other, as well as on the result. To obtain a 

good economic result the chain must be seen in 

its entirety. Wood raw materials have to be 

chosen taking into account the requirements of 

the final products. This is the only way for 

optimal utilization of wood raw material. The 

material flow proceeds from the forest to the 

customers. The information flows in the same 

direction but should also take the reverse course 

(Figure 1).  

Optimization 

Optimization means to determine the best 

possible solution within given constraints 

limiting freedom in business. In the wood 

products’ business there are always three main 

types of business constraints: wood raw material, 

production capacities and wood products’ 

markets. For instance not being able to exceed 

maximum working hours in sawing line is a 

production capacity constraint. There always 

have to be criteria to be optimized – maximized 

or minimized. One important criterion is annual 

profit. Practically this means to determine wood 

raw material parameters, processing values and 
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orders in order to achieve maximum profit 

through the bottleneck of processing.  

In optimization there must always be criteria to 

be optimized. Typically in sawmilling businesses 

the criteria is profit – revenues minus costs. Thus 

the optimization problem is to find out maximum 

profit within frames of constrains. Practically 

this means to determine wood raw material 

parameters, processing values and orders in 

order to achieve maximum profit through the 

bottleneck in business environment. Often the 

bottleneck is capacity in the processing i.e., in 

drying or in the break down operation. 

Sometimes it’s the availability of raw material. 

Using the exact same batch of logs, conversion 

can result in 10 to 30 percent more profit if the 

processing parameters are correct compared to 

uncontrolled sawing. When the sawmill switches 

from producing bulk sawn timber to 

manufacturing value-added components, the 

difference in value yield may even be much 

higher. The main reason for the big gap is the 

fact that the non-homogenous wood raw material 

requiring many processing phases makes 

management and control of the business 

difficult. That’s why optimization in the timber 

business–wood raw material harvesting, sawn 

timber production and sales activities–is very 

important. 

Global Wood Chain Optimization is a procedure 

to achieve maximum profit in the entire 

conversion chain from the forest to the end 

product. In global optimization, different phases 

in the chain are in active interaction ensuring the 

best possible economic result.  

Sub-optimization is a procedure to achieve 

maximum output (i.e., capacity or sales value) or 

minimum costs etc. in individual phases in a 

conversion chain from the forest to the end 

product. In sub-optimization, different phases in 

the chain are in loose interaction or they have no 

interaction at all. 

The advantages of using the Global Wood Chain 

Optimization approach are to: 

• ensure the available wood raw material and 

orders match the market demands as well as 

possible 

• manage and actively control procurement of 

wood raw material 

• promote dynamic sawn timber sales and 

marketing 

• control production processes as a whole to 

achieve the best possible value yield 

• minimize through-put times and minimize 

inventories in the chain. 

By using a sub-optimization approach it is 

possible to achieved good “local” result, but 

from the point view of making money, this 

solution can be very poor. In the wood 

conversion chain only sales bring income. Raw 

material harvesting, transportation, processing 

and inventories cause costs. Profit, i.e., income 

minus costs, is a simple equation to be 

maximized. There are three possible ways to 

make a profit: 

• reduce costs in the conversion chain 

• increase income 

• increase income and reduce the costs in the 

conversion chain. 

In some cases the ultimate aim is to reduce costs. 

Typically this happens in wood raw material 

procurement. This is a typical sub-optimizing 

issue. The fact is that the quality of logs impacts 

directly on the quality of lumber and therefore 

lumber prices and total income. It is almost 

always better to invest money for producing 

better log quality distribution. Increased income 

can be activated by developing value-added 

products or including service to the deliveries. 

An ICT Concept for Sawmilling – Computer 
Integrated Manufacturing (CIM) of Sawn 
Goods 

As shown in Figure 2, the lower (FLOOR) level 

of the CIM-concept consists of individual 

processes and machines. Forestry machines 

harvesting wood raw material far away from 

sawmills are linked with the computer systems 

of the sawmills, just like the other machines and 

processes. The upper (PLAN) level of the CIM 

consists of software systems supporting the 

decision making and planning procedures. 

Principally PLAN-systems can be divided into 

two categories: administrative & management 

systems, and planning & optimizing systems. On 
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top of the CIM-triangle is a software system 

connecting all the individual software modules 

to control and manage all the conversion 

activities. 

The management procedure is as follows: On the 

PLAN level, optimized instructions and process 

parameters for a time period are produced. The 

plans and production parameters are transferred 

to execution, FLOOR level (machines, processes 

and operators). During conversation and 

manufacturing, the properties of products and 

processing values are recorded. This information 

is fed back to the PLAN level, where a 

comparison between planned activities and real 

results achieved in processing is made. The 

procedure provides an advanced adaptive 

system. This approach is necessary for 

developing value-added products and customer-

oriented business, especially in business 

networks. 
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Figure 2 An integrated approach is necessary 

to manage the conversion chain in its entirety 

WoodCIM® optimization software for decision 
support at sawmills 

WoodCIM® is a model and software system 

developed by the Technical Research Centre of 

Finland (VTT) (Usenius, 2002, Usenius et al., 

2006). The system describes the whole 

conversion chain from the forest to the end 

products. It is comprised of the following 

integrated software modules: 

• simulation program for predicting the 

volume and value yield by sawing a log or a log 

class 

• program for optimizing the limits of sawlog 

classes 

• sawing model based on linear programming 

for production planning 

• integrated optimizing model “from stump to 

final product”, supporting bucking decisions. 
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Figure 3 WoodCIM

 consists of integrated 

software modules 

The WoodCIM® system can be linked to the 

product and material flow control system or 

other information systems at a sawmill, 

producing and transferring updated information 

for planning. WoodCIM® will in turn return 

information to be delivered to different phases of 

business operations.  

The different modules of the integrated software 

focus on maximizing profit or value yield, taking 

into consideration non-homogenous wood raw 

material, variation, as well as the process and 

market variables. The program system operates 

in a PC-environment and provides a user-

friendly computer interface. The interface 

software contains a module for checking the 

correctness of input data. The software modules 

also allow creation of different scenarios, i.e., 

theoretical production lines and products, which 

allows study of their potential profitability. 
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Simulation software for predicting the 

volume and value yield for sawing set-ups 
The simulation model mathematically “saws” the 

log or log class into sawn timber pieces by 

grades according to the end-users’ specific 

needs, chips and sawdust. The best blade settings 

and patterns for each log class are determined by 

simulations. Sawn timber pieces or flitches can 

be further converted into components in order to 

optimize the secondary conversion process. 

Program for optimizing the limits of sawlog 

classes 
In the Nordic countries logs are normally sorted 

into log classes. Logs of one log class are sawn 

using fixed blade settings. This means a much 

higher capacity compared to the sawing 

operation where the blade setting can be changed 

individually for each log. Sorting criteria are log 

characteristics such as wood species, top 

diameter, quality, length, taper and sweep. 

Optimization software based on linear 

programming supporting planning of 

production, harvesting and marketing  
The optimum sawing strategies for a time 

period(s) (one month, for instance) can be drawn 

using an optimization model based on linear 

programming. The goal is to achieve the best 

profitability for sawing periods. The possibilities 

of using the best blade setting for a sawlog class 

are often restricted. There are always sawn 

timber dimensions and grades having only 

limited demand from the market. In contrast, 

when the demand is high the desired product has 

to be sawn from several different log classes. 

The WoodCIM® sawing model optimally 

combines the log supply, sawing possibilities 

and sales. 

InnoSIM simulation system for tracing 
improvement options 

The InnoSim sawing simulator was developed as 

a tool for research and analysis of the wood 

conversion chain (Song and Usenius, 2007). The 

software simulates the conversion process of 

stems and logs for achieving better economic 

output. InnoSim simulates the operations of the 

entire sawing process chain from tree stem 

bucking to final end products: lumber, wood 

components, chips and sawdust. Both cant 

sawing and live sawing can be simulated to 

break down sawlogs into sawn goods. The input 

stem/logs to the software are based on a log 

model which includes wood quality 

characteristics essential to product quality, such 

as knots, heartwood, external shape, etc. The 

output products are modelled for both standard 

dimension lumber and wood components defined 

by customers' specific needs. Therefore the 

InnoSim simulator imitates real life breakdown 

of logs into sawn products. The software can 

visually present the input sawlogs, sawing 

process and output products.  

Three sources of the numerical logs/stems at 

VTT are available as input data for the simulator. 

The first one is the so-called flitch-method based 

log construction procedure, which was 

developed at VTT in the 1990’s (Song, 1999). 

More recently a new approach was developed at 

VTT which reconstructs logs directly with 

extracted information from X-ray scanning data 

of the logs. The third alternative is the growth 

model based stem generating method which can 

easily generate large samples of virtual stems 

and logs under a number of growth scenarios 

(Mäkelä and Mäkinen, 2003). Selection of a 

suitable source of logs/stems is dependent on the 

nature and purpose of a simulation research. 

Important features of InnoSim sawing simulator 

include: 

• real log model with quality characteristics 

essential to final product quality requirements 

• multi-grading scheme, i.e., dimension 

lumber can be graded with different grading 

rules for different end-user markets, e.g., 

standard or tailor-made Nordic Timber grading 

rules and EN 1611-1 grading rules, or 

alternatively with Nordic visual strength grading 

rules for timber (Anonymous, 1997, 1999 and 

2000) 

• capability of simulating sawing heartwood 

sawn goods through heartwood content based 

classification of dimension lumber 

• optimization of sawing logs, sawn flitches or 

dimension lumber into wood components with 

special dimension and quality specification 

defined according to customers’ needs. 
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Input data for the sawing simulator 
   

Log cross-sections

3D stem

3D cross-cut logs

Log cross-sections

3D stem

3D cross-cut logs

 

Figure 4 External and heartwood core 

envelopes, and internal knots of constructed logs 

and a stem 

Stem/Sawlog model 
Input stems/sawlogs for the sawing simulator are 

based on a stem/sawlog model defined with an 

external envelope, an internal knots structure, 

and a heartwood core envelope, which are shown 

in Figure 4. The sawlogs can be reconstructed 

with either the so-called flitch method, or the 

automatic method using scanning and 

measurement data of sawlogs. However, no 

matter which of the two log reconstruction 

methods is used, the reconstructed 3D logs have 

to comply with the defined log data model. 

Geometry of a reconstructed log is represented 

with a series cross-section in the model and the 

cross-section of each segment is described with 

24 evenly divided vectors. Likewise, with 24 

evenly divided vectors originating from log pith, 

heartwood core geometrical shape is described 

with a numerical model. A knot of a log is 

numerically described with a group of 

parameters. 

Wood component, lumber and side products 
By wood components, we mean user-defined 

special sawn goods usually with special 

dimensions and shorter length as compared with 

dimension lumber, but with strict quality 

specifications concerning knots, wane and other 

quality properties like grain angle, resin pockets, 

checks, pith and annual ring width etc. The 

quality requirements can be specific for each 

face and each edge of a component.  

Traditionally dimension lumber products have 

well defined dimension series and widely 

accepted grading rules in the Nordic countries, 

e.g., the Nordic Timber Grading Rules. 

Comparatively EN 1611-1 grading rules, which 

is a European standard for sawn timber – 

appearance grading for softwoods – can also be 

used for dimension lumber grading for Scots 

pine and spruce. Dimension lumber can also 

alternatively be graded according to the Nordic 

visual strength grading rules for timber: INSTA 

142.  

Heartwood content based classification rules, 

which are defined according to customers' 

requirements, are used to evaluate the heartwood 

content class of lumbers. In the InnoSim sawing 

simulator, heartwood lumber classification is 

done by checking “heartwood wanes” of both 

faces and the edge with more "heartwood wane" 

(Usenius et al. 2005; Song et al. 2005).  

Therefore the following data are needed for 

defining lumber and side products i.e., chips and 

sawdust: 

• lumber grading rules with respect to knots 

and allowed wane rates for each grade and 

lumber dimension 

• components grading rules including 

limitations on knots and wanes, etc.  

• heartwood content classification rules and 

prices for each class 

• components, lumber and side products’ 

prices. 

Sawing process 
Sawing process-related input data for the model 

includes the following information: 

• sawing pattern data (i.e., blade settings for 

different log diameter classes)  

• sawing process parameters such as saw kerf, 

data of green lumber sizes for given nominal 

sizes 

• other production process parameters specific 

to a given sawmill. 

InnoSim sawing simulator architecture: 

The InnoSim sawing simulator includes 

heartwood content based classification in the 

array of product features, in addition to wane 

rates and knots. Visualization of sawmill 
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processing entities such as sawlogs and lumber 

etc. have also been emphasized in the sawing 

simulator. Therefore, development of the 

InnoSim sawing simulator has brought sawing 

simulation one step further towards a real-life 

sawing simulation. 
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Figure 5 Structure of the InnoSim sawing 

simulator 

Sawing simulation with InnoSim can start 

directly with reconstructed logs or alternatively 

with reconstructed tree stems. In the latter case, 

logs are firstly cut from the stems. The resulting 

logs are "sawn" with the simulator. The structure 

of the sawing simulator is displayed in Figure 5.  

InnoSim simulator can be used either as a 

software for decision support in sawmills or as 

an analysis tool for the wood conversion chain 

operation management and research. For 

instance, with InnoSim the sawmill conversion 

process can be simulated for test-running 

sawmill production with proposed operation 

rules and available raw materials to assess its 

impact on sawmill profitability. InnoSim can 

also be used to design new component products 

with special quality requirements and evaluate 

their profitability in respect of given raw 

materials. Other concrete beneficial uses of the 

InnoSim simulator include the following, but are 

not limited to this list: 

• test-sawing virtually to better match raw 

materials available with products demanded in 

the marketplace 

• as a strategic plan tool for forest industry 

firms, e.g., feasibility study on sawmill project 

under given or proposed operating circumstances 

• assess new sawn products through virtually 

test-manufacturing the newly designed sawn 

products with the system 

• feasibility assessment of a customer order 

based on available raw material resources, 

production capacity and ordered products’ 

quality specifications 

• as a training tool for operating staff of 

sawmills 

• as a research platform for a wide range of 

sawmill operation-related research such as real-

time sawing optimization, log positioning, 

impact of grading rule changes etc, just to name 

a few. 

Scanning of internal properties of stems and 
logs for characterising wood raw material and 
for optimisation of sawing operations 

Currently, only geometric properties of stems 

and logs are measured providing data such as top 

and large end diameters, length, taper and shapes 

of individual logs. In some cases logs are graded 

visually into quality classes. No information 

about internal quality aspects is available.  

Implementation of new scanning technology will 

enable precise characterisation of logs and stems 

with scanners, which are based on x-ray 

technology, combined with true shape data 

through laser applications. Depending on system 

configuration, the scanners can provide, at 

different detail levels, information about 

knottiness, individual knots, density, annual ring 

orientation, moisture content, etc. The scanners 

can be implemented at log sorting stations, cross 

cutting terminals for stems and also just before 

sawing machines. Such scanners also provide 

data for planning systems and process control for 

sawing optimisation. 

 

Figure 6 Scanning and software system for 

wood conversion chain optimization at VTT 

Active material flow management through 
marking technology 

Figure 7 presents in principle the volumes of 

information in different stages of the forest - 

wood chain. Measurements and observations 

throughout the chain produce data and 

information. In individual stages information is 

growing rapidly. This information is, however, 
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used only locally. After the wood material has 

left the processing phase, almost all gathered 

information is dropped. This happens throughout 

the supply chain. It is not possible to link final 

products, raw materials and processing 

parameters together. The picture also shows an 

accumulated curve assuming that all the 

information from previous phases would be 

available in the later phases. If the lost 

information could be regained, much more 

effective business could be realised. Information 

"recovery" can be achieved through marking 

pieces, reading of the markings and storing the 

corresponding data in a database.  
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Figure 7 Recorded and lost information 

throughout the conversion chain 

A new system for advanced control of the forest 

- wood chain through marking pieces, reading 

the markings and data processing establishes a 

strong opportunity to make better business. The 

principal design of a Marking Reading 

Information processing (MRI) control system is 

presented in Figure 8 (Usenius 2002; Usenius 

and Niittylä 2002). 
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Figure 8 Marking Reading Information system 

Concepts for the industrial implementation of 

MRI systems have been created at VTT. Some 

concepts are based on the collective following of 

wood material batches producing information on 

how to process certain categories or classes of 

wood. Other concepts are more detail-oriented 

and necessitate following individual pieces of 

wood raw material, semi-finished products and 

final products. Economic analyses have been 

carried out to assess the profitability of different 

concepts. 

Marking of pieces can be done using different 

techniques i.e., RF-tags, transponders and ink jet 

markings. The most economical marking method 

with the best potential for the forest - wood chain 

at present seems to be color marking, which can 

be done in the forest using traditional equipment 

existing on harvesters, however slightly 

modified. For marking boards an ink jet writer is 

capable of producing a high quality 

alphanumeric code. 

Reading the marking or the code on logs and 

boards can be done by a color camera. The core 

of the reading system is neural network-based 

software for decoding the code.  

A MRI-control system can be applied for many 

different purposes, and areas of the applications 

include quality control, process control, planning 

procedures and customer service. Marking of 

pieces is also a way to show the origin of pieces 

and it can be used, for instance, to ensure that the 

material originates from a certified source. MRI 

provides a quite new approach for the 

management of material and information flows 

from forest to the end products, supporting 

customer-oriented businesses and value-added 

production. 

Conclusions 

Flexibility and adaptability are essential features 

for the future of wood based businesses. ICT can 

strongly support supply and conversion chain 

management and advanced processing. 

Modeling, measuring technology, 

communication tools and flexible manufacturing 

systems provide possibilities to gather and store 

data automatically throughout the whole 

conversion chains and link the data together. 

Intelligent data processing generates information 

and knowledge for producing wood products 

with specific, desired properties from non-

homogenous raw material with high profitability.  
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ABSTRACT 

The membership of the Appalachian Hardwood Manufacturers Association was surveyed in 2005 to 

determine the current status of large Appalachian sawmills. The primary focus was to assess the impacts 

of globalization on primary manufacturing, but attention was also paid to general issues affecting the 

hardwood lumber supply chain–from concerns over forest health and log supply to the products and 

services being demanded by secondary manufacturers. 

The study results suggested that globalization issues ranked among the more important concerns of 

sawmill managers. Over 90 percent of respondents indicated that they were working harder to develop 

relationships with their customers as a result of globalization, and 75 percent indicated that they were now 

more aggressive in searching for new markets. Respondents indicated that export and flooring markets had 

picked up some of the volume loss associated with declining domestic furniture manufacturing, but these 

markets (particularly flooring) were perceived to be vulnerable to imports. Lumber sorting was considered 

an important area for capital investment for responding firms in the coming years as this was related to the 

need to provide customers with higher value products and services. In support of the need to provide key 

customers with desired products/services and more value, study findings identified the need to provide 

employee training including communications and marketing, in addition to technology development 

including lumber sorting and decision-support tools. Going forward, it will become increasingly important 

for sawmills to provide their customers with “more than just lumber”–examples are provided that 

highlight opportunities to enhance competitiveness through the supply chain. 

Introduction 

Temperate hardwood markets are increasingly 

becoming global in scope (Hardwood Review 

Weekly 2003), while at the same time domestic 

U.S. demand from furniture and other secondary 

wood products’ manufacturers is declining 

(Schuler and Buehlmann 2003). From 1999 to 

2003, U.S. hardwood lumber production 

declined, due in part to globalization (Luppold 

2006). Actually, over this period, demand for 

hardwood lumber by the U.S. furniture 

manufacturing industry declined by 38 percent 

(Hardwood Market Report 2005), a decline only 

partially made up for in other segments of the 

hardwood lumber market (kitchen cabinets, 

flooring). Also, those markets have different sets 

of expectations for hardwood lumber than does 

the furniture manufacturing sector. 

Globalization is only one of the many issues 

faced by hardwood sawmill managers today. 

Rising energy and stumpage costs, log and 

logger availability, and economic conditions are 

some of the more pressing items in need of their 

attention. However, many of those issues are in 

some way driven or at least interconnected with 

increasing globalization. For example, with the 

decline in domestic furniture manufacture due to 

imports, hardwood lumber markets that rely on 

new home construction and remodeling (e.g., 

flooring, cabinets) have become more important, 

thus housing starts are of greater interest. 

Maintaining a viable, prosperous forest products 

industry requires a holistic approach to industry 

competitiveness. Thus, this research to better 

understand the impacts of globalization on the 

hardwood lumber manufacturing industry was 

207



part of a series of studies relating to the value-

added wood products chain, ranging from the 

forest to the consumer. Gaining a better 

understanding of the dynamics occurring due to 

globalization will help hardwood lumber 

managers in making better operational, tactical 

and strategic decisions and thus benefit the 

industry and forest owners. 

Methodology 

The membership of the Appalachian Hardwood 

Manufacturers, Inc. (AHMI), a trade association, 

consists of 53 sawmills in the Appalachian 

region (as defined by Luppold and Bumgardner 

2007). This region is responsible for over 55 

percent of the hardwood lumber produced in the 

eastern U.S. (USDC Bureau of Census 2005). 

Fourteen companies received test questionnaires 

in July 2005, while the bulk mailing was done in 

August 2005. Nonrespondents received a second 

questionnaire in September 2005. Thirty-two 

usable responses were received (60 percent 

response rate), with 41 percent being filled out 

by CEOs, Presidents or Owners, 22 percent by 

General Mangers, and the remainder by Vice 

Presidents or Sales Managers. 

Respondents were located in WV, NC, VA, KY, 

NY, PA, OH, TN and GA. More than half of the 

respondents operated multiple facilities and 

almost 70 percent were solely producing 

hardwood lumber, while the remainder also 

produced value-added wood products (e.g., 

components, flooring, moldings, millwork). 

Responding firms generally were large; 

41 percent of the respondents produced more 

than 15 MMBF annually and the average 

responding company had approximately 170 

employees. 

Results and Discussion 

A wide range of topics are of concern to the 

managers/owners of the Appalachian hardwood 

lumber manufacturers, ranging from 

transportation availability and cost issues, 

hardwood stumpage affordability, market losses 

in the U.S. (decline of furniture industry and 

other hardwood consuming industries), foreign 

competition, to the availability of loggers. 

Interestingly, the export of logs does not rank 

high on the list of critical issues to the managers 

of the industry, although it would appear to be 

reflected in the worries about stumpage 

affordability, especially as foreign log buyers 

tend to pay high prices for good quality logs. 

When asked about the most likely issues being 

of greatest concern to them in three years time, 

the managers chose competition from foreign 

lumber suppliers in export markets, loss of 

domestic markets other than furniture, and 

afforability of hardwood stumpage/logs. Table 1 

displays a ranking of issues of concerns to the 

hardwood lumber manufacturers. 

Table 1 Mean responses to level of concern 

over several issues affecting the hardwood supply 

chain (1=not a concern to 5=a major concern)* 

Supply chain issues Score 

Lumber transportation availability/costs 4.4 

Affordability of hardwood stumpage/logs 4.2 

Loss of domestic furniture mfrs. as 

customers 

4.2 

Competition from foreign lumber suppliers 

in export markets 

 

4.0 

Loss of domestic markets other than 

furniture 

4.0 

Availability of loggers 4.0 

Competition in domestic markets from 

imported lumber 

 

3.7 

Possible changes in the number of new 

housing starts 

 

3.6 

Possible changes in consumer spending on 

remodeling 

 

3.5 

Customer expectations for "extras" 3.2 

Hardwood timber quality 3.2 

Forest health issues 3.2 

* Four issues with scores below 3.0 (the scale mid-point) 

are excluded from the table. 

Given the market losses experienced by the U.S. 

wooden furniture sector, it was interesting to see 

how optimistic hardwood lumber manufacturers 

are about the fate of other industry sectors 

buying their product. Unfortunately, the 

managers surveyed see their customers as 

somewhat vulnerable to a variety of imported 

finished products. Flooring was viewed as the 

most vulnerable, followed by cabinets, exports, 

molding, millwork and pallets. Figure 1 shows 

the mean responses to the perceived 

vulnerability of secondary markets to imported 

finished products. 
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Figure 1 Mean responses to perceived 

vulnerability of secondary markets to imported 

finished products (1=not vulnerable to 5=very 

vulnerable) 

Hardwood lumber manufacturers thus are 

concerned about issues throughout their value 

chain, from the availability of their raw material 

at reasonable prices to the prospects of many of 

their most important customers, especially after 

the harsh experience with the U.S. wooden 

household furniture industry. When asked about 

the industry's response to the threat of decreasing 

domestic demand for their product, the most 

prominent action mentioned (over 90 percent of 

respondents) was that they work harder to 

develop relationships with their customers. Other 

frequently mentioned responses included a more 

aggressive search for new markets, investments 

in equipment, more customization of their 

product (sorting in length, width, color), among 

other things. Table 2 shows a list of actions 

undertaken to respond to the existing market 

threats. 

Table 2 Proportion of respondents taking 

various actions to deal with globalization in 

hardwood markets* 

Actions Percent 

We work harder to develop relationships 

with customers 

 

90.6 

We are more aggressive in our search for 

new markets 

 

75.0 

We have invested in new equipment 71.9 

We provide more sorting services for length 62.5 

We provide more sorting services for width 62.5 

We provide more sorting services for color 53.1 

We sell a higher proportion of our 

production to export markets 

 

53.1 

We are more flexible in our delivery 

schedules 

46.9 

We have shortened our lead times 46.9 

We have developed new grading criteria for 

specific customers 

 

43.8 

We have hired or contracted with sales reps 

located overseas 

 

40.6 

* Four actions with percentages below 30 are excluded 

from the table. 

Cost reduction and customization to customer 

specification are the two main focus areas of 

investments of the companies surveyed. Cost 

reduction focuses on higher product recovery, 

decreasing fixed cost through higher 

productivity, and/or using IT to assist in sales 

and marketing. Customization focus on 

enhancing sorting capabilities and capacities 

and/or increasing the ability to produce 

components. Few companies indicated that they 

have made no substantial investment over the 

last 3 years. Table 3 gives the mean responses to 

questions regarding capital investment of 

hardwood lumber companies. 

Table 3 Mean responses to impacts of 

globalization on capital investments (1=disagree to 

5=strongly agree) 

Investment focus Score 

Improving grade yield from logs 4.3 

Reducing the costs of production 4.2 

Improving productivity (e.g., output per 

employee) 

 

4.1 

Expanding services to customers (e.g., sorting) 4.0 

Increasing through-put (e.g., production per 

shift) 

 

3.9 

Information systems for sales and marketing 2.9 

Vertical integration (e.g., producing 

components) 

 

2.6 

We have made no substantial investments in the 

last 3 years 

 

1.4 
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Increased competition as opportunity 
While capital investments are not a panacea, 

they often are necessary to achieve the level of 

quality, productivity and customization that 

distinguishes successful firms from the rest. 

With the increase of low-cost products from 

overseas, end-users have come to expect ever-

better quality and service at similar prices from 

their domestic suppliers. Thus, the secondary 

wood products’ industry is looking for hardwood 

lumber suppliers who can deliver the quality 

required by their customers at a reasonable price. 

Premiums are paid in the market for hardwood 

lumber that is sorted for: 

• guaranteed MC 

• size 

• color 

• character-marks 

• combinations of the above. 

Some customers expect even more value-added 

customization, such as: 

• glued-up panels 

• components 

• shaping, turning, carving 

• matching. 

As the above list indicates, today's hardwood 

supplier has many options to differentiate his 

product on the market. By cooperating with 

secondary wood products’ producers, who 

ultimately have to manufacture a product that the 

consumers desire and for which they are willing 

to pay the necessary price, hardwood lumber 

manufacturers can differentiate their offering and 

by so doing move away from the commodity 

markets. Unless one is the lowest price producer, 

being a commodity producer has never been a 

winning proposition. With today's increased 

customer expectations, hardwood suppliers 

should be able to find profitable market niches 

despite the decline in portions of the domestic 

secondary industry. However, serving such 

niches might require new approaches to 

production and distribution. 

Conclusions 

Large hardwood sawmills are clearly feeling the 

effects of globalization, although the associated 

changes it brings are rivaled by other concerns 

related to resource availability/costs and 

changing housing markets. The list of 

sawmillers' major concerns, spanning forests to 

secondary markets, highlights the need to 

consider the entire hardwood supply chain when 

considering competitive strategies. It appears 

that the industry is pursuing a combination of 

production technology (e.g., sorting), 

communication (e.g., customer relationships), 

and marketing (e.g., searching for new markets) 

tactics to compete in the current environment. 
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Introduction 

Within the framework of the accelerating 

globalized economy, corporate governance 

quality in most countries has overall improved, 

although to varying degrees and with a few 

notable exceptions (De Nicolò et al., 2006). 

Improvements in corporate governance quality is 

positive, significant, and quantitatively relevant 

also in the forestry sector, and this trend is 

particularly pronounced for industries that are 

most capital intensive and therefore dependent 

on external finance, like the pulp and paper 

industries.  

The positive development in corporate 

governance of the wood and pulp and paper 

industries is not only connected to the 

internationalisation process but also to the 

peculiar “duality” of forests, as renewable and 

biodiversity-rich resources - on one side - and 

key factors of local development, on the other 

(Essmann et al., 2007). In fact, since its 

inception, management of forests has always 

implied components of the sustainability 

principles; the identification of the ratio of wood 

exploitation - not exceeding the natural average 

increment to guarantee the perpetuation of its 

productive function - is just one of the aspects of 

the operative framework that has made forests 

“living laboratories” of sustainable resources 

management and therefore of corporate social 

responsibility (CSR). 

As Bass and Hearne (1997) pointed out, the 

process of concentration and internationalization 

of companies working along the wood chain is 

resulting in accountability of companies and 

their vulnerability against the requests of the 

stakeholders. Accountability and the adoption of 

CSR initiatives seem therefore correlated not 

only to the resource base but also to the size of 

the companies and the socio-economic structure 

of the countries where they are operating.  

In most of the countries the market segment of 

the high quality hardwood is not characterized 

by the presence of large international companies: 

small- and medium-size enterprises (SME) 

producing sawnwood, furniture, floorings, 

window frames and other quality wood products 

are the prevailing actors in this segment. Italian 

companies have a leadership position in this 

market being Italy the second largest word 

exporter of furniture after China (the first one till 

2004), and a large exporter of many other 

finished products made with hardwood species. 

The adoption of CSR initiatives by Italian 

companies working in the wood processing 

sector is still quite limited, as a consequence of 

internal structural factors. Italian wood traders 

and wood working enterprises are generally 

small to medium-sized
1
 and their competitive 

advantages are mainly based on design, 

technological quality and a flexible 

organisational structure. Retailers are the 

predominant customers of the Italian wood 

working companies and direct marketing to the 

end consumers is very limited. Consequently, 

companies’ general attitude towards CSR tends 

to be reactive, more than proactive (Pettenella 

and Santi, 2004). 

Two external factors influence the low level of 

CSR within the Italian wood processing sector: 

• the limited public awareness among the 

Italian consumers and the clients of Italian 

products about the problems of illegality in the 

wood supply chain, along with a prevailing 

                                                 
1
 96.8% of the 87,000 industrial companies working in the 

sector have less than 20 employees (Italian Statistical 

Office data). 
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interest on fashion, design and quality features of 

wooden products and 

• the limited commitment of Italian public 

authorities in implementing international 

agreements aimed at preventing the deforestation 

process and corruption behaviour in the sector 

(namely FLEGT
2
, G8 and ENA FLEG

3
 

initiatives). 

In the present paper, after a brief description of 

the internationalisation process of the Italian 

wood and furniture sector, a case study related to 

the delocalisation process of SME towards 

Romania is presented.  

The Italian wood working and furniture 
industry 

The Italian wood working and furniture industry 

is still one of the world leader in spite of the 

limited domestic wood supply (at least as regards 

high value hardwoods, the most utilised in 

furniture production). Almost 400,000 people are 

directly and indirectly employed in the sector, 

with a gross production of more then 42 billions 

Euros corresponding to 5.3% of the total Italian 

industrial production (Gargiulo et al., 2003). 

The sector is mainly based on SME with 

production-oriented culture, low investment in 

R&D; companies are not recognized as leaders 

in technological innovation and they have lack of 

properly trained staff. Their main competitive 

advantages are the design quality and the 

flexibility supported by highly specialized 

industrial districts (ID). Consumption of high 

quality timber - mainly hardwood (temperate and 

tropical) from non domestic sources - has a 

crucial role in the sector development. In fact, 

the Italian market is the first export market for 

logs and wood products coming from Cameroon, 

Ivory Cost, Romania, Bosnia, Albania, Serbia: 

these countries are internationally recognized to 

face high levels of illegality in timber harvesting 

                                                 
2
 Forest Law, Enforcement, Governance and Trade. 

According to a WWF survey (2004), Italy is one of the last 

(14th over 19) countries in implementing such instruments 

among the EU countries. 
3 The Europe and North Asia Forest Law Enforcement and 

Governance (ENA FLEG) is an intergovernmental initiative 

supported by the World Bank. A first Ministerial 

Conference of the initiative has been held in St. Petersburg 

on 22-25 November 2005. 

and trade (FAO, 2000), with negative 

environmental (deforestation and forest 

degradation) and social impacts. 

The main characteristic of the industrial system 

is the organisation in a number of well defined 

Industrial Districts or larger inter-sectoral 

System Areas mainly located in the North-

Eastern part of the country (Figure 1), with an 

internal strong vertical integration of production 

stages. 

The key feature of this model is given by 

spontaneous “network economies” (Dei Ottati 

and Becattini, 1987) of high specialised and 

closely linked small factories producing very 

differentiated goods. Companies have been often 

developed, and sometime still run, as a family 

business; these SME maintain contractual links, 

receive the stimulus to change and support with 

high flexibility the requests by some large 

enterprises operating at different stages of the 

timber value chain (panels, floors, kitchen 

furniture, etc.) which are able to face the 

international competition in the sector. The 

domestic wood working machinery industry, 

another worldwide leading component of the 

Italian forestry sector, is providing an essential 

support to the sector development. 

In the latest years the wood working and 

furniture sector increased its role in international 

trade. On one side, an increased demand and 

trade confirmed the leadership position of some 

historical producer countries like USA, Germany 

and Italy, on the other side it created favourable 

conditions for new market players from Asia 

(China, Vietnam, Indonesia, etc.) and countries 

in transition in eastern Europe (Falzoni et al., 

2003). 
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Figure 1 Timber based Industrial Districts and 

the System Area in North-Eastern Italian regions 

 

Source: adapted from Merlo (1996) 

The internationalization processes of the 
sector 

One special feature of the internationalisation 

process of Italian wood working industries has 

been the de-localisation of production capacity 

to various foreign countries. The process by 

which many Italian as well as other European 

Union (EU) enterprises have re-allocated outside 

the national borders their productive units is 

driven not only by economic forces, but also by 

social dynamics and strategic objectives (Marini, 

2005). 

The internationalization strategies adopted by the 

companies have changed over the past three 

decades. Once a company has internalized its 

capacity to manage transnational production and 

the co-ordination issues involved, proximity 

ceases to play a relevant role and management 

over distance becomes a positive market 

expansion factor. Besides, the motivations can 

evolve over time, for instance from a cost-saving 

approach to strategies aimed at creating new 

products and markets. Firms from ID tend to de-

localize all their production stages abroad while 

they keep product design, quality control and 

marketing within the local system (Mariotti, 

2004).  

In the most strategic markets companies, in 

cooperation with others belonging to the same 

ID, have established showrooms and trade 

points; the objectives of these new 

infrastructures were (Bresolin and Biscaro, 

2001): 

• to better control the distribution abroad; 

• to easily get information on the market 

requests and react to them; 

• to get quickly new market opportunities; 

• to develop more efficiency market 

penetration plans. 

Later the interest has moved towards new 

potential large markets (Russia and China) 

where, thanks to the development of a segment 

of high income level consumers, an increase of 

potential buyers was expected. The early 

penetration in these markets has offered a 

competitive advantage and the Italian companies 

have been quite active in the organisation of 

fairs, advertising campaigns and retail 

networks. 

In the last years not only single large enterprises 

but also groups of SME belonging to the same 

ID have moved, with different patterns (see Box 

1), abroad, especially in aastern European 

countries.  

Box 1 - Specific features of the internationalisation 

process by Italian wood working and furniture 

companies.  

In the sector there are very different products and 

technologies employed along the wood chain from logs, 

sawnwood, to composite furniture made of solid wood, 

veneer sheets, medium density fibreboards and 

particleboards; this situation implies different patterns in 

the internationalisation process. 

The sawnmills, the pallet and other wood packaging 

industries, as well as the plywood and veneer sheets 

industries are much more adaptable to the international 

relocation of productive plants, especially in those 

countries where wood materials and labour costs are 

relatively lower. In these market segments, 

transportation costs and interconnections with other 

industrial sectors are also key-factors in the 

delocalisation process.  

Furniture and furniture components production is more 

complex due to the level of product differentiation and 

the requirements related to design, standardisation and 

quality management (Figure 2). These aspects tend to 

reduce the effect of direct competition by new foreign 

producers. The delocalisation of the furniture sector 

tends to be not highly profitable. Thus, companies have 

not always strong motivations to move from the original 

Italian ID. However, some transnational enterprises (like 

Arquati and Natuzzi), which were able to organize a 

multi-site logistic and supply chain, successfully 

implemented a relocation strategy of all the production 

stages. 

Source: adapted form Falzoni et al. (2003) 
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and veneer
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hardwear

washers
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Source: adapted from Merlo (1996) 

Figure 2 Examples of a furniture Industrial 

District and the related production chain, with 

reference to those stages that are normally 

delocalised. 

In order to have a more precise understanding of 

the CSR initiatives and the impacts of the 

internationalization process of the Italian 

companies operating in the sector, Romania has 

been taken as a case-study for a field survey. The 

choice has been motivated by the following 

reasons: Italy is the first commercial partner for 

Romania (with a total amount of about 4 million 

Euros of traded goods in 2003 and 2004; 0.1 

millions Euros of furniture export from 

Romania) and more then 3,000 Italian 

enterprises currently are operating in the country 

in different sectors (textile, footwear, mechanics, 

and wood-furniture). Most of them are SME 

which were connected or are still maintaining a 

link with the original ID in Italy. In addition to 

the presence of the ordinary competitive 

advantages (low labour costs, geographical 

proximity, availability of raw materials and 

energy at low prices, less restrictive 

environmental, safety and fiscal policies), 

Romania offers to Italian investors similar 

cultural and linguistic background, an important 

factor - especially for SME - that has facilitated 

contacts and industrial exchange since the early 

‘90s. Moreover in the ‘90s the Italian 

Government, the European Commission and 

other public and private agencies have developed 

different policies and programmes to support the 

investments in east European countries, with 

special regards to those – like Romania - 

expected to joint the EU (i.e. public financing 

institutions like FINEST
4
 and SIMEST

5
). 

Recently, due to the entrance of Romania in the 

EU, the rapid economic development of the 

                                                 
4 http://www.finest.it/custom/home.php 
5 http://www.simest.it/home.html 

country and the growing industrial competition 

of far-east producers, competitive advantages 

start to be less attractive and Italian investors, 

after a first pioneering phase, are facing the 

challenge of reinforcing the previous investment, 

to move to other countries of east Europe or back 

to Italy. 

Effects of internalization, with special 
reference to Romania 

In Romania, the new branches of the Italian 

companies tend not to re-create the network 

structure of the ID, but a new autonomous 

activity with a larger number of production 

stages (raw material supply, sawing process, 

trimming, boards/panels/other solid or 

reconstructed semi-finished products processing, 

etc.). Sometime the process implies also the 

delivery of final products (furniture, floors, 

doors and frames) to be sold in the growing 

domestic market. In most cases production tools 

(nails, screws, handles, etc.), accessories and 

packaging are imported from Italy with no or 

limited impacts on the local supplier market of 

components. 

The most experienced companies which had 

largely invested in infrastructure and 

machineries in the past years have decided to 

maintain their activity in Romania, despite of the 

recently reduced level of profit, expecting a 

growth of local and neighbouring markets. Some 

companies with a consistent behaviour are 
planning to establish in Romania also the final 

production stage, enlarging the production chain 

to activities normally carried out in Italy. 

This development path has generated different 

impacts: 

• a decreased level of economic activity of the 

wood working companies based in Italy, with a 

reduction of employees or, in some cases, a 

turnover of labour forces in the sector (unskilled 

vs. professional workers);  

• a process of specialisation of industries 

operating in Italy towards processing 

technologies and final products based on low 

cost raw wood resources;  

• a stronger pressure on Romanian forest 

resources, with negative environmental impacts 

De-De-
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due to the overexploitation of local natural 

resources. 

In the following pages these three impacts are 

analysed more in detail. 

Reduction of production capacity in Italy 
During the period 1991-2001, the number of 

wood working enterprises (furniture excluded) 

decreased of 14% in Italy (Figure 3). In the same 

period the total number of employees decreased 

of almost 4%.  
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Source: Istat (Industrial Census) 

Figure 3 Employees and firms in the wood 

working industry in Italy (1991-2001)  

These trends may be associated also to the 

delocalisation processes. The loss of 

employment opportunities in the wood working 

industries has been partly balanced by a slightly 

growing number of enterprises operating in the 

furniture (and furniture components) sector 

(Figure 4) and there is evidence that some of the 

temporary unemployed workers have found new 

job opportunities in the same ID. This has been 

mainly a spontaneous process and not the result 

of a clear commitment of the companies to 

maintain certain level of employment.  
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Figure 4 Wood working and furniture industry 

trends (no. of companies; 1995-2005)  

In the same period in Romania (Figures 5a-b) a 

constant growth of the number of wood working 

and furniture plants has been observed. The 

increase in the number of companies did not 

have always positive impacts on employment; 

this was due to the transition process from few 

large enterprises deriving from the former 

centrally planned industrial system to a more 

numerous set of SME. Moreover, the increased 

labour efficiency may also explain a reduction of 

the number of workers in the sector. The 

delocalisation processes of Italian companies has 

favoured these trends. 
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Furniture sector - Romania
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Source: Romanian National 

Statistics Office 
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Figure 5 Employees, number of firms and 

labour costs in the wood working industry in 

Romania (1996-2003) 

As already mentioned, the labour cost in 

Romania (1/10 of the Italian standards – 

Figure 4d) has favoured the de-localisation 
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process, even if it has increased of 48% in the 

period 1997-2003.  

Specialisation of Italian wood processing 

activities 
Market expansion as well as the internalization 

of the Italian industries have influenced also the 

import-export flows between the two countries.  

Since the end of ‘90s, when delocalisation has 

reached its top, the export of panel and wooden 

furniture to Italy increased significantly 

(Figure 6). Later, also the export of plywood 

reached levels never achieved before, as well as 

the export of high quality (and relatively low 

price) hardwood sawnwood (like oak, beech, 

walnut, lime, maple, etc.). Many Italian 

companies are importing from eastern Europe 

finished and semi-finished furniture components, 

to be assembled in the country and sold with the 

(controversial) label of Made in Italy. 

Import flow of high value timber from Romania, 

as well as from other foreign partners, is 

balanced by the development of a specialised 

industrial segment: the firms producing 

reconstructed products like particleboards and 

medium density fibreboards. These products are 

based on the utilisation of raw material available 

at very low prices not deriving from domestic 

forests or plantations, but from recycling post-

consumers products (mainly wood packaging) 

and residues from the wood industries. This is a 

remarkable and interesting specialisation 

process: to keep their competitive position, the 

Italian panel producing plants are not relying on 

the wood supply from domestic forest resources, 

neither on the import of raw materials from 

foreign countries (high transport costs) but from 

the development of a technology and logistic 

based on the use of wood wastes
6
. This 

development path is confirmed by the 

acquisition in 2004 by the Austrian Kronospan 

company of the largest European particleboard 

plant located in Sebes (Romania) built by the 

Italian Frati Group: production based on low cost 

material are not delocalised and, when they have 

been delocalised in the past has in the case of 

Frati, investments presumably have not been so 

profitable as in Italy. 

                                                 
6 See the so called “ecological panel” by the Saviola Group 

www.pannelloecologico.com. 
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Figure 6 Export of wood product form 

Romania to Italy (1997-2002) 

Environmental impacts 
Finally it is important to analyse the impacts 

internationalization might have caused on the 

Romanian environmental resources. According 

to FAO, 27.7% - or about 6,370,000 ha - of 

Romania territory is forested. Of this, 3.7% - or 

roughly 233,000 ha - is classified as primary 

forest. 

Between 1990 and 2000, Romania lost an 

average of 500 hectares of forest per year; the 

average annual deforestation rate is 0.01%. 

Between 2000 and 2005, the rate of forest 

change decreased by 260.1% to 0.01% per year. 

In total, between 1990 and 2005, Romania lost 

0.02% of its forest cover, or around 1,000 

hectares. Measuring the total rate of habitat 

conversion (defined as change in forest area plus 

change in woodland area minus net plantation 

expansion) for the 1990-2005 period Romania 

lost 0.9% of its forest and woodland habitat (see 

Rainforest/mongabay.org or FAO country profile 

data).  

The World Bank describes a worse situation with 

a deforestation rate that, in 2000, raised up to 

0.23%, almost three time the average 

deforestation rate of Europe and central Asia and 

of other low income countries. 

Whatever is the data source (also WWF 

International is currently preparing an accurate 

report on forest operations and illegal logging in 

the Carpathians mountains)
7
, forest resources 

have been – and still are – under a strong 

pressure. Further evidence that forests have been 

overexploited in last decades (at least during the 

first years after the ‘89 change of the regime) is 

the increasing import of timber - mainly beech 

                                                 
7 Personal communication by E. Stanciu (WWF 

International, Danube-Carpatian Programme) 
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and oak - from Ukraine and other surrounding 

countries to supply some of the larger foreign 

wood processing companies, recently located in 

the country (Holzindustrie Schweighofer, Losan, 

Mico Legnami, etc.). During the survey (see the 

following chapter) the representatives of these 

companies declared they have to import up to 

30% of their wood consumption in order to 

compensate the decreasing availability of high 

quality-large diameter logs. Due to the high 

timber demand also the raw materials prices 

have constantly increased in last years. 

Moreover, indirect environmental impacts may 

affect also tropical forests. Actually some of the 

delocalised firms, which were used to import in 

Italy tropical timber for furniture production, 

started to import it directly in Romania, closer to 

the processing plants. This shift in the 

commercial flows may contribute to increase the 

problems of tropical timber traceability and the 

monitoring of illegal logging and trade activities.  

Analysis of CSR initiatives implemented 

In 2006, during a survey carried out in Romania, 

30 enterprises of different size (10 small, 13 

medium and 2 large enterprises), belonging to 

the wood working and furniture sectors have 

been interviewed (Table 1). The companies were 

randomly selected from a list based on different 

information sources
8
. Most of them (22) have 

been established by joint ventures between one 

(or more) major Italian shareholder(s) and, 

according to a specific requirement of the local 

law on foreign capital investments
9
, at least one 

minor Romanian partner
10
.  

Some of companies (11) have been operational 

for more then 10 years in the country, others (11) 

have been started after year 2000, and the 

remaining ones are connected with very recent 

                                                 
8 Information taken from the Unimpresa-Romania database 

and integrated with other data from Yellowpages. 

newspaper advertisements and personal communications, 
9 A special bi-lateral agreement on reciprocal investments 

promotion and protection between the Italian and Romanian 

Governments has been singed on 1990 and implemented on 

1995. 
10 The most common legal organisation (almost 50% of the 

cases) established by Italian investors in Romania has been 

a Limited Company; in order to establish this kind of 

company only one local partner is needed (Italian Ministry 

of Welfare, 2005). 

investments (after 2005). Their strategic plans 

are different: some are looking to close down or 

sell the plant and move back to Italy, some 

others are planning new investments and an 

expansion of their market-share in the local 

market. 

Table 1 Investigated firms by main product 

category 

Product Firms 

Average n° of 

employees 

Processed 

volumes 

(cum/year) 

Furniture 11 80* 2600* 

Panels 1 230 10,000 

Floors 4 197 10,333 

Semi-finished products 12 84 9,700 

Laminated beams 1 50 35,000 

Timber trade 1 180 n.a. 

Average values 106 10,081 

 
 

* excluding two large companies (with 800 and 1400 

employees each and a processing capacity of about 20,000 

cum/year) not considered SME. 

During the interviews, special attention has been 

given to the initiatives related to the 

implementation of CSR policy. In general terms, 

the interest in adopting ah hoc initiatives to 

enhance social responsibility (i.e. transparency in 

communication, stakeholders’ involvement, 

reduction of negative environmental impacts, 

protection of workers’ safety) appeared to be 

quite low. As regards third part certifications, 

very few firms have certified Quality 

Management Systems under ISO 9000 standards 

(3 companies) or Chain of Custody systems 

under the Forest Stewardship Council (FSC) 

standard (2 firms); no one has an Environmental 

Management System certified. Certified systems 

under other standards (SA8000, EMAS, OHSAS 

18001) are also lacking. Some companies 

expressed an interest in adopting CSR tools or, at 

least, in getting the FSC certification in order to 

enlarge their market penetration or react to 

specific requests from their foreign clients. 

In order to better define the level of corporate 

governance quality achieved by the companies, a 

“Social Responsibility Index” (SRI) has been 

developed based on the weighted sum of the 

scores related to the following five criteria: 

1. External communication: how the original 

Italian firm or the Romanian branch 

promoted themselves on the Web and which 

level of information (more or less 
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exhaustive) is provided (weighting 

factor = 1); 

2. Stakeholders’ involvement: how 

stakeholders are identified and how their 

expectations or requests in the decision 

making process by the local management 

group are taken into consideration 

(weighting factor = 2); 

3. Environmental impacts: how the negative 

environmental impacts of the company are 

minimized; three indicators were considered: 

control of the legal provenience of raw 

materials, wastes recycling, use of the 

railway system as an alternative to lorries in 

the transport of wood products (weighting 

factor = 3)
11
; 

4. CSR tools: the interest of the companies to 

implement some CSR initiatives in the future 

(weighting factor = 4)
12
; 

5. Workers’ safety: the level of attention given 

to the working conditions and the adoption 

of safety devices and preventive measures, 

beyond the law requirements (weighting 

factor = 5)
13
.  

                                                 
11 For the criteria related to environmental impacts the 

following scale has been defined: low concern = no interest 

in minimizing the environmental impacts (no care for the 

provenience of raw materials, no waste recycling, only 

trucks used for the wood products transport); medium 

concern = medium interest in minimizing the environmental 

impacts (some, non systemic, information available on the 

provenience of raw materials; minimum level of waste 

recycling, interest in finding alternative transport vectors); 

high concern = high interest in minimizing the 

environmental impacts (control of legal provenience of all 

raw materials; waste recycling; use of the railway services). 
12 For the CSR criteria managers were classified under 3 

categories: reluctant = not being interested in implementing 

any initiative; occasional = with an aptitude to voluntarily 

adopt some occasional philanthropic practice without any 

form of external control; committed = in the other cases, 

like when companies are planning to introduce certified 

management systems. 
13 For the workers’ safety criteria the following scale has 

been defined: low attention = dangerous working conditions 

and safety devices not in conformity to the national 

regulations; medium attention = acceptable working 

conditions, according to local standards and safety devices 

according to national regulations; high attention = specific 

attention to the working conditions, with adoption of 

innovative safety devices and preventive measures. 

The five criteria have been use to define a final 

summary weighed score as shown in Table 2
14
. 

Table 2 Criteria, scores and weighing factors 

used to define the Social Responsibility Index (SRI) 

Criteria 
  

Scores  
External 

Communication 

Stakeholders' 

involvement 

Environmental 

impacts  

CSR tools Workers' safety 

0 points not at all No involvement low concern reluctant low attention 

1 points 

not 

exhaustive/clear 

some considerations medium concern occasional medium attention 

2 points 

exhaustive or quite  

exhaustive 

systemic high concern certifications or 

external control 

high attention 

Weighting 

factor 

1 2 3 4 5 

 

Four companies in the sample have been 

considered outliers and they have been excluded 

from data analysis: two very small craft firms 

and, on the opposite side, two large furniture 

enterprises
15
.  
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Figure 7 Ranking by Social Responsibility 

Index (SRI) 

The results show that less than half of the 

sampled companies have a SRI higher then the 

average value. The most relevant criteria in 

discriminating the companies are the external 

communication, the level of interest in adopting 

specific CSR tools and the attention to workers’ 

safety. In almost all the sampled companies there 

                                                 
14 For the criteria related to environmental impacts the 

following scale has been defined: low concern: no interest 

in minimizing the environmental impacts (no care for the 

provenience of raw materials, no waste recycling, only 

trucks used for the wood products transport); medium 

concern: medium interest in minimizing the environmental 

impacts (some, non systemic, information available on the 

provenience of raw materials; minimum level of waste 

recycling, interest in finding alternative transport vectors); 

high concern: high interest in minimizing the environmental 

impacts (control of legal provenience of all raw materials; 

waste recycling; use of the railway services). 
15 One company (1,400 employees) is 100% based on 

Italian capital (Natuzzi), the other is a former State-owned 

large furniture enterprise (IMAR - 800 employees), 100% 

based on Romanian capital but managed by Italian 

managers. 
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is a moderate concern about environmental 

impacts, as well an interest in stakeholders’ 

involvement (Figure 7). 

The relations between SRI and some company’s 

descriptors (firms size expressed by number of 

employees, volumes of yearly processed wood, 

unemployment rate at provincial level, number 

of years of active presence in the country, etc.) 

have been investigated. No statistically 

significant relations between SRI and company 

size emerged from data analysis. Similar results 

have been obtained by considering others 

descriptors.  

The same methodological approach has been 

applied splitting the sample in the two sub-sets 

of the industries producing furniture and those 

producing semi-finished wood products. In this 

case statistically significant relations between the 

SRI and the company size have been defined 

(Figures 8 and 9).  

The overall result of the survey is that at present 

time the level of CSR in delocalised Italian firms 

is very low, especially in SME. Larger 

companies tend to assume a more responsible 

behaviour up to an asymptotic level of the SRI, 

after which firm size probably does not represent 

the only driving force. 

Figure 8 SRI of furniture firms according to 

firm size 
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Figure 9 SRI of semi-finished wood-products 

firms according to firm size 
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Conclusions 

Several wood working SME have been 

established in the last 10 years in Romania by 

Italian investors following a general patter of 

internalisation of the companies towards new 

emerging economies. The newly established 

companies are characterized by a low corporate 

governance quality, presumably lower than that 

of the original firms in Italy. Often, the lower 

standards and the more flexible Romanian 

legislation (in terms of labour conditions, fiscal 

accountability, environmental sustainability, 

etc.) contribute to reduce the socially responsible 

approach of such companies.  

Normally delocalised firms are more labour 

intensive than the original ones, but this aspect 

seems not to be an adequate motivation to adopt 

CSR initiatives. Those companies that decide to 

adopt higher level of CSR instruments (like the 

FSC certification) often are only reacting to a 

specific request by their clients. As far as the 

commitment towards environmental standards, 

the level of corporate governance quality seems 

even lower; in Romania illegal logging and 

corruption in the wood chain have not the same 

relevance as for other (i.e. tropical) countries and 

the local civil society and international 

environmental organisations are not able to rise 

the public concern on these issues.  

Considering the relevant economic, social and 

environmental role of the wood working and 
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furniture industry in Romania and the 

importance of foreign investments in the sector, 

much more attention should be put by 

consumers, large retailers and public authorities 

on CSR issues connected to Italian delocalised 

companies. In the long run what is now a 

competitiveness factor of the de-localized Italian 

companies (the low level of respect of 

international social and environmental standards) 

could become a relevant impediment to the 

development of the sector.  
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ABSTRACT 

The packaging industry is an important market for wood materials, especially low grade hardwoods. 

Approximately one-third of U.S. hardwood lumber production is utilized in the production of pallets and 

containers. The industry is a leader in using non-virgin materials; significant volumes of pallets and 

containers are recovered from the waste stream for re-use, repair, and recycling. Industry by-products 

(both wood and non-wood) are recycled for a variety of uses. The result of these activities is conservation 

of natural resources and reductions of materials in the waste stream. This presentation provides the results 

of a series of studies of the industries which began in 1992 and continue today. Among other findings, the 

studies have determined that the recycling/reuse rates of wood materials used by the industry are equal to 

or greater than those for many metals and plastics, In 1999, we estimated that 4 out of every 10 pellets 

purchased for use was a recovered repaired or rebuilt pallet. This translated into saving the amount of new 

wood fibre that would come from over 39 million 12 inch diameter trees that did not have to be harvested 

for pallet materials. We will also present information on other products made from recycled hardwood 

pallet materials. 
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ABSTRACT 

This action research aims to revitalise the Swedish hardwood business system. Today, coniferous 
softwood dominates; to motivate more forest owners to invest in cultivation of hardwood trees, market 
demand is important. It is not enough to only promote nature conservation through less use of hardwood; 
it is also vital to encourage diversity-promoting forestry. This project aims to enhance the business 
system’s yield and utilization of the hardwood potential. To develop an adequate capacity to deliver, it is 
crucial to involve the whole chain of stakeholders; from market to forest owners. The communication gaps 
need to be overcome by dialogue and integrative envisioning. There is a need to develop the wood quality 
concepts and enhance the way of talking about more different wood qualities in a more appreciative way. 
The sustainable forestry reporting has had its starting point in conservation of ecological values. The need 
for promotion of diversity-oriented investments means that it is important to develop certification as a 
conceptual bridge between production interests and nature conservation interests. Competence 
developments and forestry reporting methods should support business developments and other integrative 
initiatives with a diversity-promoting value. 

Introduction 

Sweden is one of those rare countries where 
there are large green and accessible forests with 
a right of public access. Many Swedes are 
walking, hunting, fishing and picking berries and 
mushrooms in the forests and there are many 
forest-related activities for children. The 
ownership is clear for almost all of the Swedish 
forest-land and there are many private land-
owners. A high percentage of Swedes have 
positive relations with the forest. Accordingly, 
the net export from the forestry-based industry 
sector is about 80% of the net export of the 
whole engineering industry sector. In fact, 
considering that some sectors have negative net 
values; the forestry-based industries produce 
over 50% of Sweden’s total net export (Persson 
2007). 

This work aims for a forest-related business-
system development that promotes diverse 
entrepreneurship and opens up opportunities for 
sustainability-oriented revitalization through 
more smooth collaboration between different 
types of stakeholders and actors. One 
background idea is that almost everybody, at 
least among politicians, speaks in favour of 

sustainability-oriented change, whereas quite 
few people are truly engaged in renewal-oriented 
activities.   

The Southern Swedish forests have 79% soft-
wood (coniferous) and 19% hardwood and other 
deciduous trees. Carbon fixation, aesthetic 
benefits, wildlife habitat, air quality 
improvement, water purification, flood 
abatement and resilience to storms and plagues 
are essential benefits provided by properly 
managed forests (Karlsson et al. 2006). 
Hardwood and mixed forests are aesthetically 
attractive and important for bio-diversity, as a 
part of sustainable forestry and potentially as a 
base for countryside business development. All 
of these parameters as well as the beautiful 
wood-based furniture that can be produced from 
hardwood can provide added value through 
elevated human enjoyment of relationships to 
sustainably managed forests. This multifaceted 
diversity is an essential basis for nature’s 
services provided by forests. 

Three years ago Karlsson and the entrepreneurial 
owner and the manager of a hardwood sawmill 
started to work on interdisciplinary 
communication issues. Two and a half years ago 
Southern Sweden was hit by a severe winter 
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storm that took down a lot of coniferous trees 
and since then there have been escalating 
problems with outbursts of spruce engraver 
beetles. The discourse after the storm highlighted 
an apparent conflict of interest between business 
and conservation priorities. It was evident that 
the industry-related experts had a tendency to 
continue to recommend that the forest land-
owners continue to plant spruce, relating to its 
track-record of timber price. This agitated a 
number of hardwood related persons and has 
initiated development interests for a more 
diverse forest-related business-system 
development and also a renewed and wider 
interest in sustainable forestry. This paper 
discusses the significance of a coherent 
involvement of the whole supply-chain, to 
enable more diverse and value-creating 
entrepreneurship. 

Sustainable forestry 

The limits for and resulting risks due to growth 
of monocultures give substantial arguments for 
biological, ecological and cultural diversity; first 
noted in relation to bio-diversity and more 
recently in relation to other kinds of diversity 
and empowerment, e.g., in combination with 
inclusive and integrative business ethics (Fergus 
& Rowney 2005). Sustainable forestry is 
attracting increasing attention and in Sweden this 
embraces a nature conservation interest for a 
diversity of hardwood trees. However, Sweden 
has a long tradition of major investments in 
expansion of softwood businesses. The Swedish 
timber market demand for hardwood used to be 
low and few Swedish landlords have invested in 
cultivation of hardwood trees. 

The Forest Stewardship Council (FSC) is a main 
actor for sustainable forestry. Their standard of 
principles and criteria (Anonymous 1996) 
promotes biodiversity and development of sound 
forestry management. The FSC standard also 
promotes sound community relations, worker's 
rights and a wide perspective on the diverse 
benefits from the forest. Some examples: 

#4  Forest management operations shall 

maintain or enhance the long-term social 

and economic well-being of forest workers 

and local communities.  

#5 Forest management operations shall 

encourage the efficient use of the forest's 

multiple products and services to ensure 

economic viability and a wide range of 

environmental and social benefits (FSC 
1996).  

The text in #5 includes that marketing operations 
should encourage the optimal use and local 
processing of the forest's diversity of products 
and that forest management should strive to 
strengthen and diversify the local economy, 
avoiding dependence on a single forest product. 

Method 

This section presents the way of working, i.e., 
the method in a three year change-oriented 
action-research process. The paper uses the 
learning from this process as a basis to discuss 
two kinds of transformative tools; sustainability 
oriented standards and research funding.   

The first step of the action research process 
started four years ago and included networking 
and open interviews with entrepreneurially 
oriented persons with forestry-related knowledge 
and interests. This gave a basic renewal oriented 
understanding of the business system and the 
used concepts and language. 

As a second step, three years ago, a PhD thesis 
project was planned and contracted together with 
the hardwood sawmill and an architectural 
company, about the need and opportunities for 
linguistic development. For funding reasons, the 
PhD project never got up to speed. Instead a 
number of smaller EcoDesign student projects 
have been performed. The dialogues that the 
students have had and their reports have given a 
number of fresh eyes to the business systems’ 
development situation. 

The third step, starting two years ago, was to 
organize a development-oriented seminar, which 
was held in April 2006, with 21 participants, 
including scientists, business people, network 
actors and forest land-owners. A transitory 
project team was set up for continued 
networking, aiming to start a larger 
development-oriented research project in 
collaboration with a number of companies. 
Recently funding was received from Vinnova, 
the Swedish innovation research funding 

226



authority, for a $1.5 million project aiming for 
business developments to enhance the added 
value and utilization-efficiency of birch. Our 
methodological ambition correlates with some of 
the more acknowledged Swedish development 
ambitions. For example, our intention in the 
hardwood project correlates with the Foundation 
for Strategic Environmental Research, Mistra’s 

ambition with their call Future Forests — 

Sustainable Strategies under Uncertainty and 

Risk. Mistra describes its ambition, for the 
method, as follows:  

Mistra expects a successful application to 

include a strong core function including both 

synthesis and implementation. This core function 

should aim to advance academic theory and, at 

the same time, develop user-relevant 

information, solutions and practices. A combined 

synthesis and implementation function should 

command a critical mass of academic resources 

in a range of disciplines, including the social 

and natural sciences and the humanities. Also 

important is a capacity for processing multi- and 

transdisciplinary information in systematic ways, 

for example by modeling and system analysis. 
(Mistra 2007). 

One starting point in our hardwood action-
research method is to participate as an engaged 
partner in the creation of united systemic 
development initiatives. The dialogues with the 
involved business people and other actors are 
used as open interviews. We, business people, 
researchers and other actors, are trying to renew 
the business system together and by looking for 
an explicit build up of interest, explicit solutions 
and explicit funding, together we learn to 
understand each other. 

Conceptual clearness 

A number of the interviewees have stressed that 
the hardwood branch needs a linguistic 
development process that supports 
transformative development efforts, in particular 
a more positive conceptualization of a wider 
variety of wood qualities. It is important to have 
a common conceptual map to relate to and 
“tools” for dialogue to be able to understand one 
another. As Weick (1995) describes, the use of 

language and writing is important as a tool for 
comprehension: 

If people know what they think by seeing what 

they say, then the variety, nuance, subtlety, and 

precision of that saying will affect what they see, 

question, and then pursue. (Weick 1995) 

In accordance with Senge (1990), a textbook 
read by the author’s EcoDesign students, the 
interviews indicate that there is a need for more 
visual illustrations describing systems, 
interrelations and concepts. The involved and 
related society’s common conceptual map is 
essential. However, each single individual has to 
develop their own understanding and usage of 
the “words”. Furthermore, the development of 
the common conceptual map is created through 
rethinking by the individuals. The development 
of their own language is also an essential 
dimension their own personal development and 
empowerment. 

The need for conceptual bridging applies 
between different persons and between people 
and nature. The awareness of our dependence on 
the land and agriculture has been an essential 
foundation for the advance of human culture 
(Wirzba 2003). Wood products and the forest 
experiences provide a possibility to feel a 
connection with nature. The forests are important 
for many Swedes, in numerous ways, for scenery 
and places to be present, (Senge et al. 2004) and 
for time to reflect. Ekman (2007) presents an 
extensive expose of human dependence on and 
feelings for the forests in the development of the 
European cultures. A walk in a forest can give a 
pleasant feeling of being part of something 
greater. Our diverse nature provides many 
sensuous places to reflect on the human role in 
the diverse web of life.  

A number of the interviewees said that, it ought 
to be possible to reduce the dissonance and 
mutual suspiciousness between the nature 
conservation organizations and the companies 
that want to make use of (and thereby promote 
growth of) hardwood trees.  

Dialogue for transformative learning 

The wide range of dialogues has highlighted that 
there are numerous differences in personal 
background and experiences. Something that is 
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obvious and important to one person is 
sometimes rather incomprehensible to others. 
Furthermore, people tend to adhere to their 
(own) societies’ mainstream ways of thinking.  

When a certain way of thinking has been 
established it tends to be self-perpetuating. One 
aspect is that it is difficult, also for leading 
companies and experts, to change an established 
way of thinking and doing business (Christensen 
1997). There are inclinations to get caught in the 
continuation of business-as-usual, habits, 
resignation, uncertainty and personal pride, 
trying to increase the volume of the established 
form of “business”. This applies to most 
individuals and companies, as well as societies, 
not only in forestry-related businesses. The 
dialogues with the forest-related actors have 
brought to light that the ability to create a 
mutually rewarding dialogue is dependent on the 
participants “back-pack” of earlier understanding 
and habits, see Figure 1 (Karlsson et al. 2007). 

Different persons and actor groups have different 
presuppositions. The evolution of the business 
system dialogue is also dependent on the 
conversation culture and the abilities to create an 
open dialogue process. High-quality back-pack 
content supports rewarding dialogue and in an 
analogous way, a “back-pack” of bad 
experiences, fear, uncertainty and suspiciousness 
tend to be an obstacle for the development of 
meaningful dialogue. Most persons have a bit of 
the second kind of content in their back-packs 
and consequently: 

It takes courage to start a conversation. But if 

we do not start talking to one another, nothing 

will change. Conversation is the way we 

discover how to transform the world, together. 

(Wheatley, Turning to one another, 2002) 

Debora Hammond, the chairwoman of the 2006 
World Conference on Systems Thinking closes 
her reader (Hammond 2003) on the science of 
synthesis with: 

A plea for dialogue – as Boulding would say, a 

willingness to see the other fellow’s point of view 

– as well as a tempering of polarizing discourse 

and at least a tentative consideration of the 

possibility for truly inclusive and cooperative 

synthesis – the unity of diversity to which 

Bertalanffy so often appealed. … real dialogue 

requires greater attention to the qualitative 

dimension of relationships, the dynamics of 

interpersonal interaction that are conditioned by 

the organizational structures of our culture. 

In Hammond’s interpretation of Boulding, the 
integrative function includes such things as 
community, status, identity, legitimacy, love, 
respect and affection. To be able to grow as 
human beings, there are strong reasons to be 
open and share knowledge in an open-minded 
and constructive way. Openness can generate 
mutual trust and understanding.  

 

Open dialogue 

 Mutual trust 

Self-confidence 

Open mind 

Open heart 

 Self-confidence 

Open mind 

Open heart 

Mutual learning 

Knowledge 
Knowledge 

Information 

 

Figure 1 The mutually enhanced learning by 

open-minded dialogue 

The entrepreneur and a business system 

The relationships between the actors in an 
established business system uphold a form of 
mutual trust and understanding. It has been built 
through recurring contacts between the persons 
in the business system, e.g., between the 
companies in the supply-chain. Figure 2 shows a 
wood-based supply-chain from forests to product 
customers, as a chain of business activities. It 
also illustrates the business system situation for 
an innovative company. To be able to elevate its 
level of added value, the renewal oriented 
company must find and develop supply-chain 
links to the kind of sales-people and customers 
that are interested in the new products and also 
to get access to an appropriate quality-level of 
resource supplies. 

When a company tries to start with something 
really new it tends to be difficult to develop an 
appropriate integration into a supply-chain. 
There tends to be many question marks 
regarding the contacts with other business actors, 
both up-stream and down-stream, as illustrated 
in Figure 2. A number of the interviewees have 
suggested that the first step ought to be to 
analyze and develop the interests among 
customers and sales-people, i.e., marketing. 
Some have also suggested education of 
designers, architects, salespeople and customers, 
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primarily about a wider variety of tree species 
and wood qualities. There is also a need for 
development of quality concepts, timely timber 
supplies and logistics on the raw material side. In 
the Vinnova project, one key aspect is that a 
large retailer, with an entrepreneurial ambition 
and company culture, is involved as a main 
driver for the project. Their door-opening 
capability is used as a motivating factor for 
various kinds of transformative entrepreneurship. 

Some entrepreneurial actors, that earlier have 
tried to get started with new wood-based 
business ideas, have felt that there is too little 
general business development interest among the 
established actors in the forestry-related business 
system. To be able to elevate the level-of-value 
for one step in a supply-chain it is necessary to 
build business relations that can enable and 
utilise these new qualities. As indicted in 
Figure 2, actors with new forms of business 
ideas tend to feel rather lonely. 

One principal challenge, both for transformative 
entrepreneurs and for transformative research in 
collaboration with business interests, is that it is 
the established companies in the established 
supply-chains that have almost all the money and 
thereby the ability to “employ” people to 
promote their interests. This means that it is 
difficult for sustainable development actors like 
FSC and Mistra to find ways of behaviour that 
really work in favour of renewal. 

One aspect of hold back is that the profitability 
ambition has resulted in a focus solely on 
economics and that this tends to work as a 
conceptual entrapment. The financial prospects 
tend to look safest for the business-as-usual 
activities, where most of the earlier investments 
have been made. However, the economic data by 
themselves do not show anything about the 
business ideas without a financial track record. 

Harwest Sawmill Manufacturing Warehouse

Innovative company

? ?

Product

value
Resource

value

 

Figure 2 An established business system, 

shown as a traditional wood-based supply-chain 

from forest to customer product and the 

insubstantial business system situation for an 

innovative company with a novel business idea 

New fields of business must be assessed in other 
ways and by other parameters than the present 
market prices. However, the interviews indicated 
a lack of trust in other kinds of information. 
Consequently, the forest landowners tend to be 
rather uninformed about long-term 
considerations, e.g., most people do not have any 
clear understanding of the outlook that the 
sustainability oriented information provides. 

A new form of business needs to find a way to 
be part of some kind of supply-chain. In an 
analogous way, a new form of research needs to 
find a way to be part of an acknowledged 
scientific knowledge generation. A study that is 
multi- and interdisciplinary and that is performed 
together with business interests has to cope with 
the scepticism from the established 
monodisciplinary idiosyncratic university 
tradition. Simultaneously, it has to find ways to 
produce and deliver knowledge that has such 
quality and reliability that it becomes attractive 
on the serious “knowledge market”. 

In the Selfish Gene, Dawkins (2006) describes 
how “short” genes have a higher probability of 
longevity, through natural selection, than what 
long genes have. His reasoning is that there are 
many more individuals that take the small genes 
“aboard” and also that the probability that they 
are changed is lower. According to Dawkin’s 
perspective, small genes have the highest value 
on the “survival market”. Analogously, it seems 
as if the knowledge market of today has a 
preference for “small ideas”. There are many 
scientific writers that want to make use of, e.g., 
citations to other person’s new scientific 
publications as (partial) supports for their own 
proposals. This means that researchers tend to 
look for delimited ideas. Furthermore, the 
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number of published citations is used as a 
measure of scientific qualification and this 
promotes writing with narrow subject areas. On 
the contrary, there are rather few researchers that 
are looking for new overarching ideas that they 
can adhere to. When researchers are looking for 
overarching ideas, to tie in with they are 
normally looking for established ideas, i.e., the 
established paradigm. (Kuhn T. 1962). 

Consequently, the scientific “knowledge market” 
for new integrating ideas is weak. The general 
public and also scientists tend to propagate the 
mainstream ways of thinking. The large 
established business actors and business systems 
tend to prefer expansion of the volume of the 
established kinds of activities, not only to protect 
their earlier investments.  

The selfish gene idea is informative but it seems 
as if it must be supported by new integrations of 
concepts, ideas, values, ethics and policies to 
help society to survive within the context of 
globalization and global warming. Eco-systems 
are being threatened in ways far beyond the 
individual selfish gene. The entire eco-systems 
are being threatened in new ways. These 
dynamically and radically changed dimensions 
demand that we have not only selfish “genes”, 
but long-range, visionary, integrated planning, in 
order to build such future circumstances that the 
“genes” can survive. Consequently, it is not 
sufficient to develop businesses and ideas that 
only “nourish” themselves from the existing 
business systems and scientific paradigms, it is 
also necessary to engage in creation of new 
levels of systemic business functions and 
integrative research. 

The indicated challenge, that many change 
agents encounter resembles the innovators 

dilemma, illuminated by Christensen (1997). 
Mistra’s (2007) latest call, Future forests, 
mentioned above, has a 50 to 100 year 
perspective and aims to develop sustainable 
strategies for managing the forest landscape that 

are based on the notion of dynamic change, 

rather than stability, in socioeconomic as well as 

natural systems. A transformative change that is 
as complex as the long-term forest-based 
business-system development ought to be based 
on a fair bit of “experiment”. It is hardly realistic 

that any total long-term plan will show up to be a 
true description of the future. The sustainability 
literature promotes diversity as a major basis to 
enable long-term resilience.  

Meisiek et.al. (2007) argue that to reap the 
benefits of open innovation – i.e., to develop, 
design and commercialize artifacts that are 

broadly recognized as meaningfully novel – 

entrepreneurial firms move iteratively between 

participative and idiosyncratic approaches to 

innovation. In this balance they prompt 

stakeholders to renew familiar ways of thinking 

and acting, rather than to radically break with 

the past. At a basic level, there are two principal 
ways for transformative change–either the 
existing actors have to be replaced by other 
actors, or alternatively the existing actors have to 
be transformed or transform themselves. There is 
a need for both entrepreneurship and 
intrapreneurship. Both these means of 
development need visionary goals and 
dependable tools for their actors’ “navigation”.  

Development of diverse entrepreneurship 

The inclination for conceptual entrapment and 
the difficulty to deviate from business-as-usual 
means that there is a need to support a diversity 
of experiments with new ideas as a method for 
sustainable development. To promote 
multifaceted entrepreneurship, it is important to 
inspire by showing that it is possible to make 
changes, encourage creativity and create an 
atmosphere where people can feel trust in that 
their society appreciates, or at least accepts, their 
novel suggestions. The simultaneous need for 
integration towards more sustainable patterns 
means that there also is a need for integrative 
guidance. Both the FSC standard and the Mistra 
call includes such transformative guidance. 
These initiatives may be useful to promote 
freedom of action for a diversity of 
“experiments”, i.e., empowerment of individual 
persons.  

Most persons have some potential to become 
more valuable; as “a driver” for some part of the 
society’s development, see Figure 3. This figure 
is based on the perspective in Karlsson & 
Luttropp (2006), which discusses the effects of 
the change of viewpoint found in the Swedish 
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textbooks in driver education; from an aerial 
view of the cars on the roads – to an internal 
view, where many of the presented photos have 
been taken from the driver’s position (within the 
car). If we conceptualise people as “drivers” of 
their own projects and personal growth 
processes, then the experts’ knowledge ought to 
be instruments on everybody’s (own) dashboard. 
This means that the expert’s knowledge ought to 
be made useful as instruments for the 
individuals, as tools for what the respective 
individual tries to achieve.  

Figure 3 illustrates a driver’s outlook, and 
indicates the importance of readily 
understandable and useful instruments, 
analogous to the dashboard in a car, with 
instruments and a steering wheel. The Figure 
also shows a vision and goal, an attractive forest 
view surrounded by arrows indicating an eco-
cyclic view. In this perspective, every 
entrepreneur and intrapreneur is a driver, 
managing their own project (part) and learning 
process. 

According to the Figure 3 perspective, the FSC 
principles and criteria ought to be both a 
visionary goal and an instrument board for the 
individual forest land-owners and business-
system actors. However, it seems as if the FSC 
principles are written as if they are likely to be 
used for top-down control.  

From a learning perspective it is disturbing that 
the main perspective seems to be that most of the 
forest landlords are rather uninformed, i.e., as if 
it is the experts that must decide what every 
individual shall do. It is correct that the experts 
have academic and business knowledge about 
the present forestry, timber market and wood-
based industries, however, the need for a 
diversity of “experiments” means that there is a 
need for a diversity of entrepreneurs that are 
“driving” their various real-life projects. In this 
view, it seems as if the experts, e.g. FSC, ought 
to concentrate on the development of 
“navigation instruments”. However, such a view 
tends to presuppose that the FSC principles are 
made for informed and ethically sound actors. 
When people are working for a particular 
stakeholder their view tends to be biased. There 
is a need for unifying goals and visions. 

 

Figure 3 Possible working conditions for an 

entrepreneur; a driver with freedom of action and 

instruments for navigation and a business 

development vision about what to be part of 

One example of a unifying ambition is that in 
Mistra’s Future Forests call that, aims to merge 
the two paradigms of ‘sustained-yield forestry’ 

and ‘speciesoriented nature conservation’ with 

the paradigm of ‘ecosystem services’, and to 

place them in a broader human perspective. It 

suggests a new transdisciplinary approach and 

wants to promote further development of the 

competitiveness of both existing and new 

business opportunities based on forests as a 

renewable natural resource.  

Conclusion 

It is challenging to try to start with something 
that deviates from established practices. Both 
innovative business entrepreneurs and renewal-
oriented researchers have a tough start. There is 
a need for conceptual development and active 
support. It is important for renewal-oriented 
sustainable development initiatives to mobilize 
engagement among established stake-holders. 
How can actors such as FSC and Mistra facilitate 
the individual change agents’ own “driving” and 
build trust so that people have potential to 
become much better “drivers”? And 
simultaneously, develop some kind of 
supervision of their driving. 

People  
can grow as “drivers”,  
if they are trusted and have freedom of action, 
and appropriate 
instruments for 
“navigation”. 
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ABSTRACT 

The aim of this study was to design an innovative barrel for wine and alcohol ageing which could be 

industrially produced, and giving all the warranties required for alimentary contact and wine ageing. In 

comparison with traditional barrel manufacturing, such a process uses sawing in place of splitting and 

results in a production output increase from 1 to 3 m
3
 of finished sleeves made from 5 m

3
 of solid oak. 

Moreover, this production method allows the use of local wood species for the external side of the sleeves 

by way of the bonding step during the production (beech, ash, etc.). The process allowed the cost of the 

final barrels by about 30 to 40%. The different steps of the project were to study the consequence of the 

structural MUF glue line in the thickness of the sleeves on the alimentary contact conditions linked to 

wine ageing, to set an industrial production process associating 3D-shaping of wood, bonding of sleeves 

made from two softwood species, barrel assembling conditions with “standard” sleeves with the same 

dimensions, and to study the differences in the oenological ageing of different wines from France, 

Portugal and Hungary. 

Introduction 

In the 1990s, production of bonded barrels was 

performed in a plant in the North of Bordeaux by 

way of warming plates pressed at a very low rate 

(8 barrels per day) due to the time needed by the 

adhesive system for curing, as shown in Figure 

1. 

Sleeve configuration was not so well suited due 

to the high pressure applied for shaping, in 

length but also in width, inducing a high 

proportion of failures during the process. 

Moreover, wood species used for the external 

part of the sleeves such as poplar (very sensitive 

to compression) or low quality oak (very 

sensitive to cracks in width, Figure 2) also 

induced a high proportion of lost sleeves and 

porous barrels at the end of the process. 

 

Figure 1 Thermo shaping by warming plates 

 

Figure 2 Transversal crack during 3D shaping 

In this project, it was decided to change all 

production parameters (sleeve shaping and 

pressing, wood species, adhesive curing method, 

production capacity, etc.) to reach an industrial 

method to barrel production with laminated 
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sleeves. As shown in Figure 3, laminated sleeves 

were designed to get the right oenological 

properties for the wine by direct contact and 

penetration into the wood (1 to 2 mm) by way of 

using fine French oak in the internal part. The 

external part was only involved by giving the 

right mechanical properties for the barrels and 

may be constituted by many cheaper wood 

species. 

 

Figure 3 Glulam barrels principle 

This study was undertaken during one European 

CRAFT project (reference CRAFT Project 

QLK5-CT-2002) in 2002-2005 and has 

associated 2 technical centers (CTBA for France 

and CTMM for Spain), 3 companies (ECB and 

SAIREM for France, EYG for Spain) and three 

oenological institutes (CA33 for France, EVAG 

for Portugal and RIVEMARD for Hungary). The 

three main objectives of this project were to: 

• ensure the food contact conditions and the 

lack of migration between the glue and the wine, 

even if there was no direct contact with the 

adhesive joint; 

• set all the production processes; 

• prove the right oenological behaviour of the 

final barrels, in comparison with traditional solid 

oak barrels by ageing tests performed on 

different wines, after 3, 6 and 9 months of 

exposure. 

Food contact validation for bonded sleeves 

Context of the validation 
There is no specific reglementation in European 

Community in the case of food contact for wood 

substrates. Nevertheless, some European 

directives (89/109/CEE and special decret 92-

631) may be used which say that all materials 

have to be strictly neutral to food and do not 

allow any migrations into food presenting any 

danger for human health and inducing alteration 

of organoleptic properties. Hence, it was decided 

to use the directive used for plastic materials 

(Directive 90/128/CEE) designed for food 

contact, amended by the Directive 2002/72/CEE 

to control: 

• global migration limit: 10 mg/dm² for 

recipients with capacity comprised between 

500 ml and 10 l. 

• specific migration limit depending on the 

component to control. For example, in the case 

of Formaldehyde, the specific migration limit is 

15 mg/kg of material tested. 

The second point to check is given by Directive 

82/711/CEE, amended by Directives 93/8/CEE 

and 97/48/CEE which define the food to 

simulate (if the food is acid, contains alcohol) 

and the testing conditions (Gady 1998). 

Method 
We tested bonded oak with the chosen MUF 

adhesive system in comparison with a solid oak 

specimen, to check the migration of two critical 

components: melamine and formaldehyde. The 

tests performed at CTBA were designed to 

complete those performed by the Nehring 

Institute in Germany on the same adhesive 

system and spruce for cheese packaging 

(Nehring 1994). 

The protocol established was to immerse three 

wood pieces in a simulating liquid for 10 days at 

a temperature equal to +40°C, as required in all 

the previous European directives. Three 

simulating liquids were chosen, to stay the 

nearest to the original ageing situation for wine 

in barrels, where we can find 3 main fields of 

investigations: 

• migration into water solution; 

• migration into acid solution (because of the 

fermentation stage during wine ageing) 

simulated by acetic acid solution concentrated at 

3%; 

• migration into alcohol solution simulated by 

ethanol concentrated at 10%. 

The requirements given by the EC directive are 

30 mg/l of specific migration for melamine and 

15 mg/l of specific migration for formaldehyde. 
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Results 
All the results from Nehring Institute (Nehring 

1994) and CTBA are given in the following 

Table. To extend such observations to other 

strong alcohols, it was decided at the Nehring 

Institute to increase ethanol concentration to 

50%. 

Table 1 Nehring Institure and CTBA results 

Melamine Formaldehyde Melamine Formaldehyde

Distilled water 105 118 0,01 0,05 0,08 2,5

3% acetic acid 549 540 0,04 0,23 0,29 11,5

50% ethanol 312 316 0,03 0,75 0,05 7,5

Melamine Formaldehyde Melamine Formaldehyde

440* 675* no value detected 929* no value detected 873*

Overall migration (mg/l) Specific Migration (mg/l)

Solid spruce 

boards

Glued spruce 

boards

Solid spruce boards Glued spruce boards
Solution
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*values in mg/kg*values in mg/dm²  

 

Figure 4 Overall migration test for oak 

 

Figure 5 Specific migration test for oak 

The overall migration data of the wood boards 

are high due to the extractable components of 

wood. For spruce, there is no significant 

difference between the glued and non-glued 

boards. In the case of oak, as we can observe in 

Figures 4 and 5, the overall migration is strongly 

increased by tannins and we can observe a very 

high deviation among all samples tested, for both 

solid and glued oak. For spruce, the solution 

leading to the maximum overall migration was 

distilled water, as used for the oak samples. 

The specific migration of melamine is low and 

far below the limit of 30 mg/ml mentioned in EC 

Directive 90/128/EEC for plastic materials and 

articles. The specific migration of formaldehyde 

is also below the limit of 15 mg/l mentioned in 

the same document. In the case of oak, we 

cannot observe any difference in formaldehyde 

emission between solid and bonded samples 

fully immersed in the test solution. 

Conclusion of migration tests 
In the case of barrels, because of the natural 

porosity of wood, we can have air exchanges 

between the glue and the liquid. No direct 

contact should occur because the wine 

penetration into the wood is quite equal to 1 to 

2 mm and the joint is located at 10 to 12 mm 

from the liquid. But, in the case of formaldehyde 

migration, air exchanges are possible across the 

wood. Moreover, after being assembled, the 

barrel is burnt inside to suppress some bad 

aromatic components and improve the 

organoleptic behaviour of wood. After this stage, 

the barrel is usually washed and tested for 

waterproofness. This test and the increase in 

temperature should increase formaldehyde 

emissions before filling the barrels. Hence, it 

was decided to look for a process inducing hot 

curing of the adhesive system to maximize 

formaldehyde emission during the bonding 

stage. 

The last point is that all bonding for this part was 

performed at ambient temperature and tests 

performed just after bonding by direct contact 

between the solution and the glue by immersion. 

So, the criticality of all tests has been maximised 

in comparison to real use. 

Manufacturing process 

The main objectives to reach when defining the 

process were to: 

• reduce the cycle duration to increase 

productivity by way of improving the adhesive 

curing; 

• increase the output by decreasing the failure 

of bonded sleeves due to 3D shaping; 

• improve the use of cheaper local wood 

species compatible with the final destination and 

check the bonding quality. 
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Micro Wave adhesive curing 
The first option was to increase adhesive curing 

by Micro Waves localised only on the bonded 

joint. One prototype adapted to one lab press was 

designed with 2 Micro Waves generators 

concentrating on the joint through 2 antennas. 

The design of the prototype was performed after 

numerical calculation to increase the electrical 

field in the joint, as shown in Figure 6 (Miane et 

al. 2003). 

 

Figure 6 Electrical field simulation 

This prototype didn’t give a significant reduction 

of the cycle duration with good bonding quality. 

Moreover, because of the concentrated 

highlighting due to antennas, strong drying very 

close to the joint induced wood cracking and 

collapse in the oak lamella. The consequences 

were lower final mechanical behaviour of the 

bonded sleeve and failure during shaping. 

 

Figure 7 Micro waves shaping lab prototype 

50 Ω Radio frequency adhesive curing 
Because of good knowledge of RF curing of 

adhesives in the glulam industry, it was decided 

to perform some tests with the MUF adhesive 

system especially designed for RF curing. 

Moreover, the CTBA lab press (Figure 8) was 

strong enough to input pressure for 3D shaping 

but only on a few sleeves at the same time. Birch 

plywood moulds were especially shaped for that 

purpose because the load needed for curving 

wood in its width was equal to 17 tons. 

 

Figure 8 FCBA radio frequency lab press 

It was decided to curve only the lamella in length 

to reduce the power needed, to increase the 

number of sleeves to bond in the same serial and 

to limit the failure of bonded sleeves during the 

pressure cycle and shaping. Nevertheless, 

curving in width is useful for the final shape of 

the barrel. Hence, we artificially shaped both 

lamellas from each sleeve during the planning 

step before adhesive spreading. 

The RF cycle was also optimised to reach a 

temperature close to +90°C in a few seconds 

under RF highlighting. The sleeves were 

maintained under pressure for 3 minutes more to 

get full adhesive polymerisation. 

 

Figure 9 Sleeves before shaping 
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Figure 10 Bonded sleeves after 3 minutes RF 

curing 

With the use of the lab press, the RF cycle 

duration was reduced to about 3 minutes under 

16 kW power input for 10 sleeves in the same 

series, without any failure during shaping. The 

only limitation to 10 sleeves per series for the lab 

press was the transverse pressure available. At 

this lab scale, it was possible to produce between 

20 and 30 barrels per day, with no deviation 

observed in the sleeves’ shaping or bonding 

quality. 

 

Figure 11 Lab day production by RF curing 

Because of the plywood materials and the glue 

inside, a strong increase of moulds temperature 

was observed up to 95°C after 35 cycles. This 

temperature increase allowed us to reduce the 

cycle duration. For an industrial production, 

moulds made from PTFE or plastic materials 

accepting cycling loading and RF highlightings 

should be used. 

Final barrel assembly 
External side was made from ash wood with 

very efficient results from mechanical and an 

esthetic points of view. 

 

Figure 12 Cross section of glulam sleeve 

After bonding, sleeves have to be resized for the 

final assembly of the barrel. At the end, each 

barrel is composed of 27 sleeves, strictly 

identical to each other. The sizing process allows 

each side to be cut with the same angle with very 

high precision to avoid wine leaks when the 

barrel is filled. A special cutting device was 

designed for this step which is very important for 

the final barrel design and conformity. 

The practical advantage of this process is the 

dimensionnal stability of each sleeve which 

allows barrels to be delivered in “kits” of 

27 sleeves, steel circles and covers for the 

bottoms to tradition barrels plants for final 

assembly. Hence, deliver costs can be strongly 

reduced. 

 

Figure 13 Final sleeve and ash-oak barrel 

Conclusion of the Manufacturing process 
In comparison to Microwaves technology, the 50 

Ω RF press was the best way to reduce the cycle 

duration for complete adhesive curing. Very 

efficient results for bonding quality and 

productivity were obtained with the CTBA lab 

press. The new design of oak and ash lamella 

present in each sleeve obtained by the 3D 
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planning step suppressed the loss of wood during 

pressing and shaping, reduced the pressure 

needed for sleeves’ shaping and, as a 

consequence, increased the number of sleeves 

per cycle on the same press. Moreover, one 

parallel optimisation on oak and ash sawings led 

to a reduction in the final cost of the barrels. 

The productivity was just limited by the time 

needed to spread the premixed adhesive on the 

lamella before pressing. Today, this press is 

localized in an ECB plant and should be 

associated very soon to one mechanical adhesive 

separate spreading machine to reduce the cycle 

duration even more. A new press was designed 

to allow production of 20 sleeves per cycle. At 

such a production rhythm, 150 barrels per day in 

3 shifts might be reached without any change in 

the RF curing cycle. 

Oenological ageing in experimental barrels 

A comparison test was performed for wine 

ageing in traditionnal oak barrels and in glulam 

ash-oak barrels, in three experimental centers in 

Europe: 

• Agricultural Chamber of Gironde, Wine 

Research Department (Bordeaux, France); 

• Oenological Research Institute of the 

Agriculture Ministry RIVEMARD (Budapest, 

Hungary); 

• Oenological centre in Vino Verde region 

EVAG (Porto, Portugal). 

For each region, one red and one white wine 

were studied. For each test performed, two 

traditional barrels and two glulam barrels were 

used and manufactured from the same batch of 

oak wood (for the whole traditional sleeves and 

only the internal part of the glulam sleeves). Oak 

from the eastern Europe was used for 

manufacturing the Hungarian barrels. 

First results from all the tests performed in the 

three different Institutes indicate that the 

analytical differences between all the wines are 

very slight. Nevertheless, evaporation measures 

performed during ageing periods showed strong 

differences between both barrel types, close to 

15% of positive output for the glulam barrels 

(Figure 14). 

For oenological characterization, tasting results 

from the French institute, previously showed one 

slighter woody taste for glulam barrels in 

comparison to the traditional barrels after 6 

months ageing. But this tendency was mostly 

reduced after 9 months ageing. No difference 

was observed between the 2 types of barrels. For 

one test performed in Portugal, we observed the 

opposite tendency with very small differences 

after 6 months ageing. After 9 months ageing, a 

lower woody taste and a special wine hardness 

were identified in wine aged in glulam barrels. 
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Figure 14 Wine Evaporation measures 

performed in Bordeaux Center between traditional 

barrels (TRAD) and glulam barrels (ECB) after 

6 months ageing 

The ageing tests performed at the three institutes 

showed no big differences in the wine quality 

and properties, except a slight woody taste for 

glulam barrels. This deviation may be 

appreciated differently during tasting but 

induced mainly more fruit taste and wine 

character according to the different jurys. 

Nevertheless, differences observed during tasting 

should not be directly linked to the barrels’ 

configurations (between glulam and traditional 

barrels) but to the burning step of the inside part 

of the barrels during the assembly step. The 

method of assembly between traditional and 

glulam barrels is strongly different. In the case of 

glulam barrels, each sleeve is burnt separately, 

contrary to the traditional barrels which are 

assembled and burnt by way of a traditional 

brasero, with heat and water to curve the wood 

lamellae. As a consequence, it is quite 

impossible to reach the same level of quality 

induced by the burning stage. 

For all tests, we observed a better homogeneity 

of sensorial characteristics for wines aged in 

glulam barrels compared to those aged in 

traditional barrels. This point may be explained 

by the industrial manufacturing of glulam barrels 
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and exposure to fire which allows reduction of 

the traditional dispersion of results. The same 

conclusions may be made for both types of wine 

(white and red). 

On the overall behaviour of the barrels, no wine 

leaks were observed for the glulam barrels, 

contrary to the traditional ones. Hence, bonded 

sleeves’ design and assembly are perfectly 

adapted. 

As a conclusion for oenological tests, glulam 

barrels’ qualities seemed to be strictly the same 

as for traditional barrels for different wine 

ageing. The deviation observed on the different 

results seems to be lower for glulam barrels and 

this may be linked to the industrial 

manufacturing. Moreover, economic interest is 

strong because of a price reduction of 40% in 

comparison to traditional barrels associated to a 

wine evaporation reduced from 15% in the case 

of glulam barrels. 

Oenological interest of this product is clearly 

established. 

Conclusion 

Glulam barrels may be produced according to 

one industrial process providing all the 

warranties requested for alimentary conditions, 

technological requirements in production and 

barrels’ assembly but also for wine ageing. Some 

interesting properties have been also 

demonstrated, such as reduced evaporation of 

wine when the barrel is filled (15% lower for 

glulam barrels). This special point, added to a 

40% cost reduction for the final barrel, 

represents a clear advantage for this new product 

on the market. 

The first step of product development must 

include strong alcohol ageing tests because of a 

very important potential market. The next step of 

development might be to find a new industrial 

process for surface preparation of the finished 

bonded sleeves in order to get the closest flavour 

properties for burnt oak as for traditional barrel 

production. 

The French plant is now ready to produce barrels 

with the CTBA lab press during the time needed 

for the building of a new press. 

Industrial ownership 

This industrial process is protected by Patent 

No. 07 55838 dated on 19
th
 of June 2007 and 

titled “Douelles de barriques et procédé 

d’obtention de telles douelles”. 
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X-rays densitometry and uniformity index of Eucalyptus 
Bibiana Arango Alzate

1
 

1. Grupo de Política y Gestión Tecnológica, Universidad Pontifícia Bolivariana, Colombia 

ABSTRACT 

Brazil, as in many other countries, has verified significant advances in intensive clonal silviculture with 

remarkable differences on parameters of growth and development between species clones and hybrids of 

Eucalyptus. At the same time, in recent years the concept of multiple uses of tree logs to increase the yield 

of the forest enterprise as cellulose and paper and solid wood has been introduced. The present study was 

on the wood uniformity index and radial variability of density using x-ray densitometry of Eucalyptus 

grandis and E. grandis x urophylla 8-year clones in order to optimize their use. This experiment was 

located at Suzano Cellulose and Paper Company Clone Plantation in San Miguel de Arcanjo-SP-Brazil. 

The best five clones of the specie and hybrid were selected by their silviculture characteristics. Three 

models of radial density variation and the formation of three different types of wood were characterized 

(youthful, of transition and adult); the average value of wood apparent density in the clones was of 0.46 

and 0.54 g/cm
3
, for the Eucalyptus grandis and E. grandis x urophylla, respectively. 

Introduction 

Innovation constitutes an important economic 

growth factor for countries. However, innovation 

does not appear in isolation; it requires 

participation of different agents who cooperate 

in a localized specific problem, and who regard 

knowledge as something useful. For more than 

10 years, the academic, professional and 

practical communities have been sending signals 

through mass specialized publications stating 

that innovation nourishes and strengthens 

through joint action dynamics in order to provide 

and widely spread results coming from collective 

efficiency (Schmitz, 1995). 

The scientific community plays a key role in the 

application of specific knowledge to a specific 

problem in the transformation of scientific 

research results, in such a way that they can be 

used in the industrial environment. This research 

determined the index of uniformity of wood and 

variation of density in radial direction for X-ray 

densitometry in 8-year-old clones of Eucalyptus 

grandis and E. grandis x urophylla-.We, 

searched for optimization of their use as a 

strategy for increasing forestry entrepreneurism 

profitability.  

Previous research about the topic carried out in 

Brazil and other countries has verified 

significant advances in intensive clone 

silviculture with important existing differences 

among species clones and Eucalyptus hybrids, in 

relation to growth and development parameters. 

As previously underlined, this research 

concluded that uniformity indexes obtained from 

wood provide the inclusion of a new quality 

parameter of wood to be introduced in 

improvement of forestry, technology, and use of 

Eucalyptus wood programs.  

Wood density by X-ray densitometry method 
This method is based on X-rays taken from a 

fine cross-section of wood on an X-ray film. In 

the film exposed to the X-ray source, and due to 

the radiation going through the wood sample, an 

image of its transversal structure appears 

(Amaral, 1994). 

Oliveira (1997), stated that this technique allows 

measuring wood density variation at short 

distances (something that is impossible to 

measure using the traditional conventional 

gravimetric method), to obtain graphs from the 

density radial variation pattern and providing 

development evaluation of trees from different 

species, and the selection of species which 

produce wood with more uniform or higher 

density. Oliveira (2003) noted for trees with 28 

cm diameter, that young wood corresponds to 

about 18 cm, with an increase of 50% in the 

density of adult wood. 

243



Silva (2002), using X-ray densitometry in 

E. grandis wood of four different ages, ratified 

the increase of apparent density in wood in pith –

bark direction. For ten-year-old trees, the 

apparent mean density was 0.46 g/cm
3
, 50% of 

the radial section next to the pith was composed 

of young wood; for 25-year-old trees the 

apparent mean density was 0.63 g/cm
3
, being 

detected the young wood closer to pith. 

Materials and Methods 

Characterization of place and experiment 
This experiment took place in August 1992 at 

Hacienda Santa Rosa, San Miguel Arcanjo-SP 

municipality, owned by Suzano Cellulose and 

Paper Company. The experimental area is 

located in an area of 47° 98' W, 23° 88' S latitude 

23° 88' S and altitude of 660 m. Mean rain 

precipitation per year is 1,174 mm, mean annual 

temperature 18 to 19ºC, December and January 

are the rainiest months of the year; July and 

August are the driest months of the year. The 

experiment was carried out in an area of 1.47 ha, 

with vegetation expanded on 2.70 x 2.23 m and 

an application of 140 g of NPK (6-30-6) and 

200 g of FAPS/each plant. 

Clone selection  
Different numbers of clones and eucalyptus 

hybrids were taken for the experiment: 37 clones 

for E. grandis and 27 for E. grandis x urophylla 

in an assay installed in a line of 5 blocks with 

6 trees/clone/repetition. From the total 

Eucalyptus hybrid clones, the five best clones 

were selected, based on diameter at chest height 

values, total height and treetop height, 

straightness of stem, etc. Afterwards, for each 

clone, three of the best trees were selected: 15 E. 

grandis and E. grandis x urophylla trees. 

Samples were taken from a total of 30 trees. 

Collection of samples from the logs  
The trees from which clones were selected were 

cut, all their branches were removed, and logs 

simulating cylinders were cut (3.5 to 4.5 cm 

thickness) in the diameter at the tree chest height 

and identified with a number code (clone, block, 

repetition and percentage of height). 

Radial variation of wood density for X-ray 

densitometry  
For each clone, 3 trees were selected; from these 

trees the samples of logs in the diameter at the 

tree chest height (30 samples) diameter sub-

samples (20x10 mm, width x height) without any 

defect were marked, identified, and cut. These 

sub-samples were attached to a wood support 

and cross-sections (1.0 mm, 25 thick) cuts were 

made with a circular saw. These logs were 

prepared (12 h, 20°C, 50% UR) for getting 12% 

humidity; then they were placed on X-ray films 

(Kodak, Diagnostic Film X-Omat XK1, 

240x180 mm) in X-ray equipment (Hewlett 

Packard, Faxitron 43805 N) and X-rays were 

taken (1,20 m source of X-Ray film; 5 min, 

16 Kv, 3 mA). The development of the 

radiographic films of logs were analyzed in a 

micro-densitometer (Joyce Loebl MK III-C; 

0,1x0,3 mm reading window; 10 cm/min scope). 

Specific values of optical density of the sample 

were transformed in apparent density using a 

specific software (platform CB, mid10) and 

densitometric radial wood profiles were 

calculated in “Excel” (Amaral and Tomazello 

Fo., 1998); in this way, mean, maximum, and 

minimum apparent density for tree and clone 

were calculated. From densitometric profiles, 

tables were made using equations from 

polynomial regressions of each clone. Later the 

uniformity index of eucalyptus hybrid tree wood 

clones was calculated (Echols, 1973), 

establishing density variation types in radial 

section and multiplying by correction factor, that 

is, a standard deviation found for the specie and 

eucalyptus hybrid. Uniformity Indexes near to 

100 indicate higher uniformity resides in pith-

bark direction. The higher the index, the higher 

the heterogeneity. 

∑
=

=
i

i

ii KXIU
1

*
 

Where: 

IU = Uniformity index (%); 

X = Wood percentage in each type of density 

variation; 

K = Weighing coefficient (0.05 g/cm
3
), 

increase or decrease of density in relation 

to the mean; 

I = number of established types. 
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Results and Discussion 

Density for densitometry in wood IU: clones 

from E. grandis 
From densitometric profiles, each clone’s wood 

apparent density radial variation curves were 

made (Figure 1) and corresponding equations of 

adjustment curves (Table 1), allowing a better 

visualization of differences among clones. The 

analysis of each clone’s wood apparent density 

radial variation allowed characterizing three 

variation models: (i) a slight increase of mean 

values of wood density in pith to bark direction, 

in clones 19 (tree 107, 120; Figure 1a); clone 27 

(tree 143, Figure 1c), and clone 31 (tree 103, 

Figure 1e), (ii) mean values of apparent density 

of wood practically linear from the pith to the 

bark in clone 28 (tree 138, Figure 1d) and (iii) an 

increase of mean values of wood density near to 

the pith region (up to 1.5 cm), followed by a 

reduction (up to 3.5 to 4.0 cm) and a later 

increase in direction to bark in clone 19 (trees 

110, Figure 1a), clone 21 (trees 108, 114, 123 

Figure 1b), clone 27 (trees 125, 126 Figure 1c), 

clone 28 (trees 111, 122; Figure 1d), and clone 

31 (trees 104, 150 Figure 1e). 

Wood apparent density variation models 

indicate, in a general sense, the formation of 

three types of wood, (i) restricted to internal part 

of the log, occupying from pith to 50 to 75% of 

sample ratio, characterized by low density and 

associated with young wood; (ii) in the external 

region of the log, near to the pith and at 100% of 

the ratio with higher values of density, 

associated with adult wood; (iii) between 

external and internal part of the log, with density 

gradual variations, associated to transition wood. 

Young and adult wood delimitation in E. grandis 

clones, at 8 years old, is not completely defined, 

being more perceptible in older trees, when the 

change activity propitiates formation of new 

layers of wood with adult characteristics. 
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Figure 1 Eucalyptus grandis (a) 19, (b) 21, (c) 

27, (d) 28 e (e) 31. Clone’s wood apparent density 

radial variation 

Table 1 Wood (Y) apparent density 

polynomial regression equations based on pith-bark 

distance (x) of three trees of E. grandis clones 

Clone 
(nº) 

Tree 
(nº) 

Equation 
Y=a+b1xi+b2x

2 

 107 Y=0,3842-0,0182x+0,0022x2 

19 110 Y=0,3232-0,0398x+0,006x2 

 120 Y=0,3654-0,0158x+0,0012x2 

 108 Y=0,5573-0,0196x+0,0032x2 

21 114 Y=0,4429-0,037x+0,0063x2 

 123 Y=0,3247-0,0138x+0,0035x2 

 125 Y=0,3455-0,0198x+0,0034x2 

27 126 Y=0,4493-0,0124x+0,0025x2 

 143 Y=0,4799+0,005x+0,001x2 

 111 Y=0,5169-0,0268x+0,008x2 

28 122 Y=0,4615-0,0216x+0,0053x2 

 138 Y=0,3938+0,0246x+0,0019x2 

 103 Y=0,5071-0,0114x+0,0016x2 

31 104 Y=0,4898-0,0437x+0,0054x2 

 150 Y=0,5425-0,0265x+0,0047x2 

Both apparent density mean, minimum and 

maximum values, and wood uniformity indexes 

obtained from E. grandis wood clones are shown 

in Table 2. In relation to mean density of the log 

of each clone, values indicate the ones with 

lowest density (clones 19, 21, and 27, with 0.34, 

0.45 and 0.45 g/cm
3
, correspondingly) and those 

with the highest density (clones 28 and 31, with 

0.54 and 0.51 g/cm
3
, correspondingly). Measures 

of maximum density of the logs indicate clones 

with lower values (clone 19, with 0.58 g/cm
3
) 

and higher values (clones 28 and 31, with 0.92 

and 0.85 g/cm
3
, correspondingly). Means of 
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minimum density of the log indicate clones with 

lower values (clones 19 and 27, with 0.15 and 

0.21 g/cm
3
, correspondingly) and taller ones 

(clones 28 and 31, with 0.28 and 0.28 g/cm
3
, 

correspondingly). 

Table 2  E. grandis wood clones’ uniformity 

index and apparent density of mean, minimum and 

maximum values 

Apparent density (g/cm3) Uniformity 

index 

Clone  

(nº) 

Tree 

(nº) 

Maximum Minimum Mean  

 107 0,56 0,18 0,38 146,8 

19 110 0,64 0,13 0,30 150,4 

 120 0,53 0,14 0,33 128,8 

Mean  0,58 0,15 0,34 142,0 

 108 0,74 0,32 0,57 146,1 

21 114 0,73 0,21 0,43 148,5 

 123 0,67 0,16 0,36 154,4 

Mean  0,71 0,23 0,45 149,7 

 125 0,66 0,12 0,36 166,1 

27 126 0,82 0,22 0,48 162,8 

 143 0,96 0,30 0,51 186,3 

Mean  0,81 0,21 0,45 171,7 

 111 0,92 0,29 0,57 201,9 

28 122 0,88 0,25 0,50 174,3 

 138 0,96 0,29 0,56 242,2 

Mean  0,92 0,28 0,54 206,1 

 103 0,92 0,28 0,51 169,2 

31 104 0,78 0,24 0,45 167,9 

 150 0,84 0,32 0,57 196,5 

Mean  0,85 0,28 0,51 177,9 

 
 

The E. grandis wood uniformity index shows 

variations inside and among its clones and a 

mean value of 169.5 (variation coefficient: 11%) 

(Table 2). Echol’s works (1973) present 

uniformity indexes of 223, 240 and 317 for 

Pinus contorta, P. ponderosa, and Pseudotsuga 

menziesii trees higher than the one obtained for 

E. grandis clones. However, it is worth 

mentioning that these are coniferous species 

adult trees from a temperate climate, and the logs 

presenting an anatomic structured characterized 

by alternation of annual growth rings of initial 

log (lower density) and late (higher density), and 

a high content of adult wood in relation to the 

young one. These parameters provide these 

species with characteristics of wood with high 

heterogeneity in its pith-bark direction, when 

compared to E. grandis 8-year-old tree logs, 

showing lower variations of anatomic structure, 

annual growth rates, and a near predominance of 

young wood. 

Uniformity index values of wood among E. 

grandis clones varied from 142 (clone 19) to 206 

(clone 28), showing, for the lowest indexes, 

wood formation with homogeneity 

characteristics in four of the clone trees (19, 21, 

27, and 31). For the highest indexes, the 

5
th
 clone’s wood showed the highest 

heterogeneity (28) (Table 2). Uniformity indexes 

are also related to wood apparent density 

variation models in pith-bark direction; that is, 

less density radial variations show lower 

uniformity index values. Distribution of wood 

apparent density types in percentage values of E. 

grandis 5-clone trees showed in Figure 2, 

indicates: (i) a relation among density values’ 

variation models and corresponding uniformity 

indexes; and (ii) stratification of clones by 

apparent density of their woods. In this 

stratification, clone 19 is located at the lower 

edge (mean density: 0.34 g/ cm
3
; data is 

concentrated between 0.2 and 0.5 g/cm
3
); clones 

21 and 27 are located in a central position (mean 

density: 0.45 g/cm
3
, 95% of values between 0.2 

and 0.7 g/cm
3
); clones 28 and 31 are located at 

the upper edge (mean density: 0.54 and 0.51, 

correspondingly: 95% of values between 0.32 

and 0.90 g/cm
3
). 

Results of this research make it possible to 

include a new Eucalyptus wood quality 

parameter (uniformity index) using Echol’s 

methodology (1973). This parameter has been 

calculated applying apparent density specific 

values by X-ray densitometry. This parameter 

should contribute to the improvement, 

technology and use of Eucalyptus wood, because 

it identifies trees and/or clones having different 

wood homogeneity levels; it will also be useful 

in specific applications, either as solid or 

transformed wood.  
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Figure 2 Distribution of E. grandis clones’ 

wood apparent density types 

Density by densitometry and uniformity 

index of wood: E. grandis x urophylla 

clones. 
From densitometry profiles of the 3 trees of each 

E. grandis x urophylla clone, each clone’s wood 

apparent density variation curves, and 

corresponding adjustment curves equations were 

made (Figure 3), allowing a better visualization 

of differences among clones. The analysis of 

each clone’s wood apparent density radial 

variation allowed characterizing four variation 

models: (i) an increase of mean values of wood 

density in pith to bark direction, in clones 9 (tree 

99; Figure 3a); clone 11 (tree 83, Figure 3b), 

clone 24 (tree 78, Figure 3d), and clone 26 (tree 

80; Figure 3e); (ii) mean values of apparent 

density of wood practically linear from the pith 

to the bark in clone 28 (tree 138, Figure 1d); and 

(iii) a decrease of mean values of wood density 

near to pith region (up to 3.0 cm), followed by 

an increase in bark direction, in clones 9 (tree 

100; Figure 3a), clone 11 (tree 77, 91, 

Figure 3b), clone 15 (trees 53, 76; Figure 3c), 

clone 24 (tree 60; Figure 3d), and clone 26 

(trees 61 and 68; Figure 3e); (iv) mean values of 

decreasing apparent density (up to 4 cm in the 

region near to pith), followed by an increase 

until the bark, clone 9 (tree 72; Figure 3a) and 

clone 24 (tree 87; Figure 3d); and (v) an almost 

linear increase of apparent density in pith-bark 

direction, clone 15 (tree 95; Figure 3c). As an 

example of results obtained for E. grandis 

clones, these variations in clones of E. grandis x 

urophylla trees indicated the formation of young 

wood, transition wood, and adult wood from pith 

to bark direction. 
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Figure 3 Eucalyptus grandis x urophylla (a) 9, 

(b) 11, (c) 15, (d) 24 and (e) 26 clones’ wood 

apparent density radial variation 

Table 3 Wood (Y) apparent density 

polynomial regression equations, based on pith to 

bark (x) distance of three trees of E. grandis x 

urophylla clones 

Clone 
(nº) 

Tree 
(nº) 

Equation 
Y=a+b1xi+b2x

2 

 72 Y=0,6567-0,0936x+0,0093x2 

09 99 Y=0,4208-0,0083x+0,005x2 

 100 Y=0,6276-0,0509x+0,0071x2 

 77 Y=0,6291-0,0446x+0,0081x2 

11 83 Y=0,5594-0,029x+0,0045x2 

 91 Y=0,5095-0,0191x+0,0043x2 

 53 Y=0,4845-0,0789x+0,0131x2 

15 76 Y=0,5154-0,0316x+0,0056x2 

 95 Y=0,3716+0,0189x+0,0009x2 

 60 Y=0,5785-0,0772x+0,0113x2 

24 78 Y=0,5489-0,0096x+0,0041x2 

 87 Y=0,5274-0,0335x+0,0043x2 

 61 Y=0,013-0,0792x+0,013x2 

26 68 Y=0,5135-0,0756x+0,0122x2 

 80 Y=0,5249-0,0016x+0,0028x2 

Maximum, mean, and minimum values of wood 

apparent density and E. grandis x urophylla 

clones’ wood Uniformity Indexes obtained in 

pith-bark direction are expressed in Table 4. In 

relation to each clone log mean apparent density 

values indicate those having the lowest density 

(clone 15, with 0.49 g/cm
3
), and those having the 

highest density (clone 11, with 0.58 g/cm
3
). Log 

maximum apparent density means indicate 

clones having the lowest values (clones 15 and 

26, with 0.94 and 0.96 g/cm
3
, respectively) and 

clones having the highest values (clones 11 and 

24, with 1.05 and 1.00 g/cm
3
, correspondingly). 
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Log minimum apparent density means indicate 

clones having the lowest values (clones 15 and 

24, with 0.29 and 0.30 g/cm
3
, respectively), and 

clones having the highest values (clone 11, with 

0.34 g/cm
3
). 

Table 4 Maximum, minimum and mean 

values of wood apparent density and E. grandis x 

urophylla clones’ wood Uniformity Index 

Apparent density (g/cm3) Uniformity 

index 

Clone 

(nº) 

Tree 

(nº) 

Maximun Minimum  Mean  

 72 0,89 0,27 0,49 174,2 

09 99 1,08 0,32 0,53 227,2 

 100 0,98 0,36 0,59 176,1 

Mean  0,98 0,32 0,54 192,5 

 77 1,01 0,35 0,59 177,7 

11 83 1,10 0,30 0,55 188,1 

 91 1,04 0,37 0,60 242,4 

Mean  1,05 0,34 0,58 202,7 

 53 1,02 0,27 0,45 181,2 

15 76 0,96 0,33 0,53 171,2 

 95 0,85 0,27 0,48 190,1 

Mean  0,94 0,29 0,49 180,8 

 60 1,07 0,29 0,54 211,6 

24 78 1,07 0,35 0,61 213,2 

 87 0,87 0,27 0,50 166,3 

Mean  1,00 0,30 0,55 197,0 

 61 0,98 0,27 0,49 192,5 

26 68 0,86 0,27 0,46 172,0 

 80 1,05 0,41 0,63 212,2 

Mean  0,96 0,32 0,53 192,2 

 
 

Eucalyptus hybrid clones’ wood Uniformity 

Index showed a mean value of 193 (variation 

coefficient: 13.3) (Table 4). However, clones 11 

and 15 showed the highest and the lowest 

variation (203 and 181, correspondingly), 

followed by clones 26 and 9 (192), indicating 

wood formation with higher heterogeneity 

characteristics in cloned trees. A relation 

between variation models and Uniformity 

Indexes of the hybrid clones, similar to that of E. 

grandis, with the highest density radial 

variations indicating higher Uniformity Index 

values was observed.  

Distribution of clones’s wood apparent density 

types of the hybrid (Figure 4) indicates a 

stratification: clones 15 and 26 are located at the 

lower edge (mean densities: 0.49 and 0.53 g/cm
3
, 

correspondingly; with data concentrated in 

values of 0.32 to 0.84 g/cm
3
). Clones 9 and 24 

are located in intermediate position (mean 

densities: 0.54 and 0.55 g/cm
3
, correspondingly; 

data concentrated in values of 0.34 to 

0.86 g/cm
3
); clone 11 at the upper edge (mean 

density: 0.58 g/cm
3
; data concentrated in values 

of 0.40 to 0.90 g/cm
3
). 
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Figure 4  Distribution of E. grandis x 

urophylla clones’ wood apparent density types 

Conclusions 

• Three density radial variation models were 

characterized as well as the formation of 

three types of wood (young, transition, and 

adult); wood apparent density mean value 

was 0.46 g/cm
3
, 0.54  g/cm

3
 for E. grandis 

and E. grandis x urophylla clones, 

correspondingly. 

• Wood Uniformity Index values indicate that 

E. grandis clone trees (except for clone 28) 

have relatively homogeneous wood; E. 

grandis x urophylla clones (except for clone 

15) showed a more homogeneous wood. 

• Wood uniformity indexes provide the 

inclusion of a new wood quality parameter 

to be introduced in improvement of forestry, 

technology, and use of Eucalyptus wood 

programs.  

• Woods having higher density homogeneity 

characteristics in the radial direction, should 

have better technological properties (drying 

defects, dimensional variation, etc.) and a 

better use in the splitting process (E. 

grandis). On the contrary, more 

heterogeneous woods in relation with 

density (E. grandis x urophylla clones; being 

11 and 24 clones more remarkable) should 

show woods with less yield in sawmills. 
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ABSTRACT 

This document provides a relationship between the main characteristics of the wood substrate and the 

damage appearing on the varnished or painted surface. Real problems are analysed, researching the most 

probable causes giving rise to these defects. Therefore, different wood species, coating products and other 

raw materials of the final wood products are considered. 

Objective 

The main objective of this document is to show 

some of the defects observed in varnished or 

painted wood surfaces, and the relationship with 

the most possible causes providing these 

damages, in order to minimize future problems. 

Obviously, there are a very wide range of surface 

defects, nevertheless, due to the length 

constraints for this document, the research has 

been focused on three different kinds of damage 

that can be representative of a group of several 

problems sharing common causes. 

Background 

It is well established that the end user’s 

complaints related to furniture are focused on 

two main causes: 

• problems related to packaging and transport 

• problems related to surface appearance. 

There have been some studies concerning this 

subject undertaken by AIDIMA. 

AIDIMA has become specialised in the analysis 

of surface defects, such as cracks, change of 

colour and white stains, among many others. 

State of the art 

The defects related to surface furniture or wood 

products, can be structured according to the 

following: 

• problems related to surface state 

• problems related to varnish or paint 

composition 

• problems related to the varnish or paint 

before its application 

• problems related to the application process 

• problems releasing from ageing. 

The defects can be the result of one or more of 

these causes. 

There is much knowledge on the most typical 

damage on the surface, but some of these 

problems need a more detailed study because of 

two main reasons: 

• they do not appear frequently 

• a wide range of parameters influencing the 

problem. 

Methodology 

The methodology of this research was typical, 

not due to the fact that three different damages 

were dealt within. It led us to follow the 

structure explained below: 

• description of the defect 

• description of substrate, atmosphere and 

other relevant conditions 

• description of analyses carried out 

• results obtained 

• conclusions: relationship between defects 

and causes. 

In all the cases the samples were real pieces, 

taken from the place where the problem 

appeared. 

Defect: white stains on varnished surface 
Description of defect 

The sample showed several white stains on some 

of the strips, with a random distribution. 
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Description of substrate and conditions 

The sample is a three-layers parquet, with a total 

thickness of 13 mm. The top veneer is Jatoba 3 

mm, the core is made of pine strips, 8 mm thick, 

and the back side is pine 1 mm. The parquet is 

varnished. 

Apparently, the atmospheric conditions, 

temperature and humidity, are not extreme. 

Analyses 

Among all the tests carried out, the two most 

important regarding the results, were observation 

by magnifier, and infrared analysis of stains and 

coating coats using the reflection method. 

Results obtained 

1. The stains came from the interior of the top 

layer. 

2. The stains appeared only on darker pieces 

and on resinous canals. 

Infrared spectophotometry: 
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----- Undercoat and topcoat varnish 

----- White stains 

There was no chemical similitude between the 

varnish and the stains. 

The coating system used for the finishing 

process was based on UV curing polyester 

varnishes.  

The signals of the stain’s graphic mean the 

following: 

1. from 3200 cm
-1
 to 3600 cm

-1
 and 1600 cm

-1
: 

amino and amide groups 

2. from 600 cm
-1
 to 800 cm

-1
: aromatic groups 

3. from 1200 cm
-1
 to 1250 cm

-1
: sulphonamide 

groups 

Conclusions 

The stain is an organic substance, released from 

the interior of the top layer, Jatoba. This specie 

has a high level of a light yellow resin (“copal”). 

The presence or absence of the stains can be due 

to the temperature or humidity, helping the 

resin’s migration to the surface and causing the 

appearance of the white stains as a result of a 

chemical incompatibility problem between the 

resin and the varnish. 

Defect: cracks and board breaking 

Description of defect 

Cracking of paint coating and MDF, placed in a 

processed edge of a medium density fibreboard. 

The cracked edge is, approximately, at the 

middle of the MDF thickness. 

 

 

Description of substrate and conditions 

Door made of particleboard, 19 mm thick, 

covered by medium density fibreboards, 8 mm 

thick. This MDF was mechanised to get a profile 

and painted with polyurethane undercoat and 

topcoat.  

The mechanisation achieves all the thickness of 

the MDF boards. 
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Analysis 

The two most important tests regarding the 

results were observation by magnifier and 

coating thickness, with precision 1µm. 

Results 

The profile carried out through the MDF 

achieves, practically, all the thickness of the 

board.  

The cracks appeared in the centre of the MDF, 

the weakest part of it, on an edge with an angle 

nearly 90º, causing a high internal tension. The 

paint and the MDF (the edges) could not stand it. 

Furthermore, on these edges, due to gravity 

action, there is a low thickness of coating 

protecting the board. 

PART OF 

THE 

SAMPLE 

THICKNESS (µm) 

Side A 

Undercoat: [70, 80] 

 

Topcoat:    [40, 45] 

Side B 

Undercoat: [70, 80) 

 

Topcoat:    [40, 45] 

Conclusions 

Since the thickness of coating showed typical 

values, the varnish elasticity was appropriate and 

the adherence coating / substrate was good (tests 

were carried out to demonstrate it), the main 

reasons for the cracks are: 

• MDF with a very deep profile, achieving the 

core of the board where the cracks are produced   

• Edges with an angle of about 90º, giving rise 

to high internal tensions. 

Defect: cracks on painted MDF 

Description of defect 

Cracks appeared on painted MDF. The finishing 

process was based on a polyurethane undercoat 

and topcoat system. One of the sides showed 

many cracks while the other one was, apparently, 

correct.  

 

Description of substrate and conditions 

MDF, 29 mm thick, coated with white paint. 

Analysis 

Thickness, adhesion and calorimetry were 

carried out in order to learn if there were 

differences between both sides. Also, the cold 

check aging was carried out to accelerate the 

appearance of more cracks or whatever other 

defect that could simulate the sample behaviour 

after a period of time.  

Results obtained 

Thickness and adhesion provided appropriate 

values without differences between the 

two faces. 

The cold check showed higher performance 

when the non-cracking face was tested. 

The calorimetry indicated a different curing 

degree between undercoats on the two sides. 

 

         Correct 
          Incorrect  
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Conclusions 

The curing degree was lower for the cracked 

undercoat than for the correct one (non-

appropriate mixing resin/catalyst, curing time, 

temperature, etc.). 

Defect: cracks in mouldings 

Description of defect 

Cracks appeared in some flat mouldings. 

Description of substrate and conditions 

The moulding was manufactured of MDF, 

10 mm thick, covered with four different types 

of oak veneer, 0.38 mm thick, glued to a paper 

support (woven; non-woven). The supported 

veneer was glued to the MDF by ethyl-vinyl-

acetate hot melt adhesive. In order to know the 

causes of the problem, different series of 

samples were manufactured using to trade marks 

of: 

• two different glues to join the veneer to the 

paper support (woven; non-woven); 

• two different varnish systems (both 

polyurethane); 

• two different paper supports (woven; non-

woven). 

The four different types of oak veneers used 

showed different appearance since they were 

obtained by different cutting methods: radial, 

low quality axial, correct axial and tangential.  

Analysis 

Two kind of aging were carried out: cold check 

and conditioning at extreme humidity.  

The results are reported by the following 

assessment code: 

Assessment Meaning 

5 Without damage 

4 Few and little isolated cracks 

3 Some and little / medium cracks 

2 Some and medium / large cracks 

1 Several or very large cracks 

Results 

The humidity conditioning did not provide 

significant differences among all the samples. 

The representation of the results provided by the 

cold check, is: 

1: radial veneer; 2: low quality axial veneer; 

3: axial veneer; 4: tangential veneer 

Kind of adhesives: I and II 

Kind of varnishes: X and Y 

Kind of paper support: A and B 
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If all the assessment results corresponding to the 

different parameters influencing the cracking are 
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expressed as a total percentage, the following 

comparative graphics are obtained: 
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Conclusions 

The main parameter influencing the cracks was 

the kind of cut of veneer, and later the kind of 

adhesive. 

In the case of using a good enough and elastic 

varnish and paper support, as in these samples, 

they did not influence the cracks. 

The cracks showed a lack of adhesion with the 

support. 

The cracks were caused by the movement of the 

veneer and an insufficient resistance of the join 

between veneer and support. 
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How to reach primary hardwood producers with new information 
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ABSTRACT 

The US Forest Service and Virginia Tech sought to understand how new knowledge – innovative 

techniques, improved technology, new products and new marketing information reaches our primary 

forest industries. The results are very interesting and eye opening. It was found that conferences such as 

this one is important if you can get the people to it and they will want to speak with their peers and 

included plant tours would also help. We will present all of the results. The National Hardwood Lumber 

Association in the US was our partner in this effort. 
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ABSTRACT 

In the hardwood sawmill industry; decisions made at the various processing stages directly affect the value 

of the end product. In order to realize maximum product value, it is essential that employees be properly 

trained. The edging and trimming stage of lumber processing is one area where lack of proper training can 

result in poor manufacturing decisions and ultimately reduced product value. The workers also need an 

understanding of the NHLA lumber grading rules. To supplement on-site training, we have created a 

computer program to assist edger and trimmer operators in making good manufacturing decisions. The 

Edging and Trimming Trainer program is designed to help hardwood lumber edger and trimmer operators 

and sawmill managers better understand grading rules and how lumber grade, surface measure, and price 

interact to affect lumber value and processing decisions. The poster will demonstrate the training system. 
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Current and past hardwood scanning R&D in Blacksburg, VA 
Philip Araman

1
 

1. USDA Forest Service Southern Research Station, Blacksburg, VA, USA 

ABSTRACT 

This would be a review of the hardwood product scanning projects in Blacksburg, VA that were joint 

projects between the US Forest Service and Virginia Tech. They have involved several faculty members, 

federal scientists, and many graduate students. It would cover several projects from 1990 to current 

efforts. Awards and patents have been won for some of the efforts and two products have been 

commercialized. The efforts ranged from CT scanning of logs to multiple sensor scanning of lumber to 

ultrasound scanning of pallet cants and pallet parts. Current efforts to scan lumber for NHLA grading and 

sawmill processing would be presented. 
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ABSTRACT 

Over the past decade, significant progress has been made in developing computer models to simulate the 

manufacturing processes of veneer products. Based on theoretical and scientific principles, such software 

programs include: Logcon simulating log conditioning, VPeel simulating veneer lathe set up and peeling, 

VYield simulating veneer formation and recovery, VSort simulating green veneer moisture content (MC) 

distribution and sorting, VDry simulating veneer drying, VGrader simulating veneer grading and panel 

layup and VPress simulating plywood/laminated veneer lumber (LVL) hot pressing. In this paper, the 

main principles and uses of these computer models are briefly introduced. Examples are given to illustrate 

the development and usefulness of three models for understanding and optimization of veneer processing 

operations for both softwood and hardwood. 

Introduction 

For many years, FPInnovations – Forintek 

Division has been very active in research on 

veneer-based products such as laminated veneer 

lumber (LVL) and plywood. The species of 

interest include both softwood and hardwood. In 

Forintek’s Vancouver laboratory, a full-scale 

pilot plant was built for research and 

development for the veneer product industry 

across Canada. The facility includes: two log 

conditioning ponds, two rotary peeling lathes, 

one veneer dryer, one roller glue applicator, two 

hot presses, and a full-performance testing 

system. From an industrial manufacturing 

standpoint, as shown in Figure 1, veneer 

products have similar manufacturing operations 

from log conditioning, veneer peeling, clipping 

and sorting, drying, grading, gluing and lay-up, 

and hot pressing. To help the industry stay 

competitive, basic understanding and control of 

manufacturing operations is essential. While 

traditional trial-and-error methods can offer 

short-term solutions, computer modeling 

presents a number of advantages. Firstly, 

modeling necessitates an understanding of the 

physical, chemical and mechanical mechanisms 

involved in veneer and panel processing. 

Secondly, interactive computer simulation 

models can be programmed with user-friendly 

interfaces which can greatly facilitate training 

and education. Finally, the models allow 

processing variables to be analyzed with 

minimal or no experimental tests. 

Log debarking Log conditioningLog conditioning
Veneer clipping, 
sorting & drying

Veneer gradingLVL/plywood

Veneer peeling

Hot pressing Gluing and layup

 

Figure 1 Typical plywood and LVL 

manufacturing processes 

The objectives of this paper are to discuss the 

general approaches to modeling and to 

summarize some previous work and recent 

progress in modeling veneer processing. The 

focus of this paper was placed on three computer 

simulation models, i.e., log conditioning, veneer 

recovery and veneer peeling, which can be used 

for both softwood and hardwood veneer 

processing. 

General Approaches to Modeling 

Most useful models stem from the need to solve 

practical problems. Consequently, the first step 

of model development is usually to identify the 

areas of interest (Figure 2). One of the biggest 

challenges in modeling is to conceptualize the 

practical issues. In this process, one must 

determine, from often complex phenomena, the 

fundamental mechanisms or theories that are 
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applicable to the problems at hand. Appropriate 

assumptions must be made to simplify or 

idealize the conditions under which the theories 

work. Depending upon the complexity, a model 

may involve one or multiple theoretical 

principles, such as mathematics, physics and 

mechanics. Many models deal with complex 

mathematical equations and geometries which 

require numerical solutions using finite 

difference or finite element methods.  

In parallel to theoretical modeling is 

experimentation. Experimental tests usually 

serve two purposes: to determine the basic 

material properties and to validate the models. 

For example, one needs to know the wood 

conductivity in terms of wood density in order to 

predict the temperature during log conditioning; 

and the heat and mass transfer coefficients 

between veneer surface and air flow in order to 

determine the veneer temperature and moisture. 

Deriving these parameters can often be 

challenging.  

Computer simulation

Theories

• Numerical methods

• Heat&mass transfer

• Solid mechanics

Experimentation

• Material characterization

• Model calibration

Conceptualization

Manufacturing process 

of LVL/plywood

Input Output

Model development

• Mill data acquisition

 

Figure 2 Flow chart of a typical modeling 

procedure 

If mathematical formulation is considered as the 

heart of a model, computer simulation is needed 

for the purpose of execution and presentation. 

The key merit of computer simulation is that it 

can perform the sensitivity study of key process 

variables on the fly by facilitating tedious and 

complex calculations, and in turn greatly 

facilitate the decision making. With the advances 

of computing technology, the calculation speed 

and capacity have become faster and greater. The 

other advantages are that the computer 

simulation allows for creation of a user-friendly 

environment through which a complex model 

can be made simple to understand and easy to 

use.  

Selected Computer Models and Their 
Applications 

Table 1 lists some of the computer software 

programs recently developed in Forintek’s wood 

composite group. The purpose of developing 

these software programs was to help understand 

and optimize various LVL/plywood processes 

including log conditioning, lathe setup for veneer 

peeling, green veneer sorting and drying, veneer 

grading, and plywood/LVL hot pressing. These 

simulation programs are based on sound 

scientific theories and extensive experimental 

testing results. Various computing methods are 

used to execute the calculations and present the 

results in an interactive and user-friendly 

environment. These programs have received 

wide application in the Canadian plywood/LVL 

industry.  

Table 1 A list of some computer simulation 

programs developed for veneer processing 

Name Scope and Applications Basic Theories 
Computing 
Languages 

Logcon - To evaluate internal log temperature and energy 
consumption during log conditioning before veneer 
peeling 

- To predict the percentage of log volume within the 
optimum temperature range for any given species 
at any given time 

- Heat conduction - Fortran  

- Visual Basic 

VPeel - To determine the relative geometry between 
peeling block, veneer, knife and pressure bar 
during peeling for optimum control of peeling lathe 

- 2D geometry - Visual Basic 

VYield - To simulate and evaluate veneer formation and 
recovery under specific log and centering 
conditions 

- 3D geometry - Visual Basic 

VKnot - To simulate the effect of knots on veneer visual 
grading 

- 3D geometry - Visual Basic 

VSort - To simulate the green veneer moisture distribution 
and effect of veneer sorting on drying processes 

- Heat and mass 
transfer 

- Statistics 

- Fortran 

- Visual Basic 

VDry-J 
and 
VDry-L  

- To simulate the effect of air flow, temperature, 
humidity, initial veneer MC on drying productivity, 
final veneer MC and energy consumption with jet 
and longitudinal dryers 

- Heat and mass 
transfer 

- Thermodynamics 

- Fluid dynamics 

- Statistics 

- Fortran 

- Visual Basic 

VGrader - To analyze veneer grades and predict stiffness and 
strength of plywood/LVL products based on the 
grades and lay-up 

- Composites 
mechanics 

- Statistics 

- Visual Basic  

- Database and SQL

VPress - To simulate the change of temperature, gas 
pressure, moisture content and panel thickness 
density during hot pressing 

- Heat and mass 
transfer & thermo- 
dynamics 

- Consolidation 
mechanics 

- Fortran 

- Visual Basic 

  

In the following sections, examples are given to 

describe in detail the developments and 

applications of three models: Logcon, VYield 

and VPeel.  

Log conditioning model (Logcon) 

Conditioning of wood blocks seems to exemplify 

a steady-state heat conduction case through a 

cylindrical solid. Thus the heat conduction 
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theory can be applied to model the conditioning 

process (Steinhagen et al. 1987). To model the 

heat transfer in wood, some key assumptions 

need to be made: 

1. given that logs are more or less round, the 

geometry of a wood block is considered to 

be cylindrical; 

2. moisture content in wood does not change 

during conditioning. According to previous 

studies (Steinhagen et al. 1987; Dai and 

Salahuddin 1996), this is a good 

approximation; 

3. heat transfer occurs only by the mechanism 

of steady-state heat conduction; and 

4. there is no thermal resistance at block 

surfaces, or in other words, the block surface 

temperature equals water temperature. 

The above assumptions were used to derive a 

heat transfer model for conditioning logs (Dai 

and Wang 1999c). 

An example of the calculated temperature 

distribution in a cross-section is presented in 

Figure 3. The temperature decreases from the 

surface to core change with time. The 

conditioning time is controlled via a scrolling bar 

in steps of one hour. For details on how to use 

the software, readers can refer to the user’s 

manual (Dai et al. 1997; Wang et al. 1999). 

 

Figure 3 An example of calculated cross-

section log temperature distribution 

Species affects the log temperature through its 

effect of specific gravity and moisture content by 

assuming blocks are in green condition before 

conditioning. A total of 26 species are 

considered in the model, among which are such 

commonly used species as Douglas-fir, red 

maple, birch and aspen. For species beyond the 

list, users need to specify the moisture content 

and specific gravity. 

Veneer recovery model (VYield) 

In practice, green veneer recovery depends on 

many variables. According to their nature, these 

variables could be categorised into three groups: 

1. geometric parameters (e.g., log shape and 

diameter, centering accuracy and veneer 

thickness), 

2. material properties (e.g., species, stand 

location and moisture content), 

3. processing variables (e.g., log conditioning 

temperature, lathe performance and set-up). 

While the actual recovery, which can range from 

50% to 70%, needs to be measured from a 

production line, the basic volumetric recovery 

can be calculated based on the geometric 

relationship among the block geometry, spindle 

centre position, veneer thickness and core 

diameter. To develop the computer model, the 

mathematical theory first developed by Foschi 

(1975) was adapted. In order for the model to 

deal with every possible situation, some 

corrections and modifications have been made in 

the model development. The theoretical 

development of the veneer recovery model is 

given elsewhere (Dai and Wang 1999). An 

example of computer plotted veneer shape and 

recovery is shown in Figure 4. 

 

Figure 4 An example of computer plotted 

veneer shape and calculated recovery 

While the mathematical modeling is highly 

complex, the computer program is written in 

Visual Basic, which is menu driven and very 
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user-friendly. A user’s manual for this software 

is available through the Forintek library (Wang 

and Dai 1999a). The user can specify any 

combinations of input parameters such as log 

diameters, centring accuracy, peel thickness and 

core diameter. The computer program can then 

calculate the influences on veneer shape and 

recovery. 

Veneer peeling model (VPeel) 

Although modern veneer lathes are mechanically 

complex, the fundamentals of veneer peeling 

may not go beyond the functions of the block, 

the knife and the pressure bar. When veneer is 

peeled, the knife has to uniformly advance by 

one veneer thickness for every block rotation. In 

this way, the knife follows a helical path and 

ensures a consistent veneer thickness. The 

veneer quality is very much influenced by the 

positions of pressure bar and knife. The bar 

which is placed in front of the knife, compresses 

the wood to prevent it from premature splitting. 

Since the change from traditional small roller 

bars to big bars, the role of pressure bars has 

increased, which also provides the drive to the 

core allowing for peeling smaller diameter 

blocks. The bar geometric change has led to 

significant increases in bar settings, mainly 

horizontal and vertical gaps. When the bar is 

further away from the knife, the relative 

positions change significantly during the peel 

because of the reduction of block diameter. For 

the same reason, the contact between the knife 

and block also changes substantially during 

peeling. To compensate for these changes, the 

knife pitch angle and bar gaps must be adjusted 

during peeling. This is why the modern veneer 

lathes are equipped to make the adjustments. 

However, criteria for making the adjustments are 

lacking.  

This model is intended to provide some basic 

understanding of how the relative geometry of 

the knife, the block, and the bar changes before 

and during veneer peeling (Dai and Wang 1999; 

Wang and Dai 1999b). As shown in Figure 5, the 

model simulates how the contact areas between 

the bar and the block and between the knife and 

the block decreases with the block diameter 

during peeling. On the other hand, if the criterion 

is to maintain these contact areas, then the 

program can calculate how the bar horizontal 

gap and knife pitch angle should change. The 

results from such simulations can be applied to 

program the lathe. Because of its visual features, 

the program is very interactive. The user can 

change values to any input variables to test their 

effects on the relative geometry. In addition, the 

user can preprogram both pitch angle profile and 

gap profile and then enter them into the model to 

conduct virtual peeling. In this way, an optimum 

gap profile or pitch angle profile can be 

developed for the industrial lathe to save labor 

and material costs. Since the development of the 

Forintek incisor bar, this program has further 

been upgraded to simulate the lathe settings for 

peeling veneer with the incisor bar. This addition 

allows users to visualize the depth of incision 

and the gap between the incisor teeth and knife 

to avoid the contact. This is particular, important 

when the users try to peel different veneer 

thicknesses.  

 

Figure 5 An example of veneer peeling 

computer simulator with a roller bar 

Summary 

This paper discussed the general approaches to 

developing computer simulation models for 

veneer processing. Conceptualizing the problems 

and identifying the applicable theories are 

essential to the success of modeling. As 

demonstrated, user-friendly computer models 

can be developed to simulate various steps of 

veneer processing from log conditioning, veneer 

peeling, sorting, drying, grading to panel 

pressing. These models are useful for process 

optimization and product development for both 

softwood and hardwood veneer products.  
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ABSTRACT 

The aim of this research is to characterize the variability of paper birch (Betula papyrifera Marsh.) wood 
colour. Tree age, tree size, tree vigour and log height class are the explicative variables affecting wood 
colorimetric coordinates and the proportion of discoloured wood in boards. The preliminary results 
presented in this paper are based on 60 paper birches harvested from an overmature stand, from which 
logs of sawing quality (F1, F2, F3) have been sawn into more than 1500 boards. Results show that the 
proportion of discoloured wood measured on the surface of these boards is mainly influenced by log 
height class and by the vigour of the tree. The butt and fourth logs tend to have the smallest proportion of 
discoloured wood, in comparison with the second and third logs. In addition, the vigorous trees present 
less discoloured wood. Results also show that colorimetric values (CIEL*a*b*) are mostly affected by the 
age of the tree and the log height class. Younger trees present higher luminosities (L*), they show less 
redness (a*) and more yellowness (b*). The butt and fourth logs have higher L* values, which confirms 
the presence of a light-coloured wood in those logs.  

Introduction 

Paper birch (Betula papyrifera Marsh.) is an 
interesting alternative to the high-value species 
like sugar maple, yellow birch traditionally used 
by the Québec hardwood sawmilling industry. It 
is broadly distributed in important volumes 
across Canada and it presents aesthetic and 
physical characteristics appealing to the industry.  

In the manufacturing of appearance products 
wood colour is undeniably an important attribute 
influencing the general appearance of wood and 
its value. Experience we have so far shows that 
paper birch wood colour presents a broad range 
of design possibilities. Its light coloured 
sapwood contrasts with its darker, brown-reddish 
discoloured wood. For the time being, this 
difference in colouration is not appreciated by 
the appearance products industry where 
homogeneously coloured products are desired. 
However, this could be changed with proper 
design and marketing in a context of utilization 
by the appearance products industries. 

The main objective of this study is to 
characterize paper birch wood coloration and to 
better understand the sources of its variability, 
keeping in mind its utilisation as a raw material 
for the appearance products industries. The 

specific objectives are to assess the expression of 
the discoloured wood and to determine some 
factors responsible for its presence and 
variability. Tree age, tree size, tree vigour and 
log height class are examined as explicative 
variables.  

Literature review 

The brown-reddish discolouration found in paper 
birch wood has been given different designations 
in the literature: red heart, discoloured wood, 
affected wood, pathological heartwood, stained 

wood, traumatic heartwood, wetwood etc. (Shigo 
1967; Shigo and Larson 1969; Shigo 1989; 
Shigo and Hillis 1973; Hallaksela and Niemisto 
1998; Campbell and Davidson 1941; Allen 1996; 
Boulet 2005; Siegle 1967 and Basham 1991). 
Most of these authors advance the theory that 
paper birch discoloured wood is not a normal 
heartwood but would be of traumatic origins.  
While in many species normal heartwood is the 
result of processes associated with aging, 
traumatic heartwood would be a result of 
processes associated with tree injuries and 
micro-organisms. 

An association between white birch red heart and 
a non-decay fungi, Torula ligniperda has been 
demonstrated (Campbell and Davidson 1941), 
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suggesting that this fungi could be one of the 
causes of red heart. The authors noted that red 
heart was often present in trees showing decay, 
suggesting that this discolouration would be a 
stage in the decay process.  Without confirming 
the association of Torula ligniperda and red 
heart, Siegle (1967) nevertheless showed that red 
heart is the result of an enzymatic oxidation 
caused by fungi entering the tree after a 
mechanical injury. The author also advanced the 
hypothesis that red heart could represent an 
initial stage of wood decay in paper birch trees.   

Shigo, and his team scientists suggested a pattern 
for discolouration and decay in living hardwood 
trees of North America that explains in a more 
complete theory the presence of red heart in 
paper birch (Shigo 1967; Shigo and Larson 
1969; Shigo 1989; Shigo and Hillis 1973). The 
idea that broken branches or stem wounds would 
be the triggering factors for this discolouration is 
supported by these authors. Discolouration and 
decay of wood would appear in three steps 
following the mechanical wounding event 
affecting the tree. Stage one corresponds to the 
tree response to the wounding. At this stage, a 
first discolouration may appear due to the 
production of phenolic compounds and to 
oxidation caused by the air entrance in the tree. 
There are no micro-organisms involved at this 
stage, only chemical processes. Stage two 
corresponds to the invasion and development of 
bacteria and non-decay fungi in the wounded 
area which may lead to more discoloration. The 
injured area at this time presents cells that are 
moister, with a higher PH and higher mineral 
content. Finally, the formation of discoloured 
wood may include a third stage where decay 
fungi invade the area and degrade wood 
structures. Different stages of discolouration 
may therefore be present in a paper birch tree in 
time and in different locations of the tree. This 
continuous transformation can make it hard to 
separate discoloured and decayed wood, which 
can complicate the analysis of the presence of 
red heart in paper birch wood.  

Many authors agree that the discolouration is an 
important character mark affecting paper birch 
wood for various utilisations. According to 
Basham (1991), this discolouration represents 
70% of the white birch volume of defect. This 

result was obtained from a sampling of 936 trees 
in a province wide survey in Ontario, Canada. 
Tree age is an important factor influencing the 
presence of red heart. Basham (1991) 
demonstrated that the volume of stain and decay 
rises with age. Campbell and Davidson (1941) 
reported considerable discolouration in trees 
older than 70 years, while most trees over 50 
years presented some discolouration, regardless 
of conditions.  

Paper birch heartwood/sapwood proportion has 
been characterized and put in relation with the 
stem, foliage and crown characteristics (Giroud 
2005). Results demonstrated that most of the 
heartwood is located under the live crown base. 
Twenty-seven percent of the 150 birches used 
for the study had a presence of discoloured wood 
at breast height. Giroud observed that almost 78 
% of 18 sample trees were constituted of 
sapwood, 12 % of discoloured wood and the last 
10% was bark. On those same 18 trees, all 
showed the presence of discoloured wood. 
Heartwood volume was found to be highly 
correlated to tree age at stump height and also to 
tree dimensions. Similar results were found in 
Finland for silver birch (Betula pendula) 
(Hallaksela and Niemisto 1998). In both studies, 
the discolouration followed the same vertical 
distribution; a central column of discoloured 
wood with a maximal diameter at 2,5 % and 9% 
of the total tree height for the silver birch and 
paper birch respectively,  diminishing in 
diameter when going up in the tree. 

Birch sapwood colour have been considered by 
European researchers who study the problem of 
silver birch (Betula pendula) discolouration 
during drying (Möttönen and Luostarinen 2005; 
Mononen et al. 2002; Sundqvist 2002a, b and 
Luostarinen 2006). Since the kiln drying of 
wood is one of the most difficult phases in silver 
birch processing, these studies propose the 
optimal treatments to minimize colour changes.  

Finally, the influence of birch wood character 
marks on consumers preferences has been 
evaluated (Donovan and Nicholls 2003; Lapointe 
2004). Lapointe (2004) demonstrated that 
different levels of character marks generate 
differences in consumer perceptions for 
appearance products made out of paper birch. 
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Panels with a low level of character marks and 
little colouration contrast were considered as 
more appealing and more modern to the 
consumers consulted in this study. On the other 
hand, Donovan and Nicholls (2003) 
demonstrated that, for the Alaskan birch, 
consumers consulted were in general willing to 
pay higher premiums for cabinets doors showing 
higher levels of character marks.  

In the end, there is perceptibly a necessity to get 
more information about the presence of 
discolouration in paper birch wood since there is 
still a lot of uncertainty about its origin and 
because its presence influence consumer’s 
opinions concerning the end products.  

Materials and methods 

In winter 2005, 100 paper birch stems were 
selected in an overmature mixed stand located in 
the north of the Laurentian region in the 
province of Québec. Stems were selected upon 
the tree vigour in order to get an adequate 
number of trees in each vigour classes. The tree 
harvesting occurred at the end of March of the 
same year and trees were left in the forest 
undelimbed until June 2005. At the beginning of 
June, trees were cut into logs following an 
optimized slashing based on Petro and Calvert 
(1976) rules for log quality. A total of 270 logs 
were produced out of which 139 were of sawlog 
quality and 131 logs were pulpwood. The sawing 
quality logs originated from sixty trees and only 
those logs were retained for the present study. 
These were sawn into boards at a hardwood 
sawmill, using a sawing around pattern, in June 
2005. The central blocks were resawn into 
boards on a “WoodMizer” portable sawmill 
shortly after. From those operations, more than 
1500 boards were produced which constitute the 
research material of this study. The board 
dimensions were variable; ranging from 4 to 12 
foot in length and from 3 to 13 inches in width. 
Boards were dried (conventional kiln drying) 
and planed to get a fresh surface to study wood 
colour.  

The age of the selected trees ranges from 46 to 
154 years, with a mean of 122 (figure 1). Most 
of the trees were older than 100 years; only five 
were between 45 to 65 years. The diameter at 

breast height (DBH) ranged from 26 cm to 66 
cm (figure 2). Tree vigour was determined by the 
MSCR classification established by the Québec 
ministry of natural resources and wildlife 
(Boulet 2005). This classification is based upon 
external tree defects. Trees classified M (mourir) 
correspond to non-growing stock and trees 
classified S (survie) to poor growing stock. 
These classes contain the less vigorous trees. 
Classes C (conserver) and R (reserve) are 
assigned to the acceptable and premium trees 
and correspond to growing forest capital. They 
include healthier trees that present less wounds 
and defects. Thirty-seven percent (37%) of the 
trees used were classified as M, 23% as S, 27 % 
as C and 13 % as R. This classification 
determines the harvesting priorities and aims at 
maintaining or improving the quality of the stand 
by harvesting in priority trees that are expected 
to die during the next 20-25 years. The majority 
of the 139 logs produced were butt logs (42%), 
the others were second (34%), third (20%) and 
fourth (4%) logs.  

Figure 1. Tree age distribution
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Figure 1 Tree age distribution 

Figure 2.Tree dimension distribution
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Figure 2 Tree dimension distribution 

The colorimetric analysis was performed on 
board images acquired by an industrial scanner 
developed by the CRIQ (Centre de recherche 
industrielle du Québec) for the appearance 
products industry, the BorealScan (Caron, 2005). 
For each board, two digital images were 
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recorded, i.e. one on each face. Defects have 
been automatically identified by the scanner.  

An image processing software, CRIQ 
Traitement, developed for the scanner was used 
to view these images, to process them and to 
collect colorimetric information (Caron, 2005). 
Images have first been segmented into two 
different regions representing the sapwood and 
the discoloured wood, based on the pixel colour 
intensity. A filter of 80x80 pixels was employed 
for the classification. From this segmentation 
result, the software was used to measure the 
proportion of every board surface belonging to 
sapwood and discoloured wood. The mean 
colour of each board, and each 
sapwood/discoloured wood region, was also 
determined by the software, based on the 
Commission Internationale de l’Eclairage (CIE) 
L*a*b* colour system (CIE 2007) (figure 3). In 
this three-dimensional colorimetric space, the L* 
coordinate informs about the luminosity of the 
colour, the a* and b* coordinates are chromatic 
values. They inform about the position on the 
red-green axis (a*) and the yellow-blue axis 
(b*). Defects were excluded from the 
colorimetric analysis.   

The colorimetric values and the proportion of 
sapwood/discoloured wood were analysed 
statistically using the SAS software version 9.1 
for Windows (SAS Institute 2003). Multiple 
regression was used to compare the effect of four 
forest variables on these two dependant 
variables. The mixed model procedure was used 
to take into consideration the random effects 
associated with the hierarchical model (board, 
log and tree associations).  

Results and discussion 

Colorimetric observations 
Values for all boards utilized in the study are 
presented in table 1.  

Table 1 Comparison of the mean colorimetric 

values for the different board sections 

SECTIONS L* a* b* 

Whole board 
69.8 
(3.4)1 

3.91 
(0.86) 

19.78 
(0.85) 

Sapwood 
73.1A2 
(1.6) 

3.3A 
 (0.5) 

19.4A 
(1.0) 

Discoloured 
wood 

63.6B 
(3.6) 

5.0B 
(1.5) 

20.8B 
(2.2) 

1- (standard deviations) 
2- Different letters indicates that from a t-test the 
value differs significantly at p = 0.01.  

 

Figure 3 CIEL*a*b* color space (from 

www.newsandtech.com) 

The transition between the sapwood and 
discoloured wood zones is more abrupt for the 
luminosity values than for the chromatic values 
a* and b*. A difference of 10 units can be 
observed between the mean luminosities of the 
sapwood zone and the discoloured wood zone 
while the chromatic values a* and b* show 
differences of less than 2 units between zones. 
These results bring out the importance of the 
luminosity value when characterising the colour 
of paper birch wood. The L* values give a fair 
and quick representation of the different possible 
colourations that can be seen.  The mean values 
of the table 1 associated to the sapwood and 
discoloured wood zones have been compared 
using student tests. For every value, L*, a* and 
b*, the results presented a significant difference 
between those two zones.  

Results of the mean colorimetric values for the 
entire board have to be considered with 
precaution. When boards are homogeneous in 
colour, the mean colour value obtained 
represents accurately what can be seen by the 
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human eye. However, when boards are 
heterogeneous, presenting variable proportions 
and distribution of sapwood and discoloured 
wood, the mean colour value for the entire board 
becomes rather an index of colouration than a 
true image of the reality. 

The observation of the standard deviations 
associated to the colorimetric values presented in 
table 1 shows a higher variance in colour for the 
discoloured wood areas. While paper birch 
sapwood is usually pale and homogeneous in 
colour, the discoloured wood often presents a 
more heterogeneous colouration, showing a 
higher variation in colour and in the spatial 
distribution of these different shades (Figure 4.). 

The mean colorimetric values of each board have 
been put in relation with four forest variables to 
evaluate their potential influence on the 
variability of paper birch wood colour. The 
different variables, L*, a* and b* were analysed 
separately in different multiple regression 
models. The results show that age of the tree and 
log height class are the two variables having the 
highest influence on paper birch colorimetric 
coordinates. The significant variables affecting 
these values for the different wood zones of the 
board are presented in table 2.  

Table 2 Effects of the four independent 

variables on the proportion of discoloured wood 

(probability values) 

variable L* 
L* 

sapwood 

L* 
discoloured              

wood 
a* 

a* 
sapwood 

a* 
discoloured 

wood 
b* 

b* 
sapwood 

b* 
discoloured 

wood 

Age 0.03* 0.070 0.060 0.03* 0.03* 0.670 0.04* 0.060 0.00* 

Dimension 0.430 0.310 0.640 0.130 0.090 0.02* 0.00* 0.00* 0.130 

Vigour 0.180 0.980 0.400 0.760 0.920 0.820 0.900 0.920 0.410 
Log height  

class 
0.00* 0.280 0.950 0.03* 0.540 0.550 0.250 0.03* 0.02* 

* Shows a significant effect of the independent variable on the dependant variable (p < 0,05)  

Age is an important variable affecting 
colorimetric values of paper birch wood. Even if 
there were only a few trees sampled at young 
ages, it has been statistically demonstrated that 
age had a significant effect on many explained 
variables (mean L*, a*, b*, a* of sapwood zone 
and b* of discoloured wood zone). When tree 
age increases, L* and b* values tend to decrease 
while a* values increase. In other words, boards 
coming from older trees have lower luminosities, 
a higher reddish component and a lower 
yellowish component. The risk for the tree of 
being wounded increases with time, which can 
initiate the presence of traumatic wood that is 
darker and redder than sapwood.  

 

Figure 4 Differences in colour homogeneity 

between sapwood and discoloured wood zones 

In this study, tree dimension does not seem to be 
an important variable affecting paper birch wood 
colour. Only the a* values of the discoloured 
wood section were significantly influenced by 
this variable, showing higher values for bigger 
trees. This is somehow puzzling since in 
principle age and tree dimension are normally 
correlated. This might be explained by the 
presence of over-mature trees which might have 
stopped growing while being still ageing. A 
future analysis of younger paper birches, 
covering in more detail the growing portion of 
the tree life might bring more understanding in 
this matter.  

Log height class had a significant influence on 
many colorimetric variables characterizing paper 
birch wood. The fact that the log was a butt, 
second, third or fourth log resulted in significant 
differences for L*, a* and b* values of 
discoloured wood zones and b* values of 
sapwood zones.  

Graphic analysis of luminosity values as a 
function of the log height class (figure 5) shows 
that butt and fourth logs have higher luminosities 
than second and third logs. Statistically, 
significant differences were shown between the 
butt and second logs and between the butt and 
third logs.  
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Figure 5 Luminosity vs. log height class 

Slight differences can be seen for the 
colorimetric values on the red-green axis for the 
different log positions. A* values tend to 
increase from the butt log position to the third 
log while decreasing at the fourth. Statistically, 
only the values of butt and third log are 
significantly different. For mean b* values, no 
statistical difference have been shown and no 
major trend can be detected. However, when 
sapwood and discoloured wood zones are 
analyzed separately, differences are seen 
between b* values for the different log height 
class. For sapwood, b* values of butt logs are 
significantly different from second, third and 
forth logs, the butt logs presenting less 
yellowness. For discoloured wood, b* values 
from butt logs are significantly different from 
those of the second and third logs. This time, the 
phenomenon is opposite; butt logs are showing 
more yellowness than the logs occupying the two 
other positions.  

Tree vigour did not result in any significant 
difference into paper birch colourimetric values. 
The relation of luminosity values against tree 
vigour classes MSCR, shows a trend where L* 
appear to have higher values for vigorous trees, 
but no significant difference were obtained when 
incorporated with other variables in the multiple 
regression (figure 6).  

Figure 6.  Luminosity  vs. tree vigour 
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Figure 6 Luminosity vs. Tree vigour 

Luminosity values and discoloured wood 

proportions 
Luminosity mean values for full board reflecting 
paper birch wood colour brightness are highly 
correlated to the percentage of discoloured wood 
(figure 7). When boards show a higher 
proportion of discoloured wood, luminosity 
values are lower. This relationship is coherent 
since discoloured wood zones have lower 
luminosities and hence are darker than sapwood 
zones.  

y = -0,0936x + 73,707

R2 = 0,9071
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Figure 7 Luminosity vs. Proportion of 

discolouration 

Therefore, the effect of the four independent 
variables on the discoloured wood percentage 
should be almost the same than for L* values. In 
reality, slight differences have been obtained 
from the model. Tree age that had a significant 
effect on the colorimetric coordinates did not 
show any significant effect on the proportion of 
discoloured wood. On the other hand, tree vigour 
seems to be an important variable affecting the 
amount of discoloured wood but did not 
significantly affect the colorimetric coordinates 
L*a*b*. The lack of statistical significance 
between these coordinates and vigour might also 
originate in the sample size. Broader populations 
would have to be sampled to be able to eliminate 
this possibility. 

Proportion of discoloured wood  
The next section presents the complete results 
concerning the proportion of discoloured wood. 
This information more applied in nature, is a 
good indicator of the importance of the presence 
of red heart in paper birch wood.  

The importance of the discolouration in paper 
birch wood has been evaluated by measuring the 
percentage of the board’s surface covered by 
discoloured wood. A mean value of 42 ± 35 % 
per board has been obtained. This result is 
indicative of a high variability in the material 
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evaluated. Some boards were sawn either 
completely in sapwood or in discoloured wood. 
Others were from the frontier between both 
areas.  

For the 60 trees evaluated, 57 had a presence of 
discolouration on the board surface. This result 
was obtained by analysing only the wood 
coming from the sawlogs. It can be hypothesized 
that if the analysis had also included the 
pulpwood, this percentage of discolouration 
would have been higher. Therefore, the presence 
of discoloured wood in this overmature stand is 
important because it occurred in almost every 
tree analysed. However the proportion within 
trees and boards was very variable and even in 
this overmature stand there was still a majority 
of wood surfaces presenting desirable light 
colours.  

The effect of the four independent variables have 
also been considered as to their potential 
influence on the variability of the proportion of 
discolouration in paper birch wood (table 3).   

Table 3 Effects of the independent variables 

on the proportion of discoloured wood (probability 

values) 

VARIABLES % of discoloured 
wood 

Age 0.6894 

Dimension 0.5532 

Vigour 0.0479* 

Log position 0.0483* 
* p < 0,05 ( shows a significant effect of the 
independent  variable on the dependant variable)  

The log height level in the tree affects 
significantly the proportion of discoloured wood 
in paper birch (figure 8). The descriptive 
analysis shows that the second and third logs 
have a higher proportion of discoloured wood 
with mean values of 41% and 46% of 
discolouration respectively,  compared to the 
butt and the fourth logs that have mean values of 
35% and 29 % respectively. Statistically, there is 
a difference between the first and the third logs.  

Figure 8. Discolouration proportion vs. log height 

0,00

10,00

20,00

30,00

40,00

50,00

60,00

70,00

butt log second log third log fourth log

log height class 

%
 o

f 
di

sc
ol

or
at

io
n

 

Figure 8 Discolouration proportion vs. log 

height class 

The higher proportion of discoloured wood near 
the living tree crown tends to reinforce the 
theory that dead branches would be the principal 
entrance for discolouration in birch stems. The 
simple observation of board images suggests 
strongly the same hypothesis. Most of the time, 
discoloured areas are linked to a knot or a 
wound, just as if the darker colouration was 
leaking from the knot (Figure 9). 

 

Figure 9 Boards showing the relationships 

between discoloured wood and boards defects 

Tree vigour had a significant effect on the 
proportion of discoloured wood (figure 10). As 
expected, the less vigorous trees (class M) 
presenting more external defects revealed the 
highest percentage of discoloured wood with a 
mean of 45 % of the board’s surface covered by 
red heart. Middle classes S and C showed mean 
proportions of 38% and 37% respectively, while 
the vigorous trees obtained a mean proportion of 
20% of discolouration. A statistical difference 
was found between the M and the R classes and 
between the S and the R classes. 
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Figure 10 Discolouration proportion vs. tree 

vigour 

Figure 11. Proportion of discolouration 
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Figure 11 Proportion of discolouration vs. tree 

age 

Figure 12. Proportion of discolored 
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Figure 12 Proportion of discolored wood vs. tree 

dimension 

Tree age was not found to be significantly 
related to the proportion of discoloured wood. 
This result was not expected since age was found 
to be an important variable affecting colorimetric 
data. It was supposed that older trees would 
present higher discoloured wood surfaces. Figure 
11 showing the relation between the mean 
proportion of discoloured wood by tree and tree 
age appears however to show a certain trend. 
The five younger trees have lower proportions of 
discoloured wood; their value of discolouration 
per tree is under the 20 % while the mean value 
is 42%. A larger number of younger trees might 
have brought out more evidently this tendency 
and might have led to a significant difference. 
Future work should elucidate this issue. 

Tree dimension did not affect the proportion of 
discoloured wood. Figure 12 showing the 
relation between the mean proportion of 
discoloured wood by tree and tree dimension 
does not show any tendency. This result was 
confirmed statistically. The majority of analysed 
birches had relatively large diameters, with a 
mean of 37 cm, it was therefore not possible to 
analyse the effect of smaller diameters on the 
proportion of discoloured wood. 

Conclusion 

For that sawing quality paper birch wood 
obtained from an overmature stand in Québec, it 
can be concluded that discolouration had a 
considerable presence, although sapwood 
remained in a higher proportion of the board 
surfaces. Tree age and log height class are 
important variables affecting colorimetric values 
of this wood. As the trees get older, the wood 
gets darker and redder. Darker wood was found 
in the second and third log in comparison with 
the butt log. The proportion of discoloured wood 
was also influenced by the log height class, the 
third log showing more discoloured wood than 
the first one. Moreover, tree vigour had a 
significant impact on the proportion of 
discoloured wood whereas tree dimension had 
almost no effect on any of the variable 
considered.  

In the coming months the same work will be 
done in a younger stand of the same region, 
containing smaller and healthier birches. This 
second part of the study may confirm results 
obtained in the first stand and, possibly lead to a 
better understanding of the effects of age and 
dimension on the colour of paper birch wood.  
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ABSTRACT 

The darkening of wood due to drying is a cause of significant financial losses for industry. The extractives 

and the structural components such as hemicelluloses and/or lignin take part in the discoloration of wood 

during drying. It is important to study the chemical and anatomical changes of wood using suitable 

methods. The objective of this study was to determine quantitative (content) and qualitative (distribution) 

changes of white birch (Betula papyrifera) and sugar maple (Acer saccharum Marsh) lignin during wood 

drying. The hypothesis is that the process of drying can impact the development of the chromophore 

structures in lignin, which can be related to the yellowing or other darkening of wood. For this study, 

thirty boards from each wood species, with dimensions of 30 X 70 X 400 mm were dried by a 

conventional program in a laboratory kiln. Samples with moisture contents ranging between 10 and 20%, 

20 and 30% and 30 and 40% will be analyses to determine the Klason lignin content plus the acid soluble 

part, as well as by acetyl bromide method for total lignin determination. The anatomical analyses will be 

performed on the wood samples stained with toluidine blue O. Microtome slices of 20 µm thickness will 

be prepared on each sample in the three planes (transverse, radial and tangential). An image analysis 

procedure consisting of segregating colour groups with the WinCell software is used to identify lignin in 

the cell walls. It will be possible to analyze the lignified walls by using three color group: lignified cell 

walls are light green, unlignified cell walls (parenchymas) are dark blue and the lumens are white. The 

results of this study will make it possible to determine if the quantitative and qualitative changes of lignin 

occur during the drying of wood and how they can be related to the differences in initial moisture content. 

The anatomical study will provide additional information about the structural changes of wood during 

drying. Finally, we shall be able to verify if it is possible to propose a correlation between the results of 

the colorimetric analysis by WinCell and the chemical analysis of lignin. 
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ABSTRACT 

During drying, sawn timber is exposed to high risks which can affect the integrity and quality of the 

material by generating internal damage from the stress induced by the physics of the process. The quality 

of drying has a strong effect on the behaviour of wood products during the end use phase. 

The drying process takes a lot of time, it consumes huge amounts of energy but is an unavoidable 

production step in the woodworking industry and a pre-condition for high-value application. 

The wide variability of the technological characteristics of hardwood often make difficult to correctly 

manage the process and to optimise the drying parameters in order to achieve the best drying-time/quality 

ratio.  

When the drying behaviour of a given species is unknown, some technological characterisation on small 

specimens in laboratory conditions could help set up the drying parameters and to build the drying 

schedule.  

This paper reports results of drying characterisation tests for some temperate and tropical species 

performed in the Drying Laboratory at IVALSA. Such tests included measure of density, diffusion 

coefficient and the so-called non-symmetrical drying test. 

Introduction 

Wood drying is a necessary process for the wood 

industry which requires a lot of time and energy. 

It represents a critical step in the transformation 

chain because it is strongly connected to the 

quality of the material. In fact, the physical and 

mechanical phenomena occurring during the 

drying process might cause damage to wood, 

such as deformations, cracks, collapses and 

discolorations. Even if the drying process in 

modern plants is automatically driven by 

computer (modifying the air parameters 

temperature, relative humidity and air speed in 

function of the MC of the wood), the supervision 

of expert operators is still an important factor. In 

fact, despite the technology and advances in the 

field of drying science, the heterogeneity of the 

wood makes difficult to predict its drying 

behaviour and it exposes the material to a high 

probability of risk of degenerative phenomena. 

Because of this the operator carries out the 

process in a prudent way, specially for the 

species for which drying behaviour is not well 

known. It means in general to lengthen the 

duration of the process, increasing the energy 

consumption and sometimes with doubtful 

quality result.  

Nowadays the number of species available in the 

global market is very high. A great number of 

hardwoods still have a drying behaviour that is 

not well known. Moreover, often a different 

drying behaviour exists among the same species 

coming from different countries. An industrial 

kiln contains hundreds of cubic meters of wood 

and every mistake can cause huge economic 

losses. In this case, when some doubts exist 

about the best drying parameters or the drying 

behaviour of the species is unknown, some 

characterisation tests on a small scale can be 

useful for a more efficient conduction of the 

drying process.  
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At given fixed conditions (thickness, 

temperature, etc.) the drying rate and the final 

stress level can be very different for different 

species. Nevertheless the drying rate and the 

final quality (expression of the internal stress) of 

a given species are related because increasing 

drying speed corresponds to an increasing stress 

level. For this reason the relationships between 

them can be considered an expression of the 

drying behaviour of a given species.  

Based on previous works (Brandao et al. 1996; 

Aguiar et al. 2000) this paper illustrates a 

method for a quick characterisation of the drying 

behaviour of wood and shows the results for 

tests carried out on the following tropical and 

temperate species: Doussiè (Afzelia africana), 

Niangon (Tarrietia utilis), Framirè (Terminalia 

ivorensis), Obeche (Triplochiton scleroxylon), 

Walnut (Juglans nigra), Cherry (Prunus avium) 

and Eucalyptus (Eucalyptus tereticornis). 

The method is based on the non-symmetrical 

drying concept (described below), a method that 

allows characterisation of the mechanical 

behaviour of wood responsible for the main 

degradation phenomena due to drying, such as 

internal stress, casehardening, occurrence of 

internal checks. 

Stage of the drying 

The drying process is a process which involves 

complex mechanical and physic phenomena. The 

drying of a sawn board can be divided into three 

stages: 

• 1
st
 stage: at the beginning of the process the 

Moisture Content (MC) of the board is normally 

above the Fibre Saturation Point (FSP). The 

liquid water moves through the wood towards 

the air by means of capillary action. The drying 

rate is constant and the limiting factor is given 

by the external mass transfer, governed by 

temperature, relative humidity and velocity of 

the air. During this stage no shrinkages and 

stress phenomena occur. The first stage ends at 

the critical point (Xcr), when the surface enters 

in the hygroscopic field and the average MC is 

about 2/3 of the green MC. Often the 1
st
 drying 

stage is very short or doesn’t exist at all, 

depending on the initial MC and on the wood 

species (Brandao et al. 1996). 

• 2
nd
 stage: the MC in the surface goes under 

the FSP and the drying rate decreases. The 

surface shrinks, but not in a free way because the 

core is still over the FSP. This situation produces 

a tensile stress at the level of the surface and a 

compressive one at the core. The compression of 

the warm and humid core produces a permanent 

shrinkage of the core. If the tensile stress 

exceeds the strength limits superficial checks 

occur.  

• 3
rd
 stage: also the inner core of the board 

enters in the hygroscopic field and starts to 

shrink. In this moment the phenomenon of the 

stress reversal occurs because of the permanent 

shrinkage of the core. The result is that the core 

is under tension and the surface is under 

compression. At the end of the drying a residual 

stress remains inside the wood, due to such 

memory effect. During this last stage internal 

checks are possible and the final quality of the 

dried wood is an expression of such stress. The 

level of stress and occurrence of checks depends 

on drying conditions, wood species and 

thickness of the sawn material. 

The Non-Symmetrical Drying Test (NSD) 

The stress level at a given moment can be 

visualised by means of a standard destructive 

method called “prong test” (Figure 1). It is a 

semi-direct technique which provides 

information about the quality of the dried wood. 

An alternative way to monitor the development 

of stresses in real time during drying is the non-

symmetrical drying test (NSD) already described 

in numerous previous papers sometimes under 

the name of “Flying wood tests” because of the 

trend of deformation of the specimen during 

drying (Brandao et al. 1996; Aguiar et al. 2000).  

This test (Figure 1) consists of drying a board 

with five isolated faces so that the moisture flux 

can occur only through the free face. The 

asymmetrical moisture profiles produce a stress 

field whose torque is not balanced. This stress 

field bends the sample section. At the beginning 

of the process the board is flat because the 

moisture content is over the FSP. Then the free 

surface starts to shrink, a tensile stress close to 

this surface develops and the board bends with a 

convexity in the direction of the insulated face 
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(negative curvature). Then, when the insulated 

face also starts to shrink, the board becomes flat 

again and at the end of the process (because of 

the stress reversal) the curvature reaches a 

positive value, different from zero.  

The duration of each stage and the magnitude of 

the curvature (both positive and negative) are the 

result of the heat and mass transfer process, 

shrinkage and mechanical behaviour of the 

material. In particular the final residual 

permanent strain is an expression of the final 

quality of the dried wood. 

A board during NSD simulates the physical and 

mechanical behaviour of a board with a double 

thickness during symmetrical drying (SD), in 

which the core and the surface correspond 

respectively to the insulated face and surface of 

the board in NSD. The total drying time of the 

two boards is the same, but during the 

symmetrical process the internal stress develops 

without some apparent deformations because of 

the symmetry of stress (except the one due to the 

anisotropy of wood). 

 

Figure 1 Scheme of stress evolution during 

drying (from Perré 2000, modified) 

Material 

The wooden species considered in this work are: 

Doussiè (Afzelia africana), Niangon (Tarrietia 

utilis), Framirè (Terminalia ivorensis), Obeche 

(Triplochiton scleroxylon), Walnut (Juglans 

nigra), Cherry (Prunus avium), Eucalyptus 

(Eucalyptus tereticornis), Spruce (Picea abies) 

and Beech (Fagus sylvatica). 

Table 1 Physical characteristics of the wood 

species, measured in laboratory on clear specimens. 

MCi=initial MC; L=longitudinal, R=radial, 

T=tangential, V=volumetric 
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MCi % 77 60 123 44 85 87 120 

Xcr - - - - - - 80% 45% 

ρρρρ12%12%12%12% (g/cm
3) 0,55 0,6 0,78 0,65 0,88 0,58 0,4 0,94 

  ρρρρ (g/cm
3) 0,51 0,56 0,71 0,6 0,82 0,54 0,36 0,67 

L 0,3 0,2 0,2 0,3 0,3 0,3 0,25 0 

R 4,4 3,9 2,2 5,6 2,2 5,8 3,18 4,6 

T 8,9 7,9 3,2 6,6 6,6 7,4 5,64 11,8 

V 13,6 12,0 5,4 12,5 9,1 13,4 9,07 15,8 

O
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T/R 2,01 2,06 1,43 1,16 3,05 1,29 1,77 2,5 
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Methods: The drying tests 

Standard drying tests were performed in a 

thermostatic kiln at 60°C and 10% t0 20% RH. 

The board (130 x 170 x 10 mm), prepared with 

five isolated faces, was fixed to the experimental 

device developed for the measurement of NSD 

free deformation (Allegretti et al. 2003; Ferrari 

2004). This device is composed of a 

displacement transducer on an aluminium frame 

with three dot-shaped supports. The board lies 

on the lateral supports defining the reference 

plan and the transducer measures the central 

(negative or positive) deflection (gap). The gap 

is expressed in the results as the reciprocal of 

radius of curvature (1/r).  

The device, together with the wooden board, is 

hang on a load cell for the measurement of the 

mass variation of the sample board during the 

drying test.  

Results and discussion 

The drying rate 
The drying curve is the weight changes of the 

specimen as a function of time. The results of the 

tests performed are reported here in the form of 
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normalised drying curves (Figure 2) i.e., the 

fractional moisture content change 

E= ∆MC/EMC (where ∆MC=moisture content 

change at time t (s.); EMC=final equilibrium 

moisture content) plotted versus the square root 

of time. 

 

Figure 2 Sorption curves expressed as 

fractional moisture content change (E) versus 

square root of time in seconds 

The normalized drying curves range from the 

Xcr (when existing) to the final MC. It means 

that the linear drying part of the curve of the 

1
st
 stage (depending on the external conditions) 

is not considered. 

From the drying curve the drying rate can be 

expressed in different ways. In Perré 1996, it 

was calculated as the integral of a part of the 

normalised drying curve. Another simple way is 

to fit the curve with an exponential decay curve. 

In this case the drying rate is defined by the 

parameters of the analytical curve. 

The diffusion coefficient D is used in this paper 

to estimate the drying rate. The movement of 

water in the 2
nd
 and 3

rd
 drying stages is in fact 

governed by diffusion described by Fick’s 

second law which states that the drying rate 

depends on the concentration gradient and on the 

D coefficient which is a characteristic of the 

material: 

( )xCDtC ∂∂=∂∂  (1) 

Where: 

C= moisture concentration [kg/m
3
]; 

t= time [s]; 

x= space dimension [m]; 

D= diffusion coefficient [m
2
/s]. 

An analytical solution of the equation (1) for the 

determination of D is proposed by Crank (1975). 

The coefficient is calculated from the slope of 

the sorption normalised curve (Figure 2) plotted 

as fractional moisture content change (E) versus 

the square root of time using the following 

equation: 

22

4








=

td

dEl
D

π
 (2) 

Where l= thickness of the sample [mm] 

The values of the diffusion coefficients, 

calculated with the analytical solution from the 

experimental data, are reported in Table 2. The 

results were also compared with the ones 

calculated with a FEM model, simulating the 

experimental condition. 

It is known (Siau 1984) that the diffusion 

coefficient has a dependency on different factors 

(MC, T, wood density, anatomical direction, 

etc.). Hence the data reported here must be 

considered as an average value in the MC range 

considered. The results of the tests are reported 

below. 

Table 2 Diffusion coefficients calculated 

experimentally with sorption tests and by means of a 

FEM model 

Species D Sorpion D FEM  

Cherry 3,2E-10 3,8E-10 

Doussiè 5,4E-10 3,0E-10 

Framirè 4,5E-10 4,0E-10 

Niangon 3,1E-10 2,7E-10 

Walnut 2,5E-10 2,4E-10 

Obeche 1,3E-09 1,8E-09 

Beech 1,5E-09 1,4E-09 

Eucalyptus 2,0E-10 1,2E-10 

Spruce 2,5E-09 2,0E-09 

NSD deformations 
For all the NSD a negative curvature can be 

observed (Figure 3). It occurs during the second 

drying period, when the not-isolated face shrinks 

and the MC of the inner part is still above the 

FSP. 

The magnitude of this negative curvature is very 

different among the species considered; beech 

and eucalyptus present the lowest and the highest 

values of negative curvature respectively.  

At the end of drying there is always a positive 

curvature (except for doussiè), expression of the 
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plastic permanent strain. For a same species the 

value of transient (negative) and permanent 

(positive) strain can be very different depending 

on the mechanical properties of each species.  

 

Figure 3 Curves of deformation (1/r) vs. time 

measured during NSD tests 

Drying behaviour: Drying rate vs. final 

strain  
The data of deformation and MC variation can 

be combined together in different ways in order 

to provide information on the drying behaviour. 

One way is to plot the deformation (1/r) vs. 

average MC (Figure 4). This representation is 

eloquent and it provides useful information 

about the drying dynamic such as the stage of 

drying at a given average MC: the deformation 

starts between the 1
st
 and 2

nd
 drying stage, while 

the curvature reaches the minimum value 

between the 2
nd
 and 3

rd
 stages of drying. 

The curves of Figure 4 show that the av. MC of 

each passage is very different among species, 

while other works (Allegretti 2004) show a 

rather constant behaviour for a given species at 

different drying temperatures and thicknesses. 

 

Figure 4 Cup deformation (1/r) versus average 

MC 

Finally, the diagram below shows for each test 

the final quality (maximum final 1/r) plotted vs. 

the drying rate (D). The idea of this diagram is 

elaborated from a previous work (Perrè 1996). 

This coordinate system allows the graph to be 

divided into four parts, which correspond to a 

particular drying behaviour: 

• easy and fast drying (on the bottom-right 

side); 

• easy and slow drying (on the bottom-left 

side); 

• difficult and fast drying (on the top-right 

side); 

• difficult and slow drying (on the top-left 

side).  

 

Figure 5 Species disposition based on diffusion 

coefficient and mechanical behaviour 

 

Figure 6 Final deformations of the boards 

after NSD 

289



Conclusion 

The paper shows a simple method to define the 

drying behaviour of wood, represented by the 

combination of two important parameters: the 

drying rate and the stress level of the dried 

board. 

Experimental results are reported for several 

hardwoods with commercial relevance coming 

from Africa, Europe and North America and for 

a softwood for comparison. The results are 

coherent considering that is known that 

eucalyptus and spruce have opposite drying 

behaviours. 

By a practical point of view the method allows 

comparison of the behaviour of different species 

and, somehow, to estimate the difference in 

drying time and drying quality. Because such 

parameters depend also on the drying 

parameters, it is clear that the results of a single 

test are not sufficient to write a complete drying 

schedule for an unknown species, but can 

provide comparative information with respect to 

species with known behaviour at the same drying 

conditions. On the other hand the same test can 

be carried out for the same species at different 

drying conditions in order to evaluate the 

influence of different drying parameters and to 

build a new drying schedule. 
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ABSTRACT 

In Chile, the main industrial utilization of canelo (Drymis winteri) wood is for sawn wood production for 

internal consumption. The absence of technical information about wood machining of this species 

prevents its industrial utilization. The machining properties of canelo wood were evaluated according to 

the ASTM D 1666-87 standard. The machining processes studied were: planing, boring, mortising, turning 

and shaping. Wood specimens were machined at 12% moisture content using different tools and visually 

graded on a scale of 1 to 5 (excellent or defect free to very poor). The results were generally reported as 

the percentage of defect free specimens. For the planing test, four rake angles and four feed speeds were 

used in order to evaluate the influence of these variables on surface quality. The results show that this 

species performs well for planing, shaping, sanding and turning. Its boring and mortising properties were 

satisfactory. For planing, a higher proportion of defect free pieces was obtained at 15° rake angle and 

twenty knife marks per inch. Different prototypes (table, chair and edge glued panels) of canelo wood 

were made at Bío-Bío University. The results showed that this wood has good potential for value-added 

products’ manufacturing. 

Introduction 

Canelo (Drimys winteri) is a Chilean native tree 

with medicinal properties and sacred to the 

mapuche people. This species is concentrated 

mostly on the Chiloé region on the South of 

Chile (from latitude 30° south to 56° south). This 

species is a hardwood characterized by the 

absence of vessels with an important proportion 

of rays in its anatomical structure. Its basic 

specific gravity is 450 kg/m
3
 and it has a strong 

shrinkage anisotropy (Ananías 2004). This 

species has not been used on a large scale at the 

industrial level due to little knowledge available 

on the end-use possibilities. To use this wood 

more effectively for different applications, 

specific machining properties are required in 

order to determine its suitability to be processed 

in different shapes and dimensions, with good 

surface quality. Therefore, the behavior of 

canelo wood during planing, turning, boring, 

shaping mortising and sanding needs to be 

evaluated. Machining properties for several wood 

species of different countries have been reported 

by Davis (1942), Gilmore and Barefoot (1974), 

Saldarriaga (1979), Hernández et al. (2001), Pant 

et al. (1992), Bernui (1990), Lihra and Ganev 

(1999), Cantin (1967), etc. In Chile, other studies 

have been carried out for Eucalyptus 

camaldulensis and Oregon pine coming from 

plantation forests (Bustos et al. 2000; Guzmán et 

al. 2003). Considering the lack of information on 

canelo for industrial applications, the main 

objective of this work was to determine the 

planing, turning, shaping, boring, mortising and 

sanding properties of canelo wood coming from 

second-growth stands.  

Materials and Methods 

Experiments were carried out with 5 canelo trees 

harvested from a second-growth forest of the 

Chiloé area (X Region) located in the south of 

Chile. The stems obtained from these trees were 

cross-cut into 5 logs of 2.5 m long, which were 

then bandsawn to produce 33 mm x 140 mm 

pieces. The pieces were air dried and placed in a 
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conditioning room set at 20°C and 65% relative 

humidity (RH) in order to reach a nominal 

equilibrium moisture content (EMC) of 12%. 

After conditioning, the wood pieces were 

processed to a final dimension of 22 mm x 130 

mm x 1300 mm. The machining test procedures 

were based on the ASTM D1666-87 standard. A 

total of 80 specimens were required for each 

machining test. Knives and tools used were 

always kept in good cutting condition. After 

testing, each specimen was visually examined 

and classified on the basis of five grades of 

quality (grade 1, excellent or defect free; grade 2, 

good; grade 3, fair; grade 4, poor and grade 5, very 

poor). 

Planing test: Specimens of  22 mm x 102 mm x 

910 mm were used. Before planing, a sample of 

25 mm length was cross-cut from each specimen 

in order to determine the specific gravity at 12% 

EMC (weight and volume at 12% MC). The tests 

were performed in a planer machine using four 

rake angles namely, 15°, 20°, 25° and 30°. The 

feed rate was adjusted to obtain 20 knife marks 

per inch with a rotating cutterhead speed of 

4724 rpm. Three other tests were made at 20° 

rake angle to obtain 8, 12 and 16 knife marks per 

inch. For all cases, the cutting depth was 

1.5 mm. After visual examination, the results of 

planing properties were expressed based on 

percentage of defect free pieces. 

Shaping test: A shaper machine with a vertical 

spindle working at 7000 rpm of rotation speed 

was used. The dimensions of the specimens were 

22 mm x 73 mm x 305 mm, which were also 

used for the mortising and boring tests. The 

specimens were first bandsawn according to a 

pattern indicated by the standard. A preliminary 

rough cut was then performed with the shaper 

making use of a jig. Finally, a finishing cut of 

1.6 mm depth with the piece feeded manually at 

about 2.6 meters per minute was performed. 

After visual examination, the results of shaping 

properties were expressed based on the 

percentage of defect free and good pieces 

(grades 1 and 2). 

Boring test: A single-spindle borer machine with 

a rotation speed of 2830 rpm and hand feed of 

about 0.5 meter per minute was used. The 

diameter of the brad point bit was 20 mm.  

Two holes were bored across the grain through 

the same specimens used for shaping tests. 

Transverse and lateral faces of each hole were 

visually examined for smoothness of the cut, and 

rated according to a scale of 1 to 5. The results of 

the boring properties were expressed based on 

percentage of grades 1 and 2 specimens. 

Turning test: A lathe equipped with a pattern 

knife and rotating at 3000 rpm was used. The 

initial dimensions of the specimens were 22 mm 

x 22 mm x 127 mm. The position of the knife 

edge was adjusted in order to obtain a turned 

sample of 9.5 mm diameter at its thinnest point. 

The specimens were visually examined and 

classified on the basis of five grades. The results 

of turning properties were expressed based on the 

percentage of specimens in grades 1, 2 and 3. 

Mortising test: A drilling machine equipped with 

at hollow chisel mortising tool of 12 mm side 

was used. The hand feed of about 0.20 meter per 

minute was used with a rotation speed of 

8500 rpm. Two mortises with sides parallel and 

perpendicular to grain were made in each 

specimen. The specimens were then examined 

and classified by visual examination on the basis 

of five grades. The results of the mortising 

properties were expressed based on percentage of 

specimens in grades 1, 2 and 3. 

Sanding test: The sanding test was performed 

with a SCM Sandya 10 wide-belt sander 

equipped with open-coat paper-backed sanding 

belts. The sanding program tested was 80 to 

120 grit stage with 0.25-mm removal depth. Two 

feed speeds were used: 4.5 m/min and 9 m/min. 

The specimens were then examined and 

classified by visual examination on the basis of 

five grades. The results of the sanding test were 

expressed based on percentage of specimens in 

grades 1 and 2. 

Development of value-added products’ prototypes. 
Twenty-seven different product prototypes were 

developed with canelo: 2 models of chairs, 

2 models of table, 2 types of edge-glued panels 

and 3 types of moulding with three replications 

for each one. The prototypes were manufactured 

at the Centro de Alta Tecnología en Madera 

(CATEM) from the Universidad del Bío-Bío. All 

the wood products obtained were sent to the 
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United States to obtain a general appreciation of 

the quality of these products in that country. 

Results 

Planing properties 

Canelo wood showed a high proportion of defect 

free pieces after planing. The relationships 

between the number of defect free pieces and 

either the rake angle or the knife marks per inch 

are shown in Figures 1 and 2, respectively. The 

main defect observed after planing was the 

presence of torn grain. Its magnitude varied with 

the planing conditions. Raised and fuzzy grains 

also occurred but to a lesser extent. 
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Figure 1 rake angle on the proportion of defect free 

pieces of canelo wood. Planing performed at 20 

knife marks per inch of feed speed 
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Figure 2 Effect of the number of knife marks 

per inch on the proportion of defect free pieces of 

canelo wood. Planing at 20° rake angle 

Surface quality was affected by rake angle 

(Figure 1). The proportion of defect free pieces 

decreased as rake angle increased from 15° to 

25°. This proportion increased when the rake 

angle changed from 25° to 30°. Both 15° and 30° 

rake angles resulted in the higher proportion of 

defect free specimens. However a rake angle of 

15° is more convenient for producing a good 

surface quality when planing canelo wood. If the 

rake angle becomes too high, the friction of the 

chip upon the knife face would increase and the 

efficient bending and breaking action on the chip 

formation would be lost. Gilmore and Barefoot 

(1974) also suggested this value for the planing 

of some tropical woods from South America.  

As expected the proportion of defect free 

specimens increased with the number of knife 

marks per inch. The best surface quality was 

obtained for 20 knife marks per inch. This latter 

feed speed yielded twice the number of defect 

free specimens as 8 knife marks per inch.  

A similar trend was observed for white spruce 

from natural and plantation forests as reported by 

Williams and Morris and Hernández et al. 

(2000). 

The main defect observed after planing was the 

presence of torn grain. Raised and fuzzy grain 

were also observed but to a lesser extent 

(Figure 3). 
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Figure 3 Main defects observed after planing 

of canelo (Drimys winteri) 

Shaping properties 

The shaping properties were evaluated on the 

lateral and transversal edges of specimens. On 

average, canelo wood showed a good 

performance for the shaping process with 99% of 

the speciments graded good to excellent (Figure 

4). Torn grain was the principal defect observed 

during shaping. The torn grain generally 

occurred on the curved edge of the specimen, 

where the knives cut across the grain.  

 

 

Figure 4 Main defects observed after shaping 

canelo (Drimys winteri) 

Turning properties 

Canelo wood also showed good performance in 

turning operations with 82% of pieces rated 

excellent, good or fair. Torn grain and fuzzy 

grain were the two main defects observed after 

turning. These defects could be in part removed 

by sanding, thereby yielding an acceptable 

product but with additional production cost. 

Boring properties 

Boring is commonly performed wherever 

dowels, rungs and screws are used in making 

chairs, furniture and other value-added wood 

products. Although it is not one of the most 

important wood machining operations, the 

quality of the boring can either increase or 

decrease the utility of any wood for some 

products. Canelo wood showed a low 

performance in boring properties with 21% of 

pieces graded good to excellent. Severe torn 

grain and crushing were present on the internal 

faces of bored surfaces. 

 
 

Figure 5 Torn grain defects observed after 

boring of canelo (Drimys winteri) 

Mortising properties 

The quality of the mortising process was fair 

with 67% of pieces graded fair to excellent. Torn 

grain and crushing were the principal defects 

presented on the transversal faces of mortises.  

Sanding properties 

Canelo wood showed good performance in 

sanding properties with 88% of pieces rated 

excellent or good. In general, scratchy surfaces 

and fuzzy grain were the main defects observed.  

A feed speed of 4.5 m/min produced a higher 

proportion of defect free pieces than 9 m/min.  

Degree 1 

Degree 2 

Degree 3 

Degree 4 

20 Knife marks per 
inch, 15° of rake angle 
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Figure 6 Effect of feed speed of sanding on the 

proportion of defect free pieces of canelo wood 

Prototypes 

Figures 7 to 10 show the various prototypes that 

were made with canelo wood. Each of these 

products demonstrated that canelo wood is a 

species with a good productive option due to the 

good product quality obtained. The perception of 

these prototypes in the United States market was 

very good. Slight surface splits were observed in 

some of the prototypes. Nevertheless, this was 

associated mainly to the drying process more 

than to the wood machining. 

  
 

Figure 7 Chair prototypes made of canelo 

wood 

  
 

Figure 8 Moulding prototypes made of canelo 

wood 

Figure 9 Table prototypes made of canelo wood 

 

Figure 10 Edge-glued panels made of canelo 

wood 

Conclusions 

This study showed that canelo wood has good 

performance for the planing, shaping, turning 

and sanding machining processes and a fair 

performance for the mortising and boring 

processes. The best planing condition was 

obtained at 15° rake angle and a feed speed of 

20 knife marks per inch. Therefore, the results 

obtained in this project show that canelo wood 

coming from second-growth stands is a well 

suited species to sustain the production of 

value-added products in the south of Chile. 
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ABSTRACT 

Wet chemistry assays were performed to investigate wood discoloration in standing paper birch (Betula 

papyrifera Marsh.) trees. Two trees were chosen in a mature paper birch stand located in the region of 

Portneuf (Quebec, Canada). Tree 1 had no discoloration at stump height as opposed to tree 2 which had 

red heartwood and more recent wood discolorations. The radial distribution of extractives, soluble 

phenolics, pH and buffer capacity was determined. The disk from tree 2 presented two different colored 

zones: one associated with stump wounds and the other one to red heartwood. High concentrations of 

phenolics were found in discolored wood around the pith (red heartwood) and close to the bark (stump 

wound). Buffer capacity and pH value were affected by discoloration. 

Introduction 

Paper birch (Betula papyrifera Marsh.) is an 

important species for the Canadian industry 

(Duchesne and Rancourt 2005; Giroud 2005). Its 

homogenous and light colored wood is highly 

appreciated for appearance products. However a 

brown-reddish discoloration frequently develops 

in paper birch standing trees, resulting in serious 

losses (Allen 1996). This is mostly initiated by 

injuries like logging wounds, dead branches or 

animal damage, since most of northern 

hardwoods, including paper birch, do not 

develop regular heartwood (Shigo and Larson 

1969). When the injuries are multiple, the 

columns may gradually join to appear like a 

central column of discolored wood, called red 

heartwood or red heart (Pape 2002; Giroud and 

Cloutier 2007). 

Wounds destroy living wood tissues and create 

an open gate to pathogens. Trees respond to 

wounding and microorganisms’ invasion by 

modifying the structure and the chemical 

composition of wood tissue (Pearce 1996). The 

wood structure is modified according to the 

concept of compartmentalization of decay in 

trees (CODIT) (Shigo 1984).  

One of the most important tree defensive 

mechanisms is the plugging of vessels above and 

below the wound by tyloses and other materials. 

Another physiological response consists of 

producing toxic extractives able to limit 

pathogen spreading. These extractives have a 

major impact on the color of wood. In paper 

birch the wound-induced extractives are mainly 

phenolic compounds (Siegle 1967). However 

phenolic compounds are not all colored in 

nature. From 23 phenolic extractives in the 

healthy wood of silver birch (Betula pendula 

Roth), only two were colored (Hiltunen et al. 

2006).  

Chemical wood discoloration is mainly due to 

the biosynthesis of phenolic products such as 

proanthocyanidins (PAs) or condensed tannins, 

able to become red after polymerization and 

oxidation. A correlation has been found between 

proanthocyanidins’ concentration and color 

changes in birch wood during storage and drying 

(Luostarinen and Möttönen 2004). Many studies 

have associated the biosynthesis of these 

phenolics to the formation of discolored 

heartwood (Hillis 1968; Burtin et al. 1998; 

Dehon et al. 2002; Taylor et al. 2002) and 

discoloration due to storage and drying (Burtin 

et al. 2000; Sundqvist 2002; Koch et al. 2003; 

Mayer et al. 2006) 

The effect of wounding on the metabolism of 

phenolics in wood is not well understood (Smith 

1988). Siegle (1967) considers paper birch red 

heartwood as the result of an oxidation of 

phenolics catalyzed by fungi enzymes.  
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This paper aims to determine how wounding 

influences the formation of discolored wood in 

living paper birch trees from a chemical point of 

view. The radial distribution of total extractives, 

soluble phenolics, pH and buffer capacity were 

investigated in two disks with and without 

discoloration. 

Method 

Two paper birch trees were felled in November 

2006 and cut in 10 cm thick disks at every 0.5 m. 

These trees came from a mature paper birch 

stand located in the region of Portneuf, Quebec, 

Canada (47°24' N / 72°04' WO). The two trees 

were 10 meters apart. Tree 1 was 91 years old 

and measured 18.5 m high and 39.2 cm DBH. 

No discoloration was observed at stump height 

(Figure 1). However a small column of 

discolored wood (maximum 5 cm diameter) was 

observed around the pith along the stem along 

the stem. Tree 2 was 82 years old and measured 

17.1 m high and 37.8 cm DBH. Discoloration 

was observed at stump height. A large column of 

discolored wood was also observed around the 

pith along the stem. The discoloration was more 

irregular in reason of stump wounds.  

The disks at stump height were used to observe 

the distribution of extractives. The stump height 

disk of tree 2 (disk 2) was divided in three parts: 

a non discolored zone (A) and two discolored 

zones of traumatic nature (C1 and C2) 

(Figure 1). The zone C1 is discolored wood 

probably associated with wounds located higher 

in the tree (dead or broken branches or forks). 

Zone C2 is discolored wood associated with 

stump wounds. Both disks were cut in five ring 

sections from bark to pith (Figure 1). The bark 

and pith were excluded from analysis. Finally 

the wood samples obtained from ring sections 

were ground and sifted in 40-60 mesh particles. 

Determination of total extractives content 

The total extractives content was obtained by 

toluene-ethanol and boiling water extractions. 

First of all, 5 grams of wood flour were extracted 

in a Soxhlet system with a toluene-ethanol 

(30/70, v/v) solvent for 6 hours. The extract was 

then concentrated in a rotary evaporator and then 

dried for 12 hours to obtain the mass of 

extractives. The extracted wood was dried at 

room conditions for 24 hours. Then 2 grams of 

extracted wood were heated under reflux in 

distilled water for 3 hours. The extract was then 

filtered, washed with boiling water and oven-

dried at 102°C for 24 hours. The extractives’ 

content was expressed as a percentage of the 

oven-dry mass of wood samples. 

Determination of soluble phenolics 

Wood flour was diluted with methanol/water 

(80/20, v/v), using 10 ml of solvent per gram of 

wood. The mixture was shaken at room 

conditions for 24 hours. The extract was then 

filtered and stored in cold conditions until the 

phenol content was measured according to the 

colorimetric method of Folin-Ciocalteau 

(Scalbert et al. 1989). The extract was diluted 

1:2 using the same solvent to obtain an 

absorbance value under 1 according to the 

Lambert Beer Law. 2.5 ml of Folin Ciocalteau 

reagent and 2 ml of sodium carbonate (75 g/l) 

were added to each 0.5 ml of extract aliquot. 

After vortex agitation, the tubes were disposed in 

a thermostatic bath at 50°C for 5 min. The 

absorbance was measured at 760 nm with a 

Varian Cary 50 UV/VIS spectrophotometer. 

Catechin was used as the standard. 

Determination of pH and buffer capacity 

Three grams of 40-60 mesh wood flour were 

heated under reflux in distilled water. pH and 

buffer capacity were obtained from wood 

aqueous extracts. A magnetic hotplate and an 

Accumet basic pH meter were used to measure 

the pH value. Buffer capacity was determined by 

titration with 0.01 M NaOH to pH 8.87. 

Statistical analysis 

The dependent variables were the amounts of 

total extractives, phenols, pH and buffer capacity 

values. Analysis of variance and Duncan’s test 

were used to compare means between color 

sections (disk 1, A, C1 and C2) and between 

radial sections of disk 1 (1, 2, 3, 4, 5) and disk 2 

(1, 2, 3a, 4a, 5a, 3b, 4b and 5b) (proc GLM in 

SAS software). Each experience was repeated 

three times by sample. 
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Figure 1 Sampling scheme for discolored and 

non-discolored disks 

Results and discussion 

Disk without discoloration 

The radial distribution of soluble phenolics in 

non-discolored and discolored paper birch wood 

is presented in Table 1 and Figure 2. No 

significant radial variation was observed for the 

total extractives’ content in the non-discolored 

disk. For soluble phenolics the radial profile was 

very similar (Figure 2). A significant increase 

from bark to pith was observed, as found for 

beech wood by Albert et al. (2003). In both cases 

this tendency was interrupted by an inflection 

point next to the pith. This point was located 

between the sections 1-2 and 1-3, where we 

should expect the sapwood-heartwood transition 

to occur. However no visual evidence was 

observed in the disk. Phenolic compounds 

naturally present in healthy wood seem to be 

produced mainly in the youngest parenchyma 

cells, located in the periphery of the disk. The 

pH value was mostly uniform showing an 

average around 4.6, however it showed a higher 

value in the middle point between the bark and 

the pith. The buffer capacity presented uniform 

values through the disk with a significant 

reduction to half the disk average value for the 

sampled ring located next to the bark. 

Disk with discoloration 

Non-discolored wood from the two disks showed 

the same tendencies, probably for the same 

reasons. A significant extractives’ and phenolic 

compounds’ accumulation was observed in the 

discolored wood near to the bark. In both cases a 

weak concentration was found in the middle 

point between the pith and the bark. This 

behavior formed a “U” profile where the highest 

concentrations were found next to the wounds. 

The wound has caused the synthesis of new 

phenolics which are covering and surrounding 

the wound, thus creating a reaction zone (Burns 

and Honkala 1990; Barry et al. 2002). The 

phenolic barrier formed by this reaction protects 

the tree against pathogens. The highest 

phenolics’ accumulation was always observed 

around the pith. The enzymatic activity is 

probably higher around the pith as a result of the 

cumulative effect of several wounds located 

higher in the tree. 

No pH variation was observed for the discolored 

wood. On the other hand, as observed for the 

non-discolored disk, a clear and significant 

diminution toward the pith was noticed in the 

non-discolored wood of the discolored disk.  

The buffer capacity was significantly higher 

around the pith even doubling the value observed 

in the rest of the disk. No big difference was 

observed for the periphery levels between the 

discolored and non-discolored wood. A small but 

significant increase of buffer capacity was 

observed for both discolored and non-discolored 

wood next to the bark. 

Conclusions 

Our results show that the distribution and nature 

of phenolics are influenced by wounding. A 

higher phenolics concentration was always 

observed in discolored wood. This was 

maximized in zones close to wounds. This would 

be a defence reaction against the penetration of 

microorganisms to the tree through wounds or 

branch stubs which promote the synthesis of 

discolored wood. The wound-induced 

discoloration might then result from oxidation 

and polymerization of phenolics by enzymatic 

process. The colorless phenolics would be thus 

converted in highly colored pigments. 

There are insoluble products of high molecular 

weight that remain attached to the wood 

structure after extraction including coloring 

products. A deeper study on phenolics, such as 

proanthocyanidins, could help to comprehend 

the discoloration problems. 
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Heartwood formation is related with the 

formation of new soluble compounds, a tendency 

that we observed also with the traumatic 

discoloration with paper birch. The 

microorganisms’ activity on phenolic 

metabolism has not been investigated. A 

pathological study could help to better 

understand the fundamental mechanisms of 

traumatic discoloration observed in paper birch. 

pH value is higher for the discolored wood.  

Acknowledgement 

The authors thank Canada Economic 

Development for the financial support and M. 

Gaétan Daigle (Laval University) for the 

statistical advice. 

Table 1 Distribution of extractives in 

discolored and non-discolored wood. Means in row 

followed by the same letter are not significantly 

different at the 0.05 level of probability 

Disk 2 with discoloration 
Chemical components 

Disk 1 
without discoloration 

A C1 C2 

Extractives (mg/g) 54.14
 

53.23 (a) 36.41 (b) 46.52 (ab) 

Soluble phenolics (mg/g) 8.02
 

7.15 (a) 9.17 (b) 6.75 (c) 

pH 4.69
 

4.51 (a) 4.71 (b) 4.73 (b) 

Buffer capaticy 3.65 2.24 (a) 3.38 (b) 1.71 (c) 
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Figure 2 Radial distribution of total 

extractives, soluble phenolics, pH and buffer 

capacity in non-discolored (left) and discolored 

(right) paper birch wood (level of probability 0.05) 
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ABSTRACT 

Studies were carried out to evaluate the suitability of Canadian prairie-grown, short-rotation hybrid poplar 

for the manufacture of high value solid wood products including appearance grade lumber, plywood, 

laminated veneer lumber (LVL) and oriented strandboard (OSB). For appearance grade lumber 

applications, hybrid poplar was found to be an attractive wood as it machined and finished well. This 

wood can be finished to take on a number of different looks or to resemble other species. Hybrid poplar 

appears suitable in applications such as millwork, mouldings, turnings and bedroom furniture where other 

softer hardwood species are currently being used. Hybrid poplar veneer was suitable for manufacturing 

high quality plywood, either used by itself, or mixed with other species. If the hybrid poplar veneer is 

stress graded, a portion of the veneer would be suitable for manufacturing structural grade LVL. Hybrid 

poplar can be processed commercially using procedures similar to those used for manufacturing aspen 

plywood and LVL. Properties of OSB manufactured from hybrid poplar were fully equivalent to those of 

OSB manufactured from aspen. Hybrid poplar can be substituted for aspen in OSB at any level with no 

apparent effect on panel properties. 

Objectives 

Objectives of this work were to evaluate the 

commercial suitability of Canadian prairie-

grown, short-rotation hybrid poplar for the 

manufacture of high value solid wood products 

including appearance grade lumber, veneer 

products and oriented strandboard (OSB). 

Background 

In the spring of 1999, the provincial government 

of Saskatchewan announced a major expansion 

of the forestry sector. The announcement implied 

full utilization of the Provincial Crown 

forestlands and prompted forest companies to 

look for additional timber supplies. It has been 

suggested that additional timber supplies be 

sourced from agroforestry practices whereby 

private landowners grow trees on their land, 

particularly land that is of marginal value for 

traditional agriculture. Under this scenario, 

hybrid poplar would be the likely choice of tree 

to grow primarily because of its fast growth.  

Hybrid poplar plantations in Canada may yield 

volumes of 8 to 15 m³/hectare/year with rotations 

of about 15 to 25 years. These growth rates are 4 

to 5 times the growth rates for rapidly growing 

native species such as aspen (Populus 

tremuloides, Michx.). In fact, hybrid poplars 

grown in Vernon, British Columbia, with 

municipal wastewater irrigation have averaged 

growth rates of 30 m³/hectare/year (Carlson and 

Berger 1998). 

Hybrid poplar has been the subject of hundreds 

of studies in North America, Europe and Asia for 

more than 60 years. During the 1970’s, rising oil 

prices spurred interest in the development of 

intensively managed crops and wood species 

such as hybrid poplar for biomass. At least 

eleven countries have been reported to support 

poplar breeding programs (Heilman 1999). In 

Canada, research programs on hybrid poplar 

have been initiated in British Columbia, Alberta, 

Saskatchewan, Ontario and Quebec. Most of 

these programs are still active, but the focus of 

the studies has been principally on physiological 

or growth characteristics (plantation yields, 
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disease resistance, etc.) of various poplar clones, 

or on the effects of different silvicultural 

treatments. Most product application work has 

concentrated on pulp and paper. Because of the 

high growth rates and apparent similarity of the 

wood to aspen, several previous studies on the 

suitability of hybrid poplar for various wood 

products have been carried out by Forintek 

(Brunette et al. 2001; Chauret et al. 1999; 

Knudson et al. 2001; Knudson and Wang 2002; 

Williams 1998). 

The work described in this paper is a 

compilation of three studies commissioned by 

the Saskatchewan Forest Centre to evaluate the 

potential of hybrid poplar as an agroforestry crop 

in Saskatchewan (Knudson et al. 2002, 2004, 

2006). The three individual studies looked at the 

suitability of prairie-grown hybrid poplar for the 

manufacture of: 

• plywood and laminated veneer lumber 

(LVL) 

• oriented strandboard (OSB) 

• appearance grade lumber. 

The program of work addressed both existing 

and potential markets for hybrid poplar used by 

itself or in combination with naturally grown 

aspen and softwood. The studies considered 

growing hybrid poplar to produce clear wood for 

appearance grade lumber or veneer from the 

lower portions of the tree stems, and OSB from 

the knottier upper portions of the stems. 

Materials and Methods 

Veneer Products and OSB 

The first study in the series involved pilot plant 

evaluations of the suitability of prairie-grown 

hybrid poplar for the manufacture of veneer 

products and OSB. Seven Walker hybrid poplar 

trees ranging from 23 to 32 years old from three 

Saskatchewan sites, two near Carrot River and 

one near Prince Albert, were used for the study 

(Figure 1). Diameters of the logs at stump height 

ranged from 26.7 to 35.0 cm (10.5 to 

13.8 inches). Four to eight 102-inch (2.59 m) 

long logs were cut from each tree, depending on 

the size of the tree. The bottom two or three logs 

from each tree were designated for manufacture 

into veneer products, and the top logs were 

designated for OSB. Logs for veneer product 

manufacture were processed in the Forintek 

Composites pilot plant in Vancouver, British 

Columbia, and logs for OSB manufacture were 

processed in the Alberta Research Council 

Forest Products Business Unit pilot plant in 

Edmonton, Alberta. 

 

Figure 1 Walker hybrid poplar trees from site 

near Carrot River, Saskatchewan 

Logs for veneer manufacture were debarked and 

cut into 1.2 m (4-foot) lengths prior to peeling. 

Veneer was peeled on the Forintek 1.2 meter 

lathe using peeling conditions recommended 

from earlier tests of hybrid poplar from other 

sources (Knudson et al. 2001; Knudson and 

Wang 2002). Veneer was clipped into 

approximately 686 mm (27-inch) wide sheets 

and dried. Each dry sheet was visually graded, 

and then stress wave graded into G1 and G2 

grades, G1 representing the highest 25% of the 

stress grade sheets. Experimental plywood and 

LVL constructions made from 100% hybrid 

poplar, mixed hybrid poplar and native aspen, 

and mixed hybrid poplar and native spruce 

(Picea spp.) were manufactured and tested in the 

pilot plant.  

Logs for OSB manufacture were debarked and 

stranded in the Alberta Research Council pilot 

plant. The strands were then dried and screened 
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prior to manufacture of the OSB panels. Panels 

made from 100% hybrid poplar strands, 50% 

hybrid poplar and 50% commercial aspen 

strands, and 100% commercial aspen strands 

were manufactured and tested in the pilot plant. 

Details of the pilot plant manufacturing and 

testing of the plywood, LVL and OSB are 

described in the report by Knudson, Wang and 

Chen (2002). 

Commercial Manufacture of Veneer 

Products 

The second study involved the peeling, drying 

and stress grading of hybrid poplar veneer in a 

commercial veneer manufacturing facility. 

Forty-six (46) Walker hybrid poplar trees were 

harvested from a shelterbelt near Dafoe, 

Saskatchewan. The trees were 20 years old, 

averaged approximately 14 m (46 feet) high, and 

ranged in diameter between 19.2 and 27.5 cm 

(7.6 and 10.8 inches). Many of the trees were 

quite branchy, typical of a shelterbelt, but not 

something that would be expected in plantation 

trees grown for producing wood products. Trees 

were cut into 5.28 m (17-ft, 4-inch) lengths 

according to mill specifications and trucked to 

Tolko Industries Ltd. Heffley Creek British 

Columbia Division for veneer peeling, drying 

and grading (Figure 2). Hybrid poplar was 

peeled and dried following procedures normally 

used by the mill for aspen. Immediately after 

drying the veneer was processed through an 

automatic grading station with a Metrigard
©
 

stress wave timer to measure the dynamic 

modulus of elasticity (MOE) of each veneer 

sheet (Figure 3). Hybrid poplar veneer was 

processed into G1 and G2 grades using the same 

stress grades as aspen. Because of the large 

number of knots in the hybrid poplar veneer, 

very few of the sheets met either the G1 or G2 

stress grade criteria. All hybrid poplar veneer 

that did not make G1 or G2 grades was collected 

and marked plywood grade. Aspen veneer and 

spruce (Picea spp.) veneer were collected from 

mill production at the same time to be used in 

plywood and LVL constructions. 

 

Figure 2 Hybrid poplar veneer ribbon 

 

Figure 3 Stress grading of hybrid poplar 

veneer sheet 

A total of 12 – 1220 x 2440 x 15.9  mm (4-foot x 

8-foot x 5/8-inch) plywood panels and 12 – 1220 

x 2440 x 38 mm (4-foot x 8-foot x 1-1/2-inch) 

LVL billets were manufactured in the Alberta 

Research Council pilot plant. Plywood panels 

and LVL billets were manufactured from 100% 

hybrid poplar, mixtures of hybrid poplar and 

aspen, mixtures of hybrid poplar and spruce, and 

100% aspen. Plywood and LVL manufacturing 

was carried out on the Alberta Research Council 

press rather than the mill lay-up and pressing 

line because the small quantities of veneer 

handled and the large number of lay-up 

constructions would have been nearly impossible 

to control in the mill setting. 

Details of the manufacturing and testing of the 

plywood and LVL are described in the report by 

Knudson et al. (2004). 

Appearance Grade Lumber 

Due to the importance of tree quality, and the 

difficulty of finding hybrid poplar suitable for 

this study, trees were sourced from the Crop 

Diversification Centre North on the northeast 
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boundary of Edmonton, Alberta. An initial 

assessment determined that the trees on site 

(while still not representing a ‘true’ sample of 

plantation grown timber) were of suitable size 

and quality for the purposes of the study. 

Thirty-seven (37) Walker hybrid poplar trees 

approximately 30 to 35 years old were harvested 

for the study (Figure 4). A total of 92 pieces 

(Figure 5) were shipped to Wildcat Wood 

Products Ltd, Mistatim, Saskatchewan, where 

they were sawn into random width 5/4, 8/4 and 

12/4-inch (32, 51 and 76 mm) thick boards 

(Figure 6). 

 

 

Figure 4 Harvesting and bucking of hybrid 

poplar for appearance grade lumber study 

 

Figure 5 Hybrid poplar logs on truck for 

shipment to sawmill 

 

Figure 6 Hybrid poplar rough lumber before 

edging and trimming 

Green boards were shipped to Forintek’s 

Western Laboratory in Vancouver, British 

Columbia, for further processing. One kiln 

charge of 5/4-inch lumber and one kiln charge of 

8/4-inch lumber were dried in a conventional dry 

kiln. Prior to drying and after drying the lumber 

pieces were graded by a licensed hardwood 

lumber grader (Figure 7). 

 

Figure 7 Grading of hybrid poplar boards 

The dry hybrid poplar boards were evaluated for 

two of the most common woodworking 

processes, machining and finishing. The 

machining operations studied were those 

encountered in commercial secondary wood 

processing (value-added) plants: planing, 

sanding, boring, shaping, mortising and turning. 

These machining tests were conducted according 

to ASTM D 1666-87: Standard Methods for 

Conducting Machining Tests of Wood and 

Wood-Based Materials (ASTM 1997). This test 

is frequently used when comparing wood 

machining properties of various wood species. 
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The finishing properties of hybrid poplar were 

evaluated using a range of three stains, a toner 

and no stain covered with a range of five clear 

top coats. A penetrating oil finish was applied to 

one sample to see how this type of finish worked 

with the hybrid poplar. The tests for furniture 

type finishes follow no formal test procedure as 

none exist; however, the applicability of using 

hybrid poplar in typical furniture finishing was 

subjectively evaluated by an expert in the field. 

Details of the manufacturing and testing of the 

appearance grade lumber are described in the 

report by Knudson et al. (2006). 

Results and Discussion 

Basic Properties 

The unit weight of the freshly cut hybrid poplar 

logs was 1078 kg/m³ (2377 lb/m³). Moisture 

content of the freshly cut wood typically ranged 

from 120% and upward. The average wood 

density (OD weight/green volume) of the Walker 

hybrid poplar was approximately 390 kg/m³. The 

maximum density range measured from 

individual log cross section samples in this study 

was between 330 and 430 kg/m³. For 

comparison, Canadian aspen typically has an 

average wood density of approximately 

370 kg/m³ and a freshly cut moisture content of 

approximately 100% (USFPL Wood Handbook 

1999). 

Appearance Grade Lumber 

A volume of 19.3 m³ logs were sawn to produce 

a total of 3347 fbm green lumber. A breakdown 

of recovery for the lumber thicknesses shows: 

• 5/4-inch – 1510 fbm 

• 8/4-inch – 1525 fbm 

• 12/4-inch – 312 fbm. 

Lumber recovery values were lower than would 

be expected with plantation grown trees because 

the open grown trees used in this study had 

considerable taper. 

Approximately 75% of the lumber was classified 

as framing lumber when graded in green 

condition (Figure 8). Of the boards that were 

downgraded in green condition, approximately 

75% of the downgrade was for stain and 20% for 

knots (Figure 9). Hardwood grading rules are 

quite strict around tolerances of stain. For most 

of the boards the stain lightened with drying. In 

many cases what was called stain in the grading 

appeared synonymous with natural heartwood 

coloration in the hybrid poplar. The hybrid 

poplar lumber dried quickly with a low amount 

of drying degrade. 
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Figure 8 Green and dry grade distributions for 

5/4-inch hybrid poplar lumber 
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Figure 9 Reasons for downgrading 5/4-inch 

hybrid poplar lumber 

Hybrid poplar lumber machined well. A tally of 

acceptable quality pieces from the different 

machining tests showed: 

• Planing – 87% 

• Sanding – 100% 

• Shaping – 98% 

• Mortising – 100% 

• Turning – 100%. 

Canadian prairie-grown Walker hybrid poplar is 

an attractive, light colored wood. It finished well 
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with a variety of different finishes. It could also 

be finished to take on different looks or be made 

to resemble other species. Hybrid poplar appears 

suitable in applications such as millwork, 

mouldings, turnings and bedroom furniture 

where other softer hardwood species are 

currently being used. 

Detailed results from the appearance grade 

lumber study are found in the report by Knudson 

et al. (2006). 

Veneer Products 

Processing of hybrid poplar into veneer was 

similar to that for aspen. An advantage noted for 

hybrid poplar compared with high quality aspen 

in a matched run was that the hybrid poplar had 

fewer spin-outs in the lathe because the hybrid 

poplar, as a consequence of its short growing 

rotation, did not have incidents of incipient 

decay in the logs. Slightly higher veneer drying 

times would be expected for hybrid poplar 

because of its higher moisture content compared 

to aspen. Canadian prairie-grown hybrid poplar 

was suitable for plywood manufacture and 

would appear interchangeable with aspen in 

most plywood applications. If the hybrid poplar 

is grown to produce clear or nearly clear veneer 

and stress graded, approximately 40% of the 

veneer would appear suitable for the outer plies 

of 1.8 million psi grade LVL, the most common 

North American structural grade LVL. 

Additional hybrid poplar veneer would be 

suitable for the inner plies of LVL. Structural 

property results for LVL made from Canadian 

prairie-grown hybrid poplar were unexpected 

because most sources of Canadian-grown hybrid 

poplar that have been reported in the literature 

have shown considerably lower density and 

stiffness than aspen and typical northern 

softwood species (Brunette et al. 2001; Chauret 

et al. 1999; Knudson et al. 2001; Knudson and 

Wang 2002). Hybrid poplar can be mixed with 

native aspen and spruce for the manufacture of 

plywood and LVL. Detailed results from the 

commercial scale veneer products study are 

found in the report by Knudson et al. (2004). 

OSB 

Hybrid poplar stranded easily using stranding 

parameters that are known to work well for 

aspen. Strand quality was comparable to aspen. 

Longer strand drying times and more drying 

energy would be anticipated because of hybrid 

poplar’s higher moisture content compared to 

aspen. Properties of OSB made from 100% 

hybrid poplar or from a 50:50 mixture of hybrid 

poplar and commercial aspen strands were fully 

equivalent to those of product made from 100% 

commercial aspen strands. Test results indicate 

that hybrid poplar can be substituted for aspen at 

any substitution level with no detrimental effect 

on OSB properties. Detailed results from the 

OSB study are found in the report by Knudson et 

al. (2002). 

Conclusions 

Canadian prairie-grown Walker hybrid poplar is 

an attractive, light colored wood, suitable for a 

number of solid wood products including 

appearance grade lumber, veneer products and 

OSB. The basic wood density was approximately 

390 kg/m³, which is similar to aspen. Moisture 

content of the freshly cut wood typically ranged 

from 120% and higher. 

Hybrid poplar lumber dries quickly with a low 

amount of degrade. The wood machines well. 

The wood also finishes well and can be finished 

to take on different looks. Hybrid poplar appears 

suitable in applications where other softer 

hardwood species are used. 

Hybrid poplar is suitable for the manufacture of 

high quality plywood and LVL products. Hybrid 

poplar can be mixed with native aspen and 

spruce for the manufacture of plywood and LVL. 

Processing of hybrid poplar for veneer products 

is similar to that for aspen. Fewer spin-outs in 

the lathe and slightly higher veneer drying times 

would be anticipated with hybrid poplar because 

of its higher moisture content. 

Hybrid poplar OSB properties are fully 

equivalent to aspen OSB. Hybrid poplar can be 

substituted for aspen at any level with no 

apparent effect on OSB panel properties. Minor 

processing adjustments would be anticipated 

because of hybrid poplar’s higher moisture 

content compared to aspen. 
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Recommendations 

Based on the positive results for the manufacture 

of high value solid wood products from hybrid 

poplar, it is recommended that Canadian prairie 

growers develop silvicultural practices to grow 

hybrid poplar for the different product 

applications. It is also recommended that prairie 

growers develop a species data base, and that 

tree breeders continue to develop hybrid poplar 

varieties particularly adapted for growing in the 

prairie Provinces and suited for the manufacture 

of high value solid wood products. 
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ABSTRACT 

The appreciated aesthetic value of teak wood makes it exceptional for furniture, parquet flooring, marine 
furnishing and is a consequence of its figure. Certainly ring width, ring porosity and distribution of 
earlywood and latewood strongly affects wood figure and all related aesthetic aspects. Faster growth speed 
increases ring width and modifies the characteristics of the vessels and their distribution in the rings: the 
presence and the aspect of the ring-porous zone, analogous to earlywood in temperate trees, seem to be 
altered by climate variation. 

The objective of this paper is to present some results about the relationship between climate and 
anatomical parameters affecting the vein on the longitudinal cut of teak wood. X-ray microdensitometry 
was used to describe the extent of the ring-porous, low density zone in the teak rings. 

The trees grown in dry conditions seem to form big vessels at the beginning of the vegetation period and 
small vessels later; lower biomass production, corresponding to slower growth; and higher wood 
heterogeneity, related to more frequent and more intense density variations. They seem to grow more 
slowly and produce a wood with typical porous rings. 

Introduction 

Teak, one of the most important tree species in 
tropical regions, is especially valued for its 
superior wood characteristics: good mechanical 
properties, durability, very good dimensional 
stability and prized aesthetic aspects. Its 
appreciated aesthetic value makes it exceptional 
for furniture, parquet flooring, marine furnishing 
and is a consequence of its peculiar colour, 
figure and vein. 

Examination of the longitudinal surfaces of a 
stem cut shows strong colour variation. 
Obviously, the most important colour variation 
can be seen inside the rings (from earlywood to 
latewood) and, when visible, from heartwood to 
sapwood. These colour variations cause the 
typical figure of the wood, and that has a strong 
impact on the aesthetic aspects of final wood 
products. Visual inspection of within-ring and 
between-ring colour variation suggests that ring 
width, ring porosity and distribution of 
earlywood and latewood strongly affects wood 
figure and all related aesthetic aspects. 

Studies about provenance variation for growth 
and wood properties showed that the growth 
location affects wood colour and colour 
uniformity, as well as vein (Baillères and Durand 
2000). 

Due to the increasing demand for teak timber, 
the cultivation of teak spread from its natural 
range to areas with very different ecotypes. From 
Asia, teak was introduced into many African and 
Central American tropical countries (Behaghel 
1999; Nair and Souvannavong 2000); leading the 
plants to grow under the effect of various climate 
and ecological situations and to produce wood 
with different characteristics (Maldonado and 
Louppe 2000). 

From the anatomical point of view teak wood is 
well known as a ring-porous wood, with distinct 
growth rings: earlywood vessels are large, 
solitary or in radial groups, while latewood 
vessels are smaller and evenly distributed 
(Hoadley 1990; Richter and Dallwitz 2000). 
Though faster growth speed increases ring width 
and modifies the characteristics of the vessels 
and of their distribution in the rings, the presence 
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and the aspect of the ring-porous zone, 
analogous to earlywood in temperate trees, seem 
to be altered by growth, itself modified by 
climate variation. Bhat (2000) during his studies 
on teak from Indian plantations discovered the 
loss of the typical ring porosity in fuster-grown 
trees, and the same occurrence was noticed in 
trees grown with good water availability during 
the vegetation period (Priya and Bhat 1999). 

The influence of the presence of the porous ring 
is important to the aesthetic aspect of the wood, 
characterising the vein and the figure of radial 
and tangential surfaces. 

The objective of this paper is to present some 
preliminary results about the relationship 
between climate and anatomical parameters 
affecting the vein on the longitudinal cut of teak 
wood. 

X-ray microdensitometry was used to describe 
the extent of the ring-porous, low density zone in 
the teak rings, instead of classical anatomical 
parameters, because it is faster and easy-to-apply 
for whole radial measurements. 

Method 

The plant-material used in this study was 
sampled in eight plantations located in Ghana 
and Côte d’Ivoire and covering four different 
ecological zones: dry semi-deciduous forest 
(DSD), moist semi-deciduous forest (MSD), 
moist evergreen forest (ME), and Savannah 
(SAV) (Table 1). 

Table 1 Sampling locations and 

corresponding ecological zone in Côte d’Ivoire and 

Ghana 

Sample 

number 
Site 

Ecological 

zone 
Country 

1 - 6 Tene MSD C.d’Ivoire 
7 - 12 Dimbokro DSD C.d’Ivoire 

13 - 24 Irobo ME C.d’Ivoire 

25 - 29 Abofour DSD Ghana 
30 - 34 Wa SAV Ghana 

35 - 39 Kintampo SAV Ghana 

40 - 44 Dormaa DSD Ghana 

45 - 47 Obuasi MSD Ghana 

In each location 5 to 7 trees were sampled and 
one disc per tree was cut at around 1 m height 
from the ground.  

From each disc a ray was chosen in order to be 
representative of the whole disc and from the ray 
a thin section was prepared as long as the radius, 
about 1 cm large in the tangential direction and 
1.20 mm thick in the longitudinal direction. A 
total of 47 samples were prepared and then 
seasoned at 20°C and 65% RH before under 
going X-ray. 

After being dried to moisture equilibrium the 
samples were analysed by indirect X-ray 
densitometry (Polge 1966). The resulting X-ray 
films were scanned at a 1000 dpi resolution with 
8 bits per pixel. The digital images were 
processed with the WinDENDRO software 
(Guay et al. 1992), obtaining a spatial resolution 
of 25 µm. The last step of the data processing 
used a computer routine written in R language to 
compute the following statistical analysis (Ihaka 
and Gentleman 1996). 

Statistical analysis 
To evaluate the differences among trees and 
provenances (growing environmental conditions) 
for the characteristics of the microdensity 
profiles and to identify the anatomical 
characteristics of wood, the following variables 
have been defined and calculated using the 
moving threshold method (explained below): 

• Median wood density of profile section 
below a given threshold (density of low density 
wood, related to classical earlywood density) 
(Dinf) 
• Median wood density of profile section 
above a given threshold (density of high density 
wood, related to classical latewood density) 
(Dsup) 
• Biomass below a given threshold 
(combination of growth and density) (Binf) 
• Biomass above a given threshold (Bsup) 
• Wood density standard deviation below a 
given threshold (heterogeneity of low density 
wood) (Hinf) 
• Standard deviation above a given threshold 
(Hsup). 

For each variable the analysis of variance was 
performed in order to test the ecological zone 
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effect. It was repeated for many threshold values 
varying from low (0.2) to high (0.8) density and 
the value of the ecological zone effect was 
recorded. The optimal thresholds were chosen as 
those for which the ecological zone effect was 
maximal. 

The six variables were used to discriminate the 
ecological zones by multivariate analysis 
(principal component analysis and discriminant 
analysis). 

Results 

In Figure 1 two teak microdensity profiles are 
shown; they represent clearly the variability of 
teak microdensity profiles. Some samples show a 
uniform growth with a clear definition of annual 
rings [Figure 1 (upper)], characterised by low 
density in the initial part (similar to earlywood), 
probably produced at the beginning of the wet 
season, and followed by a uniform density 
increase that reached, probably, the highest 
values at the beginning of the dry season. 

Even if this profile can be considered typical, 
unfortunately in many cases the definition of the 
growth increment and the density distribution 
within the increment are more complicated; the 
annual growth is extremely variable and difficult 
to delineate [Figure 1 (lower)]. 

To individualize the density features of tree rings 
on the microdensitometry profiles, six general 
microdensity variables were defined at the level 
of the complete microdensity profile; the 
variable description and their calculation method 
are explained in the Method paragraph. 

For each one of the chosen variables the 
threshold location was optimized using a 
criterion of a maximum effect of the ecological 
zone in the corresponding analysis of variance 
(Table 2). 

The mean values for ecological zone and site of 
the seven variables are shown in the graphs of 
Figure 2. 

Figure 1 Two examples of teak density profile. 

The first profile (upper) shows regular growth and 

accurate ring definition, the second (lower) is deeply 

irregular. In red the ring boundaries 

 

 

Table 2 Results of the analysis of variance for 

which the ecological zone effect is maximum and 

corresponding optimal density threshold for the six 

microdensity variables (explanation in the text) 

*** p < 0.001; ** p < 001; * p < 0.05 
 df Sum Sq Mean Sq F value Threshlod 
dinf      
ecological zone 3 0.000864 0.000288 4.626**  
ecological zone x location 4 0.001793 0.000448 7.194*** 0.43 
residuals 39 0.002429 0.000062    
dsup      
ecological zone 3 0.015019 0.005006 16.153***  
ecological zone x location 4 0.001369 0.000342 1.111ns 0.53 
residuals 39 0.012014 0.000308   
binf      
ecological zone 3 10770094 3590031 23.747***  
ecological zone x location 4 1392011 348003 2.302* 0.62 
residuals 39 5895886 151177    
bsup      
ecological zone 3 9149985 3049995 9.682**  
ecological zone x location 4 1380090 345023 1.095** 0.21 
residuals 39 12286357 315035   
hinf      
ecological zone 3 0.001582 0.000527 7.995***  
ecological zone x location 4 0.001813 0.000453 6.870*** 0.65 
residuals 39 0.002572 0.000066   
hsup      
ecological zone 3 0.003846 0.001282 10.906***  
ecological zone x location 4 0.001394 0.000349 2.966* 0.2 
residuals 39 0.00458 0.000118   
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Figure 2 Mean values of the six variables 

(explanation in the text) by ecological zone and site. 

dsd: dry semi-deciduous; me: moist evergreen; msd: 

moist semi-deciduous; sav: savannah 

The results of multivariate analysis are shown in 
Figure 3. They illustrate the strong opposition 
found between individuals coming from, on one 
hand, dry climates and, on the other hand, wet 
climates. The antagonism between the fast 
growing, high biomass production trees and the 
slow growing, with high maximum density and 
strong within profile heterogeneity, is clearly 
visible. 
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Figure 3 Results of the multivariate analysis 

(discrimnant analysis) conducted using the six 

microdensity variables and the individual from the 

study sites 

Discussion 

From the results shown in the previous 
paragraph some statements can be made: 

1. The analysis of variance shows significant 
differences among ecological zones for all 
the variables (Table 2). It means that the 
growth environment has a great impact on 
the anatomical characteristics of the wood. 

2. The thresholds calculated by ANOVA vary 
according to the microdensity variable. In 
particular, Bsup and Hsup are calculated on 
the entire density profile (threshold = 0.2, 
i.e., the minimum threshold); therefore, the 
whole profile biomass can well discriminate 
the ecological zones and the variability 
among the profiles (Hsup) according to the 
environmental conditions. Trees from moist 
evergreen forests have a more homogeneous 
density profile than that of plants grown in 
dry ecosystems (Savannah). 

3. The two opposite ecological zones (moist 
evergreen forests and Savannah) are well 
separated by all seven microdensity 
variables; unclear is the trend for the two 
semi-deciduous forests (Figure 2). 

4. The variables that best discriminate the 
ecological zone are the two density variables 
(Dinf and Dsup) and the heterogeneity 
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variables (Hinf and Hsup) (Figure 2). It 
means that the environment has a great 
influence on determining the anatomical 
structure of wood rings, i.e., high differences 
of density at the beginning and at the end of 
the vegetation period and different levels of 
density variability inside the rings according 
to the ecological zone. 

Thus, the trees grown in the Savannah (under dry 
climate) have low earlywood density as a result 
of the presence of big vessels in the initial zone 
of the annual growth, and high latewood density, 
i.e., small vessels in the end zone of the ring; 
lower biomass production; and higher wood 
heterogeneity. They seem to form big vessels at 
the beginning of the vegetation period, probably 
to profit from the water availability, and small 
vessels, less vulnerable to the cavitation, later. 
The lower biomass production corresponds to a 
slower growth; while the high wood 
heterogeneity can be related to more frequent 
and more intense wood density variations. 

The trees from wet ecological conditions have 
exactly the opposite characteristics for the same 
microdensity variables. 

Previous studies found a great variability in teak 
wood characteristics according to the provenance 
(Dupuy and Verhaegen 1993; Bhat and Priya 
2004), and, in particular, Baillères and Durand 
(2000) showed differences of wood figure types 
in teak coming from various locations and 
Varghese et al. (2000) mentioned the “good 
figure of timber from dry areas” as “valued for 
panelling and furniture”. 

The causes of this variability are several: genetic 
factor and seed source; silvicultural practices; 
geographical origins; and the ecological type of 
the growth site is surely one of them. 

Moreover, water availability, closely connected 
with rainfall, seems to be one of the main factors 
to control the growth periodicity of teak 
(Pumijumnong et al. 1995; Priya and Bhat 
1999). Experimental tests carried out in India 
demonstrated that young teak trees irrigated 
during the growing period lost the typical ring 
porosity, producing a quite homogeneous ring 
with little difference between earlywood and 
latewood zones (Priya and Bhat 1999). 

The preliminary results of the present work show 
that dry climate seems to produce wood 
characterised by porous rings, then a marked 
vein, while wet climate tends to produce wood 
more similar to hardwoods with diffuse-porous 
ring and less evident vein. 

Conclusions 

It is important to note that the significant trends 
observed in this study have been detected using 
microdensitometry–quite a fast and cheap 
method compared to direct anatomical studies. 
These results show that there are big differences 
between teak trees growing in dry and in wet 
areas in western Africa. The observed 
differences are obviously directly related to the 
quantity, the density and the distribution of the 
vessels produced during the growing season. 

The microdensity variables and the 
corresponding anatomical parameters can have, 
respectively, a strong indirect and direct impact 
on the aesthetic value of the wood products 
fabricated with this raw material, and the 
aesthetic characteristics of teak wood have a 
strong impact on its value. Thus the choice of the 
plantation region could have an effect on the 
wood value. Is this impact strong enough to 
endanger the commercial future of some teak 
plantations? It would be very effective to 
differentiate the final destination of the raw 
material according to its main qualities, i.e., 
according to dimensional stability, mechanical 
properties, durability or special aesthetic value. 

For the future, the continuation of the work will 
investigate the provenance effect on the wood 
anatomical characteristics of trees grown in the 
same localities. 
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ABSTRACT 

The effect of wood surface composition on wood gluability was evaluated. Two hardwood species 

commonly used in the woodworking industry in the Mediterranean region were selected for this study–oak 

(Quercus decidua sp.) and beech (Fagus sylvatica L.). The chemical composition of the surface was 

determined by GC-MS technique after the cut and 24 hours later showing a redistribution of extractives on 

the surface. 

Cation Exchange Capacity (CEC) in bulk wood was tested and the lignocellulose linked carboxyl groups 

evaluated. Oak results in higher free acid carboxyl groups and total carboxyl groups’ content than beech. 

These properties were compared with an adhesion test (shear strength), according to the EN 205. The 

standard test was carried out on two water-based adhesive products (polyvinyl-acetate dispersions) KM 

and 2252M from Vinavil S.p.A. The results evidenced good behaviour of 2252M on both the considered 

species while in the case of KM, beech appreciably decreases after the conditioning phase in water 

whereas oak does not evidence any problems. Different explanations were proposed: one of them suggests 

that an increase of some extractives on the surface was related to a lower interfacial stress during the water 

conditioning phase, probably due to a swelling effect of the glue-line. 

Introduction 

Wood is composed of cellulose, lignin, 

hemicelluloses and extractives, and hence the 

combination of the chemical properties of these 

components characterizes the surface.  

Extractives vary greatly in quantity and 

composition between and within wood species 

(Fengel 1984; Walinder 2001). The influence of 

extractives on the chemistry of wood surface is 

an important feature in different applications 

such as gluing, coating and wood-composites. It 

has been reported that the presence of extractives 

enhances dimensional stability and reduces 

shrinkage (Bland 1971; Nzokou 2004), decreases 

the wettability of the wood surface (Chen 1970; 

Nussbaum 1999; Hemingway 1969), reduces 

bond quality (Hancock 1963; Stehr 1999), 

retards the hardening of finishing (Hse 1988) and 

affects the gel time of a urea-formaldehyde 

adhesive (Nguyen 1975). However there are 

some positive effects: for example some 

extractives improve surface coating (Hse 1988). 

Extractives are considered one of the most 

responsible for the inactivation of the wood 

surface. In fact wood, besides the environmental 

pollution (such as dust), is also subject to a sort 

of “self-contamination” and inactivation of the 

surface. Back (1991) reviewed five inactivation 

mechanisms, that can affect adhesive bonding 

and occur simultaneously: 

• within a few hours or days, lipophilic, low 

molecular weight substances concentrate at the 

wood surface and form a structure monolayer or 

multilayer of low surface energy; 

• hydrophilic low molecular weight substances 

like phenol derivatives and tannins migrate to the 

wood surface; 

• the pH of lignocellulosic wood material 

decreases during storage, and some wood 

adhesives could encounter problems in curing. 

Among the improvements of wood adhesion that 

have gained attention there are treatments to 

enhance the gluability of wood by increasing the 

number of carboxyl groups in lignocellulosic 

polymers (Staccioli 1994).  

Carboxylic groups are present in hemicelluloses, 

as a consequence wood has a tendency, higher or 

lower depending on the considered species, to 

exchange cations. The three forms in which 

structural carboxyls usually exist in wood are 
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acid, salt and ester groups and they can be 

separately assessed by selective and successive 

measurements (Staccioli et al. 1997). 

The aim of this study is to investigate the effects 

of extractives’ rearrangement composition on 

wood adhesion. To this goal extractives were 

analysed with a GC-MS technique. Furthermore, 

to evaluate the influence of carboxyl content in 

lignocellulosic polymer, cation exchange 

capacity measurements were carried out. 

Materials and methods 

Two hardwood species commonly used in the 

woodworking industry were selected for this 

study: 

• oak (Quercus decidua sp.)  

• beech (Fagus sylvatica L.). 

The samples for all tests and measurements were 

taken from boards stored in standard conditions 

(20°C and 65% relative humidity) corresponding 

to approximately 12% of moisture content in 

wood.  

GC-MS measurements 
The GC measurements were carried out on a 

layer of wood approximately 1 mm thick, cut 

starting from the surface. After cutting, samples 

were sonicated twice for 15 minutes in 

dichloromethane (DCM). The resulting solutions 

were concentrated under vacuum up to the 

selected volume, silylated with 

bis(trimethylsilyl)trifluoroacetamide (BSTFA) 

and 1% of TMS (trimethylchlorosylane) in 

hexane for 30 min at 60°C and then analysed. 

However, all samples were injected in the GC 

column:  

• within 8 hours of cutting (“just cut”); and 

• after at least 24 hours, (“24h-aged”) 

in order to evaluate the extractives’ modification 

and rearrangement as a consequence of exposure 

to air and light. GC-MS analyses were carried 

out on a Hewelett-Packard HP 5890 II equipped 

with a Trio 2000 mass spectrophotometer, by 

using a Supelco fused silica capillary column 

(SLB-5ms; 30 m × 0.25 mm I.D., 0.25 µm film 

thickness). The separation of the lipophilic 

component was carried out with the following 

column temperature program: isothermal at 5°C 

for 5 min followed by a temperature increase of 

10°C/min up to 250°C and then held for 5 min. 

The injector and transfer line were kept at 250°C 

and 300°C respectively. Helium was used as 

carrier gas and the injection volume was 1 µl in 

splitless mode. The mass spectrometer 

parameters were: electron energy 70eV, current 

emission 150 µA and ion source temperature 

200°C. 

Carboxyl groups’ content evaluated by 

Cation exchange capacity measurements 
The acid carboxyls were assessed by using the 

wood meal directly as an exchange resin, 

without any preliminary treatment, by eluting 

200 ml of a 3% sodium chloride solution for 1 g 

of sample, over one hour. The amount of acid in 

the filtrate was then titrated and the results 

expressed as milliequivalents per 100 g of oven-

dry material.  

The carboxyls present as salts were determined 

by first treating the samples with a solution 

0.1 M of hydrochloric acid, which transforms all 

carboxylates into acid carboxyls. After, the wood 

meal was washed in order to eliminate the 

residual acid and treated as for the measurement 

of the acid carboxyls (elution with the NaCl 

solution and titration of the filtrate). The 

difference between the results of this last 

determination and the acid carboxyls 

corresponds to the amount of salified carboxyls 

in the sample. 

For the determination of esterified carboxyl 

groups, they needed to first be hydrolysed. The 

hydrolysis reaction was carried out by 

continuously stirring the wood meal in a 3% 

sodium carbonate solution for three days at room 

temperature. After the hydrolysis, each sample 

was acidified and treated as previously 

described: in such a way, the sum of the original 

carboxyls plus those derived from ester 

hydrolysis was determined. The amount of this 

latter form of carboxyls was therefore obtained 

by difference. 

Gluing tests 
The tests were carried out according to the 

standard EN 205 (tensile shear strength on lap 

joints). Specimens were cut from small thin 

boards approximately 60 cm x 13 cm. The 
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thickness of the small thin boards was 5.4 mm 

and it was obtained by using a sandpaper-

calibrating machine. However, just prior to 

gluing, the surface was renewed by 120-grit 

hand sandpapering. The other gluing conditions 

were as follows: pressure 0.8 bar, single 

spreading of 150 g/m
2
, open time less than 1 

min, closed time 3 min, pressing time 2 hours. 

Two types of polyvinyl acetate (PVAc)-

dispersion adhesives were used for gluing the 

small thin boards, belonging to the D2 (use in 

interiors with occasional exposure to moisture or 

liquid water) and D3 (use in interiors with 

frequent exposure to liquid water or weathering-

protected exteriors) classes of durability 

considered in the EN 204. In particular, they 

were respectively KM and 2252M, both 

provided by Vinavil S.p.A. 

Results and discussion 

GC-MS measurements 
The components of the dichloromethane extracts 

of both the ‘just cut’ and ‘24h-aged’ wood 

samples are listed in Table 1. To evaluate the 

extractive rearrangement, components amount 

were referred to the palmitic acid area peak. In 

the Table, ‘tr’ means traces (amount lower than 

1%), for ‘L’ the amount is between 1 and 5%, 

for ‘M’ the amount is between 5 and 10%, for 

‘H’ the amount is larger than 10%. 

Table 1 List of the components found in the 

DCM extracts of both ‘just cut’ (JC) and ‘24h-aged’ 

(24h) wood samples. RT is the retention time. In 

first column, ‘?’ refers to unassigned substances. 

For the other symbols see the text 

  oak beech 

 RT 

(min) 
JC 24h  JC 24h 

caproic acid 

C6:0 
10.0 M H M L 

vanillin 16.4 M H L M 

lauric acid 

C12:0 
17.9 - - L tr 

syringaldehyde 18.3 M H M H 

? 18.4 tr L - - 

vanillic acid 19.1 L M - - 

3-vanilpropanol 19.6 L M - - 

? 19.8 tr M - - 

miristic acid 

C14:0 
19.8 L L - - 

fatty acid 20.6 L L - - 

fatty acid 20.8 tr L - - 

esadecandienoic 

acid C16:2 
21.4 M M - - 

palmitoleic acid 

C16:1 
21.6 tr L tr tr 

palmitic acid 

C16:0 
21.7 * * * * 

eptadecanoic 

acid C17:0 
22.3 tr L L tr 

oleic acid 

C18:1+linoleic 

acid C18:2 

23.1 H H H H 

stearic acid 

C18:0 
23.4 L L L L 

alcane 24.6 - L - - 

unsaturated 

fatty acid 
25.7 M L - - 

docosanoic acid 

C22:0 
26.3 M L - - 

β-sitosterol 27.4 M H - - 

tetracosanoic 

acid C24:0 
27.6 H H - - 

 

The identification of the components was 

achieved by comparing their mass spectra with 

those of a database (the library mass spectra 

NIST) and with authentic standards when 

possible. 

Identified components could be grouped by 

classes of compounds such as fatty acid, phenol 

components and sterols. In the range from 6 to 

20 min of the TIC chromatogram short saturated 

fatty acids, found with vanillin and 

syringaldehyde and other phenol components.  

319



In the range between 20 and 25 min, medium 

chain fatty saturated acid like palmitic and 

stearic acids were identified together with 

unsaturated acids like oleic and linoleic acids. In 

the final part of the TIC, hydrophobic 

components like sterols and docosanoic acid and 

tetracosanoic acids were detected. 

From the comparison of the data reported in 

Table1 the following differences between oak 

and beech can be drawn: 

• In beech only a few peaks were found: 

– in the fatty acids group the most 

abundant components were palmitic, 

oleic and linoleic acids while small 

amounts of stearic, eptadecanoic, lauric 

and caproic acids were detected; 

– in the phenol group only vanillin and 

syringaldehyde were found. 

• In oak there were more different 

components: 

– in the fatty acids group, besides the 

components present in beech, miristic 

acid, two unassigned fatty acids, long 

chain fatty acids like docosanoic and 

tetracosanoic acids were found; 

– in the phenol derivatives group other 

than vanillin and syringaldehyde, 

vanillic acids and 3-vanilpropanol were 

detected.  

– Another difference between the 

two species was the presence of β-

sitosterol in oak sample.  

– Comparing the value of the “just cut” 

and “24h-aged” wood samples’ 

chromatograms a tendency can be 

noticed: 

– saturated fatty acids with a lower 

retention time than palmitic acids 

increase faster than the reference while 

the others increased more slowly; 

– a lower increase of phenolic compounds 

with respect to the palmitic acid was 

revealed in beech, while in oak the 

increase of these components was high 

and should be considered the main 

difference due to aging between the two 

species.  

 

 

Figure 1 Gas chromatogram of the derivatized 

extracts of oak and beech of both ‘just cut’ and 

‘24h-aged’ wood samples 

Cation exchange capacity measurements 
Table 2 reports in terms of milliequivalents for 

100 g oven-dry material, the values of free 

carboxyls, salified carboxyls, ester groups and 

the total amounts. The first column shows a first 

difference between the two wood species: in fact 

only in oak are free carboxyl groups present 

while salified carboxyl groups are in the same 

quantity. The total amount of carboxyl groups 

obtained after the saponification reaction show 

higher value for the oak wood sample compared 

to beech. 

Table 2 Results of CEC measurements for the 

considered species 

Amount of carboxyl groups, 

meq/100g 
Species 

Acid Salified Ester. Total 

Quercus 

decidua 
sp. 

0.5 2.8 8.5 11.8 

Fagus 

sylvatica 

L. 

nil 2.8 7.5 10.3 

 

Gluing tests 
Results for the 2252M and KM adhesives are 

shown in Figures 2 and 3 respectively. In the 

24h-aged 

just cut 

BEECH 

 

24h-aged 

OAK 

 

just cut 
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Figures, ‘Gdry’ refers to specimens that have 

been maintained in a standard atmosphere of 

20°C and 65% RH (“dry” conditions) for a week 

after gluing. ‘Gwet’ refers to specimens that, 

after the conditioning phase of 7 days, were 

submerged in water for 4 days at 20°C and were 

tested in wet conditions as indicated by the used 

standard. Conversely, ‘Gcond’ refers to 

specimens that, after their immersion in water 

for 4 days for the D3-class or 3 hours for the D2-

class, were re-equilibrated in standard conditions 

(20°C/65% RH) for an additional week. 
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Figure 2 Values of shear strength for 2252M 

(D3-class). Bars indicate the standard deviation 
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Figure 3 Values of shear strength for KM (D2-

class). Bars indicate the standard deviation 

While the selected adhesives are recommended 

to be spread on both the surfaces to be glued 

(double spreading), we preferred to use single 

spreading in order to evaluate the products in 

non-standard conditions, thus trying to maximize 

the effects related to their contact with surfaces. 

Results evidence, on the whole showed good 

behaviour of 2252M on both the considered 

species (Figure 2), with values ever more 

elevated than the minimum required by EN 204 

(respectively 10 MPa for Gdry and 8 MPa for 

Gcond). 2252M shows on beech high values 

(70%) of cohesive wood failure (CWF) in dry 

conditions, that is related to a good adhesion and 

to a not high wood strength. Shear strength 

values of KM (Figure 3), even in dry conditions, 

are higher and are associated to a 30% CWF, 

thus showing good adhesion and better cohesive 

strength of wood. On the other hand, similar 

values of Gdry between KM and 2252M for oak 

are associated to similar CWFs (approximately 

25%). The conditioning phase in water left 

almost unchanged the Gcond values related to 

2252M both for oak and beech, thanks to its 

good adhesion properties, but this was not the 

case for KM, in which beech appreciably 

decreased to values close to the minimum for 

acceptance. In this case, even the CWF fell to 

zero, whereas oak did not evidence any 

problems. 

However, the most significant result is related to 

the behaviour of KM on the beech, mainly if 

compared with the one on the oak in the same 

conditions (Figure 3). There are different 

explanations, not excluding each one, for the 

clear reduction of Gcond observed for KM on 

beech and not on oak (whereas the reduction is 

similar for 2252M): 

• the two products have a very different 

viscosity (15,000 mPa·s for 2252M and 

43,000 mPa·s for KM), and therefore it is highly 

probable that the penetration of the former is 

higher, both in oak and in beech. In fact, in oak 

CWF in Gdry specimens is similar both for 

2252M and KM (approximately 25%), whereas 

CWF in Gcond is higher for 2252M (40%) and 

unchanged for KM; 

• the better performance of Gcond in 

comparison with Gdry for 2252M is due to the 

probable presence of an acrylic part, as usual for 

adhesives of class D3, that helps to move out 
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water molecules from the swollen or semi-

swollen glue-line after the wetting phase (even if 

this phase is longer for the D3 products); 

• the swelling effect of the glue-line by wood 

extractives is higher for oak than for beech, and 

this could bring, for the D2-class adhesive, to a 

lower interfacial stress during the 3-hour wetting 

phase. In fact, the differences observed in the 

extractives’ composition after the 24h ageing of 

wood surfaces could be related to a faster 

migration of the same extractives towards the 

surface of the adherends during the wetting 

phase. This phenomenon also involves the less 

hydrophobic ones (for example the vanillic 

compounds and syringaldehyde), that could 

more easily and more abundantly penetrate the 

glue-line. 

On the other hand, the not elevated values 

observed on both species and for both products 

for Gwet are very probably related to the use of 

single spreading, and therefore to the swelling 

conditions that are critical for the glues 

independently of the nature of the support. 

However, the higher content of carboxyl groups 

in oak could also have an influence on the higher 

values observed both for Gwet in the case of 

2252M and for Gcond in the case of KM. In fact, 

carboxyl groups are preferential sites of 

interaction for the formation of stronger links, 

thus improving the adhesion durability. 

Conclusions 

Wood adhesion is affected by many factors 

occurring at the same time. We reported 

preliminary results about the influence of 

lipophilic wood extractives’ rearrangement and 

carboxyl groups content on the gluability of 

wood. Considering the general aims of the work, 

single spreading was chosen as the gluing 

method since it allowed us to bring out the 

importance of the nature of the support. 

A good behaviour of 2252M on both the 

considered species was observed. On the other 

hand, in the case of KM, beech appreciably 

decreased after the conditioning phase in water, 

whereas oak did not evidence any problems. 

Different reasons were identified. Among them, 

the probable presence of an acrylic part, as usual 

for adhesives of class D3, that promoted the exit 

of water molecules from the swollen or semi-

swollen glue-line after the wetting phase. 

Another possible explanation deals with the 

increase on the wood surface of phenol 

compounds: probably these compounds could 

cause, at least partially, glue swelling during the 

wetting phase. The higher carboxyl groups’ 

content could be related to the performance in 

wet conditions, since the formation of stronger 

interactions is promoted, that improved the 

adhesion durability.  

Further research is needed to evaluate the 

influence of phenol compounds and carboxyls’ 

content on the gluability of wood, by using other 

wood species and extracting wood before gluing 

in order to better evaluate these surface 

properties on wood adhesion. 
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ABSTRACT 

High Temperature Thermal Treatment (HTTT) is generally used in order to improve both the 

technological performances of the raw material and its aesthetic appearance; as a matter of fact, wood 

modification by HTTT is well known as an interesting solution for improving the dimensional stability, 

the durability and the uniformity of the colour of the solid wood of coniferous species with limited 

decrease of the mechanical properties (Jämsä and Viitaniemi 2001). At present in Italy the aim of HTTT is 

to reach more interesting and remunerative uses of low quality hardwood, with potential applications for 

solid wood panels, flooring, furniture and cabinets or other uses in indoor conditions. 

This paper reports a preliminary evaluation on the effects of HTTT carried out on two Italian hardwoods 

(European walnut and cherry) in terms of modification of some technological properties of wood, such as 

surface hardness, durability against insects and dimensional stability. Surface hardness of treated wood 

has been compared by applying the standards EN 1534 (Brinell method) and ISO 3350 (Janka method). 

Tests of durability against insects referred to EN 350-1, EN 20-1 and EN 46-1 standards and EN 335 for 

use class of wood assortments. All treated materials have also been characterised in terms of bonding 

quality by verifying the strength of the wood-to-wood joint when glued with polyvinyl acetate emulsions 

belonging to the D2 and D3 class of durability of the standard EN 204. 

Dimensional and shape stability were then evaluated according to EN 1910, measuring the linear 

variations and warping of treated wood between dry (20°C, 30% RH) and wet conditions (20°C, 

80% RH). 

Cherry and walnut sawnwood treated with high temperature displayed notable changes in their properties. 

Hygroscopicity was reduced, and results also revealed an oven dry density reduction, a bending strength 

decrease, a modulus of elasticity increment in treated wood and an increase in surface hardness. After one 

month from the beginning of tests, the durability of cherry and walnut against insects was not modified by 

the thermal treatment. The HTTT in walnut reduced the quality of gluing with PVAc-dispersed products 

belonging to D3 and D2 classes of durability of EN204, but the application of acetone appreciably 

increased the performance of the D2-class adhesive. Finally, the thermal treatment stabilized the wood, 

and the varnish layer could contribute in the same way. 

HTTT seems to be a good solution to reach more interesting and remunerative uses of the examined 

timber material and a method worthy of further studies. 

Introduction 

The Italian plantation programs, which began 

about 20 years ago, under the impulse of public 

financial contributions destined by the European 

Community policy to rural development, 

involved mainly four wood species (in order of 

importance): walnut, cherry, ash and maple. 

Recent estimations show that hardwood 

plantations in Italy, excluding poplar, extend for 

a total surface of about 35000 ha (INFSC, 2005). 

Highly selected timber from these hardwoods 

normally reach the highest prices in the local 

market, especially for furniture and decorative 

applications. On the contrary, all the timber 

derived from thinning does not achieve 
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interesting economic value because it is affected 

by small diameters, a great number of knots, 

juvenile wood and other traits of low quality 

wood. 

Costs of thinning are then higher than income 

and often the operation has not been carried out, 

with bad effects on the evolution of the 

plantation as a whole. In this framework, the 

goal of the paper is to search for a treatment that 

could help to promote and add more value to this 

material through the changing of some of its 

critical properties. HTTT is well known, in fact, 

as an innovative method able to modify the 

properties of wood, having the main effect of 

reducing its hygroscopicity (Tjeerdsma et al. 

1998). This modification leads directly to an 

increased resistance to different agents of 

biodegradation and to an improved dimensional 

and shape stability. On the contrary there are 

some undesirable effects, such as loss of strength 

and an increased brittleness that prevent some 

utilization of the resulting products (Jämsä and 

Viitaniemi 2001; Repellin and Guyonnet 2003). 

Since the experience with HTTT up to now is 

well established only for softwoods, in this 

context the paper aims to evaluate the effects of 

the above treatment on some technological 

properties of European walnut (Juglans regia L.) 

and cherry (Prunus avium L.) sawnwood. 

Materials and methods 

A total of 15 walnut and 15 cherry logs were 

derived from thinning in a mixed plantation 

located in Central Italy; the age of the selected 

trees ranges from 20 to 22 years, with an average 

DBH of 23 cm for cherry and 21 cm for walnut. 

The basal log, 150 cm long, was cut from each 

tree: this material was then sawn to boards with a 

thickness of 30 mm which were further 

conditioned at 20°C and 65% relative humidity 

(RH) for 1 month. The thermal treatment was 

performed at an experimental drying chamber 

built by an Italian company (named Baschild and 

located near Bergamo) specializing in the design 

and production of wood kiln dryers. The 

capacity of the chamber is approximately 4 m
3
 of 

lumber. The thermal process, originally 

developed by the Italian company, consists of 

four sequential steps with different temperature 

and moisture conditions which the material is 

maintained for a specific time (Figure 1); the 

temperature settings range from 70 to 210°C and 

the total cycle lasts 45 hours. During the first 

phase, wood is warmed up to a temperature of 

70°C for about 4 hours; then temperature raised 

to 100°C and maintained constant for about 

6 hours, during which the wood moisture content 

decreased to 3 to 4%. The real thermal treatment 

takes place in the following step when 

temperature reaches 210°C and is maintained for 

24 to 25 hours while air in the kiln dryer is 

saturated by steam. 

Finally, a cooling period at 50°C for about 

10 hours is needed to stabilize the wood that, 

when extracted from the chamber has a moisture 

content of 2 to 3%, and also to prevent the 

evolution of defects on the heat treated wood 

assortments. 

The Baschild method is similar to the Finnish 

process Thermowood® (Syrjänen, 2001), except 

for the heat treatment phase that is longer and 

characterized by the presence of a tank, placed 

inside the heat chamber,  containing water for 

the production of steam. 

The treated material was then conditioned in a 

climate chamber at 20°C and 65% RH for four 

weeks. 

 

Figure 1 The high temperature treatment cycle 

Physical and mechanical tests 

Sampling methods and general requirements for 

the physical and mechanical tests were based on 

ISO 3129. Small clear samples of untreated and 

treated walnut and cherry sawnwood were 

obtained for density (ISO 3131), bending 

strength and modulus of elasticity (ISO 3133), 

surface hardness according to EN 1534 (Brinell 

method) and ISO 3350 (Janka method) 

(Table 1). 

 1st step - Temp: 70°C 
     Duration: 4 hrs 

 2nd step - Temp: 100°C  
 EMC: 4% 
     Duration: 6 hrs 

3
rd
 step - Temp: 210°C 

    RH: 100% 
    Duration: 25 hrs 

   4th step - Temp: 50°C 
 EMC: 2-3% 

 Duration: 10 hrs
  

Total process cycle: 45 hrs 
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Table 1 Summary of materials and methods 

for physical and mechanical tests 

PROPERTIES SAMPLES 

DIMENSIONS 

NUMBER 

OF 

SAMPLES 

Density (ISO 

3131) 

20x20x50 mm 60 

Bending strength 

and modulus of 

elasticity (ISO 

3133) 

20x20x320 mm 70 

Static hardness 

(ISO 3350) 

50x50 mm 40 

Resistance to 

indentation (EN 

1534) 

50x50 mm 40 

The tests were performed on a Galdabini testing 

machine PMA5. All specimens were loaded 

under displacement control. For all specimens 

the load and the crosshead displacement of the 

testing machine were recorded continuously. 

After the mechanical strength test the moisture 

content of the samples was measured according 

to ISO 3130. 

Durability against insects 
The durability test against insects was evaluated 

as a function of the final use classes of the 

wooden products obtained from the HTTT 

hardwood: panel, flooring, cabinets and other 

objects for indoor uses. These destinations 

correspond to use class 1 in accordance with EN 

335. All the wood species were tested against the 

Cerambycid Trichoferus holosericeus (Rossi); 

only walnut was also tested against Lyctus 

brunneus (Stephens). T. holosericeus is a 

Cerambycid widespread in the South European 

countries and Mediterranean basin and is 

specific to hardwood species. In Italy woods 

attacked by T. holosericeus are in order of 

preference: oak, black locust, beech, poplar, 

walnut, chestnut, alder, cherry (Palli and 

Gambetta 1962). The susceptibility to L. 

brunneus is correlated with specific anatomic 

features of the wood species: this insect can only 

attack hardwood species with sufficient starch 

content (ca > 3%) and with vessels of adequate 

size to allow female ovipositor within them 

(Eaton and Hale 1993). 

The test against T. holosericeus was performed 

in accordance to EN 46-1. This standard 

describes a method for the determination of the 

preventive action of a treatment against recently 

hatched larvae of Hylotrupes bajulus (L.) and it 

is also used for the determination of the 

conferred durability by a treatment in accordance 

with EN 350-1. We applied the same 

methodology to the Cerambycid T. holosericeus. 

Preliminary results were observed after four 

weeks concerning the mortality rate and the 

tunnelling of the larvae. 

The resistance to L. brunneus test was carried 

out in accordance with EN 20-1 and EN 350-1. 

At the end of the test the results are expressed by 

the number of new insects at different stages of 

development (adult, pupae, larvae) and the 

number of flight holes. Preliminary evaluation 

was carried out after one month from the 

beginning of the test with a visual examination 

of the surface tunnelling and frass production. 

Quality of gluing 
The tests were carried out on the treated walnut 

according to EN 205 (tensile shear strength on 

lap joints for adhesives for non-structural 

applications). Specimens were cut from small 

thin boards of the approximate size of 500 x 

130 mm. Thin boards thickness was 5.4 mm and 

it was obtained using a sandpaper-calibrating 

machine. However, just prior to gluing the 

surface was renewed by 120-grit hand 

sandpapering. The other gluing conditions were 

as follows: pressure 0.3 bar, single spreading of 

150 g/m
2
, open time less than 1 min, closed time 

3 min, pressing time 2 hours. Two types of 

polyvinyl acetate (PVAc)-dispersion adhesives 

were used for gluing the thin boards, belonging 

to the D3 and D2 classes of durability considered 

in EN 204 (basically corresponding to interiors, 

respectively frequently and occasionally exposed 

to water and high RH). In particular, the 

products were KM (class D2) and 2252M (class 

D3), both provided by the company Vinavil. For 

each test, the thermally treated walnut was 

divided in two groups: one was glued as such, 

whereas the other was abundantly wetted by 

acetone just before spreading the adhesive. This 

procedure was chosen, considering the well 

known decrease in water wettability of the 

thermally modified wood (Follrich et al. 2006), 
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in order to swell the wood and therefore to 

promote the penetration of the glue in the 

substrate. In the case of the D3-class adhesive, 

tests were also carried out on pieces of untreated 

walnut of the same provenance of those 

thermally treated. 

Dimensional stability (and varnishing) 
The aim of the tests concerning dimensional 

stability was to evaluate, through a comparative 

approach, the behaviour of treated wood during 

climatic variations of temperature and RH. This 

characteristic of the material is one of the most 

important for wood flooring applications. 

After sanding, treated and not treated walnut and 

cherry sawnwood were varnished on an 

industrial painting line. The applied product was 

a layer of acrylic-polyester UV varnish, as an 

insulating layer (80 g/m
2
), and an acrylic 

transparent finish (100 g/m
2
). This coating 

system, based on a modified acrylic varnish, 

demonstrated an extreme resistance to light and 

abrasion and was especially formulated for wood 

surfaces with problems of wetting due to the 

presence of oil or natural extractives. 

In order to check the wood dimensional stability, 

samples of 250x70x15 mm were exposed to 

different climatic conditions according to 

EN 1910. The samples, after one month at 20°C 

and 65% RH, were located in a conditioning 

room maintained at 20°C and 30% RH for 

14 days, then to 20°C and 80% RH for 12 days.  

The determination of the geometrical 

characteristics, carried out at the end of each 

conditioning time, was done according to EN 

13647.  

Results and discussion 

Physical and mechanical properties 
The results from physical and mechanical 

characterisation clearly underline the effects of 

the HTTT on the technological behaviour of 

walnut and cherry sawnwood. Previous studies 

showed that strength and density of the wood 

decrease with thermal treatment while this 

improves its dimensional stability (Jämsä and 

Viitaniemi 2001). Other works (Stamm and 

Hansen 1973) also determined a clear decrease 

in hygroscopicity of the wood material by 

applying the treatment to dried wood. This fact is 

due to chemical modifications in the wood 

structure occurring at high temperature 

(Tjeerdsma et al. 1998). 

Yildiz (2002) and Sundqvist (2004) reported that 

crystallinity of the cellulose in hardwood 

samples increases with thermal modification. 

This effect is not only related to the temperature 

but is also time dependent. The reduction of the 

hygroscopicity is confirmed by the lower value 

of the equilibrium moisture content (EMC) 

reached by the heat treated wood after 4 weeks at 

20°C and 65% RH. Normally for solid wood this 

value is around 12% while in this case we 

obtained 4%. Mass loss in wood material is 

another disadvantage of HTTT (Table 2). In line 

with the results achieved in a recent study on 

Turkish river redgum (Eucalyptus camaldulensis 

Dehn.) heated at a similar temperature of 180°C 

for 10 hours, oven dry density losses were 3.9%, 

and 4.2%, for cherry and walnut, respectively 

(Unsal et al. 2003; Unsal and Ayrilmis 2005). 

Table 2 Density measurements of treated and 

untreated material at EMC (65% RH; 20°C) and 

oven dry (ρ0) 

WOOD 

MATERIAL 

DENSITIES 

 

MEANVALUES 

g/cm
3
 

SD 

g/cm
3
 

ρEMC 0.608 0.03 Untreated 

Cherry ρ0 0.571 0.03 

ρEMC 0.588 0.05 Treated 

Cherry ρ0 0.549 0.05 

ρEMC 0.723 0.07 Untreated 

Walnut ρ0 0.669 0.07 

ρEMC 0.679 0.05 Treated 

Walnut ρ0 0.641 0.06 

Important changes in the mechanical properties 

of treated wood were also observed. Results 

revealed that bending strength decreases because 

of the treatment, while modulus of elasticity 

together with Brinell and Janka hardness 

increase. The maximum reduction in bending 

strength, compared to the untreated samples, was 

obtained for treated cherry (13.6%), while for the 

treated walnut the resistance is reduced to 6.9%. 

On the basis of Student's t-test changes in 

strength values are significant. At the same time 

modulus of elasticity increased up to 21.4% and 

4.7% for cherry and walnut, respectively. These 

results can be explained by cellulose and 

hemicelluloses degradation due to the high 
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temperature process (Yildiz 2002). Consequently 

the treated wood became a more brittle material 

than the untreated one of the same species. The 

increased brittleness and hardness of treated 

wood is confirmed by the diagrams showed in 

Figure 2 and Figure 3. 

 

Figure 2 bending MOR and MOE of treated 

and untreated material 
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Figure 3 Janka and Brinell hardness of treated 

and untreated material 

Several interesting results are evident. There is a 

significant difference in failure condition 

between treated and untreated wood. The load-

deflection curve for a three-point bending test 

according to ISO 3131 for treated walnut shows, 

after a first linear region of elastic behaviour, a 

little region of apparently plastic deformation 

followed by a fast and sudden fracture of the 

specimens, whereas the typical curve for 

untreated walnut shows a defined and clear 

region of plastic deformation (Figure 4). The 

same trend was obtained for cherry. 

 

Figure 4 Load-deflection curve for three-point 

bending test according to ISO 3131 for the untreated 

(left) and treated (right) walnut 

Durability against insects 
Against T. holosericeus, preliminary results 

recorded after four weeks from the beginning of 

the test concerning tunnelling and the mortality 

rate of the larvae are shown in Table 3. 

Table 3 Preliminary results of the durability 

test against Trichoferus holosericeus 

WOOD  

(NR. OF 

REPLICATES) 

INITIAL 

NR. OF 

LARVAE 

NR. OF 

ENTRANCE 

HOLES 

DEAD 

LARVAE 

LARVAE 

NOT 

RETRIEVED 

Untreated 
Cherry (6) 

60 39 3 18 

% 100 65 5 30 

Treated 

Cherry (6) 
60 47 8 5 

% 100 76 16 8 

Untreated 

Walnut (6) 
60 31 13 17 

% 100 51.7 21.7 26.7 

Treated 

Walnut (6) 
60 34 5 21 

% 100 56.7 8.3 35.0 

Untreated 
Beech (3) 

30 23 3 4 

% 100 76.7 10.0 13.3 

We can observe that the test is valid according to 

the standard because more than 70% of the 

larvae placed on the untreated beech had 

tunnelled. These observations are based only on 

the visual control of the wood blocks’ surface 

where the newborn larvae were placed at the 

beginning of the test: we can recognize the 

number of larvae that have tunnelled by the 

small quantity of wood dust at the tunnel 

entrance and the dead larvae on the surface of 

the wood blocks. Based on these results we can 

affirm that there are no differences between 

untreated and thermally modified wood 

regarding the resistance against newly hatched 

larvae of T. holosericeus. 

Concerning the resistance against attack of L. 

brunneus, preliminary results observed 
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one month after the beginning of the test showed 

that there is not a clear and marked difference 

between untreated and treated walnut blocks. In 

fact all the wood blocks showed the sign of a 

new generation: the presence of wood dust in the 

bottom of containers. More reliable results will 

be available after ten weeks from the beginning. 

Quality of gluing 
Results for the 2252M and KM adhesives are 

shown in Figure 5 and Figure 6, respectively. In 

the figures, ‘Gdry’ refers to specimens that were 

maintained in an atmosphere of 20°C and 65% 

RH (“dry” conditions) for one week after gluing. 

‘Gwet’ refers to specimens that were submerged 

in water for 4 days at 20°C and they were tested 

in wet conditions as indicated by the reference 

standard. Conversely, ‘Gcond’ refers to 

specimens that, after their immersion in water 

for 4 days for the D3-class or 3 hours for the D2-

class, were re-equilibrated at normal conditions 

(20°C/65% RH) for one week. 

Values of shear strength of 2252M for tests of 

untreated walnut in dry conditions are very high 

and are above the minimal limits reported in EN 

204 (10 MPa for Gdry specimens and 8 MPa for 

Gcond), whereas values of Gwet are barely 

under the limit of 2 MPa. However, the 

dispersion of data is quite high (COV of 25 to 

28%), independently of the values of the 

cohesive wood failure (CWF) that for Gdry is 

very limited (30% only) while for Gcond is 80%. 

As expected, the thermal treatment of walnut 

reduced the gluing quality: both Gdry and Gcond 

were appreciably lower (from 15 to 11 MPa and 

from 15 to 9 MPa, respectively), but both of 

these values are higher than minimal values 

considered in EN 204. On the other hand, Gwet 

was almost unchanged. The main differences 

with the untreated wood were the lower COV 

values (5 to 15%) and the higher CWF values for 

Gdry (70%, more than double), both attributable 

to the lower tensile strength of treated walnut 

and also confirmed by bending tests. 

The surface pre-treatment made by acetone did 

not seem to improve the quality of the adhesion, 

considering that Gcond was unchanged and Gdry 

was even lower (but this can be attributed to the 

differences in the substrate). Nevertheless, the 

treatment by acetone greatly increased the 

uniformity of the results (many fewer specimens 

were discarded because of adhesion problems) 

and the Gwet values reached the minimum 

allowed by EN 204. 

 

Figure 5 Values of shear strength for 2252M 

(D3-class). F = untreated wood, TT = Thermally 

Treated wood 

The effect of acetone on gluing with adhesive 

KM is more appreciable than for 2252M 

(Figure 6). In fact both the values of Gdry and 

Gcond increased after the application of the 

solvent. The low value of shear strength 

observed for Gdry was entirely attributable to 

bad quality of the wood pieces. In that case 

100% CWF was observed in approximately half 

of the specimens, whereas the adherends broke 

in the others. In such occurrence the shear value 

on the gluing area at failure was considered, 

even if we were aware that this is an 

underestimation.  

However, acetone has a double effect: Gcond 

value slightly increased and the scatter of data 

decreased (COV was reduced from 25 to 30% to 

8 to 15%). This positive outcome (differently 

from 2252M) was probably due to the different 

viscosity of the two adhesives (15,000 mPa·s for 

2252M and 43,000 mPa·s for KM), and therefore 

to the fact that acetone is more able to enhance 

the penetration for the more viscous product. 
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Figure 6 Values of shear strength for KM (D2-

class). TT = Thermally Treated wood 

Dimensional stability (and varnishing) 
The maximum change in the two transversal 

dimensions between 30% to 80% RH are shown 

in Table 4. 

It is possible to observe, especially for walnut, 

that the treatment stabilized the wood: the 

maximum percentage change was higher in the 

untreated samples. Moreover, the varnishing 

generally had the effect of decreasing the wood 

dimensional variations. However, considering 

the short time samples were in the conditioning 

room, the varnish could only have had the effect 

of increasing the time required for the wood to 

reach the final EMC. 

These variations were not so clear for cherry 

because of the different orientation (radial or 

tangential) of the board. Moreover EN 1910 

prescribes a casual sampling and this leads to a 

high source of variability in the results. 

Table 4 Mean values of maximum change (%) 

in width and thickness (EN 1910) between RH 30% 

to 80%. Minimum and maximum values in brackets 

 VARNISHED WIDTH THICKNESS 

No 
1.10 

(0.87-1.42) 

1.87 

(1.41-2.24) Untreated 

Cherry 
Yes 

1.18 

(0.92-1.36) 

1.53 

(1.08-2.29) 

No 
0.53 

(0.47-0.56) 

0.75 

(0.46-1.07) Treated 

Cherry 
Yes 

0.68 

(0.57-0.82) 

0.43 

(0.32-0.64) 

No 
1.52 

(1.36-1.68) 

1.89 

(1.41-2.30) Untreated 

Walnut 
Yes 

1.41 

(1.07-1.92) 

1.43 

(1.2-1.71) 

No 
0.65 

(0.55-0.73) 

0.74 

(0.59-0.89) Treated 

Walnut 
Yes 

0.50 

(0.49-0.52) 

0.48 

(0.44-0.57) 

Conclusions 

Actually, wood modification by HTTT is known 

to be an interesting (and sustainable) solution to 

improve dimensional stability, natural durability 

and wood colour uniformity (with a limited 

decrease of the mechanical properties) and a 

means to promote more valuable uses for low 

quality hardwoods with new potential 

applications. 

Cherry and walnut sawnwood treated at the 

temperature interval 70 to 210°C displayed 

notable changes in their properties.  

Chemical modifications in the wood occurring at 

high temperature were accompanied by several 

changes in the physical structure: mass loss, 

reduced shrinkage and swelling, low equilibrium 

moisture content, dark and homogeneous colour 

of wood. The reduction of the hygroscopicity 

were confirmed by the value of 4% of EMC 

reached by the heat treated wood after 4 weeks at 

20°C and 65% RH. It was also confirmed by the 

wood EMC reached in dry and wet air 

conditions. Results also revealed an oven dry 

density reduction of 3.9% and 4.2% for cherry 

and walnut, respectively. Moreover, bending 

strength decreased and a modulus of elasticity 

increment in treated wood was recorded. Finally, 

an interesting increase in surface hardness was 

found. All these results can be explained by 
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cellulose and hemicelluloses degradation due to 

the high temperature process. 

As for adhesion ability, the treatment for walnut 

reduced the quality of gluing with PVAc-

dispersed products belonging to D3 and D2 

classes of durability of EN204, because of a well 

known inactivation mechanism of the surface 

induced by high temperature. Nevertheless, the 

D3 adhesive tested exhibited good values in the 

dry and conditioned specimens, whereas the 

measured values were low in the wet ones; this 

allows us to say that other gluing conditions 

could bring the adhesive to be still classified in 

the same durability class even if applied to 

treated wood. The application of acetone 

appreciably increased the performance of the 

D2-class adhesive whereas it left almost 

unchanged that of the D3-adhesive. This 

difference was attributable to the fact that 

acetone is able to increase the penetration of the 

former product, more viscous, while it had a 

very limited effect on the other one, whose 

viscosity is already sufficiently adequate. 

The durability of cherry and walnut against 

insects, on the basis of the preliminary 

evaluation, was not modified by the thermal 

treatment or in any case this process is not a 

preventive preservative meant to control the 

development of new attacks by Lyctus brunneus 

and Trichoferus holosericeus. 

The preliminary tests on dimensional stability 

showed that the thermal treatment stabilized the 

wood, and that the varnish layer could contribute 

in the same way.  

In conclusion, HTTT is a way to drastically 

change the properties of wood and to obtain a 

new material. Thanks to the treatment, it seems 

possible to reach more interesting and valuable 

uses of the examined timber material, with 

potential applications for the production of solid 

wood panels, flooring, furniture and cabinets. 

New studies are in progress on the application of 

HTTT modified methods in order to overcome 

some limitations in the use of this material and to 

optimize the process. 
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