
Birgit Östman and Lazaros Tsantaridis, 
SP Trätek/Wood Technology

Esko Mikkola, Tuula Hakkarainen and Kaisa Belloni, 
VTT

Harry Brumer and Peter Piispanen, 
KTH Biotechnology

Innovative eco-effi cient high fi re 
performance wood products for 
demanding applications

Final report for Vinnova-Tekes project 
InnoFireWood

SP Wood Technology
SP REPORT 2006:30

SP
 S

w
ed

is
h

 N
at

io
n

al
 T

es
ti

n
g

 a
n

d
 R

es
ea

rc
h

 In
st

it
u

te



 



Birgit Östman and Lazaros Tsantaridis, 
SP Trätek/Wood Technology 

Esko Mikkola, Tuula Hakkarainen and Kaisa Belloni, 
VTT 

Harry Brumer and Peter Piispanen, 
KTH Biotechnology 
 
 
 
 
 

Innovative eco-efficient high fire 
performance wood products for 
demanding applications 
 

Final report for Vinnova-Tekes project InnoFireWood 
 
 
 



 2

Abstract 

 

The basis for a new generation of innovative wood products has been developed in the InnoFireWood 
project. The main characteristics of such products are substantial improvements in fire performance 
with maintained eco-efficiency, durability, and other properties of the original wood product. 
Industrial relevance, sustainable production, and end-use applications were in main focus. This type of 
products will increase the competitiveness of wood products in relation to other building products.  

A new Nordic system with classes for the Durability of the Reaction to Fire performance (DRF 
classes) at interior and exterior building applications has been implemented in order to assess the 
overall sustainable performance of the new products. 

The project was conducted in close co-operation between Sweden and Finland. In addition to research 
institutes, industry was represented by several companies producing wood products or fire retardants. 
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1. Executive summary 
 

The basis for a new generation of innovative, durable and eco-efficient wood based products with high 
fire performance for demanding applications has been developed in a joint Finnish-Swedish project by 
implementing a new Nordic system (NT Fire 054) with classes for the Durability of the Reaction to 
Fire performance (DRF) at interior and exterior building applications. Several types of fire retardant 
(FR) modifications of wood products have been included. Main results are 

1.  Chemical modification 
Most new fire retardant solid wood panelling products had either improved fire performance 
(predicted Euroclass B or C) or maintained low moisture content (< 30 %) at high relative humidity, 
but few products fulfilled both criteria, which is needed for reaching DRF class Int for interior 
building applications. However, some products have a potential for being further developed to be less 
hygroscopic. Thermally modified timber and furfurylated wood can be FR treated and reach Euroclass 
B. Plywood obtained improved fire performance only when the surface veneer is FR treated.  

2.  Biochemical modification 
The study provided the first look at the possibility to use xyloglucan (XG) as a novel component in 
fire retardant chemicals.  The ability of XG to act as a molecular anchor for functional chemistry on 
cellulose fibers previously established in pulp and paper chemistry was extended to solid wood, which 
are inherently more difficult to modify due to a higher level of structural complexity. Nonetheless, it 
was shown that XG conjugates can be adsorbed to wood and that conjugation of chemicals to XG 
results in improved retention of those chemicals.   

3.  Physical modification 
Al foil with a minimum thickness of 50 µm can effectively protect plywood veneers underneath and 
improve the classification of the product. The thickness of the whole product can be crucial for 
classification due to the increasing heat release towards the burn-through of the specimen. FR glue in 
plywood can improve the classification of plywood. However, the results may vary due to the narrow 
heat release peak caused by the topmost veneer in the beginning of the test. It is also noted that fire 
retardants may increase smoke production, leading to smoke class s2. 

4.  Fire classification and simulation 
The relevant systems for the reaction to fire classification of FR wood products have been presented. 
Special attention has been on predicting the Euroclasses based on small scale data from the cone 
calorimeter test (ISO 5660). Available tools have been reviewed and a new simple Rule of thumb tool 
especially for FR wood products has been proposed. A progressive and illustrative tool for simulating 
fire development is the Fire Dynamics Simulator program. The simulation results clearly show the 
improvements in flashover times when FR wood products are being used as wall coverings. 

5.  Durability of  fire performance in end-uses 
Most fire retardant treatments with surface coat have maintained their fire performance after 
accelerated ageing and are thus DRF class Ext. Without the surface coat the fire performance may be 
as low as for untreated wood. Weather durability studies with natural field exposure have started. 

6.  Eco-efficiency in end-uses 
Eco-efficiency has mainly been employed by choosing FR chemicals with an environmentally safe 
profile and completely avoiding halogenated compounds. Possibilities for life cycle assessments 
(LCA) and environmental declarations are described. The principles for a systematic design tool are 
proposed. It includes parameters for toxicity, eco-toxicity and LCA. Much work remains to be done. 

7.  Implementation and dissemination 
Companies will utilise the results for further product development and for new market promotions. 
Results will support an increased awareness that FR wood products are useful tools to increase the use 
of wood. Target groups for dissemination of results are those influencing the choice of building 
materials and national authorities. The results will also be disseminated by scientific channels. 
 
Ideas for further work are also presented.  
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2. Swedish summary – Svensk sammanfattning 

 
Basen för en ny generation av innovativa, beständiga och miljöanpassade brandskyddade träprodukter 
för krävande tillämpningar har utvecklats i finsk-svenskt projekt. Ett nytt nordiskt system (NT Fire 
054) som klassificerar brandskyddets beständighet i s k bruksklasser (eng. DRF classes) för inomhus- 
och utomhusbruk i byggnader har tillämpats. Flera nya produktidéer har tagits fram. Olika typer av 
modifieringar har ingått. Huvudresultaten är 

 1.  Kemisk modifiering 
De flesta nya brandskyddade träprodukterna hade antingen förbättrade brandegenskaper (Euroklass B 
eller C) eller bibehållen låg fuktkvot (RH< 30 %), men få produkter uppfyllde båda kriterierna, vilket 
krävs för att uppnå bruksklass Int för inomhusanvändning i byggnader. Några brandskyddsmedel bör 
dock kunna modifieras för att bli mindre fuktkänsliga. Termoträ och furfurylerat trä kan 
brandskyddsbehandlas och uppnå Euroklass B. Plywood fick förbättrade brandegenskaper endast när 
ytfanéret var brandskyddsbehandlat.  

2.  Biokemisk modifiering 
En ny idé att använda xyloglucan (XG) för att binda brandskyddskemikalier till trä har studerats.  XG 
har tidigare använts som ett molekylärt ankare för cellulosafibrer i pappersindustrin, men 
trätillämpningar är betydligt svårare på grund av trämaterialets större komplexitet. Icke desto mindre, 
visades att XG kan adsorberas till trä vilket resulterar i förbättrad bindning av brandskyddskemikalier.   

3.  Fysikalisk modifiering 
Aluminiumfolie med en minimitjocklek 50 µm kan effektivt skydda underliggande fanér och förbättra 
plywoods brandklassificering. Plywoodens tjocklek kan vara avgörande för brandklassningen, 
eftersom branden kan tränga genom produkten vid brandprovningen. Brandskyddat lim kan förbättra 
brandklassningen. Resultaten kan dock variera beroende på ytfaneréts egenskaper. Rökutvecklingen 
kan dessutom öka så att den högsta rökklassen s1 inte kan uppnås. 

4.  Brandklassning och simulering 
System för brandklassificering av brandskyddat trä i byggnader och fartyg beskrivs. Särskilt 
uppmärksammas metoder att förutsäga europisk brandklass på basis av småskalig provning i 
konkalorimetern. Nya enkla tumregler för att direkt jämföra resultat för brandskyddat trä föreslås. En 
modell, Fire Dynamics Simulator, som simulerar brandförlopp har använts för att illustrera hur tiden 
till övertändning i ett rum kan förlängas genom att använda brandskyddat trä. 

5.  Brandskyddets beständighet 
Flertalet brandskyddade produkter bibehöll sina brandegenskaper efter accelererad åldring om de hade 
ett skyddande ytskikt av utomhusfärg. Utan färg kan brandskyddet minska ner till beteendet för vanligt 
obehandlat trä. Naturlig åldring på ett försöksfält har startat. 

6.  Miljöbedömning 
Behandlingarnas miljövänlighet har betonats framförallt genom att endast välja brandskyddsmedel 
som inte kan förväntas ge miljöproblem. Halogenerade brandskyddsmedel som är vanliga för 
plastmaterial har t ex helt undvikits. Möjligheter till livscykelanalyser och miljödeklarationer beskrivs. 
Dessutom har principerna för en ny systematisk modell för att bedöma miljöegenskaper föreslagits. 
Den omfattar bl a toxiska, eko-toxiska och livscykelparametrar. Mycket arbete återstår dock inom 
detta område. 

7.  Implementering och kunskapsspridning 
Deltagande företag planerar att använda resultaten i sin fortsatta produktutveckling. Resultaten stöder 
även en ökad medvetenhet om att brandskyddade produkter kan bidra till en ökad och miljövänlig 
användning av trä i byggandet. Målgrupper för resultatspridning är dessutom de som påverkar val av 
byggnadsmaterial samt nationella myndigheter. Projektresultaten sprids även genom vetenskapliga 
kanaler. 
 
Ett antal idéer för fortsatt arbete presenteras. 
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3. Background and objectives 
 
3.1 Background 
 
Fire performance is one of the main obstacles to an increased use of wood in buildings in most 
countries. New European classification systems for fire performance have recently been agreed, but 
the national safety levels will remain, causing continued limitations in the use of wood products [1].  
 
Chemical and physical modifications together with composite solutions are efficient ways to produce 
high fire performance wood products. However, the durability of the fire performance as well as the 
overall performance of new innovations have been unsolved problems for a long time [2]. Now, new 
systems have become available [13]. 
 
New products will enlarge the possibilities to use wood on macro-scale in buildings and other 
demanding applications such as ships and vehicles in general. The results of the project will enhance 
the competitiveness of wood products compared to other non-renewable building materials that do not 
function as a CO2-storage. 
 
Fire retardant (FR) treatments may improve the fire performance of wood products considerably 
through reducing ignitability, rate of heat release and flame spread. Wood products treated with fire 
retardants can readily meet the highest requirements of combustible materials, i.e., their reaction-to-
fire performance is as high as e.g. that of coated gypsum boards, coated mineral wool and steel plates 
with coatings. 
 
Improving the fire performance is in principle a straightforward task comprising the generation of new 
chemicals and treatment procedures and testing the fire performance of the resulting products. In 
practise, however, the costs of such work are so high that any systematic R&D efforts may constitute a 
severe, if not excessive, burden to the mainly small and medium-sized companies in the field. 
 
In addition, the excellent fire performance of the virgin FR wood products may degrade with time, 
especially in outdoor applications. This is due to the fact that the chemicals used to generate the FR 
properties are water-soluble compounds most often based on phosphorous and/or boron containing 
compounds or mixtures of compounds. Thus, when exposed to high humidity, the FR chemicals may 
migrate in the wood towards the surface and may ultimately be leached out. Even at moderate outdoor 
humidities and indoors, the fire performance may deteriorate because the FR chemicals migrate away 
from the surface towards lower concentration regions deeper inside the material thus increasing 
flammability of the product. 
 
The durability of fire retardant treatments at humid conditions is closely linked to the water solubility 
of the chemicals used and may therefore be improved by chemical techniques. Improved humidity 
resistant fire retardant compounds are obtained by introducing chemicals lowering water solubility. A 
further improvement can be achieved with compounds based on polymeric resin systems, which can 
be used in all indoor and outdoor situations. Physical and structural modification methods may be less 
sensitive to the exposure conditions and thus more durable in different end-use conditions. 
 
According to the CORDIS database, two projects related to timber and fire has recently been 
performed on the European level at the start of the project:  
- HIFI, High Fire Performance Wood Products, a thematic network within the 5th framework 
consisting of 15 partners and co-ordinated by VTT, Finland. The purpose was the promotion of fire 
retarded wood products. The project was finalised in the spring 2002. One of the main achievements 
was the creation of a web site on the fire performance of wood products, www.fireretard.com. A 
continuation focusing on the further development of the web site has been formed as a European 
association among the initial and some new partners. 
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- MULTIWOOD, Multi-functional product for wood in exterior use against fire and wood decay. The 
project aims at developing a treatment that improves both the preservation and fire performance of 
wood in exterior applications and is being coordinated from Germany. The results are not public. 
 
Earlier (during 1990's) a number of research topics have been completed under EU funding. Most of 
those relevant for topics of this study have been specific product development projects (e.g. 
development of fire retarded particle board). 
 
A European Network on Fire Safe Use of Wood in Buildings, FSUW, was started in 2003. It includes 
partners from industry, research, building and fire authorities. It was initiated by Finnish and Swedish 
wood industrial and research organisations. The network has now permanent members from ten 
European countries and additional countries as observers. Recent network activities have been linked 
to the European wood industry initiative Roadmap 2010 Building With Wood. VTT and SP Trätek 
still play a central role. 
 
In the Nordic countries, a Nordic Wood project called Fire Safe Timber Buildings (Brandsäkra 
Trähus) co-ordinated by Trätek and with VTT as one of the main research partners was finalised in the 
autumn 2002. It has been run since the mid-90's with the aim to supply documentation and information 
on the safe use of timber in buildings. As a result, a Nordic design guide for light timber frame 
structures was published in 1999. An extended version 2, including also solid timber structures, was 
published in 2002. New design possibilities for timber buildings have been developed for load bearing 
and separating structures, detailing (fire stops within structures, ventilation openings and eaves, and 
attic separation), wooden facades, active fire protection, and risk assessment. In the later phase also 
fire load, natural fire development and use of wood visibly have been studied.  
 
Several smaller Nordic projects have been run during the recent years, mainly within Nordtest. They 
have focused on different aspects on fire retardant wood products, the durability of the fire 
performance, the risk for corrosion on metal fasteners in fire retardant wood products and on screening 
procedures for the production control of fire retardant wood products. Both VTT and Trätek have 
participated in all these Nordtest projects and have been coordinating some of these as well. 
 
Many national projects have been run recently, e g the Swedish project Residential sprinklers co-
ordinated by Trätek and the Finnish project on performance based codes co-ordinated by VTT.  
 
 
3.2 Objectives 
 
The following objectives were formulated when starting the InnoFireWood project: 
 
“The project will develop a new generation of innovative wood products whose main characteristics 
are substantial improvements in the fire performance with maintained eco-efficiency, durability and 
other properties of the original wood product. These new products will be obtained by modifying the 
wood by chemical, biochemical and physical means. Industrial relevance, sustainable production and 
end-use applications are in main focus. Such products will increase the competitiveness of wood 
products in relation to other building products. 
 
The project will thus contribute to frontier of knowledge in the field of high fire performance wood 
products with maintained eco-efficiency and sustainability. 
 
The project will also build a knowledge base by promoting core competence and multidisciplinary 
research. The transfer of new knowledge will be enhanced by networking between research and 
industry.” 
 
Objectives were also specified for the different sub-projects, see Chapter 4. 
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4. Introduction to the project 
 
4.1 Sub projects 
 
Four sub-projects were formed when starting the InnoFireWood project: 

1. Chemical and biochemical modification 
2. Physical modification and structural means 
3. Fire performance and classification 
4. Eco-efficiency and durability in end-uses 

Sub-project 1 has been focused on the development of new high fire performance wood products by in 
depth treatment with different types of chemicals. The chemicals have been chosen among those with 
a superior performance together with other materials e g natural and synthetic polymers. Some 
completely new ideas have also been explored. Biochemical modification has been applied as an 
innovative new route to create stable reaction to fire performance of solid wood products. 

Sub-project 2 has been focused on the development of high fire performance wood products by 
physical and structural means, e g by combining different materials as layers, by affecting the thermal 
properties, by optimising structural cross-sections and by including protective performance in the 
product itself. 

Sub-project 3 has been focused on demonstrating the fire performance of new types of wood 
based products by classification testing and by fire safety engineering means for large-scale 
performance. Both construction products for the building sector and for use in the transportation 
sector have been covered. 

Sub-project 4 has been focused on the durability of the improved fire performance in different end-use 
applications like interior and exterior use. Eco-efficiency aspects have been covered by controlling the 
additives used and by creating the principles for a new design methodology. 
 
4.2 Project partners 
 
The research partners are 
Finland: Researcher: Role: 
VTT Esko Mikkola Sub-project 2 and 3 leader 
 Tuula Hakkarainen  
 Kaisa Belloni  
Sweden:   
KTH Biotechnology Harry Brumer  
 Peter Piispanen  
SP Trätek / Wood technology Birgit Östman Project coordinator, Sub-project 1 and 4 leader 
 Lazaros Tsantaridis  
 
Industrial partners have been 
Finland: Company profile: Representative: 
Finnforest Manufacturer of wood products Jouni Hakkarainen 
PressoCenter Producer of FR formulations (SME) Bernt Hoffrén 
Stora Enso Manufacturer of wood products Johanna Kairi 
UPM Manufacturer of wood products Keijo Kolu, chairman 
Woodfocus R&D co-ordination for Finnish wood industries Pekka Nurro 
Sweden:   
Borealis Producer of polyolefins (FR formulations) Bernt-Åke Sultan 
Ingarps Träskydd Manufacturer of impregnated wood products Ulrik Lindgren 
Wacker-Chemie Producer of silane and silicone (FR 

formulations) 
Corné van Hamont 

WPT (new partner from 2005) Manufacturer of furfurylated wood products Stig Lande 
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Representatives from the governmental funding organisations have been 
Finland:  
Tekes  Ilmari Absetz and Juha Vaajoensuu 
Wood Wisdom Leena Paavilainen 
Sweden:  
Vinnova Eva Esping and Bengt Larsson 
 
The industry partners cover different sectors in the wood chain. They represent producers of main 
wood products on the Nordic and European market including manufacture of impregnated wood 
products. Manufacturers of fire retardant additives are represented, both by those producing chemicals 
for the wood sector and those with a wider range of chemicals that may be of potential use in wood 
products.  
 
The company size among the industrial partners varies from affiliates of large international 
corporations to small private entrepreneurial companies. 
 
 
4.3 Steering committee 
 
Members of the steering committee for the InnoFireWood project have been representatives from all 
partners, i e from industry, research the governmental funding organisations. Chairman of the steering 
committee has been Keijo Kolu, UPM  Kymmene, Finland. 
 
The industrial partners have set the goals, supervised the R&D work, performed company 
development and delivered different materials for further studies by the research partners. 
 
The steering committee has had six meetings, three in Finland and three in Sweden. 
 
 
The InnoFireWood project has been run for about two and a half years during 2004-2006. 
 
 
4.4 Reporting 
 
As a first step, the InnoFireWood project team produced a State of the art report [3] which is available 
at website www.vtt.fi/proj/innofirewood. The report covers present and future trends of wood products 
with improved fire performance, end-use applications, and techniques for improved fire performance 
of wood, the new European system for reaction to fire classification and tools for predicting the fire 
performance based on bench-scale testing. 
 
A separate Appendix to this final report with detailed test and modelling results is also available [4]. 
 
Further information on reporting from the InnoFireWood project is included in chapter 13. 
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5. Chemical modification 
 
5.1 Principles 
 
The general methodology employed has been to optimize the fire and the durability of the reaction to 
fire performance of prototype products. It includes impregnation with FR chemicals at several 
retention levels and then analyzing the fire and durability properties in terms of the retention levels. 

The initial fire properties of the new products are presented in this chapter together with their moisture 
content and hygroscopicity which are closely linked to their basic acceptance for interior applications 
according to the new Nordic system for durability of the reaction to fire performance in different end 
use applications [13]. 

The durability of the reaction to fire performance at exterior end use is described in Chapter 9. 
 
5.1.2 Fire performance 
The fire performance of the new products has been studied by testing in the cone calorimeter, ISO 
5660 [5] at the incident heat flux 50 kW/m2. Full scale fire performance and European fire 
classification have been predicted according to four models: 
 
- Trätek model [6]: The time to flashover in the room corner (R/C) test [7] is predicted based on 

cone calorimeter data at 50 kW/m2. 
- Branzfire model [8]: The heat release rate (HRR) in the R/C test is predicted based on cone 

calorimeter data at three heat flux levels or more. 
- VTT model [9]: The HRR and the test parameter FIGRA in the SBI test [25] is predicted based on 

cone calorimeter data at 50 kW/m2. 
- Rule of thumb, see Chapter 8.3.1: Euroclass is predicted based on time to ignition and HRR in the 

cone calorimeter at the incident heat flux 50 kW/m2. 
 
The Euroclasses A1-E are defined in EN 13501-1 [10], see Chapter 8.1. The highest possible class for 
combustible products like wood is class B. Untreated wood usually fulfils class D. 

 
 
 
 
 

 

RHR
CO2, CO
FLOW RATE (mass & volume)
SMOKE PRODUCTION
TEMPERATURE RISE ∆T

SPECIMEN

PROPANE 
BURNER

NON-
COMBUSTIBLE

BOARD

EXHAUST GASES

ENCLOSURE

ISO 5660, Cone calorimeter, 
 sample size  100 x 100 mm 

EN 13823, SBI test,  
sample size  1500 x 1500 mm 

 
Figure 5.1. Fire test methods used experimentally and for predictions. 
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5.1.3  Hygroscopicity for interior end use  
Fire retardants for wood are often hygroscopic and FR treated wood products then get higher moisture 
content than untreated wood. High moisture content may lead to migration of the fire retardant 
chemicals within the wood product and salt crystallisation on the product surface. These hygroscopic 
properties of the FR treated wood products can be evaluated by measuring the moisture content at 
exposure to high relative humidity. 
 
A new Nordic system with Durability of Reaction to Fire performance (DRF) classes has been 
developed in order to guide the potential users to find suitable FRT wood products, see Chapter 9. It 
consists of a system with classes for the hygroscopic and durability properties of FRT wood and refers 
to suitable test procedures [11,12]. It is being published as a Nordtest Method [13]. Classes for interior 
and exterior building applications are defined: 
 

√ DRF class Int for interior applications (moisture content below 30 % in the humid climate) 
√ DRF class Ext for exterior applications (maintained reaction to fire performance after ageing) 

 
The need for these DRF classes is mainly pronounced for chemically and biochemically modified 
wood products, while physical modification is not expected to result in change of hygroscopic 
properties. However, for exterior applications, the maintained reaction to fire performance has to be 
verified also for physically modified wood products. 
 
The hygroscopicity for the new FRT wood products has been determined according to NT Build 504 
[11]. The method includes the calculation of equilibrium moisture content at two climates, 50 % RH at 
23 oC and 90 % RH at 27 oC. The requirement for DRF class Int is moisture content below 30 % in the 
humid climate. Ordinary untreated wood has moisture content below 20 % in the same climate. 
 
In addition, no visible salt crystallisation at the wood surface or exudation of liquid is allowed during 
the conditioning in the wet climate for reaching any DRF class [13]. 
 

 

 
Wet climate Drying 

Figure 5.2. Hygroscopicity tests used experimentally (NT Build 504) 
The FR wood samples have to be conditioned in aluminium bowls in the wet climate in order to collect 
possible exudation of liquids. 
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5.2 Solid wood panelling products 
 
5.2.1 Chemicals and impregnation of solid wood panelling products 
Several types of chemicals have been chosen among those with indications of superior fire 
performance based on literature studies and earlier experience. Some new innovative ideas have also 
been explored. The basic principle has been to choose chemicals with an environmentally safe profile 
and to check all available information. Halogenated compounds have been completely avoided. The 
chemicals have been applied by vacuum pressure impregnation of pine sapwood and at three different 
retention levels in order to study the influence of amount of chemicals added. 
 
Pine sapwood has a uniform permeability and has therefore been chosen for impregnations of the solid 
wood panelling products. The aim has been to study and compare the different chemical modifications 
and to minimise the influence of the wood material itself. Successful chemicals can then be used for 
other wood species and similar retention levels are expected to be useful. 
 
Two main series of impregnations have been included for solid wood panelling products. The 
chemicals included are summarized in Tables 5.1 and 5.2, usually impregnated at three concentrations. 
 
The first series included two steps, first a step with evaluation of fire and hygroscopicity properties, 
then a second step for evaluating the durability of reaction to fire properties at exterior applications 
(see Chapter 9).  
 
The second series of chemicals were chosen among those with a high potential of improved durability 
of fire performance at humid and exterior conditions, either by fixation of the chemicals by heat or by 
using non-water soluble chemicals. The second series of chemicals have not yet been evaluated for the 
durability of reaction to fire properties at exterior applications. 
 
Most are commercial chemicals, but usually not applied for wood products or not as fire retardants. 
 
The pressure impregnations have been performed with vacuum at - 92 kPa for 30 minutes followed by 
pressure at 1,0 MPa for 120 minutes. 
 
Wood thickness has been 20-21 mm and width 100 mm.  
 
All wood pieces have been weighed before and after the impregnation and after the conditioning at 50 
% RH at 23 oC . The remaining weight of FR chemicals in the wood product has been calculated. 
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Table 5.1. Chemicals used for impregnations and data for impregnated pine sapwood 
First series 

Product Chemicals used Impregnated 
wood 

Nr ID Name 
(Producer) 

Chemical type Comments Liquid 
conc. 

% 

Mean 
FR  

kg/m3 

Density 
kg/m3 

0 - - -  - - 542 
1 BS BSM 2000 

(PressoCenter) 
Inorganic salts with 
additives 

FR, used for surface 
treatment of wood 

44 347 830 

2 -“- -“- -“- -“- 30 219 715 
3 -“- -“- -“- -“- 15 107 640 
4 FP Flame Proof Inorganic salts 

(control) 
Old, hygroscopic 
chemical  

30 228 670 

5 -“- -“- -“- -“- 20 139 660 
6 -“- -“- -“- -“- 10 71 570 
7 DQ Dequest 2010 

(Solutia) 
Phosphonate (HEDP) Used for cooling water 

treatment 
60 1) 290 875 

8 -“- -“- -“- -“- 40 1) 181 710 
9 -“- -“- -“- -“- 20 1) 89 570 
10 BH Bayhibit AM 

(Bayer) 
Organic phosphorus 
acid (PBTC) 

Used as corrosion 
inhibitor and 
dispersion agent 

50 1) 236 790 

11 -“- -“- -“- -“- 33 1) 154 670 
12 -“- -“- -“- -“- 20 1) 87 635 
13 MA Masteret 80450 

(Italmatch) 
Water dispersion of 
red phosphorus  

Slurry, used for 
synthetic polymers 

50 216 585 

14 SI-2 AK 100  
(Wacker) 

Silioxan (not water 
soluble) 

Possible binder for FR 
chemicals, used for 
synthetic polymers 

100 368 850 

15 SI-4 AK 10000 -“- -“- 100 2) 84 625 
16 FF Fyrolflex RDP  

(Akzo Nobel) 
Resorcinol phosphate 
(not water soluble) 

Used for synthetic 
polymers 

100 2)   169 657 

17 -“- -“- -“- -“- 100 2) 145  
18 -“- -“- -“- -“- 100 2)   92 647 
19 PhF Phosflex 71-B 

(Akzo Nobel) 
Triphenyl phosphate 
(not water soluble) 

Used for synthetic 
polymers 

  667 1007 

20 -“- -“- -“- -“- 100 2) 563  
21 -“- -“- -“- -“- 100 2)   413 826 
22 BZ-15 Bindizil 15/500 

(EKA Chem) 
Silica sol Used in paper process 15 2) 282 494 

23 -“- -“- -“- -“- 15 2) 142 470 
24 -“- -“- -“- -“- 15 2) 78 520 
25 BZ-40 Bindizil 40/170 -“- -“- 40 2) 191 507 
26 -“- -“- -“- -“- 40 2) 113 469 
 
27 

-“- -“- -“- -“- 40 2) 67 558 

28 BZ-30 Bindizil 30/220 -“- -“- 30 2) 229 544 
29 -“- -“- -“- -“- 30 2) 128  
30 -“- -“- -“- -“- 30 2) 75 531 
46 FAB - Furfuryl alcohol (not 

FR chemical) 
Possible binder for FR 
chemicals 

not 
relevant 

- 820 

51 MV  FireGuard  
(Moelven) 

Phosphorus based Commercially impreg 
(wood specie  not known) 

not known not 
known 

607 

1)   before neutralisation with ammonia;   
2)  different pressures applied at impregnation in order to reach different retention levels 
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Table 5.2. Chemicals used for impregnations and data for impregnated pine sapwood 

Second series 
 Chemicals used Impregnated 

wood 
Nr Name 

(Producer) 
Chemical type Liquid 

conc 
% 

Solvent Fixation 
conditions 

Mean 
FR 

kg/m3 

Density 
kg/m3 

NF-1 Novaflam TP1 
(Allinova) 

Organo 
phosphonic acid 

45 water 120 oC  
5 h 

206 618 

NF-2 -”- -”- 30 -”- -”- 226 711 
NF-3 -”- -”- 15 -”- -”- 115 541 
 
 

       

AF-1 Addiflam R.SP31 
(CTF 2000) 

Phosphorus and 
nitrogen based 

48 water 150 oC 
45 min 

251 677 

AF-2 -”- -”- 30 -”- -”- 223 659 
AF-3 -”- -”- 15 -”- -”- 120 560 
 
 

       

DF-1 Disflamoll DKP 
(Lanxess) 

Cresyl diphenyl 
phosphate 
(CDP) 

100 - - 556 1152 

DF-2 -”- -”- 50 ethanol - 232 824 
DF-3 -”- -”- 25 -”- - 125 629 
 
 

       

LG-1 Levagard DMPP 
(Lanxess) 

Dimethyl 
propane 
phosphonate 
(DMPP) 

100 - - 536 623 

LG-2 -”- -”- 50 ethanol - 224 673 
LG-3 -”- -”- 25 -”- - 114 614 
NS-1 Nanosilica [14] Tetraethyl 

orthosilicate 
100 ethanol - 619 680 

NS-2 -”- -”- 50 -”- - 292 591 
NS-3 -”- -”- 25 -”- - 139 549 
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5.2.2 Initial fire performance of solid wood panelling products 
The predicted fire performance of all treatments as a function of the retention level is illustrated in 
Figure 5.3.  All cone calorimeter data are presented per FR treatment in Figure 5.5 and 5.6. 
 
A summary of all fire and hygroscopic test data is given in Tables 5.3 and 5.4. 
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Figure 5.3. Fire performance vs retention for FRT and untreated pine sapwood.  
Two models for predicting the fire performance have been used: 

above Predicted time to flashover [6] and below Rule of thumb approach, see chapter 8.3.1 
First series to the left and second series to the right. 

 
 
Both prediction models rank the different treatments in the same way, but the Rule of thumb approach 
seems to predict somewhat higher fire classification. 
 
The best fire performance was found for FR treatments with Flame Proof (FP), Dequest (DQ), 
Bayhibit (BH) and BSM 2000 (BS) in the first series and for Addiflam (AF) and Novaflam (NF) in the 
second series. Addiflam showed high performance at all retention levels, but needs further 
development to decrease its hygroscopicity.  
 
The other treatments had no or minimal effect on the fire performance. 
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5.2.3  Hygroscopicity of FR treated solid wood panelling products 
The hygroscopicity of all treatments as a function of the retention level is illustrated in Figure 5.4.  
Individual data for the different treatments are given in Tables 5.3 and 5.4. 
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Figure 5.4. Moisture content at high RH vs retention for FRT and for untreated pine sapwood. 
First series to the left and second series to the right. 

 
Low hygroscopicity was found for Dequest (DQ), Masterret (MA), Siloxan (SI), Fyrolflex RDP (FF), 
Phosflex 71-B (PhF) in the first series and for Novaflam (NF), Disflamoll DKP (DF) and Levagard 
DMPP (LG) in the second series. The other treatments showed increasing hygroscopicity with 
increased retention level of the FR chemicals. 
  
 
5.2.4  Optimisation of fire and hygroscopicity properties for FR treated solid wood panelling 
It is obvious that the retention level of FR chemicals is decisive for the fire performance of FRT wood 
products. Rapid increase in fire performance is found for some FR chemicals, while others do not 
influence the fire performance at all.  
 
A similar pattern is found with increased moisture content with increased retentions of FR chemicals, 
but high moisture content means risk for not fulfilling DRF class Int. On the other hand, some of the 
less effective FR chemicals have very low moisture content.  
 
An optimisation between fire performance and durability of the reaction to fire performance has to be 
applied in these cases. FR treatments with both high fire performance and low hygroscopicity are 
needed in order to reach DRF class Int. 
 
A system for the analysis of fire performance and hygroscopicity has been developed in a matrix 
format, see Figure 5.7, in which the moisture content at high relative humidity is given vs predicted 
fire performance. All data for the FR treatments are analysed at the same retention level. Untreated 
wood is included as a reference and goal for the moisture content of the FR products. 
 
The products fulfilling both fire and hygroscopicity requirement and thus reaching DRF class Int are 
mainly Dequest (DQ) and Novaflam (NF). However, at least one of the treatments in the second series 
with excellent fire performance, Addiflam (AF), may reach DRF class Int with further improvements 
in the fixing process to improve its hygroscopicity performance. 
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Table 5.3. Initial fire performance and hygroscopicity (DRF class Int) for solid pine sapwood 
First series 

Initial fire properties Hygroscopicity 

Cone calorimeter 
data 

Time to 
flashover 

(R/C) 
predicted, min 

Euroclass, 
predicted 

Moisture content, 
% 
at 

 
 
Nr 

 
 
ID 

 
 
FR 
kg/
m3 

Time 
to ign, 

s 

RHR
max 

kW/m2 

THR 
MJ/m2 

Trätek 
model 

Branz 
fire 

model 

Trätek 
model 

Branz 
fire 

model 

VTT 
model 

Rule 
of 

thumb 

50 % 
RH, 

23 °C 

90 % 
RH, 

27 °C 

MC 
req. 
fulf. 

 
 

DRF 
class 
Int 
** 

0 - - 15 177 126 2,2 - D D D - 10,8 17,3 - - 
1 BS 347 No - - > 20 > 20 B B B B 9,6 47,0* No No 
2 -“- 219 70 118 80 10,7 - C C/B B C 6,9 33.4* No No 
3 -“- 107 21 132 86 4,3 - D D D/C C 10,5 26,4 Yes (No) 
4 FP 228 No - - > 20 > 20 B B B B 11,3 57,3* No No 
5 -“- 139 No - - >20 > 20 B B B B 12,0 41,6* No No 
6 -“- 71 863 61 19 14,8 - C C/B B B 12,7 32,2 No No 
7 DQ 290 No - - > 20 > 20 B B B B 7,7 16,4 Yes Yes 
8 -“- 181 No - - >20 > 20 B B B B 10,0 20,7 Yes Yes 
9 -“- 89 930 67 14 13,9 - C C/B B B 11,3 21,7 Yes Yes 
10 BH 236 No - - > 20 > 20 B B B B 18,1 43,6* No No 
11 -“- 154 1138 68 16 15,3 - C C/B B B 17,7 38,8* No No 
12 -“- 87 25 101 63 5,4 - D D D/C C 12,7 26,8 Yes (No) 
13 MA 216 55 193 100 3,1 2,7 D D D D 11,3 18,9 Yes No 
14 SI-2 368 31 240 211 2,9 - D D D D 18,7 22,2 Yes No 
15 SI-4 84 25 244 128 2,3 - D D D D 10,0 15,6 Yes No 
16 FF 169 22 235 99 2,7 - D D D D 8,5 13,8 Yes No 
17 -“- 145 - - - - - - - - - 8,5 14,1 Yes - 
18 -“- 92 25 260 129 2,7 - D D D D 9,2 15,0 Yes No 
19 PhF 667 17 - - - - D D D D 3,6 5,8* (Yes) No 
20 -“- 563 - - - - - - - - - 3,9 6,6* (Yes) - 
21 -“- 413 16 - - - - D D D D 6,3 10,1* (Yes) No 

22 BZ-
15 282 18 189 113 2,2 - D D D D 10,2 17,6 Yes No 

23 -“- 142     - - - - - 10,3 17,6 Yes - 
24 -“- 78 17 166 104 2,5 - D D D C 10,3 17,1 Yes No 

25 BZ-
40 191 20 182 107 2,4 - D D D D 10,0 17,4 Yes No 

26 -“- 113     - - - - - 9,9 17,1 Yes - 
27 -“- 67 23 192 104 2,9 - D D D D 10,4 17,2 Yes No 

28 BZ-
30 229 21 157 119 2,6 - D D D C 10,7 17,5 Yes No 

29 -“- 128     - - - - - 10,4 17,4 Yes - 
30 -“- 75 18 164 102 2,4 - D D D C 10,1 16,8 Yes No 

46  FA
B - 23 295 157 2,9 - D D D C - - - No 

52  MV
R 

not 
kno
wn 

25 78 22 > 20 > 20 B B B B - - - (Yes) 

RHRmax     Rate of Heat Release, peak 
THR  Total Heat Release, during burning period (i.e. from ignition to end of test) 
R/C Room Corner test (ISO 9705) 
*   Salt crystallisation on wood surface and/or exudation of liquid at conditioning 
** DRF class Int includes both fire class (B or C) and low moisture content at high RH (< 30 %) 
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Figure 5.5. Rate of Heat Release, RHR, vs time for FR treatments (all at three retention levels) and 
untreated solid pine sapwood. First series. 
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Table 5.4. Initial fire performance and hygroscopicity (DRF class Int) for solid pine sapwood 
Second series 

Product Initial fire properties Hygroscopicity 
Cone calorimeter 

data 
Time to 

flashover 
(R/C) 

predicted, 
min 

Euroclass, 
predicted 

Moisture content, 
% 
at 

Nr FR  
kg/m3 

Time to 
ign, s 

RHR 
max 

kW/m2 

THR 
 

MJ/m2 

Trätek 
model 

Branz 
fire 

model 

Trätek 
model 

Branz 
fire 

model 

VTT 
model 

Rule 
of 

thumb 

50 % 
RH, 
23 
°C 

90 % 
RH, 
27 
°C 

MC 
req. 
fulf. 

 
 
 

DRF 
class 
Int  
** 

0 - 15 177 126 2,2 - D D D C 10,8 17,3 - - 
NF-1 206 22 104 49 7,8 - C C/B C/B C 6,9 18,3 Yes Yes 
NF-2 226 95 60 47 13,8 - C C/B B B 7,5 21,4 Yes Yes 
NF-3 115 16 118 56 3,1 - D D D C 6,7 22,0 Yes No 
AF-1 251 1473 47 7 > 20 > 20 B B B B 14,0 54,7* No No 
AF-2 223 1543 20 3 > 20 > 20 B B B B 14,8 61,8* No No 
AF-3 120 265 36 22 > 20 > 20 B B B B 10,0 35,1 No No 
DF-1 556 20 269 274 3,5 - D D D D 3.2 6,6 Yes No 
DF-2 232 17 218 214 2,6 - D D D D 7,3 10,9 Yes No 
DF-3 125 17 196 148 2,2 - D D D D 6,9 13,2 Yes No 
LG-

1 536 18 234 172 1,9 - D D D D 26,4 34,5 No No 
LG-

2 224 21 225 167 2,1 - D D D D 15,6 24,0 Yes No 
LG-

3 114 20 212 138 2,2 - D D D D 9,7 18,7 Yes No 
NS-1 619 18 222 175 2,2 - D D D D 11,7 18,0 Yes No 
NS-2 292 19 201 138 2,2 - D D D D 10,2 17,1 Yes No 
NS-3 139 18 191 125 2,2 - D D D D 9,7 17,5 Yes No 
RHRmax     Rate of Heat Release, peak 
THR  Total Heat Release, during burning period (i.e. from ignition to end of test) 
R/C Room Corner test (ISO 9705) 
 
*   Salt crystallisation on wood surface and/or exudation of liquid at conditioning (only minor for NF) 
** DRF class Int includes both fire class (B or C) and low moisture content at high RH (< 30 %) 
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Figure 5.6.  
Rate of Heat Release, RHR, vs time for FR 
treatments (all at three retention levels) and 
untreated solid pine sapwood. Second series. 
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Figure 5.7.  
Fire performance in relation to hygroscopicity (moisture content at high RH)  for first and second 
series of solid wood panelling products.  
Two models for predicting the fire performance have been used: 
above Predicted time to flashover [6] and 
 below RHRmax according to the Rule of thumb approach (time to ignition is another parameter used), 
see Chapter 8.3.1. 
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5.3. Thermally modified timber and furfurylated wood products 
 
5.3.1 FR treatments 
Thermally modified timber and furfurylated wood have been FR treated. The FR treatment has been 
performed both before and after the heat and furfurylation treatments. However, the first series with 
heat treatment of FR wood resulted in a severe charring and degradation of the FRT wood during the 
heat treatment, see Figure 5.8. No products could be tested. A second series was then prepared by heat 
treatment first, followed by FR impregnations. 
 

  
Figure 5.8. FRT wood after heat treatment. Only untreated wood was not charred. 

 
For furfurylated wood, both paths have been used. In all cases, three FR chemicals were used, see 
Table 5.5. Only chemicals with promising performance for the solid wood panelling studies were 
chosen. Spruce was used for the thermally modified timber samples. 
 
Table 5.5. FR treatments for the thermally modified timber and furfurylated wood products  

Products FR chemicals Comments Impregnated 
wood 

Nr Wood product Chemicals Liquid 
conc 

% 

 Mean 
FR  

kg/m3 

Density 
kg/m3 

TW-0 Thermally 
modified timber, 
spruce 

- - - - 371 

TW-BSM -”- BSM 2000 44 FR impregnation 
after heat treatment 

63 442 

TW-DQ -”- Dequest 40 -”- 110 503 
TW-BH -”- Bayhibit 50 -”- 108 547 
W0-BSM FR pine sapwood 

(for furfurylation) 
BSM 2000 44 FR impregnation 

before furfurylation 
336 736 

W0-DQ -”- Dequest 40 -”- 188 554 
W0-BH -”- Bayhibit 50 -”- 195 768 
WK-0 Furfurylated wood, 

Kebony 
- - - - 744 

WK-BSM -”- BSM 2000 44 FR impregnation 
after furfurylation 

115 976 

WK-DQ -”- Dequest 40 -”- 48 723 
WK-BH -”- Bayhibit 50 -”- 66 702 
WV-0 Furfurylated wood, 

Visor 
- - - - 521 

WV-BSM -”- BSM 2000 44 FR impregnation 
after furfurylation 

63 575 

WV-DQ -”- Dequest 40 -”- 59 757 
WV-BH -”- Bayhibit 50 -”- 74 597 
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5.3.2 Fire performance and hygroscopicity results 
All fire and hygroscopicity data for thermally modified timber and furfurylated wood are presented in 
Table 5.6.  The different product types have then been analysed separately. Thermally modified timber 
wood products are presented in Figures 5.9 and 5.10. Furfurylated wood products are presented in 
Figures 5.11 and 5.12. 
 
Table 5.6. Initial fire performance and hygroscopicity for thermally modified timber and furfurylated 
wood products  

Initial fire properties Hygroscopicity 

Cone calorimeter 
data 

Time to 
flashover 

(R/C) 
predicted, 

min 

Euroclass, 
predicted 

Moisture content, %
at 

 
 
Nr 

 
 

FR  
kg/
m3 

Time 
to 

ign, 
s 

RHR
max 
kW/
m2 

THR 
MJ/m2 

Trä-
tek 

model 

Branz 
fire 

model 

Trä-
tek 

model 

Branz 
fire 

model 

VTT 
model 

Rule 
of 

thumb 

50 % 
RH, 23 

°C 

90 % 
RH, 27 

°C 

MC 
req. 
fulf. 

 
 

DRF 
class 
Int 
** 

TW-0 - 14 165 68 1,9  D D D D 6,7 14,2 - - 
TW-BSM 63 31 84 64 3,6 - D D D C 6.3 29,5 Yes (No) 
TW-DQ 110 125 51 41 9,5 - C C B B 9,2 30,4* (No) (No) 
TW-BH 108 108 56 56 7,6 - C C C/B B 14,0 41,9* No No 

               
W0 - 15 177 126 2,2 - D D D - 10,8 17,3 - - 

W0-BSM 336 43 102 96 8,3 - C C C/B C 9,2 36,2* No No 

W0-DQ 188 1140/ 
No 53/- 3/- > 20 > 20 B B B B 9,6 24,4 Yes Yes 

W0-BH 195 510 66 48 17,6 - C C/B B B 9,7 27,9* (Yes) (Yes) 
               

WK-0 - 29 267 121 3,4  D D D D 7,7 13,0 - - 
WK-BSM 115 93 308 136 11,7 - C C B D 7,8 23,2* (Yes) (Yes) 
WK-DQ 48 73 139 85 7,7 - C C C/B C 8,3 16,8 Yes Yes 
WK-BH 66 36 223 113 4,6 - D D D D 9,1 20,5* (Yes) No 

               
WV-0 - 19 234 108 2.4  D D D D 9,0 15,3 - - 

WV-BSM 63 19 167 95 3,2  D D D C 7,5 34,5* No No 
WV-DQ 59 163 114 96 > 20 > 20 B B B C 8,0 19,5 Yes Yes 
WV-BH 74 16 131 137 3,3 - D D D C 9,6 23,5* (Yes) (No) 

RHRmax     Rate of Heat Release, peak 
THR  Total Heat Release, during burning period (i.e. from ignition to end of test) 
R/C Room Corner test (ISO 9705) 
 
*   Salt crystallisation on wood surface and/or exudation of liquid at conditioning  
      (easy to observe at the dark surfaces of these products) 

** DRF class Int includes both fire class (B or C) and low moisture content at high RH (< 30 %) 
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Figure 5.9. Rate of Heat Release, RHR, vs time for thermally modified timber (Thermowood) (spruce) 

with and without different FR treatments 
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Figure 5.10.  
Comparison of FR treatments of thermally 
modified timber (spruce) and ordinary pine 
sapwood. Three chemicals at similar retention 
levels are compared. 
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Figure 5.11.  
Rate of Heat Release, RHR, vs time for 
furfurylated wood (Kebony and Visor) with and 
without different FR treatments.  
Left: for FR treatments before furfurylation  
Below: after furfurylation.   
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Figure 5.12.  
Comparison of FR treatments of furfurylated 
wood (Kebony and Visor) and ordinary pine 
sapwood. Three chemicals at similar retention 
levels are compared.  
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5.3.3 Optimisation of fire and hygroscopicity for thermally modified timber and furfurylated 
wood products 
The optimisation of FR treatments of thermally modified timber and furfurylated wood products has 
been evaluated in the same way as for FR treated ordinary wood, see Figure 5.13. The FR treatments 
with Dequest (DQ) showed the best performance and in some cases also with Bayhibit (BH) and 
BSM. However, slightly higher moisture contents were obtained than for FR treated ordinary wood. 
Some salt crystallisations were observed, but may depend on the dark surface of these products. 
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Figure 5.13.  
Fire performance in relation to hygroscopicity (moisture content at high RH)  for thermally modified 
timber and furfurylated wood products. 
Two models for predicting the fire performance have been used: 
above Predicted time to flashover [6] and 
 below RHRmax according to the Rule of thumb approach (time to ignition is another parameter used), 
see Chapter 8.3.1. 
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5.4 Plywood 
 
FR treated plywood has been manufactured in laboratory scale. Fire and hygroscopic properties have 
been evaluated. Two main approaches have been applied, separately and in combination:  
− glue between veneers has been mixed with different types of mainly solid fire retardants, including 

some with promising performance in the solid wood panelling studies  
− surface veneer has been FR treated or in some cases very thin (0,5 mm) and untreated.  
 
In addition, an interlayer of aluminium foil has been used in combination with FR treated veneers in 
order to supplement the data with aluminium foil presented in Chapter 7.  
 
Birch veneers, about 1,5 and 0,5 mm thick, have been used and 3-layer plywood laboratory 
manufactured.  The FR treatments of plywood are detailed in Table 5.7. The fire performance results 
are illustrated in Figures 5.14 to 5.16.  
 
The results show that improvements in the fire performance occur only when the surface veneer is FR 
treated and only with two of the FR treatments, Dequest (DQ) and Bayhibit (BH). However, the 
improvement is still not sufficient to reach Euroclass B or C. FR additions in the glue do not have 
sufficient effect, not even if the veneer is very thin, about 0,5 mm.  
 
Initial trials with combinations of FR treated veneer and Al foil show not much improvements, see 
Figure 5.17, but the adhesion of the top veneer was not sufficient, so this possibility has to be further 
investigated. 
 
5.5 Wood veneers on non-combustible substrates 
 
Untreated and FR treated wood veneers have been glued to a non-combustible substrate (12 mm, 1050 
kg/m2) in order to more easily distinguish between the different veneers and treatments. Results are 
presented in Table 5.8 and Figure 5.18. 
 

Table 5.8. FR treatments glued on non-combustible board 
Surface veneer  

Untreated Impregnated 
Ordinary 

1,5 mm 
Thin  
0,5 mm 

DQ BH CP 
(Ciba) 

PBS
(Ciba)

x - - - - - 
- x - - - - 
- - x - - - 
- - - x - - 
- - - - x - 
- - - - - x 

 
The results show that only two FR treated veneers obtain improved fire performance, Dequest (DQ) 
and Bayhibit (BH). The others were more similar to the untreated veneers. However, very thin 0,5 mm 
veneers exhibited narrow RHR peaks that might be sufficient for reaching Euroclass B or C. 
 
The experience on fire performance of building panels with wood surface has also been revisited [15]. 
Such panels may consist of a wooden veneer on a non-combustible substrate. The choice of a high 
density substrate is most important for the fire classification. The veneer thickness, about 0,5 mm and 
the top lacquer have also considerable importance, while the adhesive and the wood species seem to be 
of minor importance.  
 
With very thin veneers and limited combustibles from top lacquer and adhesive, even Euroclass A2 
might be reached, which is the classification for paper-faced gypsum boards.
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Table 5.7.  FR treatments of plywood incl hygroscopic data 
Surface veneer Hygroscopicity Glue addition 

Un-
treated 

Impregnated Moisture content, 
%,  at 

Nr PF 
glue 
g/m2  

Additive to 
glue 

g/m2 1,5 
mm 

0,5 
mm 

DQ BH CP 
 

PB
S  

Fire 
perf.  
im-

proved 50% 
RH, 

23 °C 

90 % 
RH, 

27 °C 

MC 
req. 
fulf. 

DRF 
class 
Int  
** 

O1/2    x - - - - - - 9,3 22,0 Yes - 
AH1    x - - - - - No - - - No 
AH2 200 -”- 200 x - - - - - No 7,4 18,2 Yes No 
D1 200 Disflammol DPK 200 - x - - - - No 7,4 18,0 Yes No 
D2 400 -”- 400 - x - - - - No - - - No 
L1 200 Levagard DMPP 200 - x - - - - No 9,7 20,4 Yes No 
L2 400 -”- 400 - x - - - - No    No 
R1 200 Masterret 8045 

(red phosphorous 
dispersion) 

200 x - - - - - - 8,5 18,8 Yes No 

R2 400 -”- 400 x - - - - - No - - - No 
R7 400 -”- 400 - x - - - - No - - - No 
V2 400 Melagard 

(melamine borate) 
20 x - - - - - No 9,3 21,6 Yes No 

V3 400 -”- 20 - - x - - - Yes - - - No 
V4 400 -”- 20 - - - x - - Yes - - - No 
V7 400 -”- 20 - x - - - - No - - - No 
S1 200 AK 100 200 x - - - - - No 8,0 15,4 Yes No 
S2 400 -”- 400 x - - - - - No 8,4 15,8 Yes No 
S2+ 400 AK 100 + chalk 400+ 

100 
x - - - - - No 8,0 15,4 Yes No 

S7 400 -”- 400 - x - - - - No - - - No 
S8 400 AK 100 + chalk 400+ 

100 
- x - -   No - - - No 

S13 200 AK 100 200 - - x - - - Yes - - - No 
S14 200 -”- 200 - - - x - - Yes - - - No 
S17 200 -”- 200 - x - - - - No - - - No 
T1 200 AK 100 00 200 x - - - - - No 8,0 15,7 Yes No 
T2 400 -”- 400 x - - - - - No 8,3 15,9 Yes No 
T2+ 400 AK 100 00 + 

chalk 
400+ 
100 

x - - - - - No 7,8 15,2 Yes No 

T7 400 AK 100 00 400 - x - - - - No - - - No 
T8 400 AK 100 00 + 

chalk 
400+ 
100 

- x - - - - No - - - No 

M1 200 AK 100 00 00 200 x - - - - - No 7,9 18,2 Yes No 
M2 400 -”- 400 x - - - - - No - - - No 
M2+ 400 AK 100 00 00 + 

chalk 
400+ 
100 

x - - - - - No - - - No 

O5 200 - - - - - - x - No 8,2 20,9 Yes No 
O6 200 - - - - - - - x No 8,7 22,3 Yes No 
OF1 200 - - - - x - - - Yes 8,8 23,8 Yes No 
OF2 200 - - - - - x - - Yes 11,9 34,2 No No 
OF5 200 - - - x - - - - No 9,1 21,3 Yes No 
Al- 0 200 Al foil, 50 µm - x - - - - - No - - - No 
Al -1 200 -”- - - x - - - - No - - - No 
Al -2 200 -”- - - - x - - - No - - - No 
** DRF class Int includes both fire class (B or C) and low moisture content at high RH (< 30 %) 
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Figure 5.14. Fire performance of FR plywood samples according to the cone calorimeter at 50 kW/m2. 
Untreated surface veneers and FR additives in the glue. All data for 200 g glue/m2. 
Similar trends were obtained at 400 g glue/m2, see Figure 5.15. 
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Figure 5.15. Fire performance of FR plywood samples according to the cone calorimeter at 50 
kW/m2. Untreated surface veneers and FR additives in the glue. All data for 400 g glue/m2. 
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Figure 5.16. Fire performance of FR plywood samples according to the cone calorimeter at 50 
kW/m2.  FR treated surface veneers and without additives in the glue. Data for both 200  and 400 g 
glue/m2. 
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Figure 5.17.  
Fire performance of FR plywood samples according to the cone calorimeter at 50 kW/m2.  Untreated 
and FR treated surface veneers in combination with Al foil (50 µm) and without additives in the glue. 
Data for 200 g glue/m2. 
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Figure 5.18.  
Fire performance according to the cone calorimeter at 50 kW/m2 of different veneers glued to a non-
combustible substrate.  
 



 34

5.6 Summary for chemical modification  
 
Several types of chemicals have been applied by vacuum pressure impregnation into solid wood 
panelling products, thermally modified timber and furfurylated wood products. For plywood two 
routes have been employed, addition of fire retardants to the glue and FRT top veneers, separately and 
in combination. Finally, different wood veneers have been attached to a non-combustible substrate to 
create a wood surface with high fire performance properties. 
 
The fire performance of the new products has been studied by testing in the cone calorimeter (ISO 
5660). Full scale performance and fire classification have been predicted by four models. The new 
Nordic system with Durability of Reaction to Fire performance (DRF) classes has been implemented 
in order to obtain products suitable for sustainable end use in buildings.  
 
Key results on chemical modification include: 
• The new FR products had either improved fire performance (predicted Euroclass B or C) or 

maintained low moisture content at high RH (< 30 %).  
• Few products fulfilled both criteria, which is needed for reaching DRF class Int for interior 

building applications.  
• An optimization matrix for evaluating the fire and moisture sensitivity properties of FR wood 

products has been developed. 
• Mainly FR wood products with high moisture content showed salt crystallisation at surface and/or 

exudation of liquids at conditioning in the wet climate. 
• Two FR treatments have been superior: Dequest at all retention levels studied and Novaflam at the 

higher retention levels studied.  
• Thermally modified timber may be FR treated after, but not before, the heat treatment and 

Euroclass B may be reached.  
• Furfurylated wood may be FR treated either before or after the furfurylation and Euroclass B may 

be reached.  
• Plywood obtained improved fire performance only when the surface veneer is FR treated and only 

with a few FR treatments. FR additions in the glue did not obtain sufficient effect, not even if the 
veneer is very thin, about 0,5 mm.  

• Fire rated building panels with wood surface may consist of a wooden veneer on a non-
combustible substrate. The choice of a high density substrate is most important for the fire 
classification. The veneer thickness, about 0,5 mm, and the top lacquer have also considerable 
importance, while the adhesive and the wood species seem to be of minor importance.  

• With very thin veneers and limited combustibles from top lacquer and adhesive, even Euroclass 
A2 might be reached, which is the classification for paper-faced gypsum boards. 

• The models used to predict the full scale fire behaviour and fire classification of chemically 
modified wood have different features, the Trätek model being most conservative and the new 
Rule of thumb approach most liberal. However, narrow peaks sometimes make predicting 
difficult. 

 
Suggestions for further work on chemical modification: 
o Fixing procedures for some of the FR chemicals with superior fire properties, e g Addiflam, 

should be further developed to decrease its hygroscopicity. 
o FR chemicals that need heat treatment to be fixed should be studied for thermally modified timber 

and furfurylated wood in order to improve the exterior durability of fire performance. 
o A combination of physical and chemical modification of plywood should be further studied by 

introducing a FR surface veneer on top of an Al foil protecting the untreated veneers underneath. 
o Further studies on wood veneers attached to a non-combustible substrate to create a wood surface 

with high fire performance properties. 
o Several new chemicals remain to be evaluated for wood products. 
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6. Biochemical modification 
 
6.1 Introduction to biochemical modification 
 
The polysaccharide xyloglucan forms part of the dynamic network which comprises the cell wall of a 
wide range of plants.  In this structure, xyloglucan coats and crosslinks cellulose microfibers through 
numerous hydrogen-bonding interactions, thus giving rise to a strong, yet flexible biocomposite 
material, see Figure 6.1. 
 

 
 

Figure 6.1.. Representation of the cellulose-xyloglucan network in the primary 
plant cell wall (from Rose & Bennett, Trends in Plant Sci., 1999). 

 
The Laboratory of Wood Biotechnology at KTH Biotechnology has developed a novel method for the 
modification of cellulose-based materials based upon the high natural affinity of xyloglucan for 
crystalline cellulose [16]. The method is generally applicable to a wide range of cellulose materials 
from regenerated cellulose to cotton fibers and chemical and mechanical wood pulps.  The broad 
scope of the method for the attachment of a wide range of chemical functionalities, described in detail 
below, suggested that the method may be useful to aid the incorporation of fire retardant chemicals 
into wood materials such as lumber, chips, and sawdust.   
 
Figure 6.2 outlines the general chemo-enzymatic method for tailoring fiber topochemistry.  A 
modified xyloglucan oligosaccharide bearing a desired functional group (in this case, XGO-FITC) is 
incorporated into high mass (Mr) xyloglucan polysaccharide (XG) through the catalytic action of the 
enzyme xyloglucan endotransglycosylase (XET), see Figure 6.2A.  The average length of the modified 
xyloglucan (XG-FITC) is conveniently controlled by adjusting the parameters of the enzyme reaction, 
Figure 6.2B, which can be used to alter the surface density of the functional group.  The yellow colour 
of the chromophore fluorescein (from XG-FITC) provides clear evidence of adsorption, see Figure 
6.2C.  The gentle binding conditions employed (aqueous solution, room temperature, pH < 12) do 
preserve cellulose-cellulose chain interactions, fiber-fiber interactions and, ultimately, material 
strength properties. 
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Figure 6.2. Xyloglucan-based method for cellulose modification.  A. The general method, 
using xyloglucan (XG), derivatised xyloglucan oligosaccharides (XGO-FITC), and XET 
enzyme.  XGOs are convenient, well-defined starting materials for chemical modification.  
B.  Size exclusion chromatogram demonstrating the enzyme-catalyzed incorporation of 
XGO-FITC into XG and time-dependent decrease in XG chain length.  C. XG-FITC 
adsorbed on filter paper; the control sample shows that XGO-FITC is too short to bind to 
cellulose is removed by washing with water. 

 
 
The method has been used to attach a range of chemical groups to various cellulose surfaces, see 
Figure 6.3, including: 
 

 fluorophores (fluorescein, stilbene-based optical brighteners) 
 orthogonally-reactive nucleophiles (amino and thiol groups) 
 protein ligands and enzyme conjugates (biotin, streptavidin-alkaline phosphatase) 
 initiators for controlled free radical polymerization (alpha-bromo carboxylic esters) 

 
In essence, the system is extremely versatile and, based on current knowledge of the biochemistry and 
structure of the XET enzyme [17] there seem to be very few limitations on the nature of the 
functionality which can be attached [18]. 
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Figure 6.3. XET/Xyloglucan-based method for cellulose modification, showing the diversity 
of functional groups which have been incorporated into cellulose-based materials. 

 
 
6.2 Research scope  
 
Within the InnoFireWood project, the interest has been to extend the range of our existing method to 
include solid wood materials (e.g., lumber, chips, sawdust) based on our previous experience with the 
modification of wood pulp fibers [19].  Because the structure of solid wood, e.g. lumber and veneers, 
is much different than loose pulp fibers with regard to accessible surface area and surface chemistry, 
fundamental binding studies were necessary as a precursor to more industrially-relevant applied work.  
Accordingly, the work was split into approximately two phases: 
 

 Use of a fluorescein-xyloglucan conjugate as a suitable reporter molecule to track the 
absorption and adsorption of xyloglucan (XG) to wood materials. 

 With sorption data in hand, the use of XG to improve the incorporation and retention 
of inorganic borate salts (known fire retardants) into wood materials was studied. 
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6.3 Overview of research results 
 
Sorption of fluorescein-xyloglucan conjugate (XG-FITC) into birch veneer.  Using end-sealed 
12x12x2 mm pieces of birch veneer provided by SP Trätek, the sorption of XG-FITC, see Figure 6.4, 
was analyzed and compared with results for the analogous compounds XGO-FITC (a short 
oligosaccharide conjugate, Figure 6.4, n=0) and non-conjugated fluorescein.   
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Figure 6.4. The structure of the fluorescein-xyloglucan conjugate (XG-FITC). The XG-
FITC used had a Mw value of 1.9x104 and a polydispersity index of 1.4. 

 
Time course binding experiments were performed by immersion of edge-sealed 1 birch wood sections 
in aqueous solutions of fluorescein, XGO-FITC, and XG-FITC.  All three compounds were adsorbed 
throughout the wood structure in a time-dependent manner.  The smaller, quicker diffusing XGO-
FITC and fluorescein molecules showed a tendency to penetrate the wood quicker. 
 
Figure 6.5 shows microscopic images acquired after one and four days of soaking birch wood in 
fluorescein solutions. Initial surface-specific localization gives way to homogenous distribution 
throughout the structure.  The results for XGO-FITC were essentially identical (data not shown), thus 
indicating that distribution of the functional group through the structure was limited by diffusion for 
both the free molecule and the oligosaccharide conjugate. 
 

A.  B.  
Figure 6.5. Cross sectional fluorescence images of birch wood modified with fluorescein 
for 1 day (A) and 4 days (B). Initially, fluorescein is present only along surfaces and inside 
cracks in the structure, but diffuses throughout the wood piece over time. 

 
Similarly, the fluorescein conjugate of the polysaccharide, XG-FITC, could be adsorbed throughout 
the wood structure, se Figure 6.6A, although at a slower rate than for XGO-FITC, presumably due to 
the much larger size of the molecules (Mw 1.9x104, polydispersity index 1.4). 
 

                                                 
1 Edge-sealing of the pieces ensured that all compounds were incorportated into the wood structure by diffusion 
through the planar surfaces and not taken up by capillary action through the longitunal wood vessels. 
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A.  B.  
Figure 6.6. Cross sectional fluorescence images of birch wood modified with the 

xyloglucan conjugate XG-FITC. Original sample (A) and sample washed for one day (B). 
 
Interestingly, during limited incubations, binding of XG was restricted to the veneer surface (data not 
shown), thus hinting at the potential to deliver fire retardant chemicals as a thin surface layer.  
Moreover, washing experiments where the XG-FITC modified veneer was shaken for extended 
periods in distilled water indicated that the polysaccharide increased the retention of the functional 
group, see Figure 6.6B and Figure 6.7. 
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Figure 6.7. Washing modified pieces of birch veneers. The bars represent remaining 

amount of material inside the wood after washing of FITC (blue), XGO-FITC (red) and 
XG-FITC (yellow); samples modified for 1 and 4 days (left and right columns). Samples 

washed once (A) and samples washed twice (B). 
 
The results from this study showed that the pure chromophore as well as the XGO-FITC conjugate 
could readily be washed out of the wood, see Figure 6.4. As indicated by the yellow columns, XG-
FITC is well retained inside the wood even after repeated washing (especially when tightly bound 
within the wood over 4 days).  These results are in keeping with previous work using wood pulp fibers 
and other cellulosic substrates, where permanent binding of functional groups conjugated to XG 
results from the strong xyloglucan polysaccharide-cellulose interaction [16, 18, 19].   
 
Use of XG to increase adsorption of borates to wood.  Inorganic borate salts are well-known as fire 
retardant chemicals, that are typically introduced into wood via pressure treatment.  One problem with 
the use of borates (and many other inorganic compounds) is a lack of permanency due to leaching of 
the salts from wood by water.  Notably, carbohydrates form strong interactions with borates, often by 
formation of sugar-borate diesters, especially when cis-1,2 diols are present in the carbohydrate, see 
Figure 6.8. 
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Figure 6.8.Borate ester formation on a 1,2-diol. 
 
Although XG lacks cis-1,2 diols, we reasoned that the polysaccharide may still be used to increase the 
retention of borates in wood by formation of a variety of cross linked species. 
 
To accommodate the cone calorimetry technique developed by SP Trätek (see elsewhere in this 
Report), larger edge-sealed samples (2 x 100 x 100 mm) were modified with solutions comprised of 
XG, borax, or XG+borax under adsorption conditions identical to those used for the incorporation of 
XG-FITC.  Unfortunately, none of these treatments improved fire retardancy, presumably because of 
the low amount of borate taken up by the wood, see Figure 6.9. 
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Figure 6.9. Rate of heat release, RHR, vs time for different birch veneers treated with XG 
and/or borax. Single tests in the cone calorimeter at 50 kW/m2. 

 
It was subsequently decided that the best approach to test the potential of xyloglucan to retain fire 
retardants was to use more industrially relevant conditions for the application of borates to wood, i.e., 
to use pressure treatment instead of simple sorption from aqueous solution.  For this work, the wood 
material was also changed from birch veneers (originally chosen because of the possibility to use 
small sample sizes) to larger pine boards (100 x 100 x 20 mm) which are better suited for cone 
calorimetry testing.  For treatment, reagent concentrations were normalized so that equimolar amounts 
of boron (as B) were used in all samples, see Table 6.1.  In close collaboration between KTH 
Biotechnology and SP Trätek, samples were pressure treated, conditioned to constant weight, and 
analyzed by cone calorimetry. 
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Table 6.1.  Pressure treatment solutions containing XG and/or borates. 
Pine Solution 

no. 
Amount of chemical 
(g/800 ml sol) 

Amount of 
Boron (mol) 

Amount of 
cation additive 

Descriptor 

untreated 1 0 0 0 Untreated 
Borax 2 12.5 0.25 0 Borax 
H3BO3+ZnCl2 3 15.36+16.93 0.25 0.5 eq Zn-Borate 
NaOH+ H3BO3 4 19.88+15.36 0.25 2.0 eq Na-Borate 
H3BO3 5 15.36 0.25  Boric Acid 
XG+Borax 6 6.25+12.5 0.25  XG-Borax 
XG+H3BO3+ZnCl2 7 6.25+15.36+16.93 0.25 0.5 eq XG-Zn-Borate 
XG+NaOH+ H3BO3 8 6.25+19.88+15.36 0.25 2.0 eq XG-Na-Borate 
XG+H3BO3 9 6.25+15.36 0.25  XG-Boric Ester 
 
An example data set from cone calorimetry is shown in Figure 6.10.  As summarized in Table 6.2, the 
four borate chemicals used (borax, zinc borate, sodium borate, and boric acid) all improved the fire 
properties of pine boards modestly.   
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Figure 6.10. Rate of heat release, RHR, vs time for pine specimens treated with borax and 
borax/xyloglucan. 

 
      Table 6.2.  Summary of cone calorimetry tests on XG/borate treated pine specimens. 

Product 
Pine 

Thickness 
 

mm 

Weight 
 

g 

Density 
 

kg/m3 

Time to 
ignition 

s 

Total heat 
release 
MJ/m2 

Untreated 21,3 113,1 528 12 139 
Borax 20,5 107,8 520 31 83 

Zn-Borate 20,0 128,0 640 18 100 
Na-Borate 21,6 118,7 544 46 89 
Boric Acid 21,7 96,2 441 21 97 
XG-Borax 21,1 132,5 638 24 114 

XG-Zn-Borate 20,7 126,0 609 31 92 
XG-Na-Borate 20,9 113,6 546 28 96 
XG-Boric Ester 19,8 112,6 572 33 102 

 
Borate salts typically doubled the time to ignition and reduced the total heat released.  The addition of 
xyloglucan alters the time to ignition with either a positive or negative effect, depending upon the 
borate salt used.  For example, XG-zinc borate and XG-boric acid treatments both exhibit a noticeable 
increase in the time to ignition over the respective borate-only treatments.  For borax and sodium 
borate treatments, xyloglucan addition appears to reduce the time to ignition, although not to the level 



 42

of untreated wood.  Despite the observation of these interesting effects and effects on the rate of heat 
release in the cone calorimeter, in all cases the treatment was insufficient to obtain a predicted 
Euroclass B fire rating.  To obtain this higher level of fire retardancy, impregnation with a greater 
amount of borate salts will be required, which may be obtainable by adjusting the pressure treatment 
solution concentrations. 
 
As a first step toward analysis of a potential retention effect of xyloglucan on borates, the hygroscopic 
properties of samples identical to those above were measure according to the NT BUILD 504 test 
method by SP Trätek, see Table 6.3. 

 
  Table 6.3.  Hygroscopic properties according to NT BUILD 504. 

Product 
Pine 

Moisture content (%) 
at  

50 % RH, 23 ˚C 

Moisture content (%)  
at  

90 % RH, 27 ˚C 
Untreated 10,5 19,4 

Borax 11,7 21,6 
Zn-Borate 11,4 21,7 
Na-Borate 10,7 22,7 
Boric Acid 10,9 20,0 
XG-Borax 11,2 21,2 

XG-Zn-Borate 11,0 21,7 
XG-Na-Borate 10,6 25,5 
XG-Boric Ester 11,3 20,7 

 
All samples were effectively identical, thus indicating that neither borate nor xyloglucan at the loading 
amount used significantly affected hygroscopicity.2 
 
6.4 Summary for biochemical modification 
 
This study provided the first look at the possibility to use xyloglucan (XG) as a novel component in 
fire retardant chemicals to provide permanently fire retardant solid wood products.  The ability of XG 
to act as a molecular anchor for functional chemistry on cellulose fibers had been previously 
established in the context of pulp and paper chemistry.  This work allowed us to extend the technology 
to solid wood materials, which are inherently more difficult to modify due to a higher level of 
structural complexity.  
 
Key results on biochemical modification include: 
It has been shown that XG conjugates can be adsorbed to wood and that conjugation of chemicals to 
XG results in improved retention of those chemicals.  These effects parallel those observed for wood 
pulp fibers and highlight the generality of the XET/XG method, in addition to pointing out certain 
limitations.  In particular, the three-dimensional structure of wood and the limited porosity of the 
wood structure limit the rate at which wood fibers can be modified relative to pulped fibers.  The 
addition of XG failed to improve fire properties to any notable extent, at maximum Euroclass C might 
be reached, but the presence of XG was not detrimental to fire performance in the situations studied. 
With respect to improving fire retardancy, clearly more work is needed.   
 
Suggestions for further work on biochemical modification: 
Further work should determine whether a better combination of XG with inorganic fire retardants such 
as the borates studied, or perhaps various untested phosphate compounds, can be found.  Indeed, there 
are a large number of treatment conditions which remain to be explored to find an optimized system 
which both improves fire performance and chemical retention using xyloglucan. Thus, as a first step, 
further extensive laboratory studies are needed.  The main goal should be to determine whether a 
better combination of XG with inorganic fire retardants is possible. 
                                                 
2 The XG-Na-Borate sample at 90 % RH is a curious outlier, considering that the value at 50 % is comparable to 
the other samples.  This may reflect an unidentified error in these single-point determinations. 
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7. Physical modification 
 
7.1 Principles 
 
The flame retardant techniques for wood aim at delaying the ignition of wood, reducing the heat 
released during combustion, and keeping the smoke production at an acceptable level. Physical means 
to achieve these goals include protecting the surface by isolating layers, and slowing down ignition 
and burning by changing the thermal properties of the product.  
 
The thermal properties of a product, such as density, specific heat and thermal conductivity, have an 
effect on the ignitability and flame spread. The easiest way to make wood poorly burnable is to wet it. 
This means has two physical effects. Firstly, water changes the effective specific heat of wood. Water 
has a higher specific heat than dry wood, and heating up and evaporating water consumes heat. 
Secondly, water evaporating from a surface reduces the combustibility of the mixture of air and 
pyrolysis gases. 
 
Though easiest, in practice adding water to the product is not the best solution. For example, another 
way for affecting time to ignition is compression of wood. Compression increases the specific weight 
and surface hardness. These are in turn quantities that delay the time to ignition. However, this method 
usually does not significantly change other material properties affecting the fire behaviour.  
 
Composite structures and combinations of different wood species are practical ways for improving the 
fire performance of a product. For example, if the top layer of a wood product consists of a specific 
species of wood with a relatively low heat release, the heat release peak is smaller, offering 
possibilities to improve the reaction-to-fire class of the product. Also time to ignition can be delayed 
by introducing a high-density surface layer on the product. High-pressure laminate, for example, might 
be used for this purpose.  
 
The use of composite structures can also affect the fire properties of the product via char formation. 
The charring of the top layer can protect lower layers from heat and it can decrease the access of 
oxygen to the lower layers. Hence composite structures offer a wide variety of different solutions for 
high fire performance wood products. For example, FR treated lamellas can be included in wood 
products as surface layers or a thin layer of wood can be placed on the surface of a composite product 
to give a wood-like appearance to the product. In this way the consumption of fire retardant may be 
reduced compared to wood products that are FR treated as a whole.  
 
If a product made mainly of wood is desired, a protective layer of non-combustible material can be 
introduced between a thin wooden surface and a thick solid wood substrate. Technical solutions in fire 
retardance of wood are based on adding components with a high thermal inertia and diffusivity to a 
product. The warming-up of the product is thus delayed: the rate of temperature increase is slower and 
heat is conducted away from the surface. The most commonly used components are metal layers. 
Their main drawback is the large amount of metal needed for sufficient effects. As a result, the 
machineability of the product is deteriorated, and its weight and price are increased.  
 
Heat treatments as physical modification do not improve the fire performance of wood even though 
they may improve, for example, rot resistance. 
 
7.2 Prototype products 
 
The prototype products studied were supplied to VTT by Finnforest and UPM. 
− The Finnforest specimens were birch plywood and laminated veneer lumber (Kerto-LVL). The 

surface of the specimens had been FR treated and coated with weather resistance varnish. 
− UPM supplied plywood samples of several types. The selection of specimens included different 

colours, special lacquering, FR glue or protective Al foil. 
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7.3. Cone calorimeter tests for prototype products 
 
The main findings of cone calorimeter tests are summarised below. All cone calorimeter tests 
described were performed in horizontal orientation with the irradiance of 50 kW/m2. A retainer frame 
was used to protect the specimen edges. 
 
7.3.1. Effect of weather resistance varnish on FR treated wood products  
Birch plywood and Kerto-LVL specimens were surface treated using BSM 2000 fire retardant (birch 
plywood 88 or 166 g/m², Kerto-LVL 133 or 182 g/m2) and coated with Aquagrund primer and two 
layers of Aquatop varnish. The purpose of coating was to improve the weather resistance of the 
specimens. 
 
The heat release rate curves measured in the cone calorimeter tests are shown in Figure 7.1. The 
results revealed that the benefits obtained by BSM 2000 FR treatment were lost when the surface was 
covered with Aquagrund primer and Aquatop varnish. The ignition times and heat release rate maxima 
of varnished specimens were of the same order (for birch plywood) or even inferior (for Kerto-LVL) 
to the values measured for untreated specimens. 
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Figure 7.1. Heat release rate per unit area for birch plywood (left) and Kerto-LVL (right) specimens 
in cone calorimeter tests at irradiance of 50 kW/m2. 

 
It is noted, however, that further studies would be needed to clarify the interaction of fire retardants 
and varnishes using different substances and application amounts and methods. 
 
7.3.2. Effect of colour on the reaction-to-fire properties of plywood 
The absorptivity and reflectivity of a surface have effects on its heat transfer properties and thus on its 
ignitability. Since different colours have different absorptivities, some differences in times to ignition 
can be expected. In practice, however, it has been found that the major differences in ignitability 
properties of surfaces of different colours are due to the amount of organic substances in the pigment. 
For example, white pigments include usually less organic substances than red pigments. Therefore, the 
time to ignition of a light surface might be expected to be longer than that of a reddish surface. 
 
To study the effect of surface colour on the ignitability and heat release properties, a series of WISA-
Deco birch plywood specimens with translucent lacquering of different colours were tested. The 
colour selection of WISA-Deco is shown in Figure 7.2. “Light” and “Soft” were tested as light colours 
and “Dark” and “Cranberry” as dark colours. In addition, the unlacquered backside of “Medium” was 
tested as a reference representing untreated birch plywood. 
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Figure 7.2. The colour selection of WISA-Deco birch plywood. 

 
The times to ignition of WISA-Deco specimens were approximately 30 seconds, with the exception of 
the “Light” specimen showing longer ignition time of 45 seconds. Dark-coloured specimens (“Dark” 
and “Cranberry”) released more heat in the beginning of the test than the “Soft” and untreated 
specimens. The first heat release rate maximum of the “Light” specimen was of the same order as 
those of the dark-coloured specimens, probably due to the longer ignition time leading to a longer 
preheating time before ignition. 
 
In general, the differences between the specimens of different colours were relatively small, and they 
have no effect on the European reaction-to-fire classification of the product. 
 
7.3.3. Plywood with a special lacquer 
Three replicate tests were performed for plywood covered with a special lacquer. 
 
The times to ignition of the specimens were slightly longer (36 s in average) than typical values for 
untreated plywood of similar thickness (24 ± 4 s). The heat release rate in the beginning of the tests 
was moderate, about 160 kW/m2 at maximum, but a notable increase was observed at the burn-through 
of the specimens. 
 
7.3.4. Plywood with protective Al foil 
Plywood specimens with an Al foil to protect the underneath veneers were studied. The Al foil was 
placed under a top veneer, paint base coating or phenolic film. The thickness of the Al foil was 
30, 50 or 70 µm. The Al foil was expected to decrease the heat release rate especially in the beginning 
of the test, but not to have a significant effect on the time to ignition. 
 
Effect of glue 
Two plywood specimens glued with different glues were tested. The specimens included Al foil of 
30 µm under the topmost veneer, and the back surface was coated with a phenolic film of 120 g/m2. 
One of the glues was considered to be more suitable for aluminium than the other one. 
 
The effect of Al foil could be seen when the topmost veneer had burned up (about 1 minute after the 
ignition). The Al foil protected the underneath veneers. Consequently, the flames diminished clearly 
and the heat release rate decreased steeply. The protective effect lasted for a few minutes. After that 
the veneers under the Al foil started to burn more severely, especially at the edges of the specimens 
where the Al foil had bent. 
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The differences between the cone calorimeter test results of specimens glued with different glues were 
minor. However, notable variation in the first maximum of the heat release rate curve was observed 
between replicate tests. 
 
Al foil under a top veneer 
Two spruce plywood specimens with an Al foil were tested. The specimens consisted of a top veneer 
made of birch (1,5 mm), Al foil (30 µm) and spruce plywood. 
 
In the beginning of the tests, a high heat release rate maximum due to the burning of the birch veneer 
was observed. After that the heat release rate decreased rapidly due to the protective effect of the Al 
foil. However, the specimens were clearly burning throughout the tests. The Al foil could not 
significantly improve the reaction-to-fire performance of the material due to the heat release of the 
relatively thick topmost veneer. 
 
Another specimen type with an Al foil under a top veneer was Wisaform yellow 460 plywood. The 
specimens consisted of a phenolic film, a top veneer (0,5 mm), Al foil (30 µm) and plywood. 
 
The burning of the topmost veneer damaged the Al foil meant to protect the plywood beneath it. As 
a result, the heat release rate curves were similar to typical curves of ordinary plywood. The ignition 
times, however, were longer than typical values for ordinary plywood due to the phenolic film on the 
surface. 
 
The heat release rate curves measured in the cone calorimeter tests of plywood specimens with an Al 
foil under a top veneer are shown in Figure 7.2. 
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Figure 7.2. Heat release rate per unit area for spruce plywood with Al foil (left) and Wisaform yellow 
460 (right) specimens in cone calorimeter tests at irradiance of 50 kW/m2. 

 
 
Al foil under paint base coating 
Two plywood specimens with an Al foil and a paint base coating were tested. The specimens consisted 
of paint base coating paper, Al foil (30 µm) and plywood. 
 
In test 1, the specimen produced a small heat release rate maximum in the beginning of the test, after 
which it was self-extinguished due to the protective effect of the Al foil. After re-ignition, the heat 
release rate increased gradually when the plywood was burning. In test 2, the specimen produced a 
higher maximum in the beginning. The Al foil could not protect the plywood as effectively as in test 1, 
and the heat release rate started to increase again in an early phase. Thus, the replicate tests were 
different. However, notable improvement of the reaction-to-fire behaviour was observed compared to 
plywood without a protective Al foil. 
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Al foil under phenolic film 
Three Wisaform yellow plywood specimens with different Al foil thicknesses were tested in two 
replicates. The specimens consisted of a phenolic film (140 g/m2), Al foil (30, 50 or 70 µm), birch 
plywood and a phenolic film (120 g/m2). The total thickness of the specimens was 12 mm. The heat 
release rate curves are presented in Figure 7.4. 
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Figure 7.4. Heat release rate per unit area for Wisaform yellow plywood specimens with different Al 
foil thicknesses in cone calorimeter tests at irradiance of 50 kW/m2. 

 
In the beginning of the tests, all specimens produced a narrow heat release peak due to the burning of 
the topmost phenolic film. After that, the flames decreased substantially. Specimens with an Al foil of 
30 µm burned faintly until the Al foil became brittle, leading to an increase of flames and heat release 
when the wood material below the Al foil ignited. The flames on specimens with thicker Al foils 
(50 or 70 µm) died out 20–180 seconds after the first ignition. The second ignition took place about 8–
10 minutes after the beginning of the heat exposure, starting near the edges of the specimens and 
spreading over the whole surface. 
 
As seen from Figure 7.4, an Al foil with a thickness of 50 or 70 µm protected the plywood veneers 
underneath at least 2 minutes longer than an Al foil with a thickness of 30 µm. The duration of the 
protective phase was variable and not directly proportional to the thickness of the Al foil. With all Al 
foil thicknesses studied, however, significant improvement of the reaction-to-fire behaviour was 
observed compared to plywood without a protective Al foil. 
 
7.3.5. Plywood with FR glue 
Two okume (Aucoumea klaineana) plywood specimens were tested using the cone calorimeter. The 
specimens were glued with a fire retardant glue. The surface veneer was either birch or okume. The 
surface was varnished with UV lacquer. The heat release rate curves are presented in Figure 7.5. 
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Figure 7.5. Heat release rate per unit area for okume plywood specimens with FR glue in cone 
calorimeter tests at irradiance of 50 kW/m2. 

 
The burning of the specimens went through several ignitions and flameouts, the time to the first 
ignition being ca. 35 seconds. The specimens produced a sharp heat release rate peak after the first 
ignition. This peak was relatively high (ca. 200 kW/m2) for birch surface and moderate (ca. 
140 kW/m2) for okume surface. In conclusion, the reaction-to-fire behaviour of okume plywood with 
FR glue and UV lacquer differs clearly from that of ordinary plywood. 
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7.4. Estimated Euroclasses of prototype products 
 
The heat release related Euroclass of a construction product in the SBI test can be predicted on the 
basis of cone calorimeter test data by applying a one-dimensional thermal flame spread model. 
A further study of optimised modelling procedures specifically for FR treated wood products has been 
carried out. As a result, a practical tool for the prediction of Euroclasses of FR treated wood products 
is available. The model is described shortly in Chapter 8.3.2. The predicted classification quantities of 
the SBI test and estimated Euroclasses are presented in Table 7.1. 
 
It is noted that the model is developed mainly for predicting FIGRA values and Euroclasses. The 
predictions of THR600s include more inaccuracy. The model tends to underestimate THR600s. However, 
the predicted THR600s values are also reported below since they can be critical in the determination of 
classification in many cases. 
 
Table 7.1. Predicted classification quantities and Euroclasses according to the model described in 
Chapter 8.3.2. 

Product FIGRA (W/s) THR600s Class Comments 
 0,2 MJ 0,4 MJ (MJ) estimate  
FR treated wood products with weather resistance varnish: 
- Birch plywood FR 88 g/m2 410 410 31 D  
- Birch plywood FR 166 g/m2 430 430 34 D  
- Kerto-LVL FR 133 g/m2 490 490 18 D  
- Kerto-LVL FR 182 g/m2 570 570 22 D  
WISA-Deco birch plywood, effect of colour: 
- Untreated surface 340 340 29 D 
- Light 270 270 27 D 

 
the best result of 
WISA-Deco specimens 
→ others also in class 
D 

Plywood with a special lacquer: 
- Aver. of 3 tests 200 200 17 D class D due to THR600s 
Plywood with Al foil, effect of glue: 
- Glue 1 (one test) 430 430 24 D  
- Glue 2 (aver. of 2 tests) 410 410 17 D  
Plywood with Al foil under a top veneer: 
- Spruce, aver. of 2 tests 700 700 28 D 
- Wisaform yellow, test 1 270 230 23 D 
- Wisaform yellow, test 2 180 130 14 C 

note the difference of 
replicate tests 

Plywood with Al foil under paint base coating: 
- Test 1 80 80 7,5 B 
- Test 2 240 180 22 D 

note the difference of 
replicate tests; THR600s 
can be critical for 
classification 

Plywood with Al foil under phenolic film: 
- Al 30 µm, test 1 
- Al 30 µm, test 2 

100 
70 

70 
70 

2 
4 

B 
B 

 

- Al 50 µm – – – B/C * 
- Al 70 µm – – – B/C * 

 

Plywood with FR glue: 
- Birch surface 190 150 4 C  
- Okume surface 80 80 4 B  

* No modelling for Al 50 or 70 µm; class estimates based on comparison of cone calorimeter results of different Al foil 
thicknesses and the SBI test results of specimens with Al foil of 30 µm. 
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7.5. Comparison of estimated Euroclass to SBI test results 
 
In this project, SBI tests were performed for Wisaform yellow plywood specimens with an Al foil of 
30 µm under a phenolic film, and for okume plywood with FR glue. 
 
Concerning the prediction of classification quantities and Euroclasses on the basis of cone calorimeter 
data, it must be noted that in the SBI test the products are tested in end-use condition. The structure 
behind the specimen (an air gap, insulation, etc.) cannot be taken into consideration in modelling, even 
though it has a considerable effect on the SBI test results. 
 
7.5.1. SBI tests of plywood with Al foil under phenolic film 
Two SBI tests for Wisaform yellow plywood consisting of phenolic film (140 g/m2), Al foil (30 µm), 
birch plywood and phenolic film (120 g/m2) were performed. The specimens consisted of plywood 
(thickness 9 mm or 12 mm, no joints), glass wool (thickness 50 mm, density 11 kg/m3) and calcium 
silicate backing board. Photographs of the specimens are presented in Figure 7.6. The test results are 
reported in Table 7.2. The heat release curves are shown in and Figure 7.7. 
 

  
Figure 7.6. Photographs of SBI test specimens of plywood coated with phenolic film and Al foil, 
thickness 9 mm (left) or 12 mm (right). 

Table 7.2. The results of SBI tests of plywood specimens coated with phenolic film and Al foil (30 µm). 

Specimen FIGRA0,2MJ 
(W/s) 

FIGRA0,4MJ 
(W/s) 

THR600s 
(MJ) 

LFS SMOGRA 
(m2/s2) 

TSP600s 
(m2) 

FDP≤10s FDP>10s Class 
estimate** 

plywood 
9 mm 

145 145 23,5 No 2,0 27 No No D-s1,d0 

plywood 
12 mm 

122 110 11,7 No –* –* No No C-?,d0 

LFS = lateral flame spread to the outer edge of the larger specimen wing 
FDP≤10s = flaming droplets/particles persisting no longer than 10 s 
FDP>10s = flaming droplets/particles persisting longer than 10 s 
* failure of smoke measurement 
** An estimate on the basis of one SBI test. 
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The 12-mm thick specimen exceeded narrowly the upper FIGRA0,2MJ limit of class B (120 W/s). The 
upper THR600s limit of class B (7,5 MJ) was exceeded more clearly. Thus, the class estimate is class C 
on the basis of one SBI test. A class estimate on smoke production was not possible due to a failure of 
the smoke measurement system. No flaming droplets or particles were detected during the period of 
observation. 
 
The 9-mm thick specimen met the FIGRA0,4MJ requirement (≤ 250 W/s) but not the THR600s 
requirement (≤ 15 MJ) of class C. The criteria of smoke class s1 were clearly met. No flaming droplets 
or particles were detected during the period of observation. Thus, the class estimate is D-s1,d0 on the 
basis of one SBI test. It is noted that three EN 13823 replicate tests and testing according to the 
standard EN ISO 11925-2 are required for official classification. 
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Figure 7.7. Heat release rate (HRR) and total heat release (THR) of 9-mm and 12-mm plywood coated 
with phenolic film and Al foil (30 µm). 
 
The predicted FIGRA indices for 12-mm plywood coated with phenolic film and Al foil of 30 µm 
were 100 W/s or less, referring to Euroclass B. However, the experimental FIGRA0,2MJ was 122 W/s, 
slightly exceeding the upper limit of class B (120 W/s). Furthermore, the THR600s limit of class B (7,5 
MJ) was exceeded. This was due to the relatively early start of the heat release rate increase towards 
the burn-through of the specimen. 
 
7.5.2. SBI tests of okume plywood with FR glue 
Two SBI tests for okume plywood with FR glue were performed, one for the okume surface and one 
for the birch surface product. The specimens consisted of plywood (thickness 11 mm (birch surface) or 
12 mm (okume surface), no joints), vapour barrier (Rani PE-LD plastic foil, 185 g/m2), glass wool 
(thickness 50 mm, density 11 kg/m3) and calcium silicate backing board. Photographs of the 
specimens are presented in Figure 7.8. The test results are reported in Table 7.3, Figure 7.9 and Figure 
7.10. 
 



 52

  
Figure 7.8. Photographs of SBI test specimens of okume plywood with FR glue: birch surface (left) 
and okume surface (right)). 
 
 
 
Table 7.3. The results of the SBI tests of okume plywood. 

Specimen FIGRA0,2MJ 
(W/s) 

FIGRA0,4MJ 
(W/s) 

THR600s 
(MJ) 

LFS SMOGRA 
(m2/s2) 

TSP600s 
(m2) 

FDP
≤10s 

FDP
>10s 

Class 
estimate * 

birch/ 
okume 

227 176 6,1 No 18 124 No No C-s2,d0 

okume/ 
okume 

242 165 7,0 No 10 71 No No C-s2,d0 

LFS = lateral flame spread to the outer edge of the larger specimen wing 
FDP≤10s = flaming droplets/particles persisting no longer than 10 s 
FDP>10s = flaming droplets/particles persisting longer than 10 s 
* An estimate on the basis of one SBI test. 
 
 
Both specimens showed class C results. THR600s values met the requirement of class B (THR600s ≤ 
7,5 MJ), but in terms of FIGRA0,2MJ the upper limit of class B (FIGRA0,2MJ ≤ 120 W/s) was clearly 
exceeded. The smoke results referred to class s2 due to relatively high TSP600s values. No flaming 
droplets or particles were detected during the period of observation. Thus, the class estimate is C-s2,d0 
on the basis of one SBI test for both birch surface  and okume surface plywood. 
 
It is noted that three EN 13823 replicate tests and testing according to the standard EN ISO 11925-2 
are required for official classification. 
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Figure 7.9. Heat release rate (HRR) and total heat release (THR) of okume plywood with FR glue and 
birch or okume surface veneers. 
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Figure 7.10. Smoke production rate (SPR) and total smoke production (TSP) of okume plywood with 
FR glue and birch or okume surface veneer. 

 
 
7.5.3. Summary of comparisons of estimated Euroclasses with SBI test results 
The Euroclass estimates from the rules of thumb (Chapter 8.3.1) and modelling (Chapter 8.3.3) are 
compared to experimental results in Table 7.4. 
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Table 7.4. Comparison of classification estimates of prototype products. 

Product Rules of 
thumb 

Modelling Testing 

9 mm plywood coated with phenolic film and 30 
µm Al foil 

D B D 

12 mm plywood coated with phenolic film and 
30 µm Al foil 

D B C 

Okume plywood with FR glue, birch surface D B/C C 
Okume plywood with FR glue, okume surface C B C 
 
The comparisons show that the rules of thumb predict the classification too pessimistically in some 
cases, whereas the estimates based on modelling tend to be too optimistic. It is noted, however, that a 
sharp peak in the beginning of a cone calorimeter or an SBI test makes the results very sensitive to 
variations, both in calculations and in experiments. 
 

7.6 Summary for physical modification 
 
Based on the general principles of physical modification, the following cases were studied: 
− Effect of weather resistance varnish on FR treated wood products 
− Colour effects 
− Al foil protecting plywood veneers 
− FR glue used in okume plywood with UV lacquer 
 
Key results on physical modification include: 
• FR treatment, or any modification improving the fire performance, may lose its effectiveness 

when the surface is covered with a varnish. The reaction-to-fire behaviour can be of the same 
order or even inferior to the performance of untreated specimens. 

• The differences between wood products of different colours are relatively small, having no effect 
on the European reaction-to-fire classification of the product. 

• Al foil with a minimum thickness of 50 µm can effectively protect plywood veneers underneath 
and improve the classification of the product. The Al foil should be placed as close to the surface 
of the product as possible. The thickness of the whole product can be crucial for classification due 
to the increasing heat release towards the burn-through of the specimen. As a result, the THR600s 
criterion of the SBI test may be exceeded. Furthermore, the background structure (i e air gaps, 
insulation etc) of the specimen has a significant effect on SBI test results. 

• FR glue in plywood can improve the classification of plywood. However, the results may vary due 
to the narrow heat release peak caused by the topmost veneer in the beginning of the test. It is also 
noted that fire retardants may increase smoke production, leading to smoke class s2. 

 
Suggestions for further work on physical modification: 
o The effect of an Al foil of at least 50 µm on the classification could be studied by performing SBI 

tests. A decrease of THR600s value would be expected. 
o Plywood including an Al foil of at least 50 µm could be further developed by introducing FR glue 

to two or three topmost glue lines. This action would reduce THR600s and might limit smoke 
production to meet the requirements of smoke class s1. 

As a combination of physical and chemical modification, FR surface veneer could be introduced on 
top of an Al foil protecting the untreated veneers underneath.
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8. Fire classification and simulation 
 
In this chapter, the key issues concerning fire classification and the grounds for Euroclasses as well as 
the background for maritime (IMO) regulations are discussed. An assessment tool for Euroclass 
estimation, developed as a part of this project, is introduced. The assessment tool has been applied to 
the prototype products as discussed in the previous chapters. In addition, results of fire simulations 
proving the improvement in fire performance induced by FR treatments are shown. 
 
8.1 European fire classification system 
 
Many of the member countries of the European Union (EU) have adopted the harmonized Euroclass 
system of reaction to fire performance of building products. The background of the harmonization 
process lies on the Commission Decision 94/611/EC implementing Article 20 of Directive 
89/106/EEC on construction products [20] in the field of fire safety. The Euroclass decision includes a 
classification system for building products based on their reaction-to-fire performance. It additionally 
defines the test methods according to which construction products shall be categorised. In the 
Euroclass system, floor coverings and other surface linings are considered separately. 
The purpose of harmonization is to facilitate the trade of building products between the member 
countries of the EU by removing trade barriers due to differences in test methods and classification 
systems. Previously, products had to be tested and classified according to national standards in each 
country in which they were launched to the market. In the new system, the Euroclass classification of 
a product is acknowledged in all member countries based on its performance in harmonized fire tests.   
The decision on the classification of the reaction to fire performance of construction products [21] was 
published in February 2000. The Euroclass system requires including the test methods and 
classifications of the Euroclass decision in the legislation of the member countries. The required fire 
performance of construction products for various purposes of use is still decided nationally, but the 
requirements are expressed in terms of harmonized standards. 
 
8.1.1. Euroclasses and criteria 
In the Euroclass system, building products are divided to seven classes on the basis of their reaction-
to-fire properties. The performance description and the fire scenario for each class are presented in 
Table 8.1 according to the main principles used in the development of the Euroclass system (not given 
in the final decision). 
Table 8.1 includes some examples of typical building products used in walls and ceilings in each 
Euroclass. It is noted that certain materials containing only a very small amount of organic compounds 
are deemed to satisfy the requirements of class A1 without testing. Examples of such materials are 
concrete, steel, stone and ceramics [22]. 

Table 8.1. Indicative performance descriptions and fire scenarios for Euroclasses. 
Class Performance 

description 
Fire scenario and heat 

attack 
Examples of products 

A1 No contribution to 
fire 

Fully dev fire 
in a room 

At least 
60 kW/m2 

Products of natural stone, concrete, bricks, 
ceramic, glass, steel and other metals  

A2  
“ 

 
“ 

 
“ 

Products similar to those of class A1, including 
small amounts of organic compounds 

B Very limited  
contribution to fire 

Single burning 
item in a room 

40 kW/m2            
on limited area 

Gypsum boards with different (thin) surface 
linings. Fire retardant wood products 

C Limited         
contribution to fire 

 
“ 

 
“ 

Phenolic foam, gypsum boards with different 
surface linings (thicker than in class B) 

D Acceptable    
contribution to fire 

 
“ 

 
“ 

Wood products with thickness ≥ ≈ 10 mm and 
density ≥ ≈ 400 kg/m3 (depending on end use) 

E  
“ 

Small flame 
attack 

Flame height 
of 20 mm 

Low density fibreboard, plastic based 
insulation products 

F No perf req. − − Products not tested (no requirements) 
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8.1.2 Test methods used in classification 
The European classes of reaction to fire performance for construction products excluding floorings are based on 
four fire test methods: the non-combustibility test EN ISO 1182 [23], the gross calorific potential test EN ISO 
1716 [24], the single burning item (SBI) test EN 13823 [25], and the ignitability test EN ISO 11925-2 [26]. The 
same test methods, excluding the SBI test, are used for floorings with the addition of the radiant panel test EN 
ISO 9239-1 [27]. The details of specimen conditioning and substrate selection are given in EN 13238 [28], and 
the harmonized procedure for the classification is described in EN 13501-1[10]. The first two test methods below 
are only applicable for non-combustible materials. Fire retardant wood products cannot reach these criteria. 
Further details are explained in [3]. 

 Non-combustibility test EN ISO 1182 
The purpose of the non-combustibility test is to identify the products that will not, or significantly not, contribute 
to a fire. The test apparatus is shown in Figure 8.1a. The quantities used for classification are temperature rise of 
the furnace (∆T), mass loss of the specimen (∆m), and time of sustained flaming of the specimen (tf). 

Gross calorific potential test EN ISO 1716  
The gross calorific potential test determines the potential maximum total heat release of a product when burned 
completely. The test apparatus is shown in Figure 8.1b. The classification parameter is the gross calorific 
potential (PCS) measured in MJ/kg or MJ/m2 depending on the features of the product and its components.  

Single Burning Item test EN 13823  
The SBI test is a relatively new fire test method developed specially for the Euroclass system. The test is based 
on a fire scenario of a single burning item, e.g. a wastebasket, located in a corner between two walls covered 
with the lining material to be tested. The SBI test is used for construction products excluding floorings.  The SBI 
test was developed by a group of European fire laboratories on the basis of the specifications defined by a group 
of European fire regulators [29].  
SBI test specimens are installed on a specimen holder with two vertical wings made of non-combustible board. 
The specimen holder wings of sizes 1,0 m × 1,5 m and 0,5 m × 1,5 m form a right-angled corner configuration. 
The thermal exposure on the surface of the specimen is produced by a right-angled triangle-shaped propane gas 
burner placed at the bottom corner formed by the specimen wings. The heat output of the burner is 30 kW 
resulting in a maximum heat exposure of about 40 kW/m2 on an area of approximately 300 cm2. The burner 
simulates a single burning item. Combustion gases generated during a test are collected by a hood and drawn to 
an exhaust duct equipped with sensors to measure the temperature, light attenuation, O2 and CO2 mole fractions 
and flow-induced pressure difference in the duct. The test apparatus is shown schematically in Figure 8.1c, and a 
photograph of a test in Figure 8.1d. The performance of the specimen is evaluated for an exposure period of 20 
minutes. During the test, the heat release rate (HRR) is measured by using oxygen consumption calorimetry. The 
smoke production rate (SPR) is measured in the exhaust duct based on the attenuation of light. Falling of flaming 
droplets or particles is visually observed during the first 600 seconds of the heat exposure on the specimen. In 
addition, lateral flame spread is observed to determine whether the flame front reaches the outer edge of the 
larger specimen wing at any height between 500 and 1000 mm during the test.  
The classification parameters of the SBI test are fire growth rate index (FIGRA), lateral flame spread (LFS), and 
total heat release (THR600s). Additional classification parameters are defined for smoke production as smoke 
growth rate index (SMOGRA) and total smoke production (TSP600s), and for flaming droplets and particles 
according to their occurrence during the first 600 seconds of the test.  

Ignitability test EN ISO 11925-2  
In the ignitability test EN ISO 11925-2, the specimen is subjected to direct impingement of a small flame. The 
test specimen of size 250 mm × 90 mm is attached vertically on a U shaped specimen holder. A propane gas 
flame with a height of 20 mm is brought into contact with the specimen at an angle of 45 °. The application point 
is either 40 mm above the bottom edge of the surface centreline (surface exposure) or at the centre of the width 
of the bottom edge (edge exposure). Filter paper is placed beneath the specimen holder to monitor the falling of 
flaming debris. The test apparatus is shown in Figure 8.1e.  
Two different flame application times and test durations are used depending on the class of the product. For class 
E, the flame application time is 15 seconds, and the test is terminated 20 seconds after the removal of the flame. 
With a flame application time of 30 seconds for classes B, C and D, the maximum duration of the test is 60 
seconds after the removal of the flame.  
The classification criteria are based on observations whether the flame spread (Fs) reaches 150 mm within a 
given time and whether the filter paper below the specimen ignites due to flaming debris.  
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Radiant panel test EN ISO 9239-1  
In the radiant panel test EN ISO 9239-1, a test specimen of size 1050 mm × 230 mm is placed horizontally 
below a gas-fired radiant panel inclined at 30 °. The specimen is exposed to a defined field of total heat flux, 11 
kW/m2 at the hotter end close to the radiant panel, and decreasing to 1 kW/m2 at the other end farther away from 
the radiant panel. A pilot flame front from a line burner is applied to the hotter end in order to ignite the 
specimen. The test apparatus is presented in Figure 8.1f. The progress of the flame front along the length of the 
specimen is recorded in terms of the time to travel to various distances. The smoke development during the test 
is measured on the basis of light obscuration by smoke in the exhaust duct. The duration of the test is 30 minutes.  
The classification criterion is the critical heat flux (CHF) defined as the radiant flux at which the flame 
extinguishes or the radiant flux after a test period of 30 minutes, whichever is lower. In other words, CHF is the 
flux corresponding to the furthest extent of spread of flame. 
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Figure 8.1. The test apparatuses for the European classification: a) test for non-combustibility  and b) test for 
gross calorific potential,  c) SBI test, a schematic drawing, d) SBI test, photograph, e) test for ignitability of 
building products subjected to direct impingement of flame and f) test for floorings. 



 58

 
8.2 Marine regulations 
 
Fire safety on board ships is regulated by SOLAS (Safety of life at sea) rules which are in force 
globally (in all flag states). The International Maritime Organization has specified a Fire Test 
Procedures Code (or FTP Code) to accompany the SOLAS rules [30]. The FTP Code is also referred 
to as IMO Resolution MSC.61(67). The FTP Code specifies tests that should be used to determine the 
following fire performance characteristics: 

• Noncombustibility of insulation and other components of fire-resistant construction (Part 1 of 
Annex 1 to the FTP Code)  

• Smoke and toxicity of bulkhead, wall, and ceiling finish materials; plastic pipes; and electrical 
cables (Part 2 of Annex 1 to the FTP Code)  

• Fire resistance of decks, bulkheads, doors, ceiling linings, windows, fire dampers, pipe 
penetrations and cable transits (Part 3 of Annex 1 to FTP Code and IMO Resolution A.754)  

• Surface flammability of bulkhead, wall, and ceiling finish materials; primary deck coverings, 
plastic pipes; and electrical cables (Parts 5 and 6 of Annex 1 to the FTP Code)  

• Resistance to ignition and propagation of flame of draperies, curtains, upholstered furniture, 
and bedding components (Parts 7, 8, and 9 of Annex 1 to the FTP Code)  

 
In the following passenger ships, mainly accommodation and service spaces, are considered. 
 
8.2.1 Requirements and criteria 
Use of wood based products is very limited according to the SOLAS regulations as indicated in the 
following Table 8.2 which gives the summary according to MSC/Circ. 1120. 
 
Table 8.2. Materials used in bulkheads according to MSC/Circ. 1120. Wood based products are 
possible in limited amount in bulkhead components 6 – 10. 
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As a summary the limitations and criteria concerning the use of wood based products are the 
following: 

• Calorific value not exceeding 45 MJ/m2 of the area for the thickness used 
o For wood products this means maximum thickness of 3 - 5 mm 

• Total volume of combustible facings, decorations and veneers shall not exceed a volume 
equivalent to 2,5 mm veneer on the combined area of the walls and ceiling linings 

• Low flame spread characteristics are required on exposed surfaces 
• Smoke and toxic products released during fire shall be limited 

 
8.2.2 Test methods 
The relevant methods to be used for wood based products are the method for calorific value (which is 
the same as for Euroclasses, EN ISO 1716), low flame spread method and method for smoke and toxic 
products released. 
 
Low flame spread 
A specimen of size 155 mm × 800 mm and of normal thickness 50 mm or less is inserted to the test 
apparatus in a vertical position so that its longer side is horizontal. The apparatus is shown in 
Figure 8.2. The specimen is exposed to an exact defined heat radiation caused by burning the mixture 
of methane gas and air in a radiation panel. The highest intensity of heat radiation at the nearest end of 
the specimen is 50.5 kW/m² and it decreases from this value towards the other end according to a 
defined curve. During the test the time of ignition, spread of flame, extinguishment of flame and heat 
for sustained burning are measured.  
 

 
Figure 8.2. The test apparatus used in the IMO test for surface flammability. 

 
Smoke and toxicity 
A specimen of size 75 mm × 75 mm × ≤25 mm is inserted into horizontal position under the cone 
radiator inside the smoke density chamber. During the test the smoke gases produced are distributed in 
the closed chamber. Three specimens should be tested under each of the following conditions: 

• irradiance of 25 kW/m² in the presence of pilot flame 
• irradiance of 25 kW/m² in the absence of pilot flame 
• irradiance of 50 kW/m² in the absence of pilot flame 

The test should be carried out for at least 10 minutes. If the minimum light transmittance value has not 
been reached during the 10 minutes exposure the test should be continued for a further 10-minute 
period. 
 
When making toxicity measurements, the sampling of fumes should be made during the testing of the 
second or the third specimen at each test condition, when the maximum specific optical density of 
smoke is reached. 
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8.3 Predicting SBI test result from cone calorimeter data 
 
The most important Euroclass test method for products with a non-negligible contribution to fire is the 
Single Burning Item (SBI) test [25]. Correlation between the results of the SBI test and the cone 
calorimeter is an issue of great interest. The cone calorimeter [5] is a well-established and 
acknowledged test method, and it requires only a small amount of specimen material. Even though the 
official classification of products in Europe is made on the basis of the SBI test results, the cone 
calorimeter can be a useful tool for product development and quality control. Several modelling 
approaches on the prediction of heat release and classification in the SBI test have been published [9, 
31, 32, 33]. Many models predict well the performance of untreated wood products in the SBI tests, 
but fire retardant treated wood has proven problematic in several cases. An application of a model, 
developed especially for fire retardant treated wood products, is presented below.  
 
8.3.1 Rule-of-thumb − Euroclass prediction based on limiting values 
By studying the SBI and cone calorimeter test results of wood products belonging to a certain 
European reaction-to-fire class, similarities in the ignition and heat release behaviour have been found. 
Typical class B products, for example, exhibit heat release rate levels of 100 kW/m2 at maximum (for 
at least 900 seconds) and times to ignition of 40 seconds or more in cone calorimeter tests at the 
irradiance of 50 kW/m2. Figure 8.3 shows heat release rate curves of several class B products. Similar 
limits can be found to correspond to classes C and D. 
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Figure 8.3. Heat release rate curves of Euroclass B products in cone calorimeter tests at 50 kW/m2. 
Thin curves show products on the borderline of classes B and C, whereas thicker curves represent 
products belonging clearly to class B. The dashed lines show the suggested time to ignition and heat 
release rate limits for class B products. 

 
By analysing an extensive collection of cone calorimeter test, SBI test and modelling results of wood 
products, the rules of thumb presented in Table 8.3 have been defined. 
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Table 8.3. Rule-of-thumb class limits for cone calorimeter tests at 50 kW/m2. 

Euroclass Time to ignition 
(s) 

Heat release rate maximum * 
(kW/m2) 

B ≥ 40 ≤ 100 
C ≥ 30 ≤ 180 
D ≥ 15 ≤ 250 
* for at least 900 seconds from the start of heat exposure 

 
 
The rule-of-thumb class limits have been set on the safe side, so that a product fulfilling these 
conditions in a cone calorimeter test meets the requirements of a certain Euroclass in the SBI test with 
a high probability. Consequently, a product can pass the classification criteria in the SBI test even 
though it would not quite meet both rule-of-thumb class limits. For instance, a fire retardant treated 
wood product with a heat release rate maximum of 130 kW/m2 in a cone calorimeter test can meet the 
requirements of class B in the SBI test, provided that its ignition is long enough. Therefore, 
mathematically more complex modelling is needed in some cases to produce more accurate class 
predictions for product development. 
 
8.3.2 Euroclass prediction based on modelling calculations  
A one-dimensional thermal flame spread model can be applied to predict the heat release rate in the 
SBI test on the basis of cone calorimeter data. A detailed description of the modelling procedure is 
presented in [9]. A further study of optimised modelling procedures specifically for fire-retardant 
treated wood products with relatively low heat release has been carried out to improve the accuracy of 
predictions for this product group [34]. Only a heat release rate (HRR) curve from a single cone 
calorimeter test at the irradiance of 50 kW/m2 is needed as input data for the model. 
 
As a result of modelling calculations, predicted HRR curves of SBI tests are obtained. The predicted 
HRR curves agree well with experimental SBI data especially for the first peak of the curve. The early 
phases of the test are of major importance in the determination of the FIGRA index and the 
classification of the product. In the data set of 35 products studied during the model development 
phase, the classification on the basis of the FIGRA index was predicted correctly for 89 % of the 
products [35]. 
 
It is emphasized that the predictive procedure developed is a non-physical model intended for 
engineering applications. Thus, it includes several approximations and simplifications. However, the 
model provides a practical and economical tool for product development of wood products with 
improved fire performance, since only a small amount of material and data from one small-scale test is 
required. 
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8.4 Benefits of FR treatments estimated via simulations 
 
A progressive and illustrative tool for simulating fire development is the Fire Dynamics Simulator 
(FDS) program [36, 37]. It can be used for simulating systems of varying complexity, ranging from 
a simple small-scale test for a single material to whole buildings including different materials and 
structures. 
 
Two FR treated prototype products and untreated spruce were simulated in different room fire 
conditions using FDS.  
 
The simulation of innovative FR wood products is challenging since their thermal properties are rarely 
known. Due to this the simulations were started by modeling the performance of the products on the 
cone calorimeter. In this way numerical estimates for the thermal properties of the products could be 
obtained.   
 
Room fires were simulated in three rooms with three different configurations of wall coverings. The 
three rooms and their measures are depicted in Figures 8.7 and 8.8. One of the simulated rooms was in 
accordance with the ISO 9705 standard and one with the room used in EUREFIC experiments in the 
early 90's [38]. Hereafter these are referred to as the ISO 9705 room and the EUREFIC room. The 
third room had the width and depth twice those of the ISO 9705 room while the height remained 
unchanged. From now on we refer to this room as the large room.  
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Figure 8.7. The ISO 9705 room on the left and the large room on the right. The measures are in 
metres and the doors are located in the middle of the walls. 
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Figure 8.8. The EUREFIC room. The measures are in metres and the door is located in the middle of 
the wall. 
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The simulated wall covering configurations are depicted in Figures 8.9 and 8.10. In the first case three 
walls and the ceiling of the studied room were covered, in the second case only three walls were 
covered, and in the third case only the ceiling was covered. The configurations were named Case 1, 
Case 2, and Case 3, respectively. 
     
      

 
Figure 8.9. Cases 1, 2, and 3, respectively, in the case of the ISO 9705 room. The coloured areas 
represent those covered with wood products and the grey pattern areas represent surfaces that in the 
model were considered non-combustible. The configurations of wall coverings are equivalent to this in 
the large room case. 

 

 
Figure 8.10. Cases 1, 2, and 3, respectively, in the case of the EUREFIC room. The coloured areas 
represent those covered with wood products and the grey pattern areas represent surfaces that in the 
model were considered non-combustible. 

 
The studied FR treated birch plywood products were supplied to VTT by Finnforest and UPM. The 
total thickness of the samples was 12 mm. The surface of the Finnforest FR birch plywood had been 
treated with a fire retardant while the UPM FR birch plywood had an aluminium foil protecting the 
veneers. Above the Al-foil there was a thin phenolic film.  
 
Table 8.5 lists the flashover times observed in the simulations and estimations of products' Euroclass. 
Notice that here flashover is defined as the moment in which the heat release rate exceeds 1000 kW 
for the first time. The grounds for Euroclass estimates are given in Figure 8.11. Let us now consider, 
for example, the simulations of untreated spruce wall coverings in the three rooms. Histograms in 
Figure 8.12 show that on average increasing the room size increases the time to flashover. It can also 
be said that in general the difference between Cases 1 and 2 is not as significant as that between them 
and Case 3. This is natural since Cases 1 and 2 have wood covered wall surrounding the burner 
whereas in Case 3 wood is found only in the ceiling, straight above the burner. Similar observations 
are made in the case of Finnforest FR birch plywood (Figure 8.13) while for UPM FR birch plywood 
(Figure 8.14) so few flashovers were observed during the simulation that it is difficult to see trends in 
the results. Figure 8.15 shows example snapshots from a simulation of the ISO 9705 room with 
untreated spruce covered walls and ceiling.   
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Table 8.5. Flashover times and Euroclass predictions for the simulated products. Notice that all 
flashover times in the table are results of simulations. The table also shows the Euroclass obtained as 
a result of the SBI experiment. There is some uncertainty in the result marked with a star (*) due to the 
fact that the simulated heat release rate oscillated around 1000 kW for a rather long time (from 750 s 
to 1000 s). This adds uncertainty to the flashover time evaluated using our definition of flashover time. 
ISO 9705 room

Flashover 
time (s) Euroclass prediction Flashover 

time (s) Euroclass prediction Flashover 
time (s) Euroclass prediction

SBI Experiment D C B
Case 1 220 D 850 C 830 C
Case 2 280 >1200 770
Case 3 650 >1200 1080

Large room
Flashover 
time (s) Euroclass prediction Flashover 

time (s) Euroclass prediction Flashover 
time (s) Euroclass prediction

SBI Experiment D C B
Case 1 260 1080   780 *
Case 2 380 >1200 830
Case 3 630 >1200 1200

EUREFIC room
Flashover 
time (s) Euroclass prediction Flashover 

time (s) Euroclass prediction Flashover 
time (s) Euroclass prediction

SBI Experiment D C B
Case 1 610 >1200 850
Case 2 610 >1200 850
Case 3 1160 >1200 >1200

UPM FR birch plywood Finnforest FR birch plywoodUntreated spruce

Untreated spruce UPM FR birch plywood Finnforest FR birch plywood

Untreated spruce UPM FR birch plywood Finnforest FR birch plywood

 
 
 
 

Flashover time 

Euroclass 

120 s 600 s 1200 s >1200 s 

E/F D C B      A1/A2

 
 

Figure 8.11. Linkage between  Euroclass and flashover time in ISO 9705 room test. 

 
When analysing untreated spruce and the histograms of Figure 8.12 with respect to the simulated 
rooms it can be noted that the flashover times observed in the ISO 9705 room and those observed in 
the large room do not differ significantly even though the large room has four times the floor area of 
the ISO 9705 room. In comparison to these the flashover times observed in the EUREFIC room are 
much longer. This is interesting since the EUREFIC room has less than twice the floor area of the 
large room but twice its room height. Hence the room height plays an important role in fire 
development for untreated spruce. However, this kind of behaviour is not observed for neither one of 
the FR products. Actually, for Finnforest FR birch plywood the room size does not appear to have a 
great effect on the flashover times which are already quite long. Comparison of histograms in Figures 
8.12, 8.13, and 8.14 clearly shows the improvement in flashover times when FR wood products have 
been used as wall coverings. 
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Untreated spruce: Flashover times in Cases 1, 2, and 3
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Figure 8.12. Flashover times in Cases 1, 2, and 3 for untreated spruce wall coverings in the three 
simulated rooms.  Notice how similar Cases 1 and 2 are in every room compared to Case 3 and how 
much the flashover times observed in the EUREFIC room differ from those observed in the other two 
rooms. For example, in Case 3 the flashover time has almost doubled from the value obtained in the 
large room and in the ISO 9705 room. 

Finnforest FR birch plywood: Flashover times in Cases 1, 2, and 3
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Figure 8.13.  Flashover times in Cases 1, 2, and 3 for Finnforest FR birch plywood wall coverings in 
the three simulated rooms. Unlike for untreated spruce, significant differences are not observed 
between different rooms. 
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UPM FR birch plywood: Flashover times in Cases 1, 2, and 3
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Figure 8.14. Flashover times in Cases 1, 2, and 3 for UPM FR birch plywood wall coverings in the 
three simulated rooms. These results are difficult to analyse due to the fact that only two flashovers 
were observed in the simulations. 

 

 
Figure 8.15. Two snapshots from a simulation of ISO 9705 room with untreated spruce covered walls 
(yellow) and ceiling. Grey surfaces are modelled as siporex. Burner can be seen in the left back 
corner of the room. 
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8.5 Summary for fire classification and simulation  
 
Two relevant systems for the reaction to fire classification of FR wood products have been presented: 
the European system for construction products and the maritime regulations. Since major test methods 
in these systems are in small or medium scale, the need for predictive tools including fire simulations 
has been emphasised. Special attention has been on predicting the Euroclasses based on small scale 
data from the cone calorimeter test (ISO 5660). 
 
Key results on fire classification and simulation include: 
Available tools have been reviewed and a new simple Rule of thumb tool especially for FR wood 
products has been proposed. The comparisons of experimental and predicted Euroclasses show that the 
rules of thumb predict the classification too pessimistically in some cases, whereas the estimates based 
on modelling calculations tend to be too optimistic. It is noted, however, that a sharp heat release peak 
in the beginning of a fire test makes the results very sensitive to variations. 
A progressive and illustrative tool for simulating fire development is the Fire Dynamics Simulator 
(FDS) program. It can be used for simulating systems of varying complexity, ranging from a simple 
small-scale test for a single material to whole buildings including different materials and structures. 
Two FR treated prototype products and untreated spruce were simulated in different room fire 
conditions using FDS. The results clearly show the improvements in flashover times when FR wood 
products are being used as wall coverings. According to the results increase in the room height usually 
seems to delay the flashover time more than increase in the floor area. 
 
Suggestions for further work on fire classification and simulation: 
o Extended simulation of fire performance. 
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9. Durability of fire performance in end-uses 
 
9.1 Interior and exterior durability of fire performance 
 

Fire retardant treatments may considerably improve the reaction to fire properties of wood-based 
products and the highest fire classifications for combustible products can be reached, but the durability 
of the fire retardant treatments has not until now been fully addressed. 

Requirements on the durability of fire retardant treatments are not yet mentioned in most national 
building codes. This is partly caused by unawareness of the problem and new procedures have to be 
implemented in order to increase the reliability and confidence of fire retardant wood products. 

Two cases of durability of the fire retardant treatment of wood-based products can be identified. One 
is the risk for high moisture content and migration of the fire retardant chemicals within the wood 
product and salt crystallisation on the product surface. These hygroscopic properties of the treated 
wood-based product can be evaluated by exposure to high relative humidity. 
 
The other case is the risk for decreased fire performance due to loss of the fire retardant chemicals by 
leaching or other mechanisms. This case is mainly for exterior applications, e g as façade claddings. 
Maintained fire performance over time has to be verified. Some background information on these 
cases has recently been published [2]. 
 
The new Nordic system with Durability of Reaction to Fire performance (DRF) classes has been 
developed in order to guide the potential users to find suitable FRT wood products, see Table 9.1. The 
new system has been developed upon Nordic initiatives from industry and research. It consists of a 
control system for the durability properties of FRT wood and suitable test procedures [11, 12] and is 
being published as a Nordtest Method [13]. 
 
The need for these DRF classes is mainly pronounced for chemically and biochemically modified 
wood products, while physical modification is not expected to result in change of hygroscopic 
properties. However, for exterior applications, the maintained reaction to fire performance has to be 
verified also for physically modified wood products. 
 
 
 Table 9.1. Requirements for DRF (Durability of Reaction to Fire performance) classes of FRT wood 
products in interior and exterior end use applications according to NT Fire 054 [13]. 

DRF class 
 

Existing fire 
requirements 

Additional performance requirements at different end 
use of fire retardant wood-based products a) 

 Intended use Reaction to fire class, 
initial 

Hygroscopic properties  
[11] 

Reaction to fire performance 
after weather exposure 
  

0 Short term Relevant fire class [10, 
30] 

- - 

Int Interior 
applications 

 
    - " - 

- Moisture content < 30 % 
- No visible salt at surface 
- No exudation of liquid 

- 

 
Ext 

 
Exterior 
applications 

 
    - " - 

 
    - " - 
 

Maintained reaction to fire 
performance b) after 
- Accelerated ageing [12] or [39] 
or 
- Natural weathering or 
- Other referenced ageing method 

a) To be fulfilled using material produced using the same manufacturing process and having a similar retention level 
as for the reaction to fire performance. 

b) Criteria for fire testing according to ISO 5660 after weather exposure: RHR ≤ 100 kW/m2 during 1200 s testing 
time or THR1200s not increased more than 20 % compared to testing before weather exposure. 
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9.2 Hygroscopic properties for interior end use 
 
The hygroscopicity for the new FRT wood products has been determined according to NT Build 504 
[11]. The method includes the calculation of equilibrium moisture content at two climates, 50 % RH at 
23 oC and 90 % RH at 27 oC. The requirement for DRF class Int is a moisture content below 30 % in 
the humid climate. Ordinary untreated wood has a moisture content below 20 % in the same climate.  
 
Hygroscopicity data are given in Chapter 5. 
 
 
9.3 Accelerated ageing for exterior end use 
 
For DRF class Ext, the durability of the fire performance at exterior applications has been studied by 
accelerated ageing according to NT Fire 053 [12] Method A, i e exposure to 12 one-week cycles of 
simulated rain and drying. Natural field exposure is going on.  
 

 
Figure 9.1 Accelerated ageing of FRT wood 
panels according to NT FIRE 053 (with box 
open). 

Figure 9.2  Natural field exposure of FRT wood 
panels exposed both vertically (90º) and at 45º 
slope. 

 
 
9.3.1 Paint systems 
Paint systems are usually needed to maintain the fire performance properties of FR wood products at 
exterior applications. Two different paint systems have been used in this study, see Table 9.2. The 
panels for ageing were 800 mm long and edge sealed, first with an alkyd solvent borne primer and 
then with a thick coat of a silicone sealer. 
 
Table 9.2. Paint systems used 
Paint 
number 

Paint type Number 
of coats 

Total amount 
g/m2 

Coating details 

1 Alkyd 4 650 1 coat priming oil, 1 coat alkyd primer, 2 
alkyd top coats (all products solvent borne) 

4 Linseed oil 3 610 2 coats with diluted paint, 30 and 15 % resp, 
1 top coat of undiluted paint.  
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9.3.2 Fire performance after accelerated ageing 
The predicted fire performance before and after accelerated ageing and one panel exposed on a real 
façade outdoors are given in Figure 9.3.   
Fire test data for impregnated solid wood panelling products in the cone calorimeter compared with 
untreated wood after accelerated ageing according to NT Fire 053 [12] are given in Figure 9.4.  
A summary of all fire test data after accelerated ageing according to NT Fire 053 is given in Table 9.3. 
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Figure 9.3.  
Fire performance before and after accelerated ageing with the influence of a surface coat. 
Two models for predicting the fire performance have been used: 
above Predicted time to flashover [6] and 
 below RHRmax according to the Rule of thumb approach (time to ignition is another parameter used), 
see chapter 8.3.1 (high bars mean good fire performance in both cases) 
Numbers refer to Table 9.3. 
 
The data show that the fire performance of FRT wood may be maintained after accelerated ageing, if 
the FR wood panel is surface coated. Both coating systems used perform well, except for one case, BS 
with linseed oil. It is thus important to choose a compatible combination of FR treatment and surface 
coat system. 
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  Table 9.3. Fire performance after accelerated ageing exposure (DRF class Ext)  

Product Fire properties after accelerated ageing 

Cone calorimeter 
data 

Time to 
flashover 

(R/C)  
predicted, min 

Euroclass, 
predicted 

DRF 
class 
Ext 

Nr ID 
 

Paint 
no 

FR 
kg/m3 

Mass 
loss,  

during 
ageing 

% 
Time 
to ign. 

s 

HRRmax

kW/m
2 

THR 
MJ/
m2 

Trätek 
model 

Branz 
fire 

model 

Träte
k 

model 

Branz 
fire 

model 

VTT 
model 

Rule 
of 

thumb 

 

0 - - - 2,3 29 167 131 2,8 - D D D D - 
0 -  1 - 0,8 71 393 120 3,2 - D D D D - 
0 -  4 - 2,5 20 150 120 3,4 - D D D D - 
1 BS - 345 39,9 18 181 81 2,2 - D D D D No 
1 BS 1 345 16,9 No/ 

51 
-

/110 
-/86 > 20/ 

14,9 
- B/C B/C B B/C Yes 

1 BS 4 345 38,8 22 225 75 2,9 - D D D D No 
4 FP - 220 27,9 22 140 76 3,2 - D D D D No 
4 FP 1 220 12,2 No - - > 20 > 20 B B B B Yes 
7 DQ - 286 37,2 23 164 63 3,6  D D D D No 
7 DQ 1 286 14,3 No - - > 20  B B B B Yes 
7 DQ 4 286 15,6 36/ 

No 
49/- 33/- > 20 > 20 B B B B/C Yes 

8 DQ - 177 26,4 26 179 79 3,2  D D D D/C No 
8 DQ 1 177 13,3 No - - > 20 > 20 B B B B Yes 
8 DQ 4 177 12,2 No - - > 20 > 20 B B B B Yes 

10 BH - 241 41,8 23 176 91 2,5  D D D D No 
10 BH 1 241 19,1 No/ 

129 
-

/235 
-/73 > 20 > 20 B B B B/C Yes 

10 BH 4 241 23,3 97 109 60 > 20 > 20 B B B B/C Yes 
51 M

V 
spec not 

known 
24,4 13 241 60 3,7 - D D D D No 

53 
* 

M
VF 

spec not 
known 

not 
known 

17 122 26 12,7 - C C C/B D Yes/No 

HRRmax     Heat Release Rate, peak 
THR  Total Heat Release, during burning period (i.e. from ignition to end of test) 
R/C Room Corner test (ISO 9705) 
* MVF Façade outdoor exposure of MV 
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Figure 9.4. Heat Release Rate, HRR, vs time for two FR treatment (BS to the left and DQ to the right) 
and for untreated wood after accelerated ageing according to NT Fire 053 Method A. 
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9.3.3 Mass loss during accelerated ageing 
Mass loss during ageing may be used as an indicator of maintained fire performance, as shown in 
Figure 9.5. However, the mass loss percentage is of course depending on the initial addition of FR 
chemicals. If very high additions are used, then that product may afford to loose a substantial part of 
the chemicals and still maintain the fire performance after ageing. 
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Figure 9.5. Fire performance vs mass loss during accelerated ageing of FRT and untreated wood 
according to NT Fire 053.  The ‘special’  coat refers to accelerated  ageing of the FR façade panel. 
Two models for predicting the fire performance have been used: 
above Predicted time to flashover [6] and 
 below RHRmax according to the Rule of thumb approach (time to ignition is another parameter used), 
see chapter 8.3.1. 
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9.4 Summary for durability of fire performance in end-uses 
 
The durability of the fire performance at exterior applications has been studied by accelerated ageing 
according to NT Fire 053 Method A, i e exposure to 12 one-week cycles of simulated rain and drying. 
Some of the most promising FR treatments with chemical modification have been included. Two paint 
systems (based on alkyd and linseed oil) have been used to maintain the fire performance properties of 
FR wood products at exterior applications. The same products are being exposed to natural weathering 
at a test field close to Stockholm. 
 
Key results on durability of fire performance in end-uses include: 
• Most fire retardant treatments with surface coats have maintained the initial fire performance after 

accelerated ageing and are thus DRF class Ext.  
• Without the surface coat the fire performance after ageing may be as low as for untreated wood.  
• Three FR wood products maintained their initial fire performance after accelerated ageing: 

Dequest (at two retention levels) and Bayhibit with both paint systems and BSM 2000 only with 
the alkyd paint. 

• A compatible combination of FR treatment and surface coat system has to be chosen in each case. 
• Mass loss may be used as an indicator for loss of FR chemicals and failure to maintain the initial 

fire performance during weather exposure. 
 
Suggestions for further work on durability of fire performance in end-uses: 
o Accelerated ageing should be performed for the promising FR treatments in the second series. 
o If promising results are obtained they should also be exposed to natural weathering. 
o Thermally modified timber and furfurylated wood with FR treatments should be evaluated by 

accelerated and possibly also by natural weathering. 
o The FR products already exposed to natural weathering at a test field should be evaluated at 

certain time intervals, e g 1, 3 and 5 years. 
o Accelerated ageing including UV light exposure (according to NT Fire 053 Method B) should be 

performed for promising FR treatments and compared to Method A which has been used in the 
InnoFireWood project. 

o The new Nordtest method for the Durability of Reaction to Fire performance (DRF) classes NT 
Fire 054 should be transferred to a European method within CEN. 
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10. Eco-efficiency in end-uses  
 
There is a growing concern about the environmental and toxicological impact of building materials. 
The addition of performance chemicals, such as fire retardants, can be expected to have environmental 
effects. 
 
Fire retardant products have to fulfil basic fire regulation requirements which are mandatory for the 
market. In comparison to additions for changing other product performance requirements, e g 
resistance to biological decay, high levels of flame retardant chemicals are often required. A basic 
problem is the compromise between the fire performance and a range of other performance 
requirements. An ideal flame-retardant shall, besides fulfilling the appropriate mandatory fire 
requirements, also e g be compatible and easy to incorporate, not alter the mechanical properties or the 
colour, have good light stability, be resistant towards ageing and hydrolysis, not cause corrosion and 
be environmentally safe. 
 
Most of these aspects are considered in research and product development, while the environmental 
aspects often are hard to express and evaluate and therefore forgotten. However, for achieving a long 
term sustainability and reliability of fire retardant products, environmental aspects are becoming 
increasingly important. 
 
Some basic considerations and suggestions for a better awareness among both producers and 
consumers have recently been published [40]. 
 
One aspect is the terminology. The term Flame retardants is often used for synthetic polymers. For 
wood products, we suggest using the term Fire retardants, to avoid at least some of the bad 
associations and to emphasise a more environmentally sound approach. 
 
10.1 Choice of fire retardant additives 
 
The choice of fire retardant chemicals is most important for the environmental profile of the final 
wood product. In this study, the basic principle has been to choose chemicals with an environmentally 
safe profile and to check all available information. Halogenated compounds have been completely 
avoided. The toxic aspects of halogenated FR chemicals have attracted considerable interest during 
recent decades and are mainly pronounced for synthetic polymers. A recent comprehensive study 
covering most aspects has been published [41]. It is mainly focussed on the situation in the UK where 
the use of fire retardant chemicals is probably the highest in Europe. Wood products are hardly 
mentioned, since they are so marginal for the use of fire retardants, but it is still very important for 
wood product producers to emphasize that the fire retardants used are different from those used by the 
plastic industry.  
 
Chemicals often used in fire retardant formulations for treating wood are: 

• ammonium polyphosphate  
• di- and monoammonium 

phosphate  
• ammonium sulphate  
• ammonium sulphamate  
• phosphoric acid  
• borax  

• boric acid  
• boric oxide  
• borax pentahydrate  
• anhydrous borax  
• sodium perborate 

tetrahydrate  
• dicyandiamide  

• melamine  
• urea  
• aluminium trihydroxide 
• melamine phosphate  
• guanyl phosphate  
• melamine-

formaldehyde resins  

All of these chemicals are safe if used according to the manufacturer’s recommendations. However, 
direct contact with the pure chemicals may cause some ill effects such as skin or eye irritation. 
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Special environmental attention has been paid to boric acid and melamine formaldehyde resins. Boric 
acid is non-carcinogenic and non-toxic. However, it is suspected to have an adverse effect on male 
fertility. Formaldehyde is an irritant for eyes, skin and respiratory tracts, which eventually might give 
rise to the formation of tumors. 

Note that neither boric acid nor formaldehyde are used as pure chemicals in fire retardant 
formulations. Boric acid is most commonly converted to a salt and used as such, whereas 
formaldehyde is in fact a constituent of a resin and as such completely bound and hence immobilised. 
Even untreated natural wood, especially pine, emits formaldehyde. Very small amounts of fire 
retardant chemicals may be either leached or exhaled by the wood. 

The pure chemicals typically used in wood fire retardant formulations need to be handled in a safe way 
by specialists. This is nothing special: dedicated precautions are taken for most chemicals, from paints 
to detergents and from fuels to solvents. 

Fire retardant treated wood, chemically speaking, can be regarded as completely safe. Wood is 
commonly treated with fire retardant chemicals at high pressures and redried at elevated temperatures 
which leave the chemicals deep within the wood substrate. None of the chemicals used are volatile, 
and hence cannot easily become air-borne. Leaching of chemicals from fire retarded wood in outdoor 
applications can, in principle, occur. This will mainly affect the fire performance. It is important 
therefore to specify the correct type of leach resistant formulation.  
 
An alternative means of adding fire retardant chemicals is during manufacture of board materials such 
as MDF and particle board, once again leaving the chemicals within the substrate. These materials are 
however used almost exclusively for interior purposes.  
 
 
10.2 Degradation products and waste management 
 
Environmental aspects are not only associated with the chemicals used in the production. There are 
also environmental risks associated with degradation products during the normal use of the product 
and especially degradation products produced during fire conditions. A recent publication covers the 
situation for cables [42], where halogenated or non-halogenated systems are competing. Extensive 
international standardisation on fire effluents is carried out within ISO TC 92 / SC 3 [43]. 
 
Environmental aspects are also linked to possible loss of chemicals during the service life of the FR 
products. However, one should distinguish between the different type of substances that might be lost, 
if they may have environmental risks or not. For the FR chemical used in this study, this risk is 
considered to be minimal, mainly because of the awareness when choosing the chemicals to use, see 
Chapter 10.1.  
 
At the end of its life cycle, fire retarded wood must be disposed of. Compared to other construction 
materials, wood has the great advantage that its calorific value (the heat contained in it and set free 
during combustion) can be used for energy production. The presence of fire retardants won't prevent 
this, although FRT wood must be blended in with untreated wood waste. 
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10.3  LCA and environmental declarations 
 
10.3.1  LCA 
Life Cycle Assessment or Analysis (LCA) is a technique for assessing the environmental aspects and 
potential impacts associated with a product. But there are no references known that cover LCA of fire 
retardant (FR) treated wood products. For other fire retarded products, at least one comprehensive 
LCA study is available on a TV case [44]. That model presents a comparison of emissions from non-
fire retarded TV sets and fire-retarded TV sets during their manufacture, use and disposal periods 
with the fire emissions taken explicitly into account. An account of the level of fire safety has been 
taken through information collected from fire statistics and experiments. As the fire statistics are 
becoming increasingly reliable and comprehensive, the uncertainties associated with the inclusion of 
the aspects of saving lives and property should decrease. Incorporation of the benefits of fire safety 
aspects in LCA of FR wood products is thus a challenging task. 
 
However, the FR chemicals have to be included in the life cycle inventory as well as the treatment 
process (e.g. vacuum pressure treatment and/or painting). Depending on the application, the 
treatments may require maintenance during the service life. In inhibiting fires, FR treated products 
have a positive impact on the environment. However, a recent fire cost-benefit study [45] seems to 
justify the use of FR chemicals even if they may have serious toxic effects [46]. 
 
The technology for FR treatments for wood products could be compared with the technology for 
wood preservative treatments, although there are considerable differences between wood preservative 
treatments and FR treatments:  

− The chemicals used for FR treatments of wood are considerably less hazardous than the chemicals 
used in wood preservatives. In fact, many of the wood FR chemicals are non-hazardous. 

− As FR chemicals inhibit burning, it could be expected that they might cause in energy recovery, 
but it is known that FR treated wood can successfully be blended with untreated wood. 

− Use of fire retardants aims at reducing the flammability and combustibility of wood in order to 
increase the fire safety. Some FR treatments are also preservatives and therefore have added 
benefits.  

 
LCA is a relatively young method and it struggles with considerable problems, for example:  

o Different approaches leading to different results in LCA for the same product.  
o Quality of the database for the inventory differs.  
o Lack of data for processes and materials.  
o Problems with impact assessment (e.g. selection of impact categories, transparency of data).  
o Problems of interpretation of the results.  

 
European standardisation recently started in CENT TC 350 “Sustainability of construction work” is 
important for wood products in general, but also for FR wood products. 

 
10.3.2  Product and environmental declarations 
The aim of product and environmental declarations is to make known the composition of materials 
and products in terms of their effects on the environment and, if possible, how they perform 
ecologically. The declaration must include the constituents of specific materials and products in so far 
as they affect the outdoor, and if relevant, indoor environment during their life cycle. 
 

Initially the descriptions for FR products will be mainly qualitative but as the different groups of raw 
material and product producers start to agree on common descriptive principles, it will be possible to 
expand the declarations with quantitative data. The current level of knowledge does not allow full life-
cycle analyses of FR products. In the long run it will, of course, be necessary to have quantitative 
information relating to the entire life cycle of FR products. 
 
Few FR wood products have product or environmental declarations available for the time being, but 
the market needs for such information from the manufacturer is expected to increase.   
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10.3.3  Green Flame 
Green Flame  is a program that includes fire safety, health and environmental aspects in a single 
evaluation of any given product. Environmental requirements have been included in product 
procurement for some time [47]. Fire performance requirements have, however, typically not been 
included in such systems. In some cases the environmental focus has potentially had an effect on the 
fire performance, or vice versa, attention to the fire performance has potentially had an effect on the 
environmental impact of the product. The Green Flame™ system has been put forward in an attempt 
to address fire safety and its health and environmental aspects, i e, to ensure maximum fire 
performance with a minimum of negative impact on the environment and human health. It has been 
developed to promote environmentally sound fire safety. 

 
Fire code enforcement and environmental officials from the United States with Swedish environmental 
and safety authorities are proposing a program to encourage manufacturers to develop, use and sell 
products capable of meeting high standards of fire safety with minimum negative impact on the 
environmental and human health. 
 
The Green Flame partnership includes:  

o The National Association of State Fire Marshals (NASFM) which represents the most senior 
fire code enforcement officials in each of the 50 states and District of Columbia, in the US. In 
the US, almost all fire code enforcement is conducted at the state and local levels. NASFM is 
receiving scientific guidance from the US Environmental Protection Agency (US EPA).   

o The Swedish Rescue Services Agency (SRV) which is receiving scientific guidance from the 
Swedish National Chemicals Inspectorate (KemI) and the Swedish Environmental Protection 
Agency (SNV).  

 
The Green Flame evaluation scheme is determined by the Green Flame Advisory board. The Green 
Flame Advisory Board selects the markets and products to be considered for a Green Flame award and 
decides whether a product fulfils the relevant requirements. The members of the Advisory Board are 
national agencies, presently: The Swedish Rescue Services Agency (SRV), with scientific guidance 
from the Swedish Environmental Protection Agency and The Swedish Chemicals Inspectorate and the 
National Association of State Fire Marshals and United States Environmental Protection Agency. SP 
Swedish Testing and Research Institute acts as the Secretariat.  
 
The minimum requirement for any product evaluated within Green Flame system is that they meet the 
highest available prevailing standards, worldwide, so that the same product can enter any market. The 
product looking for Green Flame recognition should then exceed at least one of these standards in 
some respect. The product could, for instance, exhibit much better fire performance than the 
established benchmark. More details about the requirements can be found in the general document 
[47].  
 
The products awarded with a Green Flame will be posted on the website and a non-confidential 
product or technology performance information package will be readily downloadable for public 
procurement agencies and environmental, safety and health regulators for inclusion in their guidelines. 
Similarly, this package will be made available to applicants for private distribution.  

Very few products have up till now received the Green Flame approval. 
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10.4 Design tool 
 
A systematic design tool is being developed in order to assist manufacturers to assess important fire 
retardant and fire properties in combination with essential life cycle, toxicological and eco-
toxicological parameters, in order to promote the use, quality and design of the final end user 
application [48]. 
 
The design tool is organised as a matrix with product requirements versus different products. The 
sustainability aspects are in main focus. Parameters included are toxicological, eco-toxicological 
effects and pollutant emissions expressed as potential environmental impact. Further parameters are 
global warming, acidification, ozone depletion, photochemical oxidant formation and eutrophication. 
For each parameter, a 3-level scale is defined in order to simplify the use of the tool for different 
categories of customers, see Table 10.1. 
 
 
Table 10.1.  Example of product profile for Eco-efficiency of three virtual FR products [48] 
(Impact is given on a scale green-red, of which green means no or low impact and red high impact) 

Environment parameter 
(examples) 

FR product 
A 

FR product 
B 

FR product 
C 

Toxicology:    

- Human exposure O O O 

- Eco toxicology  O O O 

- Interior environment (emissions) O O O 

Life cycle assessments:    

- Natural resources O O O 

- Energy demand O O O 

- Emissions to exterior environment O O O 
 
The product profile may be extended by including obvious parameters as fire properties, durability 
class and other product properties, e g strength. 
 
Extensive further work is needed to develop the design tool by selecting essential life cycle and eco-
toxic parameters, determination of units to be used and determination of scales and limiting values. 
 
Studies of different FR chemicals and FR wood products are also needed to supply input data for the 
design tool. 
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10.5 Summary on eco-efficiency in end-uses 

 
The choice of fire retardant chemicals is most important for the environmental profile of the final 
wood product. In this study, the basic principle has been to choose chemicals with an environmentally 
safe profile and to check all available information. Halogenated compounds have been completely 
avoided. Environmental risks are also associated with degradation products during normal product use 
and during fire conditions. 
 
Key results on eco-efficiency in end-uses include: 
• The importance of choosing environmentally safe fire retardants, e g non-halogenated, has been 

emphasised in order not to loose the environmentally safe profile of the original wood product. 
• The need for standardisation of methods and models for evaluating degradation has been 

emphasised. 
• Options to develop product and environmental declarations are described. 
• The principles for a systematic design tool have been proposed to assess important fire properties 

in combination with essential life cycle and eco-toxic parameters in end-use applications. 
 
Suggestions for further work on eco-efficiency in end-uses: 
o Extensive further work is needed, mainly to develop the design tool including 

o Selection of essential life cycle and eco-toxic parameters  
o Determination of units to be used 
o Determination of scales and limiting values 

o Studies of different FR chemicals and FR wood products to supply input data for the design tool 
o Studies of environmental aspects linked to the possible loss of chemicals during service life of FR 

wood products. 
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11. Conclusions, summary of key results and suggestions for further work 
 
The conclusions and summaries from chapters 5-10 on chemical, biochemical and physical 
modifications, fire classification and simulation, durability of fire performance and eco-efficiency are 
compiled in this chapter together with suggestions for further work. 
 
Chemical modification 
Several types of chemicals have been applied by vacuum pressure impregnation into solid wood 
panelling products, thermally modified timber and furfurylated wood products. For plywood two 
routes have been employed, addition of fire retardants to the glue and FRT top veneers, separately and 
in combination. Finally, different wood veneers have been attached to a non-combustible substrate to 
create a wood surface with high fire performance properties. 
 
The fire performance of the new products has been studied by testing in the cone calorimeter (ISO 
5660). Full scale performance and fire classification have been predicted by four models. The new 
Nordic system with Durability of Reaction to Fire performance (DRF) classes has been implemented 
in order to obtain products suitable for sustainable end use in buildings.  
 
Key results on chemical modification include: 
• The new FR products had either improved fire performance (predicted Euroclass B or C) or 

maintained low moisture content at high RH (< 30 %).  
• Few products fulfilled both criteria, which is needed for reaching DRF class Int for interior 

building applications.  
• An optimization matrix for evaluating the fire and moisture sensitivity properties of FR wood 

products has been developed. 
• Mainly FR wood products with high moisture content showed salt crystallisation at surface and/or 

exudation of liquids at conditioning in the wet climate. 
• Two FR treatments have been superior: Dequest at all retention levels studied and Novaflam at the 

higher retention levels studied.  
• Thermally modified timber may be FR treated after, but not before, the heat treatment and 

Euroclass B may be reached.  
• Furfurylated wood may be FR treated either before or after the furfurylation and Euroclass B may 

be reached.  
• Plywood obtained improved fire performance only when the surface veneer is FR treated and only 

with a few FR treatments. FR additions in the glue did not obtain sufficient effect, not even if the 
veneer is very thin, about 0,5 mm.  

• Fire rated building panels with wood surface may consist of a wooden veneer on a non-
combustible substrate. The choice of a high density substrate is most important for the fire 
classification. The veneer thickness, about 0,5 mm, and the top lacquer have also considerable 
importance, while the adhesive and the wood species seem to be of minor importance.  

• With very thin veneers and limited combustibles from top lacquer and adhesive, even Euroclass 
A2 might be reached, which is the classification for paper-faced gypsum boards. 

• The models used to predict the full scale fire behaviour and fire classification of chemically 
modified wood have different features, the Trätek model being most conservative and the new 
Rule of thumb approach most liberal. However, narrow peaks sometimes make predicting 
difficult. 

 
Suggestions for further work on chemical modification: 
o Fixing procedures for some of the FR chemicals with superior fire properties, e g Addiflam, 

should be further developed to decrease its hygroscopicity. 
o FR chemicals that need heat treatment to be fixed should be studied for thermally modified timber 

and furfurylated wood in order to improve the exterior durability of fire performance. 
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o A combination of physical and chemical modification of plywood should be further studied by 
introducing a FR surface veneer on top of an Al foil protecting the untreated veneers underneath. 

o Further studies on wood veneers attached to a non-combustible substrate to create a wood surface 
with high fire performance properties. 

o Several new chemicals remain to be evaluated for wood products. 
 
 
Biochemical modification 
This study provided the first look at the possibility to use xyloglucan (XG) as a novel component in 
fire retardant chemicals to provide permanently fire retardant solid wood products.  The ability of XG 
to act as a molecular anchor for functional chemistry on cellulose fibers had been previously 
established in the context of pulp and paper chemistry.  This work allowed us to extend the technology 
to solid wood materials, which are inherently more difficult to modify due to a higher level of 
structural complexity.  
 
Key results on biochemical modification include: 
It has been shown that XG conjugates can be adsorbed to wood and that conjugation of chemicals to 
XG results in improved retention of those chemicals.  These effects parallel those observed for wood 
pulp fibers and highlight the generality of the XET/XG method, in addition to pointing out certain 
limitations.  In particular, the three-dimensional structure of wood and the limited porosity of the 
wood structure limit the rate at which wood fibers can be modified relative to pulped fibers.  The 
addition of XG failed to improve fire properties to any notable extent, at maximum Euroclass C might 
be reached, but the presence of XG was not detrimental to fire performance in the situations studied. 
With respect to improving fire retardancy, clearly more work is needed.   
 
Suggestions for further work on biochemical modification: 
Further work should determine whether a better combination of XG with inorganic fire retardants such 
as the borates studied, or perhaps various untested phosphate compounds, can be found.  Indeed, there 
are a large number of treatment conditions which remain to be explored to find an optimized system 
which both improves fire performance and chemical retention using xyloglucan. Thus, as a first step, 
further extensive laboratory studies are needed.  The main goal should be to determine whether a 
better combination of XG with inorganic fire retardants is possible. 
 
 
Physical modification 
Based on the general principles of physical modification, the following cases were studied: 
− Effect of weather resistance varnish on FR treated wood products 
− Colour effects 
− Al foil protecting plywood veneers 
− FR glue used in okume plywood with UV lacquer 
 
Key results on physical modification include: 
• FR treatment, or any modification improving the fire performance, may lose its effectiveness 

when the surface is covered with a varnish. The reaction-to-fire behaviour can be of the same 
order or even inferior to the performance of untreated specimens. 

• The differences between wood products of different colours are relatively small, having no effect 
on the European reaction-to-fire classification of the product. 

• Al foil with a minimum thickness of 50 µm can effectively protect plywood veneers underneath 
and improve the classification of the product. The Al foil should be placed as close to the surface 
of the product as possible. The thickness of the whole product can be crucial for classification due 
to the increasing heat release towards the burn-through of the specimen. As a result, the THR600s 
criterion of the SBI test may be exceeded. Furthermore, the background structure (i e air gaps, 
insulation etc) of the specimen has a significant effect on SBI test results. 
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• FR glue in plywood can improve the classification of plywood. However, the results may vary due 
to the narrow heat release peak caused by the topmost veneer in the beginning of the test. It is also 
noted that fire retardants may increase smoke production, leading to smoke class s2. 

 
Suggestions for further work on physical modification: 
o The effect of an Al foil of at least 50 µm on the classification could be studied by performing SBI 

tests. A decrease of THR600s value would be expected. 
o Plywood including an Al foil of at least 50 µm could be further developed by introducing FR glue 

to two or three topmost glue lines. This action would reduce THR600s and might limit smoke 
production to meet the requirements of smoke class s1. 

o As a combination of physical and chemical modification, FR surface veneer could be introduced 
on top of an Al foil protecting the untreated veneers underneath. 

 
 
Fire classification and simulation 
Two relevant systems for the reaction to fire classification of FR wood products have been presented: 
the European system for construction products and the maritime regulations. Since major test methods 
in these systems are in small or medium scale, the need for predictive tools including fire simulations 
has been emphasised. Special attention has been on predicting the Euroclasses based on small scale 
data from the cone calorimeter test (ISO 5660). 
 
Key results on fire classification and simulation include: 
Available tools have been reviewed and a new simple Rule of thumb tool especially for FR wood 
products has been proposed. The comparisons of experimental and predicted Euroclasses show that the 
rules of thumb predict the classification too pessimistically in some cases, whereas the estimates based 
on modelling calculations tend to be too optimistic. It is noted, however, that a sharp heat release peak 
in the beginning of a fire test makes the results very sensitive to variations. 
A progressive and illustrative tool for simulating fire development is the Fire Dynamics Simulator 
(FDS) program. It can be used for simulating systems of varying complexity, ranging from a simple 
small-scale test for a single material to whole buildings including different materials and structures. 
Two FR treated prototype products and untreated spruce were simulated in different room fire 
conditions using FDS. The results clearly show the improvements in flashover times when FR wood 
products are being used as wall coverings. According to the results increase in the room height usually 
seems to delay the flashover time more than increase in the floor area. 
 
Suggestions for further work on fire classification and simulation: 
o Extended simulation of fire performance. 
 
 
Durability of fire performance in enduses 
The durability of the fire performance at exterior applications has been studied by accelerated ageing 
according to NT Fire 053 Method A, i e exposure to 12 one-week cycles of simulated rain and drying. 
Some of the most promising FR treatments with chemical modification have been included. Two paint 
systems (based on alkyd and linseed oil) have been used to maintain the fire performance properties of 
FR wood products at exterior applications. The same products are being exposed to natural weathering 
at a test field close to Stockholm. 
 
Key results on durability of fire performance in end-uses include: 
• Most fire retardant treatments with surface coats have maintained the initial fire performance after 

accelerated ageing and are thus DRF class Ext.  
• Without the surface coat the fire performance after ageing may be as low as for untreated wood.  
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• Three FR wood products maintained their initial fire performance after accelerated ageing: 
Dequest (at two retention levels) and Bayhibit with both paint systems and BSM 2000 only with 
the alkyd paint. 

• A compatible combination of FR treatment and surface coat system has to be chosen in each case. 
• Mass loss may be used as an indicator for loss of FR chemicals and failure to maintain the initial 

fire performance during weather exposure. 
 
Suggestions for further work on durability of fire performance in end-uses: 
o Accelerated ageing should be performed for the promising FR treatments in the second series. 
o If promising results are obtained they should also be exposed to natural weathering. 
o Thermally modified timber and furfurylated wood with FR treatments should be evaluated by 

accelerated and possibly also by natural weathering. 
o The FR products already exposed to natural weathering at a test field should be evaluated at 

certain time intervals, e g 1, 3 and 5 years. 
o Accelerated ageing including UV light exposure (according to NT Fire 053 Method B) should be 

performed for promising FR treatments and compared to Method A which has been used in the 
InnoFireWood project. 

o The new Nordtest method for the Durability of Reaction to Fire performance (DRF) classes NT 
Fire 054 should be transferred to a European method within CEN. 

 
 
Eco-efficiency in end-uses 
The choice of fire retardant chemicals is most important for the environmental profile of the final 
wood product. In this study, the basic principle has been to choose chemicals with an environmentally 
safe profile and to check all available information. Halogenated compounds have been completely 
avoided. Environmental risks are also associated with degradation products during normal product use 
and during fire conditions. 
 
Key results on eco-efficiency in end-uses include: 
• The importance of choosing environmentally safe fire retardants, e g non-halogenated, has been 

emphasised in order not to loose the environmentally safe profile of the original wood product. 
• The need for standardisation of methods and models for evaluating degradation has been 

emphasised. 
• Options to develop product and environmental declarations are described. 
• The principles for a systematic design tool have been proposed to assess important fire properties 

in combination with essential life cycle and eco-toxic parameters in end-use applications. 
 
Suggestions for further work on eco-efficiency in end-uses: 
o Extensive further work is needed, mainly to develop the design tool including 

o Selection of essential life cycle and eco-toxic parameters  
o Determination of units to be used 
o Determination of scales and limiting values 

o Studies of different FR chemicals and FR wood products to supply input data for the design tool 
o Studies of environmental aspects linked to the possible loss of chemicals during service life of FR 

wood products. 
 
 
 
Overall conclusions on methodologies 
The methodologies used for fire testing, prediction of fire classification, durability of fire performance 
and fire simulations have been successful and it is recommended that these methodologies are used in 
further studies. 
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12. Implementation and comments from industry 
 
The project results form the technological basis for new innovative, durable and eco-efficient wood 
based products with high fire performance for demanding applications. Companies may utilise the 
results in their further product development and in producing background information for new market 
promotions. Results may also be used in international networking.  
 
Expected results are new products and new product ideas that may be primarily utilised by the project 
partners and later on by others as well. Expected results are also an increased awareness by different 
players that such products are being useful tools to an increased use of wood.  
 
The main forum for discussions and exchange of information and views with the industry partners 
have been the steering group meetings. In addition, the steering group chairman invited the research 
team to a workshop at UPM R&D Centre in Lahti, Finland, 22 June 2005. SP Trätek, KTH and VTT 
gave presentations concerning the state-of-the-art and the status of the project. The audience consisted 
of UPM staff members. 
 
 
Comments on the InnoFireWood project from industry have been compiled by the end of the project. 
The following questions have been answered by the industry partners: 
1. Has the project contributed or changed your opinion on possibilities for using or producing fire 

retardant wood products? 
2. What is the most valuable project result for your company? 
3. Have you got any new product ideas? 
4. Do you have any new products being considered for commercialisation?  

If so, how many? 
5.   How do you see the future possibilities of high fire performance wood products? 
      - Markets? 
      - Regulatory aspects? 
6.   Any other comments, please 
 
Totally seven answers from the industry partners have been received, but all have not answered all 
questions. The average number of answers per question is 4-5. A summary of the answers are 
presented in Table 12.1. 
 
The industrial comments are mainly positive in terms of increased industrial awareness, insight and 
competence in possibilities and problems with fire retardant wood products and in terms of new ideas 
on how to proceed within the company. It is obvious that much work remains to be done by industries 
themselves. Companies participating actively in the project have expressed a positive attitude, while 
those being less active or not participating are more neutral or have not responded at all. 
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Table 12.1. Industrial comments on the InnoFireWood project  
Question No of 

answers 
Answers 

1. Change in opinion on 
fire retardant wood 
products? 

 
4 

- It has made us more careful, durability is not analysed 
comprehensively before and it doesn’t seem to be under control 
- Mostly contributed 
- There are still other possibilities to use wood in a safe way like in 
structural means or physical modification and if necessary in some 
objects then the FR could be used 
- More realistic view of the different methods to reach high fire 
performance products is obtained 
- Testing methodology has been changed and the project has clearly 
increased activity of the company with regard to fire retardants and 
fire protection methods, fire testing methods and regulations 

2. Most valuable project 
result for your company? 

 
5 

- Increased knowledge about the problematic of durability of fire 
retardant treatment 
- Influence of the tested structure on SBI test results 
- Information about new possible technologies 
- Knowledge and understanding on FR and the possibilities of them 
- Based on the obtained knowledge and based on the new 
methodology R&D time and costs will be cut. Non expensive cone 
calorimeter testing and simulations are useful tools to predict the 
expensive SBI-test results 
- The project has created a very good basis for further industrial 
product development 

3. Any new product 
ideas? 
 

 
5 

- Yes, physical methods by different overlays and possibly 
combinations of physical and chemical methods 
- No particular, but perhaps some thoughts 
- Just to treat the existing products like thermowood with FR if 
needed in the future 
- One product idea 
- Some good product solutions have been found and tested in order 
to predict possible Euroclass 
- SBI tests have shown that Euroclass B can be reached 
- IMO classification has become closer and possible 

4. Any new products for 
commercialisation?  
If so, how many? 

 
4 

- Yes, but we have to get confident about the durability first 
- No, based on this project 
- At the moment no products for commercialisation 
- Not yet to fulfil B-s1 class, but we are actively seeking solutions to 
get products that fulfil fire requirements, are durable and suits to 
industrial manufacture 

5. How do you see the 
future possibilities of 
high fire performance 
wood products? 
      - Markets? 

 
5 

- Expanded application range of wooden products in e.g. public 
buildings 
- The market in Finland is perhaps slightly growing, but the doubts 
against FR wood seem to be many 
- Surely there are markets for those products, but it is quite much 
dependent how the products are brought to the markets e.g. having 
few good reference objects 
- There is clear market demand for high fire performance products 
- The project has created a good base for company level product 
development. Especially for companies involved in the project 
- Perhaps developed product ideas were not yet ready for markets 
but it is understandable. Who will give the best ideas to competitors 
- There are already markets for classified high performance wood 
products. For instance interior linings in non-residential buildings. If 
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some product is accepted in a bigger building project it is a big deal 
for industry and a reference for following projects. Same kind of 
effects are also in traffic and maritime use. Generally in building 
sector it seldom goes so easily. Even we have B-class product it is 
not necessarily enough. At the same time we have to increase 
confidence to use of fire retardants and their sustainability as well as 
environmental and healthy aspects. And the criteria may be high. 
For instance we have been told that impregnated wood is dangerous 
if a child eats it a couple kilos per year! 

      - Regulatory aspects?  
4 

- The regulations should better take notice  of the particular 
characteristics of FR wood compared to untreated wood 
- Will be as difficult as with normal wood products on different 
markets (meaning now multi-storey or public buildings). The 
possibilities of high fire performance wood products should already 
be added in the European level work e.g. Roadmap 2010 
- Especially at the international markets the importance of 
regulations and CE-marking will be high 
- Markets demand will be very much related to national and regional 
building regulations. Regulations well drive to find out new 
solutions and systems 
- Regardless how good fire retardant wood products we have 
developed, we may not accept to tighten requirements. The use of 
wood is not allowed in building codes if the requirement is class B.  
- The main quid line for further development still is to enlarge the 
use of wood as such (D-class) 

6. Any other comments, 
please 
 

 
4 

- It would have been nice to hear the objectives of other industry 
partners (chemical industry) why they participated in this project and 
what they wanted from this project (just on the paper). The 
discussions with them would have been interesting 
- The continuation will be up to the industry partners 
- Our company has unfortunately not had the capacity to participate 
actively in the project as planned, but we hope to start activities 
- We have not had enough capacity to participate 
- The project language (English) has created a barrier for us 
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13. Scientific publications and communication of information 
 
Target groups for dissemination of results outside the core project group are those influencing the 
choice of building materials, national authorities and relevant scientific spheres, being approached by 
presentations in professional magazines and at international and national conferences and seminars.  
 
13.1 Scientific publications  
Five scientific publications based on the InnoFireWood project results have been issued so far 
- A STATE OF THE ART report [3] 
- An Appendix with detailed test and modelling results [4] 
- A conference paper [49] 
- VTT symposium paper [50] 
- The final report for the InnoFireWood project (this report) 
 
Five scientific papers are planned based on the InnoFireWood project results: 

• Chemical modification (SP Trätek) 
• Biochemical modification (KTH and SP Trätek) 
• Physical modification (VTT and SP Trätek) 
• Fire modelling (VTT) 
• Euroclass prediction based on limiting values (VTT and SP Trätek) 

 
13.2  Publishing and dissemination of information outside the scientific community 
- Poster at the Opening Seminar of the Wood Material Research Science programme 2004 [51]. 
- Article in the UPM Kymmene Magazine Griffin wood, autumn 2004 [52]. 
- Input to the yearbooks 2004, 2005 and 2006 of the Wood Material Science Research Programme. 
- Poster and presentation at the Annual Seminar of the Wood Material Research Science programme 

2006 [53, 54] 
- Leaflet with summary of InnoFireWood project results [55] 
 
13.3 Communication of information 
The InnoFireWood project has close connection with the Nordtest project Service classes for fire 
retardant wood products, which has been running 2005-06. The project partners have partly been the 
same and the Nordtest results have been implemented in the InnoFireWood project. The goal of the 
Nordtest project was to establish a Nordic standard for requirements based on earlier test 
methodologies [11,12]. It has resulted in a new Nordtest method with classes for the Durability of 
Reaction to Fire (DRF) performance [13]. The new Nordtest method will be transformed to a 
European EN method. 
 
The project has kept close cooperation with the European network, FireRetard.com, which originates 
in an earlier European Thematic Network High fire performance wood products, HIFI coordinated by 
VTT and with active participation from Trätek. The network includes industrial and research partners 
from several countries with experience or interest in fire retardant wood products. 
 
The project has also close cooperation with a quite new European network, Fire Safe Use of Wood, 
FSUW, initiated by Finland and Sweden and with participants from at least eight European countries. 
The partners are from industry, research and building and fire authorities. The FSUW network has  a 
wide scope and several objectives, e g  
• New knowledge will lead to wider and more similar acceptance of wood building products in 

different countries which means less barriers to trade in Europe 
• Increased use of fire safe wood products will provide new opportunities to increased use of  

products from renewable resources that will stabilize the CO2 balance. 
Further information on the network is available at www.fsuw.com. 
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Information from the InnoFireWood project is also available on www.vtt.fi/proj/innofirewood and 
www.sp.se/tratek/fouprogram/trabrand.htm  
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