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Preface 
 
On 27-29 October 2004 the first symposium of COST Action E29 Innovative Timber & Composite 
Elements for Buildings was held in the city of Florence, Italy. COST E29 focuses on new 
developments for timber buildings on a broad domain. From raw and materials and wood based 
products,  structural engineering issues including fire safety, production of materials and structural 
elements, sound insulation and vibration behaviour and environmental aspects is the range of issues 
covered by the action. This range shows that design of modern timber buildings is a complex matter 
of many different aspects which have to be brought together to obtain good quality buildings. In this 
first symposium focus have been given to new materials and technologies to assess the materials 
provided to us by nature. Production aspects have been assessed on various levels: from the 
production of wood-based materials to the production of integrated elements and whole buildings. 
Last but not least: the fire safety of the materials and buildings has been assessed in a special 
session on fire safety. With 8 invited speakers from Europe and Japan, a total of 34 presentations 
and 31 papers accepted to be included in the proceedings, the first symposium gives an introduction 
to this variety of aspects to modern timber composites. 
 
 
The symposium organizers, 
 
 
Prof. A. Ceccotti      Dr. ir. J-W.G. van de Kuilen 
Italian National Research Council CNR    Delft University of Technology 
Trees and Timber Institute     Faculty of Civil Engineering 
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AN OVERVIEW  

 
Timber technology and use in construction has entered an exciting era, with clients using timber and 
timber products in new ways and demanding innovation from the industry. The effective response 
of technology development to market forces is at the foundation of any successful industry.  
 
With changing market demands, fierce competition in the global economy and new routes to the 
European market, products must be innovative to remain competitive. The need to provide added 
value to users requires this innovation in both existing products and systems, and in the research 
and development of new ones.  
 
It follows that innovation and competitiveness will play a major role in the future use of timber and 
timber products in European construction. All those involved with the timber industry must work 
together to foster these, to develop government partnerships and support, and to raise awareness in 
the markets of the new developments offered by timber technology.  
 
Raised awareness is exactly what this Symposium delivered. While not all of the ideas presented are 
yet ready to be put into practice, they showed what can be achieved through research and 
development. We have to innovate now if the timber industry is to be at the forefront of technology 
in years to come.  
 
The proceedings listed in this document give just a few examples of how current trends for greater 
innovation, sustainability, productivity and service-life performance, are influencing product 
development and supply.  
 
I would like to commend the Management Committee of this COST Action, particularly Professors 
Ario Ceccotti and Jan-Willem van de Kuilen for their dedication and hard work in making the 
Symposium a success. My thanks go to all involved in the COST Action and the European COST 
organisation, for providing a vehicle for collaboration and networking on ideas that could take 
timber innovation to higher levels and ultimately be of value to the European community as a 
whole. 
 
 
Dr Vahik Enjily BSc, PhD, CEng, FIStructE, FICE, MIMechE, FIWSc. 
Chairman of COST E29 
Director of the Centre for Timber Technology and Construction (CTTC) 
Building Research Establishment (BRE) 
UK 
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1 Introduction 

Wood is a natural product which exhibits big variations in quality according to species, 
genetics, growth and environmental conditions. Wood properties vary not only from tree to 
tree but also within a tree, over the cross-section and along the stem axis. The process of 
converting round wood into sawn timber interferes with the structure of naturally grown 
wood. For example wood fibres may be cut due to sloping grain and distortions around knots. 
This leads to considerably bigger variations in the strength properties of sawn timber than in 
round wood. In general, the smaller the cross-section, the greater the variability. To overcome 
this variability and to ensure that timber is available in qualities desired by users and meets all 
user requirements, it must be graded, i.e. divided into classes of different quality on a piece by 
piece basis. 

In timber grading a general distinction must be made between appearance grading and 
strength grading. In the former, wood is assessed according to its appearance, i.e. decorative 
criteria, which is important wherever timber is intended to remain visible. Appearance is the 
main consideration for non-structural timber, such as boards for cladding, but may also be 
important for structural timber where it is exposed in use. In strength grading, timber is 
mainly assessed according to criteria which are relevant to its strength and stiffness. From 
this, it follows that where appearance of structural timber is important, it may have to be 
graded for both strength and appearance. 
 

2 Strength grading 

Traditionally the strength of timber has been estimated from its visual appearance, taking into 
account strength reducing factors that could actually be seen, mainly knots and annual ring 
width. Due to the great variety in wood species, timber qualities and different building 
traditions, for example different cross-sectional dimensions, the visual grading rules 
developed in different countries differ widely regarding grading criteria as well as in the 
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number of grades and grade limits. All these visual grading rules, however, have in common a 
general deficiency: 

For practical reasons only visually recognisable characteristics can be taken into consideration 
and only simple combination rules are possible. Important strength determining characteristics 
such as density cannot be satisfactorily assessed. Therefore, the predictive accuracy of visual 
grading has its limitations. Since the grading decision depends on the judgement of the grader 
it can also never be totally objective.  

To improve the accuracy of strength grading with the aim of achieving better utilisation of 
timber qualities available, machine grading processes were developed from the 1960´s 
onwards in USA, Australia, UK and, later, in other countries. 

The increasing importance of quality assurance, the rising demand for high quality timber, 
and the continuously increasing production speed have led to a growing interest in machine 
strength grading and initiated the development of new machines with greater throughput 
speed and greater predictive accuracy, making use of meanwhile available sensor systems and 
data processing technologies. 
 

3 Machine grading techniques 

Note: For information purposes trade names of commercial grading machines are 
mentioned. This does not impute any quality rating and does not exclude the 
existence of other grading machines of similar quality. 

Most of the grading machines in worldwide use to-day are the so-called bending machines 
which determine average bending modulus of elasticity (MOE) over short lengths. Timber is 
continuously fed through the grading machine. The machine bends each piece as a plank (i.e. 
about the weaker axis) between two supports which are some 0,5 to 1,2 m apart and either 
measures the applied load required to give a fixed deflection or measures the deflection under 
a particular load. From these values it calculates local MOE, taking into account the cross-
sectional dimensions and natural bow of the piece of timber which is either measured or 
eliminated by deflecting the piece in both directions (Fig. 1). 

 

 

 

 

 

 

 

Fig 1 Bending method 

 

Bending machines apply a low-level proof test force to the timber which is proportional to the 
modulus of elasticity, and approximately 50 to 100 % of the design bending stress for the 
grade. This may cause very low-strength pieces to fail. This improves the reliability of the 
grading process but may also cause problems, because the machine may jam and disrupt the 
production flow. Moreover there is a probability that low strength pieces will not fail but will 
be damaged when passing through the machine, whereby the remaining bending strength of 
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the piece may be lower than the applied proof stress. Another problem with bending machines 
is that they are not capable of sensing the timber over its full length: modulus of elasticity 
measurements can only be taken when the timber has contact to both supports, which means 
that measurements cannot be taken over a distance of 60 to 80 % of the machine´s span from 
each end. When the piece of timber enters the machine and is bent, vibrations are induced at 
the trailing end of the timber which may have an effect on the force measurement. This effect 
is more severe in bending machines that apply a constant force than in machines that apply a 
constant bending deflection. In order to limit vibration effects, the throughput speed is limited 
to 100 to 150 m/min, depending on the machine type, and this for all bending machines 
approved in Europe. In order to limit compression perpendicular to grain forces at the 
supports, timber thickness is limited to 75 to 80 mm. 

A special case is the bending machine CLT (Continuous lumber tester) and its latest version 
HCLT (High capacity lumber tester) which were developed in the USA. These machines are 
designed to grade timber up to 45 mm thickness and bend the timber flatwise in both 
directions over spans of  2 x 1.2 m. According to the machine producer the HCLT is designed 
for throughput speeds of more than 400 m/min. However, so far no test results are available 
that show the effect of throughput speed on the yield. 

Since the introduction of machine strength grading about 35 years ago, a lot of research work 
has been conducted to further improve the grading process. Numerous investigations have 
dealt with the determination of MOE by methods other than bending and using other grading 
parameters, such as knots and density in order to predict strength and stiffness. Table 1 shows 
that MOE is the best single predictor of strength. Knots and density combined are similarly 
correlated with strength as MOE. Predictive accuracy of machine strength grading can be 
further improved by combining the parameters MOE and knots. The incorporation of density 
into the grading process can also contribute to the grading results, as this can be used to 
produce grades with higher characteristic density. Other wood characteristics, such as slope of 
grain, especially severe local slope of grain due to e.g. top rupture (see Fig. 2), or local 
damages due to extreme wind loads, must also be taken into account in the grading process, 
though, due to their low probability of occurrence, their correlation with strength is low. 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1 Correlation of grading parameters 
with strength 

Fig. 2 Severe local slope of grain due to 
top rupture 
 

MOE can be determined non-mechanically by measuring the resonant frequency or the 
ultrasonic speed. The most appropriate way for vibration testing is to measure the resonant 
frequency by longitudinal stress waves (Fig. 3). The piece of timber is hit at one end and the 
vibration can be measured contact free by means of a microphone or a laser system. The 
length of the piece of timber must be known or measured, because the resonant frequency 
depends on the length, but it is independent of the cross-section. 

Characteristics used to predict
timber strength

Coefficient of
determination

r2

Knots 0.15 ... 0.35Knots 0.15 ... 0.35

Density 0.20 ... 0.40Density 0.20 ... 0.40

Modulus of elasticity 0.40 ... 0.65Modulus of elasticity 0.40 ... 0.65

Knots + density 0.40 ... 0.60Knots + density 0.40 ... 0.60

Knots + modulus of elasticity 0.55 ... 0.75Knots + modulus of elasticity 0.55 ... 0.75

Knots + density + modulus of elasticity 0.55 ... 0.80Knots + density + modulus of elasticity 0.55 ... 0.80

Frequency, ultrasonic speed 0.30 ... 0.55Frequency, ultrasonic speed 0.30 ... 0.55
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Fig. 3 Vibration method 

 

Mean MOE of the timber can be calculated from resonant frequency, length and density. This 
means that a grading machine sensing only the resonant frequency, is less efficient than a 
machine sensing frequency and density of the timber. With the vibration method only a mean 
value of modules of elasticity of the timber can be determined. This measurement gives no 
information about the size of any defects and the location of the weakest zone. Research 
carried out so far has shown, that a combination of resonant frequency with other dynamic 
characteristics, such as damping, does not improve the grading accuracy. The ultrasonic 
method seems to be less suited for the measurement of MOE than the vibration method. Due 
to the high damping ratio of wood, low frequencies (generally below 50 kHz) must be applied 
in order to get reliable readings (Fig. 4). 

 

 

 

 

 

 

 

Fig. 4 Ultrasonic method 

 

This results in wave lengths that are not at all able to detect local defects. Test results have 
shown that ultrasound velocity generally exhibits a lower correlation coefficient with strength 
as resonant frequency. Moreover it takes some time to reliably couple the ultrasonic emitter 
and receiver with the piece of timber to be graded. This results in fairly low throughput 
speeds. Mean MOE of the timber is a function of ultrasonic speed and density. This means, 
that a grading machine that only senses ultrasonic speed is less efficient than a machine that 
senses ultrasonic speed and density of the timber. 

Density may be determined by radiation or by measuring weight and dimensions of the 
timber. For measuring the dimensions, a lot of mechano-electrical and optical systems (laser) 
exist. In radiation, for example by microwaves, X- or gamma rays, part of the irradiation is 
being absorbed. The greater the mass that is being irradiated, i.e. the higher the density, 
thickness and moisture content of the piece of timber, the higher the absorption will be. This 
means, that for determining density by radiation, the thickness and moisture content of the 
timber must be known or measured. 

Knots may be determined by radiation or by optical scanning the four timber surfaces by 
video cameras or by laser scanners. They can be determined by radiation since knot density of 
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most softwoods, on the average, is higher than that of normal timber. Therefore knots absorb 
more radiation and can be detected on the x-ray image via grey-level and from this image 
their size and location is determined via image processing (Fig. 5). 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Radiation method 

 

In optical scanning the four timber surfaces are monitored by video cameras. Knots are 
detected via the different colour or grey-level and may be differentiated from other effects 
such as dirt or stain by analysing the surrounding texture. By scanning the wood with a 
number of laser beams and measuring both the light reflected as well as that which is 
scattered within the wood surface (the so-called tracheid effect), knots can be detected with 
considerably higher accuracy than in conventional systems. 

Slope of grading can be determined via microwaves. 
 

4 New requirements of industry for grading machines 

In the past years many companies strongly rationalised and improved their production 
process. Based on new generations of woodworking machines (e.g. planer) production speed 
was increased up to 600 m/min. In these modern production lines, grading machines are 
mandatory, and they have to serve multiple purposes. For example grading machines are used 
to monitor knots along the timber in order to select the position for knot-free end joints or to 
cut out big knots or knot clusters in order to upgrade the timber. In the glulam industry 
strength grading of the boards is often combined with appearance grading in order to select 
the outermost board of a beam according to strength and appearance. Meanwhile glulam is 
being produced in small sizes down to 6x12 cm2. In order to optimise the production process, 
glulam beams are being produced in bigger sizes and later on are cut into smaller pieces 
(Fig.6).This requires grading the two halves of each board separately according to its intended 
use in smaller beams. These requirements initiated the development of new grading machines 
that were able to fulfill these requirements. However, in order to find the grading machine that 
best fulfills the requirements of a user, more aspects have to be considered, namely the 
required degree of automation and the timber population to be graded. 

There may be small or medium sized companies that do not require a machine that grades 
timber with high throughput speed into the highest grades. They might be interested in a 
combined visual-machine grading operation that allows them to grade a certain amount of 
timber into a medium grade. 
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Fig. 6 Special user requirements for grading machines 

 

A great influence factor for the selection of the most appropriate grading machine is the 
overall quality of the timber to be graded. If the timber to be graded has only small knots, as 
may be the case with some Nordic timber, or visually pre-graded timber, density may be the 
most important grade criteria. In this case, a pure vibration or ultrasound device may be 
appropriate. If, however, the timber to be graded exhibits large knots and knot clusters, a 
grading machine that does not detect local defects will not yield good results.  

 

5 Available strength grading machines 

EN 14081 outlines in its parts 2 and 3 the requirements for grading machines and for the 
machine strength grading operation in Europe. The acceptance of grading machines and 
machine settings requires a thorough experimental and theoretical examination of the 
machine´s principle of operation, performance and reliability, involving hundreds of strength 
tests to establish the effects of all variables that may affect the machine`s performance, such 
as timber sizes, tolerances, surface finish, moisture content, temperature, throughput speed, 
etc. Independent test data must be provided to verify that the machine graded timber has 
characteristic strength and stiffness properties that meet the specifications of the grade. 

At present 6 different machine types are approved according to EN 14081. Most of them are 
approved for grading joists for general use and boards for glulam production. Some of them 
are presently being limited to the grading of glulam boards only.  

In the order of the tables in EN 14081 part 4 these are: 

1. Cook Bolinder (Tecmach) SG-AR, SG-AF, SG-TF 
   Grading principle: Bending 
   Throughput speed: max: 150 m / min 

2. Computermatic, Microtec 
   Grading principle: Bending 

   Throughput speed: max: 105 m / min 

Knot free
area for
end-jointing

cutting out of weak zone

grading of
virtual
half boards
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3. Raute Timgrader 
   Grading principle: Bending 
   Throughput speed: 48 - 124 m / min 

4. Euro-GreComat 702, Golden Eye 702 
   Grading principle: Radiation 
   Throughput speed: 80 - 300 m / min 

5. Euro-GreComat 704 
   Grading principle: Bending and radiation 
   Throughput speed: 80 - 120 m / min 

6. Dynagrade 
   Grading principle: Vibration 
   Throughput speed: max 100 pieces / min 

 

Two new types of grading machines were recently developed and approved according to DIN 
4074 for Germany and Austria. One machine combines radiation and vibration techniques and 
uses MOE, knot and density as grading parameters. This combination provides higher grading 
accuracy and gives better yields than radiation or vibration alone (Fig.7). 

 

 

 

 

 

 

 

Fig. 7 Yield as a function of grading method 

 

The second machine type is limited to the grading of boards for glulam manufacturing and is 
intended for use in glulam companies that have a limited need of high strength material. It 
combines visual and machine grading. The boards are visually graded and their density is 
determined by weighing and measuring the dimensions. If a board meets grade S10 according 
to DIN 4074 (i.e. strength class C24), and has a density that exceeds a prefixed minimum 
value, it may be allocated to strength class C35. 

The grading machines currently available vary in scope (e.g. permissible width and thickness 
range, grades), performance (yield per grade) and price. When comparing different machines 
the following aspects may be taken into account: 
- For which species, timber sizes, grades and markets or countries has the system be 

approved? 
 
- Which yields per grade are obtained as compared to those attainable with other grading 

systems? 
 
- How many pieces per minute is the capacity of the grading system? 
 

0
10
20
30
40

< C 24

yi
el

d 
[%

]

0
10
20
30
40
50
60

C 30

yi
el

d 
[%

]

radiation
radiation + vibration

visual grading

0
10
20
30
40

< C 24

yi
el

d 
[%

]

0
10
20
30
40
50
60

C 30

yi
el

d 
[%

]

radiation
radiation + vibration

visual grading
radiation
radiation + vibration

visual grading

COST E29 Symposium - Florence - 27-29 October 2004

7 of 312



- Can the grading system be allocated to a cross conveyor line or must the boards pass the 
grading system longitudinally? 

 
- Is the system modular, can it be expanded in line with customer-specific requirements, e.g. 

appearance grading? 
 
- Does the system detect local defects? Can it be linked to a cross-cut saw for optimising the 

finger-jointing operation and for upgrading boards by cutting out severe defects? 
 
- Does the system generate and provide statistical data about the yield per grade and per 

source of origin as an aid to optimise the supply of the raw material? 
 

6 Research needs 

Investigations carried out in the past 10 to 20 years in different countries comprising several 
ten thousand strength tests of structural timber of various species and of various sizes have 
shown that modulus of elasticity, knots, density and local weak zones because of e.g. severe 
slope of grain due to top break, compression damages due to extreme wind load or 
mechanical damages, control strength of structural timber and are therefore the most 
important criteria to be sensed in machine grading operations. Various technical solutions to 
sense these criteria are basically known, however, as yet no grading machine is commercially 
available that combines all features in an economical and reliable manner. 

Moreover, no grading machine is available yet that combines successfully all important 
appearance and strength grading criteria. One problem still to be solved is to reliably assess 
the strength reducing effect of knots with camera systems. Ideally, grading machines should 
be developed on a modular basis, so that the customer can combine the modules according to 
his particular needs. 

So far all grading machines in industrial use in Europe are operated in the so-called machine - 
controlled system. Further research is needed to investigate under which production 
conditions (origins of timber, sizes, grades, amount of timber to be graded) the so-called 
output controlled system is more economic. 

Due to environmental reasons and changing silvicultural strategies, more hardwoods and less 
softwoods may be available in the future. Therefore, research related to machine grading of 
hardwoods should be intensified. 
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Summary 
Housing Supply has been struggling to meet demand over recent years in Ireland and the UK, one 
sector has been showing significant and consistent growth is in timber frame. 
Off-site fabrication and the Integrated Manufacturing of Advanced Timber and Timber Composites 
for Buildings and production technologies utilizing integrated manufacturing technologies are 
proving to be the way to satisfy this insatiable demand.  
Fully integrated computer design, engineering and manufacturing systems can produce the structure 
of a complete house accurately and at high speed, helping to increase the predictability, speed and 
quality of construction on site.  
By creating as much of a building as possible in a controlled environment, from design through 
manufacture and up to and including the final loading sequence, leaving as little as possible to the 
uncertainties of the weather and on-site labour skills. This is increasingly recognised at 
governmental levels, and this in turn is encouraging the step change required to meet demand. 
However while many technologies are reaching there full potential many have yet to be developed 
in manufacturing let alone developed for the manufacture of Advanced Timber and Timber 
Composites for Buildings. 
For example while the domain of CAD is still being maximised and is largely reaching its potential. 
This is seen in the development of object oriented software packages that develop elements and 
there interactions through master data files and exploiting the basis of parametric elements. There 
are still areas within CAM / CAE to be exploited. More over in the area of CIM (Computer 
Integrated Manufacture) of the various modules in any manufacturing operation from a generic 
point of view. CIM treats manufacturing as an activity made up of modules that combine to create a 
Unified Manufacturing system. These generally include Sales / Quotation Process, Order 
processing, Computer Aided Process Planning, Inventory Management, Master production 
schedule, Materials Requirement Planning, Vendor Management, People Management, Order 
Release Management, Quality, Performance analysis, Preventative Maintenance, Product data 
management, Production activity control, Tool Management, Shipping and Invoicing. While a total 
CIM package is very difficult to achieve in the generic sense as every manufacturing operation is 
different, it isn’t until total integration of the information flow begins that one can truly claim to 
have an integrated manufacturing system, Integration comes in steps of groups of areas that 
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interact, and after that point can one start to consider the interaction of other groups.  
While the market as it stands is still largely there to be exploited due to huge demand, but as in any 
sector the competition in manufacturing today is intense and interestingly and uniquely there is an 
over lap here between Construction and Manufacture, this is in effect a doubling of competition, 
However in the near future this demand will be met. It is for this reason that a competitive 
advantage needs to be achieved. 
The use of computer systems such as CAPP offers such an advantage where the design, 
engineering, process planning, machine control are not only integrated but also optimised, by way 
of resource management.  
This Paper outlines and explores the potential of a Computer aided process planning system 
(CAPP) as an Integrated Manufacturing Technology solution for Advanced Timber and Timber 
Composites for Buildings and attempts to identify the requirements for such a system. 
  
Keywords: Timber composites, CAPP, Process Planning. 
 

1. Introduction 
Process planning also known as manufacturing planning, material processing, process engineering 
and machine routing. In reality it is a combination of all these things. It is in fact the pre 
specification of all the resources required, and their allocation for the manufacture of a given 
product.  
Process planning has a number of objectives for the manufacture of Advanced Timber and Timber 
Composites for Buildings and for manufacturing enterprise generically. Probably the most 
important of these is to maximise production efficiency, thereby minimising the cost of production, 
this is often over looked by many when they take on some level of automation. Timber frame 
manufacturers are in the forefront of this revolution, investing in new, highly automated plant from 
manufacturers such as Weinnmann and Randek. However the process of maximising production 
efficiency can never be emphasised enough and should never be over looked having gone to 
automation. Capacity planning is an important element in trying to achieve the objectives outlined 
so far. Probably a major element that is missing from current definitions is the omission of capacity 
planning as an integrated element of process planning. 
Quality requirements are imperative in today’s manufacturing environment and more over for the 
manufacture of Advanced Timber and Timber Composites for Buildings, as this is a key advantage 
over existing construction methods and must be built into the process. It also aims to improve 
project-working conditions and improve technology for the betterment of the whole organisation. 
Zhang, Nee [1999] state that. 
Process planning is a task that determines the detailed manufacturing steps for transforming a raw 
material into a completed part, by utilising the available machining resources. It involves multiple 
decision-making activities, such as operation type, selection, operation-method (machine tool and 
tool approach direction.). 
Zhang, Nee, [1999], mentions “utilising the available machining resources” this may be an 
indication to the possible consideration of capacity planning as a similtanious function between 
process control and process planning. 
The process its self is knowledge intensive as Vancza, Markus [2001] out line, the domain of the 
process planner includes the following areas. 
Geometry, Tolerances, Material properties, Manufacturing processes, Tools, Fixtures, Machine 
tools, All other resources. 
The process planning activity has three main inputs including the following, 
Manufacturing resources available, Engineering specifications, Design drawings and CAD models. 
It can be seen for the areas outlined above that the knowledge required by the process planner is 
both widespread and fragmentary. It requires an in depth knowledge of the manufacturing 
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organisation and the manufacture of Advanced Timber and Timber Composites for Buildings, and 
suggests the difficulty in the process planning process its self.  
Probably the most important of all the elements required for process planning is the process planner 
alone. The process planning activity aims to generate three main out puts as a result of the inputs 
described, 
A list of operations, Set up and run times for each operation, Operation description. 
The deliverables of process planning to the manufacturing enterprise are as follows. 
Raw material specifications, Enterprise and machine routings, Machine settings and operation 
instructions for each task, Tool and fixture descriptions, Required process capabilities, Time and 
cost estimates. 
The degree of detail for a process plan varies from industry to industry and largely depends on the 
level of complexity of the Advanced Timber Composites under consideration.  
Additional deliverables of the process include transportation, assembly, loading, unit and system 
testing, packaging and logistics, although deliverables in these areas are limited but most 
significantly for the manufacture of Advanced Timber and Timber Composites for Buildings is the 
loading sequence. 
It is agreed that process planning is all of these things discussed so far, however perhaps one 
oversight is it’s failure to address the need for capacity planning to remove the ambiguity of 
alternatives and identify optimum solutions. 
Jennings [2001] offers a more comprehensive definition as follows.  
"Process planning is a knowledge intensive activity that determines and specifies the detailed 
instructions, materials, processes, and resource allocation, and all feasible alternatives, for the 
manufacture of a product from a given design and specification, through the allocation of all 
feasible resources within a manufacturing enterprise, while utilising the full potential and capacity 
of those available resources. " 

2. Computer Aided Process Planning (CAPP) 
Computer aided process planning is the determination of the optimal process plan through the use 
of computer software. Alting & Zhang [1994] define CAPP as follows: 
The systematic determination of the detailed methods, which the work pieces or parts, may be 
manufactured economically and competitively from the initial stages to the finished stages. 
CAPP aids the accessing of more alternatives in comparison to manual methods and also helps to 
reduce process-planning time. Thereby reducing manufacturing costs, and possibly the knowledge 
requirements of the process planner. 
It provides a framework for more consistent process plans, and therefore more accurate plans. This 
can lead to increased productivity, and ultimately try to reduce the need for fewer skilled planners. 
Chang T-C. [1990], outlines the main advantages of CAPP as follows: 
Reduces the demand on the skilled planner, Reduces the process planning time, Reduces both 
process planning and manufacturing cost, Creates consistent plans, Produces accurate plans, 
Increases productivity. 
CAPP supports the entire manufacturing chain including the following: 
Design, Process planning, translates the design to a plan of manufacture, CNC generation, Aids the 
release of manufacturing information on to the shop floor, Helps control of shop floor activities and 
Indicates shipping requirements. 
CAPP has two basic derivations, variant and generative. It should be viewed as the means of 
integrating all the manufacturing knowledge and logic to produce effective and optimal process 
plans, reducing the work load and intervention of the process planner as much as possible. 
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2.1 Generative Process Planning 
The generative process planning approach as the name suggests, is the development of a process 
plan for a new component automatically.  
This approach is probably best suited to those industries with a low product mix and high 
production emphasis. The problems of such an approach are the initial capture and identification of 
the logic for process planning. The part needs to be clearly and precisely defined in a computer 
compatible format, combined with the capture of the process planning logic. 
According to Alting, Zhang [1994]: 
There are many disadvantages to this approach, namely the time taken to complete a process plan 
may take too long, and it may require more effort and a very large skill base on the part of the 
individual.  
Its rewards include. 
Generation of consistent process plans rapidly. 
New components can be planned as easily as existing components. 
Potential exists for integrating with an automated manufacturing facility to provide detailed control 
information. 
It is widely accepted that such systems are in their infancy and considerable investment and 
development is still required. Advances in artificial intelligence techniques are interesting and could 
be used to help generate process plans. This is a very specialised area; there are two areas of 
expertise required for such a system. That of a computer science element, and a detailed knowledge 
of manufacturing. It is the latter of these two elements, the knowledge or logic capture for the 
modelling of process planning, that provides the main stumbling block to that elusive truly generic 
solution to process planning. 

2.2 Variant Process Planning 
This is the essentially the storing of process plans for previous parts using a data base of master 
parts, identifying those parts with a code thus essentially capturing what was done before. Alting & 
Zhang, [1989] define variant process planning as follows:  
Variant process planning for each product family, uses standard process plans which includes all 
possible operations of the family stored in the knowledge based system. This approach explores the 
similarity among components and searches through a database to retrieve the standard plan. The 
standard plan is retrieved and edited for each new product. 
Parts are coded using group technology as described above; once a standard template has been 
developed, a code for a variety of parts in that family may be developed. 
A major limitation of this approach is that it still requires an experienced process planner to modify 
the process plan for the specific component, as details exact to requirements cannot be generated. 
According to van Houten, et al [1991]: 
Variant process planning helps automate existing planning techniques, but can not deliver detailed 
operation plans and NC data, as they are based on superficial product descriptions. Additional 
process planning will nearly always be required, so this prevents variant process planning being 
used in an entirely automated manufacturing system. 
However variant process planning does have its merits, while the process is not completely 
automated it does help speed up process planning and aids the process planner in the storage of 
process plans and their recall at a later date. It is the variant method design requirements that are 
defined here in. 
 

3. Integrating CAD & CAPP 
 
The most import element in the integration of CAD/CAPP systems is not just that systems can 
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communicate with one another but also must understand one another. The integration of CAD/CAM 
system with CAPP according to Helis, Stroka, [2002] is as follows: 
The integration of CAD/CAM system and CAPP is most complicated. The reason being that there 
are transfer of data in different data models and formats. There for if CAD/CAPP integration is to 
be successful, then the need for a neutral agreed data format to aid integration is utmost. 
On the other hand CAPP systems do not provide the CAD system, or the designer using the CAD 
system, with feedback information on cost, manufacturability etc. 
Another shortcoming of present commercial CAPP systems is that they do not communicate with 
capacity planning functions.  
All these shortcomings are in their own right areas that require individual attention. 
 

4. Requirements Specification for CAPP in Advanced Timber and Timber 
Composites for Buildings 

A requirements specification according to Sheahan [2000] is defined as follows: 
A structured document setting out detailed descriptions of the system services, this is typically 
written as a contract between client and contractor. 
The requirements should be complete, consistent and prioritised (in the case of this document the 
top 3 are identified) and the list of requirements should distinguish between functional 
requirements, and representational requirements.  
The greatest challenge when writing the specification requirements is the maintenance of the 
customer’s vision of the requirements. Often failure of such packages is a result of poor 
communication between team members and the customer. There is little purpose creating software 
if it does not achieve the customer’s objectives.  
Through the development of specification requirements for software, clear objectives are identified 
and must be set out before any software is designed. 
Once the requirements had been specified there was a need for a structured approach to there 
analysis. There was no format for the specification of these requirements. It was decided that a 
common structure for the purpose of documenting requirements was required. 
As a result two documents were identified and the requirements specification was expressed 
through this format. These included the “Software Requirements Specification document” and the 
“Unified Process Specification Language: Requirements for Modelling Process” Knutilla et al 
[1996] 
These documents were beneficial as they provided a clear and concise methodology for identifying 
and describing the design requirements while also classifying the requirements. 
The major downside to this structure was the amount of time consumed considering the 
requirements and trying to identify whether they were core or outer core. However the benefits of 
such a system far out weighed the down sides, and a well-structured approach was developed 
 

Requirements Categorisation 

 Representational 
Requirements 

Functional 
Requirements 

Core  Resource, Process  Process Description  
Outer 
Core  Concurrent processes Due date requirements  

Table 1 Requirements categorisation. Knutilla et al [1996] 
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5. Requirements for CAPP from Literature 
The purpose of this document is from literature available and industry investigations to define the 
requirements for a Computer Aided Process Planning system. 
A number of different authors have considered the problem and identified their own requirements. 
Sarma, Wright, [1998] view process planning as the generation of machining instructions from 
design data and includes the following tasks. 
Tool selection, Cutting parameter selection, Tool path generation, Fixture design, Set up planning, 
Operation sequencing, 
Vancza, Markus, [2001], outline the main tasks of process planning as follows. 
Part analysis – entities to be produced and appropriate work holding surfaces, Operation and 
resource selection, Operation sequencing, NC programming 
There is a necessity to look at the complete solution space that CAPP systems attempt to cover. 
Zhang, Nee, [1999] suggest that: 
In traditional CAPP systems the decision-making tasks are generally treated in a linear manner. 
This results in many alternative solutions being discarded at an early stage resulting in a far from 
optimal solution. 
Zhang, Zhang, Nee [1997] Observed the following about process planning. 
Normally the feature is the basic element for process planning, where in reality planners actually 
use operations as there basic elements. The difference between these two basic principles is that 
when a feature needs two or more operations to be preformed on two or more different machines. In 
this instance an optimum plan will never be reached in terms of min set-ups.  
Sarma, Wright, 1998, suggest a hierarchical decomposition of process planning; 
Micro planning (outer core) consisting of the generation of operations and operating parameters 
(speeds, feeds, tool paths, tools, etc), and macro planning (Core) the operation sequencing, set up 
planning and fixture planning.  
It is proposed as in the method to list the requirements for CAPP in a similar fashion. 

6. Core Requirements 
The Core requirements are the essential requirements for Process Planning/CAPP. This paper will 
just focus on this area of requirements categorisation. These are the critical requirements and 
provide the basis for representing the simplest of processes within CAPP. The grouping of related 
requirements, common to other modules is also a consideration; they are useful in that they provide 
their respective functionality. These together provide an added functionality. The next sections will 
list and describe the core requirements. 

6.1 Core Representational Requirements 
Process plan – This is the core representational requirement, a clear concise plan that instructs and 
informs the user, of the tasks needed to execute, and the resources needed in order to produce a 
product. 
Process plan layout – The process plan must have a template form for a task or process. These 
templates would include the types of information that a process needs to know but not the values 
that go along with them. It is the user or program's responsibility to determine and populate the 
values during and before the production phase. 
Notes and annotations associated with any component of a plan - Planning expertise is typically 
a large collection of fragmentary, context dependant and often-conflicting pieces of information. 
The resources are versatile with resulting alternatives with different technological and cost 
consequences. The key to capturing the manufacturing knowledge of the enterprise is allowing the 
facility for the capture of notes and annotations. This should be done through out the whole Process 
Planning activity. Allowing experts in different areas from design through planning and on to the 
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shop floor document and capture their knowledge. This could be voice, video, as well as text. An 
operator’s observation of a process could be documented here. 
Process explanation - An explanation of the desired goals of a process with in the process plan. 
The goals may be explicit, such as "Notch stud to surface –50mm", or vague, such as "improve the 
quality of this product." This would help the process planner to determine if a previously created 
plan can be used for an existing problem. 
Resources - This is a high-level description of the characteristics of a resource. Accurate resource 
specifications that can automatically update ERP, MRP and other requirement management systems 
or functions to assure that the required resources will be available to support production. This may 
be a single resource or a group of resources. Examples of resources are equipment, people, 
machines, lines and materials. 
Resource characteristics – These are the qualities of a resource that are dependent on a particular 
process or on a particular resource. An example, when a Resource such as the drilling machine is 
performing the process of drilling, it must not be pre-empted by any other Process. An example of 
the latter is various resources (e.g. machines) may take different times to perform the same process. 
Therefore, the process time is dependent on the resource selected. 
Complex resource characteristics – This may be a detailed description of the characteristics of a 
resource or group of resources. Such as a resource with multiple functions, e.g. a saw that may be 
used on a cross cut or panel saw. Also, information about the type of resource, such as non-
replaceable or expendable, (once again tooling is a consideration here) could be included. 
Work instructions – The identification and the explanation of work instructions may be verbal in a 
document or they may be audiovisual, as these best convey the practice being conveyed. 
Parametric Process plans – This is the requirement (where applicable) for the specification of NC 
programs with parametric elements. This has applications in the reduction of the number of NC 
programs on file. Where CNC programming is applicable, the similarity among such programs 
should be exploited through identification using group technology, the application of parametric 
programs should then be advocated. This would aid the reduction for the need of multiple programs 
similar in design. 
GT Coder – This aids the search and retrieval of plans it also allows the grouping of resources and 
promotes the minimum dissimilarity among machines, tools and cutting tools.  It would aid a 
logical grouping of resources with common characteristics. Some group characteristics may be a 
resource's function or location. It may also be used in the identification of groups of processes that 
have common characteristics. There could be a group of processes making up a sub-section of a 
process plan that may have a special significance (E.g. all applications of work done on a milling 
machine). 
Algorithim or plan generator – The process-planning module in these instances must be able to 
perform mathematical and logical operations. This is probably the most difficult requirement to 
atain as the actual mapping of the manufactuing knowledge and logic is very difficult, there are a 
number of options or methods up for consideration, however it is imposible to identify what the 
best solution is, as there have been no conclusive research to point the way as of yet. The selection 
of one of the following is generally considered. Fuzzy, Genetic, Artifical Inteligence and expert 
systems. 
Process plan revision – There is a need for the accurate representation of revision of data, in 
relation to process plans but also tooling, fixtures etc. 
Variable data- There may be a requirement for the database to hold a transactional or dynamic 
value. They are important for making processing decisions from real-time data. For example, an 
additional panel lay up on a floor cassette may only need to be performed when a specification is 
met or reached. A variable can be passed to the lay up station on the floor with the specification's 
value, and the operator or foreman may then decide if it needs to be performed. 
Part element analysis –  This is the requirement for the analysis of the entities contained in the 
specification and drawings. The analysis of such entities is difficult, and features seem to be the 
most progressive way of doing this. Other than the entities needed to be produced, the appropriate 
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work holding surfaces should also be considered.. This would allow for the specification of the 
operation type based on geometrical and technological requirements. 
Set ups / Set up planning – There is a requirement for the accurate representation of set ups, the 
representation of a set up is normally measured in time. However, These setups in the process plans 
are genuinely no more than a guess. It is nesacary for a process planing system to have accuarte 
storage of times. These could be recorded on the floor, this would allow for the generation of real 
dynamic lead times and the more accurate creation of set up times using statistics on real data. 
Concurrent Planning - Direct link to Engineering release system or Product Data Management 
system to allow the reuse of Engineering data in the process plan. The system should allow multiple 
users to edit different operations within the same plan simultaneously. 
People management – People are a resource within a manufacturing enterprise. They need to be 
allocated as a resource in the process plan and the link here with people management module is 
important. 
Product specification This is the information on the final product, which the defined process plan 
will produce. The product specification will need to cover the following areas. Part information 
such as Item number derived from Group technology codes. Other data will include dimensions, 
feature relations (physical interactions, geometry, dimensions, and geometric tolerences), technical 
requirements. 
Multimedia process plans – The use of multimedia process plans aids their explanation and 
surpasses documentation in its explanation of what is required of the operator. 
Management data - management types of data and processes are: approvals, contracts, 
organisations data management, process documentation, security classification, and revision 
control. 
Information storage – This is essential for the storage of all the information required by the CAPP 
system specified here. The data base should not hinder in any way the flow of data and information 
throughout the enterprise. It is important that the system promotes efficient and reliable transfer of 
information to other systems and functions. Van Houten et al, [1991], recognised that in small batch 
organisations with short delivery times the need for information was indeed great and it was quite 
difficult to keep up with the rate of data consumption. Thereby causing flexible manufacturing 
organisations to become inflexible due to the lack of information flow. 
Shop floor activity or PAC – There is a need to link in with PAC, from a dynamic perspective, and 
from a static perspective, it allows the capacity and the machine resourses availible to be identified, 
and specified in the process plan. Process planning is normally time dependant, i.e. a part is being 
changed consecutively throughout a sequence of operations and manufacturing processes. So it may 
be stated that these changes have various effects on the demends on resourses. This can also allow 
for dynamic rescheduling of resources in the case where changing priorities, rejects or equipment 
failure occurs. Machine centre information also aids increased process plan accuracy and quality.  
Customer driven process specifications and constraints - The specifications by a customer on 
how a product is to be made. This could include both customer requests, product add ons and 
standards. 
Resource requirements – This is the requirement for relationships between one or more resources 
and task. For example, a drilling task may use drilling machine A, drill bit B, fixture C. The 
resource may play one of many roles including agent, operand, ancillary resource; examples of 
resource requirements include employee skill sets, Labour, tooling, fixtures, materials and Machine 
tools. 
Eligible resources – This is the ability to determine and identify which resources can be chosen for 
a process. Considering its availability and expected performance measures leads to the selection of 
the appropriate resource. 
Specification of Manufacturing processes – This is a very basic element for process planning, the 
high-level set of processes that need to be identified in order to create a product. The specification 
should be an accurate representation of Manufacturing processes 
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Multiple process plan resource demand - There must be a mechanism, specification, or algorithm 
in place to resolve conflicts when two or more existing plans use the same resource at the same 
time. 
Operation sequencing – This is the identification of the corect order in which the manufacturing 
processes have been specified. It should consider parallel and alternative tasks. 
Business requirements – This is the mapping and storage of data relating to the rules, constraints, 
practices and policies of a business that may directly impact process planning. For example, a 
policy of "Do not turn off the heat on the glue head because it is expensive to heat up" may cause a 
person to plan around it. Other types of data that may be included in this category are hazards and 
security recommendations, safety regulations, business policies, manufacturing rules, and quality 
specifications. This could play a factor in the decision making process when deciding what type of 
process should be used to manufacture a particular product. 
Identification of Features to be machined - Some examples of features are holes, shoulders, birds 
mouths, etc., and grouping of surfaces in a part which require similar tasks and tolerances. 
Deadline management – It is necessary to consider a predetermined deadline when generating 
process plans. E.g. lead time, to ensure the duration of the entire process plan does not exceed the 
allotted time causing tardiness of due dates. 

6.2 Core Functional Requirements 
Information addition - There must be a mechanism in place to allow a user to add additional 
information to the pre-defined data constructs, this could be facilitated by a mass up date facility.  
The Process Plan – The aim of any process planning system should be the rapid process plan 
generation in the most concise and clear manner possible, with all the available resources assigned 
as appropriately as possible. The process plan should contain work instructions, operation and 
resource selection.and standard operating procedures expressed in a document and audiovisual files. 
Release of alternatives on to the shop floor – The viable alternatives and the various process 
plans resulting from these alternatives, should be maintained as long as possible. There should be a 
willingness to allow those on the shop floor decide the best application of the various alternatives. 
As they apply the alternatives, this should be documented with video, audio or other resources, in 
an effort to best capture the manufacturing logic. This could aid with optimisation of process 
selection. 
Quotation – There is a requirement for the ability to generate quotes from the process plan. The 
calculation of the machining times, set up times and the lead-time, along with the resources used, 
together with the MRP should allow for the calculation of accurate quotations to customers. 
Report generation – This is the requirement for the capability to provide the status of work being 
performed and the ability to search, retrieve, and analyse the entire process plan database. An 
unlimited amount of report formats should be supported. The reports generated should also concern 
themselves with tooling and fixtures and availability of resources. This then allows the user choose 
from two different types of output, paper-based viewing or electronic web-based viewing 
Minimised data entry – The amount of data entered into a system is key to its success, however if 
a system isn’t used then its implementation was pointless. For these reasons the minimum amount 
of data entry by the user is important, so to have the maximised use of the system. The maximum 
reuse of data should be promoted to aid this goal by using automated queries and the ability to reuse 
any existing process plan information. 
Selection of set ups – There is a requirement to map the selection of set ups in relation to 
processes. It is possible to have different available set ups for different processes. The release of the 
alternative set up could be released on to the shop floor, allowing the operator to select the best 
process on the shop floor. 
Performance analysis – The ability to analyse the process plan as it was actually executed is not 
often carried out. There is a requirement to link in to performance analyses to assess the 
performance of the process plan execution. In the comparison of actual set ups and process plan set-
ups for example. Other comparisons could include run times and sequences actually executed. It 
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could help calculate such data as minimum machining time. 
Quality control – The quality control requirement is necessary so that the process plan may be 
specified to the correct specifications. 
Quantity – This is the specification of the amount of an item that is requested for manufacture. 
This can play an important role in deciding what processes and resources are to be used. Usually 
the lower the batch size, the more specialised the product. This may help to decide which type of 
operation is most cost effective. This can be extracted from the BOM (bill of materials). 
Capacity planning / Routing – It is a difficult task to analyse the current capacity of the available 
machines on the shop floor, however this has a direct impact on the routing through a shop floor if 
various machining resources are available. So Capacity planning should be considered and 
integrated into the process planning as an optimisation tool, this will call for the maintenance of all 
alternatives to the last minute, and the creation of dynamic process plans. 
Post release control - Once the process plan has been released with all the available alternatives, 
The ability to change the processes not yet executed should be a requirement, these processes may 
be changed after there release on to the shop floor. This would result in real time dynamic process 
planning, as is modeled by organisations that don’t have a CAPP system in place and rely on human 
intuition. 
Resource allocation - the assignment and release of one or more resources for the execution of a 
process or a group of tasks. This includes the description of the amount of a resource needed, in any 
given unit, to accomplish a task. Some examples of resource allocation are labour, tooling, fixtures, 
materials, people and machines.  
Production Activity Control – the requirement for a link with this module is that once the process 
plan is released it is handed over to the PAC module. It is this interaction that ensures the process 
plan is carried out and the optimum outcome obtained from the processes being executed. 
Complex precedence - This is the capability of the CAPP module to convey a series of processes 
ordering requirements within a given process. Some examples of complex precedence constraints 
are: routing occurs before bridging occurred; or multiple inputs must all occur before a process can 
begin. 
Simple precedence - a high-level description of the precedence constraints of one task on another.  
Generation of machining instructions – These are elements that are stored in the data base and 
are asigned by an experienced process planer. They may also be assigned by systems using some 
level of feature recognition. 
 
Instructions for tooling and fixtures – For every process plan tooling and fixtures are required for 
the process to be carried out. There is a requirement in each process plan for the instructions to be 
express explicitly. The best way of carrying out this is by using audiovisual files and 
documentation. In the case of safety instructions this requirement is even more paramount. These 
may also be expressed in the same way. 

7. Conclusion 
Advanced Timber and Timber Composites for Buildings as a manufactured product so imply tight 
tolerances, and therefore lend themselves to the exploitation of IT. Computer Aided Design (CAD) 
software offers an opportunity to take bespoke schemes and produce solutions for almost any 
design. The CAD system then allows panel layouts to be planned, material take-off and cutting lists 
and in some instances the software also controls optimisation of the raw material and minimises 
waste. However the next stage in this is the development of the interaction between this information 
and the process planning, and as the manufacture of Advanced Timber and Timber Composites for 
Buildings lends its self to the exploitation of IT then it is only natural that the process planning and 
design should be integrated as much as possible in the form of a Computer Aided Process Planning 
package. 
It is important for designers and clients alike to understand that the manufacture of Advanced 
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Timber and Timber Composites for Buildings can provide flexible design solutions. This is a 
consequence of the full utilisation of CAD / CAM/ CAE facilities. Conversely, it is also necessary 
to expect that to reduce waste (materials, labour, design time, etc) it will be necessary to work with 
standard components wherever possible to maximise the manufacturing efficiencies  While the 
benefits of using standard components to maximise manufacturing efficiency is largely recognised 
this need not be the only answer as CAPP can help achieve manufacturing efficiency with out 
having to rely on standard components alone. This highlights the need for an integrated CAPP 
module for the manufacture of Advanced Timber and Timber Composites for Buildings. 
In the UK and Ireland at least, there is currently limited exploitation of process planning let alone 
CAPP if any.  
Although as the market expands this position is likely to change. Most manufacturers use 
production lines to assemble the panels. These are usually operated manually and a factory 
producing around 1000 open panel units per annum might employ around 40 -50 trained operatives 
working on 3-5 lines. Standard panels are produced on the production line and the more complex 
elements are often completed as sub-assemblies. It typically takes around one to one and a half 
day’s production time to produce one standard house in this way and would consume around 10 
man-days of labour. Completed panels are then loaded in reverse order onto trailers so that the first 
panels. Unloaded are the first panels required on site. 
If a CAPP system where to be integrated in to this example production capacity could possibly be 
increased by 15 – 20 % due to increased efficiencies in use of resources. 
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Summary 
Flitch beams are steel-timber composites used in situations where not only large spans and heavy 
loads predominate but available depth of section is restricted in some way. Traditional flitch beams 
used a bolted connection to hold the elements together, which is a time consuming method of 
fabrication requiring the pre-drilling of holes in the steel and timber elements. It also presents 
problems in design detailing. Bolt slippage and fabrication tolerances result in disproportionate 
stress transfer due to uneven strain affecting stiffness and strength properties of the beam. 
 
This paper details the findings from a series of laboratory tests and parametric studies on flitch 
beams constructed from either Kerto S Laminated Veneer Lumber (LVL) or C24 grade timber. Two 
methods of connection were examined, shot-fired dowels and adhesive bonding. The tests showed 
that during the elastic range full composite action takes place however at higher load levels there is 
uneven stress transfer due to lateral buckling of the steel in the top chord and a weakening of the 
timber elements of the beam due to splitting at the nailing points.  

Keywords: timber structures, composite beams, strength and stiffness. 

1. Introduction 
As far back as 1859 the advantages of Flitch Beams were being explored [1]. Flitch beams consist 
of one or more pieces of flat steel plate sandwiched between two or more solid rectangular timbers 
which are bolted together at intervals along the length resulting in the creation of a steel-timber 
composite beam. The composite beam combines the benefits of timber construction (ease of 
working, readily available resource, simple connection of ancillary components) with the strength 
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and stiffness of structural steelwork [2] resulting in a timber composite option where long spans and 
heavy loads predominate.  
 

2. Traditional Flitch Beam Fabrication 
One of the disadvantages of traditional flitch is the bolted connection; which requires the drilling of 
holes through the steel and timber elements and the subsequent bolting together of the beam 
elements. Not only is this method of fabrication time consuming and expensive but it also has 
implications on the design and detailing of the beam. This paper details a study on alternative flitch 
beam fabrication methods using shot fired dowels and adhesive bonding. 
 
It is reported that laterally loaded timber joints constructed from dowels experience an initial slip as 
a result of the bolthole clearance whereby load transfer across the joint is only achieved once the 
bolt is brought into bearing contact with the wood [3]. There is also a ‘bedding in’ stage where the 
initial load results in localised crushing of the cut wood surface. 
 
Full composite action of a flitch beam is as a result of full stress transfer due to even strain of the 
beam elements. Even strain may not, however, take place in traditional flitch beams as there will be 
an initial slip δ on load application due to bolthole clearance (Fig. 1) particularly in beams where 
timber and steel components are of different depth and or length sizes.  
 

The initial slip will be determined by the bolthole 
clearance and quality of fabrication. Fabrication 
tolerances, such as misalignment of the boltholes, lack of 
straightness of the boltholes, variation in the bolthole 
diameter and initial position of the bolts in the holes can 
further increase the variability in load distribution 
between fasteners [4]. 

Load, W 

 
To allow for fabrication tolerances, the steel plate 
element of the flitch beam will, in normal circumstance, 
not be the same height as the timber element but a 
distance α will be allowed between the elements. This 
tolerance ensures that the steel does not stand proud of 
the timber elements which could occur due to poor 
fabrication or shrinkage of the timber, causing a problem 
when erected. However full height steel would improve 
the strength and stiffness properties, and would therefore 

be desirable if fabrication tolerances could be reduced.  

α 

δ 

Fig. 1 Traditional Flitch Connection 

 
For the design of composite beams designers often adopt the transform-section method. In 
traditional flitch beam fabrication slippage, due to bolthole clearance and fabrication tolerances, 
may result in an uneven stress distribution due to disproportionate strain and consequentially a 
reduction in safe working load. In most circumstances flitch beams are used for carrying loading 
over long spans and serviceability is often the limiting factor.  
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3. Testing Program 
For mass fabrication it is important to minimise the number of fixings used so that production costs 
are kept to a minimum. Accordingly the laboratory testing programme examined the following 
options with regard to the use of shot fired nails, members and nailing patterns: 

1. C24 grade timber or Kerto S LVL only. 
2. C24 grade timber or Kerto S LVL and steel flitch beam with elements clamped together 

with finger tightened screws. 
3. C24 grade timber or Kerto S LVL and steel flitch beam with shot fired dowel (nail) fixings 

of varying patterns and densities. 
 
Several test specimens were constructed each consisting of one length of 3mm thick grade 43 flat 
steel plate and two lengths of C24 grade timbers or Kerto S LVL. Each test specimen was a 
sandwich configuration comprising the three flitch elements with the steel plate being sandwiched 
between the two timber or LVL elements. An ITW Spit P200 gun was used to shot fire 3.6mm 
diameter 60mm long dowels through one timber element and the steel element, penetrating the 
second timber element to a depth of approximately 12mm or more depending on embedment depth. 
This was done on either side of the beam for the specified nailing requirement.   
 
Testing of the beams was carried-out over two effective spans of 1.8 metres and 2.1 metres and 
although these are relatively short spans the depth of section was scaled appropriately to be 
representative of longer spans. Testing beams with no nails was to demonstrate the method of stress 
transfer, whether it was via the connection or simply through load sharing as a result of the beam 
elements being the same height. 
 
Initial designs to EC5 [5] stipulated that a minimum number of 5 nails would be sufficient to carry 
the maximum design shear force to be exerted on the test beams. The beams were to be loaded in 
excess of the maximum design loads, to ultimate failure, so nailing patterns were specified as 
follows, (Fig. 2): 
 

• No nails, elements clamped together with finger tightened screws 
• 5 nails per side 
• 8 nails per side 
• 13 nails on one side and 14 on the other 
• 18 nails per side 

 
It was accepted prior to the testing programme that in the short term a shot fired nailed connection 
would be the preferred method due to ease of fabrication. The testing of adhesively bonded flitch 
beams was carried-out to determine the feasibility of another possible method of fabrication. The 
following beams were tested: 
 

4. C24 grade timber or Kerto S LVL and steel flitch with elements adhesively bonded. 
5. C24 grade timber or Kerto S LVL and steel flitch with elements adhesively bonded and also 

connected by means of 8 shot fired nails on either side.  
 
Pre-treatment of the flitch elements prior to bonding is an important part of the fabrication process; 
sawn timbers free of surface debris were used and the steel elements were degreased. A two part 
epoxy resin was applied over the full surface area of the timber elements to an approximate 
thickness of 1mm and the 3mm steel plate was sandwiched in the middle and the beam was held 
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(A) 

Leff = 1.8m or 2.1m 

(B) 

Leff = 1.8m or 2.1m 

(C) 

Leff =1.8m 0r 2.1m 

Y X 

(D) 

Y X 
Leff = 1.8m or 2.1m 

60mm 

25mm 
A 40mm 

A

67mm 37mm B 

B 
40mm 

25mm 

Y - Y X - X 
Nailing 
Direction 

3mm Thick Steel 
Flitch 

A45mm Thick Grade C24 
Timber or Kerto S LVL B

Fig. 2  (A) 5 nails per side; (B) 8 nails per side ; (C) 13 nails on one side & 14 on the 
other and (D) 18 nails per side 

together with thumb tightened clamps. The beams were then left to cure for a period of over 24hrs 
in a Service Class 1 environment; moisture content of wood did not exceed 12% (EC5). 
 
Adhesive bonding and shot fired nails were used in conjunction. The nailing pattern of eight nails 
on each side was adopted since this would be conservative in design and an over specification from 
the minimum of 5 nails per side. At the same time it would not result in a high density nail 
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population which would undermine the adhesive bonding. The test beams were of an effective 
length of 1.8 meters and the beam dimensions are shown in Fig. 3. 

 

4. Testing Method and Results 
3.6mm diameter 
60mm long dowels The stiffness tests were performed in 

accordance with the four point bending 
test method. A minimum of three beams 
of each fixing method were tested with 
displacement measurements taken at 
incremental loading until failure 
occurred. The tests were conducted in 
accordance with EN 408:1995 [7] which 
stipulates that the span is 18 times the 
height of the beam, so the beams were 
representative of beams of a deeper 
cross-section which would be required to 
span longer distances.  

Two Pairs of 
51x100mm nominal 
section C24 Grade 
Timber or Kerto S 25mm 

50mm One number 3 x 
100mm  nominal 
thick Grade 43 
Steel. 25mm 

Adhesive Layer 
 
The average test result of each nailing 
pattern were then plotted and in the case 
of C24 grade timber adjusted to account 
for variations in density (Fig. 4). 

Fig. 3 Adhesively Bonded and Nailed Flitch 

 
From the average trend line the EI value for each beam of varying nailing pattern was calculated. 

          
The EI value was 
calculated over the 
elastic part of the 
curve up to 40% of 
the ultimate loads.  
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Fig. 4  Load against Deflection Plots Adjusted C24 Beam Over 1.8m 
Effective Span 

 
 
 

Fig. 5 shows the consistency in stiffness of flitch beams constructed using C24 timbers tested over 
1.8m span. This consistency was also demonstrated in the beams constructed from C24 tested over 
2.1m and in beams constructed using Kerto S LVL. Fluctuations such as these can be credited to the 
fact that timber is a variable material. What the results show is that the nailing pattern has little or 
no effect on the stiffness of the beam. 
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From the measurements of adjusted 
load against deflection, plots of each 
test together with the loads at failure 
were recorded, and once factored for 
sample variation, used to determine 
the bending strength of each flitch 
beam in accordance with EN 
408:1995 [6]. 5 
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The average bending moment 
carrying capacity for each fixing 
method was then calculated using 
the characteristic strength to allow 
for sample deviation. Fig. 6 shows 
the variations in bending strength of 
flitch beams constructed using Kerto 
S LVL for each fixing method 
employed. 

Fig. 5  EI Value Variations of C24 Flitch Beam Over 1.8m 
Effective Span 

 
The consistency of results of the Kerto S and C24 flitch beams were excellent considering the 
variability in material properties.  What the test results served to demonstrate was that no particular 
nailing pattern or bonding method enhances the bending moment carrying capacity, in fact nailing 

can in some instances serve to 
weaken the timber elements of 
the beam by introducing points 
of weakness through splitting 
of the timber. 
 

5. ANALYSIS & 
COMPARISON OF 
RESULTS 

The test results have 
demonstrated that the stiffness 
and flexural strength of beams 
with steel plate and timber 
being of the same depth and 
length, are relatively the same 
regardless of the fixing method. 
This is due to the fact that the 

elements of the flitch beams tested are forming a load sharing system whereby stress transfer occurs 
as a result of even strain.  
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Fig.  6 Bending Moment Capacity Variations of Kerto S LVL 
Flitch Beam Over 1.8m Effective Span 

 
Table1shows the correlation in results between test out-put EI values determined from a range of 
test results, for a particular fixing method and element configuration. The EI value for the flitch 
beam was calculated as the sum of the flexural stiffness values of steel and timber or LVL elements. 
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 Table 1  EI Value Comparison

 

Mean Characteristic Mean Poperties 5th %'ile Properties
x1011 Nmm2 x1011 Nmm2 x1011 Nmm2 x1011 Nmm2

Set 1 1.25 1.07 1.28 1.03 -2% 4%
Set 2 1.88 1.60 2.04 1.64 -9% -2%
Set 3 1.33 1.14 1.53 1.41 -15% -24%
Set 4A 1.24 1.03 1.12 1.01 10% 2%
Set 4B 1.15 0.96 1.12 1.01 3% -5%
Set 5A 1.37 1.14 1.53 1.41 -12% -24%
Set 5B 1.33 1.11 1.53 1.41 -15% -27%

Characteristic 
Percentage 
Difference

Mean 
Percentage 
DifferenceSet

Test EI Values Calculated EI Values

 
Set Reference: 
Set 1 – C24 Flitch Beam Over 1.8metre Effective Span (Dowel Only) 
Set 2 – C24 Flitch Beam Over 2.1metre Effective Span (Dowel Only) 
Set 3 – LVL Flitch Beam Over 1.8metre Effective Span (Dowel Only) 
Set 4A – C24 Flitch Beam Over 1.8metre Effective Span (Epoxy Resin) 
Set 4B – C24 Flitch Beam Over 1.8metre Effective Span (8 Dowels per Side and Resin) 
Set 5 – LVL Flitch Beam Over 1.8metre Effective Span (Epoxy Resin) 
Set 5 – LVL Flitch Beam Over 1.8metre Effective Span (8 Dowels per Side and Resin) 
 
 
From the test results two columns of information are presented: the mean test values and the 
characteristic test values in which the mean values have been factored to allow for sample variation. 
To give a true comparison the mean test values have been compared with the EI values calculated 
using mean material properties and the characteristic test values have been compared with EI values 
calculated using 5th percentile material properties. 
 
The correlation of tested beams constructed using C24 grade timbers is good considering that C24 
grade timber is relatively variable. Percentage differences between test values and calculated 
values, can, to a certain extent, be attributed to this expected variability and also because of 
cumulative discrepancies in test measurements. Although relatively good correlation between test 
results and calculated results is demonstrated by flitch beams constructed of C24 grade timber, the 
material properties used in calculations are in accordance with BS EN 338:2003 [7] where the mean 
E value is 11000Nmm-2 this value is higher than the E value from the tested timber beams which 
was 9840Nmm-2. If the E value from the tested timber beams was used in the mean EI calculation 
for Set 2, then the percentage discrepancy would be of the order of 2% as opposed to 9%. 
 
The correlation between calculated EI values and test result EI values of flitch beams constructed 
using Kerto S LVL, are not as consistent as those of flitch beams constructed using C24 grade 
timbers, this is the converse as to what would be expected due to the higher degree of  uniformity of 
Kerto S LVL properties compared to C24 grade timber. Although poor correlation is demonstrated 
this is attributed to the fact that the Kerto S LVL E values used in calculating EI are from the 
manufacturers specification which states a mean E value of 13500Nmm-2 and 5th percentile E value 
of 12000Nmm-2[8], the mean E value from tests conducted on plain Kerto S LVL beams was 
12350nmm-2. If the mean test value of 12350Nmm-2 was used in the mean EI value calculation for 
Set 5B, the percentage discrepancy in results would be of the order of 6% as opposed to 14%. It 
would be appropriate to compare the average test EI results with the calculated EI results 
determined using mean property values when deciding upon the correlation because of the 
consistency of Kerto S LVL material properties. It is, therefore, concluded that the correlation in 
results is good considering the variability of material properties and the calculation discrepancies.  
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From the background theory and the accepted correlation in EI results, it is concluded that during 
elastic deformation of the flitch beam, full stress transfer is taking place as a result of load sharing 
through even strain because the elements of the beam are of the same height.  Although stress 
transfer is as a result of even strain through load sharing, a method of connection is still required to 
provide lateral restraint during service to prevent the slender steel element buckling out of plane 
and also to hold the beam elements together for ease of construction.  
 
At high stress levels, plastic deformation of the steel plate results in uneven stress transfer which in 
turn results in a reduction of ultimate failure load. Table 2 contains the mean and the factored 
ultimate failure load of the tested beams for each fixing method. A factor is applied to allow for 
sample variation. Table 2 also contains the ultimate failure load calculated using both mean and 5th 
percentile material properties. The ratio of experimental load to calculated load shows that the 
ultimate failure load of the experimental beams constructed using shot-fired dowels are up to 17% 
lower, and beams constructed using an adhesive bond are up to 13% lower than the calculated 
values. Experimental results will have a lower failure load mainly due to disproportionate stress 
transfer as a result of the steel buckling in the top chord due to compression. There will be a further 
reduction of bending strength in flitch beams with a nailed fixing due to the intrusion of nails 
cleaving apart the timber fibres creating points of weakness. 
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 Table 2  Ultimate Strength Effectiveness of Flitch Beams

 

Mean Characteristic Mean Properties 5th %'ile Properties
N N N N

Set 1 26071 19658 18590 22220 0.88
Set 2 28696 24937 25350 25980 0.96
Set 3 36451 31676 37720 38200 0.83
Set 4A 29260 19546 18110 21740 0.90
Set 4B 28833 19261 18110 21740 0.89
Set 5A 39400 33726 18110 38840 0.87
Set 5B 40247 34451 37720 38840 0.89

Calculated Ultimate Load, Fmax Ratio of 
Experimental 
to CalculatedSet

Test Ultimate Load, Fmax

 
Set Reference: 
Set 1 – C24 Flitch Beam Over 1.8metre Effective Span (Dowel Only) 
Set 2 – C24 Flitch Beam Over 2.1metre Effective Span (Dowel Only) 
Set 3 – LVL Flitch Beam Over 1.8metre Effective Span (Dowel Only) 
Set 4A – C24 Flitch Beam Over 1.8metre Effective Span (Epoxy Resin) 
Set 4B – C24 Flitch Beam Over 1.8metre Effective Span (8 Dowels per Side and Resin) 
Set 5 – LVL Flitch Beam Over 1.8metre Effective Span (Epoxy Resin) 
Set 5 – LVL Flitch Beam Over 1.8metre Effective Span (8 Dowels per Side and Resin) 
 
 

6. Conclusions 
Test results demonstrated that when the flitch beam elements are of the same height and length they 
act as a composite beam even when they are not connected together. However, a method of 
connection is required to provide lateral restraint for the slender steel element and also to hold the 
beam elements together during construction.  
 
The use of either shot fired nail fixings or adhesive bonding provides an adequate jointing system. 
Both methods result in even strain of the flitch beam elements during service loads and improve 
serviceability. In design calculations, the designer should allow for a decrease in design strength to 
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take account of the reduction in failure load arising from disproportionate stress transfer as a result 
of lateral buckling of the steel and also from splitting of the timber due to the intrusion of nails in 
shot fired dowel connections. A nailed connection helps to prevent buckling by providing lateral 
restraint. The number of nails specified should be in accordance with the minimum shear 
requirement and spaced evenly to reduce splitting of the timber. However, excessive nailing may 
result in splitting which would undermine the strength of the beam and result in lateral buckling of 
the steel. An alternative solution would be to use an appropriate adhesive to bond the flitch 
components together. 
 
Although further research work into the specification of adhesive could result in an optimal bond at 
present it is envisaged that this may not result in a viable solution. The quality assurance procedures 
required and the cost of adhesively bonding flitch beams may prove to be unfeasible. The use of 
shot fired dowels is a relatively quick and cost efficient method of fabrication and the structural 
properties of the beam are of a standard high enough to allow economic application.  
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Summary 
This paper gives a survey of the possibilities from textile technology for structural use in wooden 
constructions. Contrary to unidirectional fiber reinforcements technical textiles can offer tailor made 
solutions with respect to stress and shape of a construction element. Several examples are being 
presented. 

1. Introduction 
While strength and stiffness can be compensated in timber structures very effectively by the choice 
of a suitable cross-section, the more critical shear and transversal stresses in wood cause problems 
even for experienced designers. This has led to a huge number of design methods and formulas, 
which require special skills. In order to simplify problems related to the anisotropy it is desirable to 
provide solutions by means of a comprehensive reinforcement technology. For this purpose textile 
technology offers a promising attempt. 
Technical textiles distinguish considerably regarding their structure that can consist of straight 
filaments or meshes. In case of fabrics and non-wovens for example the filaments are manufactured 
in a more or less stretched configuration in order to achieve high stiffness. Whereby weaving or 
sewing with a thin assistance-thread guarantees the handling.  
By means of embroidery filaments in almost any shape can be applied on a fleece. This results in 
tailored textiles that are especially suited for an effective reinforcement of connections. 
Knitted structures are plain or three-dimensional and can easily be draped. This technique is 
appropriate for reinforcements and coatings of complicated shapes. By means of knitting in 
stretched threads, drapability and stiffness can easily be combined. Examples of tailored textiles are 
shown in figure 1. 

(1) 
   

(2)                                                               (3) 
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(5) 

Fig. 1 Examples for optimised textiles (1, 2 ,3 ), knitted textile tube (4), and true to shape textiles 
(5), Photo: P. Offermann 

2. Connections 
In most cases the load bearing behaviour of structures is determined by connections that are 
characterised by stiffness, load bearing capacity, slip, deformability or ductility. Apart from the 
structural behaviour, manufacturing, economy and esthetical aspects are closely connected with the 
joining technology. 
In today’s wood construction dowel type fasteners are commonly used. However, the low shear and 
transverse tensile strength of the wood have an unfavourable effect on the load bearing capacity of 
the connection. The joint fails brittle provided that the metallic fasteners were not able to build 
plastic hinges. 

 

Fig. 2 Embedding strength of tailor made textiles of various weight 
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The reinforcement with the help of technical textiles shows an alternative. The assessment of the 
embedding characteristics of a dowel type fastener parallel and perpendicular to grain was done by a 
test according to DIN EN 383. The tailored textiles show that the load bearing behaviour can be 
tailored within certain tolerances depending on the type of fibre and arrangement. Embedding 
properties of star, disc and loop structures proved to be especially convenient, so that they were 
manufactured as multiaxial stitch bonded fabrics and knitted structures respectively (Haller et al.). 
All reinforcements have been manually applied with the help of an epoxy resin. The application 
type is important for the bond strength of the wood-textile compound. 

3. New connections with cross-section profiles – an outlook 
Entire new applications result from the use of special wood profiles. Their ratio between surface and 
cross-sectional area proves to be much higher compared to full cross-sections traditionally used in 
the wood construction.  
A connection with wooden pipe sections was designed [Haller] according to the example of the 
branching of a tree. This organic growth shows no re-entering corners and therefore no stress 
concentrations. The cross-sectional area of the branch is not constant, but follows the moment 
distribution along the cantilever. The orientation of the fibres is optimally adapted to the internal 
stress state. The three wooden tubes are fixed on a heavy kernel made of beech wood. As bending 
moments of curved members produce transversal stresses within the saddle, a three-dimensional 
knitted reinforcement of the solid kernel will be foreseen. Stretching the meshes or integrating 
straight reinforcing threads can counteract the low stiffness of knitted textiles. 

  

Fig. 3 Schematic representation of a three-
dimensional tube connection 

Fig. 4 Schematic test set up 

 

 

Fig. 5 Load carrying behaviour of unreinforced and textile reinforced longitudinal joint 
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Experimental results (see figure 4) on longitudinal joints consisting of solid round gluelam from 
spruce and a thermo-mechanically formed wooden profile reinforced with a knitted textile tubes are 
shown in figure 5. 
Thereby one receives structural components for wood and light weight construction showing also a 
good durability concerning outdoor application.  
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Figure 1: sketch of the principles behind the design of 
an exterior wall; left: traditional timber frame element 
showing its small components; right: the principle of a 
compound element 
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Summary 
 

Traditional timber frame elements comprise a large number of small parts which are extremely 
labour-intensive and this makes them prone to processing faults. The possibilities of 
rationalisation in relation with the manufacture of timber frame elements were examined in the 
project "Compound cross sections of wooden materials for load-bearing walls". New possibilities 
opened up by the use of compound elements could also lead to an improvement in quality.  

 
composite cross section, wood-based materials, fibreboard, rationalization, load 
bearing walls 

 
1. Introduction 
 

The object of the project entitled "Compound cross sections of wooden materials for load-bearing 
walls" sponsored by the German 
AiF (Industrial Research 
Association) was to examine the 
basic suitability of glued compound 
cross-sections as wall elements for 
load-bearing building elements.  
It was also specified that the 
fundamental possibilities existing 
for optimisation should be 
established. The aim was the 
development of a cost-optimised 
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wall element with a insulating layer that also contributed to the load-bearing function and in 
which the vertical studs could be dispensed with, thus meaning that a large-area element could be 
produced, without the usual small parts of a timber frame construction. In figure 1 on the left, the 
principle of the usual timber frame wall with its small components can be seen. Figure 1 (right) 
illustrates the principle of a compound element: the surface layers and the insulating core are 
glued together to form a compound element. Figure 2 shows points up the definition of the 
elements. 

 

Figure 2: Definition of the elements 
 
Each examined compound cross-sections had as outer layers either an oriented-strand board or a 
fibre-reinforced plasterboard. The cores or the middle layers of the compound cross-sections 
examined were made of various materials such as corrugated cardboard, honeycomb cardboard or 
softboards. Suitability was examined with the aid of numerical simulations, load-bearing 
experiments and hygro-thermic experiments on full-scale building components. In addition, 
typical mechanical values of the individual compound cross-sections were established.   
Variables used in addition to the material composing the surface and core layers were the types of 
closing the edges of the compound elements. Apart from using two different profiles, the 
influence of gluing or mechanical fixing of the frames was examined. 
 
2. Research results 
 

2.1 Deformations caused by climate changes 
In some cases deformation as a result of climatic changes must be taken into account. Thus the 
thickness of the wall must be matched to the climatic conditions affecting the wall surface. Major 
climatic differences between the rooms to be separated will require greater wall thickness in order 
to keep bulging in the walls to a minimum. In addition to the thickness of the wall, the choice of 
surface layer will have a great influence on the stability of the cross-section shape. Figure 3 shows 
the influence of the bearing conditions of the walls. On the left side the deformations of a 
hypothetical wall with no “close of the edge” and with no connection to the foundation or the 
ceiling can be seen. The right side shows the deformation of the same wall with “close of the 
edge” and with bonding to the foundation and the ceiling. 

definition 

core 

surface layer 

“close of the edge” 
(in this case „hatprofile“) 

rectangle “close of the 
edge” 

COST E29 Symposium - Florence - 27-29 October 2004

36 of 312



 

 
  
 
 
 
2.2 Load bearing behaviour – horizontal forces  
In principle for the composite cross sections a circulating “close of the edge” made of wood or an 
other timber material is intended. This end section is trimmed in such a way that the loads and 
bearing forces are introduced into the board according to figure 4. This wall can be designed as a 
shear panel. The bearing forces and the shear flow sv,0 determining for the connection “close of 
the edge” conclusion surface layers and the surface layers themselves result from simple balance 
conditions. A reduction of the calculated value compression force Fc, which is permissible 
according to the German DIN 1052 [1] in intended situations, should not be used here. The 
neglect of this demand is possible only if the connection of the sheeting to the lower horizontal 
sill is not or only small stressed. Differently than usual timber frames the composite cross sections 
transfers the vertical loads only over the surface layers. The connection of the surface layers with 
the lower horizontal sill is in principle strongly stressed therefore. The reduction of the 
compression force of the “close of the edge” would have to be considered by an increase of the 
compression stress of the surface layers.  
 
If compound elements without circulating “close of the edge” are subjected to horizontal loads, 
the surface layer on the side subjected to stress will bend under relatively low loads. Today it 
appears impossible to realise such compound cross sections without a circulating “close of the 
edge” [2]. 
 

Deformations caused by climate differences

without close of the edge and 
connections to other building 
components

with close of the edge and connection to 
other building components

Deformations caused by climate differences

without close of the edge and 
connections to other building 
components

with close of the edge and connection to 
other building components

Figure 3: Deformations caused by climate differences 
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Figure 4: Representation of the demands and support reactions during horizontal force application 
with circulating edge conclusion 
 
 
2.3 Load bearing behaviour – vertical forces  
In some cases the load-bearing characteristics of compound cross sections are better than using 
traditional elements with mechanical fixing of the wooden material panels on the framework. 
Figure 5 shows the maximum vertical stresses in short-period experiments. It is obviously to be 
seen the higher load-bearing capability of compound cross-sections with a “close of the edge” to 
which the outer layers are attached (hatprofile). 
  

 

Figure 5: maximum vertical stress in short-period experiments 
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2.4 Connection of the lower “close of the edge” with the surface layer - compression forces  
Compression stresses in the wall plane are taken up in the same way as shearing stresses in the 
wall plane, i.e. by the surface layers. The stiffness of the core is small in relation to the stiffness of 
the surface layers. Therefore a connection of the core with the “close of the edge”, which would 
require a high level of accuracy, is not necessary. 
An interposed square section glued to the surface layers was planned first for the “close of the 
edge”. The transmission of the compression forces through this gluing subjects the wooden edge 
profile to rolling shear stress which is rather unsuitable to the material because of its small roll 
shearing strength and stiffness. In order to eliminate this weak point and to achieve a sturdy edge 
of the composite profile, the edge profile was formed as a hatprofile (figure 6). Since no direct 
connection of the surround to the core is necessary, a cavity can be provided here as an 
installation duct. 
 

 
 
Figure 6: close of the edge with and without opening for installation 
 
By shaping the “close of the edge” as a hatprofile, the compression forces can now also be passed 
on to the bottom surface of the surface layers via contact. Since a gluing is necessary anyway for 
connecting the surface layers with the core, the edge profile should first be glued in order to 
achieve the assumed optimum connection. However, contrary to what was expected, the load 
bearing behaviour tests showed that the glued profiles were hardly better and partly substantially 
worse than stapled connections only. 
 
The load bearing behaviour of the connection therefore was examined with a linear FE simulation 
using the ANSYS 7 program system. ISO-parametric 8-knot disk elements (Plane42) were used. 
The applied orthogonal-anisotropic material law enables displaying the strongly direction-
dependent material properties of the edge profile. As for the load bearing behaviour, the large leap 
of the stiffness value at the transition between the surface layers and the “close of the edge” is 
decisive. A variation of the material properties with representative characteristics of the different 
surface layer materials generates no substantial differences in the load bearing behaviour. 
 
The results in figures 7 to 11 are taken from a FE simulation with surface layers made of OSB. 
The following values according to DIN 1052 were presumed as material properties: 
 
surface layer E [N/mm2] 120/4300/3200 
 G [N/mm2] 60/1090/60 

 
close of the edge E [N/mm2] 370/370/11000 
 G [N/mm2] 69/690/69 
 
In the FE simulation no connection between the core and the “close of the edge” is provided so 
that the core can push itself over the “close of the edge” area without producing any reactions. In 

core 

outer layers 

cavity 

hatprofile 
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the compression contact area at the bottom surface of the surface layers the edge profile is rigidly 
fixed to the surface layers. In the lateral contact area the “close of the edge” and the surface layers 
are rigidly connected for simulating the glued profile. In the FE simulation of the stapled joints 
the lower surface of the surface layer are freely mobile against the “close of the edge”. The real 
existing punctual connection obtained by mechanical fasteners cannot be reasonably shown in this 
model. Non-consideration of the fasteners is insignificant for the transmission of the vertical loads 
since the stiffness of wire staples and nails against shearing is very small in relation to the 
stiffness of the contact at the bottom surface of the surface layers. When using mechanical 
fasteners the forces must be transferred by effective bearing and bending by the small surface of 
the pin. For the contact connection at the bottom surface of the surface layers, the entire cross-
section area of the surface layers is available. 
 
In fig. 7 to 11 (left) the glued “close of the edge” is opposed to the stapled “close of the edge” 
without glue in each case. Figures 7 to 11 show the deformations, main strains, main stresses, 
shear stresses and perpendicular tensile stresses in the area of the bottom “close of the edge” 
under vertical compression stress in each case with and without gluing. 
 
The course of deformations and main strains (fig. 7 and 8) seems to indicate a completely 
different load bearing behaviour of the variants. However, the main stresses in figure 9 show that 
the gluing has only a small influence on the load bearing behaviour. The large stiffness 
differences lead to the fact that the “close of the edge” avoids the loading by appropriate 
deformations where it is possible; this is true in particular for the high longitudinal stiffness of the 
surface layers and the extremely small transverse compression stiffness and the roll shear stiffness 
of the sill. In both variants, the surface layers transmit the vertical loads via the bottom surface 
into the “close of the edge”, and the main stress figures are very similar. The load propagation 
which can be carried out only from the external thin surface layers inwards into the “close of the 
edge”, makes the bearing at the inside more rigid than at the outside. This makes the surface 
layers bend to the outside (figure 7). This warpage is reduced by gluing, as long as the bond is 
intact, but this results in substantial transverse tension strains in the “close of the edge” (figure 11 
left). In addition, the gluing creates roll shearing within the entire area of the lateral gluing (figure 
10). Without gluing, high transverse tension and roll shear stress values occur only in the area of 
the discontinuity across the cross-sectional leap. These local stress peaks are typical for a load 
introduction in partial areas and along cross-sectional leaps. They are relieved by local cracks or 
plastification of the material and are not relevant for the dimensioning. 
 
The transverse tension and the roll shearing with the glued connection may lead to an early failure 
of the connection due to the small cross tensile strength and roll shearing strength of the wood. 
The safety of the construction is not yet jeopardised when the compression contact connection is 
still intact and sufficient to absorb the loads on its own. However and all in all, no combined 
action is to be expected of the lateral roll compression connection with the transverse compression 
connection at the bottom surface. Dimensioning of the glued connection should therefore consider 
only the contact at the bottom surface or only the lateral roll compression connection. Because  
the bottom contact connection is normally more durable and more efficient, there is no advantage 
for gluing. The contact at the bottom surface is guaranteed without gluing as well. Regarding load 
bearing issues, gluing is not necessary. 
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For the transmission of the compression forces beyond the “close of the edge”, the compression 
contact at the bottom surface of the surface layers is to be proven, regardless of the kind of 
connection: 
 

1
fdb2

F

d,90,c

d,c ≤
⋅⋅⋅

 (1) 

 
 
An increase of the dimensioning value of compression perpendicular to the fiber by a factor or an 
increased effective surface, according to DIN 1052 for certain situations, is not necessary because 
in this situation propagation of the compression force via rolling shearing has no positive effects 
from the partial area loading. 
 

 

  
Figure 8: Main strains of the  lower close of the edge due to vertical compression forces 

Figure 7: Deformations of the  lower close of the edge due to vertical compression forces 
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Figure 9: Main stresses of the  lower close of the edge due to vertical compression forces 
 

  
Figure 10: Shear stresses of the  lower close of the edge due to vertical compression forces 
 
 

  
Figure 11: Perpendicular tensile stresses of the  lower close of the edge due to vertical compression forces  
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Figure 12: Sketch of an external wall; above: 
traditional wood-panel element; below: wood-
panel element with compound cross-sections 

3. Application of the results 
 

Application of these results are possible in different forms, which vary from each other in 
principle, although this listing makes no claim as to completeness. Fundamentally, a general 
building certification is required for the elements to be constructed. According to the type of 
construction, different requirements will have to be satisfied in the general building certification.  
 
3.1 Modular kit system with standardized element measurements  
 

It can be envisaged that system elements with standardized measurements could be manufactured 
commercially and sold through the trade. Any non-standard measurements would have to be 
specially constructed, according to order. This type of manufacture and distribution is already 
practised in the furniture manufacturing industry, but under very much less stringent safety 
criteria than those which would apply to the elements under investigation in this research project. 
One sector which does have to fulfil similar safety criteria and which also displays in certain areas 
distribution structures is the timber housing manufacture.  
On account of the high level of safety precautions, it may be possible that one would obtain the 
services of a responsible building supervisor and perhaps the provision of a mobile crane within 
certain parameters, when purchasing the elements. Assembling on the building site would then be 
carried out by non-professionals under instruction. For this reason, it would have to be possible to 
make all connections on site with easily-handled means, such as nuts and bolts, screws etc. Just as 
in the furniture industry, it is easy to visualise completely prefabricated elements with ready-
drilled holes for bolts and other accoutrements.  
 
3.2 Individual element construction by the prefabricated house industry 
 

A further possibility for realisation could be taken up by the prefabricated house industry. This 
could exchange the currently used system for compound elements. In this case, it might be 

possible to produce an endless element 
which would be cut off at the required 
length and fitted with an all-round frame. 
According to size and number of windows 
and doors, it might be sensible to cut the 
openings out of the elements, or else to 
make up separate elements for the 
openings. Such optimisation can only be 
carried out, however, when production 
costs for such elements are known. Figure 
12 illustrates such an element. The red 
lines represent the timbers still to be used, 
apart from which the element only consists 
of insulation and the surface layers. 
 
 
 
 
 
 

3.3 Individual element construction by specialist tradesmen and companies 
 

Craftsman-oriented companies could become involved in the construction and assembly of 
compound cross-section elements for example by obtaining licences. Proprietor of the general 
building certification in this case could be an external body which then through granting of 
licences would become a manufacturer in different production locations. Suitability of the 
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facilities for constructing the glued elements would have to be checked by an independent body. 
A comparable structure will be found in production and distribution of nail-web-beams. 
 
3.4 Manufacture of a sandwich board 
 

The timber industry could take up the possibility of manufacturing for example a 16 cm or 20 cm 
thick sandwich board in large format. Out of this boards the individual elements could be cut in 
any desired shapes. In a similar way to the production of furniture, in which large-format boards 
are cut into small pieces with the help of cut optimisation, such pieces as gable triangles, breast 
elements and oriel elements could be cut out of these large-format sandwich elements. The 
outlines of the individual elements, which could have almost any required dimensions, are 
indicated in figure 13, given a profile in which the outer frame would then be fitted and fixed with 
the surface layers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusions 
 

The rationalisation possibilities in wood panel construction with the compound elements 
described above will go hand-in-hand with the achievement of a more uniform and improved 
quality, as the likelihood of faults will reduce along with the reduction in the number of small 
parts and working steps. Furthermore, the load-bearing capability of wall elements can be 
improved as compared with the usual wood-panel elements by constructional measures and at 
lower costs of production. 
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Figure 13: possible methods of proceeding with the construction of  a sandwich board: 
above: 1. large-format board is cut, endless profile trimmed to length; centre: 2. Small 
areas of the board are shaped; below: 3. boards and edging profiles fitted together 
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Summary 
Delamination is a major problem when glulam beams are to be strengthened by attaching 
prestressed, high-strength fibres on the tensile face. When the usual "stiff" adhesives on the market 
are used, there is a high concentration of shear stress at the beam ends, which may quickly lead to a 
peeling off of the laminate. In a COST Project, the authors analyse two possibilities to spread the 
shear stresses over a greater length of the beam. The first solution approach involves the use of a 
special device to attach the prestressed fibre in stages starting from the centre of the beam. The 
second approach involves the development of a "ductile" adhesive. The tests with the prestressing 
device yielded satisfactory results. The tests with different adhesive mixes yielded some interesting 
results of a pioneering nature, however the anchorage strength fell short of expectations. Themes 
could be identified for more research work. 

1. Introduction 
A method sometimes used to improve the load-bearing capacity of glulam beams involves the 
inclusion of high-strength artificial fibres on the tensile face ([1], [2]). Up to date the fibres are 
attached in a slack state. Some researchers are studying how to prestress the fibres in order to make 
better use of their high strength and at the same time reduce the quantity of fibre needed. 
Glulam beams loaded in the direction of the wood grain exhibit high strength. Theoretically, it 
should be possible to apply very high prestressing forces on relatively small cross sections. In 
practice, only a small prestressing force can be applied because of delamination dangers caused by 
the force transmission from the artificial fibres at the ends of the beam into the main beam body. 
When the usual adhesives on the market are used, the prestressing force is anchored over a short 
distance at both ends of the beam. The resulting, concentrated force transmission induces high 
stresses in the direction perpendicular to the grain, where the cracking energy of timber is low. As 
fig. 1 shows, the danger of delamination is also well known when concrete beams are similarly 
strengthened. 
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Acting within the framework of the COST action E13 "Wood adhesion and glued products", the 
authors initiated a research project to analyse two promising approaches to the delamination 
problem. The research was concerned with the following two themes: 
• The first theme was that the gradiented anchoring technique developed for concrete structures 

could also be successfully applied to timber as well. 
• The second theme was that the transmitted force could be spread over a larger area at the beam 

ends with the help of "ductile" adhesives. 
The EMPA (Swiss Federal Materials Testing Institute) was research partner in the project. 

2. Possible solutions to the delamination problem 

2.1 Gradiented anchoring technique 
The timber industry can learn from the more advanced research work on the strengthening of 
existing concrete structures. In Switzerland for example, the EMPA has developed a special 
prestressing device, the gradiented anchoring system [3], to apply a prestressing force in stages. In 
the first stage, the middle section of both the prestressed fibre and the beam are attached by 
activating the adhesive with heat. The force is then slightly reduced and the next section of the fibre 
is attached to the beam. In effect, the prestressing force is spread over a certain length of the beam 
ends, thus reducing the peak stresses (Figs. 3 and 4). 
 
  

 

 

 

 

 

Fig. 3 EMPA Prestressing device with a 
gradiented anchoring system (Stöcklin & Meier 
[3]) 

Fig. 4 Detail of the prestressing device 
during the prestressing process of a timber 
beam 

 

2.2 Development of a ductile adhesive 
The EMPA device uses an epoxide adhesive which is seldom used in the wood industry. 
Theoretically, the sharp stress concentration at the beam ends could also be reduced by spreading 
the transmission force over an increased area with the help of "ductile" adhesives (Fig. 5). The 

Fig. 1 Delamination: a prestressed fibre is torn 
away from the concrete beam 

Fig. 2 Distribution of shear stress τ in the 
load-transmission zone 

 

Crack

τ max τ 
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authors decided on a feasibility study using adhesives better known in the wood industry.   
Experiments have been carried out with glulam beams strengthened with prestressed carbon, 
aramide or glass fibres. Luggin [4] reports on the practical difficulty to find a simple and reliable 
method to prestress the fibres: indeed, many of his test specimens failed on delamination. 
There are calculation models for the delamination phenomenon. Holzenkämpfer [5] gives a fine 
overview of the many refined mathematical models which have been developed for the analysis of 
the force transmission from the prestressed fibres into the main body of the beam. Triantafillou  & 
Deskovic ([6], [7]) describe how delamination could be overcome by using "ductile" adhesives 
which, unlike the usual stiff adhesives on the market, could spread the prestressing force over a 
larger area at the ends of the glulam beam where the fibres are attached. 
 
 

 

 

 

 

Fig. 5 Possible influence of 
adhesive type on the 
distribution of shear stress at 
the ends of a beam 
strengthened with prestressed 
artificial fibres 

 

3. Research Programm 
The research programm comprised the following activities: 
1. Search for a "ductile" adhesive. Acting on the advice of a well-known expert on adhesives, two 

basic adhesives were selected: an epoxide and a polyurethane component. New variants were 
created by mixing the two components in different proportions. The various mixes were used to 
glue two pieces of wood together which were tested in tensile shear according to the European 
standard EN205. Of particular interest was the force-deflection-curve and the indication of 
some ductile behaviour. The most promising mixes were selected for the second test series. 

2. Specimens of carbon fibre glued to timber boards with the promising glue mixes selected from 
the shear tests above were submitted to a tensile test. The aim of the test was to select the mix 
which would permit a large prestressing force to be safely attached to a glulam beam. 

3. A number of glulam beams prestressed with fibres attached by using the selected glue mix were 
tested in bending. 

4. In the final test series, a number of glulam beams were strengthened using the EMPA technique 
of gradiented prestressing force. The strengthened beams were tested in bending. 

4. Tests 

4.1 Analysis of adhesives mixes and tensile/shear tests 
Two main components on epoxide and polyurethane basis were mixed in different proportions and 
their characteristics, in particular the hardening times, were determined. Two mixes (4 and 8) 
exhibited a satisfactory hardening time and were chosen for tensile shear tests. For control 
purposes, specimens were also made with an adhesive of pure epoxide. 
Gustafsson [8] describes a number of different possibilities to determine the shear resistance of a 
glued connection. Fig. 6 shows the set-up chosen for the shear tests. The three different glue mixes 
were applied, first in thin layers (less than 0.1mm) as used in industry, and then in thicker (0.6mm) 
layers. A total of about 20 - 30 specimens were used for each of the 6 test series. 
 

  

stiff adhesive 

soft or 
ductile 

τ = shear    
     stress

Timber

fibre 
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Fig. 6 Set-up for shear tests according to 
German standard DIN prEN 205 

 

 

 

 

 

 

Fig. 7 Force-deformation-curves of the shear tests 
(the median values of the different adhesive types 
with thin glue layers are shown here) 

 
The results of the shear tests, shown in fig.7, can be summarized as follows:  
• The load-deformation-curves of all test specimens display an initial steep rise followed by a 

gentler slope. After the maximum load has been attained, the force falls abruptly.  
• All the tested specimens exhibited similar slopes of the force-deformation curve. 
• Wood failure usually occurred due to shear at the bonding surface. 
• The failure load depended upon the glue: the best glue mix 8 exhibited failure loads much 

higher than those achieved by either the 100%-epoxide or mix 4. 

4.2 Pull-off tests 
The glue mix 8, which exhibited the best results for the shear tests, was selected to attach a slack 
laminate of carbon fibre to a timber board. For control purposes, further specimens were made 
using as adhesive pure epoxide and pure polyurethane. Tensile tests were performed on 10 
specimens to determine the pull-off force for the laminate of carbon fibres attached to the timber 
board. Thin glue layers were used. The specimens were stabilised against lateral deformation in 
order to avoid tension perpendicular to the grain. The test set-up is shown in fig. 8, whilst fig. 9 
shows the failed bond.  
 
 

  

Fig. 8 Set-up of tensile tests  Fig. 9a + b Pictures of failed bond 
 
Due to the favorable results of the tensile shear tests, there were high expectations of the mix 8. 
Unfortunately, the initial promise could not be confirmed in the pull-off tests. All the test specimens 
of the three different glue mixes yielded similar results. A maximum prestressing force of about 
30kN could be safely transfered without fear of delamination.   
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4.3 Bending tests with prestressed glulam beams 
There was a need to verify if it would be possible to attach prestressed artificial fibres safely to a 
glulam beam of practical size without delamination. Bending tests were performed to demonstrate 
the increased effectiveness of strengthening glulam beams with prestressed fibres. 
Due to the positive results of the preliminary tests, the glue mix 8 was chosen to attach a prestressed 
laminate to a glulam beam. Unfortunately, the attempt was a complete failure: the prestressed force 
of 30kN died away within five days because the adhesive could not hold. 
In a second series of tests, glulam beams were strengthened with a carbon laminate prestressed with 
the gradiented anchoring system to 60kN, which is the force normally used in connection with 
concrete beams. The adhesive prescribed for the system is a specially designed epoxide. The 
experiment was a complete success, there were absolutely no signs of delamination or of creep.  
In a third series, glulam beams were strengthened with unstressed carbon laminate. For control 
purposes, some naked glulam beams of the same size were also prepared.  
Fig. 10 shows the set-up of the bending tests which were carried out in accordance with the German 
standard DIN EN 408, whilst fig. 11 shows a broken specimen. 

 

 

 

 

 

 

 

Fig. 10  Four-point bending test according 
to German standard DIN EN 408 

Fig. 11 Broken specimen 

 
The results of the bending tests are listed in Table 1. They demonstrate how a glulam beam could be 
strengthened with a carbon fibre laminate both unstressed and prestressed. The tests also 
demonstrate that the strengthening with a prestressed laminate is more effective than the use of a 
slack laminate: the bending resistance of the naked glulam beam was increased by 32% when 
strengthened with a prestressed laminate as against 21% when the laminate is not prestressed. 

Table 1: Summary of the bending tests showing the positive results of strengthening glulam beams 
with slack and prestressed FRP strips 

Bending stiffness EI 
[N.mm2] 

Ultimate bending moment M 
[kNm] 

Serie Timber size in mm 

All specimens C24 

FRP 

 
Average Values Increase Average values Increase 

Naked 
glulam 

-- 1.20 E12 0 41.6 0 

With FRP 
slack 1.43 E12 +19% 50.4 +21% 

With FRP 
prestressed 

 

Width  140 mm 

Height 200 mm 

Length 4.0 m 

t =1.14 mm 

b=50 mm 

L=4.0 m 1.46 E12 +22% 54.9 +32% 
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5. Conclusions 
The project aim was to analyse two possible solutions to the delamination problems which may 
occur when glulam beams are to be strengthened with prestressed artificial fibres of high strength. 
The first solution proposal was concerned with the gradiented prestressing device developed in 
Switzerland by the EMPA to strengthen existing concrete beams. Although the prescribed epoxide 
adhesive is seldom used in the timber industry, the tests demonstrate that the system could also be 
successfully used to strengthen glulam beams with prestressed artificial fibres of high strength. No 
delamination was observed.  
The second solution proposal was concerned with the adaptation of adhesives which may be more 
acceptable to the timber industry. It was a feasibility study for the creation of a "ductile" adhesive 
which, due to its "yielding" at a high stress level, might be able to spread the area of force 
transmission from the prestressed artificial fibre into the main body of the beam, thus reducing the 
dangereous peak stresses which occur when the normal stiff adhesives on the market are used. The 
initial tests yielded interesting results of a pioneering nature, however, the final tests ended in 
failure. The prestressing force of 30kN could not be maintained and died away within 5 days. The 
reasons could not be fully clarified: possibly, they may have something to do with an inadequate 
curing of the new glue mix 8. 
The positive project results confirm theoretical work that the use of prestressed artficial fibres may 
lead to a greater improvement of the load-bearing capacity of timber beams than when the 
laminates are applied in a slack state.  
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Summary 
  
The main purpose of this study is to present results of designing and modelling composite 
constructional elements of wood based timber composites for large constructions. The cellular 
microstructure is analysed with analytical models and FEM. Orthotropic material properties and 
failure criteria of wood (spruce) are used in laminated veneer lumber (LVL) structure. Analytical 
models are used to synthetize and optimise a timber truss structure. Beam and its bolted connection 
are analysed using MSC Nastran FEM using a failure criteria. Using a carbon fibre laminate on the 
tensile surface decreased greatly failure criterion values at the critical bolthole edges. Values for 
bolt forces obtained by FEM differ much from conventional isotropic model estimates. These 
results show that complex novel timber structures can be designed to give optimally satisfactory 
performance in reliability and cost-effectiveness in details and globally.    
            Keywords: Laminated veneer lumber, bolted joint, orthotropic properties, FEM 
 
1.    Introduction 
  
Global changes are taking place necessitating a re-evaluation of the use of natural resources of 
Earth. Evans et al [1] highlight this trend. A growth of interest in natural fibre based innovative 
products has occurred. Some reasons are their ecological sustainability, better understanding of 
mechanic-thermal and hygroscopic behaviours. Bodig and Jayne [2] review the basic 
macrostructural wood mechanics. Basic microstructural mechanics of cellular solids including 
wood is studied by Gibson and Ashby [3]. The physics and properties of wood are studied by 
Niemz [4] and Vorreiter [5]. A reasonable goal in engineering tasks is to satisfy the end user on the 
total behaviour of a product using a fuzzy formulation as shown by Martikka [6].  The behaviour of 
birch wood under multiaxial stress states is studied by Martikka and Taitokari [7] using MSC 
Nastran FEM simulations [8].  Since wood is macroscopically and microstructurally an orthotropic 
material, a reliable prediction of its mechanical and failure behaviour requires verified models and 
material data. There is need for better designing of wood structures since several unforeseen failure 
problems have occurred. The object is now to study optimal design methodology in a case study of 
a laminated veneer lumber (LVL) beam, like Finnforest Kerto [9] product. Now a bolted connection 
and the effect of an additional fibre reinforced plastic strengthener are studied.    
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2.   Micro and macrostructural orthotropic properties of wood 
 
Wood is a highly complex and anisotropic and orthotropic material at all levels. Anisotropic 
materials have different properties in different directions, and uneven materials have different 
properties in tension versus compression. In thinner laminate sections of wood cells some two 
dimensional failure criteria like the Tsai-Hill and Tsai-Wu [10] criteria are applicable. For three-
dimensional models 3D criteria like Hill [11] are needed.  Let us consider an element of material 
whose L-R-T axes are aligned with planes of material symmetry as shown in Fig.1.  
   
  
 
 
 
 
 
 
 
 
 
Fig 1. Basic definitions of orthotropic properties of wood. a) Typical dimensions of a cellular 
structure [3]. b) Material property axes. c) Definitions of stresses. d) Laminate definitions. Main 
strength axes LT relative to xy-axes. 

 
Table 1. Material data for a Finnish spruce type wood. Here c = compressive loading, t = tensile 
loading, b= bending. Elastic moduli at density, ρ = 470kg/m3, MPa units.[2]. Wood material A. 
  

Stress       Strength (MPa) 
at 12 % moisture   

Refe- 
rences 

Elastic moduli for spruce 
calculated by models by Bodig  [2] 

Moduli 
[4] 

Bodig 
[2] 

σL = σ1 σLUt  = 90 
σLUb  = 78 
σLUc  = 43          

[4,p159]  
  

EL   = E1   = 8900 ([8]  strengths) 
10400 ([8], deformations) 
present assumption is     10000 

10000 10300 

σR = σ2 σRUt≈0.08σLUt =7.3 
σRUc= 0.15σLUc=6.4 

  
Bodig [2] 

ER = E2    = (1.6/20) EL   = 800   800 690 

σT = σ3 σTUt  = 2.7 
σTUc  = 5.8 

[4,p.163] 
  

ET   = E3   = (1/20)* EL   = 500   410 450 

τRT = σ4 τRTU    = 6.7 [4,p.163] GRT = G23 = G1   = (1/10) GLR  =   71     50   40 
τLT = σ5 τLTU    = 6.7 [4,p.163] GLT = G13 = G2  =(9.4/10)GLR  = 671   620 650 
τLR = σ6 τLRU   =  6.7  [4,p.163] GLR = G12 = G3  = (1/14) EL      = 714   620 600 

  
Table 2. Comparison of ratios  ( * 10-6 in3/lb= 36⋅10-6m3/kg) from Bodig [2] 
 

LR RL LT TL RT TR wood 
ν LR

LE
 ν RL

RE
 ν LT

LE
 ν TL

TE
 ν RT

RE
 ν TR

TE
  

0.179 0.152 0.159 0.186 3.034 3.378 fir 
0.207 0.214 0.179 0.200 4.206 4.826 birch 
0.193 0.283 0.165 0.228 4.413 4.688 spruce 

 
Ideally the equality should be obtained between the ratios above 
 
ν ν ν ν ν νLR

L

RL

R

LT

L

TL

T

RT

R

TR

TE E E E E E
= = =, , ,                                                                                   (1) 
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In Table 3 some ideal values of Poisson’s ratios for wood are given according to Gibson & Ashby 
[3]. The values for softwood are averages given by Bodig [2] (p.117). 
 
Table 3.  Values of Poisson’s ratios. Ideal values are by theory. SW = softwood average [2]. The 
program input values are used are for MSC Nastran [8]. 
 

Ideal [3] SW(Softwood) [2] Program inputs 
νLR = ν12 =  νs  ≈ 0.5 νLR = 0.37 νLR = ν12 =  ν3  ≈ 0.5 
νLT = ν13 =  νs  ≈ 0.5 νLT = 0.42 νLT = ν13 =  ν2 ≈ 0.5 
νTR = ν32 =    1 νTR =0.35   
νRT = ν23 =    1 νRT = 0.47 νRT = ν23 = ν2 ≈  0.5 
νTL = ν13 =  0 νTL = 0.033   
νRL = ν21 =  0 νRL =0.041   

 
According to Bodig [2] for wood the following ratios of elastic values are roughly constant 
  
E E E G G G E GL R T LR LT RT L LR: : : . : , : : : . : , : := = =20 16 1 10 9 4 1 14 1                        (2) 
 
A simple way to obtain orthotropic elastic constant of a wood sample is to measure the longitudinal 
elastic modulus EL by bending test. Then other properties can be estimated using their observed 
constant ratios by eqn. (2) as follows 
1. Longitudinal EL is measured or given and Poisson’s ratios are given 
2. Other elastic modulus values are estimated using eqn. (2) 
 
E given E E E E G E

G G G G
L R L T L LR L

LT LR RT LR

= → = → = → =

= → =

1 6
20

1
20

1
14

9 4
10

1
10

.

.
                                                            (3) 

 
3.   Analysis of the cellular microstructure of wood using FEM 
 
Some results for one cell and a cellular block are shown in Fig.2. 

 
Fig. 2 FEM analysis of a cellular microstructure. Material is birch. a) Model of a group of 
hexagonal elements based on anisotropic under compression. b) Compression of a single tube to 
local buckling. 

l
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4.   Synthesis and optimisation of a wood truss  
 
4.1   Geometry of the structure and goal formulation 
 

Wood trusses can be designed by many approaches. A novel approach is exemplified by task in 
which a cantilever truss structure has to be fitted into a desired space, Fig.3. The height is set to H 
and force at the end F is given.  The rods are made of Finnish spruce. The goal of design is to 
maximise satisfaction of the end user. Customer desires minimal volume of material, high reliability 
against sudden fracture and satisfaction of constraints. Fuzzy satisfaction functions are used which 
range from 0 no good to 1. Now the only goal is to minimise material volume. The geometry of the 
structure is expanded into free body models at several sections. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Truss design. a) Design space. b) FB model for section 1. c) Several free body models and 
the optimised result. Optimal angles are α1 = α3 = α5 = 45°, α2 = α4 = 55°, relative areas 
a3= a2=1.7, a5= a4=3.4, b1=b3=b5=1/sin45=1.4, b2= b4 =1/sin55=1.22 
 
Free body models are used to obtain stresses for minimising then the volume of each rod using the 
same allowed stress.  
Section 1. First the L1 part is created, Fig.3a. Now the goal is to minimise its volume. 
  

Q V V l A l x A D F
= + = ⋅ = = =1 2 1 1 1

1 1
2 1

2D D1
1

all
,

cos
,

sinα σ σ α
                                               (4) 

  
This object function can be minimised using its design variable, which is the slope angle 
 

( )
4

12sin0
2sin
1

11
11all

1
1

πααα
αασ

α
α

==→=→=⎥
⎦

⎤
⎢
⎣

⎡
= optd

dxFQ
d
d                                                    (5) 

 
Section 2. Next the section 2 is considered as follows. Free body model gives the forces 
     
Σ ΣF F F D D F F Dx y= − + + − = = − + =2 2 2 2 2 2 2 20 2 0cos cos , sinα α α                                            (6) 
From this one obtains the force D2, area AD2 and relative cross section area b2 

D F A D b D
F2

1
2

2

2
2

2

2

1 1
= = = =

sin
, ,

½ sinα σ αD2
all

                                                                       (7) 

Balance of moments at the lower corner gives 
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xLLFLDHHFM ∆+==+⋅+−=Σ 122222z ,0cosα                                                             (8) 
 
The forces are obtained as  

F F L
H

F a F
F2

2

1 1
2

2 1
2

21
2

1 1
= +

⎡

⎣
⎢

⎤

⎦
⎥ = +

⎡

⎣
⎢

⎤

⎦
⎥ =

tan tan tan
,

½α α α
                                                           (9) 

  
The goal is to minimise the volume of four rods, 2 for force F2 and 2 for force D2 

Q V V Q x A x A F
AF D F D2 2 2 2 2

2
2 22 2 2 2 1

= + = = ⋅ + ⋅ → = =∆ ∆
cos

,
α

σ σ all
2

F2
                        (10) 

 Substituting here the force F2 and D2 gives 

Q x F2
2 1 2 2

1 1 1 1 1
= ⋅ + +

⎛
⎝
⎜

⎞
⎠
⎟∆

σ α α α αall tan tan cos sin
                                                                            (11) 

This volume is minimised by differentiating it with respect to variable angle α2 since α1 = 45°.  
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The normalised cross sectional area at a section k is  
 

a
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,
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                                                                               (13) 

 
4.2   Analysis of the wood truss using FEM 
 
Analytical results were checked using MSC FEM [7] by E. Taitokari, Fig.4. The results for axial 
stresses in each rod are close to those obtained by the analytical method.  Material is now spruce. 

 
 
Fig. 4 FEM analysis of the optimised truss. a) Initial and deformed form.b) Relative stresses at rods 
as rod force divided by relative cross sectional area. All rods have the same stress.  
 
5.    Analysis of a wood beam and bolted connection 
 
5.1   Description of the model and materials 
 

The laminated veneer lumber, LVL, is a novel wood construction innovation suitable for large load 
bearing structural components. The example in Fig.5 is modelled by E. Taitokari using MSC 
Nastran FEM [8] program and orthotropic material properties. 
 
 
 

σ=1700/3.4=500    σ=850/1.7=500 

σ=700/1.4 
     =500 

σ=600/1.22 =500    σ=700/1.4 =500    
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a)                                                      b)                         c)                         d) 
Fig.5 Model of a LVL wood beam bolted connection used in analytical modelling. 
a) Beam, b) cross section, c) log, d) probability density distributions for stress and strength. 
 
Geometry of the case study is from Finnforest catalogue [8] for a LVL beam. Width is B = 0.051m, 
and height H = 0.3 m. The thickness of a veneer lamina is t = 0.003m.The strength values are mean 
values. They vary within a log and from log to log. Coefficient of variation is by Niemz ([4] p.142) 
for veneer = 18%, CR= 0.18. The probability distribution for strength can be reasonably well 
estimated by normal distribution with a mean R  and standard deviation RCs RR = . 
If load stress has a c.v.  of Cσ = 0.1 then a reasonable factor of safety is obtained roughly as 
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5.2   Failure criterion model for wood 
 

The veneer laminates are now in a vertical plane. Since the beam is a three-dimensional block, a 
3D-failure criterion would be best. But now the third R-direction is not loaded. So a 2D Tsai Hill 
criterion is a simple way [9,10] but not the most accurate. Failure is predicted if this exceeds 1. 
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5.3    Analysis of the bolted joint using analytical models 
 

The joint can be modelled using several methods. One method is to use statics of isotropic 
materials, another is to use continuous distribution of loads in two elastic materials and a third 
method is to use FEM. Next the first method is used. The joint is shown in Fig, 6. 
  
 
 
  
 
 
 
 
 
 
 
 
Fig. 6 Model for analysing a bolted connection of a cantilever beam to wall. a) A general model. b) 
A bolted joint model.    
 
The total area moment of the joining areas relative to its centre of area point is  
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Now the joint areas are small and a simpler model can be used for a regular array 
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The following values are used a b r a J A a n= = = = ⋅ =, , , ,φ 45 2 12 92 . The most stressed joints are 
those farthest away from the centre of gravity. The torsional shear stress at distance r from cg is 
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The torsional shear forces on bolts are   
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 The torque is resisted by torsional shear forces 
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Here Wv is torsional resistance; Mv is the torque produced by force F at a lever l from cg.  
The direct shear forces resist the shear force F which are assumed to be equally distributed 

F A F
n

N Nssi = = = =τ 2000
9

220                                                                                                    (21) 

The total shear stress is vector sum of direct and torsional shear stresses at a joint i 
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Now the largest load force acts on the joint i = 9. 
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The numerical values of components are 
 
F F F F F Fv9,x v9 9x 9y v9,y s9= = − ⋅ = − = = + = + =cos135 . ,6000 0 71 4240 4240 220 4460  
 
5.4    Analytical estimation of the wood beam at a bolted joint 
 

One critical location may be the top surface of the upper hole. Its main stresses are peak value on 
bending stress and a compressive stress. Now F = 2000N is assumed as a test force and the 
following data 
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The longitudinal stress acts along L direction. The pressure distribution may be assumed to have a 
cosine form. The maximum compressive stress and the shear stress at wood are 
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The vertical lifting forces at the bolthole cause a tensile stress concentration at the left edge. 
Transverse to fibre stress is compressive. These stress estimates are shown in Fig.8c 
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Failure criterion value at this corner hole edge of wood depends strongly on σT stress. 
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If σT = 0 then FTS = 0.022+0.09 = 0.1. If σT >2.7 then a local failure is predicted. 
   
5.5    FEM estimation of the bolt forces 
 
The FEM results in Fig.7 were different from the classical solution. This solution is also valid since 
satisfies the free body balance equations but in a different way. 
 
 
 
 
 
 
 
 
 
  
 
Fig.7 Bolt forces a) Results using FEM analysis and LVL wood properties. b) Averaged distribution 
when the beam is soft and the other connection to wall is stiff .c) Stress estimates by simple models. 
 
The FEM results showed that   
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Now the conventional discrete bolt force assumption based on isotropic material behaviour gave 
components F9= ⎨-4240,4460⎬ while FEM gave F9 = ⎨ -15430, 1237⎬. This difference is important 
in dimensioning bolted joint to wood. The strong decrease in x components may be explained in 
principle using a continuous bolt force distribution. It gives a model for finding the relative 
magnitudes of horizontal main force components 
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5.6    FEM analysis of the beam and its connections 
   
The beam of material A was loaded with force F =2000N at lever length l = 3. It was connected to 
frame by a bolted joint with n =9 bolts with 0.024m diameter. The effect of unidirectional CFRP 
laminate was studied. In model B a laminate of thickness t = 0.005m was added to the tensile 
surface from the c.g. of (0.15m from left edge) of a length of 1m. The longitudinal modulus was at 
volume fraction 50% EL=190GPa, ET=30GPa, G=15GPa, Poisson’s ratio ν = 0.3.The strength 
properties were σLut = 1200, σLuc = 100, σTut = 700, σTUc= 60, τLTU = 50. 

• Model A Wood with no CFRP laminate on outer surface   
• Model B Wood with CFRP laminate on outer surface   

Failure criterion FHill= 0.02 at laminate ends. Shear stress at glue surface was small, 0.2…1 MPa. 
  
Table 4. Results of  an addition of fibre-laminate on the tensile surface of beam. 
  

 Model A Model B 
Beam tip deflection 0.015m 0.009m 
Failure (Hill) criterion at outer bolt 9 hole FHill = 0.8 FHill = 0.1 

FHill estimate can be done considering that at 45 deg from horizontal the principal stresses are about 
+15 and –12 producing a shear stress τ = (15+12) 0.5=13 

 
 
a)                                                             b)  
Fig.8 Beam of material A. a) Model A. Wood beam only. b) Model B. A carbon fibre laminate 
strengthener is added to the tensile outer surface of the beam. Material A in Table 1.   
 

a)                                            b)                                              c) 
       
 
 
 
Fig.9 Wood beam of material B. Bolt number nine and material strength model A. F9x=-15340, 
F9y=1237N.a) Normal stress distribution in x direction, b) shear stress distribution, c) Hill criterion 
distribution. Material B, σLUt=90, σLUc =90(high estimate), σTUt=6.4, σTUc=6.4. At 45 direction 
mean σL= -13, mean σT= -1,2. τLT= ½ (-12-(-1.2)) = 7. Then FHill ≈(τLT /τLTU) 2 ≈ 1

σr=-15 σL=-20 

σL=25 τ =5.5 

FHill = 0.8 

σt=15 
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6.   Discussion 
 
Load bearing beams are important parts of structures like large buildings. Several competitive 
choices are available like steel, concrete, pultruded fibre reinforced beams and wooden beams. The 
highly orthotropic properties of wood have advantages and disadvantages compared with isotropic 
and homogeneous materials like steel. Now with modern wood machining and gluing methods 
veneer type beams and plates can be constructed which utilise advantages of wood and avoid 
weaknesses due to inevitable anisotropy. Optimal bolted joints and additional beam strengtheners of 
reinforced material enhance reliability and cost-effectiveness of timber. In beams the safety critical 
locations are at bolt hole edges. Bolt force values obtained by FEM differ much from values of the 
conventional isotropic model. Present results show that complex novel timbers structures can be 
designed to give optimally satisfactory performance in reliability and cost-effectiveness in details 
and globally provided good methods are used. Thus designers need reliable design calculation 
methods to take into account in detail the challenges of anisotropic behaviour of wood. Continuous 
work in developing design methods and making product innovations promise a new era of 
comeback for timber products. 
  
7.    Conclusions 
 
The following conclusions may be drawn: 
• The construction of advanced wood products requires reliable models for predicting the load 
bearing performance under mechanical, thermal and hygroscopic loadings. The next requirement is 
innovative and optimal design, which should be done concurrently with manufacturing. 
• Satisfying solutions are obtained using efficient design methods, advanced structural mechanics 
local fibre reinforcements, FEM programs and materials science.      
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Summary 
This paper presents results of studies regarding new wood-based materials made of solid timber and 
new types of mechanical timber connections using self-tapping screws.  

1. Introduction 
Plane structural bonded timber elements are used as plates or diaphragms in floor and wall 
structures. These elements in different built-ups and dimensions are made from several layers of 
single small dimension planks connected by adhesives and arranged crosswise. Because of the very 
small rolling shear stiffness of the timber, shear deformation significantly affects the overall 
stiffness of the plates as well as the normal and shear stress distribution of the timber layers.  
Self-tapping screws with a continuous thread over the shank are used as fasteners and reinforce-
ments. Contrary to traditional dowel-type fasteners, they are loaded parallel to the fastener axis and 
thus allow higher strength and stiffness values for connections. 

2. Structural bonded timber elements 

2.1 General 
Plane timber elements used as load-bearing floor or roof elements have a width of 600 mm and a 
length corresponding to the floor length but less than 18 m (see Fig. 1).  

 
Fig. 1  Plane glued timber elements 

 Erection of a pre-fabricated house with 
floor and wall elements 

Fig. 2  Plane glued timber elements 
 Floor elements with gravel filling, 
insulation and sheathing 

 
Floor elements are made of components 3 m in length connected by large finger joints. In order to 
achieve diaphragm action, the single elements are connected by timber planks nailed or stapled to 
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adjacent elements (see Fig. 2). The cavities may be used for installation purposes and to add mass 
for a better acoustic performance. 
The wall elements have a height of up to 3 m, a width between 375 and 875 mm and a thickness 
between 68 mm and 150 mm. The number of layers is between 3 and 6. Wall elements are loaded 
by normal forces, bending moments and shear forces within the element's plane. 

2.2 Types of cross-section 
Principally, two types of cross-section may be distinguished:  
• cross-sections, where the layers oriented perpendicular to the main axis consist of single boards 

with a constant spacing and cross-sections,  
• cross-sections, where the layers oriented perpendicular to the main axis consist of a continuous 

timber plate.  
In general, wall elements have spaced cross layers (e.g. central layer with planks 31 mm x 65 mm 
and a clear distance of 60 mm in Fig. 3), whereas floor elements have one or two continuous cross 
layers (see Fig. 3 and 4). The upper cross layer in Fig. 4 and 5 only serves for load-distribution 
purposes and is not part of the load-carrying cross section of the element. 
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Fig. 3  Timber wall plate element (Type 1) 
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Fig. 4  Timber floor element with one board layer orientated perpendicular to the main direction 
(Type 2) 
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Fig. 5  Timber floor element with two board layers orientated perpendicular to the main direction 
(Type 3) 
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2.3 Calculation model 
Cross layers in structural bonded timber elements loaded perpendicular to the plate show significant 
rolling shear deformations caused by the very low rolling shear stiffness of timber. These shear 
strains cause relative displacements between the upper and lower 'flanges' similar to the situation in 
mechanically jointed beams or columns. Therefore, the  hypothesis of plane cross-sections 
remaining plane cannot be maintained in the design of these members. An example for the 
deformation of a member consisting of three layers with rolling shear strain in the central layer is 
shown in Fig. 6. 

 

Fig. 6 Schematic representation of the deflection of a member of Type 1 with two flanges connected 
by timber planks with significant rolling shear deformation 

The effective bending stiffness and the resulting shear and normal stresses in the different layers 
may be determined for cross-sections with up to two cross layers according EN 1995-1-1 Annex B 
as for mechanically jointed beams by replacing the joint stiffness Ki / si [N/mm²] in equation B.5 by 
GR ⋅ bi,w / di [N/mm²] 
Where 
GR =  Rolling shear  
di =  Thickness of cross layer i 
bi,w Effective width of cross layer i. 
The influence of the span on the effective bending stiffness of a member with a cross-section 
according to Fig. 3 is shown in Fig. 7.  For small spans, the influence is significant, whereas for 
larger spans the effective stiffness reaches a limit value corresponding to an infinite shear stiffness 
of the different layers. 
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Fig. 7 Influence of span on the effective bending stiffness of the non-symmetrical cross-section in 

Fig. 2 
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2.4 Tests 
In order to verify the assumptions for the calculation model and to determine the rolling shear 
strength, tests with bonded timber elements of Types 1, 2 and 3 were performed. The elements were 
tested as a single beam with spans between 1,25 m and 2,73 m. The overall deflection was 
measured in mid-span.  
Most of the elements failed due to a rolling shear failure (see Fig. 8 and 9). Only few elements 
tested with a larger span to depth ratio failed due to a combined tensile and bending failure in the 
tensile flange. From the mid-span deflection the effective bending stiffness EIef was calculated.  

Fig. 8  Rolling shear failure between 
longitudinal and continuous cross layer 

 
Fig. 9  Rolling shear failure in spaced cross 

layer 

2.5 Evaluation of test results 
For the evaluation of the test results the following assumptions were made: 
The shear modulus for rolling shear was taken from Neuhaus [1] who determined this value 
depending on the moisture content of the wood. Neuhaus gives a value of 48 N/mm² for a moisture 
content of 9 %. For simplification, a value of 50 N/mm² was chosen.  
For members with cross layers consisting of spaced planks, an effective shear modulus was 
calculated depending on plank width and spacing. For the cross-section shown in Fig. 2 the plank 
width is 65 mm and the centre-to-centre distance of the cross planks is 125 mm. Thus, the effective 
rolling shear modulus results as 

26550 26 N/mm
125

⋅ =           (1) 

For the modulus of elasticity of the layers a value of 11000 N/mm² was chosen, corresponding to 
the mean MOE-value of strength class C24 according to EN 338 ‘Structural timber – Strength 
classes’. Table 1 summarises the cross-sectional dimensions and the values of the calculated 
effective bending stiffness for three different member types depending on the span used in the 
bending tests. 
The comparison between the effective bending stiffness determined by bending tests and the values 
based on the calculation model is presented in Fig. 10. The values based on the calculation model 
and the assumptions listed above coincide well with the test results. 

Table 2  Calculation  results 
Element 
type 

span 
[m] 

b1 
[mm] 

h1 
[mm] 

b2 
[mm]

h2 
[mm]

b3 
[mm]

h3 
[mm]

d1 
[mm]

d2 
[mm] 

Ief  
mm4 

EIef 
[Nmm²] 

Type 1 1,25 625 19,5 380 19,5   31  7,91⋅106 8,70⋅1010 
Type 1 2,73 625 19,5 380 19,5   31  1,10⋅107 1,21⋅1011 
Type 2 2,40 600 38 290 140   20  1,95⋅108 2,14⋅1012 
Type 3 2,40 600 38 215 80 550 40 20 20 1,73⋅108 1,91⋅1012 
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Fig.10  Comparison of effective bending stiffness based on test results and calculation, respectively 
For all test specimens the rolling shear strength at failure was calculated based on the model of 
mechanically jointed beams. For those specimens, where the load-carrying capacity was limited by 
rolling shear failure of a cross layer, the rolling shear strength is between 1,2 N/mm² and 
2,1 N/mm². A characteristic value of 1,0 N/mm² for the rolling shear strength and 50 N/mm² for the 
rolling shear modulus of European spruce is proposed, independent of the strength class. 

3. Connections  

3.1 General 
Screws, bolts and dowels loaded perpendicular to the fastener axis are dowel-type fasteners, whose 
load-carrying capacity in timber-to-timber or steel-to-timber connections may be determined based 
on Johansen´s yield theory [2]. The ultimate load of joints with dowel-type fasteners loaded 
perpendicular to the fastener axis is limited by the embedding strength of the timber members and 
the bending capacity of the fasteners. 
Exploiting the withdrawal capacity of long screws with continuous threads leads to increased load-
carrying capacities and hence more economic connections compared to laterally loaded screws. In 
order to avoid bending of screws they may be arranged under an angle of about 45° to the interface 
between the members to be connected. The load is then transferred by a truss-like system where the 
screw is loaded in tension and the contact surface between the members in compression. Apart from 
the load-carrying capacity, the slip modulus of inclined screws increases by a factor of up to 10 
compared to laterally loaded screws [3]. 
Two categories of wood screws for connections in timber structures may be distinguished. 
Traditional wood screws like lag screws show a threaded and a smooth part of the shank with 
different yield moments. The outer diameter of the thread generally equals the smooth shank 
diameter which is also the nominal diameter. The root diameter usually corresponds to 70 % of the 
outer diameter. 
Contrary to traditional wood screws self-tapping wood screws with diameters up to 12 mm and 
lengths up to 600 mm are hardened after rolling the thread. Hardening increases the bending 
capacity as well as the torsion capacity. Compared to the traditional wood screws the holes for self-
tapping screws generally are not pre-drilled, the bending capacity as well as the torsion capacity are 
greater. 
With regard to the great bending capacity and particularly the high resistance against withdrawal 
and pushing in, self-tapping screws with continuous threads (see Fig. 11) are very suitable fasteners 
as well as reinforcements in timber structures. 
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Fig.11  Self-tapping screws with continuous threads 

 
Fig. 12 shows an opened connection with an 
inclination of 60° between the screw axis and the force 
direction. The connection failure was caused by 
reaching the withdrawal and bending capacity of the 
screw and the timber embedding strength (European 
Yield Model - Failure Mode 3). With decreasing angle 
between the screw axis and the grain direction, the 
withdrawal component increases. For angles of 45°, 
the lateral loading of the screw may be neglected, the 
withdrawal action determines the load-carrying 
capacity of the connection. 
The load-carrying-capacity of single shear screwed 
timber-to-timber joints may be derived based on a 
modified Johansen theory which includes an axial load 
component in the screw and a contact force in the 
interface between the members. 

Fig.12  Opened connection with self-tapping screw 
Disregarding the lateral load component, Fig. 13 shows the internal forces in a connection with an 
inclined screw. 
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Fig.13  Internal forces in a connection with an inclined screw taking into account friction between 
members  
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A large number of proprietary main beam – secondary beam connections exist. For visible 
structures invisible connections are preferred. In the following, the load-carrying behaviour of 
connections is described, where axially loaded, self-tapping screws are used. 

3.2 EL connectors 

Fig.14  EL connector  

EL connectors consist of 10 mm thick 
aluminium L-sections, are connected to the 
secondary members in the shop and allow a 
quick installation on the building site. EL 
connectors are produced in four different 
sizes. The L-section is connected to the end 
grain of the secondary beam by inclined 
screws and put on top of the main beam. 
The eccentric support reaction of the 
secondary beam causes a moment which is 
divided into a tensile force carried by the 
screws and a compressive force between the 
end grain and the aluminium L-section. A 
contact force between the upper part of the 
connector and the main beam causes 
compression perpendicular to the grain in 
the main beam. Examples for the use of EL 
connectors are shown in Fig. 15.  

 

   

  
Fig.15  EL connectors as main beam – secondary beam connectors  
The screws parallel to the grain in the secondary beam only serve to fix the connector before 
driving the inclined screws. They do not contribute to the load-carrying capacity of the connection.  
The two sub-connections are first considered separately. The resulting force is assumed to act in the 
centre of gravity of the compression stresses perpendicular to the grain.  
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Main beam connection 

Fig.16  Compressive stress distribution  

The failure of the main beam connection may be caused 
by both, reaching the compressive strength perpendicular 
to the grain of the main beam upper surface as well as the 
bending capacity of the horizontal part of the aluminium 
L-section. During the tests to determine the load-carrying 
capacity of connections with EL connectors, both failure 
modes were observed. Since the horizontal part of the 
aluminium L-section is bent upwards with increasing 
load, the stresses and strains perpendicular to the grain 
are not uniform. Close to the main beam edge, i.e. in the 
corner of the L-section, the strains are larger than at the 
end of the connector.  
The observed load-deformation behaviour during the tests 
was ductile. Consequently, at ultimate load the elastic-
plastic stress distribution shown in Fig. 16 is assumed.   
The position of the resulting compressive force 
perpendicular to the grain is chosen under the condition 
that the compressive capacity perpendicular to the grain 
of the main beam and the bending capacity of the 
aluminium L-section are simultaneously reached. 
Fulfilling  this condition leads to the main beam capacity 
Rc,90:  

y
c,90 c,90

c,90

25 f
R f b (11,25 380)

f
⋅

= ⋅ ⋅ + −  (2) 

 
Where: 
fy aluminium yield strength 
fc,90 compressive strength perpendicular to the grain of the main beam 
b width of the EL connector, 40 mm ≤ b ≤ 100 mm 
The square root reaches values between 11,25 and 33,75. 
If the main beam consists of different wood-based materials as in timber frame walls (see right 
bottom in Fig. 15), the load-carrying capacity is determined accordingly. In this case the load-
carrying capacity of the main beam is: 

2
y cp 2

c,90 c,90 cp
c,90

25 f 0,75 t f
R f b 11,25 t 0,75 t 380 f b t

f

⎛ ⎞⋅ − ⋅ ⋅
⎜ ⎟= ⋅ ⋅ − + + ⋅ − + ⋅ ⋅
⎜ ⎟
⎝ ⎠

 (3) 

Where: 
t sheathing thickness 
fcp sheathing compressive strength in the direction of the support force 
Secondary beam connection 
The secondary beam leg of the aluminium L-section is connected to the end grain surface of the 
secondary beam using self-tapping screws. The screws are arranged under an angle of 45° to the 
grain direction. The support force of the secondary beam causes tensile forces in the screws. The 
position of the support force in the centre of gravity of the compressive stresses perpendicular to the 
grain causes an additional moment due to the eccentricity of the support force. This moment causes 
tensile forces parallel to the grain of the secondary beam at the lower beam edge and compressive 
forces at the upper beam edge. (see Fig. 17).  

fc,90

Rc,90

45 10

10
11

0
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Fig.17   Secondary beam connection of the EL 
connector  

Based on observations during tests, the 
depth of the triangular area in compression 
at the upper edge of the end grain surface is 
assumed to be 15 mm. The tensile forces at 
the lower edge decreases the contact force 
between the secondary beam leg of the L-
section and the end grain caused by the 
inclined tensile forces in the screws. 
Theoretically, with increasing moment the 
tensile force may equal the contact force 
leading to a pure tensile force in the screws 
without a contact force between the L-
section and the lower edge of the end grain 
surface.  
The limit value of the eccentricity e, where 
the contact force between the L-section and 
the lower part of the end grain surface 
reaches zero, follows from the condition, 
that the horizontal component due to the 
moment equals the support reaction: 

 

1 1H V=   (4) 

1
VV
n

=   (5) 

max max
1 2 2

M z V e zH
z z

⋅ ⋅ ⋅
= =

∑ ∑
  (6) 

Equalling the expressions for H1 and V1 yields: 

max
2

V e z V
z n

⋅ ⋅
=

∑
  (7) 

and: 

2

max

z
e

n z
=

⋅
∑   (8) 

where: 
H1 horizontal force component in the lowermost screw due to the moment V ⋅ e 
V1 vertical force component in the lowermost screw due to the support force V 
n number of inclined screws in the secondary beam 
zmax distance of the lowermost screw from the centre of rotation  

Σz2 sum of squares of screw distances and the upper contact force from the centre of rotation 
Since the different sizes of EL connectors only differ by connector width b, the limit value of the 
eccentricity e is constant for all sizes. This limit value is calculated for one vertical row of screws 
and results as e = 61,3 mm.  
The limit value of the eccentricity exceeds the real eccentricity for all sizes of EL connectors. The 

5
40

15
15

HT
NT

R 66
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real value cannot exceed the horizontal leg length of 45 mm. Consequently, a contact force between 
the end grain surface of the secondary beam and the lower part of the EL connector remains for any 
value of the vertical support force. This contact force increases the load-carrying capacity by 
friction effects. A lateral load acting on the lower screws is not possible. Neglecting the favourable 
friction effects, the load-carrying capacity of the secondary beam connection hence equals the sum 
of the vertical load components of the withdrawal capacities of the screws. 
The design value of the load-carrying capacity of the total connection according to Eurocode 5 
equals the lower value of the capacities of the main and secondary beam connection, respectively: 

y,d
c,90 c,90,d

c,90 c,90,d
1,d

ax,d

25 f
k f b 11, 25 380

k f
R min

n R
2

⎧ ⎛ ⎞⋅
⎪ ⋅ ⋅ ⋅ + −⎜ ⎟⎜ ⎟⋅⎪ ⎝ ⎠= ⎨

⋅⎪
⎪
⎩

  (9) 

The slip modulus of the connection is directly derived from the test results and equals 100 ⋅ b N/mm 
where b is in mm. 
Axial load in the secondary beam  
EL connectors have one or two holes in the horizontal leg of the L-section for fixing the connector 
to the main beam by screws (see Fig. 14). These screws are laterally loaded by an axial tensile force 
F2 acting in the secondary beam. The load-carrying capacity for an axial tensile load in the 
secondary beam is consequently limited by the load-carrying capacity of this screwed connection as 
well as by the condition that the contact force between the upper part of the vertical leg of the 
connector and the end grain of the secondary beam must not be smaller than zero.  
Fig. 17 gives the dimensions necessary to check the possible tensile force in the secondary beam. 
Since the horizontal force is assumed to act in the centre of gravity of the compressive forces 
parallel to the grain between the EL connector and the upper part of the end grain surface, the 
contact force in the lower part of the end grain is not decreased.  
For the possible size of the horizontal force an unfavourable triangular stress distribution is 
assumed between the EL connector and the main beam surface.  
Compressive force in the upper part of the end grain due to the eccentricity of the vertical support 
force F1:  

1 1
c 12

F (x 10) 45 F (15 10) 45F 0,1093 F
z 10293

⋅ + ⋅ ⋅ + ⋅
= = = ⋅

∑
  (10) 

Tensile force Ft,F due to the horizontal force F2 acting in the centre of rotation R: 

2
t,F 2

FF 0,1667 F
6

= = ⋅   (11) 

Tensile force Ft,M due to the moment F2 ⋅ ev: 

2 2
t,M 22

F 45 45 F 45 45F 0,1967 F
10293z

⋅ ⋅ ⋅ ⋅
= = = ⋅

∑
  (12) 

Here, ev is the distance between the force F2 and the centre of rotation. The compressive force 
equals zero, if Ft,M + Ft,F = Fc: 

1 20,1093 F F (0,1667 0,1967)⋅ = ⋅ +   (13) 
Consequently: F2 ≤ 0,3 F1.   (14) 
This condition has to be fulfilled for every load combination. 
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3.3 OV connectors  
OV connectors consist of 20 mm thick aluminium plates, are connected to the secondary members 
in the shop and allow a quick installation on the building site. OV connectors are produced in four 
different sizes and are fixed to the main and secondary beam using self-tapping screws with a 
diameter of 8 mm. The screws are arranged perpendicular to the grain direction. 
The support force of the secondary beam causes tensile forces in the screws close to the end grain 
of the secondary beam. These screws are called tensile screws.  The tensile force in these screws is 
balanced by compressive forces between the OV connector and the surface of the main and 
secondary beam, respectively. Since the compressive area is too small to take the compressive 
forces, compressive screws are used to reinforce the timber. The support force of the secondary 
beam is thus introduced into the main beam by compressive stresses perpendicular to the grain and 
by compressive screws in the main beam. Fig. 18 shows an example for the application of an OV 
connector.  

 
Fig.18  OV connector (Zugschrauben = tensile screws) 
 
If the surface of the main beam is not flush with the surface of the secondary beam, the main beam 
part of the OV connector may be installed into a recess in the side of the main beam (see Fig. 19). 

 
Fig.19  OV connectors installed in recesses in the main beam 
Generally, the OV connector is put on top of both, the main and secondary beam. 8 mm 
compressive screws at the ends of the connector driven through holes with a diameter of 6,5 mm in 
the aluminium plates interlock with the OV connector and allow the compressive force to be 
introduced into the connector. For uplift forces, the „compressive screws“ are loaded in tension and 
the surface between the OV connector and the main beam by compressive stresses. Since the holes 
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for the tensile screws in the centre of the connector are 8 mm in diameter, these screws do not 
interlock with the OV connector and consequently cannot take any compressive forces. In the 
following, the main and secondary beam connection is considered separately for a vertical support 
force. Fig. 20 shows a schematic representation of the OV connector for this type of loading. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.20 Forces introduced by screws in the OV connector  

3.3.1 Main beam connection 
Failure of the main beam connection is caused by the simultaneous compressive failure 
perpendicular to the grain of the timber surface and the failure of the compressive screws. The 
failure of the compressive screws may be caused by: 

• Pushing the screw into the timber 
• Screw buckling 
• Pushing the screw through the aluminium plate of the OV connector 

In the tests to determine the load-carrying-capacity all three failure modes were observed. 
According to [4] a full cooperation of the timber under compressive stresses and the compressive 
screws is assumed. Since the OV connectors are inclined before the ultimate load is reached (see 
Fig. 21), only the part of the compressive area between the main beam edge and the compressive 
screw is taken into account. The width of this compressive area is 16 mm, the length coincides with 
the connector width b. If the OV connector is supported by the end grain of a column, the 
compressive screw is not taken into account at all.  
 

 
Fig.21 OV connector under load before reaching the ultimate load  
Pushing the screw into the main beam timber: 
The characteristic axial load-carrying-capacity of a screw is: 

ax,k 1,k ef 1 1,k efR f d f 8,0 N= ⋅ ⋅ = ⋅ ⋅   (15) 

Tensile screws 
secondary beam

Compressive screws  
secondary beam 

Compressive screws  
main beam 
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where ef is the threaded length in the main beam. 
Screw buckling: 
The load-carrying-capacity of a slender screw loaded in compression and embedded in timber is 
according to [4]: 

c,k c pl,kR = κ N⋅   (16)  

c 2 2
k

1
k k -

κ =
+ λ

  where  2
k kk 0,5 (1 0,49 ( 0,2) )= ⋅ + ⋅ λ − + λ  and pl,k

k
ki,k

N
N

λ =  (17) 

pl,k core y,kN A f= ⋅   (18) 

Nki,k is the characteristic value of the minimum ideal elastic buckling load. For a characteristic 
density of ρk = 380 kg/m³, a screw length of at least 160 mm and a screw diameter of 8 mm Nki,k is 
Nki,k = 35,5 kN  (19) 
With fy,k = 1000 N/mm² the characteristic load-carrying-capacity is 
Rc,k = 13,7 kN  (20) 
Pushing the screw through the aluminium plate of the OV connector: 
From withdrawal tests of screws in aluminium plates the characteristic value of the withdrawal 
resistance is determined:  

alu,kR 15, 2 kN=   (21)  

The characteristic compressive resistance of the main beam perpendicular to the grain is: 

c,90,k c,90,kR f b 16= ⋅ ⋅   (22)  

Where: 
fc,90,k Characteristic ompressive strength of the main beam 
b OV connector width, 40 mm ≤ b ≤ 100 mm 

3.3.2 Secondary beam connection 
The secondary beam connection comprises both, tensile and compressive screws. The load-
carrying-capacity of the compressive screws equals the respective value of the main beam 
connection. Since the compressive area at the end of the connector shows a larger distance to the 
tensile screws compared to the main beam, the compressive screws of the secondary beam 
connection are not governing the load-carrying-capacity. Consequently, only the tensile screws are 
considered.   
If the compressive stresses are neglected, the total load in the tensile screws equals twice the load in 
the main beam compressive screws (see Fig. 20), since the distance between the compressive screw 
and the tensile screws is the same in the main and secondary beam.  
The load-carrying-capacity of the secondary beam connection then follows from the capacity of the 
tensile screws. The German technical approval Nr. Z-9.1-519 gives the characteristic value: 

t 1,k ef 1 t ef
t ef

k
t

t

n f d n 12,0 8 n 48 N
2 2R min

n 17000 n 8500 N
2

⋅ ⋅ ⋅⎧ ⋅ ⋅ ⋅
= = ⋅ ⋅⎪⎪= ⎨

⋅⎪ = ⋅
⎪⎩

 (23)  

The design value of the load-carrying-capacity of the OV connector is the lower of the design 
values of the main and secondary beam connection, respectively. This value is given in equation 
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(24) for fully threaded self-tapping screws according to the technical approval Nr. Z-9.1-519. 

{ }
{ }

c 1,d ef,c c,90,d c,90
d

t 1,d ef,t

n min 11400 ; 8 f 16 f k b
R min

n min 6200 ; 4 f

⎧ ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅⎪= ⎨
⋅ ⋅ ⋅⎪⎩

  N (24)  

Where: 
Rd design load-carrying-capacity of an OV connector in N 
nc number of compressive screws in the main or secondary beam, respectively  
nt number of tensile screws in the secondary beam  

ef,c threaded length of the compressive screws in the main and secondary beam in mm 
ef,t threaded length of the tensile screws in the secondary beam in mm 

b OV connector width in mm, b = 40, 60, 80 or 100 mm 
f1,d design withdrawal parameter in N/mm² 
fc,90,d design compressive strength perpendicular to the grain of the main beam in N/mm² 
kc,90 factor according to Eurocode 5, 6.1.5  
The design load-carrying-capacity also applies for a support on the end grain of a column. The 
compressive stress parallel to the grain does not govern the design.  

3.3.3 Uplift 
Under uplifting loads the load directions in the main and secondary beam change. The compressive 
screws are loaded in tension, while the tensile screws, due to the hole diameter of 8 mm, are not 
loaded at all. In the following, the notation compressive and tensile screw is maintained although 
the load direction changes. In the area of the tensile screws the secondary beam surface is loaded by 
compressive stresses perpendicular to the grain. The main and secondary beam connections are 
again analysed separately. 
Under uplift loads, the screws in the main beam connection are loaded by tensile forces. The load-
carrying-capacity of the main beam connection is consequently determined by the tensile load-
carrying-capacity of a screw and the number of screws:  
Characteristic value according to technical approval Z-9.1-519: 

c ef 1 c ef c ef
k

c

n 12,0 d n 12,0 8 n 96 N
R min

n 17000 N
⋅ ⋅ ⋅ = ⋅ ⋅ ⋅ = ⋅ ⋅⎧

= ⎨ ⋅⎩
 (25)  

For the load-carrying-capacity of the secondary beam connection a compressive area with a length 
of 48 mm parallel to the grain is taken into account. This length is twice the end grain distance of 
the tensile screws. The width of the compression area equals the connector width. The loads in the 
connector act according to Fig. 20 where the action of the tensile screws in the secondary beam is 
replaced by compressive stresses perpendicular to the grain.  
The load-carrying-capacity in compression perpendicular to the grain is:  

c,90
c,90 c,90

f b 48
R f b 24

2
⋅ ⋅

= = ⋅ ⋅   (26)  

The design load-carrying-capacity of the OV connector is again the minimum of the respective 
values of the main and secondary beam connection: 

{ }
c,90,d c,90 ef

d
c 1,d ef,c

24 f k b
R min

n min 17000 ; 8 f

⋅ ⋅ ⋅⎧⎪= ⎨
⋅ ⋅ ⋅⎪⎩

 N (26)  
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4. Conclusions  
New wood-based panels made of solid timber allow new types of timber structure, where floors, 
walls or roofs consist of massive timber elements. Swelling and shrinkage within the plane of these 
elements is prevented by the crosswise orientation of the different layers similar to plywood. Due to 
the low rolling shear strength and stiffness of sawn timber, the shear deformation in the cross layers 
cannot be neglected. The design method for mechanically jointed beams may be used to take into 
account the shear deformation.  
Self-tapping screws with continuous threads are very efficient fasteners, if their high axial load-
carrying-capacity is exploited. These screws are also very suitable to connect structural bonded 
timber elements made of small dimension planks when the screws are oriented under an angle of 
45° to the interface between members. In this case, the connection acts as a truss-like structure and 
the stiffness may be ten-times the value of laterally loaded screws. Thus, self-tapping screws with 
continuous threads are also very effective in mechanically jointed beams. 
The axial capacity of the screws should be given in technical approvals, where minimum spacing 
and distances are also given, depending on the actual shape of the screw. For longer screw length 
exceeding 20 d, a drillbit at the tip of the screw both facilitates the driving and minimises the 
splitting tendency of the timber. 
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Summary 
The subject of this paper is the structural solution on the joisted floor when the timber joist of 
composite cross-section and the concrete slab are interconnected via a special semi-rigid connection 
and form a timber-concrete joisted floor composite element. Its tension bottom flange is formed of 
solid timber boards, the web is formed of oriented strand boards (OSB) and the compressive top 
flange is formed of a concrete slab into which a part of the web is let in. Studies were carried out on 
two types of connectors in this part of the web between OSB and concrete slabs that should increase 
the stiffness of this connection.  
Theoretical and experimental researches on inter-behaviour of connections of the sub-components 
of timber-concrete composite joisted floor were carried out, the obtained results are provided and 
evaluated. 

Keywords: timber–concrete, composite I-beam, semi-rigid connection, slip modulus, 
connector, push-out tests 
1. Introduction 
Recently composite structures [1] (steel-concrete beams, concrete-filled steel columns, timber-glass 
blocks etc.) have been more and more widely used in construction of buildings, including timber-
concrete composite (TCC) joisted floors. In comparison with reinforced concrete floors, this type of 
floors is lighter and more economical. In comparison with timber floors, TCC floors are 
characterised by greater strength and stiffness, increased heat resistance, better sound insulation and 
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decreased vibration effect. Timber joist elements of TCC floors are tensed while the concrete slab is 
compressed. Therefore the highest structural properties of these materials are rationally used. When 
the span length of the composite floor is up to 6 m, joist elements are made of integral rectangular 
cross-section timber. When the span of the timber-concrete composite floor is from 6 to 10 m, joist 
elements are usually made of glulam timber. Composite cross-section of thin-webbed beams (I-
joists) from oriented strand boards (OSB) can also be perfectly used for timber floor beams instead 
of glued rectangular beams. A structural solution connecting composite timber I-joist with concrete 
slab by connectors of a certain type (fig. 1a) are presented in works [2, 3]. Nevertheless, the 
structural properties of the top compressive flange of I-joist are not efficiently used in a cross-
section of such composition. In this paper the structural solution of TCC floor when I-joists are 
without the top flange from timber boards is presented. Embedding in concrete a part of web 
connects the web and the concrete slab. 

 

Fig. 1 Structural solutions of TCC joisted floor 
In order to achieve better stiffness of the concrete slab and the web joint, the holes are drilled in the 
embedded part of the web for setting in the connectors of a certain type (fig. 1b). After casting these 
places with concrete mix, concrete dowels of certain stiffness are formed. 

2. Peculiarities of TCC floor behaviour 
The load acting on TCC joist floors cause normal and shear stresses in concrete slab, timber flange 
and web as well as shear forces in the connections between the web with the concrete slab and with 
the timber flanges. The shear forces that are in equilibrium with the internal forces of the sub-
components Ni depend on the mechanical index of the interlayer connection – slip unit-stiffness k. 
Stiffness of connection determines the distribution of stresses in the cross-sections of the separate 
sub-components of TCC joist floor (fig. 2). We assumed that the connection of the timber flange 
boards and the web of I-joist are absolutely rigid, i.e. there is no slip between these sub-
components. Therefore, the distribution of stresses in cross-section may be analysed as depending 
only on the stiffness of the web and concrete slab connection.  

 

Fig. 2 Distribution of stresses in TCC joist cross-section depending on connection stiffness 
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In case no connectors are used in the connection (fully slip joint) between the web and the concrete 
slab of TCC joist, the sub-components will be only on action of bending moment Mi.max (fig. 2a), 
i.e. mainly two independent flexural members will behave. 
The semi-rigid connection does not ensure absolute interaction between the cross-section sub-
components and its stiffness depends on the value of the slip between the connecting sub-
components (fig. 2b). 
The rigid connection ensures absolute composite interaction between sub-components, i.e. when 
there is no slip between timber and concrete the sub-components are under action of the maximal 
axial force Nmax and minimal bending moment Mi.min (fig 2 c). 
The rigid connection having infinite slip stiffness and the connection (without connectors) having 
zeroed slip stiffness define the upper and the lower limits of slip stiffness of the connection. 
Therefore it is important to know a mechanical factor defined by factor γ of the efficiency of the 
interlayer connection. Its value settles the distribution of stresses in TCC cross-sectional sub-
components. 
This factor γ is calculated as [4]: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⋅
⋅⋅

+= 2
11

2

11
Lk

EAπ
γ  (1) 

 
Where: A1 – area of the cross-section of concrete layer; 
 E1 – concrete elasticity modulus; 
 k – slip unit-stiffness of the interlayer connection; 
 L – floor span. 
When the connection is very rigid the factor γ approaches to unit, when there is no connection the 
factor γ approaches to zero. 
One of the main values settling the value of factor γ in formula (1) is the slip unit-stiffness k, which 
is calculated as: 
 

s
Kk =  (2) 

 
Where: K – slip modulus of the connection; 
 s – distance between connectors. 
Basing on Eurocode 5 [4], the slip modulus in calculations of cross-sectional sub-components 
connected by mechanical fasteners shall be determined by a push-out test according to the 
requirements given in EN 26891 [5], or by empiric formulae that are presented in Eurocode 5. 
Nevertheless they are applied for cross-sections with splicing connections between the sub-
components whereas in this paper a connection of a disparate behaviour embedded TCC joisted 
floor is analysed. Moreover, the mentioned technique does not cover all types of connectors used in 
connections. Therefore push-out tests were used in this research for establishment behaviour and 
slip modulus of TCC joisted floor connection between the web and the concrete slab. 

3. TCC joisted floor connection 
As it is mentioned above, the behaviour of TCC structures is strongly effected by the stiffness and 
resistance of the connection between the joist web and the concrete slab. The purpose of the 
connection is to resist the longitudinal shear forces acting in the interlayer.  
In testing programme the timber web is connected with the concrete slab by embedding a part of it 
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into the concrete slab. Moreover, 25 mm holes are drilled in embedding part of the web that is let in 
for formation of concrete dowel after casting them with concrete mix. Failure of such kind of 
connection under action of longitudinal shear forces can occur in the following cases: 
a)  after local compression of the web contact with the concrete dowel surface; 
b)  after cutting the web between the concrete dowels; 
c)  after cutting the concrete dowel. 
Preliminary calculations indicated that such connection, as rule, fails because the web is cutting the 
concrete dowel, the concrete shear resistance being too small. Therefore the concrete dowel of the 
connection was strengthened by inserting additional steel connectors into the hole of the web prior 
the concrete casting. 

4. Specimens and equipment 
The goal of the research was establishment by tests the load-slip relationships various types of the 
concrete dowel connectors when different thickness of OSB and distances between holes are used. 

Fig. 3 General schematic view of specimens 

Fig. 4 “Sleeved” connector 

The view of the specimens is presented in 
fig. 3. 
The timber part of specimens was made 
from 10 and 12 mm thick OSB, of class 
III. Their mechanical indices were 
established by tests and presented in 
work [6]. 
To the sides of OSB web 20 mm thick 
and 30 mm wide lateral stiffeners OSB 
were glued at the places of application of 
concentrated load. These strips stiffened 
the OSB from web and decreased the 
bearing strains. 
A 20 mm gap was formed in the area of 
the bearing surface of the concrete part of 
the specimen to let the slab free slip 
during the test. 
The concrete compressive strength 
conformed to the class C20/25 [7] (after 
28 days it was 25.85 N/mm2). During the 
concrete hardening period the specimens 
were kept at indoor temperature and 
humid environment under polythene 
mantles. 
Two types of connectors were used in the 
specimens. Connector of type I: 3 mm 
diameter 100 mm long steel reinforcing 
bar. Connector of type II: ”sleeved” metal 
connector (fig. 4) made of 0.5 mm thick, 
60 mm wide and 72 mm long steel strip, 
which with a special rig was rolled into a 
tubule (external diameter 25 mm with 
longitudinal gap). 
 

COST E29 Symposium - Florence - 27-29 October 2004

80 of 312



 
 

 
Fig. 5 View of the test equipment and the set-in 
specimen 

A composite specimen for this test was 
made at the laboratory of the Department 
of Steel and Timber Structures of the 
Vilnius Gediminas Technical University 
(VGTU). In this laboratory as well as was 
designed and manufactured the test 
equipment (fig. 5). 
Specimen dimensions (OSB thickness t, 
length hs, distances between holes a1; a2 
and height of the concrete part hb) and 
number tested n are presented in table 1. 
 

Table 1. Number and dimensions (mm) of specimens. 

Specimens n t hs a1 a2 hb

TC075-01-A 5 10 145 35 75 95 
TC075-02-B 3 10 145 35 75 95 
TC075-03-A 5 12 145 35 75 95 
TC100-01-A 5 10 185 50 100 130 
TC100-02-B 3 10 185 50 100 130 
TC100-03-A 5 12 185 50 100 130 
TC125-01-A 5 10 220 60 125 170 
TC125-02-B 3 10 220 60 125 170 
TC125-03-A 5 12 220 60 125 170 
NOTES: A: specimens with “sleeved” connector; B: specimens with steel rebar connector; 01 and 03 – specimens 
with “sleeved” connectors from OSB of 10 mm and 12 mm thickness respectively; 02 – specimens with rebar 
connectors from OSB of 10 mm thickness. 

5.  Test progress 

30 s

30 s
0.4

0.1

1.0

estF/F

Time [sek]

0.7

100 200 300 400

Fig. 6 Load-time curve of push-out test of the 
connection. F – load applied on the specimen, 
Fest – estimated maximum load 

Short-term push-out tests of connections 
between the OSB and concrete part were 
performed according to the requirements of EN 
26891 [5] applying the load-time curve 
recommended by this standard (fig. 6). 
The first specimens were tested after 28 days of 
concrete hardening. 
Push-out tests of TCC specimens were 
performed at the laboratory of the Department of 
Material Mechanics of VGTU using the testing 
equipment TIRA TEST 2300 with measuring 
devices. 
The slip between the OSB and concrete part was 
measured using two mechanical clock-type 
indicatory tensometers IGM-1 and linear voltage 
displacement transducer (fig. 5). 

The information provided by the linear voltage displacement transducer was processed by software 
CATTMANN. 
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6. Test results and failure mechanics 

Table 2. Test results 

Specimens Fmax 
[kN] 

F2 
[kN] 

Ks 
[kN/m] 

TC075-01-A 7.29 5.70 4752 
TC075-02-B 6.52 6.16 4471 
TC075-03-A 10.37 6.01 5294 
TC100-01-A 6.29 4.08 6087 
TC100-02-B 5.61 5.49 4682 
TC100-03-A 9.26 5.21 5199 
TC125-01-A 8.67 6.38 4468 
TC125-02-A 6.10 5.70 3717 
TC125-03-A 13.05 6.88 5723  

 
Fig. 7 View of failure in specimen connection of 
the first group 

 
Fig. 8 View of failure of specimen connection 

The mean values of the test results are presented 
in table 2. The values indicated in this table: Fmax 
– experimental load-bearing capacity of the 
connection corresponding to the maximal value 
of load acting on the specimen; F2 – 
experimental load-bearing capacity of the 
connection determined on the base of [8] and 
accepting the ultimate strain between the sub-
components of connection equal to 2 mm; Ks – 
slip modulus of connection i.e. the ratio between 
of the force 0.4·Fmax and connection’s slip. 
According to the failure signs the specimens 
with “sleeved” connectors may be divided into 
two groups. In the specimens of the first group 
the concrete was destructed in contact surface 
between timber and concrete and the connector 
was bent at the critical force Fmax, (fig. 7). Such 
failure was affected by high local stresses in the 
concrete due to insufficient filling of the inner 
space of the connector with concrete mix. In the 
specimens of the second group failure took place 
after bearing of the web at the contact surface of 
“sleeved” connectors with OSB (fig. 8).  
In specimens with reinforcing wire connector the 
failure occurred in OSB web at the opening due 
to bearing of OSB web.  
It should be noted that the part of specimens (9 
in 39) failed when the load was reached 0.8⋅Fest 
due to high compressive stresses in OSB web. 
Load-slip curves of the most of specimens 
complied with the plastic behaviour, i.e. it was 
not observed the sudden failure of connections. 
It can be observed from the data presented in 
table 2 that different distances a1 applied 
between the holes of the specimens did not have 
effect on the value of critical force Fmax. 
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Fig. 9 Load-slip curves for specimens, the 
connections of which are “sleeved”, but the 
thickness of OSB is 10 mm (a) and 12 mm (b), 
and from rebars (c) 

In specimens with 12 mm thick OSB the critical 
load Fmax was 1.4-1.8 times higher in 
comparison with the specimens in which the 
board was 10 mm thick. Nevertheless, there is 
almost no difference when comparing the 
resistance of specimens determined according to 
the 2 mm ultimate strain.  
In specimens with “sleeved” connectors the slip 
modulus of connections was 1.1-1.4 times higher 
in comparison with the specimens with rebar 
connectors. 
The values of slip modulus of connection that 
where established in short-term loading tests 
have quite different coefficients of variation for 
separate series of tests. In the authors’ opinion 
the variety of such results was due to the effect 
of high coefficient of variation of mechanical 
properties of the OSB itself [6]. 

7. Theoretical stress analysis of TCC joisted floor 
A floor of a dwelling house with the span L=7.0 m, timber joists located every 0.5 m was selected 
for the theoretical analysis of TCC joisted floor. The applied load on the floor is 4.97 kPa. I-joist 
web is of 10 mm thick OSB 3, bottom flange of the joist is made of two C24 class timber boards 
(35x115 mm). Concrete slab of the floor is 80 mm thick, concrete class C20/25. Mechanical 
properties of materials were chosen from [5, 7, 9]. The joist concrete slab and OSB web are 
connected by 25 mm diameter concrete “dowels” located every 75 mm. The computational scheme 
and cross-sectional dimensions of the analyzed TCC joisted floor are presented in fig. 10.  

41
0

80

11
5

500

10

35

40

49
0

L=7.0 m

q=2.49 kN/m

 

Fig. 10 Computational scheme and cross-section 
of TCC joist 

The following constant parameters and indices 
were assumed in the analysis: pitch of timber 
joists, distance between connectors, concrete and 
timber classes, thickness of OSB web. 
Theoretical analysis was made by the method of 
composite cross-section reduction (called also as 
γ-method) presented in references [5, 10] and 
technique of glulam thin-webbed beam design 
[5, 11. Usually reduction method for composite 
structures is applied, when load-slip relationship 
is close to the linear elastic behaviour. While, 
when load-slip relationship of connection is 
unlinear the elasto-plastic model is applied for 
its evaluation without consideration of slip 
modulus of connection [12]. 
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Stresses and their distribution in the joist concrete slab, web, in timber board flange and the 
different positions of the neutral axis (N.C) of the cross-section due to changing values of 
connection slip modulus Kser were established by above mentioned theoretical analysis. The values 
of slip modulus Kser are selected so as to comply with the experimental values set received during 
the test (table 2). Theoretically analysis for the TCC joint were determined: the concrete 
compressive σc.c and tensile σc.t stresses; stresses of the bottom timber board flange σf.t; web tensile 
stress σw.t. According to the received values of stresses, their theoretical diagrams are presented in 
figure 11. 
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Fig. 11 Distribution of stresses at the height of the cross-section depending on slip modulus Kser of 
connection 
The results of theoretical analysis presented in table 4 indicate that on the TCC joisted floors a great 
influence has the slip modulus of the connection Kser. When the slip modulus decreases, the stresses 
in separate sub-components of composite cross-section increase. 

8. Conclusions 
An innovative concept of a TCC joisted floor in which the top flange is concrete slab and the timber 
joist is of compound T-joist structure consisting of OSB web and bottom flange of glued to web 
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timber boards. 
Short-time push-out tests on the TCC joisted cross-section connection between the part of concrete 
slab and OSB web were performed. Load-slip parameters in connections with different type of 
connectors when the thickness of OSB web and the distance between the connectors are changing 
were established.  
Two types of connectors suitable for use in connections between concrete slab and OSB web were 
analyzed. It is determined from the tests that the slip modulus of connections with “sleeved” 
connectors is 10-40% higher than the one of connections with rebar connectors. 
It was established that the slip modulus values of joints in TCC specimens with different types of 
connectors have big dispersion that is also characteristic for tests of joints of timber elements. 

It was established that the thickness of OSB web has almost no influence on connection 
stiffness. Nevertheless, the connection resistance of specimens with 12 mm thick OSB was 40-80% 
greater in comparison with the specimens where 10 mm thick board was used.  

For reasoning the theoretical distribution of stresses in TCC joisted floor sub-components, 
connected with the stiffness of its inter-connection, it is necessary fulfilling additional 
investigations and testing of fragments of TCC joisted floor of natural dimension. 
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Summary 
In practice an interlayer is often used as formwork for concrete in timber-concrete composite 
systems. That formwork remains afterwards a part of the structural system. The effectiveness of the 
composite behaviour depends in part on the strength and stiffness of the joints. The mechanical 
properties of the joint are usually influenced by the interlayer and that influence needs to be taken 
into account. 
On this study the influence of the interlayer in the mechanical behaviour of the joints is studied 
based on shear tests and on numerical models. The shear tests were performed using joints made 
with notches and with dowel type fasteners. For each joint type one tests series with interlayer and 
another without interlayer were performed. During the tests the total load and the timber-concrete 
and interlayer-concrete slips were measured. These values are compared with the values obtained 
with the numerical models available. This comparison is used to evaluate whether or not the models 
represent the phenomena observed in the tests. The analysis reveal also which of the proposed 
models are the best to predict the ultimate load carrying capacity of this type of joints.  
 

1. Introduction 
In many practical applications with timber-concrete composite structures, especially in 
rehabilitation of buildings, there is a floorboard interlayer between timber and concrete. That 
interlayer is used as formwork and usually left behind as part of the composite structure. The 
interlayer will decrease the efficiency of the joints for different reasons. Amongst these reasons 
there is the extra eccentricity between timber and concrete associated with the thickness of the 
interlayer that causes higher stresses and deformations in the fastener. Additionally the loads carried 
by the interlayer need to be transferred to the timber member through the timber-interlayer 
connection, which is usually a weak connection.  
In order to evaluate the influence of the interlayer on the mechanical behaviour of the joints, 
various experimental studies have been done. Van der Linden [1] tested joints with screws and 
reported decrease of 30% in ultimate load and 50% in the slip modulus for joints with 19mm 
interlayer when compared with joints without interlayer. On the same work, a similar comparison 
was made for another joint type, constituted by steel dowels (φ20) inserted with pre-drilling 
perpendicular to the timber member combined with circular notches (φ70) without and with an 
interlayer of 30mm. In that case, the same value was obtained for the ultimate load and a decrease 
of 22% was found for slip modulus. Dias [2] tested nailed joints with and without a 20mm thick 
interlayer and found a decrease of 13% for ultimate load and 27% for the slip modulus. All these 
studies show the same pattern, with a decrease in the ultimate load carrying capacity and slip 
modulus. However, the decrease for the slip modulus is much more significant. On this study a 
similar analysis is made with joints (dowel type fasteners and notches) that were not covered in 
previous research. This analysis is complemented with numerical models to predict the behaviour of 
joints made with dowel type fasteners.  
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2. Shear tests on joints made with dowel type fasteners and with notches 

2.1 Test set up and configurations 
Two types of joints have been tested: notched joints and joints with dowel type fasteners. For each 
one of these types of joints two test configurations have been used one without interlayer and 
another one with a 20mm floorboard interlayer (Table 1, Figure 1). The floorboards were connected 
to the timber with two nails per board. 

Table 1. Shear test specimens 

Series Fastener Timber 
Concrete Class

(EC2) 
Interlayer 
thickness 

(mm) 

Number of 
tests 

10mm B 10mm-dowel1 Spruce3 C30/37 0 10 
INT 10mm-dowel1 Spruce3 C30/37 20 10 

dvwN dvw-notch2 Spruce3 C30/37 0 10 
dvwNI dvw-notch2 Spruce3 C30/37 20 10 

1 – dowels made of profiled bar (S500) and two fasteners per shear plane 
2 – timber block made with densified veneer with a density of 1200 kg/m3

3 – The average density of the timber was 436 kg/m3, 12% moisture content 
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Figure 1. Configuration of the shear test specimens (dimensions in mm) with interlayer 
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The transducers ( LVDT, and the plates ) necessary to perform the displacement measurements were 
assembled by means of screwing on timber and gluing on concrete. The load was measured at the 
point of application, the top of the concrete member. The relative displacement between timber and 
concrete was measured at half height of the test specimens in the two shear planes in the front and 
in the back. In the test specimens with interlayer the relative displacement between concrete and 
interlayer was also measured at the same location, as can be seen in Figure 2. 

 
Figure 2. Test set up used for the shear tests 

In the tests, all the procedures given in EN 26891 [3] were followed. The measurements were 
recorded every second with the data acquisition equipment.  

2.2 Test results 
Strength and stiffness properties indicated in EN 26891 were determined and are presented in Table 
2.  

Table 2. Test results for the joints with dowel type fasteners and notches 

Strength Stiffness properties of the joints 
Fmax νi νs νe ν06,mod ν08,mod ki ks

Test 
Series 

Statistic 
Param. 

kN mm mm mm mm mm kN/mm kN/mm 
mean 68.6 0.51 -0.09 0.13 1.81 4.59 40.2 34.2 

10mmB 
coef.var. 0.089 0.16 -0.26 0.27 0.22 0.26 0.18 0.18 

mean 63.3 0.78 -0.13 0.24 2.45 6.73 26.2 22.3 
INT 

coef.var. 0.047 0.16 -0.23 0.19 0.15 0.12 0.16 0.12 

mean 138.6 0.15 -0.01 0.09 0.27 0.36 317.3 304.8 
dvwN 

coef.var. 0.11 0.15 -1.73 0.12 0.16 0.10 0.14 0.122 

mean 116.2 0.19 -0.02 0.10 0.38 0.58 224.0 199.9 
dvwNI 

coef.var. 0.15 0.22 -0.49 0.23 0.17 0.19 0.25 0.21 

In the test series with interlayer (INT, dvwNI) the ratio between the interlayer slip and the total slip 
was also determined. The value found for the INT test series was 0.6 for a total slip of 15mm and 
0.5 for a total slip of 5mm. In the dvwNI that ratio was 0.72 (for the slip measured at the moment of 
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failure). Figures 3 and 5 give the load slip curves for the test specimens which ultimate load 
carrying capacity was the minimum, the maximum and the closest to the mean strength, for each 
one of the test series.  
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Figure 3. Load slip curves for the joints with dowel type fasteners, with and without interlayer 

Figure 4 and 6 give the load – (total) slip curve of the test specimen which ultimate load carrying 
capacity was closest to the mean value together with the curve representing the ratio between the 
interlayer slip (interlayer-concrete) and the total slip (timber beam-concrete). 
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Figure 4. Load slip curve of the joint with dowel type fasteners, and the ratio between the interlayer 

slip and the total slip. 
With respect to the shear tests with dowel type fasteners, the value of the ultimate load decreases by 
around 8% while the value of the slip modulus decreases by around 35% when an interlayer of 
20mm is used. Comparing the results of the notched joints series it was observed that the decrease 
in load carrying capacity due to the interlayer is around 16%, while for the slip modulus it is around 
34%.  
In the dowel type fasteners, the performance decrease can be attributed to the extra eccentricity in 
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the fastener associated with the lower embedding strength and stiffness of timber in the interlayer 
(loaded perpendicular to the grain ) and to the weak connection of the interlayer. For the notched 
joints the reason for the lower performance associated with the interlayer can be the larger thickness 
of the dvw (35mm against 15mm). This can induce higher normal stresses in the glue line, leading 
to its failure due to shear stresses associated with tension stresses and consequent failure of the 
joint. Besides, thicker notches will most likely cause higher shear displacements. 
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Figure 5. Load slip curves for the notched joints, with and without interlayer 
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Figure 6. . Load slip curve of the notched joint and the ratio between the interlayer slip and the 

total slip. 
The comparison between notched joints and joints with dowel type fasteners has shown a similar 
decrease for the slip modulus due to the interlayer, but the decrease obtained in the notched joints 
for the ultimate load is almost double.  
The decrease of performance obtained in the present study associated with the interlayer is similar 
to that observed in previous studies with other types of timber-to-concrete joints, as stated in 
chapter 1.  
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3. Numerical models for strength and stiffness of timber-to-concrete joints 
with interlayer 

Usually the models to predict the ultimate load carrying capacity of joints with interlayer assume 
either a free movement or a rigid fixing of the interlayer relative to the timber. If the interlayer-
timber connection is assumed to be rigid, the slip between interlayer and concrete is equal to the 
slip between timber and concrete. On the other hand, if the interlayer moves freely, the slip between 
concrete and interlayer can be estimated as long as the fastener length between the two plastic 
hinges remains straight (Figure 7). 
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Figure 7. Ratio between slip interlayer-concrete and timber-concrete considering infinitely rigid 
and elastic-plastic behaviour for concrete 

Using the relationships presented in Figure 7 it is possible to establish the ratio between the timber-
concrete slip and interlayer-concrete slip.  
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δ

+
=

+ +
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where: 
δi is the slip between interlayer and concrete, 
δt is the total slip (between timber beam and concrete), 
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According to Eurocode 5 Part 2 [4] the strength and stiffness of timber-to-concrete joints with 
interlayer should be determined from tests or by a special analysis. The code does not indicate any 
model to determine the ultimate load carrying capacity or the slip modulus of the joints. 
The load carrying capacity of timber-to-concrete joints can be approximated using the formulations 
for timber-to-timber or steel-to-timber joints. Blass and Laskewitz [5] have proposed models to 
determine the load carrying capacity of steel-to-timber and timber-to-timber joints with interlayer. 
The interlayer was assumed to behave according to one of the following two possibilities: interlayer 
moving freely relative to the timber and interlayer moving together with the timber. In the first 
situation, the connection between the timber beams and the interlayer is assumed to be very weak or 
non existent. In the second case, the connection between timber beams and interlayer is assumed to 
be completely rigid, and thus the slip between the concrete slab and the interlayer is the same as the 
slip between the concrete slab and the timber beams. In that study models were proposed for the 
different failure modes possible to occur. However in most of the practical applications in timber-
concrete composite structures, the penetration depth of the fastener in the timber and in the concrete 
in combination with the slenderness of the fastener allow the formation of two plastic hinges. For 
these reasons it was decided to present here only the failure mode with one plastic hinge on each 
one of the joint members. For the same reasons the steel-to-timber models considered were for a 
thick steel plate without rotation in the fastener end.  
The load carrying capacity for the timber-to-timber joints with interlayer moving freely is given by: 

( ) ( )2 2 2
1

1

11 4 1
1 2

u
t t ,i fr h, i i i

h ,

MF df e e e
df

β β
β β β β δ

β− −
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⎜= − + + + +
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⎟
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The load carrying capacity for the timber-to-timber joints with fixed interlayer is given by: 
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where: 
ei is the thickness of the interlayer, 
d is the fastener diameter, 
Mu  is the yield moment of the fastener. 
fh,1, fh,2 are the embedding strength of the timber member1 (timber) and 2 (concrete)  respectively, 
fh,i is the embedding strength of the interlayer (timber) 
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The load carrying capacity of the steel-to-timber joints with a thick steel plate with the interlayer 
moving freely is given by: 
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 (5) 
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The load carrying capacity of the steel-to-timber joints with a thick steel plate with the fixed 
interlayer is given by: 
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Any of the two formulations presented, timber-to-timber and steel-to-timber, can be used to 
estimate the ultimate load carrying capacity of the joints. If timber-to-timber models are used the 
properties of one of the timber members can be assumed as the properties of concrete. Therefore 
concrete is modelled as an elastic perfectly plastic material. On the other hand, if the steel-to-timber 
model is used, the thick steel plate is assumed to be representative of concrete behaviour. In that 
case it is assumed that concrete behaves infinitely rigid up to the failure of the joint. In practice the 
behaviour of concrete does not correspond to any of these situations. The behaviour of concrete will 
be elastic-plastic with some crushing under the fastener, however, the amount of plasticity should 
be rather small. Since the crushing is neglected, there will be areas under the fastener on concrete 
side that are expected to have the embedding strength of concrete but that in practice will provide 
hardly any resistance because the concrete has crushed. For this reason, both models are expected to 
overestimate the load carrying capacity of the joints. However that overestimation should be higher 
when the steel-to-timber formulation is used because it neglects both, crushing and plasticity in 
concrete.  
Gelfi et al. [6] have derived an extension of the beam on elastic foundation to calculate the slip 
modulus on timber-to-concrete joints considering an interlayer between timber and concrete. In the 
derivation the interlayer was considered to supply no foundation and thus simulated considering a 
gap between timber and concrete (Equation 7).  
 

3 3

2 2 2 2 2 2 3 3 3

12
3 3 3

c t
s

c t c t i c t c t i c t c t i c t

EIK
( )( ) ( e ( ) e ( ) e

λ λ
λ λ λ λ λ λ λ λ λ λ λ λ λ λ

=
+ + + + + + +

 (7) 
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ei is the thickness of the interlayer, 
EI is the bending stiffness of the fastener, 
Kf,t, Kf,c are the foundation modulus of timber and concrete respectively. 
 
In the study it is also indicated the value of (6250N/mm2) for the foundation modulus of dowels 
embedded on concrete.  

4. Comparison between shear test results and numerical predictions 
Using Equations 1 and 2 the ratio between the timber-interlayer slip and the timber-concrete slip 
were determined. Using Equation 1 (rigid behaviour of concrete) that ratio was 0.29 while using 
Equation 2 (elastic-plastic behaviour of concrete) was 0.49. If the interlayer was considered fixed to 
timber that ratio would be 1 in both cases. In the shear tests with dowel type fasteners for a limit 
deformation of 15mm, that ratio was 0.60, while for a limit slip of 5mm this value was 0.50. These 
values are much closer to the situation with independent interlayer than with fixed interlayer but the 
results do not show that the interlayer is moving completely independent from the main timber 
member. 
For each one of the test series the ultimate load carrying capacity and slip modulus were calculated 
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using the models proposed before. The models require the values of some material and geometrical 
properties, namely the embedding strength of the materials, the yielding/ultimate bending strength 
and the diameter of the fasteners. Considering the data available from the tests, the following 
assumptions were made in order to have the necessary input values: 
- in the timber-to-timber models the second element was considered with the properties of concrete, 
which embedding strength was considered to be equal to the mean value of the compression 
strength, obtained from compression tests on concrete cubes, 
- The embedding strength of timber (fh) was estimated using the equation 9 presented in Eurocode 5 
[4], considering the mean value of the density,  

(0.09 1 0.01h )f d ρ= −  (9) 

- the ultimate bending strength of the fastener (Mu) was calculated using equation 10 considering 
the mean value of the ultimate tension strength measured in steel tension tests, 

2.6180
600

u
u

fM d=  (10) 

where: 
fu is the ultimate tensile strength of the steel, 
d is the diameter of the fastener, 
ρ is the density of timber. 
 
Table 3 presents the ratios between values calculated using the numerical models from Equations 
3,4,5,6 and 7 and the values measured in the tests. The comparisons were made for Fmax determined 
for a slip of 15mm in accordance with EN 26891 and for a slip of 5mm when most of the hardening 
in the materials had already occurred [7]. 
Table 3. Ratio between numerical and experimental results obtained for the ultimate load carrying 

capacity and slip modulus of the joints. 

 Fmax at 15mm Fmax at 5mm No interlayer Slip modulus 

Model Fixed Free Fixed Free 

Fmax 
at 

15m
m 

Fmax 
at 

5mm 

Interlaye
r 

No 
interlayer 

Steel-to-
timber 0.55 0.37 0.74 0.50 0.61 0.76 

Timber-to-
timber 0.43 0.32 0.58 0.43 0.44 0.55 

0.63 0.91 

Fmax at 15mm – Ratios calculated with the experimental value for Fmax determined for 15mm 
slip 
Fmax at 5mm – Ratios calculated with the experimental value for Fmax determined for 5mm slip 
Fixed – Ratios calculated with the numerical value for Fmax estimated using the model with 
fixed interlayer. 
Free – Ratios calculated with the numerical value for Fmax estimated using the model with 
interlayer moving freely. 

 
The ratios between the numerical models suggested before and the experimental results are 
relatively low, particularly when there is an interlayer. This shows that the predictions from the 
models are much lower than the values obtained in the tests. If the limit deformation is considered 
at 5mm, the numerical and experimental ratio is higher but still relatively low. The predictions from 
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the steel-to-timber models were the closest to the experimental results, for the joints with and 
without interlayer.  
The predictions of the model for the slip modulus are always lower than the results obtained in the 
tests. The decrease of slip modulus predicted by the models (with and without interlayer) is higher 
(55%) than the decrease observed in the tests (35%).  

5. Conclusions 
The analysis of the experimental and numerical values of the interlayer-concrete slip show that the 
movement of the interlayer is independent from the movement of the timber member. Therefore the 
models used to predict the slip modulus and ultimate load carrying capacity of the joints should 
consider the interlayer moving independently from concrete layer and from the timber beam. 
Generally all the models proposed underestimate the ultimate load carrying capacity of the joints. 
The best predictions are obtained using the model for steel-to-timber joints. The higher ratios of 
numerical/experimental value are caused by the higher load carrying capacities that result from the 
consideration of infinitely rigid behaviour for concrete. A similar conclusion was obtained for the 
type of connection between interlayer and timber considered in the models. Indeed, the analysis of 
the deformations shows that the movement of the interlayer is independent from the movement of 
timber or of concrete. In spite of that the best predictions were obtained using the models with fixed 
interlayer which lead to a higher maximum load and thus to a less underestimation of the ultimate 
load.  
The model proposed to estimate the slip modulus of the joints with interlayer, predicts higher 
stiffness decrease than the decreases actually determined from the tests.  
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Summary 
This paper presents an overview of the experimental research programme that is going on in 
Coimbra University, dealing with the structural behaviour of timber concrete composite structures 
using light-weight aggregate concrete (LWAC). Results from one of the tested configuration are 
presented here. Short and long term behaviour on shear tests in connections and bending tests on T-
beams. The connection is made with special screws (SFS VB 48x7.5x100). Timber glued laminated 
spruce and concrete can be graded as strength class LC20/22 and density class D1.6, respectively. 

 
 
Key words: timber-concrete composite structures, screw type connections, lightweight 
concrete  

1. Introduction 
Timber-concrete composite structures deal with the coupling of two materials with different 
mechanical properties, connected with mechanical fasteners or other connection system. The 
composite system produces a cross-section with a good balance of strength, stiffness and weight 
when compared with similar structural solutions of each of these materials alone.  
Consequently, the reduction of self weight should be one of the design goals. The use of light-
weight aggregate concrete (LWAC) instead of normal-weight concrete (NWC), in timber-concrete 
composite structures optimises the potential of this technique, by allowing an important reduction 
of the dead load. 
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Fig. 1 TCC cross section used in 
experimental work. 

 
Fig. 2 Position of the screws 
used. 

Despite timber-concrete composite structures have been the 
object of great development and interest, so far not many 
studies have specified the use of lightweight concrete as an 
alternative to normal-weight concrete and therefore there is 
some fear concerning its use. 
The experimental programme reported here present short and 
long term tests, both on the connection and on T-beams.  
The cross section is illustrated in Fig. 1. The connection 
system is produced with special screws (SFS VB 48x7.5x100) 
positioned as in Fig. 2. 
The lightweight concrete fits to density class D1.6 and 
strength class LC 20/22 according to EN 206-1 [3]. The 
aggregate used in this work is Portuguese LECA® and the 
concrete mix was designed to maximize the concrete strength 
up to a level similar to that of normal concrete. The practice 
on making lightweight concrete have made clear that the 
physical and the mechanical properties of this concrete is 
highly dependent on the aggregate properties and 
consequently, special care should be taken when analysing 
these results. Furthermore, differences of about 50 to 
100kg/m3 between fresh concrete density and oven-dry 
density was quiet frequent, which is relevant because the 
concrete specification is normally fixed through the strength 
class and the density. Lightweight concrete density class, 
according to the appropriate standards, are given by the oven-
dry density values. 

2. Shear tests on the connections 
The shear test setup is shown in Fig. 3, together with the measurement equipment and dimensions. 

16
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30
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V2

  Timber

  Lightweight concrete

  Steel plate

16 cm

4V3V

1V 2V

1V

F

F - Load cell

- Displacement transducer Vi

 
Fig. 3 Shear test setup. 

Each test specimen consisted of a 
160x160x300mm spruce timber piece and two 
blocks of LWAC of the same size. These were 
connected with one pair of screws per shear 
plane driven at an angle of ±45º to the shear 
plane, as illustrated on beams in Fig. 2.  
When producing these specimens, the timber 
blocks were wrapped in thin polyethylene foil 
prior to casting the concrete in order to avoid 
moisture take up in the timber and to reduce 
friction between timber and concrete.  
The compression load was applied to the 
specimen through a steel device that provides 
load distribution over the timber piece and is 
free to rotate during the test.  

To account for any specimen twist, the slip measurement was made with four LVDTs placed 
according to Fig. 3. This placing enabled to measure only the slip between timber and concrete, 
disregarding also any compression deformation. 
Measured slip and applied load were recorded continuously (every second readings).  
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The load is applied by an universal testing machine programmed for a load history in accordance 
with EN 26891 [2].  
This setup was used by many authors [8][12] and was found in the present research to follow the 
joints testing standard, EN 26891, and to be suitable to obtain strength and slip modulus for 
composite joints. The test results correspond to the average of the two connections (one per shear 
plane). Therefore 20 specimens, correspond to the average data of 40 connections. 
The compression strength and density of the lightweight concrete was derived from 6 cubes casted 
and tested simultaneously to the shear tests, which took place between 28 and 35 days after casting 
the composite specimens. Their results just meet requirements of strength class LC 20/22 
( lcmf =29.6MPa) and density class D1.6. 
The moisture content and density of timber were determined just after shear tests, from 4 specimens 
randomly picked from the 20 tested. The average values were 14.8% for moisture content and 
430kg/m3 for density at that moisture content. 
Table 1 presents the average load capacity (Fmax) and the average slip modulus (ks), as well as the 
corresponding coefficients of variation for the 20 specimens tested.  

Table 1 Shear test results. 
strength, Fmax slip modulus, ks 

average 
value 

[kN] 

coef. of 
variation 

[%] 

average 
value 

[kN/mm] 

coef. of 
variation

[%] 

16.8 8.1 28.7 11.7 

A typical load-slip diagram, obtained in the shear tests, is presented in Fig. 4. 
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Fig. 4 Typical load-slip diagram from shear tests. 

The connection behaviour demonstrates 
some yielding capacity, which will be 
important to allow some ductility on the 
composite beam performance, as 
discussed ahead. 
Previous works with the same fastener 
[9], but using normal weight concrete, 
report slightly better mechanical 
performance in terms of load capacity 
(Fmax=22 kN) but equal slip modulus. 
The results achieved here fit quite well 
with Eurocode 5 – Part 2 proposed 
model for screw type timber-concrete 
connections which anticipates a strength 
of VF =16.7 kN. 

As it is know by previous experience with this kind of connections, three failure modes can occur: 
withdrawal of the screws from timber, tension failure of the screw and pull-through of fastener in 
concrete. Using LWAC, by the specificity of the aggregates used, another failure can occur – local 
crushing on concrete in contact with the screw. This will not induce connection failure, but only a 
small strength loss, as it is evidenced in the load-slip diagram of Fig. 4. 

3. Bending tests on composite T-beams 
Bending tests on composite beams are important to analyse the influence of the joint behaviour, as 
well as the relevance of different concrete types. All elastic properties of the three components 
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(lightweight concrete, timber and connection) should be assessed in order to create input to the 
analytical and the finite element modelling.  
The properties of the lightweight concrete top layer of the composite beams were assessed in each 
cast, as concerning compression strength, elasticity modulus and oven-dry density. 
The timber used in the composite beams was glued laminated spruce. Before concrete was cast, 
timber beams were tested in bending according to EN 408 [5] to evaluate their MOE. The 
corresponding moisture content and density values were evaluated at the same time as MOE. After 
testing of the composite beams, timber samples were taken to evaluate again the moisture content, 
allowing a further correlation of adjust the MOE values. An increase of about 2% in moisture 
content of timber was found just after the bending test of composite beams. 

F
2

F
2

L/3 L/3 L/3

 

Fig. 5 Setup for the static bending tests. 

The timber-concrete connections in the bending 
test specimens were similar to the connection 
used in the shear tests described above. The 
screws were placed in pairs at ±45º, spaced 20 
cm along the length of the beam as represented 
in Fig. 2. The total span of the beams was 5.4m. 

A reinforcement 10 cm square grid of ∅5 mm steel wire was placed 25 mm above the bottom of the 
concrete layer. 
In order to avoid adhesion between timber and concrete and also to protect timber from moisture 
leakage (from the fresh concrete), a plastic foil was placed over the timber beam, through which the 
fasteners were driven. 

 

Fig. 6 Deformation of composite beam after failure. 

The timber-concrete composite beams, with 
a “T” cross section, were subjected to a 
four-point bending test, schematically 
presented in Fig. 5. The force is applied by 
one single hydraulic jack and distributed to 
the two loading points by means of a 
spreader beam. 
The bending tests of the composite beams 
were performed by applying a constant rate 
of deflection increase (2.5 mm/s) to produce 
the following load history: load increase up 
to 10 kN, constant deflection for 30 
seconds, load decrease down to 2.5 kN, 30 
further seconds of constant deflection, 
finally, load increase up to failure. 

Measurements were made for the mid-span deflection, the end slip at supports, the slip at loading 
points, the gap between timber and concrete at supports zone and the support reactions.  
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Fig. 7 End slip at a composite 
beam after failure in the test. 

For this composite beam configuration the estimated failure 
type was by rupture of the tensile zone of the timber beam, 
although other phenomena would have occurred. These 
phenomena would nevertheless not immediately initiate total 
collapse of the beam since they are regarded as local failure 
mechanisms (yielding and failure in some connections and/or 
overturning tensile strength in concrete). 
More stressed connections, in the end of the beam, start to 
yield, and then produce redistribution to the others. After 
yielding and failure of some of the fasteners the beams start to 
behave non-linearly. In two cases the timber failed soon after 
that. In the others the test was stopped since the mid-span 
deflection was too big to keep the safety of the test devices.  

By analysing the results for the four composite beams tested in Fig. 8, the following becomes clear. 
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Fig. 8 Load vs. mid-span deflection in bending tests. 

The composite beams behave 
linearly up to around 25 kN. 
Above that load they show a non 
linear behaviour all the way to the 
peak load due to fasteners 
yielding. During this phase of the 
test, the sound of the fasteners 
breaking was loud enough to be 
heard in the laboratory area.  
In two of the four composite 
beams, failure occurred in the 
timber beam, when it reached its 
tension strength. 
 

The failure of some fasteners resulted in a large strength decrease after the peak load but the 
composite beam was able to resist a little further before the test was effectively stopped due to the 
large vertical deflections. The plasticity was therefore not fully evaluated in several beams. 

4. Long term tests 
The main objective of long term tests is to obtain creep coefficient for connections and not for the 
composite beams, since this highly depends from the specific beam configuration. The creep 
coefficient for connections has a wider interest, since it can be used together with the material creep 
coefficients obtained in the Design Codes.  
The problem about the determination of the creep behaviour on a timber-concrete composite 
structure is due to the structure being composed by two materials, plus the connection, each one 
with is own creep behaviour.  
In spite of the development of a number of finite element models that are able to quantify the long 
term behaviour of a connection under specified climatic conditions, for current structural design 
simpler methods are required to estimate the long term behaviour of a timber-concrete composite 
structure and of the connection. The most common method used is known by ‘Effective modulus 
method’, which consider that the long term modulus of elasticity of the material is determined by 
affecting the corresponding value at time zero by the creep coefficient. 
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The creep coefficient for time t, ( )j tϕ , is defined generically by Equation 1: 

( ) (0)( )
(0)j

w t wt
w

ϕ −
=  (1) 

where (0)w  and ( )w t mean, respectively, the initial elastic deformation and the deformation at time 
t . Some authors [13][12] consider that time zero is after 10 minutes and that was assumed here. 
So one objective of these tests is to validate this simplified methodology for timber-concrete 
composite structures. 

 
Fig. 9 Long term shear tests 

Fig. 9 shows the long term shear tests of connections. 
The specimens are similar to those subjected to short 
term loading. 

The load magnitude is about 1/3 of the short term 
strength and it is applied through a handspike system 
that was developed by Dias [10]. The slip 
measurements were made with 4 dial indicators type 
Mitutoyo 2046FEB. 

 

Each test series is composed of four specimens, as shown in Fig. 9. It should be noted that the load 
is not the same in each specimen, differing by the self weight, which is however negligible. For 
instance the first one (in the top) carries the load produced by the handspike plus the self weight of 
three specimens, which represent around 5% of the handspike load. Previous authors are not 
unanimous in literature about the influence of the load level in the creep coefficient development 
[11][13]. 
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Fig. 10 Creep coefficient development for 
connections 

Results from the first 4 months of 
measurements are shown in Fig. 10 where 
the creep coefficients presented in the 
diagram were determined by Equation 1. 
The four specimens of the test series reported 
here (SFS screws at 45º as in Fig. 2) are 
presented in the diagram and logarithmic 
curve regression was calculated from the 
average behaviour of them. 
Creep coefficient projection for 50 years is 
0.447, which seems to be smaller then the 
value reported by other authors with similar 
connection in normal weight concrete 
[8][9][11], but tested in outdoor climate. This 
projection should however be regarded with 
caution since not much days of 
measurements are available so far. 

When evaluating the time dependent behaviour of beams, one problem emerges – self weight 
deflection. Direct measurement of self weight deflection is not easy, however this deflection is 
obviously fundamental for the creep coefficient determination. This difficulty was overcome by the 
calculation of the composite beam deflection from its weight and elastic properties, which were 
directly measured.  
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Fig. 11 Perspective of the long term 
bending tests 

Another phenomenon that may occur, which is due to 
the differential between the initial timber moisture 
content (t=0) and the equilibrium moisture content with 
the room environment along the test, that will cause 
dimensional variation on timber. However, this 
situation should be overturned in a few weeks and so 
for the final result that will not cause any trouble. 
The creep coefficient determination from this kind of 
test is also affected by other time dependent factors, 
like concrete retraction and hygrometric variation in 
timber, which act simultaneously and may prevail over 
creep. 
 

Concrete retraction is not measured, so its effect is included in the composite creep coefficient. Due 
to the concrete retraction, the composite creep coefficient is over evaluated, since the retraction of 
concrete increases deflection, but it should loose importance after a long period of measurements. 
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Fig. 12 Creep coefficient development for 
composite beams in bending 

The long term bending tests are running in a 
conditioned room.  Similarly to what is being 
done for the long term shear tests, the climatic 
conditions are set to a temperature of 20 ± 2ºC 
and relative humidity of 65 ± 5%. 

The structural setup of the tests is similar to the 
short term bending tests (the typical four point 
bending test). The load is applied through a 
handspike, as shown in Fig. 11, being 
equivalent to 25% (plus self weight) of the 
mean short term bending strength of similar 
beams. 

 
Fig. 12 presents the results from the two beams of this series, the logarithmic curve regression 
being calculated from the average behaviour of them. The projection value of creep coefficient for 
50 years is 1.075. 

5. Final remarks 
Further tests were carried out in the Civil Engineering Department of Coimbra University. These 
included other LWAC concrete properties and joint configurations: 

i) LWAC from strength class LC16/18 with density class D 1.4 and LWAC from strength 
class LC20/22 with density class D 1.6; 

ii) Screws driven at ±45º (crossed) and both at 45º; 
iii) Screw with and without a washer; 
iv) Cross section with and without interlayer. 
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Connecting concrete and timber-  
Grooves as shear-connectors to realise composite slabs 
 

 

Summary 
 

For timber-concrete composite slabs, different kind of connections types may be applied. A very 
efficient method are grooves. Up to now, only few investigations were realised to identify and 
characterise their behaviour and give reference values to be used when calculating them. So within 
the frame of a research project, we analysed the load deflection behaviour by means of experimental 
investigations and deterministic and probabilistic numerical studies. The ultimate load of the 
connection is defined by short-term shear tests. Also the stiffness of connections was determined by 
these tests. As a consequence of the scattering properties of the natural material timber, the stiffness 
of connections also showed a wide scatter. So a simulation with the Monte-Carlo method has been 
realised and values for the stiffness of connections is determined. The time-dependent behaviour of 
the connection has been studied by long-term shear tests. The investigation is rounded off by short-
term bending tests and numerical analyses of real size timber-concrete composite beams. 

 

1. Introduction 
 

Grooves are notches moulded in a vertically nailed board stack and filled with concrete to transfer 
the shear forces between timber and concrete (Fig. 1) by pressure. So far additionally screws had 
been applied. They were meant to carry the uplifting forces caused by the moment of eccentricity 
(Fig. 2). Unfortunately it had not yet been investigated, whether the screws really have an effect on 
the structural and the deformation behaviour or not. 

 

 

 

 

 

       Fig. 1: Grooves to transfer shear- forces       Fig. 2: Function of screws in the grooves 
 

The origin of the application of the screws lies in Eurocode 5- Part 2 [1]. In connections with 
grooves, there it is specified that additionally  screws, bolts etc. should be applied to held the two 
components, timber and concrete, together. But there are no recommendations in respect of the 
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position and the number of these screws and no suggestion how to calculate them. Our intention 
was to optimise this connection and therewith to reduce the costs caused especially by the 
installation of numerous screws in practice. Also reference values should be given to the designers 
in practice. 

2. Experimental and numerical short-term investigations on grooves 

2.1 Short-term shear tests 
 

As mentioned above, the intention of the short-term shear tests was to find out the stiffness of 
connections, the ultimate load of the connection and the influence of the screws. The setup of the 
shear tests is shown in Fig. 3. 

A total of 30 specimens in different configurations were tested. Thereby the 
kind, the application and the position of the screws were varied in different test 
series (Tab. 1)). To evaluate the influence of the screws, strain gauges were 
applied on the screws to measure their normal forces.  

The global failure was always the shearing of the timber (Fig. 4) and the screws 
did not show noticeable normal forces. We found out, that the screws did not 
influence the ultimate load and the stiffness of connections. The ultimate load 
was nearly the same for every test-specimen with perpendicular flanks, no 
matter if there were screws or not. The average ultimate load was 384 kN. 
Using a lower grade concrete (C12/15), cracks occurred in the concrete in the 
range of the grooves (Fig. 5). Accordingly it is obvious, that the moment of 
eccentricity is carried by the concrete, not by the screws. 

The scatter of the stiffness of connections within a test series was more 
important than the difference between the series. The reason for this behaviour 
and verified values for the connection stiffness have been identified in the 
frame of a deterministic and probabilistic numerical analyses.  

Fig. 3: Setup of the shear-tests 
 

Tab. 1: Varying parameters 

Kind of screw Application of the screw Position of the screw 

 

selfdrilling timber screw 

 

hexagon head screw 

 

without screw 

 

 

 

 

 

without covering tube 

 

 

 

 

 

 

with covering tube 

 

 

 

 

 

 

edge 

 

 

 

 

 

 

center 
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 Fig. 4: Shearing of the timber Fig. 5: Cracks in the lower grade concrete 
 

2.2 Numerical Studies 

2.2.1 Deterministic Studies 
 

First the short-term shear tests were simulated by various three-dimensional Finite Element models. 
The intention was to verify the test results with regard to the stiffness of connections and the 
efficiency of the screws. 

Tests and simulations showed, that the specimens with screws applied with a covering tube act 
similar to the specimens without screws. So two models were used to recalculate the conducted test 
series. For the tests with grooves without screws and for grooves with screws applied with a 
covering-tube Model S4 was developed (Fig. 6). The contact between timber and concrete was 
realised by a surface-to-surface contact model, that only allows the transmission of pressure.  

The specimens with grooves and screws without covering tube were recalculated with Model S3 
(Fig. 7). Thereby the screws were modelled with beam elements, the contact elements are the same 
used in Model S4.  

Fig. 8 shows the load-deflection curves of the tests with grooves without screws and the numerical 
results calculated with Model S3.  

 

  
Fig. 6: Model S4 Fig. 7: Model S3   
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A good agreement of the values of 
the initial stiffness was achieved 
between testing and simulation. 

Nevertheless it is obvious, that 
within a group of 3 equal tests, the 
variation is remarkable. 

This scatter was caused by the 
timber-component and has been 
investigated by a probabilistic 
analyse described in the following 
chapter. 

 

Fig. 8: Comparison between testing and simulation  

 

With regard to the efficency of the screws, the results of the tests have been verified. 

The screws only carry bending stresses and no resultant normal stresses of a significant size (Fig. 9). 
 

 
The moment of eccentricity is set into equilibrium by the concrete (Fig. 10).  

So the screws do not carry any uplifting forces when the concrete is uncracked. 
Further numerical investigations are in process. They will show if the moment 
of eccentricity is carried by the concrete even if the concrete is cracked due to 
shrinkage. 

2.2.2 Probabilistic Analyses 
 

The difference between deterministic and probabilistic analyses is, that the scattering of one or more 
variable input parameters can be considered. A scattering input variable, such as the Young’s 
modulus of timber, leads to a scattering of the output parameters, such as the connection stiffness.  

Preliminary investigations have shown, that the natural scattering of the material properties of the 
timber may be responsible for the scattering of the connection stiffness as seen in the experimental 
investigations. Therefore a probabilistic analyses has been performed to verify a value for the 
connection stiffness to be used in the calculation of the composite slabs. 

Based on the deterministic Model S4 introduced above, the Young’s modulus of the timber is 
considered by a Gaussian distribution with a mean value Emean=1050 kN/cm² and a standard 
deviation of S=212 kN/cm² [2].  

The simulation has been performed for two cases. In Case 1 the Young’s modulus of each board of 
the stack is varying according to its normal distribution. Under real-life conditions the Young’s 
modulus also varies inside a board, but in a smaller range. In Case 2 this circumstance is considered 
by dividing each board in four parts. Figure 11 shows these two cases.  

compression 

Fig. 9: Bending of the screws  

Me 

Fig. 10: Concrete stresses due to     
     the eccentricity moment 
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Case 1 Case 2 

 

Fig. 11: Case 1 and 2 of the simulation  Fig. 12: Distribution of Case 1 and 2 
 

Fig. 12 shows the distributions of the connection stiffness achieved by means of Monte Carlo 
simulation. No significant differences have been determined between the two cases.  

So it can be concluded, that varying the Young’s modulus of each board (Case 1) is sufficient. 

According to EC 5 [1], the value of the connection stiffness in the serviceability limit state results 
from the mean value of the calculated distribution. By reducing this value with a factor of 2/3, the 
connection stiffness in the ultimate limit state may be calculated: 
 

Kser =   = 546 kN/mm  (SLS) 

Ku = 2/3 Kser = 364 kN/mm  (ULS) 
 

These values are valid for board stacks of fir wood C24 (EC 5) with a scattering according to [2] 
and concrete C20/25 (EC2)[3] assembled with grooves as shear-connectors. They refer to 1 m width 
and the following dimensions (Fig. 13): 
 

 

 

 

 

     

Fig. 13: Geometry of a groove 

 

3. Experimental long-term investigations on grooves 

3.1 Long-term shear tests 
 

To study the long-term behaviour of the connection with grooves with/without screws, long-term 
shear tests were performed. The deformations thereby measured, led to creeping coefficients which 
may be needed for the consideration of the long-term behaviour in the calculation of a composite 
slab. 

A total of 3 specimens have been tested for 12 months with the set-up shown in Figure 14. 
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The service load applied on the specimens was about 30% of the average 
ultimate load determined by the short-term shear tests. They were loaded 
with a pre-stressing device. To ensure the load-level, strain gauges were 
applied on the steel rods to measure the normal forces. 

The relative displacements between timber and concrete were measured 
in the same way as in the short-term shear tests, at the bottom of the 
timber.  

The specimens were tested in three different configurations. One was 
tested with grooves without screws (LSV 1), another with grooves and 
hexagon head screws (LSV 2) and the third with grooves and self-drilling 
timber screws (LSV 3). 

 

 

Fig. 14: Set-up for the long-term shear tests 
 

For each configuration creeping coefficients were calculated by means of regression analysis. The 
time dependent displacement curves and the appendant regression curves are shown in Fig. 15. 

Fig. 15: Time dependant displacement; testing and regression 
 

It is obvious, that the groove without screws has the largest deformation and the groove with the 
heaxagon-head screw the smallest. The groove with the self-drilling timber-screw lies between 
them. 

By developing a regression curve, the creeping coefficients displayed in Tab. 2 were calculated for 
important periods. According to [4], these important periods are t = 3-7 a and t = �� 
 

Tab. 2: Creeping coefficients for grooves 

Groove without screw hexagon-head screw self-drilling timber screw 

t = 3-7 a 1.0 0.75 0.8 

t = �� 1.38 0.98 1.07 
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By calculating single-spanned timber-concrete composite slabs, the check at serviceability limit 
state is determinant. This check has to be done for 3 different points resp. periods (t = 0; t = 3-7a 
and t = ���by taking the creeping with the denoted creeping coefficients into account. 
Comparing the resulting deflections of a slab for the three different types of grooves, the difference 
in the creeping coefficient between the three types did not remarkably influence the deflection. The 
reason is, that the connection stiffness influences the deflection in a smaller degree as for example 
the Young’s modulus, so a small variation of the connection stiffness influences the deflection little 
and the screws also have a rather small effect on the long-term behaviour.  
 

4. Experimental and numerical short-term investigations on real-size beams 

4.1 Short term bending tests 
 

To find out the structural and the deformation behaviour of real-size timber-concrete composite 
beams, 3 specimens were tested as short-term bending tests. As connection between timber and 
concrete grooves with self-drilling timber screws were applied. The beams had a span of 4.80m and 
a width of 0.5m and were loaded in the third points (Fig. 16). 
 

 

 

 

 

Fig. 16: General set-up 
 

The mid-span deflection was measured as well as the relative displacement between timber and 
concrete at several points. To measure the stress distribution, strain gauges were applied on the top 
and on the bottom side of timber and concrete in the middle of the beam. To verify the numerical 
results, this distribution has been compared to the distribution achieved by the numerical analyses. 
Strain gauges were also arranged on the screws. They enabled the measurement of the normal forces 
in the screws and therewith conclusions about the efficiency of the screws. 

Figure 17 shows the load-deflection curve of one of the beams. This behaviour was the same for all 
beams  
 

 

 

 

 

 

 

 

 

 

 

Fig. 17: Typical load-deflection curve 
 

 

l l l 

COST E29 Symposium - Florence - 27-29 October 2004

111 of 312



 
 

A linear progression of the mid-span deflection was observed till achieving the ultimate load. After 
this, the deflection increased superproportionally caused by the failure of single planks. The global 
failure occurred induced by exceeding the ultimate bending and tensile stresses in the middle of the 
girder, between the loads (Fig. 18). 

 

 

 

 

 

 

Fig. 18: Failure of the beam 

 

4.2 Numerical investigations 
 

To estimate the influence of the screws, the bending tests were simulated by a Finite Element model 
(Fig. 19) with grooves without screws and by a model with grooves and screws (Fig.20) 

 

 

 

 

 

Fig. 19: Finite element model of the composite beam  

Fig. 20: Different grooves 

 

We found out, that in case of a screw, the shear force is shared between the grooves and screws (Fig. 
20). They act together. However for grooves without screws, the shear force is transferred 
nevertheless only by the groove. As showed above in the context of the shear tests, also here only 
bending stresses occurred in the screws. In addition, the dead load of the concrete additionally acts 
against the uplifting of the concrete in the bending tests. The numerical analyses of the bending tests 
have been performed for both types of grooves (Fig. 20). A comparison showed, that the absolute 
value of the uplifting of the concrete from the timber is negligible also for the groove without screw. 
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5. Summary of the results and application in a structural calculation 
 

The following results have been derived within the scope of the investigation and may be used as 
reference values for grooves without screws as shear connectors in single span timber concrete 
composite slabs. The dimensions and material properties specified in ch. 2.2.2 have to be followed 
when using this values.  

Ultimate load of the connection (5%-fractile):  
 

Nk  = 263 kN Nd=(kmod ⋅ Nk) / γM      [EC 5] (1) 

 

Connections stiffness (mean value):    
 

Kser =  = 546 kN/mm (SLS)  (2) 

Ku = 2/3 Kser = 364 kN/mm (ULS) (3) 
 

Creeping coefficients for the connection derived from the long-term shear test LSV 1: 
 

t = 0  ϕconn,0   = 0  (4) 

t = 3-7a ϕconn,3-7  = 1,0  (5) 

t = ∞  ϕconn,∞ = 1,38  (6) 
 

To calculate timber-concrete composite structures, different design methods may be applied by 
considering these values. Generally the connection stiffness is taken into account by calculating the 
bending stiffness of the composite slab. Hence it influences the internal forces and moments and the 
deflection. To take long-term behaviour into account, the values have to be reduced by the creeping 
coefficients for the important periods. The ultimate load of the connection is used to calculate the 
amount of grooves. 

One design method is the γ-method according to EC5 [1]. Schänzlin [4] modified this method 
according to EC 5, in order to take long-term behaviour of timber and concrete into account. 
Thereby a fictive load is determined to consider the shrinkage. The creeping of the materials is 
included in this method by reducing their Young’s modulus. An example can be found in [5]. 

Another method is to reduce the composite slab to a strut and tie model, by modelling timber, 
concrete and connection with bars. One example has been developed by Prof. Rautenstrauch at the 
University of Weimar/Germany [6]. The calculation of a composite slab with this model can be 
found in [7]. 

 

6. Discussion and conclusion 
It can be concluded, that in case of an intact concrete slab, the moment of eccentricity can be 
transferred by the concrete. The screws are not necessary. As mentioned above, further 
investigations are in process, to find out, if the moment of eccentricity can be transferred by the 
concrete, even if the concrete is cracked due to shrinkage and even if there are concentrated loads. If 
an unrestricted transfer by the concrete is verified, the grooves may be realised without screws for 
single span slabs 
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Summary
The composite of board stacks and concrete requires similar cross-section heights than pure reinforced
concrete slabs. Unfortunately the load transfer of these composite slabs is only unidirectional; therefore a
regular support by walls is necessary restricting the free choice of the floor plan. Also a point supported flat
slab cannot be realized. By integrating a steel slim-floor profile a very flexible slab system is created that
allows a free design of the floor plan including point supported slabs.
Comparing concrete and composite slabs with integrated slim-floor profiles, the composite slab system
achieves larger spans, reduces the amount of required reinforcement and minimizes the dimensions of the
columns and foundations. Therefore not only ecological reasons but also economical reasons argue for the
replacing of pure concrete slabs by this composite slab system.

Keywords: Timber-concrete-composite structures, integrated continuous support, flat slab

1. Introduction

(a) Small elements for testing
purpose

(b) load transfere
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Figure 1: Comparison of a pure concrete and a composite slab
The composite slab of wooden board stacks and concrete (comp. Fig. 1) provides many advantages
compared to pure timber or pure concrete slabs, such as increased stiffness and higher ultimate load and
improved sound and fire insulation resp. minimized dead load and increased amount of regrowing materials.
The board stacks, normally installed in the tension zone of the composite slab, are produced by connecting
single boards vertically at each other; the shear forces between the single planks are transferred by nails,
screws or timber dowels (comp. [1] and [2]).

Figure 2: Comparison of the required height between a pure concrete slab and a composite slab
Fig. 2 shows the required total height of a composite slab of board stacks and concrete and of a normal
reinforced concrete slab according to [3]. It is obvious, that the required height of both slabs are
comparable, in spite of the small stiffness and the reduced maximum allowable stresses of timber compared
to reinforcement steel. But this disadvantage of timber in comparison to reinforcement is compensated by
the larger area of timber in the composite structure compared to the reinforcement in normal concrete
slabs.

Figure 3: Multiple family dwelling in Tübingen with continuous supports realized by additional
supporting beams
Due to the connection between the single boards and the weakness of timber perpendicular to the grain,
the load transfer of these elements is only unidirectional. Therefore a continuous support is necessary. In
normal houses the possible span of these composite decks allows the support on the outer walls; but in
multiple family dwellings and office buildings the required continuous support often limits the desired free
choice of the floor plan. Beside this limitation in the floor plan, cut-outs in the slab for staircases,
installations or similar, often require a continuous beam, that prevents a flat ceiling (comp. Fig. 3).
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Therefore a system is needed which allows on the one hand a continuous support for the composite slab of
board stacks and concrete and on the other hand does not increase the overall slab height by a supporting
beam.

2. Integrated slim-floor profiles
One possibility to install a continuous support without any additional height for the supporting beams is the
integration of steel slim-floor profiles such as Fig. 4 within the composite slab as an internal support. In this
flat slab system two subsystems are combined (comp. Fig.4c).

(a) steel slim-floor profile

(b) integrated slim-floor profile (c) 3-dimensional view

Figure 4: Composite of board stacks and concrete with integrated slim-floor profile
In one direction the loads are transferred by the composite slab of board stacks and concrete to the slim-
floor profile (comp. Fig. 4b). For this direction, the concrete has its maximum moment in the middle of the
composite slab, whereas at the support the concrete is hardly loaded in the composite-slab-span direction.
This concrete part can be activated as pressure zone of the steel-concrete-composite beam. Therefore a
continuous support within the slab is achieved by only adding the steel profile for the second subsystem.
For this subsystem several steel cross-section types are possible, but to obtain a slender system without
any visible beam, the profile shown in Fig. 4 appears most reasonable (comp. [4] and [5]). It is produced
by welding a common U-profile on a flat steel bar and adding headed studs on the top of the U-profile for
creating the composite action between steel and concrete. The advantages of this profile compared to
other possible cross section types are among others the easy manufacturing, the bending and torsional
capacity and the shallow height, that allows the installation of tension reinforcement in order to receive a
continuous composite slab across the beam. Due to the welding of two cross-sections a pre-camber of the
steel profiles can easily be manufactured in order to limit the final deflection of the steel composite beam.
For the erection process the steel profiles are installed first. Due to the bending and torsional capacity of
the steel profile, the board stacks can be laid on the lower flange of the profile without any auxiliary
support. In order to limit the deflection in the middle of the board stacks some props may be added.
Finally the concrete is cast over the whole structure and the composite of timber and concrete as well as
the composite of steel and concrete are realized within one production process (Fig. 4c). As seen, the
erection process does not differ from the erection process of a common concrete slab with prefabricated
filigree elements as permanent formwork.
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3. Comparison of a pure reinforced concrete slab and a composite slab of
board stacks and concrete with integrated slim-floor profiles

In order to determine the potential of this new composite system, several studies were performed.
Whereas the subsystem “steel-concrete-composite beam“, the subsystem “timber-concrete-composite
slab“ and their connection devices are well known (comp. among others [6,7,8,9,5]), the load- and
deformation behavior of the combination of both subsystems is not known.
Due to the fact, that design methods for this timber-concrete-steel-composite system are missing, the
design is performed according to [10]. Nevertheless following assumptions have to be made:

- determination of the effective width: As visible in (comp. Fig. 4c) concrete is installed between the
timber and the steel cross-section for reasons of tolerance. Therefore the thickness of the concrete slab
is not constant, so influences on the effective width are expected. Nevertheless the effective width
according to [10]

beff= 
l0
8

(1)

is used, because the concrete is normally cracked in the lower 2/3 of its height in steel-concrete
composite beams with integrated slim-floor-profiles. So the influences of this changing concrete
thickness are expected to be low.

- transfer of the hogging bending moment of the slab in the range of the slim-floor profile: In
order to get results on the safe side, the timber-concrete slab is designed as single span girders,
whereas the steel-concrete beam is designed for a continuous slab. So a maximum deflection for the
timber-concrete system is achieved whereas the steel-concrete beam is loaded maximum.

- shear forces are transferred from the timber-concrete-composite slab to the steel-concrete subsystem
only by contact in the flanges of the slim-floor profiles

(a) System (b) Maximum span of the two systems

Figure 5: Possible systems for a UPE270 slim-floor profile under a live load of 3,5 kN/m2 and a
thickness of the slab of d=32 cm (comp. [11])
With these assumptions a case study has been performed (comp. [11]). One main conclusion is, that due to
the reduction of the dead load of the composite slab of board stacks and concrete with integrated slim-
floor profiles, the allowable span of both directions can be increased compared to a pure reinforced
concrete slab with integrated slim-floor profiles (comp. Fig. 5). As visible in Fig. 5 for the same slim-floor
profile UPE270 and the same overall height of 32 cm, the column-free span-ned area reaches round about
37m2 (5 x 7 m) for the pure concrete slab, whereas for a composite slab of board stacks and concrete
with integrated slim-floor profile a column-free spanned area comes up to 60m2 (5 x 12 m). This means,
by only replacing the cracked concrete zone of a pure reinforced concrete slab by board stack elements,
the column-free area can be increased to 60%. Therefore less columns and a more flexible floor plan are
feasible.
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In addition to this, the high load bearing capacity of the composite structure leads to a minimization of steel
of the reinforcement and of the slim-floor profile compared to concrete slabs with integrated slim-floor
profiles. For the same imposed load the amount of steel can be reduced of about 60%-70% (comp. [11]).
Besides the reduction of the required volume of the material the load transmitting systems, such as columns
and foundations, can be minimized due to the reduced dead load of the composite systems. Therefore
slender and lighter structures can be achieved.
In flat slabs made of concrete with point support, the punching of the slab near the columns is often
decisive for the dimensioning. In this new type of flat composite slab, the punching is not critical, because
the shear forces are transferred by the steel profile. For an efficient joining between steel profile and
column several design proposals are given in [12].
In addition advantages concerning the erection process can be summarized as follows:
- reduction of the efforts for the framework, due to the use of the board stacks as permanent formwork

and as replacement of the reinforcement in the cracked zone
- reduction of the required amount of props due to the higher bending strength of the board stacks

compared to a prefabricated filigree concrete slab.
- reduction of erection time because the amount of in-situ concrete can be minimized to about 1/3 of the

amount of a concrete necessary for pre-fabricated filigree slab due to the increased height of the board
stacks.

- finished ceiling due to the visible board stacks (comp. Fig. 6).

(a) Ceiling of a board stack (b) Rendering of a complete composite slab system

Figure 6: Ceiling of the composite slab
Therefore not only material costs and labor costs are reduced by using this type of structural composite
system, but also aesthetical demands may be fulfilled.
As shown, this system forms an alternative to common reinforced concrete slabs with integrated slim-floor
profiles.
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4. Research

4.1 Transfer of the hogging bending moment at the slim-floor profile

Figure 7: Frequency of the critical evidence for the composite slab of board stacks and concrete
As for timber-concrete slabs with a span of more than 6 m the limitation of the deflection determines the
required overall height in more than 80% of all cases (comp. Fig. 7), especially the load transfer of the
hogging bending moment at the slim-floor profile is a very promising step. By changing the structural system
from single spans to continuous slabs, the slenderness of slabs may be increased.
Up-to-now a reinforcement is installed in the concrete slab, in order to prevent cracks due to shrinkage.
The aim is, to use this up-to-now already installed reinforcement for the hogging bending moment.
A first determination of the load transfer of the hogging bending moment at the slim-floor profile is done by
using a component model. In contrary to steel-concrete-composite structures, where the tension is
transferred by the reinforcement as well as by the steel profile due to the (semi-) rigid column-beam joint,
in timber-concrete-composite structures the hogging bending moment is transferred only by a couple of
forces – tension in the reinforcement of the concrete slab and pressure in the timber cross section,
transferred by contact at the joint timber-concrete and concrete-steel.
A first approach for the component model is shown in Fig. 8.

(a) System (b) Component model

Figure 8: Development of the component model
The components of this joint are
• reinforcement in tension
• timber in pressure
• concrete in pressure
• steel in pressure
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• concrete in pressure  
• steel in pressure  
• shear deformation of timber and concrete  

 
Figure 9: Component “timber in pressure“ 
It is assumed, that the components “concrete in pressure“ and “steel in pressure“ can be neglected 
due to the high stiffness and the short dimensions. Therefore the stiffness of these components is 
assumed to equal infinity. 
The component “reinforcement in tension“ is determined according [13]. Unfortunately the 
component “timber in pressure“ is not known. 
Therefore at this first step of modelling this component has been assumed according to following 
equation.  
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where b width 
 E|| Young’s modulus parallel to the grain 
 h height of the timber cross section 
 s0 effective height of the contact zone at the joint timber–concrete 
 m increase of the load distribution 
  =tanα, according [14] =tan7°

 
 
This equation was obtained by modelling the load transfer of an eccentric loaded timber cross 
section under the assumption of an increase of the load distribution with an angle �. 

4.2 Effects on the global analysis 
In Fig. 10 the moment-rotation behavior of a composite of board-stacks with 16cm height and 
concrete with 8 cm in dependence on the provided reinforcement is shown. A deformation of the 
connection between timber and concrete has not yet been considered at this state of the research, 
but will be in the future work. 
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Figure 10: Moment-rotation relation in dependence on the applied reinforcement
As seen in Fig. 10, the provided amount of reinforcement – as expected – influences the load-deformation
behavior of the joint.
In a statically undetermined system the rotation of the joint at the support leads to a redistribution of forces
in the system. This redistribution has to be taken into account in this structure, because timber has a more
or less linear elastic behavior until failure, so this redistribution of forces can not reduced by the slab by
plastic hinges as in pure steel-concrete slabs.

In order the evaluate the effectiveness of the joint the bending moment and the stiffness is compared for
different points in time (comp. Fig. 11). In these diagrams the bending moment of the joint related to the
bending moment of the cross section in midfield resp. the stiffness of the joint related to the stiffness of the
slab is shown in dependence of the provided reinforcement for different points in time. Additionally the
provided ratio of the bending resistance of the joint and of the slab Mjoint/Mslab;midspan and of the
stiffness of the joint and slab EJjoint/EJslab;midspan is shown.

Figure 11: Influences of the provided reinforcement on the performance of the slab
As visible in Fig. 11 a reinforcement with round 2cm²/m is sufficient for the load transfer at t=0 without
creep and shrinkage, if the deformation of this joint is taken into account in the structural analysis. If the
stiffness and therefore the effectiveness of this joint is considered (comp. Fig. 11), it is obvious, that for t=0
this kind of joint is not very efficient, because the effective stiffness is only 15 to 25% of the stiffness of the
slab. So this joint is not stiff enough for a continuous beam at t=0. But if the point in time of 50 years is
considered, where creeping and shrinking of timber and concrete have reached almost their end values, the
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effective stiffness of this joint at t=50 years has increased due to the decrease of the effective stiffness of
the timber-concrete slab. So in this configuration a reinforcement of 3.4cm2/m leads to a continuous
timber-concrete slab. This results in a redistribution of forces, so the loading of the joint is increased. As
visible in Fig. 11 the resistance of the studied joint is not sufficient for t=50a.
Beside this, creeping of timber in the joint does not influence strongly the stiffness of the joint, due to the
fact, that the rotation of the joint is mainly caused by the reinforcement.
Nevertheless it seems to be possible, to activate the up-to-now installed reinforcement for preventing
cracks due to shrinkage for the load transfer of the timber-concrete-composite slab. But as shown, it is not
sufficient only to consider the point of time t=0. Due to the load redistribution and the roughly brittle failure
of timber, the temporal development of the material properties have to be considered in the design of this
joint.

4.3 Outlook
To develop a design method for this composite system further research will be done. Within the scope of
this research the transfer of the hogging bending moment will be studied numerically and experimentally
beside the already mentioned component method. In this context the loading of the connection devices due
to the different deformation of the continuous concrete slab and the single span timber slab will be
determined. Beside this the shear transfer from the timber-concrete-composite slab to the steel-concrete
girder will be studied, in order to determine, whether the flange of the slim-floor profile has to carry the
whole load – as assumed – or not. Another question, which will be answered within the scope of this
research is the determination of the effective width of this composite structure. Thereby the influences of the
changing thickness of concrete in the range of the slim-floor-profile will be studied. Finally experimental
studies will verify the studies and the design method, so that this type of composite structures can
effectively be used in practice.

5. Conclusions
As shown, composite structures of board stacks and concrete form an alternative to common pure
reinforced concrete slabs. The only unidirectional load transfer as an disadvantage of this type of composite
structure can be eliminated, if steel slim-floor profiles are integrated as continuous composite supporting
beams.
Compared to pure concrete slabs or even concrete slabs with integrated slim-floor profiles the column free
spanned area can be increased to about 60%, if the composite slab system of board stacks and concrete
with integrated slim-floor profiles is used. In addition it is expected that the erection time and the costs for
the finish can be reduced. Therefore concrete slabs can be replaced by a slender and lighter construction
due to the use of timber as tension zone without expecting higher costs.
The research presented here is part of a research project performed at the Institute for Structural Design,
University of Stuttgart. The Deutsche Bundesstiftung Umwelt (DBU) is gratefully acknowledged for
supporting the project.
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Summary 
Scrimber, Parallam, Timber Strand, etc., recently, new wood products for structural use have been 
developed in many countries. There are various reasons for development of them, for example, 
decreasing the quality and quantity of wood resources, demand on a high reliability of wood 
products for structural use, and so on. In FFPRI, a new processing technology to utilize fast-
growing tree, small diameter logs and wood wastes from sawmills was developed. We named the 
new wood product SST, it is in capitals in a following concept, “from Small logs, Short logs and 
Twigs, producing Superior Strength Timber”. 
The production system consists of producing strands as element, drying strands, applying glue, 
forming mat, curing glue under pressure and heat, conditioning and sizing. In these processes, the 
strands production using the roll press-slitter is the most original. In this process, the roll press-
slitter split logs or timber wastes into strands along the grain. Therefore the strands have few 
damage across the grain and few sloping grain, and then the strands remain natural strength of 
wood fiber. In addition, the yield of strands is quite high, more than 90% in volume. Species what 
have low density, small knots and straight grain will be more suitable for the strands production, 
such as Yanagi (Salix spp.) and Sugi (Cryptomeria japonica) . 
The mechanical and strength properties of SST were able to control by the pressure at the hot 
pressing process. Specific gravity, modulus of elasticity, bending strength and bending shear 
strength were increasing in proportion to the pressure.   

1. Introduction 
Wood industries have been always facing to decrease in the quality and quantity of wood resources 
in their history. Recently, this situation is becoming more serious under the increasing 
environmental pressure, and then logs from plantation of fast-growing species are increasing, which 
they are small diameter and low quality. 
On the other hand, techniques of design for timber constructions have been improving, and 
structural materials should have high and definite strength properties. 
In these situations, wood industries have been developed new technologies that produce high 
quality timber for structural use from small and low quality logs. Glued Laminated Wood (Glulam), 
Laminated Veneer Lumber (LVL), Scrimber, Parallel Strand Lumber (PSL), and Laminated Strand 
Lumber (LSL) are successful products.  
In FFPRI, we developed a new processing technology to utilize fast-growing tree, small diameter 
logs and wood wastes from sawmills. The new wood product was named SST, it is in capitals in a 
following concept of this product, “from Small logs, Short logs and Twigs, producing Superior 
Strength Timber”. 
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2. Test in laboratory  

2.1 Research project 
Research of SST started at 1991 on the research project of the Ministry of Agricultural Forestry and 
Fishery (MAFF). The objective of our study was developed a new engineered-timber product using 
fast-growing and small diameter logs. At that time, ParallamR and Timber StrandR had been 
becoming known among Japanese researchers. We paid attention to these products, because they 
showed that there was the possibility of producing high strength timber using slender elements. We 
focused on the development of a new PSL production system.  

2.2 Producing split-strands 
The development of strand producing method seemed to be key technology. The strands production 
system of ParallamR is not suitable for use small-diameter logs effectively, because they are 
produced by clipping peeled veneers. Fujii developed two types of roll press-slitters (Fig. 1). By 
these machines, whole log can be split into the strands. 
The first slitter splits logs into thin plates, and the second slitter splits the thin plates into strands. 
The each slitter has a pair of disc cutters whose shape and dimension are different. The fist slitter 
employs wedge-shaped cutters (See Type I in Fig.1) and intervals of the cutters are 10 mm. The 
second slitter employs normal-shaped cutters (See Type II in Fig.1) and intervals of the cutters are 4 
mm. The shape of the strand cross-section is almost rectangular and the dimension is 10 mm × 4 
mm.  
This system has following two advantages. First, the strands remain the natural strength of wood 
fibres. Because damage across the grain and sloping grains are few. Secondly, the yield of strands is 
quite high. The yield in weight at each stage of strand production process is shown in Fig. 3. The 
ratio of the dried strands and the green logs in weight is 0.48 to 1.00. It will be more than 90% in 
volume. In addition, this system makes it possible to use the whole log even if it is bent (Fig. 2). 

More suitable species for strand production will have low density, small knots and straight grain, 
such as log of Yanagi (Salix spp.) or slab of Sugi (Cryptomeria japonica). High density logs or 
knots may damage the disk cutters. And the logs which have interlocked grain or sloping grain near 
knots will be not only split along the grain but also will be cut across the grain. As a result, the 
strength property and the yield of the strands will be decreased. 

Type I          Wedge-shape

Type II      Normal-shape

Type I          Wedge-shape

Type II      Normal-shape
Fig. 1 Schematic of Roll press-splitters Fig. 2 Strands from small and bent Yanagi 

(Salix spp.) logs 
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Species Shirakaba Yanagi         Sugi M adake
D ry condition O O A A A

D ensity kg/m 3 550 490 630 760 780
M O E (G Pa) 6.9 8.4 9.5 10.1 13.2
M O R (M Pa) 58.5 63.0 79.1 75.6 99.3
BS (M Pa) 7.4 7.5 7.6 7.5 6.8

Legend 
O  : O ven-dry strands, A : Air-dried strands
M O E ; M odulus of elasitcity
M O R ; M odulus of rupture
TS ; Thickness sw elling
BS : Bendin shera strength in flatwise.

2.3 Molding process 
It is supposed that the mechanical and strength properties of the product using strands depend on 
the forming and pressing system. But there are many points related to them, for example, species of 
raw material, moisture content of strands, adhesive type, strands arrangement in forming mat, 
pressing method, pressing condition such as time, pressure or temperature. In laboratory test, the 
effects of the strand arrangement and the press condition on the mechanical and strength properties 
were tested focus on species, pressing pressure and distribution of butt joint. 
Same manufacturing conditions among following test were shown. 
 -Adhesive:  Phenol formaldehyde resin for particleboard  
-Adhesive content: 5% based on strand weight. 
-Strand arrangement: align longitudinally 
-Cold press;  Pressure : 1 MPa,  Time : 10 minutes 
-Hot press ;  Time : 25 minutes, Temperature : 150℃. 
-Size of mat: 60cm (length), 60cm (width) 
 
Test specimens were cut from these boards and tested. Properties measured and tested were specific 
gravity (SG), modulus of elasticity (MOE), modulus of rupture (MOR), bending shear strength 
(BS) and thickness swelling (TS). 
MOE and MOR were measured with three points bending test, its bending span was 48cm. The size 
of the test specimens was 55cm (length), 3cm (height), width was same as board thickness. Load 
was applied in the perpendicular to the press direction. 
BS was measured with 3 points short span bending test, its bending span was 12cm. The size of the 
test specimens was 18cm (length), 3cm (height), width was same as board thickness. Load was 
applied in the parallel to the press direction. 
TS is the ratio of the difference of thickness measured before and after a treatment. The condition of 
the treatment was boiling for 5 hours, sinking in the water for 1 hour and drying at 60℃ for 18 
hours. 
 
2.3.1 Species 
 SST boards were manufactured using Yanagi (Salix spp.), Sugi (Cryptomeria japonica), Shirakaba 
(Betula platyphylla) and Madake (Phyllostachys reticula Koch) and bending test were conducted to 
clarify the effect of species on strength properties. The pressing pressure was 0.6 MPa. The dry 
condition of strands at hot-press were oven-dry in Shirakaba and Yanagi, and air-dry in Yanagi, 
Sugi, Madake. The moisture content of air-dried strands was around 15%. The relationships 
between the species and the mechanical and strength properties of SST were shown in Table 1. 
Table 1 Effect of species on strength properties 
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Pressure (M Pa) 0.4 0.6 0.8 1.2

D ensty kg/m
3

460 480 560 660
M O E (G Pa) 7.7 8.4 9.2 10.8
M O R (M Pa) 57.7 63.0 74.9 81.1
TS (%) 27 35 40 41

Legend
M O E ; M odulus of elasitcity
M O R ; M odulus of rupture
TS ; Thickness sw elling

 
The Madake SST had the highest MOE and MOR, and the Yanagi SST and Sugi SST had almost 
same properties. The Shirakaba SST had lower strength properties, because many logs of Shirakaba 
used this experiment had  
brittle part, and the strands quality were much lower than other species.  
The bending shear strength of the Madake SST was lower. Subiyanto et al. suggested that outer 
bark should be removed to improve bonding property(1). 

2.3.2 Pressing pressure 
SST boards were manufactured under four conditions of pressing pressure, 0.4, 0.6, 0.8, 1.2 MPa 
and effects of pressing pressure on mechanical and strength properties were tested by bending test. 
The species of raw material was Yanagi. The strands were oven-dried and their moisture content at 
hot-press was around 3%. 
The relationships between the pressing pressure and the mechanical and strength properties of SST 
were shown in Table 2. 
 
Table 2 Effect of the pressure on the mechanical and strength properties  

 
Density, MOE, MOR and BS increased with an increase of the pressing pressure. Wood is densified 
easily under high temperature and high pressure. It is speculated that the increase of Density and  
MOE are related to this property. And the increase of MOR and BS may be related not only to the 
effect of densify but also to the increase of bonding strength. 
The results shows that SST is possible to control the mechanical and strength properties by the 
pressing pressure, and has required high strength properties as structural materials. The process for 
reinforcement of the product is necessary to produce structural wood products from species which 
have low mechanical and strength properties. 
The increase of TS will relate to the behaviour that the densified wood is recovered easily under 
heat and moisture. Dimensional stability is one of the most important property for structural wood 
products. Then development of technique to add the dimensional stability was proposed. 
The reinforcement process is necessary to produce wood based materials for structural use from 
fast-glowing species that have low mechanical and strength properties.  

2.3.3 Distribution of butt-joint 
The arrangement of the strands mat in forming process is important. The ParallamR strands 
randomly distribute in the mat, this system is most suitable for using enough long strands. 
SST boards were manufactured under four arrangements shown in Fig. 3 and tested by bending test 
to investigate an effect of butt-joint ration on strength properties. Bending strength properties were 
decreasing with increasing of butt-joint ratio. But there were not big difference between 0 and 1/3 
in butt-joint ratios. It seemed that SST could keep enough strength to control the butt-joint 
distribution. 
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Fig.3 Test for distribution of butt-joint 

Fig.4 Effect of butt-joint ratio on bending strength 
 

3. Pilot plant trial   
Applying our new technology, Dantani Corporation started the construction of the mass production 
plant of SST (Fig.5) in 1995 with a fund of the Forest Agency. Slabs from sawmill were used as raw 
material and Phenol Formaldehyde resin and Polymeric MDI was used. Steam injection press was 
introduced and it is possible to make products in the size of 120mm * 750mm * 4400mm (L). The 
plant was able to produce 600m3 in a month. 

Fig.5 Schematic of pilot plant of SST 
 

4. Performance evaluation under the Building Standard Law   
   Strength performances of Glulam, LVL, Plywood and OSB are provided by Japanese Agricultural 
Standard (JAS). Strength performances of Particleboard and MDF are provided by Japanese 
Industrial Standard (JIS). These materials are approved for using structural materials automatically 
under the Building Standard Law (BSL).  
The BSL provides for a route of approval for newly developed materials without JAS and JIS. We 
named that route after the number of article thirty-eight. That system was applied by the judging 
committee and approval process was not open.  
The BSL was amended in 1998 and 2000. The amended BSL shifted to performance-based code 
and the approval system under thirty-eight was repealed. To take the former system place, the 
performance evaluation procedures for newly developed materials as structural member were 
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provided. 
In this procedure, following parameters should be required; bending strength and MOE, tensile 
strength, compression strength parallel to the grain and perpendicular to the grain, shear strength 
and rigidity, bonding durability, duration of load factor, moisture content factor for each strength.  
 

5. References 
[1] Banmbang Subiyanto, et al., “Production technology of superior Strength timber (SST) from 

bamboo”, Proceedings from the Third Pacific Rim Bio-Based Composites Symposium : 1996, 
pp. 470-478.  
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Summary 
In this research the cross-link agent DMDHEU (dimethyloldihydroxyethyleneurea) is used for 
chemical modification of solid wood. In wood the reaction of DMDHEU is formed as cross-linking 
with wood or polycondensation within the wood cell wall. This causes in a permanent bulking of 
wood cell wall and reduces swelling and shrinking of wood. After reaction the material is a wood 
polymer composite with the appearance and texture of solid wood. 
The treatment increases the dimensional stability of wood. Up to 70% Anti Shrink Efficiency (ASE) 
was reached after the treatment with DMDHEU. High durability against white and brown rot fungi 
as well as soft rot in ground contact could be demonstrated. For some treatments show a slight 
increase in resistance against UV-light. The treatment is nontoxic and environmental friendly.  
 
Keywords 
Wood modification; DMDHEU; durability; dimensional stability; N-Methylol;  
 

1. Introduction 
Wood is a very aesthetic material and it is worldwide available in a wide range of properties. 
Because of wood is a renewable resource, it will become the material of the future. In comparison 
to other materials, like metal and plastics or concrete wood shows some disadvantages. On this 
account its market share in several traditional application ranges decreased during last years. The 
wood industry together with the wood research centres are asked to develop techniques to reduce 
the disadvantages of wood and increase the desired properties. 
The aim of wood modification is to improve disadvantages of wood, like low dimensional stability, 
durability or resistance against UV light, by changing the cellular and molecular structure of wood 
[1]. This improvement can be achieved by thermal or chemical modification. In the past years, 
various methods of chemical modification were investigated, mostly acetylation [2] and resin 
treatments [3]. Nowadays, one of the most promising techniques for chemical wood modification 
seems to be the use of high finishing agents from the textile industry [4]. Since 2001, a research 
group at the Institute of Wood Biology and Wood Technology in Göttingen investigates various 
chemicals for the use in wood modification.  
The treatment is a process of chemical wood modification [1]. Derivates from urea and glyoxal are 
used. Dimethyloldihydroxyethyleneurea (DMDHEU) and its derivatives are the most common 
agents in the use of textile finishing. DMDHEU can react with the cellulose based materials, like 
cotton, viscose or wood[5], [6]. 
In this research the cross-link agent DMDHEU (dimethyloldihydroxyethyleneurea) is used for 
chemical modification of solid wood. In wood the reaction of DMDHEU is formed as cross-linking 
with wood or polycondensation within the wood cell wall [7]. This causes in a bulking of wood cell 
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wall and a reduced swelling of cell wall after water saturation [4]. After reaction the material is a 
wood polymer composite with the appearance and texture of solid wood. 
The treatment increases the dimensional stability of wood. Up to 60% Anti Shrink Efficiency (ASE) 
was reached after the treatment with DMDHEU [8], [9]. High durability against white and brown 
rot fungi as well as soft rot in ground contact could be demonstrated [10], [11], [12]. For some 
treatments the modified wood shows a slight increase in resistance against UV-light. After treatment 
important mechanical properties, like surface hardness are increased. The treatment is nontoxic and 
environmental friendly.  
 

2. EXPERIMENTAL METHODS 

2.1 Chemicals 
All chemicals used in this project were produced by Clariant International Ltd, originally for use in 
the textile industry. These chemicals are usually used as cross-linking agents for an “easy care” 
finishing of textiles. Treatment with DMDHEU was used as a reference in this project in comparing 
the efficiency of the new chemicals, which have not been used before in wood modification. The 
DMDHEU used in this research was “Arkofix NG conz” as a liquid formulation with an unknown 
concentration of DMDHEU. A solid concentration of approximately 70% w/w of the solution was 
estimated. DMDHEU can react with the two hydroxyl groups adjacent to the double bonded oxygen 
(Fig. 1). 
 
  

NN

O

CH2OHHOCH2

OH OH  
Fig. 1 Chemical structure of Dimethyloldihydroxyethyleneurea (DMDHEU) 
 
In the main reaction, these hydroxyl groups react with other reactive hydroxyl groups and form 
ether bonds, while water splits off. The composition of the modified DMDHEU, which has been 
used as the chemical product in this research, was not known. In this project “Arkofix NFL” and 
“Arkofix NEC plus” were used, which consists mainly of modified DMDHEU. Arkofix NFL is 
abbreviated as mDMDHEU (a) and Arkofix NEC plus as mDMDHEU (b). DMDHEU could be 
modified with methanol or by adding diethyleneglycol to the ready solution (Fig. 2).  
 
 

 

NN

O

CH2ORROH2C

RO OR R = H oder CH3 

 
Fig. 2 Chemical structure of modified DMDHEU 
“Arkofix NFL” and “Arkofix NEC plus” were available as an aqueous solution, containing an 
unknown concentration of mDMDHEU. As catalyst citric acid, formic acid, or MgCl2.6H2O was 
used.  

or
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2.2 Wood and process 
Wood samples made from pine sapwood (Pinus sylvestris L.) were used. The samples were of 
dimensions 30 mm radial, 30 mm tangential and 15 mm longitudinal. For durability testing samples 
of pine sapwood were used with the size 5 mm radial, 10mm tangential and 30 mm longitudinal. 
The samples for testing the durability were made out of bigger boards, which were modified in 
larger dimensions (length 1000mm, width 100mm, thick 30mm). 
The processes are comparable between the textile industry and in wood modification [13], [14]. For 
this treatment, after impregnation the samples were dried at room temperature for a few days and 
then cured at 125°C for 16h. 

2.3 Measurements 
Anti shrink efficiency (ASE) and weight percent gain (WPG) was measured and calculated as 
described previously [7]. The wood samples were extracted for 6 hours in hot water Soxhlet 
extraction at approximately 90°C. After Soxhlet extraction, the changes in the weight of chemical 
agents that were contained in the wood samples were calculated. 
 
2.4 Durability 
The durability of the material against the wood degrading fungi Coniophora puteana and Poria 
placenta was investigated. The experimental design was under sterile conditions comparable to the 
EN 113 method. A shortened degrading time with smaller wood samples were used [15]. The 
degrading time was 8 weeks. The mass loss after degradations was measured. The wood samples 
were vacuum-pressure impregnated and after pre-drying cured at 120°C for 24 h. The impregnation 
solution consists of 30% mDMDHEU (b) and 1,5% MgCl2 * 6 H2O.  
 

3. RESULTS AND DISCUSSION 

3.1 Weight gain (WPG) and bulking of cell wall 
An important characterisation of a new modification process is the change of the weight of wood 
before and after treatment. In the case of DMDHEU, weight gains were noted for each experiment. 
The weight gain depended only on type and concentration of the agent used for the treatment (Fig. 
3). For the single chemicals, the ratio of weight percent gain (WPG) to the concentration of the 
agent in the bath solution was approximately the same. It can be concluded, that the agent was able 
to impregnate the whole wood under every concentration tested. If a chemical is deposited in the 
cell wall, it becomes swollen. The agents were also able to impregnate the cell wall itself. This 
resulted in a cell wall bulking after impregnation and curing. The relation between bulking and 
WPG was not linear for the mDMDHEU. One reason for that could be that at a higher 
concentration, a greater proportion of the agent was not located in the cell wall but rather in the 
lumen (Fig. 3). 
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Fig. 3 A) Weight gain of wood sample after impregnation and curing with various types of agents. 
          B) Permanent cell wall bulking of treated wood sample after impregnation and curing.  
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3.2 Equilibrium Moisture Content (EMC) 
The EMC of a wood species depends mainly on the amount of hydroxyl groups in the cell wall and 
the size of pores in the cell wall [16]. The treatments in this research resulted in changed EMC. In 
treatments with a low concentration of agent and low concentration of catalyst, the EMC of treated 
wood was decreased. With increasing the concentration of agent and catalyst the EMC was also 
increased (Fig. 4). 
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Fig. 4 A) Moisture content of treated wood at various conditions. B) Moisture content of wood 
treated with mDMDHEU (a) and various catalyst concentrations.  
 
The EMC of treated wood samples depended on the type and concentration of catalyst. This showed 
that in wood samples treated with MgCl2 as catalyst, the moisture content increased with increasing 
concentration of MgCl2. Increasing the concentration of agent results in a higher EMC. The 
DMDHEU monomer has 4 hydroxyl groups. During reaction, some of these groups could co-react, 
or react with the wood components, with the remaining unreacted OH groups, increasing the 
hydrophilic character of wood (Fig. 5). 
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Fig. 5 Moisture content of wood treated with various concentrations of mDMDHEU (b).  

 

3.3 Anti Shrink (Swell) Efficiency (ASE) 
The dimensional stability was measured at 20°C between 0%, 50%, 90% relative humidity and after 
water saturation. The reference value for the dimensional stability is the ASE. The ASE shows in 
most of the treatments very different results at changing relative humidity. With all treatment 
parameters, ASE values at water saturation point were increased, compared to ASE values at 90% 
relative humidity. ASE values improved by 50% were reached. Of basic influence on the ASE, is 
the type and concentration of agent (Fig. 6). The results showed that with increasing the 
concentration, the ASE increases too. 
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Fig. 6 A) Influence of agent and agent concentration on dimensional stability of treated wood. B) 
Influence of catalyst concentration on ASE value.  
Also, the type and concentration of catalyst affected the ASE (Fig. 6). The reaction in the absence 
of a catalyst resulted in lower ASE as with the presence of MgCl2. It could be concluded that it is 
necessary to use a catalyst to enhance the reaction. The concentration of catalyst has an influence 
on the quality of modification. With increasing the concentration of catalyst to more than 5%, the 
ASE decreased slightly. A reason for this could be the hydrophilicity of MgCl2. 
 
Similarly, high ASE values were measured after treatment with mDMDHEU. However, it should be 
noted that a different concentration range was tested for the treatment with mDMDHEU than with 
DMDHEU. The ASE values increased very much with increasing relative humidity from 90% to 
100%. The average relative humidity in closed rooms was found to be usually in the range of 35% 
to 85%. It was observed that the ASE values remain relatively constant at 40% within this range of 
relative humidity, as can be seen in Fig. 7. 
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Fig. 7 ASE of wood treated with mDMDHEU (a), various concentrations of agent, 5% MgCl2 as 
catalyst. ASE is measured from 0% to 50% r. h., from 50% to 90 % r. h. and from 90% r. h. to water 
saturation. 
The ASE values of wood samples treated with mDMDHEU (a) were very similar to the ASE values 
of wood samples treated with mDMDHEU (b). This suggests that the chemical difference between 
these two agents is small.  
Wood samples treated with MgCl2 as catalyst showed higher ASE values with the same treatments, 
compared with wood samples treated with citric acid as catalyst. This tendency is a common 
characteristic shared by all treatments with DMDHEU and mDMDHEU based modifications. 
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3.4 Bulking effect and cross linking effect 
The effects of swelling and shrinking depend on uptake of water molecules by the cell wall 
components of wood [16]. As water molecules penetrate into the cell wall and push the cellulose 
fibrils apart by inserting themselves between the hydroxyl groups of cellulose, wood becomes 
swollen. When the water molecules leave the cell wall, the wood shrinks. In order to prevent this 
swelling and shrinking processes, some effects are exploited in the wood modification. One of the 
effects is the bulking effect. The chemical reaction links the DMDHEU molecules to the cellulose 
in the cell wall. As the DMDHEU molecules are inserted between the adjacent cellulose fibres, the 
cellulose fibrils remain apart from each other, even when the water molecules leave the cell wall. 
As a result, the cell wall is held in a permanently swollen state. This effect is called the bulking 
effect ( 
Fig. 8).  
Another effect is that the treated wood samples after the treatment were not able to swell to the 
same size as after the impregnation step. This novel effect, observed for the first time in this 
project, is named the “cross linking effect”. The exact molecular mechanism for this effect is as yet 
unclear. 
 

0%

2%

4%

6%

8%

10%

12%

14%

16%

0% 20% 40% 60% 80% 100%
relative humidity

sw
el

lin
g

untreated control

30% mDMDHEU(b); 5%
MgCl2

cell wall bulking

cross-linking

 
Fig. 8 Bulking and cross-linking effect of treated wood. 
It is possible that the water cannot penetrate into the cell wall as well as in untreated wood. The 
bulking effect is observed in various kinds of treatment. On the other hand, the cross-linking effect 
is not present in all treatments. Bulking is an effective parameter for revealing how good a chemical 
used for modifying the wood is for penetrating into the cell wall. On the other hand, the cross 
linking effect is a parameter that can effectively reflect the quality of the reaction between the 
chemical products and wood cell wall. The bulking effect depends very much on the concentration 
of DMDHEU or mDMDHEU in the impregnation solution (Fig. 9). Its shown that the bulking 
effect depends more on the concentration of mDMDHEU than on the type of catalyst. In contrast, 
the cross-linking effect depends on the type of chemical and the catalyst as well as on the 
concentration of catalyst. The effect of cross-linking is such a complex process that it could not be 
investigated further in this research. 
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Fig. 9 Bulking and cross-linking effect of wood. A) Wood treated with various agents. B) Wood 
treated with various concentrations.  

3.5 Leaching 
When wood products are used outdoors, they are susceptible to leaching by water. Therefore, it is 
very important that the chemical agents remain stable in wood, even under extreme environmental 
conditions. A strong fixation of chemicals in the wood is necessary to prevent leaching. The fixation 
of DMDHEU and mDMDHEU was one of the parameters used to determine the effectiveness of 
wood modification against leaching. The fixation of DMDHEU and mDMDHEU is very diverse 
(Fig. 10). 
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Fig. 10 Fixation of agent in wood after treatment and extraction. Wood treated with various agents, 
various concentrations, 5% MgCl2 as catalyst. 
In search for the possible reasons for the mass loss in the treated wood samples, the type and 
concentration of catalysts used for the treatment were compared against the mass loss of the 
chemical products after Soxhlet extraction. This result reveals that there might be a correlation 
between the mass loss and the type and concentration of catalysts. For example, wood samples 
treated with citric acid as catalyst and in the absence of catalyst result in one of the highest leaching 
rates. The higher concentration of citric acid results in the lower leaching rate. The best result was 
obtained from the treatment with MgCl2 as catalyst. For instance, one of the lowest mass losses was 
observed in the treatment with 5% MgCl2 as catalyst. 
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3.6 Durability 
The treatment of wood shows, that the material has a high resistance against fungal attack (Fig. 11). 
The concentration of 30% mDMDHEU (a) in the impregnation solution and the curing process is 
able to reduce the mass loss of wood after the fungal attack. For both investigated fungi the mass 
loss of wood after 8 weeks degradation time does not exceed the 3% limit which is recommended in 
EN 113 for the effectiveness of a biocide wood preservative.  
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Fig. 11 Durability of treated wood against fungal attack. A) Coniophora puteana B) Poria placenta  
Because of the shorter degradation time and smaller sample size hydrophobic effects are able to 
influence the results. These results approve the results of other authors about the high efficiency of 
DMDHEU and derivates to the durability of wood [10], [11], [12]. Important for the practical use 
is, that the enhancement of the durability is efficient in larger dimensions of wood as well as in the 
small laboratory sample sizes. 
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ABSTRACT 
In a joint research project with research partners from industry and research institutes, the applicability 
of  some commercial available wood modification systems (heat treatments, acetylation, 
polymerisation with different processes and wax treatment) for the production of window frames was 
evaluated. The main important wood properties for windows as: the moisture content, dimensional 
stability, capillary water uptake and the durability were investigated. Heat treated wood, acetylated 
pine, interlace treated wood and furfurylated wood improved the dimensional stability considerably. 
The melamine resin treated wood and the wax treated wood did not significantly increase the 
dimensional stability. The biological durability against different basidiomycetes was tested according 
to the EN 113. As test fungi, Coniophora puteana, Poria placenta and Coriolus versicolor were used. 
The results show a very high increase in the durability for most of the treated wood. However, the wax 
treatment did not increase the durability. A novel window frame consists of several functional layers. 
Different wood properties are demanded for the single layers to achieve optimal window properties. 
Taking into consideration the overall wood properties for a window frame all the tested modification 
processes improved certain wood properties and showed the special potential for the use in a 
functional layer. 
 
Keywords: window frame; modification; sorption; capillary uptake; durability; heat treatment; 
acetylation; interlace treatment 
 

INTRODUCTION 
Because of low natural durability and low water resistance of European wood species, the usage of 
wood for window frames has decreased dramatically during the last decades. The market share of 
wooden window frames in Germany dropped below 20% these days. As market studies showed, most 
of the end users would prefer wooden window frames, but they are not willing to do the necessary 
work for the maintenance. Therefore, the consumers prefer nowadays window frames made from 
plastics or metals. The plastic window frame industry and metal window frame industry try to imitate 
wood window frames since the customers prefer a wooden optic in there living area. 
The main benefit of plastic and metal windows is the longer service intervals. Whereas wooden 
window frames need to be maintained every few years, plastic and metal window frames require less 
maintenance. There are various reasons for such short maintenance interval. As long as the coating is 
undamaged, the window frame stays intact. The coating of wooden window frame may be damaged 
through mechanical influence, UV-light, or water. Notably, influences of water are the most frequent 
causes of damage in the coating either directly or indirectly. Although mechanical damages or UV-
light damages are not direct results of water influences, these damages could eventually lead to 
secondary damages in the window frame caused by water. The main influence of water molecules is 
their access to the wood at small grooves (as joints in the corners). In the wood water is transported 
capillary or via diffusion. The change of moisture content in the window frame leads to swelling and 
shrinking of wood. This opens new grooves and broadens available grooves. Subsequently, more 
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water is able to access the wood. Eventually, water detaches the coating from the wood and gives 
micro organisms a chance to grow. Therefor, the goal of the window frame industry is to reduce the 
water uptake of the material or to reduce the effects of water in wood (Schmid 2003, Lechner 2003). 
In a joint project of several German research institutes and the window industry, novel wood 
modification systems were compared. The aim of this project was to investigate the properties of 
modified woods, which are already commercially available on the market or could soon become 
available. The investigation consists of the following steps: 

- investigation of basic material properties such as dimensional stability, durability and 
mechanical properties 

- investigation of  practical properties such as gluability and process ability 
 
The following modification processes were investigated: 

-  heat treatment (3 different materials from 2 companies) 
-  acetylation (pine sapwood and beech wood acetylated with acetic anhydride) 
-  polymerisation (melamine resin treated pine sapwood, Interlace treatment, 

furfurylation) 
-  wax treatment (pine sapwood, which was impregnated with natural resin and waxes). 

 
The basic material properties, which are based on the water influence, will be presented in this paper. 
These are the equilibrium moisture content, the dimensional stability, the capillary water uptake and 
the durability of the modified woods. A full report will be available by (Schmid 2004 www.isp-
rosenheim.de) 

EXPERIMENTAL METHODS  

Material 
Nine different materials were investigated. The materials were delivered from companies, which 
supply the market with their modified woods or could soon initiate the supply. Modern window frames 
consist of glued lamella. That’s why only modified wood was used for the investigation, which could 
be produced in a sufficient size and amount to produce window frames. The minimum of demanded 
sample size was 30mm thick, 80mm wide and 1,000 mm long. About 200 lamellas of these 
dimensions and every treatment were investigated in this project. The material was supplied by the 
producers from normal production batches. The following treatments were used for investigation. 
 
Heat treatment 
The only processes which deliver larger quantities of material to the market (in year 2000) are the heat 
treatment processes. A detailed overview is shown (Militz 2002, Rapp 2001). 
Heat treated wood from 2 companies was used for investigation.  

a) the company Finnforest uses a water steam atmosphere for their heat treatment process 
involving. The woods were incubated in water steam at the temperatures of approximately 
210°C for several hours. Scots pine (Pinus sylvestris) was used as raw material. 
(www.finnforest.com; Finnforest Thermowood brochure)  

b)  the French company NOW uses the retification process, which uses a nitrogen atmosphere as 
the medium. The treated wood species were Scots pine (Pinus sylvestris) and maritime pine 
(Pinus pinaster) (Vernois 2001). 

Acetylation 
Currently, acetylated wood is not commercially available on the European market, but it is produced 
in small quantities at pilot plants in the Netherlands and Sweden. (Beckers et al 1994; Militz 1991). 
Scots pine sapwood (Pinus sylvestris) and beech wood (Fagus sylvatica), which contain a medium 
content of acetyl groups, were used for this investigation. The acetylated wood was delivered from 
SHR (stichting hout research; www.shr.nl). The pilot plant in Nederland belongs to the company 
Titanwood (www.titanwood.com).  
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Polymerisation 
Monomeric and polymeric chemicals as well as natural resins have been used for wood modification 
since decades. The aim of most processes has been to enhance mechanical properties such as strength, 
hardness, dimensional stability, and durability. The chemicals can be divided into 2 groups: chemicals 
that are able to react with cell walls and chemicals that are able to fill the lumina of wood cells only. 
 
Interlace treatment: The chemicals such as DMDHEU (dimethyloldihydroxyethyleneurea), which are 
used for Interlace Treatment, have been initially applied by the textile industry. DMDHEU is able to 
impregnate the wood cell walls, polymerise and form cross-links with cell wall components. The cell 
walls are fixed in a swollen state. The cross-linking results in wood that is unable to swell to its 
original size (Krause et al 2003; Militz 1993; Zee 1998). Interlace treated Scots pine sapwood (Pinus 
sylvestris) with a medium weight gain of app. 25% was used for this investigation. Further 
information is given at the website: www.wood.uni-goettingen.de) 
 
Melamine resin: Scots pine sapwood (Pinus sylvestris), which was treated to a weight gain of app. 
20% with melamine resin, was used. The material was delivered by company “Surface Specialties” 
(UCB Group; www.ucb-group.com).  
 
Furfuryl alcohol: The production of furfurylated wood is under development in Norway with a 
planned capacity of about 15,000 m3 until 2004 (Westin et al 2003).The Norwegian company “Wood 
Polymer Technology” (WPT; www.wpt.no) produces furfurylated wood of two different quality 
classes. In this project only the product “Visor” of lower quality class is investigated. Raw material is 
Scots pine sapwood (Pinus sylvestris). 

Wax-resin treatment 
Oils and waxes are used for wood modification is since several decades. An overview is given in 
proceedings of COST Action E22 (Militz 2001). An impregnation of Scots pine sapwood (Pinus 
sylvestris) at elevated temperature of app. 80°C with a mixture of natural resins and wax is done by the 
Austrian company “Tilo” (www.tilo.at).  
 
A short overview about the investigated materials is given (Table 1). 
 
Table 1: Abbreviations of used materials 
abbreviation material 
pine ut Untreated sapwood from Scots pine (Pinus sylvestris) 
heat (a) Heat treated Scots pine (Pinus sylvestris) from the company NOW 
heat (b) Heat treated maritime pine (Pinus pinaster) from the company NOW 
heat (c) Heat treated Scots pine (Pinus sylvestris) from the company Finnforest 
interlace Interlace treated (Cross linking agent DMDHEU) sapwood of Scots pine (Pinus sylvestris) 
melamin Sapwood of Scots pine (Pinus sylvestris) treated with melamine resin 
furfuryl Sapwood of Scots pine (Pinus sylvestris) treated with furfuryl alcohol; quality “Visor” 
wax Sapwood of Scots pine (Pinus sylvestris) treated with a mixture of resin and parafin  
acetyl. pine Sapwood of Scots pine (Pinus sylvestris) acetylated with acetic anhydride 
acetyl. beech Beech (Fagus sylvatica) acetylated with acetic anhydrite 
beech ut untreated wood from beech (Fagus sylvatica) 

Methods 

Moisture content and swelling: The investigation of equilibrium moisture content (emc) and swelling 
of wood was performed according to an internal standard. Samples of 25mm radial, 25mm tangential 
and 20mm longitudinal were prepared from all modified wood and untreated Scots pine sapwood 
(Pinus sylvestris) and beech wood (Fagus sylvatica). 20 samples were prepared successfully from two 
lamellas (10 samples per lamella). The samples were dried at 103°C for 24h until 0% moisture content 
was reached. The dry weight and the dry dimensions of samples were measured. Afterwards, the 
samples were conditioned to various relative humidity at 20°C. To measure the adsorption of water, 
the samples were conditioned according to the following table (Table 2). 
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Table 2: For determine of moisture content and swelling were used these climate conditions.  
Number Temperature Relative humidity Tool for condition 
1 20°C 33% saturated salt solution (MgCl2) 
2 20°C 65% climate chamber 
3 20°C 77% climate chamber 
4 20°C 90% climate chamber 
5 20°C app. 98% over water surface 
 
Capillary water uptake 
The capillary water uptake of modified and untreated wood was measured according to the 
German standard DIN 52 617. 

Durability 
The durability of wood against basidiomycetes under sterile conditions is determined using a modified 
EN 113 (mini block test) test (Bravery 1978). Some important changes were added to enhance the test 
speed and increase the numbers of sample.  
For a more detailed description of the materials and methods please contact the authors. 

RESULTS AND DISCUSSION 

Moisture content of modified wood 
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Figure 3: Equilibrium moisture content of modified wood at 20°C and 65% relative humidity. The 
abbreviations are explained in paragraph “material”. 
 
The results of the equilibrium moisture content at 65 % r.h. are given in fig.3. As it can be seen, all 
treatments change the emc to a certain amount. Furthermore, the moisture content was measured at 
different points of relative air humidity in direction of adsorption and desorption. Either the complete 
isotherms of adsorption (Figure 4) or partial isotherms of desorption are shown (). The isotherms of 
heat treated wood (heat (a), heat (b) and heat (c)) are relatively similar to each other. Compared to the 
untreated pine (pine ut), all heat treated woods show a large decrease in moisture content. The gradient 
graph of heat treated wood exhibits similar characteristics as the gradient graph of untreated pine. The 
moisture content of heat treated wood is app. 60% of the untreated wood at every measuring point. 
The moisture content of furfurylated wood (Furfuryl) and resin-wax-treatment (wax) shows a small 
decrease in moisture content except at very high air humidity. Possibly, the difference in moisture 
content between furfurylated wood, resin-wax treated wood and the untreated pine is quite 
insignificant. Melamine resin treated wood (Melamin) show no significant change in moisture content 
compared to untreated pine below 90% relative humidity. At 90% relative humidity and above, the 
melamine resin treated wood shows a lower moisture content than the untreated wood. Close to the 
fibre saturation point, (100% relative air humidity), the melamine resin treated wood shows a 
significant decrease in moisture content compared to the untreated pine. 
Compared to untreated wood, interlace treated wood (Interlace) shows a significantly reduced 
moisture content. The higher the air humidity is, the higher the difference in moisture content between 
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untreated pine and interlace treated wood becomes. This observation is important for various practical 
uses, because the risk of damages, which are induced by swelling or fungal attack, increases 
considerably at high moisture contents. Acetylated wood (acetyl. pine and acetyl. beech) show the 
same gradient as untreated wood. For acetylated beech the moisture content is slightly reduced. 
Compared to all other modified and untreated wood, acetylated pine shows the lowest moisture 
content, which is reduced to 50% of the moisture content in untreated pine. 
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Figure 4: Isotherms of adsorption for treated and untreated wood. The abbreviations are explained in 
paragraph “material”. 

Swelling and shrinking of wood 
The maximal swelling of wood after vacuum impregnation with water (Figure 5) shows large 
differences between the different processes in wood modification. The volumetric swelling of 
untreated pine and beech wood shows a comparable swelling as indicated by the literature 
(Zimmermann 1982). The maximal swelling of untreated beech is approximately 30% higher than the 
swelling of untreated pine. 
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Figure 5: Maximal volumetric swelling of modified wood and untreated wood after water saturation. 
The abbreviations are explained in paragraph “material”. 
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Capillary water uptake 
The capillary water uptake of wood is a very important factor for the performance of window frame. 
Water often generates the primary damage on window frames. Damages in window frames allow 
access of the liquid water into the frame structure which leads frequently to irreparable damages 
within the window frame. The water is transported in the window frame via capillary transport 
processes (Siau 1984). These processes are able to distribute the water in the whole window frame and 
keep it there. Therefore, a goal for a high quality window frame material is to decrease the speed of 
water uptake. In this research the water uptake was measured in tangential and radial direction. The 
direction parallel to fibre is important as well, but it depends highly on the anatomical composition 
and differs with size of the annual rings. Therefore it is necessary to compare exactly the same 
material in order to evaluate the influence of the modification treatments. 
The tangential water uptake is shown for all different treatment processes (Figure 10). The time is 
shown as root, because of the linear relation between water uptake and root of the time (DIN 52 617). 
The heat treated Scots pine from the company NOW shows the highest water uptake (heat (a)). A 
more close evaluation by microscopy revealed that some samples of this wood showed an infection 
with blue stain, which was most probably already infected before treatment. After the water uptake 
experiment, the samples with blue stain (heat (a) b) and the samples without blue stain (heat (a) n) 
were evaluated separately. The samples with blue stain do not show a linear relation because they 
were filled with water after app. 4 hours. All other samples, except acetylated pine, showed linear 
relation as expected. The acetylated wood shows two different linear regions. The first region is up to 
4 hours and the second region is after 4 hours. This is not a result of two different collections of 
samples as for the samples of heat treated wood with and without blue stain, respectively. These two 
speeds of uptake are demonstrated by the single samples itself. Possible reasons for this effect could 
be some micro cracks induced by the treatment or an altered chemical interaction between wood cell 
wall and water. It is rather improbable that the reason for the two uptake speeds is based on the 
chemical interaction between wood cell wall and water, because the acetylated beech does not show 
this effect. 
The water uptake is relatively similar between untreated Scots pine (pine ut), interlace treated Scots 
pine (Interlace), resin-wax treated wood (wax) and the heat treated Scots pine without blue stain from 
NOW (heat (a) n). Untreated beech (beech ut) and acetylated beech (acetyl. beech) show a similar 
water uptake as well. Melamine resin treated wood (Melamin) shows a slight reduction in water 
uptake compared to the untreated wood. Heat treated maritime pine (heat (b), heat treated Scots pine 
from Finnforest (heat (c)) and the furfurylated Scots pine (furfuryl) shows very low water uptake rates.  
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Figure 10: Tangential capillary water uptake of modified wood and untreated wood. 
 
The results from the radial water uptake (Figure 10) differ from the results for tangential water uptake 
(Figure 11). The radial water uptake for untreated Scots pine (pine ut) and untreated beech is app. 
twice as much as the tangential water uptake because the ray cells form an additional connection in 
radial direction. All of the heat treated woods, except the heat treated wood with blue stain (heat (a) b), 
show a reduction in water uptake in comparison to the untreated Scots pine. 
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Figure 11: Radial capillary water uptake of modified wood and untreated wood. 
 
The melamine resin treated wood (Melamin), the furfurlylated wood (Furfuryl) and the resin-wax 
treated wood (wax) show an equally low water uptake. The melamine resin treated wood demonstrates 
marginal reduction in tangential direction, but very high reduction in radial direction. Possibly, 
melamine resins block the parenchyma ray cells from the capillary water transport.Interlace treated 
wood and acetylated beech did not differ much from the untreated wood. Acetylated Scots pine (acetyl. 
pine) shows the same two-part water uptake as it is shown in tangential water uptake. The water 
uptake is very fast at the beginning but slows down after 30 min. The water uptake of acetylated pine 
is similar to the untreated pine after 24 hours uptake time.  
In the Table 4 is shown the speed of water uptake for the treated and untreated wood. The stability 
index R2 is above 0.88 for all measured speed of uptake. This strong correlation reveals high linearity 
between the water uptake and the root of time. The speed of uptake in radial direction is more than 2.3 
times higher than in tangential direction for untreated Scots pine and untreated beech. 
 
Table 4: Speed of capillary water uptake in radial and tangential direction  

  Tangential direction Radial direction 

abbreviation modification treatment 
speed of 

water uptake 
(kg/(m2*h^0,5)

stability 
index 
(R2) 

speed of 
water uptake 

(kg/(m2*h^0,5) 

stability 
index 
(R2) 

pine ut untreated Scot spine 0.54 0.973 1.37 0.985 

heat (a) n Heat treated Scots pine 
without blue stain 0.60 0.990 0.39 0.967 

heat (a) b Heat treated Scots pine with 
blue stain 7.57 0.985 5.53 0.976 

heat (b) Heat treated maritime pine 0.09 0.961 0.20 0.887 

heat (c) Heat treated Scots pine 
(Finnforest) 0.08 0.932 0.04 0.940 

Interlace Interlace treated Scots pine 0.70 0.994 1.05 0.998 

Melamin Melamine resin treated Scots 
pine 0.44 0.974 0.23 0.954 

Furfuryl Furfurylated Scots pine 0.07 0.951 0.16 0.989 
Wax Resin-wax treated Scots pine 0.30 0.958 0.03 0.988 
acetyl. pine 
(>4) 

Acetylated Scots pine after 4 
hours 0.45 0.982 0.44 0.987 

acetyl. pine 
(<4) 

Acetylated Scots pine before 
4 hours 2.19 0.993 4.82 0.987 

acetyl. 
beech Acetylated beech 0.51 0.954 0.85 0.978 

beech ut Untreated beech 0.34 0.997 0.79 0.996 
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Heat treated Scots pine, melamine resin treated wood, resin-wax treated wood and acetylated pine also 
show diverging relation from the relation of untreated wood. In contrast, the furfurylated wood, heat 
treated maritime pine, interlaced treated pine and acetylated beech reveal comparable relation as 
untreated wood. Interestingly, the tangential value of resin-wax treated wood is 0.3 and is in the same 
range as the tangential value of untreated pine (0.5). However, the radial value of resin-wax treated 
wood is 0.03, which is only 10% of the tangential value. Possibly, the resin-wax treatment locks the 
radial arranged ray cells and hinders the radial water transport considerably, but is not able to lock the 
bordered pits, which connect the tracheids in tangential direction.  
 
One of the most important factors for capillary water uptake is the infection of wood with blue stain, 
causing a degradation of the pit membranes (Schmidt 1994). Therefore, the speed of water uptake 
increases. In heat treated wood (heat (a)), the speed of water uptake increases in radial direction more 
than 12 times and in tangential direction more than 14 times even. The comparison between wood 
with blue stain and wood without blue stain shows that raw material, which is used for wood 
modification, should be of high quality. It is not possible to use a low quality raw material and get a 
high quality modified wood after the process. Wood, which should be used for window joinery, must 
be free of blue stain. The capillary water uptake has not been analyzed very intensively in the last 
years. But this investigation shows that all modified woods, except acetylated pine, do not increase the 
capillary water uptake. All modification processes should be further optimised to reduce the speed of 
water uptake in order to accommodate more effectively as window frames. 

Biological durability 
The durability of modified material was tested in a modified mini block test according to EN 113 
(Bravery 1978). The mass loss of wood was measured after 6 weeks incubation with 3 different fungi. 
The mass loss of untreated wood exceeds 20% (). A mass loss of 20% is required in EN 113 for a valid 
test. The virulence of the fungus Coniophora puteana is normal as demanded by EN 113. Heat treated 
wood does not show a significant mass loss after the attack by Coniophora puteana. This material 
shows a high resistance against the brown rot fungus. The interlace treated wood, the melamine resin 
treated wood and the acetylated pine show a very low mass loss caused by Coniophora puteana. 
Resin-wax treated wood and acetylated beech show the highest mass loss compared to the other 
modified material. Compared to the untreated wood, resin-wax treated wood and acetylated beech 
wood contain higher resistance against this fungus. The outcomes of this test must be interpreted very 
carefully. The material, which was degraded in this test, should be classified as non durable, because 
in a longer test scenario the degradation will be increase. However, the good result of all treatments 
must be verified in larger test scenarios and in more practical tests. The hydrophobic property of 
modified material may influence the test results. The fungi need high moisture content of wood to 
grow and degrade the wood. Some of the modified material such as heat treated wood and resin-wax 
treated wood are very hydrophobic. This hydrophobic property increases the time, which is necessary 
for the wood to reach high moisture content. During this period of time, the fungi cannot degrade the 
wood. After 6 weeks of incubation time, degradation of untreated wood took longer than degradation 
of the hydrophobic modified wood. For these modified woods, which have hydrophobic properties, 
longer incubation time should be used to measure the real durability. The degradation of wood by the 
brown rot fungus Poria placenta shows higher degradation rates than Coniophora puteana. The mass 
loss caused by Poria placenta is very low in heat treated wood, interlace treated pine, acetylated pine 
and melamine resin treated wood. Only resin-wax treated wood shows a higher degradation rate of 
13.5%. The mass loss of untreated wood shows that Poria placenta (33.5%) was more aggressive than 
Coniophora puteana (28.0%). The durability of material is evaluated to make use of the most 
aggressive fungus. In this investigation Poria placenta was the most aggressive fungus. All modified 
materials, which is based on Scots pine as raw material, show a strong increase in durability against 
brown rot fungi.The acetylated beech and the untreated beech were degraded by the white rot fungus 
Coriolus versicolor. This fungus caused a simultaneous white rot . The standard EN 113 demands a 
mass loss of 20% for untreated wood for a valid test. As the untreated beech showed 30.0% mass loss, 
the virulence of Coriolus versicolor was normal. In comparison to the untreated beech, the mass loss 
of acetylated beech, which displays a mass loss of only 8.9%, is reduced. However, from earlier 
research it is known, that the durability of acetylated wood is much more improved than shown in our 
own results. The only explanation for this can be, that the achieved weight gain is lower than expected. 
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The durability of acetylated beech depends on the content of acetyl groups in the wood. The results of 
swelling and shrinking and the results of durability testing indicate that the acetyl content of the beech 
wood is low. Further analysis of the acetyl content should clarify this. This investigation of durability 
of modified wood was only a short screening test. In order to assign the durability of this tested 
material into durability classes according to EN 350-2, more laboratory and field tests are necessary. 
This investigation shows however, that the susceptibility of all modified material to fungal attack is 
decreased. 

CONCLUSION 
All investigated wood properties are summarised in Table 6. All types of modified wood show 
improvements wood properties. All heat treated wood except the wood infected with blue stain exhibit 
increase in all properties, whereas the material from Finnforest (heat (c)) showed the highest 
improvements. However it has to be mentioned that decreased strength properties, mainly a heavy 
increase in brittleness, somehow will limit the use. 
 
Interlace treated wood, melamine treated wood and acetylated beech show improvements in at least 
two or more properties and no decrease in any properties. Furfurlated wood shows increased 
dimensional stability and reduced capillary water uptake. The durability of this material was not yet 
tested. Only the acetylated pine shows an increase in the speed of capillary water uptake. The 
properties of acetylated beech are somewhat less than known from earlier trials. One possible reason 
could be that the acetyl content was not optimal to reach the asked properties. Further chemical 
analysis should prove this theory. 
 
Regarding the investigated properties, it can be concluded that all of the modified woods show 
improvements in important properties for the utility in window joinery. All materials should be able to 
reduce damages coming from water and increase the service life.  
 
Table 6: Summary of investigated properties for all modified wood. 

abbreviation material moisture 
content 

swelling and 
shrinking 

capillary 
water 

uptake 
durability 

heat (a) Heat treated Scots pine 
(NOW 

strongly 
reduced reduced unchanged strongly 

increased 

heat (b) Heat treated maritime 
pine (NOW) 

strongly 
reduced reduced reduced strongly 

increased 

heat (c) Heat treated Scots pine 
(Finnforest) 

strongly 
reduced 

strongly 
reduced 

strongly 
reduced 

strongly 
increased 

interlace Interlace treated Scots 
pine little reduced reduced unchanged increased 

melamin Melamine resin treated 
Scots pine unchanged unchanged reduced increased 

furfuryl Furfurlated Scots pine unchanged little reduced strongly 
reduced not tested 

wax Resin-wax treated Scots 
pine unchanged unchanged reduced little 

increased 

acetyl. pine Acetylated Scots pine strongly 
reduced reduced increased increased 

acetyl. beech Acetylated beech 
(probably low WPG?) little reduced little reduced unchanged little 

increased 
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Summary  
In the years 2001/04 the HSB, R+D department has been investigating possible alternatives to 
traditional gluing processes. The objective of the project was the development of an innovative 
gluing and assembling process that would be applicable both economically and qualitatively in an 
industrial production. This research work, led to the discovery that Linear Vibration Welding 
Technology (LVWT), a technique widely used in the plastic and car industry, can also be used to 
induce the thermal activation of duroplastic adhesives and thus to manufacture high-quality wood 
joints. According to the positive outcomes of this study, the innovation was patented and the first 
contacts with potential customers were taken. Thanks to good expectations of successful business, 
the HSB research Team, sustained by the industrial partner1 decided to promote the breakthrough of 
the new process into the wood industry. 

1. Introduction 
Assembling technologies with mechanical connectors or with adhesives are common for joining 
solid wood in the areas of furniture, civil engineering and the joinery industry. Both kinds of 
connections show several problems. If mechanical metal connectors are used, the risk of corrosion 
is very high. The use of adhesives for the production of bonded joints, results in high costs of 
maintenance of the manufacturing chain. Further, due to the curing of the chemicals, the assembling 
and gluing phases takes much longer with adhesives. To speed up the production, high investments 
in machinery (e.g. high-frequency or microwave systems) are necessary. 
In 1993, the Research and Development (R+D) department of HSB2 started to investigate the 
efficiency of different friction-welding techniques for wood bonding. The first research project, 
funded by the CTI3 was a feasibility study focused on the utilization of the Ultrasonic Friction 
Welding (UFW) technique and thermoplastic adhesives. Over the years, several research projects 
have followed up on these preliminary investigations, and the HSB has gained a lot of experience 
on the utilization of different welding techniques (linear vibration, ultrasonic, and spin welding) for 
bonding of wood with both thermoplastic and duroplastic adhesives. As result of these 
investigations an innovative gluing technique was developed and patented [11]. On May 20024 a 
technology transfer project was launched at the HSB. The aim of the project was the 
implementation of the developed technique into the wood industry. Therefore, the adequacy and the 
potential of the LVWT for large dimension wood joints were investigated. The equipment and the 

                                                           
1 Branson Ultrasonic, Germany. 
2 HSB: University of applied sciences, Bern. School of architecture civil and wood engineering - Burgdorf/Biel Switzerland 
3 CTI: Commission for the technology and innovation.  
4 CTI project 5791.1: Woobration - Wood connection with vibration welding technology.  
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process involved were evaluated in term of quality of connections, performance (productivity, 
efficiency, etc.) and investment [1-9].  
After two years of research the industrial potential of DuroWell was clearly demonstrated. A market 
evaluation determined various applications, and the multi-layer parquet industry was selected as a 
main target-market. The first potential customer was contacted and the research results were 
validated on an industrial scale. During that study, DuroWell proved to be able to produce high 
quality multi-layers parquet with a manufacturing costs reduction of 12%. Having considered the 
different aspects mentioned above, the research team believes that DuroWell will soon achieve a 
breakthrough into the wood industry. 
This paper reports on the latest progress made on the industrial implementation of the developed 
process.  

2. DuroWell – a new wood bonding process 

2.1 Description of the process 
The innovative character of DuroWell is the use of the Linear Vibration Welding Technology 
(LVWT) in inducing thermal activation of duroplastic adhesives. This allows manufacturing high 
performance adhesively joint connections at high-speed rates combined with low costs.  

 

 

 

 

 

 

 

 

 

Fig. 1 Description of the LVWT 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Linear shift and welding process 

A thin layer of epoxy (or MUF/UF) adhesive in powder form is applied on the wooden surfaces by 
means of an electrostatic gun system. The two pieces of wood are then automatically loaded into the 
welding machine and the process starts. The energy needed to change the chemical/physical state of 
the adhesive is produced by rubbing the assembling pieces one against the other. The vibration 
movement is parallel to the surface of the connection. The energy input is a function of the friction 
coefficient, the pressure, the type of the joint surface as well as the amplitude and frequency of the 
vibration, and the welding time. When the melting state of the duroplastic adhesive is reached in the 
wood joint interface, the vibration process is stopped. The clamping pressure is continuously 
applied until the solidification of the adhesive results in a bonded joint. The main advantages of this 
process are:  

- High productivity and high quality of the welded connections. 
- Short-term cycles at the assembling stage of products. The process length can vary from 

3 to 5 seconds, depending on the welding machine power. 
- Just-in-time manufacturing. The welded products can be immediately processed after the 

bonding process.  
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- Very favourable Life Cycle Assessment (LCA) of the welded products: the needed 
energy is optimised and therefore is low. The amount of adhesive used is low (less then 
100g/m2) and the adhesive lost during the application can be easily recycled. 

 

3. Industrial implementation of DuroWell 

3.1 The economy study - Summary 
An economy study was assessed concerning the applicability of LVWT into the wood industry. The 
different steps of the study are summarized as follows: 

- Step 1: Preliminary investigation of the market 
- Step 2: Selection and overview of the target market 
- Step 3: The companies 
- Step 4: The investment cost calculation 
- Step 5: Conclusions 

3.2 Step 1: Preliminary investigation of the market 
Market success comes from satisfied customers. Customers buy a product (or invest in a new 
technology), because they have a need to be satisfied or a problem to be solved. In the context of 
this study, the client is the manufacturer who would potentially invest in this new technology. So, 
the first question posed was: what is the customer benefit or, what problem does the new gluing 
technique solve? Based upon the results of the technology study, the customer benefit was 
recognized as: An increase of the productivity with a large reduction of the production costs 

3.3 Step 2: Selection and overview of the target market 
The subsequent step of the 
analysis was the identification 
of the “target market”. For this 
purpose, the potential of LVWT 
was checked in the various 
applications. This analysis was 
done by collecting the advice of 
a selected group of people 
having experience with the 
utilization of vibration welding 
technology and/or knowledge 
of the wood industry. 
Within the wood industry the 
potential market of DuroWell 
was defined as the manufacture 
of windows, doors, furniture 
and multi-layer parquet. 
Nevertheless, due to the 
characteristics of the products 
and the market trend, the multi-
layer parquet industry was 
considered as the main "target 
market". The size of the 
selected target was quantified 
as 42mio m2 of multi-layer 
parquet produced and sold in 
Europe every year [10]. 

Table 1: Value benefit analyses DuroWell  

W in do w 
pro du ction  

D oo r  
pro du ction  Fu rni ture  P ro du cti on  

Glue d 
lam ina te d 

w oo d 
pro du ction  

P a rquet 
f loo r  

pro du ction  

 

W in do w 
fr am es 

glued 
lam in at ed 

wo o d 

edge  -
ben din g 

o n 
do o rs 

weldin g 
m o ldin g 
p ro f iles 

o n 
do o rs 

jo in in g o f 
rect an gula r 

furn it ure  
bo dies 
(bo dy  
p ress)  

weldin g 
o f  cha ir  
legs o n 
ch a irs 

E dge  -  
ben din g o n 
rect an gular 

f urn it ure  
p a rt s 

we ldin g 
m o ldin g 
p ro f ile s 

o n 
f ur n it ure 

do o rs, 
dr awers 

glue lam
glued 
bo ards

2 -p ly-  
p a r quet  

so lid wo o d 3  3  2  3  1  1  1  3  2  3  2  

p ly woo d 0  1  2  3  1  1  1  3  2  3  2  

de r iv ed t im ber 
p ro duc t s 3  2  1  1  2  1  1  1  1  1  2  

p last ic s 3  2   2  1  2  1  3  0  2  3  

com bin ed m ate r ia ls 
(p last ic -woo d)  1  1  2  1  1  0  2  2  0  1  2  

m et a l 2  1  1  1  0  0  0  2  0  0  0  

M a teri al  

con str uct io n             

p ro cess t im e  2  2  3  3  1  1  3  3  3  2  2  

p ro cess f lo w 2  1  2  2  1  1  1  2  3  2  2  

p ro duc t iv ity  2  3  2  1  1  1  2  3  3  2  2  
P rocess  

h an dlin g 1  1  2  2  1  1  2  1  3  1  2  

f o un dat ion  3  3  3  1  1  1  3  1  1  2  3  
Pl ant  

requir ed space 2  2  2  2  0  1  2  2  2  1  2  

m ach in e ry  1  1  1  1  0  0  1  1  2  1  2  

m an  p o wer 2  2  2  2  1  2  2  1  2  2  3  

p o wer  1  1  1  1  2  1  1  1  1  2  1  
C os ts  

p o wder  3  3  3  2  1  1  3  1  3  2  3  

p o wer 
con sum ption  1  1  1  1  1  1  1  1  1  1  2  

p o wder  use 3  3  2  3  1  1  3  3  2  3  3  

VO C-E m issio n s 3  3  3  3  3  3  3  3  3  3  3  

o perat ion a l safety  
(po wder  em ission , 

e tc .)  
2  2  1  1  1  1  2  2  3  1  3  

n o ise ex po sure  0  0  0  0  0  0  0  0  0  0  0  

En vi ronm ent 

            

TO TA L 4 0  3 8  3 6  3 6  2 1  2 1  3 5  3 9  3 7  3 5  4 4  

R A N K 2  4  6  6  1 0  1 0  8  3  5  8  1  
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3.4 Step 3: The customers 
In the year 2003 the first contacts with potential customers were taken. The new technology was 
presented to three parquet producers. All of them showed a high interest regarding the innovation 
and advantages of the technology, but hesitated to invest in it. However, a multi-layer parquet 
producer expressed an interest in replacing the current production line with a new one involving the 
new technology. Since that moment the research team has been working in cooperation with that 
company on the validation of the project outcome on a industrial scale. As a result of this 
cooperation an investment/cost calculation was carried out.  

3.5 Step 4: The investment cost calculation 
The first step involved an analysis of the current production line costs. For this purpose, a lot of data 
was collected, and at the end of the analysis the fix and variable costs of the gluing, assembling and 
pressing phases were extrapolated.    
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Investment II. Layout of the production line integrating DuroWell 

 
All successive steps of the analysis were based upon these extrapolated costs. Thereafter, two 
different hypothetical investments were proposed and studied:  

- Investment I: replacement of the current production line with a new one based upon 
traditional gluing and assembling techniques.  

- Investment II: replacement of the current production line with DuroWell. In this case, the 
equipment used and thus the characteristics of the investment were (Fig.3): 

- A cutting unit for the base layer plywood boards: horizontal panel saw. 
- A gluing unit: electrostatic powder application flat line coupled with a recycling unit 

for powder adhesives. 
- A top layers - base layer assembling unit.  

1.   

1.  Top layer transport   
2. Turning unit   3. Horizontal panel saw for plywood base  
layer   4. Base layer transport   
5.  Powder application flat line   6. Conveyer   7. Linear vibration welding machine   8. De - stacking installation   
9. Panel saw   

2.   
3.   

4 .   5 .   

6.   
7.   

8.   

9.   

  

Production  line   

10 

10. Recycling unit for powder adhesives  

Plant and machinery layout for the production of 2-ply parquet - Investment II 
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- An automatically cycled three head linear vibration-welding machine. 
- One person working on the production line. 

For a better understanding of the pros and cons derived by the substitution of a traditional 
production line (Inv. I) with the new one (Inv. II), a sensitivity analyses was carried out. This 
analysis amounted to an assessment of three different scenarios (base-, best- and worst-case 
scenario), and their comparison. The characteristics of the scenarios were: 

- The best-case scenario:  what could happen if all of the our positive expectations would 
have been generally fulfilled. 

- The base-case scenario: what was, as far as we could tell, most likely to happen. 
- The worst-case scenario: what could happen if all of our negative concerns would have 

been realized. 
The economic and life expectancy of the two investments was estimated to be 15 years.  

3.5.1 Results of the sensitivity analysis 
Table 2 summarizes the results for the gluing, assembling and pressing phases. The results clearly 
showed that under certain conditions replacing a traditional production line (Investment I) with 
DuroWell (Investment II) is favourable (Table 2).  

The differences between the scenarios were mainly due to the productivity of the linear vibration-
welding machine (m2/min) and to the efficiency of the process (% of product lost due to defects). 

                                                           
5 The fix costs don’t include the administration costs 
6 The material cost, includes the cost of the row material (wood and adhesives included). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Graf. 1: results of the sensitivity analysis. 

 Unit 

 
Investment I 

Best-case 
 

Investment II 
Best-case 

Investment II 
Base-case 

 
Investment II 

Worst-case 

Investment 10.07 19.26 19.26 38.52 

Cost-accounting 
 depreciation 0.67 1.28 1.28 2.57 

Imputed interest 
(8%) 0.40 0.77 0.77 1.54 

Occupancy costs 0.18 0.18 0.18 0.37 

Energy costs  
(heating, light 

etc.) 
0.13 0.13 0.13 0.26 

Total of fix costs5 1.39 2.37 2.37 4.74 

Salaries 3.92 0.69 3.00 14.11 

Material costs6 94.33 84.23 89.49 89.72 

Energy costs 0.20 0.61 2.00 4.62 

Service and  
maintenance 

costs 
0.16 0.12 0.12 0.23 

Total variable 
costs 98.61 85.64 94.61 108.68 

Total costs  
(fix + variable 

costs) 
100.00 88.01 96.98 113.41 

%* 

 -12% -3% +13% 

Cost difference 
  

Cost 
difference 

(II-I) 

Cost 
difference 

 (II-I) 

Cost 
difference 

(II-I) 

Table 2. Investment models: results of the 
sensitivity analysis. *The values are reported 
as % of the Investment I total costs.  

If the conditions of the best-case scenario are 
fulfilled, the benefit to the company will be a 
12% production cost reduction, leading to a 
5.5% global increase of the corporate profits.  
If the conditions of the base case scenario 
occur, the benefit to the company (in term of 
cost savings) will be a 3% production cost 
reduction, leading to a 1.4% global corporate 
profit increase. 

Sensitivity analysis

100%

88.01%
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However, in the worst-case scenario, Investment I remained favourable. This was the consequence 
of assuming the productivity of the welding machine to be 0.32 m2/min, corresponding to a 50% 
drop in normal capacity. A product loss of 35% was also assumed. Both conditions are quite 
extreme and normally far from reality. However, quantification of this scenario was necessary to 
assess the risks during the initial production period after introducing the new technology into the 
production process.  
In the last part of the study, the sensitivity analysis was extended to include different volumes of 
production. The objective of this part of the analysis was the assessment of the cost trends in 
function of the annual production, and the definition of the beak-even points. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Model of the Cost and profit trends  - Investment II, best-case scenario. 
(1)Break-even point. (2) Net profit. (3)Standard production volume.  

 
Fig. 4 represents the cost and profit trends for the Investment II, best-case scenario. It can be noted 
that up to 100 Thou.m2/year of production, the investment becomes cost-effective (break-even point 
1, fig.4). The net profit corresponds to the difference between brut profit and total costs.  For 
standard volumes of annual production (estimated at about 150'000 m2/year), the net profit results 
in 650'000 �/year. Moreover, as large is the production volume as profitable can be considered the 
investment. In the case of 200 Thou.m2/year, the net profit is almost the double.  
 

4. Conclusions 

The HSB R+D department has developed and patented DuroWell - a new assembly technique 
involving LVWT for the wood industry. The industrial potentials of such technique have been 
concretely demonstrated. A market evaluation has identified various applications, and the 
multiplayer parquet industry was selected as the main target-market. The first potential customer 
has been contacted and the research results have been validated on an industrial scale. That study 
has shown that the manufacture of multi-layer parquet with a 12% costs reduction is possible.  
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Now that the economic advantages of DuroWell have been demonstrated, the research team has 
started working on the certification of parquet quality applying this adhesive technique. The 
interested parquet producer and potential customer is considering this technique and the first 
DuroWell production line could hopefully be soon operational. 
However, to establish wide scale implementation in the industry, a further investment on the part of 
the involved stakeholders in terms of human resources, marketing and promotion is essential. The 
challenge now remains for the wood industry to recognize and implement the advantages of 
DuroWell in their production. 
. 
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Summary 
By combining advanced composites and plastics with natural, sustainable or recycled materials the 
best attributes of each type can be utilised. The paper describes the development at BRE of Fibre 
Reinforced Polymer (FRP) coated timber and recycled FRP/thermoplastic/timber composites for 
structural elements such as posts, foundation piles and floor decking. The paper demonstrates how 
combinations of these materials can overcome problems with durability and environmental 
concerns. Current and impending waste management legislation will put more pressure on the 
industry to address the options available for dealing with Fibre Reinforced Polymer (FRP) waste.  
At present the most common disposal method in the UK is landfill.  This paper presents work done 
investigating the potential use of FRP recyclate in markets other than incineration with energy 
recovery, or pyrolysis. One objective was to stimulate interest in the use of FRP recyclate as a raw 
material for manufacturing. The work involved the development and evaluation of two FRP 
recyclate product types, with promising results: ground FRP/waste plastic composite lumber which 
can be used in combination with natural solid timber; and ground FRP/wood chip blend 
particleboard. Test results and practical difficulties associated with recycling are presented. The 
main difficulty observed in the potential use of FRP recyclate is the cost associated with grinding, 
the availability of cheapness of other types of filler, and the adequacy of existing products that 
might incorporate ground FRP. Existing recycled fillers such as sawdust and Pulverised Fuel Ash 
are already in particulate form.  The potential for FRP coated timber for marine borer resistance and 
use of timber as a piling material in the UK is also discussed.  

1. Introduction 
Unlike post consumer waste plastic such as polyethylene which can be melted and is relatively easy 
to reprocess, Fibre Reinforced Plastics (FRPs) are thermoset and cannot be reprocessed in the same 
manner. Current and impending waste management legislation will put more pressure on industry to 
address the options available for dealing with composites waste [1] [2].  EU waste management 
directives on landfill, incineration, construction and demolition waste, end-of-life vehicles and UK 
government policy such as the Waste Strategy 2000 could all influence the composites industry.  
Waste FRP has three main origins - manufacturing waste (eg off-cuts, trimmings and reject items), 
demolition waste (eg cladding for buildings), and end of life waste (eg boats and vehicle bodies).  
For many FRP manufacturers disposal costs are significant.  Off-cuts and FRP components tend to 
be very bulky and output can quickly fill waste containers.  
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FRP waste could come from a number of sources and the following variants of original product [3] 
could affect the performance of any composite based on commutated material: 
 

• FRP processing method (e.g. hand lay up, spray up, moulding, pultrusion) 
• Thermoset plastic matrix (principally variations in stiffness) 
• Coatings such as gel coats 
• Fibre type, length and nature (e.g. random chopped fibres, unidirectional rovings) 
• Composite thickness 

 
The level of fragmentation of the FRP would also affect the performance of the waste FRP based 
composite. 
 

 
 
Figure 1:  FRP pediments on the roof of the Royal Albert Hall, London  
 – scrapped on refurbishment and sent to landfill 
 
 

 
 
Figure 2: Manufacturing waste – trimmings from spray up lamination of vehicle bodies 
 

2. Development of FRP recyclate / timber composites 
There are certain criteria which should, preferably, be met in order for utilisation of waste FRP in a 
product to be worthwhile: 
 
• The use of ground FRP should be beneficial to the product i.e. the FRP should have either a 

structural/reinforcing role or weight saving role, not just act as an inert filler. 
• The mix of materials should be synergistic. 
• The product should not have to be reinforced with other material or made thicker to compensate 

for some deficiency caused by inclusion of ground FRP. 
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• It should not be merely a novel disposal method such as some component of a geotechnical fill. 
• The re-use method should be realistic in respect of the likely volumes of recyclate available. 
• The re-use of FRP should not make the ultimate recycling of the product difficult 
• The product should not pose environmental problems or health and safety problems in use - e.g. 

from wear related loss of glass fibres, or during cutting and drilling. 
• The combination of ground FRP with some other waste material should not divert this waste 

from an existing higher end re-use chain. 
• The product should have a suitably long service life. 
• The product should be cost effective. 
 
Combination of FRP waste with thermoplastics and resins were particularly targeted because of 
difficulties with the reaction of E glass with cement. The improvement in performance of plastics 
mixed with ground FRP has been demonstrated elsewhere [4]. Development of a Dough Moulding 
Compound based on new resin and FRP recyclate also took place; however the work presented here 
concentrates on combination or use with timber. Samples of ground FRP were obtained and 
assessed. They revealed a promising fraction of intact glass fibres with attached fragments of resin, 
but also a considerable fraction of loose smaller particles and dust. This material constitutes a 
handling risk due to the dust and glass fibre content which may be a significant disincentive for its 
re-use. 
 
2.2  Recycled FRP particleboard  
BRE produced two prototype FRP/wood blend particleboards (Figure 3), both at 8% resin content: 
  

• 13mm thick panel with a core of 70% FRP and an outer face of wood flake 

• 11mm thick panel of 50% ground FRP/ 50% wood flake 
   

 
 
Figure 3:  Ground FRP/wood flake blend particleboards 
 
Samples taken from the 70% FRP blend particleboard were tested in 3 point bending to EN 310 
(1993), with the following mean results: 

 
• Modulus of elasticity Em = 2777 (N/mm2) 
• Bending strength Fmax = 35.2 (N/mm2) 
• Density = 1035 kg/m3 

 
These results compare favourably with typical values for P5 grade commercial chipboard used in 
domestic flooring which have MOE values in the range 2000 to 3000 N/mm2 and bending strength 

COST E29 Symposium - Florence - 27-29 October 2004

161 of 312



 
 

 

 4

of around 20 N/mm2. This highlights the benefit of using ground FRP in panel products. Whilst 
wood chip is plentiful, large amounts of energy are required to dry the material to the level (around 
6% moisture content) required for particleboard manufacture. Wood particleboards are also subject 
to moisture related movement.  
Although particleboards and panel products potentially represent a very large market for ground 
FRP, the main problem is that existing production processes are tailored for wood chips. Higher 
forest production rates in the UK and moves to increase the recycling of timber will count against 
the use of FRP in this application. The UK Waste Resource Action Plan (WRAP) target for wood 
recycling is to double wood packaging recovery to 350,000 tonnes a year by the end of 2004; whilst 
UK forest production rates are also set to double in the next ten years. Moves in the UK paper 
industry towards more recycling may decrease further the cost of wood fibre. The current price of 
sawdust and hack chips is around £35 per dry tonne. Other disincentives include product 
development and certification costs.  
 
2.3  FRP / thermoplastic composite 
In collaboration with Plastic Reclamation Limited samples of ground FRP/plastic lumber were 
produced (30% ground Glass Reinforced Polyester/70% post consumer Low Density Polyethylene), 
in two section sizes (150mm x 150mm and 47mm x 95mm), both 2.4m long. 
Electron microscope examination of a cross section of the FRP/plastic composite shows the fibres 
within the GRP/plastic composite to be randomly orientated, and in clumps. Many fibres will have 
been broken during the mixing process and the inclusion of dust in the matrix will have degraded 
the structural properties. 

 
 

 
 
Figure 4: Section through recycled FRP/waste plastic lumber (150mm x150mm) 
 
In order to obtain values of Modulus of Elasticity (MOE) and Modulus or Rupture (MOR) for the 
GRP/plastic composite lumber,  tests on small scale samples (20mm x 20mm x 300mm long) were 
carried out to BS 373. The results of a comparative small scale test between the recycled FRP/waste 
plastic composite and LDPE without FRP inclusion are shown in Figure 5, below: 
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Figure 5: Small scale bending tests 
 
The above results show an improvement in stiffness at lower levels of strain for the GRP/plastic 
composite over the non GRP mix sold LDPE plastic, although the ultimate load of the latter is  
higher.  Both samples exhibit decreasing stiffness (gradient) as the load increases. In the test the 
samples were bent to a degree far outside that which would be acceptable in any service condition. 
For a beam a deflection limit of span/300 would be acceptable. For a 300mm sample with a clear 
span of 280mm in the test rig the allowable deflection is 0.9mm, and over this range the 
GRP/plastic shows an improvement in secant stiffness of 70%. The penalty for improved stiffness is 
lower ultimate load (strength) but this occurs at a very high deflection compared with that which 
would be acceptable in service. The LDPE specimen could only be broken by bending it through 90 
degrees. Table 1 (below) shows the results of the bending tests of the recycled FRP/plastic 
composite together with some commercially available Wood Plastic Composites (WPCs) [5] [6] and 
natural timbers for purposes of comparison: 
 

Sample  
 

Density 
(kg/m3) 

MOE** 
(N/mm2) 
 

MOR** 
(N/mm2) 
 

LDPE (solid waste plastic) 980 710 N/A 

Recycled FRP/LDPE mix  1100 1220 16 

Wood Plastic Composite A 910 1205 9.8 

Wood Plastic Composite B 950 2239 19 

Wood Plastic Composite C 
 

1120 3047 17 

Wood Plastic Composite D 
 

1180 3235 20 

“Composite Timber" (Glass fibre 
reinforced plastic) 

965 3100 17 

Sitka spruce * 384 8100 67 

Douglas fir * 497 10500 91 

Greenheart * 
 

1009 21900 190 

(* wood at 12% moisture content)  (** these do not represent design values) 
 

Table 1: Plastic composites and natural timber properties 
 
The above table shows that the addition of waste ground FRP to LDPE improves the stiffness of the 
material with a modest increase in density. However, in comparison to most of the other 

Small Bending Tests (300mm specimens) to BS 373
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commercially available WPCs, the waste FRP/plastic composite without compatibilizers exhibits 
quite poor bending strength. The main problem with recycled plastic lumber (RPL) and WPCs is 
the relative lack of stiffness under bending and poor creep performance when compared with 
natural wood, although some demonstration projects such as small scale bridges have been 
undertaken [7].  
To determine the indicative axial capacity of the FRP composite a 900 mm long section (i.e. short 
column of L/d < 10) was tested in compression with results shown graphically in Figure 6, below: 
 

GRP Waste Pile Axial Load Test (900mm sample)
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Figure 6: Results of axial load test 

 
The sample withstood an applied axial load of 200kN during a short (20mins duration) load test.  
Although the sample was not taken to failure, significant compression (9mm over 900mm, i.e. 1%) 
took place at a load of 100kN. This suggests that a design load of 50kN per pile would be 
acceptable. The FRP/waste plastic composite appears to be promising for some types of lightly 
loaded pile such as light bridge foundations, jetties, boardwalk posts. Since solid timber is often 
chosen for aesthetic reasons for these applications one solution would be to use the FRP/waste 
plastic in combination with natural solid timber to form a composite pile (Figure 7). Alternatively, 
since timber piles can last almost indefinitely when submerged, the plastic section could be used 
above the water.  
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Figure 7: FRP/waste plastic pile with bolted tenon joint to solid timber 
 
Figure 8 (below) shows the plastic piles being used on a sensitive environmental site for a small 
timber jetty. Future work involves developing the use of plastic/composite timber foundations for 
lightweight buildings. 
 

 

Figure 8: FRP/waste plastic piles supporting a timber jetty 
 on a sensitive environmental site 

3. FRP coated timber and timber piles 
 
Timber has been long favoured for marine works because of its ability to absorb impacts, its ease of 
handling over water, and the poor performance of other materials such as reinforced concrete and 
iron [8]. In seawater and brackish estuary waters untreated timbers are liable to attack by marine 
borers, around the British Isles principally the mollusc Teredo (the shipworm) and crustacean 
Limnoria (the gribble). A number of tropical hardwoods recognised as being resistant to marine 
borers such as greenheart, basralocus, belian, okan as well as the Australian hardwoods jarrah, 
ironbark, southern blue gum and turpentine, the latter being particularly long favoured.  Currently 
there are no Forest Stewardship Council approved sources of greenheart or ekki, although possible 
alternatives include acariquara and purpleheart. Softwoods such as Douglas fir are suitable when 
treated, however Copper Chrome Arsenic (CCA) preservative treatment has recently been 
withdrawn in the EC for use in the marine environment. CCA treated timber can still be used for 
freshwater and brackish water piles, as well as on shore structures such as bridges and retaining 
walls.  
 
Marine timber piles may also be protected from borers by wrapping with PVC or polyethylene, 
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sometimes in combination with bitumen based tape. Steiger and Horeczko [9] report on the use of 
timber piles wrapped in heat shrunk polyethylene in the Port of Los Angeles. Naturally it is not 
necessary to sheath the part of the pile which is either driven below the sea bed or permanently 
above high water. The principal problem with all forms of pile sheathing is damage from boat 
impact and such protection systems will not be suitable where high abrasion resistance from scour 
is required.  
BRE commissioned the Fibre Reinforced Polymer (FRP) coating of large section sizes of British 
grown Douglas fir (250mm x 250mm), see Figure 9. The FRP provides an impact resistant coating, 
with high durability in the marine environment.  The FRP should be applied to timber at close to 
fibre saturation (eg post preservative treatment) to prevent damage to the coating on possible 
expansion of timber during service. This section of the pile would then remain submerged. 
 
 

 
 
 
Figure 9:  Impact resistant and durable Fibre Reinforced Polymer coated  
UK grown Douglas fir, for marine borer protection. 
 
Timber is also an excellent piling material onshore, given appropriate ground conditions. In 
countries such as the US and Canada, as well as Sweden and Australia, timber piles are used 
widely. Reasons that they are rarely used in the UK include the fact that timber piling is no longer 
an established practice and doubts about long-term durability - compared with the alternative 
concrete piles. The development of composite waste plastic/timber piling (where the timber is used 
below the water table) and enhanced durability FRP/plastic encased piles would enable designers 
of, in particular,  countryside, recreation, waterfront and environmental buildings and other lighter 
weight structures to use timber as a foundation material with the benefit of increased sustainability.  
Trees make natural piles and timber has very good load carrying capacity in compression parallel to 
grain – which was demonstrated by a full scale test of a Sitka spruce log (Figure 10), with a top 
diameter 240mm and base 360mm, length 4.6m. 
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Figure 10:  Full scale axial compression test on a Sitka spruce log. 
 

The ultimate load for the test was 760kN – about 5 times the design value. At about £40/m3, the 
basic price of UK grown sawlogs compares favourably with that of concrete. 

 

4. Conclusions 
Two product types using ground FRP recyclate were developed and evaluated, with promising 
results: 

• FRP / wood chip blend particleboard 

• FRP/plastic composite lumber  

In addition FRP coated timber for marine borer resistance was investigated. The work showed that 
by combining advanced composites and plastics with natural, sustainable or recycled materials the 
best attributes of each type can be utilised. 
The main difficulty observed in the potential use of FRP as a recyclate is the cost and difficulty 
associated with grinding waste FRP components, the availability of cheapness of other types of 
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filler, and the adequacy of existing products that might incorporate ground FRP. Existing recycled 
fillers such as sawdust and Pulverised Fuel Ash are already in particulate form. 
Timber is also an excellent piling material onshore, given appropriate ground conditions. In the UK 
timber piles are rarely used because this is no longer an established practice and because of doubts 
about long-term durability. The development of composite waste plastic/timber piling (where the 
timber is used below the water table where it can last indefinitely) and enhanced durability 
FRP/plastic encased piles would encourage designers to use timber as a foundation material with 
the benefits of increased sustainability. Trees make natural piles and timber has very good load 
carrying capacity in compression parallel to grain – which was demonstrated by a full scale test of a 
Sitka spruce log. 
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Summary 
This paper describes the use of sliced veneer waste as base material for producing new types of 
engineered wood products. The experimental and development parts of the study resulted in 
four characteristic structural composites and a novel lay-up/resin application technology. 
Side- and end-clippings were reconstituted into discrete composite panels and load-
supporting SCL slabs by traditional hot pressing consolidation processes. The superior 
mechanical properties achieved and the vast availability of high quality raw materials 
clearly indicates the possibility of a better utilization of wood resources. Residues generated 
by veneer manufacturing (slicing operation) had excellent physical and mechanical properties. 
Consequently, composites reformulated from these raw materials demonstrate high strength and 
stiffness properties.  
Keywords: veneer, wood composites, innovation, design of experiments 

Introduction 
Innovative ideas, research and development play a vital role in developing methods that ensure the 
conversion of renewable wood-resources to value-added products through technologies, which 
allow the re-use of wood waste. As a consequence, engineered wood products (EWPs) mean the 
future of wood-based construction materials because they offer the best hope for incorporating 
technological changes that make forest products are cost competitive with all alternatives materials. 
Products like oriented strand board (OSB), laminated veneer lumber (LVL), parallel strand lumber 
(PSL), laminated strand lumber (LSL)) have two major efficiency-related advantages: (1) 
mechanical properties that enhance design values and enable more efficient installation and (2) 
more efficient conversion technology which result in higher final product yield. These properties 
will help EWPs to compete head-on with steel and concrete in the construction market [1]. In this 
paper the development of new types of engineered wood products are presented. The raw material 
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included decorative veneer residues and traditional OSB strands. The wood material used for 
decorative (face) veneer manufacturing consists mainly of hardwood logs -- the highest in quality -- 
harvested for industrial purposes. During the production process, half or quarter logs, with an 
average length of 3 to 4 m, are converted into thin (0.5 to 0.8 mm) veneer sheets, sometimes 
referred to as veneer “leafs” by slicing or eccentric rotary peeling. Figure 1a. schematically 
illustrates the slicing process. After drying and stacking, a clipping operation (Figure 1b.) sets the 
final rectangular dimensions of the veneer bundles that contain 15 to 20 sheets. During this 
operation, residual side-clippings, with an average length of 1 to 4 m and width of 25 to 40 mm, are 
produced.  
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ig.1. Transformation of logs by slicing and the clipping operation
e end clipping operation produces rectangular shaped cut-offs that can be easily 
o strand-type raw furnish for further composite manufacture. Figure 2. shows these 
r residues.  

l clipping residues by face 
er manufacturing. 

According to surveys and estimates related to the 
veneer log supply and veneer sheet recovery 
factors, about 0.5 million cubic meter hardwood 
clipping residue is expected yearly in Europe, 
corresponding to a quarter of the OSB produced in 
2001 [2], [3]. 
Generally these high quality wastes are used as fuel 
for energy generation usually with low efficiency. 
Only ten percent of the clippings are converted 
into fiber and further processed. Compared with 
the base material used for parallel strand lumber 
there is a similarity (uniform thickness, strait 
grain), the difference consists in the thickness and 
the non-parallel sides. Such residues appear a 
perfect raw material for creating engineered 
composite products. 

 objective of this research was to develop different types of veneer-based composites 
 veneer clipping residues and to test the critical mechanical properties.  

l background 
 proportion of the problems related to product quality results from variability, hence 
same improves product’s performance. The manufacturing processes are influenced by 
ut variables, which cause the fluctuation of the output product’s quality 
s. Some of these factors are controllable while others called also noise factors are 
e. In this context, optimising product/process performance means the identification of 
les which influence the quality characteristics, the determination of the levels of 

actors that optimise process performance, and also the selection of a combination of 
les at which the system is insensitive to variation in the noise factors. A product or 
ved in this way is called robust and the methodology is known as robust parameter 
. The method can be used successfully in new product development and in improving 



the existing ones. When numerous variables are involved in an experiment, the use of factorial or 
fractional factorial designs is indicated [4]. In such designs, factors are varied simultaneously and 
the effect of a factor is defined as the change in response produced by a change in the level of the 
factor. The experiment makes possible also to investigate the effects of the interactions between 
factors. Determining the influence of factors on the response characteristics enables to establish the 
quantitative model of the process. The general linear regression model with interactions is given as 
follows [5]: 
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where k is the number of variables, βs are the least squares regression coefficients, and the term ε 
represents the random error assuming to be normally and independently distributed with mean equal 
to zero and variance σ2 (NID(0, σ2)). Equation (1) represents a first-order surface in the k 
dimensional space of input parameters where βi, βij contribute to the deviation from the average 
value. If the fitted surface is an adequate approximation of the true response function, then the 
direction of process optimisation can be defined by the steepest ascent method. 
Materials and methods 
A first series of experiments utilized veneer waste along with OSB strands and wood shavings in 
several different compositions. The second series was completed using just side and end clippings 
in various mixtures and final panel thicknesses. Finally, a fractional factorial design was employed 
to screen out the significant structural and technological factors on the response of the bending 
strength and stiffness of composites made only from side clippings with uniform width. For the 
latter two, frequently utilized species for decorative veneer production in Hungary were selected as 
raw material, beech (Fagus silvatica) and maple (Acer pseudoplatanus) respectively. 
The first two experimental setups used a mix of three hardwood species, the mixture consisting of 
about 60 percent black cherry (Prunus serotina), 35 % red oak (Quercus rubra) and 5% maple 
(Acer spp.). The dry veneer residues were used exactly in the form as they come from a decorative 
veneer factory. An industrial phenol-resorcinol formaldehyde type adhesive (50% solid content) 
was applied for strand’s coating and the resin application took place in a laboratory drum blender. 
The resin content of the composites varied between 8-12%. A high degree of control in parallel long 
strand alignment was achieved by placing the strands by hand in a 80 by 72 cm forming box. Mats 
were pressed in a hydraulic hot-press at a temperature of 135 ± 2°C. The flexural properties of the 
specimens cut from panels were tested in accordance with the ASTM D-1037 standard. 
The last experiment intended to analyse the orthotropic behaviour of the composite, so uniform 
width strips were clipped from veneer sheets. From these narrow strips, an oriented and cross-
layered panel structure was produced. For a completely new product, it was essential to involve as 
many process variables as possible in order to identify the influential factors. A 2IV 7-3 type 
fractional factorial design was used to screen out the factors and their first-order interactions with 
significant effect on the response of the stiffness and strength properties of the composite panels. 
Table 1. contains the selected process variables with their setting levels.  

 Table 1. Process variables and setting levels. 

 Factors Level 1  Level 2 
X1 Species  beech maple 
X2 Strand width  15 mm 35 mm 
X3 Overlapping  0% 50% 
X4 Panel thickness  35 layer 75 layer 
X5 Strands orientation  15° 30° 
X6 Pressure  2,16 MPa 3,14 MPa 
X7 Pressing temperature 130°C 160°C 

conducted to verify the normality, 
independence and constant variance 
assumptions of the model. Three 
replicates of this array were employed 
to screen out the main effects from the 
process parameters so finally 48 panels 
were produced. From these composites 
samples were drawn and the modulus 
of elasticity (MOE) and modulus of 
rupture (MOR) tested according to the 
ASTM D-198 standard.  

Model adequacy checking was 
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Results and discussion 
The principal characteristics of the new composites resulted from the first two experiments are 
summarized in Table 2. Panel type A consisted of an OSB panel for general use covered with 2 
layers of side clipping on both faces. In this way the panel’s modulus of elasticity (MOE) and 
modulus of rupture (MOR) was increased by approximately 50 % and 100% respectively. Using a 
waterproof resin, a panel for interior use can be easily transformed into one for exterior use, 
moreover the swelling properties will improve. Composite type B incorporated 50% OSB strands in 
the core, 50% side clippings at face (Fig.3a.) and it was produced in two thicknesses. High 
performance structural panels and composite lumbers with 80% increase in MOE and a threefold 
increase in strength were obtained. Panel types C1 and C2 have a multi-layer structure of veneer 
layers and OSB face and core strands respectively, with good elastic properties. The possibility of 
recycling the wood shavings is embodied in composite type D (Fig.3b.). A mix of 30 cm long side 
clippings and planning chips in a fifty-fifty ratio were used as raw materials and the flexural 
property of the panel approaches the OSB’s similar property, the bending strength being 
significantly higher. According to the results this product can be applied for insulation or even 
sheathing purposes. The first part of Table 2. demonstrates that side clippings mixed in different 
combination with OSB stands result in panel and lumber type products with improved strength and 
stiffness.  
Table 2. Summary statistics of bending strength and stiffness determined experimentally. 

Composite 
Type 

Thickness, 
mm 

Density, 
kg/m3 

Modulus of 
Elasticity, MPa 

Modulus of 
Rupture, 

MPa 
  Mean CV1 %2 Mean CV % Mean CV % 

Ref. OSB 18,2 597 1,3  6327 7,3 21,9 13,3 
A 19,8 636 1,4 106,5 9889 3,5 156,3 44,6 6,6 203,6

B1 19,2 739 4,2 123,7 11309 6,4 178,7 82,2 15,9 375,3B 
B2 35,7 673 6,7 112,7 11809 12,6 186,6 70,4 32,4 321,5

C1 17,8 664 5,1 111,2 9936 8,0 157,0 50,6 18,5 231,1
C2 17,7 643 4,6 107,8 11164 5,5 176,5 73,1 9,3 333,8
D 17,4 677 5,6 113,4 5595 10,5 88,4 37,2 16,1 169,9

Ref. Panel  622  11250  76  
E11 11,3 725 10,5 116,5 17010 11,5 151,2 120 16,8 157,9E1 E12 17,9 677 6,8 108,8 15351 11,3 136,5 109,7 15,8 144,3

E2  11,4 728 3,6 117,1 13206 8,5 117,4 89,1 10,0 117,2
F1 17,9 745 3,6 119,8 14582 5,6 129,6 109,5 15,5 144,1F 
F2 36,3 700 4,3 112,5 12553 12,0 111,6 78,7 34,9 103,6
G1 11,4 813 4,0 130,6 13200 6,2 117,3 97,2 5,4 127,9

G G2 31,1 739 2,4 118,8 16900 5,4 150,2 145,9 8,4 192,0
1 – coefficient of variation 
2 – change in relation to the reference panels 

Part two of Table 2. refers to wood composites manufactured from veneer clipping residues only. 
For comparison, a theoretical reference panel was created taking into account the proportion of the 
constituent species. Panel types E1 and E2 were prepared exclusively from side clippings, the first 
type was parallel oriented, and the second one had a cross-layered structure with an orientation of 
45°. The composites’ strength and stiffness exceed the values calculated for the theoretical solid 
wood similar properties. Composite F contains end clippings to the core in a ratio of 50% (Fig.3c.). 
The results obtained for these panel and lumber-type products exemplify a high-grade recycling of 
the veneer residues. Side clippings cut into 6 mm narrow strips were used as raw material for panel 
type G (Fig.3d.). A new product with a relative high density and excellent MOE and MOR values 
occurred.  
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a) Veneer-OSB strand composites. b) Short veneer mixed with shavings. 

c) Products made from side and end clippings. d) Panels and lumbers from shredded veneer.  

Fig.3. Structural composites manufactured from veneer clippings. 

Finally, the results of the 2IV 7-3  fractional factorial design is presented. The sixteen experimental 
set-ups were three times randomly replicated and a total of 48 panels were pressed. The modulus of 
elasticity and bending strength of panels were tested both in flatwise and edgewise directions. 
Experimental results and the deviation values from the means are summarized in Table 3. Effects on 
the modulus of elasticity of the selected factors are presented in Figure 4.  

Fig.4. The effect of factors on the modulus of 
elasticity. 

The individual effects of factors on the mean 
(continuous lines), when the variables setting level 
are changing from low to high value are 
represented with cross lines. The dashed lines 
indicate plus/minus two-time the standard error of 
the mean. A factor effect is significant if it exceeds 
these lines. From the figure it appears that there is 
a significant difference between the two loading 
orientations, and in the edgewise direction the 
composites are less flexible. Conform to this, in 
edgewise direction there are the effect of species, 
panel thickness, veneer strips orientation and 
pressure that are mostly responsible for the 
variation. In flatwise direction, the effect of 
overlapping grade, thickness, orientation, pressure 
and temperature are significant.  
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Table 3. The modulus of elasticity and modulus of rupture values according to the 2IV 7-3 design. 

MOE, MPa MOR, MPa 
Factors 

Flatwise Edgewise Flatwise Edgewise 
Run X1 X2 X3 X4 X5 X6 X7 y  CV,% y  CV y  CV y  CV 

1 -1 -1 -1 -1 -1 -1 -1 13485 6,7 13586 4,6 111,1 18,7 118,8 0,7
2 +1 -1 -1 -1 +1 +1 -1 7767 12,6 7946 15,5 85,2 2,9 86,7 8,2
3 -1 +1 -1 -1 +1 -1 +1 9251 4,5 8899 9,9 98,9 5,4 98,6 5,7
4 +1 +1 -1 -1 -1 +1 +1 12260 1,2 12393 2,8 117,8 8,3 114,5 4,8
5 -1 -1 +1 -1 -1 +1 +1 16071 9,0 15819 9,2 133,3 2,3 131,7 6,5
6 +1 -1 +1 -1 +1 -1 +1 8425 3,1 8298 7,4 75,1 6,7 81,4 6,3
7 -1 +1 +1 -1 +1 +1 -1 9294 9,0 12424 12,8 94,6 3,1 99,0 2,2
8 +1 +1 +1 -1 -1 -1 -1 11291 8,3 11672 5,1 101,2 8,6 99,8 4,8
9 -1 -1 -1 +1 +1 +1 +1 8667 6,2 9026 9,5 37,5 7,1 86,4 4,5

10 +1 -1 -1 +1 -1 -1 +1 9660 5,9 9952 6,0 44,9 14,4 84,8 10,1
11 -1 +1 -1 +1 -1 +1 -1 10888 6,6 12266 4,4 36,5 11,0 101,4 7,3
12 +1 +1 -1 +1 +1 -1 -1 6841 6,3 7013 11,4 37,2 16,1 67,0 8,5
13 -1 -1 +1 +1 +1 -1 -1 4171 10,9 7246 8,9 13,2 4,7 43,6 7,3
14 +1 -1 +1 +1 -1 +1 -1 9598 1,0 9593 3,3 58,9 27,4 76,3 0,9
15 -1 +1 +1 +1 -1 -1 +1 8314 3,9 9773 4,8 49,0 6,9 81,7 4,8
16 +1 +1 +1 +1 +1 +1 +1 7830 6,3 7871 5,5 57,2 24,1 73,2 4,3

The linear regression models as shown below were obtained on the regression coefficients of the 
significant effects: 
 
 (2) y 6541EMOE 412,7X  1915,9X  873,2X  1164,2X  10506,3  +−−−=

 (3) y 7 6543MOE 334,8X 795,3X  1720,8X  1478,9X  350,8X  9501,6 ++−−−=F

 

Fig.5 The effect of factors on the modulus of 
rupture. 

Setting the factors at their optimal level, the 
modulus of elasticity will increase with 40% of the 
overall mean.  
Analysing the sources of variation in the case of 
the modulus of rupture (Figure 5.) predicts that in 
edgewise direction almost all factors are 
significant, just the strand width can be neglected. 
In contrast, in flatwise direction three factors, the 
thickness, orientation and pressure are significant 
only. Setting these factors at the optimal level the 
modulus of rupture increases with approximately 
50%. 
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The linear regression models for the modulus of rupture are as follows: 
 
 (4) y  3X 6,6X  10,5X  13,8X5,2X  4,6X- 90  7 65431EMOR ++−−= −

 (5) y 654FMOR 8,9X  6,4X-  33,3X-  68,8  +=
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Conclusion 
The results and the analytical work clearly indicate that decorative veneer residues can be 
successfully converted into value added products. The newly developed composites may aid the 
better utilization of the sliced veneer waste. Moreover, the engineering properties of these panels 
and composite lumbers can be controlled through different lay-ups, strand, strip orientations and 
pressing parameters. The long strand type furnish allows highly controlled alignment within the 
composite system and the properties of matrix materials can be manipulated to meet desired 
attributes. These facts warrant the successful development of highly engineered panels and 
structural products designated as veneer strip panels (VSP) and veneer strip lumber (VSL). The 
experimental design method makes possible to investigate the effect of several factors without 
excessive manufacturing runs. By screening out the most important factors, which influence the 
elastic and strength properties of the composites one can conclude that the thickness, the orientation 
and the consolidation pressure are the most influential variables. The developed models that predict 
the effects of critical variables on the mechanical properties of the composites allow robust product 
designs and optimisations at the manufacturing facilities.  
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Summary 
Lukas Lang architecture is a unit construction system. A wide range of individual houses can be 
built, extended, rebuilt and modified as required with the same components. The architecture 
consists of single components, which can be joined and separated, without damage. The long life of 
timber is the major factor. Extensions are possible through the addition of building components, 
reduction in size through their removal. Houses are assembled in such a way, that anyone should be 
able to carry out the assembly and dismantling processes without prior specialist knowledge. This 
type of building leaves open the possibility of developing and producing new building components 
for specific wishes and requirements, so that the modular system offers ever more opportunities for 
variation.  
Modular architecture, construction kits, prefabricated building elements, timber construction, 
demountable houses, assembling and disassembling of buildings 

 
Fig. 1 Assembling and disassembling of buildings 

1. Introduction 
In the field of my professional activities "building" was always an important component. I was 
always irritated by the fact, that so many still functional building parts have to be destroyed because 
of changes during the building phase or during the rebuilding of old frameworks, which meant they 
could not be removed in another way.   
As I was unable to find an existing building method, that could solve this problem, I proposed in 
1995, to Architect Lukas Matthias Lang - with whom I already worked on several building and 
rebuilding projects - to develop a building method which meets the following requirements: 
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1. All building parts are detachable inter-connectable 
2. Three floors can be built 
3. 100 kg as the maximum weight of one single part  
4. Assembling and dismantling possibility without prior specialist knowledge. 
 
Due to my training as a carpenter and due to my affinity for wood we designed the building parts in 
wood. As a result of the decision to develop a new building system, I soon stopped all my other 
activities and concentrated on this project.  
The development of this system was my personal goal. This is the expression of my esteem for the 
building material "wood". 

2. The architectural construction set 
2.1 The idea 

The project is based on the idea of offering a simple way of extending and changing homes, 
buildings and houses without having to destroy any building elements. The building principle is a 
modular system where individual building elements can easily be assembled and dismantled 
without damage using a construction kit. The long-life of timber components is the major factor. 
From the beginning every house can be adapted to the relevant needs and living situations. 
Extensions are possible through addition of building components, reduction in size through their 
removal. A wide variety of individual houses can be built out of a small number of different 
building units, which can be dismantled into individual components at any time. 

 
Fig. 2 Extension, change and reduction possibilities 
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2.2 Timber Construction 

The timber construction is designed in such a way that the components can be assembled, 
dismantled and assembled again. As with a construction kit, the parts should be screwed together, 
assembled and placed into position, so that the value of the individual components is retained with 
every change. Furthermore the construction is designed to add building elements for extensions, 
without rebuilding or even destroying the existing building. 
The construction kit principle is well thought out. From the fundament to the installation equipment 
the demountability is given. 
The ground structure is built on stackable foundation plates. The joint serves as the connection of 
pillars and transoms. (Fig 4 a) The ridge serves as fixed mounting of ceiling and wall elements. (Fig 
4 b) The structural module size, within which the building components can be placed individually, 
is 1.40m x 1.40m. The electricity and installation equipment is integrated in the construction set 
system with a plugging system. 

 
Fig. 3 Timber Construction 

2.2.1 Building Material 

 
Fig. 4 Building material 
 
The bearing structure is of laminated larch beams. The solid outer wall, floor and ceiling elements 
are of laminated fir. The glass facades consist of double glazed panes. All metal parts, fittings and 
screws are of chrome-nickel steel 4301. As the system is open to constant development new 
building components and new building material can be developed, replaced or added.  
 
 
 
 
 

a b
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Fig. 5 Interior 

2.2.2 Assembling and disassembling by laymen 

Houses are assembled in such a way that anyone should be able to carry out the assembling and 
dismantling process without prior specialist knowledge. The maximum weight of each component 
is approx. 100 kg. 

 

Fig. 6 Assembling and disassembling 
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2.2.3 Fundaments 
The structural module size is 1.4m, within which - at the junctions - the foundation plates are 
placed. The largest distance to be bridged is 5.60m. With the Lukas Lang architectural construction 
set houses can be built on any suitable building ground. A pile or floating construction is also 
possible. In these cases the appropriate foundations are required. There is no limit to the amount of 
floor space available. Any floor plan is possible. 

 
Fig. 7 Fundaments 

2.2.4 Bearing structure 
Up to three stories can be built. The bearing structure is of columns and supports which are made 
rigid by filling them with ceiling and wall elements. In the wall areas, tensioned cables can be 
mounted in order to enable generous glass apertures. On each base point a pillar is erected. The 
crossbeams are suspended between the pillars. Various sizes of crossbeams are used depending on 
the pillar spacing. Ceiling components are placed between the crossbeams, walls and cable bracings 
between the pillars. Balconies and projecting roofs may be installed anywhere on the pillars. 

 
Fig. 8 Bearing Structure 
 
 
 
 
 

2.2.5 Roof 
The roof is either in the form of a flat roof with a garden or tiles, as an arched roof with metal or 
glass covering, and for special applications, a textile roof can be used. The flat roof is constructed 
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using single components. The walk-on area of the roof may be designed according to preference. 
Plants, stone slabs, path gratings or the like. The arched roof consists of arched beams between 
which curved façade components are placed. The textile roof is installed by using a framework onto 
which the roof sheets are mounted. 

 
Fig. 9  Roof 

2.2.6 Front 

 

The façade structures are prefabricated building 
elements of timber or glass. Outer walls, windows, 
doors and balconies are hooked into the wing units. The 
façade forms the weather-tight outer skin of the 
building. It may consist of various façade components, 
e.g. glass plating or wooden façade panels, sliding doors 
and window units. 

 

 
Fig. 10 Front 
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2.2.7 Stairs, Walls and doors 

Fig. 11 Stairs, Walls and doors 
Partition walls and doors can be set in the base structure in 20 cm steps. The layout of the rooms 
may be altered at any time by simply shifting the position of the inside walls. Several stair 
combinations such as a spiral staircase or conventional stairs can be chosen. All variations are 
delivered in easy manageable components.  
2.2.8 Installation and Electricity 
Prefabricated units to which a WC, a shower, a bath, a hand-basin, a continuous flow water heater 
or current collectors are easily added. Connection to the respective installations is by pluggable, 
prefabricated cables and pipes. Prefabricated plugs and plug connectors are installed in a cable duct 
in the base plate. 
On either side of each plumbing unit a bathroom or kitchen may be planned. The plumbing unit 
extends upwards from one floor to the next. 

 
Fig. 12 Installation and Electricity 
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2.2.9 Static 
Static calculations have been carried out for each building component, which make it easy to 
calculate the static for a whole building.  

 
Fig. 13 Static 

2.3 Concept 
Lukas Lang Architecture Technology combines three established technologies. The traditional 
timber construction, prefabricates for housing and the demountability of building elements.  

 
Fig.  14 Concept 
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Lukas Lang Architecture Technology is therefore setting new standards in architectural 
construction.  
Demountability and reusability of the building elements for different house projects, worldwide 
transportation and standardisation, non-professional assembling and disassembling possibilities. 
Development of building components and new building materials.  

 
Fig. 15 New Construction Standards 

2.4 Product Range 
Beside the core housing components, the installations, fittings as well as the interior construction 
elements Lukas Lang Architecture Technology offers products such as the model housing set, the 
modelling software, assembly tools and the supplier software, which round off the Lukas Lang 
Architecture Technology product range. With the Model housing set and the Modelling Software, 
Lukas Lang Architecture offers several possibilities of creative planning and 3D visualisation. 
Services including assembly work, etc. are gladly available.  

 
Fig. 16 Product range 
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2.5 Model housing sets 
For perfect visualisation of dimensions, room layout, light irradiation and design possibilities each 
house can be planned and built with the model housing set in reduced scale of 1:8.  
A construction kit for the whole family, which also exists in full scale! 

 
Fig. 17 Model housing set 1:8 
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2.6 Lukas Lang Software 
Lukas Lang design software allows you to plan a building, in accurate detail, using computer 
animation. The number of single components installed as well as their price is calculated 
automatically. Innovative Lukas Lang components allow architects to plan and design individual 
homes and buildings using Lukas Lang Design software. A virtual walk through the buildings gives 
the opportunity of detailed visualisation.  

 
Fig. 18 Lukas Lang Software 

2.7 Supplier Software 
The supplier network together with our supplier software makes just in time production of individual prefabricated, 
ready to use houses possible. The software gives detailed information about the component list, the suppliers and the 
logistics. 
 
 

 
Fig. 19 Lukas Lang Supplier Software 
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2.8 Conclusion 
Life means change, so the Lukas Lang Architectural Construction Set makes extensions, 
conversions or rebuilding possible at any time where each part keeps its value. Alterations - 
whether during the building phase or after years - can be carried out. The removal and reassembly 
of the whole building is also possible, as it can be disassembled into its separate units. From one 
large building several small ones may be built and from several small buildings a large one.  
A building that is oversized for its designed purposes will over-consume materials. When a building 
is too large or small for the number of people it must contain, its heating, cooling, and ventilation 
system will be inefficient. Wants and needs change according to the living situation. Changes to 
conventional buildings cause destruction and a loss of material. 
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The Lukas Lang components can be assembled and put in place, so that the value of the individual 
components is retained with every change.  
Lukas Lang Architecture Technology opens new construction standards and therefore requires a 
new approach in terms of building concerns.  

 Houses can be changed at any time. 
 Small houses can be enlarged later.   
 Houses can be erected only for a certain time.  
 Houses can be purchased and sold independently from property. 
 Houses can be divided and scaled down. 
 Houses can be disassembled and the components can be used for different buildings.  
 Houses can be assembled and disassembled by laymen.  
 Houses can be shipped around the world.  

"Sustainability is meeting the needs of the present without compromising the ability of future 
generations to meet their own needs." (World Commission on Environment and Development) 
 
After a building’s useful life, it turns into components for other buildings.  
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Summary 
This paper describes a laboratory test of four full-size composite wall panels (with cross-section in 
figure 2 and 5) tested under axial compression. The experimental test series are part of a research 
[8] carried out to develop a new method of house-building. This method of house-building is based 
on fully industrial produced, lightweight load-bearing wall panels. The described test form a part of 
an extensive research programme including amongst others practical, acoustical, thermal, structural 
and economical considerations. Several students of various departments of the Faculty of 
Architecture, Building and Planning of Eindhoven University of Technology have carried out 
studies and experiments in the last seven years [8]. The acquired knowledge (also gained by the 
here described test) will be used to furthermore develop the house-building method.  

load-bearing wall panel, industrialized building, lightweight house-building method. 

1. Introduction 
The concept of the new house-building method was at first developed as a starting point for the 
author’s PhD-study. The main idea of the initial PhD-study was to develop an integral building 
concept, based on the making of industrial produced lightweight wall panels. This house building 
method will integrate contemporary technical possibilities like industrialised production, computer 
aided design and manufacturing, logistics, improvements in communication and exchange of 
(electronic) documents, current transport and hoist possibilities, care of environmental 
consciousness, integrated design, decreasing number of skilled labourers, increasing demands of 
quality, inevitability to improve working conditions on site, etc. The research started in 1995. After 
a year a suitable wall panel was tested [2] and also feasible details were developed (for door and 
window openings, floor and roof support, interior and exterior finishing, stability, et cetera) [1]. The 
next step was to check the practical value in a pilot project. 
This pilot project (a laboratory building on University grounds) [1] changed the entire PhD-study. 
Not because the developed wall and details failed, but because the pilot project clearly revealed that 
one cannot utilize advantages of accurate large-scale building parts if the foundation does not 
provide an equal accuracy. Since this accuracy cannot be put into practice by current foundation 
methods, the focus of the PhD-study was completely turned to developing an accurate 
industrialized foundation method.  
The PhD-study regarding the accurate industrialized foundation method was finished in 2001 [3]. 
Next the developed wall panels and developed method for house-building were picked up again, but 
now as an ongoing practical educational project, with research carried out by successive graduate 
students of different departments of the Faculty of Architecture, Building and Planning. 
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2. Test series of full-size composite wall panels 

2.1 Preceding experiment 
The leading structural idea of the developed wall panels is to combine necessary components of a 
wall in such a way that studs cannot buckle in-plane of the wall. Since insulation demands require a 
wall of 120-200 mm, forced out-of-plane buckling can provide a large load capacity to axial 
compression even if a stud is very slender. Preliminary laboratory tests [1] [5] substantiate the 
validity that slender studs can be forced to buckle in the strongest direction by just 3 mm hardboard 
and insulation, resulting in a substantial improvement of the axial load bearing capacity.  

Fig. 1  Principle of composite wall panel in 
preliminary laboratory test [5]. When 
applying axial force on the stud, this stud 
cannot buckle sideways because of 
obstructing hardboard. The hardboard can 
experience strong resistance when it is glued 
to rigid insulation. Although test results 
were encouraging the cross-section is 
afterwards modified (figure 2) to ease 
assembling [8] 

The laboratory test of four 2.8 metre high wall 
panels with cross-section shown in figure 1 and 
studs centre to centre 400 mm indicated an 
average failure load under axial compression of 
approximately 240 kN/m’[5]. As a reference, the 
combined dead and live load of a wall used in a 
traditional house is approximately 60-80 kN/m’ 
(considering two concrete floors and a roof 
covered with concrete tiles). 
Another satisfactory result is that all four panels 
showed a clear out-of-plane buckling mode, 
substantiating the validity of the structural 
scheme. 
Nevertheless the cross-section has seen a major 
change after this test (figure 2) to make industrial 
assembling possible. In this new composition I-
shaped studs substitutes rectangular studs of 
28x148 mm2. Between two I-shaped studs a part 
of standard available sandwich element is put. 
This sandwich has two sheets of 3 mm chipboard 
and a core of rigid insulation (expanded 
polystyrene). The structural principle of sideways 
supported studs is also with this composition still 
valid. The main advantage of this change is that 
composite wall panels can be simple put together 
in a horizontal position with all elements put in 
from above (figure 4). 
The total dead weight of this structural wall panels 
is 0,44 kN (7,4 kg/m2). 

2.2 Laboratory test on composite wall panels with I-shaped studs 
The proportions of the composed wall panel in figure 2 are mainly fixed by proportions of standard 
sandwich roofing elements. The combined insulation and hardboard between I-shaped studs is 
obtained from standard sandwich elements for pitched roofs (Isobouw 97 3/3, standard 1020 mm 
wide, maximum 7520 mm long. The thickness of the insulation core of expanded polystyrene is 97 
mm. There are two 3 mm chipboard sheets glued to this core). The required elements for the wall 
panel are obtained by (longitudinal) sawing a standard roofing element to get 400 mm wide, 2800 
mm long and 103 mm thick elements (figure 3).  
The dimensions of the I-shaped studs were chosen to get almost equal (out-of-plane) buckling 
capacity compared to the rectangular stud in the preceding experiment. For this reason “flanges” are 
made with two fir laths of 30x46 mm2 (figure 2). Between two fir laths two hardboard strips (120x3 
mm2) are put into 10 mm deep longitudinal grooves. Between two hardboard strips PUR-insulation 
(25 x 103 mm2) is put to obstruct folding of hardboard under compression.  
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Fig. 2 Cross-section of I-shaped stud. Studs are 
placed every 431 mm (figure 5 and 6). 

Fig. 3 Main materials of a panel (hardboard 
sheets and PUR-insulation is not shown here). 

Fig. 4 Test pieces are horizontally assembled 
with all parts put in from above. 

Four test pieces are put together by students (J. de Kleine, P.A.M. Offermans, C.J.A.M Huijbregts) 
in the Pieter-van-Musschenbroeklaboratory of Eindhoven University of Technology. The sandwich 
elements (figure 3) are purchased from Isobouw. A thin orange foil covers one side of the sandwich 
panel. This foil is original meant in roofing elements to protect chipboard from leakage water when 
used in a pitched roof. On the opposite site Isobouw elements are covered by a thin white layer (as 
can be seen in figure 6) original applied as interior finishing. Since both thin layers have no adverse 
effect in the wall panel, these standard sandwich elements can be used. 
The assembling started by placing two sheets of hardboard into longitudinal grooves of a fir lath. 
The glue used was a polyurethane glue (Konstruktielijm 100, manufacturer Frencken for the first 
three wall panels and Polyurethane D4, manufacturer Bison for the last panel PJC4). Between the 
hardboard several pieces of PUR insulation (25x103x1250 mm3) were put without glue to fill the 
whole cavity. Five of such semi-finished parts were made. The next step was to apply glue on the 
small edge of two fir laths next to the hardboard to set a sandwich part. After all semi-finished parts 
and sandwich parts were assembled the same PU-glue was applied to the top of the hardboard 
sheets (figure 4) and the top fir lath was put in from above. Some small weights were put on the 
panels for about a day. The next day the wall panels were put upright and another panel was put 
together.  

Fig. 5  Cross-section of test piece. The length is 2800 mm (equal to the length of the preceding 
test) with a total weight of about 0,44 kN (7,4 kg/m2). The contribution of solid material in the 
panel is about 3% of the wall volume, leaving 97% of the volume for immobile air. 
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2.2.1 Test setup 
Wall panels are tested in a steel frame shown in figure 6. Above the panel two 500 kN hydraulic 
jacks are used to apply axial force on top of the panel. The hydraulic jacks are linked and a rigid 
steel beam (HEA300) is put on top of the panel in order to get equal forces in all five studs.  

Fig. 6 Setup. Axial load is introduced in I-shaped studs 
by 2 hydraulic jacks and a steel beam. Load cells placed 
underneath each stud measure reaction forces. 

The 4 panels are referred PJC1, PJC2, 
PJC3 and PJC4. All wall panels have 
equal dimensions and composition. 
One difference is that glue used for 
PJC4 is purchased from another 
manufacturer, because the initial used 
glue was not available at that time. 
Both glues are polyurethane (PU) 
glue. 
Underneath the panel there are five 
150 kN load cells to measure reactions 
of every stud. These five load cells 
register possible load distribution by 
sandwich elements. 
The horizontal deflection of every stud 
(out-of-plane buckling) is measured at 
mid span by electronic potential 
meters with a maximum measurement 
range of 250 mm. The results of load 
and deflections data per stud are 
drawn in graphs (figure 7, 10, 11 and 
16). In these graphs studs are 
numbered stud 1 to stud 5. Typical 
failure modes are shown on photos in 
figure 8, 9, 12, 13, 14 and 15. If the 
surface of a panel on a photo is white 
(for instance figure 6) stud 1 is the 
most left I-shaped stud. Photos from 
the opposite side have an orange 
(dark) surface. On this photo stud 1 is 
the most right I-shaped stud.  
The vertical deflection (shortening) of 
the panel is measured at both short 
sides by electronic potential meters. In 
all four tests the load-deflection curves 
of the left and right side are almost 
identical and linear until failure, so the 
graphs are not entered in the paper. 
Instead the maximum value at the end 
of the test is mentioned. 

The maximum value is registered every 2 seconds of all load cells and deflection meters. 
All 4 wall panels are loaded until failure in this test setup. Applying load is driven by deflections, 
but still there is a risk of sudden collapse. For this reason horizontal bars are put in on both sides of 
the test setup (as shown in figure 5). The bars are kept free from the wall during the whole test. 
Test measurements are presented in figure 7, 10, 11 and 16. Each figure gives two graphs. The 
graph on the left plots load of separate studs (vertical axis) against total load of the panel 
(horizontal axis). This graph can be used to indicate distribution of load per stud during the test. In 
the graph on the right horizontal deflection of midspan of each stud (vertical axis) is plotted against 
the total load of the panel (horizontal axis). This graph can be used to indicate whether buckling 
occurs.  
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2.2.2 Test series PJC1 

A photo of panel PJC1 at the beginning of the test is shown in figure 6.  
The graph of load per stud to total load drawn on the left in figure 7 shows that load distribution of 
studs differs from the beginning of the test. Studs 1 and 2 (left in figure 6) take most load. This 
distribution is present in all tests (also figure 10, 11 and 16), where studs 1-2 take more load than 
studs 4-5. Stud 3 takes the lowest load in all tests except in this one. The maximum shortening of 
the panel close to failure is about 16 mm. This large shortening is mainly due to soft wood used as 
packing in between stud-beam and in between stud-load cell. Soft wood was chosen to get a smooth 
introduction of load in I-shaped studs, but this might be also an explanation for relative large 
differences in initial load distribution over the five studs. Therefore the packing is changed to 1 mm 
steel strip fillings (used in tests PJC2, PJC3, PJC4) instead of soft wood strips (used in test PJC1). 

Fig. 7    PJC1. Left graph: load per stud to total load. Right graph: horizontal deflection in the 
middle of the studs to total load. 
At a total load of about 135 kN local failure is noticed at the 
support of stud 5. At the same time the most right sandwich 
element in figure 6 has become unstuck and drops (left in 
figure 8, since this photo is taken from the opposite side). In 
the graph can be seen that studs 3 and 4 take most of the extra 
load when the load level of stud 5 remains the same. At about 
150 kN stud 5 is again involved in taking load. From 150-275 
kN all lines run more or less parallel so all studs (including 
stud 5) contribute evenly to load increase (although load 
levels differ). Stud 5 can take its share of load because the 
stud is still supported sideways by the remaining sandwich 
element. After 275 kN frequently cracking is heard, and a 
diagonal crack in the sandwich panel between studs 3 and 4 
(figure 9) is noticed. The ultimate capacity of stud 5 is 
reached at 300 kN (figure 8). Other studs take over until 323 
kN when stud 5 completely collapses and the test is stopped. 
Studs 1-2-3-4 are more or less in tact when the test is stopped. 
The right graph in figure 7 shows studs bending to different 
sides until about 100 kN. At about 150 kN stud 4 starts to bent 
to the opposite side than other studs. Somewhat later stud 5 is 
pulled along in this direction. The absolute deflection at 
midspan is only 2 - 6 mm (about 1/500 of height) and there is 
no indication of plastic behaviour. With this it is clear that 
studs did not buckle out-of-plane of the wall. Instead, as 
figure 8 and 9 shows, local failure determines ultimate load. 

Fig. 8    PJC1. Local failure of 
stud 5 at ultimate load 323 kN 
(cracks first noticed at 135 kN). 
The sandwich element on the left 
came already loose at 135 kN.  

Fig. 9  PJC1. Crack in sandwich 
element between studs 3-4, so 
load distribution from stud 4 to 
studs 1-2-3 (intact when test was 
stopped) was no longer possible. 
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2.2.3 Test series PJC2 
Until a total load of about 240 kN the load in studs 1-2-4-5 increases with the same amount. Stud 3 
remains somewhat behind. At a total load of about 240 kN some splits are noticed in studs 4-5. In 
the graph is seen that stud 4 takes less load. It seems like part of the load is transferred to stud 3 
since this stud takes more load when stud 3 remains behind. 

Fig. 10   PJC2. Left graph: load per stud to total load. Right graph: horizontal deflection in the 
middle of the studs to total load. 
At 400 kN the horizontal deflection of all studs increases some 2 mm without significant increasing 
of load. This looks like buckling however the increase of deflection stops shortly afterwards by 
failure of all studs. The maximum total load is 401 kN. 
The right graph of figure 10 shows that studs bend to the same side from the beginning. The 
maximum shortening of the panel is about 11 mm.  

2.2.4 Test series PJC3 
The small sandwich element next to stud 5 (left in figure 12) is unstuck early in the test at 50 kN. 
Failure is seen in stud 5 about 0,35 meter above the load cell (figure 13). However in the left graph 
of figure 11 there is no significant difference in taken load (except for stud 3 that takes a smaller 
amount until 150 kN, after that all lines run more or less parallel). 
The horizontal deflection of all studs is of small value with +/- 0,5 mm compared to 15 mm for 
PJC2. It seems strange that horizontal deflection of stud 5 remains stationary from about 100 kN 
while deflections of studs 1-2-3-4 remain stationary from about 220 kN. But since deflections are 
very small it is hard to draw conclusions. 
At the end of the test the sandwich element between studs 3-4 folds on one side as can be seen in 
figure 14. Shortly afterwards studs 1-4-5 collapse at 443 kN. So although this panel already failed 
at 50 kN, it also provides the maximum ultimate load. 
The maximum shortening of the panel is 6,5 mm. 

Fig. 11   PJC3. Left graph: load per stud to total load. Right graph: horizontal deflection in the 
middle of the studs to total load. 
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Fig. 12    PJC3.  The left small sandwich element 
already failed at 50 kN (and at the same time the left 
stud partly failed).   

Still this panel was able to withstand the largest load of 
443 kN. 

Fig. 13   PJC3.  Initial failure at 50 kN

Fig. 14    PJC3.  Folding of sandwich 
skin between studs 3-4 at final 
crashing (between two knots in studs). 

2.2.5 Test series PJC4 
Until a total load of about 275 kN there is no specific 
observation. In the graph (figure 16) is seen that lines of studs 
1-2-4 run parallel, so there is equal increase of load in these 
studs (although initial loading is different). The lines of studs 
3-5 also run parallel, but with a smaller increase of load than 
studs 1-2-4.  
At 275 kN an outer sandwich element is forced sideways and 
stud 1 fails. In the graph in figure 16 can be seen that stud 2 
takes the extra load. In the observations there is serious 
failure, with a sandwich element dropped to the ground, but 
the influence in the graph is moderate since stud 1 continues 
taking load with the same increase as before the small 
sandwich element dropped after a small fall in load of about 2 
kN at a load level of 275 kN. 
Loading continues until 348 kN when the sandwich panel 
between studs 1-2 came unstuck and the test was stopped. At 
this time studs 3-4 are still intact. 
In the graph with deflections at midspan is seen that all studs 
bent in the same direction. Studs 4-5 start noticeable bending 
at about 100 kN. Studs 1-2 hardly bend out-of-plane because 
the sandwich element allows bending in-plane of the wall. 
The shortening of the panel is 6,5 mm. 

Fig. 15    PJC4. Stud 1 (most 
right) is the first stud to fail as 
the outer sandwich element 
comes loose. Some time later 
stud 2 fails in the same way as 
the second sandwich element 
becomes unstuck. 
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Fig. 16   PJC4. Left graph: load per stud to total load. Right graph: horizontal deflection in the 
middle of the studs to total load. 
 

2.3 Discussion and Conclusions 
The paper describes an experimental test of wall panels under axial compression. The objective is to 
validate the hypothesis that it is possible to force very slender studs to buckle out-of-plane of the 
wall by placing two sheets of 3 mm chipboard glued to rigid insulation between studs (figure 5). 
Preliminary laboratory tests already substantiated the validity of a similar structural scheme with 
cross-section drawn in figure 1 [3], [4] and [5]. This cross-section with rectangular fir studs is 
changed to the cross-section with I-shaped studs, mainly to ease industrial assembling. A second 
reason for changing the cross-section is because preliminary test showed that the structural scheme 
strongly depends on accuracy of longitudinal saw-cuts compared to the thickness of EPS insulation 
[5]. An appurtenant benefit is that the required amount of fir for I-shaped studs is reduced with 20% 
regarding rectangular studs (and at least 35% compared to common timber frame building). 
The test failed regarding validation of the structural scheme, since none of the panels showed a 
clear out-of-plane buckling. It seems that panel PJC2 came rather close to buckling, but horizontal 
displacement at midspan is still moderate. All other panels showed local failure as a result of one or 
more sandwich elements that came unstuck, some already at the beginning of the test. The 
outermost sandwich element was dropped already at 11% (PJC3), 41% (PJC1) and 80% (PJC4) of 
the ultimate load. The only wall panel where sandwich elements held out during the test was PJC2. 
Here horizontal deflections showed some plastic behaviour. So this ultimate load (401 kN) might 
come close to the ultimate buckling load as all sandwich elements are well connected. 
The reason why most outer sandwich elements came unstuck is probably a too small edge for 
gluing the sandwich to the fir lath. This edge was only 7 mm. In further research the size of fir laths 
will be probably changed from 30 x 46 mm2 to 22 x 63 mm2 to get a proper edge of 16 mm. A test 
series with this size is planned. But at the same time there is a reconsideration of the cross-section 
going on, mainly to improve acoustical performances (an preceding acoustical test showed that 
sound proofing is acceptable but the researchers also gave suggestions for improvement) [8].   
Although essentially the test series failed in validating the desired structural scheme, the recorded 
ultimate loads of all panels is still quite impressive (323 kN for PJC1, 401 kN for PJC2, 443 kN for 
PJC3 and 348 kN for PJC4). The average load is 379 kN with a standard deviation of 46,5 kN 
(12,3%). Compared to the required load of 130 – 170 kN (60 kN – 80 kN/m’) and the prospect of 
substantial improvements by a better connection of sandwich and lath, this composition is expected 
to eventually lead to an extremely solid and light building system suitable for multi-story house-
buildings. 
When the ultimate axial load of individual I-shaped studs is considered the mean load at failure is 
71,8 kN with standard deviation 14,2 kN ( ~20%). This load is taken by a wall panel that consists of 
hardly 3% solid substance. So here an opportunity is given to develop wall panels that combine 
excellent structural as well as thermal performances. This particularly makes the researched concept 
suitable for future house building. 
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Summary 
Study of racking response of solid wooden wall elements was performed in order to obtain data for 
development of simplify model for analysis of seismic resistance of massive wooden buildings. The 
idea of proposed attempt is to simplify the approach starting from the elastic analysis of anchored 
single wall element exposed to different vertical loads and ending with 3D inelastic analysis of 
entire wooden building. Experimentally obtained data make possible the reliable assessment and 
design of prefabricated wooden houses exposed to different actions including earthquake and strong 
wind. Solid wooden wall panels (SPF glued lamellate panel of size 244/244 cm), produced by 
Slovenian company RIKO Hiše Ltd, were tested by monotonous and cyclic horizontal load in 
combination with constant vertical load. The influence of anchoring systems on shear stiffness and 
strength of wooden walls was studied. These experimentally obtained mechanical properties make 
possible the seismic design of prefabricated system according to EC8.  
Key words: wooden house, solid wall, anchorage system, racking test, SAP2000 model 

1. Introduction 
The new generations of lightweight prefabricated structures have recently become popular in the 
European market. The new trends in structural design bring multi-storey timber structures and 
business buildings in focus of investors. Special attention is paid to buildings located in earthquake 
prone areas of Central and South Europe. Therefore, the appropriate structural upgrade should be 
implemented in the existing structural systems to increase their seismic resistance. Slovenian 
companies are well established in the North European market where earthquake is not the major 
issue in structural design. The new European directives and standards (Construction Product 
Directive, Eurocodes) are demanding regarding the seismic resistance of structures constructed in 
Central Europe (Italy, Slovenia) and South Europe (Greece, Portugal, Turkey). Therefore, Slovenian 
industry of prefabricated timber structures should follow these demands if it wishes to respond to 
the needs of these particular segments of the European market. 
Currently a research project is going on at the Faculty of Civil and Geodetic Engineering at 
University in Ljubljana, financed by the Slovenian Ministry for Education, Science and Sport and 
company RIKO Hiše Ltd. In the scope of the project all joint connections, which influence the load 
bearing capacity of structural system exposed to different actions, will be tested. Within the first 
phase of research, solid wooden walls have been exposed to the monotonous and cyclic horizontal 
load in combination with constant vertical load. The influence of anchoring systems to racking 
behaviour of wooden walls has been studied. Tested type of solid wooden panels has relatively high 
stiffness and load-bearing capacity if appropriately tied together and anchored in the base. 
Experimentally obtained data make possible the reliable design of RIKO house exposed to different 
actions including earthquake and strong wind. Further development of numerical model of racking 
behavior of solid wooden walls will lead to the development of more accurate design procedure for 
earthquake resistant wooden buildings. The future model will be used for simulation and prediction 
of behaviour of structural elements and building structure as a whole when exposed to earthquake 
excitation. 
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Within the first year of the project the basic solid wooden panels were tested simultaneously with 
applied constant vertical and cyclic horizontal load. In addition, comparative tests applying the 
monotonous horizontal load according to SIST EN 594 were carried out. The influence of 
anchoring systems to shear stiffness and strength of wall panels was evaluated. The existing 
anchoring system of wall panels was modified following the observed behaviour of the tested 
specimens. The main data obtained from the test results are: initial stiffness, load carrying capacity, 
ductility, stiffness degradation at reversed cycles of loading, energy dissipation and failure 
mechanisms.  

2. Description of structural system 
The basic construction component of RIKO house is a 100mm thick solid wooden wall made from 
carefully selected conifer, which is laminated and glued. A modified form of the basic construction 
component can be applied to the whole building (roof, partition wall, floor). Laminated timber 
elements contain 1-K-PUR adhesive, which does not contain formaldehyde. Dry wood contains 
only 10% of moisture. A house is erected from prefabricated large wall elements (walls with 
insulation, facade, windows and doors), as can be seen from Figure 1.  

  
Figure 1. Assemblage of prefabricated large panels system (a) and corner detail of load-bearing 
construction with interior and exterior finishes (b). 

 
The interior walls are smooth and therefore additional coating with natural materials (natural oils, 
wax) can be easily applied. From the detail of building corner (Figure 1) it can be seen that the 
massive spruce wooden wall is located in the interior face of the external wall and is thus protected 
against extreme weather fluctuations (primarily moisture). The outer face of the wooden wall is 
protected by two layers of insulation panels. The first thermal insulation layer of optional thickness 
between 100-220mm and secondary protective layer of 25mm are attached (screwed) to the exterior 
side of the walls. The outer façade wainscot is usually made of larch wood in the form of ventilated 
façade. 
The external solid wooden walls are constructed in the form of single structural element that is 
anchored to the foundation by means of angle irons fixed to one side of the wooden panel by nails 
and on the other side to the building foundation by steel anchor bolt. The inner structural system of 
the building is constructed of the combination of solid wooden walls, single columns and wooden 
frames with both sides plaster board sheathings (Figure 2a). Most of the horizontal action is carried 
by external wooden walls. The load carrying capacity and the deformability of solid wooden 
structure is governed by tensile strength of wood perpendicular to the grain direction, and 
mechanical properties of fasteners connecting wooden panels and anchorage system. 
During the assembly, the wooden panels are placed on several plastic plates approximately 10mm 
thick in order to nivelate them. The lower edge of the wooden panel is protected against rising 
damp by hydro-insulation. The gap between the lower edge of the panel and the foundation is filled 
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by polyurethane foam after fixing of anchors. The entire horizontal force acting to panels is thus 
carried out only by dowel action of anchors (Figure 2b). Relatively significant horizontal 
displacements of panel relatively to foundation may develop during the horizontal action of an 
earthquake or even strong wind.  Therefore, the experimental project was launched in order to 
improve and optimize the existing anchorage system. 

 
Figure 2: The interior of the load-bearing structure (a) and corner detail of the anchorage system 
with damp insulation and leveling plastic plates placed along the lower edge of panel (b).  

 

3. Racking tests of massive wall panels 
The main goal of the tests was to obtain data on mechanical properties of different wall 
configurations fixed to the foundation with different anchorage systems. Following the concept of 
performance based earthquake engineering design, the deformation level of a structure exposed to 
different load actions should be defined through the combination of experimental and analytical 
research. Careful design of structural system based on permissible story drift magnitude should 
result in sufficient resistance of the building exposed to earthquake and strong wind action with 
occurrence of only limited damages of non-structural parts of the building and no damages of 
structural system.  
The first phase of research was aimed at the development of optimal configuration of panel 
anchorage. The tests started with anchorage that is currently used, followed by modified anchorage. 
The modification of anchorage improved its efficiency without significant change of its cost.     

3.1 Test set-up of cantilever panels 
The construction of set-up enables racking and shear testing of panels exposed to constant vertical 
load without influencing the movement and the rotation of the specimen free edge. The horizontal 
load is applied by gradual forcing of displacements along the free edge of the specimen. The set-up 
facilitates the testing of specimens in the form of cantilever panels turned upside-down and 
supported along the upper edge by a steel frame structure. The test set-up for combined constant 
vertical and displacement-controlled horizontal loading is composed of five major parts, marked in 
Figure 3 by numbers 1 to 5. The pair of lever beams (1) follows the vertical deformation of a 
specimen, while constant vertical load provided by counterbalance acts on the specimen. The 
horizontal displacement is applied along the lower horizontal edge of the specimen by a single 
displacement-controlled actuator (5) that moves the roller beam (3). The beam rolls along the 
supporting beam (2) that is hinged between the pair of leaver beams. The specimen is tested as 
cantilever panel turned upside-down and supported along the upper edge by the steel frame (4). 
During the testing, the lower edge of the panel is supported by hinged (2) and horizontally movable 
mechanism (3), which allows its free horizontal movement and rotation. The set-up is calibrated for 
vertical and horizontal load. The measuring of strains of the upper flanges of lever beams in cross 
section above the lever support enable the control of vertical load acting to the tested specimen. The 
horizontal action of hydraulic actuator is controlled by data acquisition and actuator control system 
Röell/Amsler. The capacity of the test set up is 500kN of constant vertical load provided by ballast 
and 250kN of horizontal load in displacement range of ± 200mm. 

leveling plastic plates 
under the walls 
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Figure 3: Test set-up for racking testing of shear cantilever panels turned upside-down and along 
the bottom edge supported by hinged and horizontally movable mechanism. 

 

3.2 Description of test specimens and testing procedures 
Altogether, three different anchor configurations were studied. Thus, fifteen tests were carried out  
applying three different loading protocols for horizontal load in combination with three different 
magnitudes of constant vertical load. The main characteristics of anchors composed of 
commercially available components are presented in Table 1 and shown in Figure 4. Anchors are 
fixed to wooden panel by nails and to concrete foundation by bolt. The first type of anchor listed in 
Table 1 is the type presently used in practice, the other two anchor types are studied to be 
eventually used in future.  

Table 1: Characteristics of tested anchors. 

Angle iron 
Type of 
anchor Type Dimension 

[mm] 

Annular nails 
φ4.0/60mm 

Type of Fischer 
anchor bolt  

Washer (steel plate) 
[mm] 

BMF 4 N/A 
BMF+plate 

6191 90/60/2.5/60 
4 

Würth W-VAD M12 240/72/2.5/60 6 
FBN 10/15+23 

60/60/10 

 

    
(a) (b) (c) (d) (e) 

Figure 4: BMF 6191 angle iron (a), BMF anchor in basic configuration (b), modified BMF anchor 
with steel washer (c), Würth anchor with original steel washer (d) and Fisher anchor bolt (e). 
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Two types of panel-to-foundation contacts were tested: the first one as built on site having gap 
along the lower edge of the wooden panel due to levelling with plastic plates as described above 
(Figure 2B), and the second one with direct contact of wooden panel and concrete foundation along 
the entire length of the panel. In the case of the second configuration the friction forces acting along 
the panel-to-concrete edge provide the addition to the dowel strength of anchors. The responses of 
the tested anchors are presented in Figures 8, 9 and 10. The overview of the tests and the main 
characteristics of test responses are presented in Table 2.      

Table 2: The overview of racking tests and main characteristics of the tested panels. 

Test Ultimate Limit State 

N
o. 

Name of 
specimen Date 

Type of 
load 

Type of 
anchor Load 

 [kN] 

Displacemen
t 

[mm] 

Failure mode 

1 MW1c_m_1 19.2.04 BMF 41 37 P1 
2 MW1c_m_2 20.2.04 

A-V1 
BMF+plate 31 15 P2 

3 MW1c_m_3 1.3.04 B-V1 BMF 35.5 50 P1 
4 MW1c_m_4 3.3.04 A-V1 BMF+plate 28 22 
5 MW1c_m_5 12.3.04 B-V1 37.5 18 
6 MW1c_m_6 15.3.04 B-V1 

Würth 
25 19 

P2 

7 MW2c_c_1 17.3.04 BMF 34 24 P1 
8 MW2c_c_2 22.3.04 BMF+plate 25 12 
9 MW2c_c_3 22.3.04 32 12 

P3 

10 MW2c_c_4 22.3.04 

C-V1 
Würth 

34 13 P2 
11 MW3c_m_1 25.3.04 A-V1 32 23 
12 MW3c_c_2 26.3.04 C-V1 

BMF with 
plastic plates 23 28 

13 MW3c_c_3 31.3.04 C-V2 24.5 24 
14 MW3c_c_4 1.4.04 

BMF 
20.5 24 

P4 

15 MW3c_c_5 1.4.04 
C-V3 

Würth 25.5 13 P2 

Type of test 
A Definition of ultimate limit state by monotonous test  
B Test according to EN 594 applying monotonous loading protocol 
C Definition of hysteresis curve applying cyclic  loading 

Intensity of constant vertical load 
 V1 = 38kN V2 = 24kN V3 = 15kN 

Failure mode of anchorage 
P1 Deformation of angle iron below the anchor washer (Figure 11a) 
P2 Longitudinal tensile failure of wooden panel (Figure 11b,c) 
P3 Tensile failure of anchor along the washer 
P4 Deformation of angle iron 
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Figure 5 shows one of the specimens during racking test together with the layout of instruments. 
The deformation of wooden panel was measured along the vertical edges and in both diagonal 
directions. Displacements were measured at both horizontal edges of the panel. The displacements 
measured above the supporting roller beam (Figure 3, element 3) were used to control the test 
running. Since the tested specimen was turned upside down, this control point is the actual building 
located at the upper edge of the wall panel. Therefore, in all diagrams and comments this point is 
named “top displacement”. In addition, the vertical panel-to-foundation dilatation was been 
measured, as well as strains of angle irons and forces in anchor bolts. Deformations were measured 
by HBM transducers, strains by strain-gauges, and forces in anchor bolts by high precision ring-
shaped dynamometers (Figure 4d and 11c). Acting forces were obtained from hydraulic control 
system. Protocols for horizontal load were defined according to EN 594 for monotonous and ATC-
24 for cyclic loading. It should be mentioned that EN 594 protocol is twofold. The first part of this 
protocol (test type A from Table 2) aims at the load bearing capacity of anchorage. The second part 
of the protocol defines the entire test of anchorage including intermediate deloadings and short term 
constant load actions (test type B from Table 2). 

  
Figure 5: Racking test in lab at UL FGG (a) with instrumentation of solid wooden wall panel (b). 

 

3.3 Influence of anchors on racking strength and stiffness of the wall 
The main disadvantage of the currently used anchorage system, where lower edge of wooden panel 
is laid on plastic plates (Figure 2b and 11b), is its insulation from beneficial influence of friction. 
Therefore, anchors carry the whole horizontal and racking load by combined dowel and tensile-
compressive effect. It results in significant deformation of angle irons. The anchorage will be 
upgraded by adding tooth-plate below the panel that will be designed to carry horizontal load. 
Angle irons will thus be loaded only by racking load and reduced deformation and displacing of the 
entire panel will be achieved. Similar behaviour was simulated during tests where wooden wall was 
laid on concrete beams and anchored with three different types of anchors (Table 1 and 2). The 
radical difference was observed in responses of frictionless (Figure 6) and friction exposed (Figure 
7) anchored wall. 
The main characteristic of the behaviour of basic anchorage system configuration with plastic plates 
was large deformability due to dowel behaviour of anchors, which results in deformation and 
yielding of angle irons. It leads to significant stiffness degradation that can be clearly seen from the 
shape of hysteretic curves (Figure 6). The large dissipation of energy is another clearly seen 
characteristic of the basic configuration. Although dissipation of energy is a desirable property of 
earthquake exposed structures, in our case it was associated with large deformations which should 
be limited according to serviceability requirements. Wooden panels tested without levelling plates, 
where significant part of the horizontal load was carried by friction, dissipated less energy, but 
stiffness degradation was negligible. Friction force can be roughly estimated from hysteretic 
responses where the stiffness changes visibly.   
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Figure 6: Monotonic and cyclic load- 
displacement response of shear wall having 
BMF anchors with levelling plastics plates and 
loaded with 38kN of vertical load. 

Figure 7: Monotonic and cyclic load-
displacement response of shear wall having 
BMF anchors with active friction and loaded 
with 38kN of vertical load. 

 
The response diagrams of monotonously loaded wall panels having different anchorages are 
compared in Figure 8. All compared specimens were loaded with constant vertical load of 38kN. 
The names of specimens explain the type of anchorage and the type of monotonous loading. BMF, 
BMF+p and Würth stand for the type of anchorage angle iron (see Table 1); “pp” marks the 
specimen with plastic levelling plates (frictionless specimen), “m” stands for testing with the single 
run monotonous loading, and “EN” for the monotonous loading with deloadings and stabilized load 
sections. 
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Figure 8: Comparison of response of differently anchored wooden panels exposed to monotonous 
loading.  

 
Building codes usually limit the story drift of wooden buildings. Therefore in Figure 8 the criteria 
of 1/150 and 1/200 story height limits are marked to compare the behaviour of the tested anchorage. 
The story height of the tested panels is 2.44m. Thinner lines of the diagrams present the response of 
specimens to load protocol defined by European standard EN 594. Thicker lines show the responses 
of  specimens to single run monotonous loading that precede the loading according to protocol EN 
594 and give information about load carrying capacity of specimen. Load carrying capacity and 
stiffness of specimens loaded by EN 594 protocol was significantly lower in comparison to the one 
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achieved by single run monotonous loading. Load reversals and stabilisations exposed the anchors 
to low cycle fatigue and caused their weakening. The currently used anchorage of RIKO houses is 
flexible and fails by yielding of angle iron (Figure 11a). The wooden wall has lower stiffness at the 
observed story drifts than other tested types of specimens. Bilinearity of the diagrams is caused by 
constant vertical load acting on wooden walls. Therefore, less vertically loaded walls exhibit lower 
load bearing capacity. Modification of BMF anchorage by washer plate increased the stiffness and 
strength of anchorage. Washer plate prevented deformation of angle iron and anchorage failure 
occurred by tensile splitting of wooden panel just above the nailed edge of the angle iron (Figure 
11c). Similar behaviour was observed in the case of anchorage by Würth angle iron (Figure 11d). 
Higher strength capacity of modified BMF and Würth anchorage can be achieved by local 
strengthening of wooden panel.  
The testing of panels with monotonous loading was followed by the testing with cyclic loading 
according to the ATC-24 protocol. To obtain information about strength degradation and stiffness 
deterioration, the loadings at the selected deformation levels were repeated three times. In Figure 9 
hysteretic curves of four differently anchored specimens loaded with the constant vertical load of 
the same intensity (V1 = 38kN) are compared by skeleton curves. In Figure 10 specimens with the 
same anchorage system (basic BMF anchors) at three different levels of constant vertical load (V1 = 
38kN, V2 = 24kN and V3 = 15kN) are compared.  Presented envelopes were calculated as average 
envelopes of positive and negative branch of skeleton curves obtained by testing. The highest (V1) 
and the lowest (V3) level of vertical load were obtained by structural analysis of five typical layouts 
of two-story RIKO houses.  
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Figure 9: Comparison of hysteretic envelopes 
of differently anchored wooden panels loaded 
with constant vertical load of equal intensity 
(38kN). 

Figure 10: Comparison of hysteretic envelopes 
of differently anchored wooden panels loaded 
with constant vertical load of different 
intensities. 

 
The influence of vertical load intensity is clearly seen from Figure 10, where vertical load directly 
influenced the load bearing capacity and stiffness of the basic anchorage BMF. The advantage of 
the modification by adding washer plate is lower sensitivity to the influence of vertical load 
intensity and thus more even response of differently loaded wall in actual building during an 
earthquake or strong wind action. In addition, the anchors with washer plate exhibit higher strength 
and stiffness in comparison to the basic BMF anchor. 
According to the first analysis of the tested anchorage systems, their influence on the response of 
the entire structure of the observed type of wooden house is of major importance. Due to 
assembling technology levelling of panels with plastic plates and insulation of lower edges of 
panels can not be omitted. That leads to the next step of the modification of anchors with 
introducing tooth plates that are designed on shear to carry horizontal load. Anchors will be 
designed on tension-compression to carry racking load. The next step of research will be oriented 
towards the optimisation of anchorage system introducing horizontal sliding prevention elements. 
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(a) (b) (c) (d) 

Figure 11: Anchors at attained ultimate limit state: deformed basic BMF angle iron anchoring the 
wooden panel without levelling plastic plates (a) and with levelling plastic plates (b), tensile 
splitting of wooden panel above the upper edge of the nailed part of BMF angle iron with washer 
plate (c) and tensile splitting of wooden panel above the upper edge of the nailed part of Würth 
angle iron with washer plate (d). 
 

4. Numerical analysis 
An attempt to prediction of racking behaviour using one of commercially available software is 
carried out. The SAP2000 was chosen as one of widely popular program. The idea of proposed 
attempt is to simplify the approach starting from the elastic analysis of anchored single wall 
element exposed to different vertical loads and ending with 3D inelastic analysis of entire wooden 
building. 
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Figure 12: Calculated force-displacement 
response of solid wooden panel by SAP2000. 

Figure 13: Comparison of calculated and 
experimentally obtained horizontal loads acting 
on panels at displacement equal to h/200. 

 
Experimental results of racking tests as presented in upper part of paper are the source for 
calibration of numerical model of single wall element. Calibration is needed to obtain the reliable 
input data for simulation of anchor response and deformability of entire panel. Beside it, 
experimental results enable also verification of material properties of glued wood panels. The 
model is consisted from orthotropic membrane elements and the longitudinal sprigs which simulate 
anchors. The elastic behaviour of anchors was assumed, what will be changed to inelastic in the 
future development of model.  
The results of analysis are presented in form of horizontal force-displacement diagrams (Figure 12) 
where the influence of vertical load on behaviour of panel is studied. In Figure 13 calculated and 
experimentally obtained horizontal loads acting on panels at displacement equal to h/200 (h stands 
for panel height) are compared for two different anchorage systems at different intensity of vertical 
load. Comparing the experimentally obtained responses (Figure 10) and calculated ones (Figure 12, 
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13) relatively good correlation in influence of vertical load intensity can be observed.  

5. Conclusion 
The tested wooden panels have relatively high stiffness and load-bearing capacity. Therefore, the 
critical elements that govern the wooden cantilever response to earthquake excitations are anchors 
connecting panels with building foundation. The test results provided the basic data on stiffness and 
strength of the tested anchor systems that influence the entire racking response of solid wooden 
cantilever panels. 
Test results give insight in the possibilities of low cost improvement of wooden wall anchorage 
systems. By simple modification of anchorage a significant stiffness increase can be achieved, 
while load bearing capacity is limited by material properties of anchorage components and by local 
strength of wood panel. The modified anchors have beneficial influence on the response of wooden 
houses to strong earthquakes meeting the serviceability criteria. The failures of anchorages exposed 
to large deformations are repairable without involving high costs or labour efforts what makes post 
earthquake interventions less demanding.  
The main conclusions derived from herein presented experimental research are that the racking 
behaviour of cantilever massive wood walls is very sensitive to the magnitude of vertical load and 
the type of anchorage system. The test results show that moderate additional investment in slight 
variation of anchorage system can significantly upgrade the racking resistance of the wall, 
especially at lower magnitude of the vertical load. By using unsuitable anchoring, the magnitude of 
vertical load has a beneficial influence on racking strength of the wall. 
The first attempt to creation of simplified mathematical model demonstrates the feasibility of 
strategy for development of approach for 3D inelastic analysis of entire wooden building starting 
from the elastic analysis of anchored single wall element exposed to different vertical loads.  
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Summary 
Oriented strand board (OSB) currently available have two major disadvantages: 1) high deflection 
under long-term loading, 2) incorrect orientation of strands in the direction of load application. The 
Building Research Establishment (BRE) is engaged on an extensive programme of research aimed 
at better understanding and producing OSB products and components with enhanced performance. 
Two approaches have been studied: 1) experimentally determine and theoretically quantify the 
effect of loading directions and stress modes on the performance of OSB, 2) to reinforce OSB, and 
design and predict the flexural property of the reinforced OSB composites. The results showed that 
the performance of OSB was closely related to the loading directions and stress modes. The 
strength and stiffness consistently decreased with increasing angles between the applied load and 
orientation of wood strands, with strength at 90° being about 2/3 that at 0°, showing an important 
role of surface wood strands. The effect of loading angles on edgewise bending performance was 
relatively less significant, and with modulus of elasticity (MOE) being similar between 30° and 60° 
or between 0° and 90° loading angles. Shear loading at 45° resulted in higher strength compared to 
other loading angles. In conjunction with the orientated elasticity and stress algorithms, the 
formulae for theoretically predicting strength and stiffness of OSB under various stress modes and 
loading angles were derived, and the comparison demonstrated an agreement of the theoretical 
calculation with experimentally tested data. 
Plant fiber was applied to reinforce OSB. The success implied that the flexural properties of OSB 
can significantly be improved, and the reinforced OSB can be treated as sandwich composites and 
its properties can be well designed and predicted by the law of mixtures. 

1. Introduction 
Oriented strand board (OSB) is a major wood-based panel product that is used increasingly for 
structural or semi structural applications in construction because of reliance on smaller sized logs 
and because quality is decreasing in the wood resource base. Products continue to take a larger 
share of the wood component market from timber because their manufacturing processes have less 
restrictive stipulations on wood furnish size and quality. However, the products currently available 
have two major disadvantages: 1) high deflection under long-term loading, 2) incorrect orientation 
of strands in the direction of load application. The Building Research Establishment (BRE) is 
engaged on an extensive programme of research aimed at producing OSB products and components 
with improved structural performance, and this paper presents some of the main findings of the 
project. 
Constituents and structures vary considerably among various types of wood based panels. The 
purpose of the deviation of constituents is to construct a new material that will retain the advantages 
of its constituents but not their disadvantages, and such to tailor the material to the exact needs of 
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the structure under design. Traditionally, OSB is constructed with the grain of wood strands along 
the length of panel products to improve its longitudinal mechanical and physical properties. 
However, like other materials, OSB is subjected to various stress modes in their wide field of uses. 
Due to anisotropic OSB, a corrective orientation of strands to the stress applied is crucial because 
of a great difference of strength between longitudinal and lateral OSB panels.  
Moreover, enhancing OSB through an alignment of strands is limited. Long term performance test 
has showed that OSB is still far from the requirement as structural materials in construction [1-2].  
A further improvement will be required.   
This study has been carried out to examine the performance of OSB under different stress modes, 
which encounter in the structural designs, to evaluate the correlation between the loading direction 
and the grain of wood strands. The stress modes applied include: 

• Edgewise bending load  
• Flat bending load 
• Planar shear load  
• Panel shear load 

The study has also developed a reinforcement process to give a means of improving the flexural 
properties of existing OSB products. 

2. Theory 

2.1 OSB under Different Stress Modes 

2.1.1 Calculation of Strength and Modulus of Elasticity from Bending Test 
OSBs in service are commonly subjected to flexural loading, bending test along the 
fibre/longitudinal direction of the panels are considered highly desirable in the characterization 
procedure. More specifically, the four point bending test is commonly selected as means of 
mechanical evaluation because that portion of the test piece which the load span is subjected to 
PURE BENDING (Figure 1). Under four point bending, there are three possible failure mechanisms 
(flexural tensile, flexural compressive and shear) operating at different locations of the test piece at 
the same time. The failure mode of a bending test piece depends on which strength will exceed first. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 OSB under 4-point flat and edgewise 
bending load 

 

 
A maximum flexural stress occurred at the outmost surface in the load span. That is, 
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Where F = maximum failure load, L2 = distance between loading head and support, b = width of 
test piece and h = depth of test piece. 
A peak shear stress occurred at the mid-thickness in the outward span close to the two loading 
heads. That is, 

bh
F

4
3

max =τ                 (2) 

Combining equation (1) and (2) yields: 
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2

max
4

τσ
h
L

=                 (3) 

For both edgewise and flat bending tests in this study, 4L2>>h. Therefore, the flexural stress 
dominates the deformation and failure of test pieces. It should be noted that for edgewise bending, b 
is the thickness of board and h is the width of test pieces. 
Modulus of elasticity under bending loading can be expressed as: 

3
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3

ubh
LFLE

∆
∆

=                 (4) 

Where ∆F=the increment of load approximately from 10% to 40% of the maximum load, ∆u=the 
increment of deflection corresponding to ∆F. 

2.1.2 Calculation of Strength and Modulus of Rigidity from Shear Load Test 
There are two distinct shear properties for wood based panels for structural uses: interlaminar shear 
(called planar shear) and shear through-the thickness (called panel shear) (Figure 2). The shear due 
to the force applied along the plane of the panel is called the planar shear. The shear properties 
associated with the force applied along the edge of the panel is called panel shear.  
 
 
 
 
 
 
 
 
 

                                                     
 
                                                        Figure 2 OSB under panel 
                                                        shear load (left) and planar 
                                                        shear load (right)      

 
The shear strength can be expressed as: 

lb
Ff =                  (5) 

Where l=the length of test piece, b=the thickness (panel shear) or width (planar shear) of test piece. 
The shear modulus of rigidity can be expressed as: 

ulb
FtG

∆
∆

=                  (6) 

where t=gauge length (panel shear) or thickness (planar shear) of test piece. 

t

   L=600

b1=150 b=450

 

      b = 1 0 0

    L = 2 2 5

t

COST E29 Symposium - Florence - 27-29 October 2004

213 of 312



 
 

 

 4

2.1.3 Calculation Based on Orthotropic Properties of Wood Strands and Structure of OSB  
Wood is an orthotropic material, the behaviour of OSB directly relies on the alignment of wood 
strands and structure of OSB. The ultimate strength related to the different angles can be calculated 
by using Hankinson’s formula: 
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l
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=          (7) 

Therefore, for OSB the strength at loading angle α can be calculated as: 
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where σl=the ultimate strength or stiffness parallel to grain. σrt= the ultimate strength or stiffness 
perpendicular to grain. φ1, φ2, … φm =grain angle. v1, v2, … vm= the volume of strands at 
corresponding grain angle φ. v=total volume of wood strands. 
E can be calculated by transferring the stress or strain from the rotated to the principal axes [3]. 
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Therefore, for OSB the modulus of elasticity at loading angle α can be calculated as: 
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where El=longitudinal modulus of elasticity of strands. Ert=Mean transverse modulus of elasticity 
of wood strands. Glrt=mean transverse shear modulus of wood strands. vlrt=mean transverse 
Poisson’s ratio of wood strands.  
It should be noted that the attention in this paper is restricted to the effect of strand angles on the 
performance of CBPB under various loading angles. The contribution of glue is not taken into 
account. 

2.2 Plant Fibre Reinforced OSB 
Plant fibre reinforced OSB can be regarded as a sandwich composite. An ideal structural sandwich 
material consists of thick sheet of lightweight material with a thin sheet of much stiffer, stronger 
materials attached to each face. The skin resists in-plane forces and bending moments, whilst the 
core resists transverse shear forces in the panel. Consider the symmetric three-ply, and using a 
similar ‘the rule of mixtures’ argument, then, 

)2( sscc hhblbhl ρρρ +=          (11) 
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Therefore, the density of reinforced OSB can be calculated as: 
)1( vvh sc −+= ρρ           (12) 

The strength of the reinforced OSB can be calculated as: 
)1( vv sc −+= σσσ           (13) 

The modulus of the reinforced OSB can be calculated as: 
)1( vEvEE sc −+=           (14) 

where l=the length of composite. b=the width of composite. h=the thickness of composite. hc=the 
thickness of core OSB. hs=the thickness of surface material. σ=the strength. E=the modulus. c and 
s=core and surface respectively. v=hc/h. 

3. Experimental Results and Numerical Tests 

3.1 OSB under Different Stress Modes 

3.1.1 Properties of Wood Strand  
The properties of wood strands were taken from previous data [4-6], Table 1. 
Table 1 Property of wood strands used in OSB 
Property At MC of 12% 

(N/mm2) 
Property At MC of 12% 

(N/mm2) 
σl (tensile) 78 σrt (shear) 30.5 
σrt (tensile) 2.1 El 8100 
σl (compression) 3.3 Ert 700 
σrt (compression) 3.0 vlrt 0.025 
σl (shear) 8.7 Glrt 735 
Note: MC=Moisture content. 

3.1.2 OSB and Loading Directions  
Three layer commercial OSB (oriented strand board) was used for this study. The grain of surface 
strands is 90° cross the grain of core layer strands. The percentage of strands for three layers is 
25%, 50% and 25% respectively for top surface, core and bottom surface layers. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Table 2 Dimension and loading angles 
between grain and stress 
4-point 
flat bend 

4-point 
edgewise 

Panel 
shear 

Planar 
shear 

Dimension (Length x width) (mm) 
1200x300 1200x200 600x700 225x100 

Loading angle 
0° 0° 45° 0° 
30° 30° 75° 30° 

- 45° 90° 45° 
60° 60° 105° 60° 
90° 90° 135° 90° 

 

Two board thicknesses were tested. 
They are 9 mm and 24 mm. The 
OSB was sampled to produce 
various angles between the loading 
direction and the grain of surface 
strands. Various stress modes were 
applied to each type of test pieces. 
An example of test pieces for 
planar shear test is given in Figure 
3, and dimensions and loading 
angles are given in Table 2. In 
Table, 0˚ = stress perpendicular to 
the grain of surface strand, and 90˚ 
= stress parallel to the grain of 
surface strand. 
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3.1.3 Four Point Flat Bending Load  
It is well known that under bending load, the test pieces were subjected to a tension stress below 
neutral centre layer whilst a compression stress above neutral centre layer. The stress gradually 
increases from neutral to the outmost layer of the test pieces. This should be taken into account for 
theoretical calculation. 
The experimentally tested and theoretically calculated values for 4 point flat bending load are given 
in Figures 4 and 5. 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4 Experimentally tested and theoretically calculated strength for 4-point flat bending load 
(left=9mm panel, right=24 mm panel) 
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10 test pieces for each type of tests were 
prepared.  All tests were performed under 
20°C/65% relative humidity. Deflection was 
sensed by a transducer and signals were fed 
through a data logger. In addition to the 
signal for deflection, the measurements of 
temperature and relative humidity were also 
taken. 
 
 
 
 
 
Figure 3 Angled test pieces (top-bottom: 
α=90°, 60°, 45°, 30°, 0°) (planar shear) 
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Figure 5 Experimentally tested and calculated 
stiffness for 4-point flat bending load 

It can be seen that both the flat bending 
strength and stiffness of OSB, whether 9 
mm or 24 mm, decrease with increasing the 
angle between loading stress and grain of 
surface strands. Taking 0° and 90° loading 
angles as examples, both loadings have the 
same volume of wood strands and their 
correlation with loading angles. However, 
the strength under 90° loading angle is only 
about 2/3 that under 0° loading angle. This 
indicates that the property of surface layer 
has a significant influence on the overall 
performance of the OSB tested, and this 
seems to be in agreement with the 
mechanical theory that under bending load, 
the bending stress is proportional to the 
distance from the neutral plane. Both 
maximum tension and compression stresses 
occur near the surface of OSB. The core  

layer has little or less effect on the bending strength of OSB under four point bending load. 
A comparison of the experimentally tested with theoretically calculated values shows that when the 
stress is applied perpendicular to the grain of surface layer strands, the calculated values are the 
same as the tested values for 9 mm board and similar for 24 mm board. When the stresses are 
applied with an angle rather than 90°, the test values are much higher than the calculated values, 
this means that the role of core layer increases with the angle increases, while the role of surface 
layer strand decreases with the angle increases. The difference between the experimentally tested 
and theoretically calculated may also be attributed to the contribution of the resin for bonding 
strands. 
There is a similar trend of changes for the modulus of elasticity under four point bending load 
except the calculated values at 90° loading angle.  

3.1.4 Four Point Edgewise Bending Load  
Edgewise bending property of OSB is an important parameter for OSB used as web materials, such 
as I-Beam structure. The experimentally tested and theoretically calculated values for 4 point 
edgewise bending load are given in Figures 6. 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6 Experimentally tested and theoretically calculated strength (left) and modulus of elasticity 
(right) of OSB under four point edgewise bending load 
The experimentally tested results show that unlike four point flat bending, the effect of loading 
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angles is less significant under four point edgewise bending. Similar MOE between 30° and 60° 
loading angles or between 0° and 90° loading angle shows an agreement with the fact that there are 
the same percentages of strands under the same stressing conditions between 30° and 60°, and 
between 0° and 90°.  
A comparison of the experimentally tested and theoretically calculated values again indicates a 
contribution of the resin to the whole performance of OSB under edgewise bending. It is again 
apparent that the theoretical calculation is able to predict the strength under both 0° and 90° loading 
angles. The less accurate prediction for other loading angles indicates that the resin bonding may 
have played a significant role. 
A significant difference of MOE was observed between 9 mm and 24 mm thickness of panels, and 
the theoretically calculated MOE locates between those of 9 mm panels and 24 mm panels. The 
reason for these is still unknown although a much denser structure was observed for the 9 mm 
panels compared to 24 mm panels. 

3.1.5 Panel and Planar Shear Load  
Panel shear again is an important criterion for OSB as a construction material. The experimentally 
tested and theoretically calculated results are given in Figure 7. The experimentally tested results 
for planar shear are given in Figure 8. It should be noted that a theoretical calculation has not been 
carried out for planar shear in considering that failures under planar shear loading are always in the 
glue lines between wood strands.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 Experimentally tested and theoretically 
calculated strength under panel shear load 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 Experimentally tested strength under 
planar shear load 

 
For the 9 mm board, planar shear strength decreases with angle increases. This means that under 
planar shear loading, the stress should be applied perpendicular to the grain of the surface strands. 
However, it should be noted that for the thin OSB, the failure always occurs on the surface layer 
due to the high density of core layer. For 24 mm board, the maximum planar shear strength is 
obtained by stressed at 60°, and planar shear strength is lowest for the panel stressed at 0°. 
Under panel shear load, the stress applied at 45° results in maximum failure load for both 9 mm and 
24 mm boards. This is in agreement with the mechanical theory, the maximum shear stresses occur 
diagonally. This again indicates that conventional I-Beam component may not be the best 
construction if shear stress is of dominance. 
A comparison of the theoretically calculated with experimentally tested results shows that the 
theoretically calculated strengths are higher than those of the experimentally tested, indicating that 
the existing OSB may not be the optimum OSB in terms of panel shear performance. 

3.2 Reinforced OSB Composites 

3.2.1 Skin and Core Property 
In this study, plant and polyester resin were mixed and laid on both surfaces of OSB during 
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formatting process of manufacturing OSB. In order to use the sandwich materials design formulae 
presented above, both fibre reinforced polyester thin composites and OSB were also produced and 
tested. The materials property data on both reinforced materials and core OSB are given in Table 3.  
Table 3 Mechanical property of reinforced material and core OSB 

Property Plant fibre polyester OSB⁄⁄ OSB⊥ 
MOR (N/mm2) 65.36 31.62 20.84 
MOE (N/mm2) 4245 3300 2130 

IB (N/mm2) - 1.23 1.23 
Density (kg/m3) 1230 709 709 

 

3.2.2 Application of the Law of Mixtures for Density of Reinforced OSB 
To evaluate density of the reinforced OSB, the law of mixtures (Equation 12) was used. The 
theoretically predicted and experimentally determined valued are compared and given in Table 4. 
As may be seen, the density of reinforced OSB was correctly predicted. 
 
Table 4 Experimentally measured and calculated property  

 Density 
(kg/m3) 

MOR (MPa) MOE (GPa) IB (MPa) 

Measured (//) 45.50 
(11.82) 

3.52 
(3.22) 

Measured (⊥) 

798 

30.20 
(3.46) 

2.89 
(5.45) 

1.23 
(6.45) 

Calculated (//) 37.18 3.45 
Calculated (⊥) 

796 
27.50 2.48 

- 

Note: 
// = parallel to the grain of the surface strands of OSB 
⊥ = perpendicular to the grain of the surface strands of OSB 
Value in (   ) = coefficient of variance in %. 

3.2.3 Measured and Calculated MOR and MOE 
Equations 13 and 14 were used to calculate both MOR and MOE. Both the theoretically predicted 
and experimentally tested results are given in Table 4. The values in Table from experiments are the 
mean of 30 test pieces for each type property. 
It can be seen that surface reinforcements resulted in significant improvement in strength of OSB. 
The results indicate that compared with the control OSB, plant fibre reinforced OSB along the grain 
of surface strands was about 30% stronger and stiffer with one layer of reinforcement.  
A comparison of the calculation with experimental results shows that the tested values are higher 
than those calculated. This again indicates the effect of surface materials on the flexural property of 
the reinforced OSB under bending load. More comprehensive modelling is underway to take into 
account these factors. 
This study not only indicates that the property of the existing OSB can be significantly improved, 
but also the improvement can be designed and predicted. 
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4 Conclusions  
• It has been evaluated experimentally and theoretically in this paper how the performance of 

OSB can be affected by loading directions and stress modes. The experimentally tested results 
are supported and compared by theoretical calculation taking into account the property of the 
constituents and structure of OSB. The study has provided important information for 
developing high performance OSB and correct uses of OSB. 

• The test results indicated that the OSB tested was only the best for application under flat 
bending load. Shear load applied at 45° resulted in a higher strength compared to those under 
other loading angles. 

• The flexural properties predicted theoretically were lower than those determined 
experimentally, reflecting a resin effect of OSB, especially at loading angles rather than 90°.  

• By contrast, shear strength tested experimentally was much lower than that calculated 
theoretically, indicating high potential for the optimisation of composition and orientation of 
wood strands for various applications of OSB. 

• The flexural properties of OSB has efficiently enhanced by a means of reinforcing processes. 
The reinforced OSB can be treated as sandwich composites and its properties can be well 
designed and predicted.  
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Summary 
During recent years the use of wood as a building material has become popular, especially for 
dwellings. One of the preconditions for its use is an adequate fire safety. The certitude to be safe 
from the danger of fire is an important contribution to feeling comfortable and an important 
criterion for the choice of material for one’s house or apartment. Technical measures especially 
sprinkler and smoke detection systems, well equipped fire brigades and a better knowledge in the 
area of structural fire design of timber structures allow using timber in a wider field of application. 
Following some basic fire safety concepts and the behaviour of different building materials and 
structural concepts with regard to fire safety are presented and compared. 

 

Keywords 
Fire Safety concepts, fire safety objective, statistics, combustible construction, timber-concrete 
composite slabs 

 

1. Influence of choice of building material on the fire safety of buildings 
The choice of building materials influences structural fire safety markedly. The mechanical and 
thermal properties of building materials change at elevated temperatures. This change of material 
properties has an important influence on the load bearing and deformation behaviour in case of fire. 
Combustible building materials like wood increase due to their combustibility, the heath release rate 
and the development of smoke in case of fire. Below the fire behaviour of the most important 
building materials like wood, concrete, masonry, aluminium and steel are presented in a general 
way. 

 
1.1 Strength and stiffness of building materials at elevated temperatures 

Strength and stiffness properties of building materials decrease at elevated temperatures. Due to 
their good thermal insulation properties timber, concrete and masonry are only influenced locally at 
section areas close to the surface, while the inner parts of the cross-section still have good 
mechanical properties. Wood surfaces change into charcoal at a temperature of around 300°C thus 
loosing section area. For conditions similar to the ISO fire the reduction of the section area can be 
described by the burning rate. The burning rate for soft wood is constant with a value of around 0.7 
mm/min. 

 
1.3 Some special aspects related to building material 

1.3.1 Wood 

Wood burns at its surface, releases energy and thus contributes to fire propagation. Wood has good 
insulation properties and small thermal elongations. 
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1.3.2 Concrete 

Concrete may spall close to its surface. Spalling reduces the effective cross-section and exposes the 
reinforcement. The extend of spalling depends on many parameters such as the moisture content, 
the density, the type of gravel, the mechanical stresses etc. Adding polypropylene fibres (PP) has a 
positive effect as the melting of the fibres reduces the vapour pressure produced by the heating of 
the moisture. 

The penetration of chlorine gases during a fire can lead to post fire corrosion of the reinforcement. 
High temperature gradients in concrete elements may lead to deformation, cracks and shear failure. 

 

1.3.3 Steel 

Steel heats up quickly due to its high thermal conductivity and therefore looses strengths across the 
whole section area. After the fire the original strength is mostly regained (exception: high strength 
and cold formed steel). 

 

1.3.4 Masonry 

Masonry walls have a beneficial fire behaviour. During the fire the thermal gradient may lead to a 
deformation towards or away from the fire, which can than lead to buckling of the wall. Most 
important parameters for the fire resistance of masonry walls are the depths of the wall, the type of 
the bricks and the type of the mortar. Plastering of the walls has a beneficial effect. 

 

2. Fire safety objectives and fire safety concepts 
The knowledge of the basic behaviour of building materials described above is an important 
precondition for a successful design of performance based fire safety concepts. Fire safety has to be 
regarded as a basic requirement for a structure equal to static resistance. The most efficient way to 
control fire action is to establish a comprehensive fire safety concept with adequate measures to 
fulfil the fire safety objectives. Depending on the type of structure additional technical or 
organisational measures are needed besides the traditional structural fire safety measures. The most 
important fire safety concepts are described and discussed below. 

 

2.1 Fire safety objectives 

Starting point of any efficient fire safety concept are the fire safety objectives. 

- Life safety (occupants and fire brigade) 
- safety of neighbors and their goods 
- limitation of financial loss (building and content) 
- protection of the environment in case of fire.  

These objectives can be reached with different fire safety concepts taking into account the type of 
structures. 

 

2.2 Fire safety concepts 

Fire safety concepts consist of comprehensive structural technical and organisational measures to 
fulfil the predefined fire safety objectives. The most efficient fire safety concept is assessed by 
comparing different options. Criterions are the total cost of the fire safety measures and further 
aspects like flexibility, limitation of use, architecture etc. Depending on the main focus of the 
measures the following general concepts are distinguished. 
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2.2.1 Structural concept 

Fire resistant floors and walls limit the fire spread to other parts of the building. In the fire 
compartment a total loss of the content and damages to the building are accepted. The structural 
concept is favourable for buildings with small rooms (cell type construction). For buildings made 
out of concrete and brick no or little additional cost results. For steel and timber cost for a structural 
concept can be important. Further small rooms may limit the use and the flexibility especially for 
occupancies like shopping centres and industries.  

 
2.2.2 Surveillance concept 

An automatic fire detection system locates the fire and alarms a nearby well equipped fire brigade. 
The fire resistance of the structure can be reduced in many cases. Sometimes even unprotected steel 
or timber is possible. Maintenance and replacement costs of fire detection systems maybe high. The 
concept is well suited for small fire loads and slow fire development. 

 

2.2.3 Extinguishing concept 

A sprinkler system extinguishes fires already in an early stage or keeps them low until the fire 
brigade arrives. Fire resistance of the structure or the compartment walls is usually not necessary. 
Yearly checks are important to reach a high availability of the system. Sprinkler systems are 
suitable also for fast developing fires. 

 

3. Execution and maintenance 
During the execution of the building it is important that the fire safety measures are professionally 
implemented. Important for the availability and the reliability of the measures are periodic controls 
and maintenance of all fire safety measures and systems (seals, sprinklers, smoke detectors, doors, 
windows etc.). If necessary maintenance and service contracts have to be made. Depending of the 
type of structures, the type and importance of the building, the intensity of maintenance and 
controls must be set. 

 

4. Statistical data 
To assess the influence of different measures and different types of construction (combustible/non 
combustible) on fire safety we have collected and analysed statistical data from the fire authorities 
Cantons of Berne and Zurich [1, 3]. 

 

4.1 Database 

For the time period of 1986 – 1995 about 40’000 fires in the Canton of Berne were statistically 
analysed with special regard to the type of building, the age of the building, the type of occupancy 
and their influence on fatalities and financial damage in case of fire. Especially the behaviour of 
modern state of the art timber structures in comparison to traditional buildings was analyzed. 
Therefore buildings built between 1990 and 1999 were analysed in a special study.  

The collected data showed that the type of structure and structural measures have little influence on 
fire fatalities. This was shown by a detailed analysis of fire fatalities in the years 1990 to 1999 in the 
Canton of Zurich. The Cantons of Berne and Zurich and their public building insurance companies 
GVB and GVZ have detailed statistical data which was used for the analysis. 
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4.2 Basic data on buildings and fires in the Canton of Berne 

GVB insures all buildings in the Canton of Berne. It is mandatory to insure with GVB, that means, 
that all buildings in the Canton of Berne are included in their data. On 31st December 1996, 
341’616 buildings representing a value of 224 Mia CHF were insured (Table 1). Dwellings 
represent with 59% the major part of the value insured. 74% of the buildings had non combustible 
structures and 26% had combustible structure. (The Canton of Berne defines combustible 
construction if at least 20% of all structural material is combustible.) 

 
Table 1 Value and numbers of buildings in the Canton of Berne on 31st December 1996 

 Public 
buildings 

Dwellings Agricultural 
buildings 

Industrial 
buildings 

All use  

28'780'426'300 97'991'109'300 1'316'844'500 27'603'544'600 155'691'924'700 non combustible 
2'791'754'200 34'786'330'200 25'146'266'600 5'532'074'700 68'256'425'700 combustible 

Value 
insured 
[CHF] 31'572'180'500 132'777'439'500 26'463'111'100 33'135'619'300 223'948'350'400 all 

10'857 137'327 5'499 11'903 165'586 non combustible 
4'968 80'578 83'439 7'045 176'030 combustible 

Number 
of 

buildings 
[-] 

15'825 217'905 88'938 18'948 341'616 all 

2.65 0.71 0.24 2.32 0.94 non combustible 
0.56 0.43 0.30 0.79 0.39 combustible 

Value per 
building 

[106 
CHF] 

2.00 0.61 0.30 1.75 0.66 all 

17.26 60.49 0.44 13.82 92.01 non combustible 
1.67 21.47 8.38 2.77 34.30 combustible 

Floor area 
[106 m2] 

18.93 81.96 8.82 16.59 126.30 all 
 
Table 2 gives a overview on the number of fires in the Canton of Berne for the time period of 1986 
to 1995 for different occupancies and type of construction. 41’064 Fires were reported to the public 
building insurance company during this period. A major part of namely 26’404 fires happened in 
dwellings. 16’817 fires occurred in non combustible and 9’587 fires in combustible dwellings. 

 

Table 2 Number of fires in the Canton of Berne in the time period 1986 to 1995 

 Public 
buildings 

Dwellings Agricultural 
buildings 

Industrial 
buildings 

All use  

1'314 16'817 382 1'771 20'284 non combustible 
358 9'587 9'945 890 20'780 combustible 

Number 
of fires 

[-] 1'672 26'404 10'327 2'661 41'064 all 
12.10 12.25 6.95 14.88 12.25 non combustible 

7.21 11.90 11.92 12.63 11.80 combustible 
Fires per 

103  
buildings 
and year  

[1 / a] 

10.57 12.12 11.61 14.04 12.02 all 

7.61 27.80 87.03 12.82 22.05 non combustible 
21.38 44.65 118.65 32.14 60.59 combustible 

Fire per 
floor area 
and year  
[1 / 106 
m2 · a] 

8.83 32.22 117.07 16.04 32.51 all 

 
The relative number of fires per mio square meters floor area and year was 27.8 (non combustible 
construction) or 44.7 for combustible construction. The number of fires per 1000 buildings and year 
is approximately the same for combustible and non combustible construction. 
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4.3 Fire fatalities 

Between 1986 and 1995 39 people lost their life due to fire in the Canton of Berne. 34 persons 
(87%) during fires in dwellings. In combustible and non combustible buildings 17 fatalities were 
counted each. Related to the value insured, the number of buildings or the number of fires, fire 
fatalities are higher in combustible buildings. Table 3 presents fire fatalities in function of type of 
construction and type of occupancies. 

 

Table 3 Fire fatalities in the Canton of Berne for the time period  of 1986 to 1995 

 Public 
buildings 

Dwellings Agricultural 
buildings 

Industrial 
buildings 

All use  

0 17 0 1 18 non combustible 
3 17 1 0 21 combustible 

Number of 
fatalities 

[-] 3 34 1 1 39 all 
0.00 1.01 0.00 0.56 0.89 non combustible 
8.38 1.77 0.10 0.00 1.01 combustible 

Fatalities 
per 103 fires 

[-] 1.79 1.29 0.10 0.38 0.95 all 
 
The police of the City and the Canton of Zurich have reported 44 fire fatalities in buildings in the 
Canton of Zurich between 1990 and 1999. Not counted were suicides and murder related to arson. 
The analysis of the reports has shown, that only in a single case the type of construction and the 
design of the building may have caused the fire death of a person. But even in this case it cannot be 
proved, that the type of building was the main cause of the fire death. In all other cases fire fatality 
was independent of the type of material used and the type of construction. One third of the 44 
fatalities were caused by smoking, one third because of arson, health collapse with following fire, 
children playing with fire or use of candles. The last third contains accidents and negligence of all 
kind. Some fatalities occurred without any fire damage to the building. 

 
4.4 Fire damage to buildings 

For the period 1986 to 1995 fire damage to buildings was analysed for the Canton of Berne. The 
results are presented in Table 4 for different occupancies and type of construction.  

The sum of damage for all occupancies and type of constructions was 459 Mio CHF for that period. 
196 Mio CHF (43%) were related to dwellings. The distribution of the damage for combustible and 
non combustible buildings for dwellings was 53% and 47%. 

 

Table 4 Fire damage to buildings in the Canton of Berne for the time period 1986 to 1995 

 Public buildings Dwellings Agricultural 
buildings 

Industrial 
buildings 

All use  

17'989'594 104'335'679 5'409'741 64'800'825 192'535'839 non combustible 
7'353'527 91'183'408 134'261'761 34'155'198 266'953'894 combustible 

Damage to 
building 

[CHF] 25'343'121 195'519'087 139'671'502 98'956'023 459'489'733 all 
0.063 0.106 0.411 0.235 0.124 non combustible 
0.263 0.262 0.534 0.617 0.391 combustible 

Damage per 
value 

insured and 
year (fire 

loss burden)  
[‰] 

0.080 0.147 0.528 0.299 0.205 all 

104 172 1'232 469 209 non combustible 
439 425 1'602 1'233 778 combustible 

Damage to 
building 
per floor 
area and 

year 
[CHF / 103 

m2 · a] 

134 239 1'583 597 364 all 
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For dwellings the fire loss burden (relation between fire damage per year and value of all buildings 
insured) was 0.106‰ for non combustible buildings (0.106 CHF per 1000 CHF value and year) 
which is markedly lower than for combustible buildings with 0.262‰. A detailed investigation 
(Table 5) for shopping malls and retail stores shows, that for buildings with a sprinkler system the 
fire damage was markedly reduced. With regard to buildings with a insured value larger than 2 Mio 
CHF for which a sprinkler system is mandatory, the fire loss burden is 0.121‰, which is much 
lower than the average for all buildings with 0.209‰. 

 

Table 5 Analysis of retail stores in the Canton of Berne for the period 1999 and 2000 

 VS > 2 Mio CHF VS > 5 Mio CHF  
Sum of damage 4'497'628 2'892'080 [CHF] 

Value of all buildings 3'371'639'400 2'979'948'900 [CHF] 
Number of years  

(1999 to 2000) 
 11 11 [a] 

average fire loss burden 0.121 0.088 [‰] 
    

Value of buildings with fire 2'059'740'000 1'893'923'000 [CHF] 
average loss 0.218 0.153 [%] 

    
Number of buildings total 317 195 [-] 
Number of buildings > 10 

Mio CHF 
100 100 [-] 

Number of buildings > 20 
Mio CHF 

37 37 [-] 

Number of buildings > 50 
Mio CHF 

8 8 [-] 

Number of buildings > 100 
Mio CHF 

1 1 [-] 

smallest value insured 2'000'000 5'000'000 [CHF] 
largest value insured 233'500'000 233'500'000 [CHF] 

    
Number of fires total 289 209 [-] 

Number of fires > 10'000 
CHF 

34 27 [-] 

Number of fires > 20'000 
CHF 

17 11 [-] 

Number of fires > 50'000 
CHF 

7 3 [-] 

Number of fires > 100'000 
CHF 

4 2 [-] 

Number of fires > 1 Mio 
CHF 

1 1 [-] 

smallest damage 140 140 [CHF] 
largest damage 1'697'348 1'697'348 [CHF] 

 

According to figure 1 the damage relative to the value of the building was larger for old buildings 
than for new buildings. Only in industrial buildings new buildings suffered large damage. 
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Fig. 1 Fire damage related  to building value in function of the building age for buildings in the 
Canton of Berne between 1986 to 1995 with a fire damage larger than 1 Mio CHF (ÖG = public 
building, W = dwellings, LW = agriculture buildings, GI = industrial buildings) 
 
4.5 Analysis of new buildings 

The analysis of new buildings built between 1990 and 1999 in the Canton of Berne shows for the 
time period of 1990 to 1999 a markedly lower damage rate (table 6) then for all buildings analysed 
for the time period of 1986 to 1995 (Table 4). 

 

Table 6 Analysis of new buildings constructed between 1990 and 1999 in the Canton of Berne 

 Public 
buildings 

Dwellings Agricultural 
buildings 

Industrial 
buildings 

All use  

3'731'177'600 13'586'815'200 155'079'800 3'741'678'400 21'214'751'000 non combustible 
236'556'800 1'971'739'600 578'857'800 223'676'800 3'010'831'000 combustible 

Value 
insured 
[CHF] 3'967'734'400 15'558'554'800 733'937'600 3'965'355'200 24'225'582'000 all 

87 1'417 16 185 1'705 non combustible 
9 242 66 17 334 combustible 

Number of 
fires 

[-] 96 1'659 82 202 2'039 all 
511'180 4'714'266 193'708 2'509'396 7'928'550 non combustible 
150'004 484'462 305'094 486'221 1'425'781 combustible 

Sum of 
damage 
[CHF] 661'184 5'198'728 498'802 2'995'617 9'354'331 all 

0.018 0.066 0.394 0.131 0.066 non combustible 
0.150 0.047 0.085 0.794 0.099 combustible 

Average 
yearly fire 
burden for 
buildings 

construction 
between 
1990 to 

1999 [‰] 

0.021 0.063 0.104 0.164 0.070 all 

0.063 0.106 0.411 0.235 0.124 non combustible 
0.263 0.262 0.534 0.617 0.391 combustible 

Average 
yearly fire 
burden for 

all buildings 
[‰] 

0.080 0.147 0.528 0.299 0.205 all 

 

4.6 Conclusions from statistical data 

The analysis of statistical data shows a clear influence of building use and type of construction. 
Buildings with non combustible construction had lower fire damage then buildings with a 
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combustible structures. However the analysis has shown, that fire damage increases with increasing 
building age. For new building the fire damage is lower than for old buildings. It is interesting to 
remark that for modern timber buildings there is no difference in fire damage compared to non 
combustible construction. 

Technical measures like sprinkler systems reduce the fire damage markedly even for buildings with 
large fire compartments. There is no statistical data on sprinkler systems and fire detection systems 
for dwellings, because in Switzerland such systems are very rarely used for this type of occupancy. 
Besides the mentioned main parameters: occupancy, type of construction, building age and 
technical measures, there are further non technical parameters of great importance. Maintenance 
and quality control play an important rule with regard to fire safety. Robust constructions which 
need little maintenance are therefore favourable. 

Fire fatalities are little influenced by structural fire safety measures. They primarily depend on 
human behaviour, especially the careful use of fire and smoking products. Statistical data on fire 
fatalities in the Canton of Zurich underline this fact. 

 

5. Experimental verification of fire safety concepts 
Large scale fire tests on timber hotels for the Swiss National Expo02 were performed [2] to look at 
the efficiency of different fire safety concepts. In a first series the efficiency of technical measures 
especially fast response sprinkler systems was studied. The second series showed the possibility and 
limits of structural fire safety measures. Especially the importance of structural detailing on the fire 
resistance of the global structure and the fire propagation across the façade was analyzed. Special 
notice was given to the influence of combustible surfaces on the fire severity. The tests have 
confirmed that with fast response sprinkler systems the influence of combustible construction on the 
fire safety was compensated and the fire safety objectives can be fulfilled by any type of 
construction. Despite of a fast fire development the structure was undamaged because the sprinkler 
system extinguished the fire in a early stage. Even the damage on the furniture was small. With pure 
structural measures (non combustible cladding) it is possible to limit the fire spread to one room 
even for timber structures. In one test a complete burn out of the room without fire propagation to 
other rooms was achieved. In the room above the fire compartment no elevated temperatures were 
measured and even the smoke concentration was at normal level until the breaking of the windows. 
However combustible surfaces may lead to an increased burning rate and therefore increase the fire 
propagation over the façade. However combustible surfaces like wooden claddings can also be 
found in non combustible buildings. 

 

  
 

Fig. 2 Natural fire tests 7 minutes after ignition (right combustible surfaces in the fire 
compartment; left fire compartment with gypsum board cladding) 
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6. Fire Resistance of timber-concrete composite slabs 
 
6.1 Introduction 

As seen from the statistical investigation and from the large scale fire tests, robust massive timber 
structures are beneficial in a structural fire safety concept. Therefore a design model for timber 
composite slabs is presented below. 

Timber-concrete composite slabs, consist of timber members in the tensile zone, a thin concrete 
layer in the compression zone and the connection between timber and concrete [5]. Compared to 
timber floors the main advantages of this type of composite structure are increased strength and 
stiffness, improved sound insulation and fire resistance. Because of their massive timber slab and 
the composite action with concrete they are very robust in case of fire. The concrete provides air 
tightness and protection against extinguishing water. 

When a timber-concrete composite structure is exposed to fire, it is of primary importance to know 
the changes in stiffness and strength that the different components of the composite structure 
(timber, concrete and connector) are subjected to. A comprehensive testing programme was carried 
out at our institute to enlarge the experimental background and to establish design models for the 
fire resistance of timber-concrete composite floors. All fire tests were based on ISO-fire exposure 
and performed at the Swiss Federal Laboratories for Materials Testing and Research in Dübendorf. 
In a series of small-scale tests the behaviour of the connectors subjected to tension or shear was 
experimentally analysed. A series of fire tests on slabs looked at the global behaviour of timber-
concrete composite slabs. Detailed experimental results of all tests are described in [4, 6]. 

 
6.2 Design model for the fire resistance of timber-concrete composite slabs with screws 

The fire resistance of timber concrete composite slabs is calculated with the following extended 
design method. The calculation method is based on the Effective Cross Section Method given in 
ENV-1995-1-2 (Eurocode 5, part 1.2). It takes into account the temperature dependent reduction in 
stiffness and strength of the connection. Effects of thermal expansion and deformation are 
neglected. For the relevant duration of the fire exposure it shall be verified that: 

Efi,d ≤ Rfi,d (1) 

The design effects of actions in fire Efi,d are calculated according to ENV 1991-1 (Eurocode 1) and 
the design strength and stiffness values in fire Rfi,d are determined from: 

fi,M

k
fifimod,d,fi

f
kkf

γ
⋅⋅=  (2) 

fk: characteristic mechanical properties(5% fractiles) at normal temperature 
kfi: modification factor for fire taking into account the 20% fractiles 
kmod,fi: modification factor for fire taking into account the effects of temperature and moisture on 
 the mechanical properties (see table 7) 
γM,fi: partial safety factor in fire (γM,fi = 1.0) 
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Table 7 Modification factor for fire kmod,fi 

 
 
The ECSM represents the timber stiffness and strength reduction by an effective cross section e.g. 
adding an additional depth dred to the charred depth dchar as shown in figure 3. The modification 
factor is therefore taken as kmod,fi = 1.0 for the effective cross-section. The charred depth is 
determined from the relevant time of fire exposure and the constant charring rate β0 includes the 
effect of corner roundings and fissures. 

 

 
 

Fig. 3 Determination of the effective cross-section in fire 
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Fig. 4 Strength and stiffness properties of the connection with screws depending on the side cover 
of the connectors 
 
The timber board protects the concrete slab from the influence of elevated temperatures. Taking into 
account that the reduction of stiffness and strength properties of concrete are negligible at 
temperatures up to 100°C, the properties of concrete at normal temperature may be assumed for a 
fire resistance of treq ≤ 60 min. and a timber board thickness of hs ≥ 20 mm. The stiffness and 
strength of the connection can be calculated according to equation (2), using the modification 
factors kmod,fi as given in table 7 or in figure 4. The modification factors kmod,fi of the connection 
depend on the side cover x of the connectors as shown in figure 3. The influence of the heat flux 
from the bottom and the opposite side of the connector may be neglected if xu ≥ x + 20 mm and  xs 
≥ 20 mm. The normal stresses due to bending in timber and concrete, the shear stress in timber and 
the maximum connection load are calculated according to ENV 1995-1-1 (Eurocode 5, part 1.1), 
Annex B using the effective cross section and the temperature dependent mechanical properties. 

 
6.3 Fire test 

A fire test was performed with the timber-concrete composite slab shown in figure 5. 
 

 

Fig. 5 Cross-section and longitudinal-section of the timber-concrete composite slab 

 
The slab was designed for a fire resistance of one hour. The slab was loaded with hydraulic jacks at 
about a third of the span. The load level during the fire tests was set in such a way that the 
maximum bending moment correspondended to that of a slab of 7.0 m span, with a permanent load 
of 1.5 kN/m2 and a reduced accompanying variable load of 0.5 * 3.0 kN/m2 according to ENV 
1991-1 (Eurocode 1). The slab failed after 67 min. of ISO-fire exposure. The calculation method 
developed on the basis of the strength and stiffness models and the fire test results were in good 
agreement. 

 

6.4 Design model for the fire resistance of timber-concrete composite slabs with grooves 

A similar design model was developed for slabs with grooved connectors. This model ist given in 
[4]. 
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7. Conclusions 
To reach the fire safety objectives a comprehensive fire safety concept must be starting point of the 
design of a building. The type of construction and the choice of material has a important influence 
on fire safety. Careful detailing and technical concepts allow to build timber structures in such a 
way that they are equal to non combustible construction. For buildings with combustible 
construction careless detailing, voids and missing quality and quality control during execution may 
lead to failure of the structure or compartmentation during a fire. Careful detailing and quality 
control are therefore important. In addition periodical control of structural fire safety measures 
should be performed as it is common practice for technical measures. Statistical data on modern 
buildings show that it is possible to reach the same fire safety level for buildings with combustible 
construction as for buildings with non combustible structures. Independant on the type of 
construction a comprehensive fire safety concept combining in structural technical and 
organisational measures is needed.  
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Summary 
 
In order to improve the use of timber in construction, fire studies are made in France as our 
knowledge of the fire behaviour of timber joints is limited. Within the framework of an ongoing 
research project, the fire resistance of three-dimensional nailing plate connections has been studied. 
The specimens are loaded in bending with a ratio of 10, 20 or 30% of the ultimate resistance 
determined experimentally at room temperature. In a first part, a brief presentation of the materials’ 
and connectors’ properties is made. In the second part, some results of tests at room temperature are 
given. The last part presents the principal results of the fire tests. Conclusions on the behaviour of 
connectors under conventional fire exposure according to ISO 834 are then drawn.  
 
Keywords: Connector, fire, three-dimensional nailing plate, joist hanger, inserted plate, test 
 

1. Introduction 
 
In the field of building, the preoccupations concerning the safety of people are of main concern. It 
thus seems important to take into account behaviour under accidental loads such as earthquakes and 
fire. How timber connections behave during this combination is rather little known. Some 
experimental studies were achieved on the fire behaviour of the steel-to-timber or timber-to-timber 
joints. The second type of joints "three-dimensional nailing plate" is the subject of only very few 
studies in fire conditions. A fire test campaign, concerning the three-dimensional nailing plate, has 
been conducted on four types of three-dimensional nailing plates such as joist hangers and inserted 
plates.  
In the first part, the paper presents the connections tested and the specimens used during fire tests. 
In the second part the results at room temperature are also described. The third part gives the results 
of the tests under conventional fire exposure.  
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2. Description of specimens 

2.1 Materials’ and connectors’ properties 
 
Experiments were carried out as part of a French research project [1]. The testing program related 
to three-dimensional nailing plate connections such as joist hangers and inserted plates. Four types 
of these connections have been tested (see Figure 1): 

–   two different joist hangers referred to as A and B respectively; 
–   one inserted plate referred to as C ; 
–   one inserted plate with bottom referred to as D. 

            
Type A                               Type B                            Type C                             Type D 

Fig. 1 Description of connectors 
 
The geometrical data of the four types of connectors are given in table 1.  

  

Test series 
n° Height (mm) Width of wings 

(mm) 
Width of joist 
hanger (mm) Depth (mm) Thickness of steel 

plate (mm) 

A 142 40 80 80 4 

B 220 45 84 105 2 

Test series 
n° Height (mm) Width of wings 

(mm) 
Width of 

bottom (mm) Depth (mm) Thickness of steel 
core (mm) 

C 160 60  115 2 
D 231 130 46 70 4 

Tab. 1 Geometrical data of timber-to-timber joints 

 

Connectors are assembled in the wood by nails. The joist hanger type A is fixed to supporting 
beams by 22 nails (∅  3.8) whereas the joist hanger type B is fixed by 32 points (∅  4.2). The fixing 
to the joist is ensured by 12 nails (∅  3.8) for type A and 20 nails (∅  4.2) for type B. Both types of 
inserted plates are fixed to supporting beams by nails (14 for type C and 18 for type D). For type C, 
3 dowels (∅  12) are put in place at the level of the core and 2 dowels (∅  12) are put for type D. The 
specimens are glued laminated elements of grade GL28. 
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2.2 Description of specimens 

The specimens consisted of two lateral supporting beams and one joist. The latter was fixed on the 
middle span of both supporting beams by 2 steel connectors. The specimens were loaded in 
bending. The load was applied to the middle span of the joist. The dimensions of the wooden 
elements are given in table 2. 
 

               

             

 

Fig. 2 Experimental device 
 

 Dimension 
(mm) A B C D 

L 2200 
H 360 Supporting 

beams l 135 
L 860 945 852 937 
H 215 315 215 315 Joist 
l 76 97 76 97 
L   215 215 
H   115 154 Notch  
l   2 4 

 

L: length, H: height  l: thickness 
 

Tab. 2 Geometrical data of timber elements 

3. Mechanical tests at room temperature 
 

3.1 Principle of tests  

        

    
Fig. 3 Experimental device for tests at room 

temperature 
 

 
The device used for these tests [2] was 
the same as the one used during the 
fire tests. Lateral supporting beams are 
maintained in order to exclude lateral 
buckling. Three tests on each 
connector were carried out at room 
temperature.  

 

3.2 Failure modes 

Figure 4 presents some failure modes observed during tests at room temperature.  

 

Supporting beams 

Joist
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             Type A                               Type B                            Type C                             Type D 

Fig. 4 Failure modes 

3.3 Results 

The average ultimate resistance resulting from three tests for each type of connectors is given in 
table 3. The ultimate resistance used to determine the loading rate corresponds to the average of the 
three values (obtained from the three tests) [2]. 

 

Type of 
connectors 

Ultimate 
resistance
Nu (kN) 

A 39.8 
B 61.8 
C 33.3 
D 46.4 

 
Tab. 3 Ultimate resistance at room temperature defined by tests 

 

4. Fire resistance tests 
 

4.1 Stress  

4.1.1 Thermal stress  
 
The fire resistance tests took place at CTICM (Technical and Industrial Centre for Steel 
Construction) [3] and at CSTB (Scientific and Technical Building Centre) [4] [5] [6] in France. In 
the furnace, the specimens were exposed on all their faces. The temperature in the furnace followed 
the standard time-temperature curve in accordance with ISO 834 and was measured in the furnace 
by thermocouples and for guidance by a one-plate thermometer.  

4.1.2 Mechanical stress  

Before the fire starts, a cycle of mechanical load corresponding to standard EN 26891 was applied 
to the timber joints. The gas burner was turned on at the end of this cycle when the load was 
constant. The bending load was kept constant until failure occurred. In table 4, η corresponds to the 
ratio between the load applied during fire resistance tests and the ultimate resistance of the joints 
determined experimentally at room temperature. Three loading rates were applied: 10, 20 or 30% of 
the ultimate resistance determined experimentally at room temperature.  
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η (%) 
10 20 30 Type of 

connectors 
Number of tests 

A 0 1 0 
B 1 0 1 
C 1 0 1 
D 0 0 1 

Tab. 4 Number of tests and load rate application 

4.2 Fire resistance test results  

4.2.1 Fire resistance time 
The fire resistance time is given in the following table for the various configurations of joints. The 
fire resistance time is defined as the time from the start of the fire to the time when the specimens 
cannot withstand the constant load applied. 

η (%) 
10 20 30 Type of 

connectors 
Fire resistance time (minutes) 

A  25  

B 31  20.5 

C 33  17.5 

D   29 
 

Tab. 5 Fire resistance time 

All the fire resistance 
times measured exceed 15 
minutes. 
It can be noticed that for 
the lowest loading ratio 
(10%Nu), the fire 
resistance time is higher 
than 30 minutes (for joist 
hangers type B and 
inserted plates type C).  

 
The relation between load ratio and fire resistance time is shown in Figure 5.   

η = -0,0181tfi + 0,66
R2 = 0,998

0
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Joist hangers
Inserted plates

 
Fig. 5 Evolution of loading ratio according to fire resistance time  

 

Type D
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According to this figure, the simplified method of Eurocode 5 1-2 [7] is analyzed. It is based on the 
following relation: 

fitB

fiM
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int
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−=
γ  

 
For tested joist hangers (type A and B), the relation becomes the following: 
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,
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, +−= fi
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R

γ . 

 
As regards inserted plates (type C and D), Figure 5 shows that the contribution of the bottom 
allows, for the same level of load, to increase the fire resistance time by more than 65%. This can 
be explained by the fact that the bottom supplies a support to the joist and allows a better 
distribution of the efforts.  
The fire behaviour of three-dimensional nailing plate connectors type B and C is nearly the same. 
Indeed, for the same rate of load, the fire resistance time is very close. For example for a loading 
ratio of 10%, the difference in fire resistance time is about 3%. 
 

4.2.2 Measured temperatures 

Thermocouples are placed in the heart of the wood in the three beams of the specimens and on the 
connectors (see Figure 6).   

 
Fig.6  Position of the thermocouples for three-dimensional nailing plate connections type B 

 

A very important rise in temperature of the joist hangers’ steel sheets can be observed. Figure 7 
shows the evolution of the steel temperature for joist hangers type A loaded at 30%. The 
temperature can reach more than 500°C within 15 minutes. As the steel temperature of the tested 
joist hangers increases quickly, it can lead to a faster rise in temperature for the nails which can 
modify their mechanical characteristics and consequently weaken them. 
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Fig.7 Temperature on the three-dimensional nailing plate connection 
 
 

Wood inside joist hangers type A and B (for example TC 4 and TC 9) is more heated than wood 
situated at the same depth but at the midspan of the joist (as is shown in TC 12) (see Figure 8 for 
the position of the thermocouples) According to Figure 10, it seems that it is more than twice 
heated. The same observation applies to the two fire tests on joist hangers type A. It is however 
necessary to note that the wood temperature is very low (below 300 °C) and that the wood is not 
charred yet. 
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Fig. 8 Evolution of the 
temperature in the wood 
according to time 

 

 

For joist hangers type A and B, the temperature of the wood in touch with the supporting beams 
quickly rises up to 100°C and stabilizes until the end of the test (Figure 9). This stage must be due 
to the evaporation of water contained in the wood of supporting beams and joists with which the 
thermocouple is in contact. 
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Fig.9 Example of 
temperatures of 
thermocouples 4 and 9  

 

4.2.3 Slips 
The slips or more exactly the deflection at the middle span of the joist during the mechanical cycle 
before fire tests and during fire resistance tests were measured. Examples of evolution of slips 
according to time are given in Figure 10. 
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                                      Type D (η = 30  % )                                                          Type B (η = 30% ) 

Fig.10  Evolution of slip according to time 
 
The slip increases constantly during the fire resistance test. It increases quickly at the time of the 
break. It seems that it increases faster for inserted plates type C than for inserted plates with bottom 
type D. 
 
4.2.4 Failure mode 
During fire resistance tests with joist hangers, the failure mode observed results from the pull-out of 
the nails. Indeed, the phenomenon of carbonization on the fire side and the heat transfer in the nails 
lead to a carbonisation of the wood around them. Then, the nails lose their adhesion to the wood. 
The nails get plasticized and the decrease in their strength limit leads to the failure of the 
connectors. These tests show that the length of nail anchoring represents a factor that is more 
important than the thickness of the sheet steels for the fire behaviour of this type of connection. 
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As regards fire tests, the failure mode is very difficult to determine. So, for inserted plates type C 
loaded at a rate of 30% of the ultimate resistance, the nails pull out of the supporting beams and at 
the same time timber fails whereas, for a 10% load rate, it is wood which is at the origin of the 
failure. In the same way, for inserted plates with bottom type D, the failure mode was not able to be 
determined exactly because both phenomena (failure of wood and pull-out of nails) appeared. It is 
impossible to determine which one appeared first. But it can be noticed that the main criteria of 
failure seem to be the resistance of the reduced section in shear and transversal tensile stress. The 
fire behaviour of this type of connector is similar to problem encountered by steel-to-timber joints. 

         
Fig. 11 Examples of failure modes 

5. Conclusion 
In conclusion, all of the fire tests performed on joints with three-dimensional nailing plate 
connectors such as joist hangers and inserted plates show that a fire resistance time that is higher 
than 15 minutes, or even equal 30 minutes, can be reached. This can be obtained with a reduced 
loading ratio from 30% to 10% (of the ultimate resistance (Nu) defined at room temperature). 
However, for the inserted plates with bottom (type D), the fire resistance time can exceed 30 
minutes for a loadbearing ratio of about 30%Nu. Compared to the bottomless inserted plates (type 
C), the fire resistance time increases by about 65% when a bottom is added to the inserted plates. A 
linear relation between the loading ratio and the fire resistance time can be described. The fire 
behaviour of the joist hangers type B and inserted plates type C seem to be the same. However, only 
three fire tests conducted on inserted plates (with bottom or bottomless) were conducted. In order to 
confirm the conclusions on their fire behaviour, more tests have to be conducted especially for a 
loading ratio of 20%. 
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Summary 
This paper gives an overview on new methods for analysing fire performance of wood based 
products both for classification purposes and for uses in fire safety design. The first method 
presented is a computational tool based on 1D-flame spread modelling enabling to predict the 
performance of a wood product in the SBI tests based on its Cone Calorimeter results. The second 
method demonstrates use of Cone Calorimeter data to predict performance of wood products in a 
real-scale enclosure fire. This example also illustrates the efficiency of wood fire retardant treatment 
in improving fire safety. The third method addresses fire resistance of wooden products: it is a case 
study showing excellent performance of wooden load-bearing structures in a simulated natural fire 
exposure including both deterministic and probabilistic fire simulation.   

1. Introduction 
The current trend in building codes and fire safety requirements is to proceed from prescriptive 
criteria towards performance-based approach. As the performance-based fire safety design becomes 
more common, the importance of computational fire simulations increases. Currently available 
calculation methods make it possible to predict fire development and the response of structures to 
fire, but a careful case-specific analysis of input and control parameters is necessary to obtain 
reliable results. This paper describes modern tools for estimating the fire performance of wood 
based products. The methods introduced range from a simple predictive procedure for product 
development to sophisticated probabilistic fire simulations. 

2. A Method to Predict SBI Classification on the Basis of 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 [1]. Correlation between the results of the SBI test and the Cone 
Calorimeter is an issue of great interest. The Cone Calorimeter [2] 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 
[3, 4, 5, 6]. 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. 

2.1 Description of the Basic Model 
The starting point of the calculation is the basic flame spread equation [7] 

ig

pfp

t
txtx

dt
tdx )()()( −

=  
 

(1) 

where xp is the position of the pyrolysis front, xf is the flame height, and tig is a characteristic 
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ignition time. xf is obtained from the flame spread correlation [ ] ,)()(
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&&& +=  is the combined heat release rate from the burner and the material, and kf and n 
are constants, specific to a test method. The heat release rate of the material is 
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where w and xp0 are the width and initial height of the pyrolysis area, and )(tq ′′&  and tig are the heat 
release rate curve and the ignition time from the Cone Calorimeter test, respectively. The ignition is 
assumed to take place at the moment when the heat release rate per unit area reaches 50 kW/m2. In 
the integration, the moment of ignition of the specimen corresponds to τ = 0. The ignition delay of 
the specimen is taken into account as a time shift after the numerical calculation has been 
completed. 
To apply the model to predicting SBI test results, the input parameters xp0, w, kf and n have been 
determined and optimised by examining the features of the SBI test arrangement and based on 
model tuning. In addition, input data from Cone Calorimeter tests at the exposure level of 50 kW/m2 
are scaled to lower levels selected on the basis of practical experience and model tuning. A detailed 
description of the basic model is presented in [4]. The model was optimised using particle board as 
a tuning material. Therefore, its basic version works well for wood-based products without fire 
retardant treatment. 
As a result of calculations according to Eqs. 1–2, 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. Only a HRR curve from a single Cone Calorimeter test at 
50 kW/m2 is needed as input data for the model. 
The basic model works reasonably well for products with minor or moderate lateral flame spread in 
the SBI test. For these materials, the one-dimensionality of the model can be compensated with the 
selection of the input parameters. In the data set studied, the classification on the basis of the 
FIGRA index was predicted correctly for 89 % of the products [8]. 

2.2 Application of the Model to FR Wood Products 
During the development of the basic model, it was noted that the selection of input parameters is not 
optimal for certain groups of materials, for example fire retarded (FR) wood products. The resulting 
prediction inaccuracies can be reduced by optimising the input parameters separately for these 
products groups. 
The modelling study of FR wood products included about 20 different products: impregnated or 
brush-applied FR wood materials, and special FR treated plywoods. In this product set, different 
heat release behaviour patterns in Cone Calorimeter tests were identified. The main patterns are 
introduced in Figure 1. Strongly FR impregnated materials release heat at a low level showing no 
sustained flaming (1a) or ignition after a long heat exposure time (1b). A third typical behaviour for 
this kind of products is slowly increasing heat release at a relatively low level (1c). Milder 
impregnations and brush-applied FR treatments typically result in roughly constant heat release at a 
moderate level (1d), or a heat release behaviour typical of also non-FR wood products showing two 
maxima with an intermediate plateau (1e). Some products exhibit a sharp peak in the very 
beginning, followed by even heat release level (1f) or the "non-FR wood behaviour". 
Considering the one-dimensional thermal flame spread model presented above, the cases shown in 
Figs. 1a and 1b, and sometimes 1c, can be included to the basic model as special cases. If the heat 
release rate of the product does not reach 50 kW/m2 (the ignition criterion) within 570 seconds from 
the beginning of the heat exposure, the class prediction is B. 
For products showing a heat release pattern of Fig. 1c, 1d, 1e or 1f, an optimisation of model input 
parameters was performed. It was found that the best prediction for HRR is obtained using 
w = 0.20 m as the pyrolysis width. Other input parameters were the same as in the basic model, that 
is, xp0 = 0.26 m, kf = 0.048, and n = 0.77. Furthermore, the ignition time, time scale and HRR values 
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from Cone Calorimeter tests at the exposure level of 50 kW/m2 were scaled to lower levels 
describing the exposure conditions in SBI tests. The choice of exposure levels for scaling was a part 
of the optimization process of the model. 
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Figure 1. Different HRR patterns of FR wood products in Cone Calorimeter tests at 50 kW/m2: 
a) low HRR throughout the test, no ignition, b) low HRR in the beginning of the test, ignition after a 
long heat exposure, c) slowly increasing HRR at a relatively low (or moderate) level, d) constant 
HRR at a moderate level after the ignition, e) two HRR maxima with an intermediate plateau, 
typical also of non-FR wood products, and f) a sharp HRR peak in the beginning followed by 
constant HRR. 
Assuming thermally thin behaviour, the ignition time is inversely is inversely proportional to the net 
heat flux [9]. Thus, tig was scaled from heat exposure level of 50 kW/m2 to 30 kW/m2 as follows: 

cr

cr
igig q

q
tt

′′−
′′−

⋅=
&

&

30
50

50,30,  
 

(3) 

where crq ′′&  is the critical heat flux, i.e., the minimum heat flux for ignition of a material. The typical 
critical heat flux of wood products, 12 kW/m2, was used in the calculations due to the lack of 
detailed ignitability data for the majority of the products studied. It is noted that for FR wood 
products, tig used in the flame spread and heat release calculations is scaled to 30 kW/m2, but for the 
ignition delay time shift, tig at 50 kW/m2 is used. 

An analytical model for the charring rate of wood [10] was used as the basis of scaling the HRR 
curve to the exposure level of 25 kW/m2. The relationship between charring rate β (in mm/min) and 
an external heat flux eq ′′&  (in kW/m2) is roughly 

52.0 +′′∝ eq&β  (4) 
HRR is directly proportional to the charring rate. Thus, HRR at 25 kW/m2 is approximately 2/3 of 
the value measured at 50 kW/m2. Assuming that the whole specimen burns eventually and the total 
amount of heat produced is constant, the burning time (i.e. the time scale of the test) should be 
multiplied by 3/2, respectively.  
Since the calculation procedure presumes that HRR used as the model input reaches 50 kW/m2, the 
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original unscaled HRR measured at 50 kW/m2 must reach 75 kW/m2 to be applicable in the 
calculations. If HRR measured at 50 kW/m2 is less than 75 kW/m2 throughout the test, class B is 
predicted without calculations. 
The procedure of using the one-dimensional thermal flame spread model for the prediction of 
Euroclasses of FR wood products is presented in Table 1. 

Table 1. Phases of predicting SBI product classification for FR wood products. 

1. Perform a Cone Calorimeter test at the heat exposure level of 50 kW/m2. 
• determine the maximum heat release rate HRRmax (the first peak for a multi-peak curve) 

• if HRRmax < 75 kW/m2  → class B predicted 
• determination of the ignition time tig,50 as the moment when the heat release rate per unit area reaches 50 kW/m2 

• if tig,50 > 570 s → class B predicted 

2. Calculate the predicted HRR curve of the SBI test according to Eqs. 1–2 using the following input parameter values 
and data scalings: 
• xp0 = 0.26 m 
• w = 0.20 m 
• kf = 0.048 
• n = 0.77 
• ignition time scaled to 30 kW/m2 (Eq. 3), use crq ′′&  = 12 kW/m2 or a value known for the product studied 
• time scale scaled to 25 kW/m2: multiplication by 3/2 
• HRR values scaled to 25 kW/m2: multiplication by 2/3 

3. Shift the resulting SBI HRR curve with tig,50 taking into account the ignition delay. 

4. Calculate FIGRA indices (and THR600s) and determine the predicted "SBI class". 

Examples of HRR curves measured in SBI tests and predicted using the model for FR wood 
products are presented in Figure 2. The example products are a board with a brush-applied FR 
treatment and a special FR treated plywood. The predicted and measured FIGRA0,2MJ and 
FIGRA0,4MJ values for FR wood products are compared in Figure 3. As seen from these figures, the 
calculated HRR curves and FIGRA values are in good agreement with the experimental results. 
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Figure 2. Comparison of measured and calculated HRR curves in SBI test: a) a board with a brush-
applied FR treatment and b) a special FR treated plywood. 
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Figure 3. Comparison of experimental and calculated FIGRA values: a) FIGRA0,2MJ and b) 
FIGRA0,4MJ. The letters refer to the Euroclasses and the class limits are shown with dotted lines. 
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 tool for product development and quality control, since its use 
requires only a small amount of material and data from one small-scale test. 
 

3. Use of Fire Simulation to Assess Reaction-to-Fire Performance of Wooden 
Products in Real-Scale Fires on the Basis of Cone Calorimeter Data 

In this Chapter we present results on prediction of fire performance of wooden products in real-scale 
fires by using fire simulation and the HRR measured in a Cone Calorimeter test. The fire simulation 
model we use is the Fire Dynamics Simulator program (FDS) [11,12]. Basically, the method works 
simply in two steps: 1) modelling of the Cone Calorimeter tests using the FDS and tuning the FDS 
model material parameters so that the calculated HRR curve agrees with the measured HRR and 
2) simulation the real fire scenario by using the material parameter values obtained in the first step. 
Here we apply this method to 10-mm thick spruce timber; more applications can be found in the 
report by Hietaniemi et al. [13].  
In practise the method is not, however, straightforward due to the well-known grid-resolution 
dependence of FDS results [11,12,13,14]. In order to circumvent this problem, one must ensure that 
in the simulations of the fires of different scales, the proportion of the grid resolution d (length of 
the cubic computation cell) to the characteristic fire diameter D* given by 

52

1100
kW









≈∗ QD

&
 (5) 

is similar for each fire scenario, where Q& is the characteristic heat release rate. 

3.1 FDS Modelling of the Spruce Timber Cone Calorimeter Test 

FDS model of the Cone Calorimeter test set up consists of a model of the heat radiator and the 
sample (Figure 4). The ignition spark need not to be modelled as the fuel will ignite as the sample 
surface rises to the user-prescribed ignition temperature (parameter TMPIGN of FDS; for the 
specific parameter values used in the study, the reader may refer to the report by Hietaniemi et al. 
[13]). The important thing is that the radiation heat flux to the sample surface equals that used in the 
tests. The radiation flux we consider here is 50 kW/m2.  
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Figure 4. FDS models of the Cone Calorimeter: a) a simple model with the radiator described as a 
hot plate [13] and b) a sophisticated model reproducing the conical shape of the radiator [15]. 
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Figure 5. 10 mm thick spruce timber in the Cone 
Calorimeter (50 kW/m2): comparison of HRR 
data with the HRR curve calculated using FDS. 

Figure 5 shows the comparison of the results of 
the FDS modelling [13] of the 10 mm thick 
spruce timber sample to the Cone Calorimeter 
data [16]. It may be seen that the calculated and 
measured ignition delay are in good agreement 
as well the HRR development up to about 3-4 
minutes. FDS fails to reproduce the second rise 
in the HRR curve which is at least partially due 
to the lack of surface oxidation model and the 
FDS results could be improved by adding the 
surface reactions to the model. However, the 
FDS model reproduces the reaction-to-fire 
performance of the sample and this is sufficient 
for the purpose of modelling of fire development 
and spread in real-scale fires. 

3.2 FDS Modelling of Real-Scale Fire Test with Spruce Timber  
Here we consider two experimental set ups: one is the standard Room Corner (RC) Test (ISO 9705 
[17]) with 10 mm thick spruce linings and the other is a modified RC Test with partial linings 
[18,19]. The standard Room Fire Test results are obtained from the report by Sundström et al. [20] 
and modified RC Tests were done at VTT. 

3.2.1 Standard Room Corner Test with 10-mm Thick Spruce Linings 
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Figure 6. 10 mm thick spruce timber in the room corner test: 
comparison of HRR data with the HRR curve calculated using 
FDS. 

The Room Corner Test is a 
reaction-to-fire test that is 
terminated when the flashover 
occurs in the test room.  Figure 6 
shows that the HRR curve 
calculated using the FDS agrees 
well with the measured HRR 
curve which confirms that the 
extrapolation from the small test 
to full-scale works well. 

COST E29 Symposium - Florence - 27-29 October 2004

248 of 312



 
 

 1007

3.2.2 Modified Room Corner Test with Partial 22-mm Thick Spruce Linings 

Tca. 14 m2

HF meter

Ts

 
Figure 7. The modified RC Test with 22-mm thick spruce 
timber linings. Besides HRR, we consider data from a 
thermocouple on the rear wall at height 195 cm as well as 
the heat flux measured at the centre of the floor.  

The experimental set up in this case 
differs from the standard RC Test in 
the amount and assembly of the 
wood linings: instead of full 
coverage of the rear and side walls 
and the ceiling, the set up has only 
partial linings with surface area of 
ca. 14 m2 as shown in Figure 7. 
This arrangement gives a smoother 
and delayed transition to flashover 
as compared to the standard ISO 
9705 test. 
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Figure 8. The modified RC Test: comparison of FDS results of a) HRR, b) heat flux and c) Ts with 

the measured results. The arrow denotes suppression with water. 
 
Measured and calculated results are compared in Figure 8. The agreement between the HRR and 
heat flux curves is good. FDS reproduces the maximum temperature very well but the temporal 
development of the temperature data is predicted with less accuracy. Overall, however, the 
agreement between the data and the calculated results can be considered very good. 
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Figure 9. The modified RC test with untreated spruce (upper pictures) and FR treated spruce 
(lower pictures). While there is a flashover at 3,5 minutes in the untreated case, the contribution of 
the FR treated wood to fire remains negligible. 
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Chemical fire retardant (FR) treatment of wood products reduces drastically their flammability, see 
Figure 9. The methodology of using FDS simulation based on Cone Calorimeter HRR data works 
also for FR wood as demonstrated by Figure 10. 
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Figure 10. FR treated spruce timber in the modified RC Test: comparison HRR calculated using 
FDS with the measured results.  

 

4. Case Study of Performance of Load-Bearing Wooden Structures in 
Simulated Natural Fire 

In this Chapter we present a study of performance of load-bearing glulam beams in a simulated 
natural fire [21]. The mechanical behaviour of the beams is evaluated on the basis of the charring of 
the material in the natural fire exposure which is assessed using a two-step fire simulation 
procedure: first, the fire development is studied using the FDS program and secondly, the 
information obtained by the FDS simulations is used as an input to the PFS-Ozone program [22,23] 
which allows a probabilistic simulation of the fire exposure of the beams. The failure of the beams 
is determined using Monte Carlo analysis of the limit-state function. Finally, the significance of the 
fire resistance of the beams on the basis of the fire risks associated to their performance is assessed 
and compared to the significance of other fire safety measures. 
The building considered is a grocery located in South-West part of Finland. It consists basically of a 
single space with length of 50 m, width 34 m and height 5,5 m (Figure 11a). The building has a 
timber beam-column structure of glued laminated wood in which glulam columns support 17 m 
long beams (Figure 11b) composing the roof structure. The dimensions of the beam are determined 
by the normal design, not the structural fire resistance requirement of R30. 

a) 
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Figure 11. a) View of the glulam structures and b) beam dimensions [m], width is b = 0.165 m. 

4.1 Mechanical Analysis 
The mechanical analysis is done based on the methods given by prEN 1995-1-2 on the basis of the 
charring rate of the wood section in the simulated natural fire. Only the most critical section is 
analysed for bending stresses, since this will be the determining section in the fire conditions. The 
failure of the beam is determined by Monte Carlo analysis of the limit-state function g: 
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where: G: Permanent load (normal distribution, mean 3,65 kN/m, variation coefficient = 0,05); 
Q: Snow Load  (normal distribution with different parameters for each month [21]); F: Glulam 
strength, bending and shear (log-normal distribution, mean 50,4 N/mm2, variation coefficient 0,15); 
model : Model uncertainty  (normal, mean value 1.0, variation coefficient = 0,05); kmod,fi = 1,0 
(fixed); km,α = 0.79 (fixed); Nxp = 0.346 kN per unit load (kN/m) (fixed); Myp = 29.144 kNm per 
unit load (kN/m) (fixed); α = 2.5o (fixed); bred and hred: Reduced section dimensions for width and 
height, respectively.  These values are calculated using the charring of the beam in the natural fire 
exposure. Their initial values were allowed to vary by 1 % (normal distribution). 

4.2 Deterministic fire simulation using FDS program 
In the first phase of the fire simulations, the FDS program was used. Several fire scenarios were 
studied with different locations and growth rates of the initial fire as well as different opening 
performance options. Figure 12 shows an example of a typical HRR curve in a severe fire scenario.  
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Figure 12. Example of HRR in a severe fire scenario. 

The FDS simulations gave quantitative 
information on the fire spread 
mechanism in the building and on the 
important role of the openings with 
respect to the fire development. Most 
importantly, the HRR curves (see e.g. 
Figure 12) of the FDS simulations 
revealed the shape and magnitude of the 
design fires to be used in the 
probabilistic fire simulation and the 
associated structural analysis. 

 

4.3 Probabilistic Fire Simulation  
Fire is a phenomenon which includes considerable uncertainties. To incorporate this feature into the 
study, the findings of the FDS simulation were augmented with uncertainties in the important 
parameters describing the fire development, in particular the radiation level needed to ignite 
secondary items, operation time of the smoke vents and the breaking time of windows. The 
probabilistic fire simulations were carried out using the Probabilistic Fire Simulator (PFS) 
developed by VTT [22,24], which enables to run fire models using the Monte Carlo technique. The 
particular fire model used in this work was the zone model Ozone [25]. The details of probabilistic 
fire simulations are described in reference [21].  
a) 

 

b) 

 
c) 

 

d) 

 
Figure 13. Example of the results of the probabilistic fire simulation: fire scenario with tg = 300 s: 
a) HRR and b) gas temperature, c) char depth and d) failure probability of the beam.  
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4.3.1 Probabilistic Description of the Fire Exposure 
Figure 13a shows an example of the HRR curves and Figure 13b gas temperature curves 
corresponding a fire scenario with tg =300 s and in which only the smoke vents open. It is seen that 
after a certain delay which depends on the initial fire growth rate, the temperature exposure to the 
glulam beams can be modelled relatively well by the standard temperature-time curve. However, 
initial delay plays an important role in the fire behaviour of the structures as shown in following. 

4.3.2 Probabilistic Analysis of the Structural Fire Performance 
The evolution of the dimensions hred and bred of the beam was determined on the basis of the 
charring rate corresponding to the temperature curves obtained as a result of the probabilistic fire 
simulations. The charring was calculated using the model of Atreya [26], further developed by 
Ritchie et al. [27] which predicts charring well to about 10 mm char thickness. With thicker char 
layers, the model gives too low charring rate due to the insulation of the char layer. The fire 
simulations revealed that when the char layer depth was larger than 10 mm, the temperature 
exposure followed the standard temperature-time curve and, thus, for char layer thickness greater 
than 10 mm, the charring rate was modelled using the value pertaining to the standard fire exposure, 
i.e., 0,7 mm/min (normally distribution with standard deviation of 0,05 mm/min) [28]. Figure 13c 
shows an example of calculated char depth and Figure 13d shows the corresponding failure 
probability of the beam (g < 0) for the fire scenario with tg = 300 s.  

4.4 Significance of Beam Fire Resistance with Respect to Fire Risks  
The probabilistic analysis reveals that depending on the fire scenario and the time of the year 
(amount of snow load), the glulam beams survive in the natural fire at least 75-120 minutes. These 
are long times as compared to the hazards to the occupants due to smoke and heat and the hazards to 
the rescue personnel arriving at the scene (Figure 14). Hence, the structural fire performance poses a 
negligible risk to humans. Also, in the isolated building, the hazard of fire spread to neighbouring 
buildings is negligible. A detailed analysis using the Time-Dependent Event Tree method [24, 29] 
reveals that with the detection and alarm system adapted in the building (automatic alarming 
triggered by activation of the smoke vent fuses at 100 °C), in the case of a fire there is a finite 
probability of the order of some percents that there may occur a structural failure. This potential 
failure is due to the possibility that during nights (and other not occupied times), the alarm may 
reach the fire brigade (FB) too late for successful extinguishing. The potential failure will result 
only to financial losses, which in most cases would be covered by the insurance. It is important to 
notice that if one wishes to improve the fire safety of the building, investment to more rapid 
detection and alarming system would be a considerably more efficient way than, e.g. increasing the 
fire resistance of the load-bearing structures. 
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Figure 14. a) Example of the time of onset of hazards to the occupants due to smoke and heat and 
b) the time when the fire brigade arrives at the fire scene after it has been alarmed. 
 

5. Conclusions 
A one-dimensional thermal flame spread model can be used to predict the first peak of the heat 
release rate curve in the SBI test. The early phases of the SBI test are of major importance in the 
determination of the FIGRA index and the classification of the product tested. The basic model 
works well for normal wood products without FR treatment. For FR treated wood products, the 
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model can be modified to improve the prediction accuracy. Only the heat release rate curve from 
a single Cone Calorimeter test at 50 kW/m2 is needed as input data for the model. 
Through fire simulation Cone Calorimeter data can be used to assess the reaction-to-fire 
performance of  wood-based products in real-scale fires. Using fire simulation together with 
mechanical analysis, the fire performance assessment can be extended to prediction of fire 
resistance in a natural fire. Using state-of-the-art tools, the fire simulation and mechanical analysis 
can be carried out on a probabilistic basis which enables to evaluate the significance of the fire-
resistance performance with respect to fire risks and hence to obtain a risk-based estimate of the 
required fire resistance level. 
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Summary 
 
A comprehensive research project has been carried out at the Swiss Federal Institute of Technology 
(ETH) on the fire behaviour of timber-concrete composite slabs. The glued laminated timber beams 
used for the fire tests were bonded with a one-component polyurethane (1-K-PUR) adhesive. As 
one fire test on a slab showed an unexpected shear failure of a glued laminated timber beam, a 
series of tests was carried out to study the shear behaviour of different types of adhesives at high 
temperatures. The first part of the paper describes the results of the shear tests at elevated 
temperatures, in the second part the shear test results are compared to the fire test on a slab. 
 
1. Introduction 
In recent years one-component polyurethane (1-K-PUR) adhesives have become popular on the 
European market for the bonding of load-bearing timber components such as glued laminated 
timber products, finger-joints and I-beams. Their main advantages are a colourless glueline, easy 
application of a one-component adhesive and fast hardening within one to three hours without heat 
application. The 1-K-PUR polyadditive adhesive system hardens with the moisture present in the 
wood. As there is little knowledge about the behaviour of 1-K-PUR adhesives at high temperatures, 
five different 1-K-PUR adhesives were tested (see Table 1). 
 
Table 1 Adhesives tested at high temperatures 

Name of the adhesive Type of adhesive Company 

Kauresin 460, Hardener 466 resorcinol-formaldehyde  Türmerleim AG, CH-Basel 

Kauranat 970 1-K-polyurethane  Türmerleim AG, CH-Basel 

Balcotan 107 TR 1-K-polyurethane  Forbo-CTU AG, CH-Schönenwerd 

Balcotan 60 190 1-K-polyurethane  Forbo-CTU AG, CH-Schönenwerd 

Purbond HB 110 1-K-polyurethane  Collano AG,CH-Sempach-Station 

Purbond VN 1033 1-K-polyurethane  Collano AG, CH-Sempach-Station 

Araldite AW 136 H, Hardener HY 991 epoxy ASTORit AG, CH-Einsiedeln 

 
Resorcinol-formaldehyde (RF) and phenol-resorcinol-formaldehyde (PRF) adhesives have been 
used for decades for bonding load-bearing timber components. Fire tests performed in the past with 
glued laminated timber beams bonded with RF and PRF adhesives never led to concerns about 
failure of the gluelines [1,2,3]. Therefore a reference series of oven tests was performed with 
specimens bonded with the resorcinol-formaldehyde adhesive Kauresin 460. On the other hand, 
there are indications that adhesives on the basis of epoxy are sensitive to heat [4,5], therefore in this 
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study also an epoxy adhesive was tested at high temperatures. However epoxy adhesives are not 
commonly used for bonding glued laminated timber components. An important field of application 
for epoxy adhesives is timber connections and reinforcements with glued-in rods. 
 
2. Shear tests at elevated temperatures 
2.1 Test specimens and test arrangement 
The experimental tests were carried out within the framework of two diploma thesis [6,7] at the 
ETH in Zurich. The specimens had dimensions of 112*40*40 mm (see figure 1 left). They were 
produced from glued laminated timber MS 17 according to DIN 4074 with a moisture content of 
11-12%. The wood density varied between 456 and 533 kg/m3. 
 

  
Fig. 1 Test arrangement for the shear tests at high temperatures 
 
The shear behaviour of the specimens was experimentally analysed with the test arrangement 
shown in figure 1 left. The loading arrangement was insulated with mineral wool as shown in figure 
1 right. An industrial air heater allowed the required temperature to be kept constant during the 
loading of the specimen. 
The specimens were heated in an oven to the required constant temperature, transferred as quickly 
as possible to the heated loading arrangement and finally loaded, reaching failure after 
approximately 30-60 seconds. The temperature was continuously measured during the heating and 
during the loading of the specimen. 
 
2.2 Tests results 
For each adhesive 74 tests were performed. The temperature ranged between 20° and 170°C. The 
following different failure modes were observed (see figure 2): 

● failure in the glueline by loss of cohesion of the adhesive 
● failure of the adhesion between adhesive and timber 
● failure of timber outside the glueline 
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Fig. 2 Typical failure modes: failure of timber outside the glueline (left), failure of the adhesion 
between adhesive and timber (centre) and failure of the cohesion of the adhesive (right) 
 
Figure 3 shows the mean values of the shear strength and the percentage of the failure mode 
“cohesion” observed for the adhesive Balcotan 107 TR in function of temperature. Further, the best 
linear approximation of the reduction of the shear strength in function of the temperature was 
calculated with the least squares method. 
 

 
Fig. 3 Mean shear strength and percentage of cohesion failure observed for the adhesive Balcotan 
107 TR in function of temperature 
 
From figure 3 the following remarks can be drawn: 

● a bi-linear curve with break point at about 70°C gives a good approximation of the reduction of 
the shear resistance in function of temperature. 

● a significant loss in shear resistance is observed in function of the temperature up to about 70°C. 
The mean residual shear resistance at 70°C is 40% of the shear resistance at room temperature. 
Beginning from this temperature a smaller loss in shear resistance was observed as the 
temperature increased. 

● the failure mode “cohesion” was never observed at room temperature. On the other hand, this 
failure mode was observed with increasing temperature. For temperatures higher than about 
70°C, only “cohesion” failure occurred. 

 
For the calculation of the fire resistance it is important to know the temperature leading to a change 
from failure of the adhesion between adhesive and timber to failure of the cohesion of the adhesive. 
Table 2 gives the observed temperature range for the different adhesives tested at high 
temperatures. 
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Table 2 Temperature range at which a change from failure of the adhesion between adhesive and 
timber to failure of the cohesion of the adhesive was observed 

Kauresin 460 Kauranat 970 Balcotan 
107 TR 

Balcotan 
60 190 

Purbond 
HB 110 

Purbond 
VN 1033 

Araldite 
AW 136 H 

> 170°C 180° - 190°C 50°- 60°C 190° - 200°C 60° - 70°C 150° - 160°C 50°- 60°C 

 
From table 2 it can be seen that the adhesives Kauresin 460, Kauranat 970, Balcotan 60 190 and 
Purbond VN 1033 showed a failure of the cohesion of the adhesive at temperatures above 150°C. 
On the other hand, for the adhesives Balcotan 107 TR, Purbond HB 110 and Araldite AW 136 the 
failure of the cohesion of the adhesive was observed at temperatures of about 50-70°C. 
 
Figure 4 shows the best approximation for the reduction of the shear strength in function of 
temperature for the different adhesives tested at high temperatures. Further, figure 4 gives the 
temperature-dependent reduction of the shear strength of timber calculated from all tests with 
timber failure alone. 
From figure 4 the following remarks can be drawn: 

● the shear behaviour of the different one-component polyurethane adhesives tested at high 
temperature strongly depends on the composition of the adhesive. Test results based on one 1-
K-PUR adhesive are therefore not valid for other 1-K-PUR adhesives. 

● the 1-K-PUR adhesives Kauranat 970 and Balcotan 60 190 showed more or less the same 
reduction of shear strength as the reference resorcinol-formaldehyde (RF) adhesive Kauresin 
460. 

● the 1-K-PUR adhesives Purbond VN 1033 and HB 110 showed a greater reduction of the shear 
strength in comparison to the reference resorcinol-formaldehyde (RF) adhesive Kauresin 460, 
however the differences are quite small. 

● the 1-K-PUR adhesive Balcotan 107 TR as well as the epoxy adhesive Araldite AW 136 
showed a reduction of the shear strength which was clearly greater than the other adhesives. 

 

 
Fig. 4 Reduction of the shear strength in function of temperature for the different adhesives tested 
at high temperatures 
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3. Fire tests on timber-concrete composite slabs 
3.1  Introduction 
A comprehensive research project was carried out at the ETH on the fire behaviour of timber-
concrete composite slabs [8]. Compared to timber floors the main advantages of this type of 
composite structure are increased strength and stiffness, improved sound insulation and fire 
resistance. The aim of the research project was the development of structural design models for the 
fire resistance of timber-concrete composite floors. Besides the beam type floors, slab type floors 
using laminated wooden decks of timber planks was analysed (see figure 5). 
 

 
Fig. 5 Design of timber-concrete composite floors, left: slab type floors, right: beam type floors 
 
From the variety of connections for timber-concrete composite slabs, two types were tested during 
the research project: a connection with self-drilling screws and a grooved connection with glued-in 
steel dowels (see figure 6). 
 

 
Fig. 6 Screwed connection (left) and grooved connection with glued-in steel dowels (right) for 
timber-concrete composite floors 
 
3.2  Test program and test results 

In a series of small-scale tests the fire behaviour of the connectors subjected to tension or shear was 
experimentally analysed. A series of fire tests on slabs looked at the global behaviour of timber-
concrete composite slabs. All fire tests were based on ISO-fire exposure and performed at the Swiss 
Federal Laboratories for Materials Testing and Research in Dübendorf. Detailed experimental 
results of all tests are described in [9]. From the slab tests, two tests were performed with beam-type 
slabs: one with grooves and glued dowels and one with screws (see figure 7). 
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Fig. 7 Cross-sections of the beam-type slabs one with grooves and Hilti glued dowels and one with 
SFS screws exposed to ISO-fire 
 
The beam-type slab with grooves and Hilti dowels showed an unexpected shear failure of a glued 
laminated timber beam after 63 min ISO-fire exposure. The shear failure was located in the glueline 
(see figure 8). 
 

  
Fig. 8 Shear failure of a glued laminated timber beam after 63 min ISO-fire exposure. Left: cross-
section, right: overview of the failed timber beam 
 
4.  Calculation model 
4.1 Introduction 
When sufficient heat is applied to wood, a process of thermal degradation (pyrolysis) occurs 
producing combustible gases, accompanied by a loss in mass and cross-section. A surface char-
layer is then formed, which because of its low thermal conductivity, protects the remaining 
unburned residual cross-section against heat. The pyrolysis zone can be located between 200°C and 
300°C; the front of the charcoal is found at a temperature of about 300°C. For fire resistance 
calculations of timber structures it is therefore of primary importance to know the development of 
the charring depth during the fire exposure. Further also the stiffness and strength properties of the 
timber close to the pyrolysis zone are affected by the high temperatures. 
For design purposes a simplified method according to SIA Documentation 83 [10] is commonly 
used in Switzerland. The simplified design method is based on a charring rate constant with time 
and is similar to the “Effective cross-section method” given in ENV 1995-1-2 [11] (in EN 1995-1-2 
[12] the same method is called “Reduced cross-section method”). The simplified design methods 
consider the strength and stiffness reduction by adding an additional depth to the charred depth. 
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After the fire test it could be seen that due to air turbulences between the beams the timber beams 
exhibited an irregular charring as given in figure 8 left. The measured charring rate near the failed 
glueline was 1.07 mm/min. Therefore a calculation model based on finite elements was developed 
to consider the influence of the different charring depths measured. 
 

 
Fig. 9 Modeling of the cross-section of the timber-concrete composite beam 
 
For the modeling, the cross-section was divided into finite elements (see figure 9) with different 
stiffness and strength properties depending on the measured temperature Θi(t). For the calculation 
of the fire resistance of the timber-concrete composite slab exposed to ISO-fire, it is therefore 
necessary to know the material properties as a function of the temperature. The reduction of the E-
modulus and the bending strength of timber in function of temperature were assumed according to 
EN 1995-1-2 [12], while the shear strength of bond in function of temperature was assumed 
according to the oven tests. For the reduction of the shear strength of timber in function of 
temperature two different cases were considered: 

● linear reduction of the shear strength of timber according to the oven test results 
● bi-linear reduction of the shear strength of timber according to EN 1995-1-2 [12] 
 
For the calculation mean values of the material properties at room temperature were assumed. The 
E-modulus of the timber beams was measured by means of bending tests. The mean value of the 
bending strength of the timber beams was estimated based on the 5%-characteristic values. The 
shear strength of timber at room temperature was assumed according to full-scale tests by 
Schickhofer [13] performed with structural glued-laminated timber beams with sizes used in 
practice. Figure 10 shows the shear strength of timber and bond assumed in the calculation model. 
 

 
Fig. 10 Shear strength of timber and bond assumed in the calculation model 
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From figure 10 it can be seen, that the shear resistance of bond at room temperatures is higher than 
that of the timber. The ultimate resistance of the bond line is therefore governed by the shear 
strength of timber. The observed failure mode at room temperature confirms this assumption. On 
the other the failure mode “cohesion” was never observed at room temperature.  
The shear strength of bond decreases with an increasing temperature greater than the reduction of 
the shear strength of timber, thus leading to a change in the failure mode. For the assumed linear 
reduction of the shear strength of timber according to the oven test results, the ultimate resistance of 
the bond line is governed by the timber shear strength up to a temperature of approximately 70°C. 
Above that temperature the strength of the bond determinates the ultimate resistance of the bond 
line. On the other hand, for the assumed bi-linear reduction of the shear strength of timber 
according to EN 1995-1-2 [12], the ultimate resistance of the bond line would be governed by the 
timber shear strength up to a temperature of approximately 160°C. 
The different reduction of the shear strength of timber in function of the temperature according to 
the oven test results and to EN 1995-1-2 [12] can be explained with several reasons. The first reason 
is the influence of moisture content. For the oven tests the specimens were heated for some hours to 
the corresponding temperature. After heating the moisture content was measured and a high drying 
rate of the timber was observed. The reduction of the shear strength of timber in function of the 
temperature according to EN 1995-1-2 [12] was chosen in order to take account the conditions 
during fire tests under ISO-fire exposure. During fire tests the timber cross-section is subjected to a 
great time dependent temperature and moisture gradient. In the part of the cross-section with 
temperatures near 100°C the moisture content even increases. Therefore different levels of moisture 
contents have to be considered for the fire tests and the oven tests. 
 

 
Fig. 11 Time dependent reduction of the bending E-modulus as a function of the temperature [14] 
 
Kollmann [14] investigated the influence of a changing moisture content. He measured the effect of 
temperature on the bending modulus of elasticity of heated specimens. The tests were performed at 
room temperature and at constant temperature of 40, 60, 80 and 100°C, respectively. The specimens 
were repeatedly loaded and unloaded at time intervals of 1.5 minutes or more during a total test 
duration of 60 minutes. The lowest moduli of elasticity were recorded at the second or third loading 
cycle when the target temperature in the timber was reached but the moisture content was not yet 
decreased. During the following loading cycles the modulus of elasticity increased again (see figure 
11), due to the drying of the timber beginning on the surface and then continuing to the middle of 
the specimens. 
 

COST E29 Symposium - Florence - 27-29 October 2004

262 of 312



9 

Another possible reason for the different reduction of the shear strength of timber for fire tests and 
oven tests is the effect of loading rate. The effect of the loading rate can be already considerable at 
room temperature. This effect could be much greater at elevated temperature and sensitive to 
moisture changes. 
 
4.2 Comparison between calculation model and fire test 
The fire resistance of the timber-concrete composite slab was calculated according to the 
calculation presented in previous paragraph. The calculation model predicted the shear failure of the 
glueline correctly. 
 
Table 3 Comparison of the measured fire resistance tR,test with the fire resistance tR,model calculated 
with the mechanical properties shown in figure 10 

adhesive + timber linear adhesive + timber two-linear  
test 

tR,test  
[min] tR,model [min] tR,test / tR,model [-] tR,model [min] tR,test / tR,model [-] 

Hilti 63 68 0.93 66 0.95 

 
Table 3 compares the measured fire resistance tR,test with the fire resistance tR,model calculated with 
the mechanical properties as shown in figure 10. It can be seen that the calculated fire resistance is 
in good agreement with the fire test result. The assumed bi-linear reduction of the shear strength of 
timber according to EN 1995-1-2 gave a better prediction of the fire resistance in comparison with 
the linear reduction of the shear strength of timber according to the oven test results, however the 
differences between the results are quite small. 
 
5. Conclusions 
A comprehensive research project was carried out at the ETH on the fire behaviour of timber-
concrete composite slabs. The glued laminated timber beams used for the fire tests were bonded 
with a one-component polyurethane (1-K-PUR) adhesive. As a fire test on a slab showed an 
unexpected shear failure of a glued laminated timber beam, a series of oven tests was carried out to 
study the shear behaviour of the 1-K-PUR adhesives at high temperatures. 
The oven tests were performed with small shear specimens bonded with seven different adhesives: 
five types of one-component polyurethane (1-K-PUR) adhesives, one resorcinol-formaldehyde (RF) 
adhesive and one epoxy adhesive. The oven tests clearly showed that the shear behaviour of the 
different one-component polyurethane adhesives tested at high temperature strongly depends on the 
type of adhesive. Test results based on one particular 1-K-PUR adhesive are therefore not valid for 
other 1-K-PUR adhesives. Further, the oven tests demonstrated that the adhesive used for the slab 
test is sensitive to heat. A significant loss in shear resistance was observed in function of 
temperature up to about 70°C. The mean residual shear resistance at 70°C was only 40% of the 
shear resistance at room temperature.  
For fire design of glued laminated elements it is important to know the loss of bond strength with 
increasing temperature and the temperature leading to a change from failure of the adhesion 
between adhesive and timber to failure of the cohesion of the adhesive. RF and PRF as well as most 
1-K-PUR adhesives showed a strength reduction in the range of that of spruce and a failure of the 
cohesion of the adhesive at temperatures higher than 150°C. On the other hand, for some 1-K-PUR 
adhesives and epoxy adhesives a failure of the cohesion of adhesive was observed at temperatures 
of about 50-60°C. 
A structural model was developed for the calculation of the fire resistance of the timber-concrete 
composite slabs using 1-K-PUR adhesives. The fire resistance was calculated taking into account 
the reduced shear strength of timber and bond at the guidelines from the oven test results. Further, 
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the calculation model based on finite elements permitted consideration of the influence of different 
charring depths measured during the fire test. The calculated fire resistance was in good agreement 
with the fire test result. 
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Summary 
Due to the revision of Swiss fire regulations (2005) [6,7,8,9], buildings will be accepted to be built 
up to six storeys in timber. Wooden facades (claddings) will be accepted up to three storeys without 
any fire protecting equipment. For 4 to 8 storey buildings, wooden facades need an engineered 
design with respect to fire protection. This means that choosing wood as a cladding-material cannot 
lead to an increase in the acceleration of fire propagation over the facade. 

Such facade constructions are currently developed by a team of Swiss researchers, engineers and a 
material testing institution from Germany. The theoretically developed systems are checked in real-
scale fire tests (3.2 x 8.3m) at the Material Testing Institution (MFPA) in Leipzig, Germany. 

After a detailed market analysis, a test program for 32 types of constructions was determined and 
carried out. To decrease the physical conditions of the fire propagation, constructive fire precautions 
with different materials were met, using for example wood, steel and thermally reactive materials. 

Based on the results, design aids for wooden facades will be developed in co-operation with the 
Union of Cantonal Fire Insurances (VKF). These results and those of the other specific projects will 
be published in a revised edition of the documentation "Fire Safety in Timber Constructions"[2] in 
2006 in Switzerland. 

1. Situation 
There's a renaissance of wooden claddings in the domain of facades in central Europe. During the 
last years, the application of such facades has increased steadily. But today, the fire protection 
authorities in most European countries can authorize wooden facades only for buildings having a 
maximum of 2 to 3 storeys. 

The Swiss fire protection authorities (represented by the VKF) have promised, that in the new fire 
protection standards, wooden facades (claddings) will be accepted up to three storeys without any 
special constructive fire protection measurements. For 4 to 8 storey buildings, wooden facades need 
an engineered design with respect to fire protection. 
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2. Aim of the project 
The aim of the project "Optimisation of Wooden Facades for Fire Resistance " is to develop a base 
of measures and concepts for optimised fire retardant (controlled burning) multi-storey wooden 
facades. The main focus is set on wooden facades for 4 to 6 storey buildings. 

The results of this project - as well as the results of many other projects actually in execution in 
Switzerland - will be published in a planning guide concerning fire-safety in timber construction in 
Switzerland. This guide is intended for planners (civil engineers and architects) and builders 
(carpenters). 

3. Organisation of the project 
The execution of the project is divided into four main-parts: 

• Basics 

o Fire scenarios pertaining to the outer wall of a building 

o Definition of facade types 

o Possibilities in design and construction using wood 

o Discussion of the goal of protection 

o Definition of test arrangements and test programs 

• "Large scale" experimental tests in Leipzig (D) at the MFPA  

• Real "full scale" fire resistance tests on a building in Merkers (D) 

• Adaptation in practice 

o Analysis of the test results 

o Elaboration of a technical documentation (guide) for practical use 

o Integration of the results in the fire protection standards and acceptance by the fire 
protection authorities 

o Providing accessibility to informative pictures and film material 

4. Fire scenarios pertaining to the outer wall [17] 
In general, when a fire spreads over an outer wall of a building, it is influenced by the intensity and 
the origin of ignition. 

Fundamentally the facade can be subjected to the following three fire scenarios: 

1. Burning of a neighbouring (non-adjoining) building 

2. Flame source in direct contact to the exterior of the building 

3. Fire within the building in a room bordering on the outer wall, with at least one 
opening 

From real-case fires, it is known that a fire occurring in a room with opened or damaged windows is 
the most critical for the façade. This fire scenario (3) proves the highest thermal load for the facade. 
Due to this fact, this particular scenario is used as the basis for elaborating the test methods used in 
this project. Measures pertaining to scenarios 1 or 2 can be derived from these results.  
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5. Aim of protection 
Actually there are no harmonized international standards concerning test methods for facades. Only 
real-scale fire test can give an accurate appraisal of true fire behaviour of facade constructions. The 
definition of appropriate and accepted protection goals enables the correct interpretation of such 
tests. Both the following goals and the general mechanisms of fire propagation on the facade were 
compiled in an elementary paper in close co-operation with the authorities. This elementary paper 
was approved by the VKF and constitutes the basis for the fire experiments. 

5.1 General goal of protection 

In the case of a fire within a room bordering on the outer wall of a building, before the fire 
fighting operations begin, the fire propagation is not allowed to surpass more than two floors 

above the initial ignition floor. 

Wooden facade claddings 

The general aim of protection for wooden facades is derived as follows:  

 

• by attaching additional wooden claddings 
and thus augmenting the combustible 
loading on an exterior wall, the above 
stated goal must not be impaired. 

• Wooden claddings may only be used on 
building surfaces accessible to exterior 
fire-fighting techniques.  An application on 
multi-storey buildings with more than 
eight floors is excluded. 

• Other fire protection requirements (i.e. fire 
resistant walls, fire escapes) are to be 
implemented in accordance with the fire 
safety regulations. 

• Within a certain given time period, an 
accelerated fire propagation surpassing the 
acceptable damage area (2 floors) is not 
allowed.  

• Experimental results show that the lateral 
fire propagation to the left and right of 
origin of ignition develops more slowly 
than in the vertical direction (factor 
approx. 1:10). 

 

 

 

 

 

 

Figure 1Vertical fire propagation 
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6. Basis in timber construction 
The basis for design and construction in timber are divided into the following areas: 

• Types of facades 
Nine facade types are defined based on a composition of selected existing buildings. 

• Groups of wooden claddings 
Two main groups are defined that encompass a wide variety of possibilities for wood 
application in facade construction  
 - Vertical claddings 
 - Horizontal claddings 

• Definition and requirements regarding the outer wall 
The fire behaviour of wooden facades is analysed. The cladding is defined as being mounted 
on the outer wall of the building. 
 
The following minimal requirements pertain to the outer wall: 
 - The outer wall construction has a fire resistance of at least 30 minutes 
 - The final exterior layer of the outer wall is considered to be a hard, closed, 
   non-combustible board. 
 - A combination of a combustible board with an exterior mineral wool insulation is possible 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AW  outer wall 
AB   wind casing 
UK   cross joists 
AD   external insulation 
HL   ventilation space 
VK   cladding 

Outer wall construction 

external insulation with cross lathing 
 

water protection layer 
 

spacer 
 

support lathing 
 

cladding 
 

coating 
 

Figure 2 Definitions on the outer wall construction 
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7. Test program 
The test program of the large scale tests in Leipzig (D)and the real scale tests in Merkers (D) was 
designed to cover a large number of constructive and formative timber facade variants. 

Further, a series of ignition tests were carried out on various kinds of woods and manufactured 
wood products. These tests have been executed in accordance with the German code DIN 4102-1 
[10]. They serve for the clarification of different fire behaviour of various kinds of wood and 
coating systems. 

 

Following, an schematic extract of the large scale test program: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Extract of the test program 

 

The test program contains 32 large-scale tests, which have been executed at the MFPA-Institute in 
Leipzig, Germany. 
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8. Experimental research on large scale tests at MFPA in Leipzig (D) 
On the basis of the results of several calibration tests, a facade 
test-verification construction was built at MFPA in Leipzig. The 
wall is made out of porous cement block. To simplify the 
mounting of the wooden cladding, a massive 60mm thick 
wooden panel was fixed in front of the cement block wall. To 
avoid combustion of this panel, it is covered by a 15mm thick 
gypsum fibre board. This testing facility has an height of 8.30m 
and so the assessment of the fire propagation over four floors is 
possible. 

 

A short summary of test number V7 is represented here and on 
the following page as one example of the 32 tests executed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Metal sheet as fire-block Figure 7 Test facade, ready to be tested 

Figure 4 Supporting 
construction with partly 
mounted wood panel 

 

 

 
 

Figure 5 Schematic representation of fire 
test V7 
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8.1 Large scale test V7 

   
   

Description: 
Cladding 
Vertical oriented cladding, spruce, 20 x 
125 mm 
 
Supporting construction 
Cross joist 30 x 60 mm 
 
Fire-block 
Cantilevered steel sheet metal, 
1,5 mm thickness 
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Results: 

Test schedule 

• Ignition of the wood 
facade immediately 
adjoining the window 
lintel in the third minute 
Ignition above the first 
fire-block in the fourth 
minute. 
Ignition above the 2nd 
fire-block in the 20th test 
minute. 

• Extinguishing after the 
20th test minute. 

Figure 8 Short summary large scale test V7 
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9. Real-scale fire tests in Merkers, Germany 
The real-scale fire tests were executed in a residential building built in concrete in Merkers 
(Thuringia) which was already slated for demolition. The 4-storey, 14.5 m high building had a 
length of 40.2 m and a width of 10.0 m. 

The goal of the tests was to validate the results of the large-scale fire investigations executed in 
Leipzig at the MFPA. This application allowed the use of usual fire load densities and fire scenarios 
under natural weather conditions in a real multistorey building. The fire behaviour of continuous 
wooden claddings applied across the entire surface of this building was examined using a fire in a 
room with opened windows bordering on the facade. The influence of wooden balconies on the 
wooden facade was examined in a further test. 

The long facade was divided into three areas equal in size with a length of 13.4 ms in each case, and 
wooden cladding was added from the ground up to the roof  (4.5 floors, about a height of 13.7 m). 
In addition, the gable front was also cladded and five balconies were built in front of the façade. 

 

 

 

 

 

 

 

 

 

 

 

 

 

After executing the above described tests, several firms showed an interest in large scale fire tests. 
The large-scale testing program in Leipzig was thus expanded and continued until July 2004.  

10. Conclusion  - further proceeding  

10.1 Test program 

The executed tests show that flammability (ease of ignition) of the cladding material is not the only 
authoritative criteria with regards to fire behaviour of a facade. Rather, the construction method 
represents the main criteria influencing fire propagation on an outer wall of a building. 

Correctly conceptualized facades in timber construction that fulfil all fire protection goals and 
evaluation criteria will soon be accepted in Switzerland. 

10.2 Adaptation in practice 

The chapter "Facades" in the new planning guide "Fire Safety in Timber Constructions" (mentioned 
above) should represent a simple to use guide for the planner to design wooden facade constructions 
according to the fire protection standards. This chapter will be divided into two parts, a general part 
concerning requirements on facade constructions and a catalogue of constructive details that fulfil 
all mandatory requirements. 

10.3 Acceptance by the fire protection authorities  

In Switzerland, an expanded basis for application of wooden facades will be launched by the 

 

Figure 9 Test building, cladding in wood Figure 10 Test building after the investigation 

COST E29 Symposium - Florence - 27-29 October 2004

272 of 312



 
 

revision of the fire-safety standards. These standards come to effect on January 1st 2005. It is 
anticipated that the positive results of the test program will lead to acceptance of wood application 
in facades for buildings with more than three storeys by the fire protection authorities. However, the 
necessary, technical application documents (guides) must be provided by the wood industry. 

Certainly these documents could be adapted for use in other countries. But the specific goals of fire 
protection must be set in accordance to local laws and adapted in close co-operation with the fire 
safety authorities in each respective country. 

 

This test program along with its accompanying extensive and detailed documentation represents an 
optimal basis for a discussion concerning building laws and safety in every country. A 
corresponding commitment from the wood sector will lead to lasting positive economic effects. 

11. Concluding remarks 
The evaluation of the test results is not yet concluded. Therefore, the results can be represented in 
this document only in general form. No definitive statements are currently possible. A concluding 
analysis and interpretation in a general overview of all executed fire tests is still required. Definitive 
and binding results are expected, and will be published when the project is brought to a conclusion. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 11 View of the future: a Four-storey building with wooden cladding in Glarus, 
Switzerland. 
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Summary 
Timber slabs with perforations and sound absorbers are used to improve the ceiling sound 
insulation. From a fire design point of view perforated timber slabs are unfavourable, since the 
perforations increase the surface area exposed to fire and facilitate an increased penetration of heat 
into the burning zone. This can lead to an increased burning rate in comparison to heavy timber 
surfaces. In order to enlarge the theoretical and experimental background of the fire behaviour of 
timber slabs with perforations, a series of fire tests was performed on timber assemblies made of 
hollow core elements. The first part of the paper describes the results of the fire tests, in the second 
part a simplified calculation model for the burning rate is presented and compared to the test results. 
 
 
1. Introduction 
The requirements for sound insulation of wooden floors depend on their field of application. For 
large office rooms, restaurants, schools, swimming pools, sport centres, etc. a high quality of sound 
insulation is often required. Timber ceilings made of hollow core elements with acoustic 
perforations and sound absorbers placed behind the perforated acoustic layer can significantly 
improve sound absorption and meet high requirements of sound insulation. 
From a fire design point of view perforated acoustic layers are however unfavourable, since the 
acoustic perforations increase the surface area exposed to fire and facilitate an increased penetration 
of heat into the burning zone. This can lead to an increased burning rate in comparison to heavy 
timber surfaces. For this reason four different acoustic configurations commonly used were studied 
under fire exposure. The load-bearing capacity of the timber assemblies tested was outside the 
scope of this work. 
 
2. Fire tests 
2.1 Test specimens 
Two different specimens (EI30-AL and EI60-AL) were manufactured by the Swiss firm Lignatur, 
Waldstatt and tested under the ISO-standard fire exposure. The specimens had the dimensions of 
1080x950x200 mm and consisted of four hollow core elements made of spruce (picea abies) with a 
mean density of 450 kg/m3 and a moisture content of 9%. The complete geometry of the two 
specimens is shown in figure 1. 
As test parameters, the size of the acoustic perforations, as well as the thickness of the perforated 
acoustic layer exposed to fire were varied. Four different acoustic configurations commonly used 
were tested for each specimen (see figure 2 and table 1). As sound absorber, 2x20 mm thick layers 
of Pavapor [1] boards were placed behind the perforated acoustic layer. Pavapor noise insulating 
boards are based on 100% wood fibres and the porous soft fibreboards have a solid structure and 
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high impact resistance. Pavapor is classified in the fire class E according to EN 13501-1 [2]. The 
mean density of the Pavapor fibreboards used was 135 kg/m3. 
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Fig. 1 Geometry of the test specimens EI30-AL and EI60-AL, all dimensions in mm 
 
Table 1 Different acoustic perforations tested under the ISO-fire exposure 

Definition “Small-sized round 
perforations” 

“Medium-sized round 
perforations” 

“Large-sized round 
perforations” 

“Slit-shaped 
perforations” 

Size 9 mm diameter 20 mm diameter 30 mm diameter 250 mm long 

Symbols SP MP LP SLP 
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Fig. 2 Test specimen for the fire tests. Left: general view of the test specimen, right: detail of the 
large-sized round perforations (LP) 
 
The fire tests were performed on the small furnace (1.0x0.8 m) at the Swiss Federal Laboratories for 
Materials Testing and Research (EMPA) in Dübendorf. The specimens were exposed to the 
standard fire curve according to ISO 834 [3]. During the tests, the temperature at selected locations 
was measured and recorded every minute with thermocouples of chromel-alumel, type K. At the 
end of the fire tests, the burners were immediately turned off, the specimen was removed and the 
fire was extinguished with water. For each specimen two sections were cut out as shown in figure 3, 
the char was removed and the residual cross-sections were measured. 
 

A*

A

B

B*

Plan

LP SP

SLP MP

LP

SLP MP

SP

 
Fig. 3 Sections considered for the measurement of the residual cross-sections after the fire tests 
 
2.2 Test results 
The specimen EI30-AL was exposed to a 30 minute ISO-fire. Figure 4 illustrates the specimen after 
the fire test. The measured residual depths of the vertical members of the hollow core elements are 
given in table 2. 
 
 
 

COST E29 Symposium - Florence - 27-29 October 2004

279 of 312



4 

 

 

Cross-section A 

 
 
Cross-section B 

Fig. 4 Specimen EI30-AL after 30 minutes of ISO-fire. Left: general view of the specimen after the 
fire test, right: residual cross-sections after removing the char 
 
From figure 4 the following remarks can be drawn: 

- for all elements the perforated acoustic layer was completely charred. Most of the char-layer 
however did not fall into the furnace. 

- for all elements the wood-based fibreboards placed behind the perforated acoustic layer were 
only partially charred. No fire penetration into the cavities was therefore observed. 

 
The specimen EI60-AL was exposed to a 60 minute ISO-fire. After about 30 minutes fire exposure, 
the charred portions of the 25 mm thick perforated acoustic layer begun falling into the furnace, so 
that it was possible to observe the wood-based fibreboards directly exposed to fire. Figure 5 shows 
the specimen after the fire test. The measured residual depths of the vertical members of the hollow 
core elements are given in table 2. 
 
 
 

 

Cross-section A 

 
 
Cross-section B 

Fig. 5 Specimen EI60-AL after 60 minutes of ISO-fire. Left: general view of the specimen after the 
fire test, right: residual cross-sections after removing the charcoal 
 
From figure 5 it can be seen that the perforated acoustic layers as well as the wood-based 
fibreboards were completely charred for all hollow core elements with the 25 mm thick perforated 
acoustic layer as well as for the timber element with the 2x25 mm thick perforated acoustic layer 
and the slit-shaped perforations. For these elements fire penetration into the cavities was not 
prevented, as confirmed by the observed partially charred surfaces. On the other hand, for the 
hollow core elements with the 2x25 mm thick perforated acoustic layer and the other acoustic 
perforations, the wood-based fibreboard was only partially charred. The cavities of these elements 
were therefore protected from the fire exposure. 
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3. Simplified calculation model 
3.1 Fire behaviour of timber assemblies made of hollow core elements 
Timber is a combustible material and thus differs from most other common structural building 
materials. When sufficient heat is applied to wood, a process of thermal degradation (pyrolysis) 
occurs producing combustible gases, accompanied by a loss in mass and cross-section. A surface 
char-layer is then formed, which because of its low thermal conductivity, protects the remaining 
unburned residual cross-section against heat. For fire resistance calculations of timber structures it 
is therefore of primary importance to know the development of the charring depth during the fire 
exposure.  
For design purposes a simplified method according to SIA Documentation 83 [4] is commonly used 
in Switzerland. The simplified design method is based on a charring rate constant with time and is 
similar to the “Effective cross-section method” given in ENV 1995-1-2 [5] (in EN 1995-1-2 [6] the 
same method is called “Reduced cross-section method”). 
The fire behaviour of timber assemblies made of hollow core elements is characterised by two 
different charring phases, before and after the timber layer directly exposed to fire is completely 
charred. Before the fire exposed timber layer is completely charred, the timber assembly is exposed 
to fire only on one side and a more or less homogenous regular one-dimensional charring similar to 
that of a heavy timber slab can be assumed, as confirmed by a series of fire tests on timber 
assemblies performed within the framework of a previous research project [7]. The research project 
also permitted verification of the simplified design methods given in SIA Documentation 83 and 
ENV 1995-1-2 for fire resistances of 60 and 90 minutes. Good agreement between fire test results 
and design methods was observed. 
After the fire exposed timber layer is completely charred and the char-layer begins falling off, the 
thin vertical timber members are exposed to fire on 3 sides, leading to very irregular residual cross-
sections with charring depths much greater than for heavy timber structures where the char-layer 
performs as an effective protection of the remaining unburned residual cross-section. From a fire 
design point of view it is therefore desirable that the vertical timber members are not exposed to fire 
on 3 sides. This can be achieved in two different ways: 

- the fire exposed timber layer is so designed that a fire penetration into the cavities is prevented 
(the timber assemblies tested in [7] were designed according to this criteria). 

- the cavities are filled with insulation material, so that after failure of the fire exposed timber 
layer charring occurs mainly on the narrow side of the vertical members, while the wide sides are 
more or less protected by the insulation. As cavity insulation, rock fibre batts which remain 
intact up to 1000°C and in place after failure of the fire exposed timber layer can be used. On the 
other hand, cavity insulation made of glass fibre batts is not recommended because it melts when 
exposed directly to fire temperatures, being incapable of protecting the wide sides of the vertical 
member [8]. 

 
3.2 Charring model for the calculation of the residual cross-section 
In the following, a simplified charring model to calculate the residual cross-section of the hollow 
core elements is described. In calculating the structural residual cross-section the perforated 
acoustic layer exposed to fire is not considered. Further it is assumed that the thickness of the 
perforated acoustic layer and the sound absorbers placed behind it is so designed that fire 
penetration into the cavities is prevented. Thus only the charring of the vertical members of the 
hollow core elements is considered. 
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Fig. 6 Charring model for the calculation of the residual cross-section of the vertical members of 
the hollow core elements 
 
The charring model considers two different charring phases as shown in figure 6 and generally 
discussed in the previous paragraph. For simplicity linear relationships between charring depth and 
time are assumed for each phase. The first phase is defined as the time period, during which the 
charring depth has not yet reached the thickness of the perforated acoustic layer (dchar ≤ hu). The 
charring rate β1 during this phase depends mainly on the size and position of the acoustic 
perforations. Values of β1 are estimated from the fire tests and presented in paragraph 3.3. The time 
t1, when the charring depth has reached the thickness of the acoustic layer (dchar = hu) can be 
calculated as: 

1u1 ht β=  (1) 

The second phase is characterised by the charring of the vertical timber members after the charring 
depth has reached the thickness of the perforated acoustic layer (dchar ≥ hu). The charring rate β2 
during this phase is mainly influenced by the thickness of the vertical members and the Pavapor 
wood-based fibreboards on the sides of the vertical members. Due to charring of the fibreboards 
close to the fire exposed arrises of the vertical members and because of the small thickness of the 
vertical members of only 33 mm, a superposition of the heat flux from the sides and below occurs 
and increased charring is expected in comparison to one-dimensional charring. 
Because of its low density, wood-based fibreboards generally show a charring rate much higher 
than normal solid softwood. As values of β2 can not be directly estimated from the fire tests, for 
simplicity it is therefore assumed that during the second phase the charring rate of the vertical 
members is the same as for the wood-based fibreboards, i.e. β2 = β(wood-based fibreboards) ≥ 
β(timber).  
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For wood-based panels with a characteristic density of 450 kg/m3 and a panel thickness of 20 mm, a 
charring rate of 0.9 mm/min is given in ENV 1995-1-2 and EN 1995-1-2. For other characteristic 
densities and thickness values, the charring rate should be calculated as: 

p
h, h

204509.0 ⋅
ρ

⋅=βρ  with 0.1
h
20

p
≥  (2) 

For the wood-based fibreboards used in the fire tests with a density of 135 kg/m3, equation 2 
predicts therefore a charring rate of about 1.6 mm/min. This value assumed for the calculation 
model is discussed in paragraph 3.4. 
Finally for a required time treq of fire resistance the charring depth for the vertical members of the 
hollow core elements can be calculated as: 

req1char td ⋅β=  for 0 ≤ treq ≤ t1 (3) 

( )1req2uchar tthd −⋅β+=  for t1 ≤ treq ≤ t2 (4) 

 
3.3 Charring rate β1 during the first charring phase 

Tables 2 shows the charring rates β1 calculated from the residual depths hfi measured on the sides of 
the vertical members after the fire tests. These values correspond to the charring rate during the first 
phase as defined in 3.2 and shown in figure 6, i.e. β1 was evaluated only if the charring depth 
measured was smaller than the thickness of the acoustic layer (dchar ≤ hu). From table 2 the 
following remarks can be drawn: 

- the influence of small-sized round perforations (SP) on the fire behaviour of the vertical 
members is relatively small. For the 31 mm and 40 mm thick acoustic layers no significant 
differences were observed, the average charring rate β1 was 0.69 mm/min and thus smaller than 
the notional charring rate of 0.8 mm/min given in SIA Documentation 83 and ENV 1995-1-2, 
which takes into account the effects of corner roundings and fissures. On the other hand, the 
average charring rate β1 measured for the 50 mm thick acoustic layer was 0.80 mm/min. Further 
it can be seen that for the 31 mm and 40 mm thick acoustic layers the ratio dchar/hu varied 
between 0.5 and 0.7, while for the 50 mm thick acoustic layer dchar/hu was about 1.0. Thus the 
measured charring rate β1 depends on the ratio dchar/hu. This indicates that the relationship 
between the real charring depth and time is not linear, an increased charring rate is observed as 
the charring depth approaches the thickness of the acoustic layer. For simplicity, a constant value 
of β1 = 0.8 mm/min is assumed for the linear charring model, chosen such that β1 is equal to the 
value measured for dchar ≈ hu. 

- the influence of medium-sized round perforations (MP) on the fire behaviour of the vertical 
members is also relatively small. For the 31 mm and 40 mm thick acoustic layers no significant 
differences were observed, the average charring rate β1 was 0.74 mm/min and the ratio dchar/hu 
varied between 0.6 and 0.8. On the other hand, charring rates β1 for the 50 mm thick acoustic 
layer have not been calculated, as dchar was greater than hu. This indicates that also in this case 
the relationship between charring depth and time is not linear and an increased charring rate is 
expected as the charring depth approaches the thickness of the acoustic layer. For simplicity, a 
constant value of β1 = 0.9 mm/min is assumed for the linear charring model, giving reasonable 
agreement with the test results. 

- large-sized round perforations (LP) show a greater influence on the fire behaviour of the vertical 
members. Charring rates β1 evaluated for the element with the 40 mm thick acoustic layer varied 
between 0.8 and 1.0 mm/min. Further charring rates β1 for the element with the 31 mm thick 
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acoustic layer have not been evaluated because dchar was greater than hu. The significant 
differences observed between the elements with 31 mm and 40 mm acoustic layers indicate that 
the charring rate β1 is influenced by the thickness of the acoustic layer. The following simplified 
relationship is assumed for the charring rate β1: 

( ) min/mm0.1h500.1 5.0
u1 ≥⋅=β  (5) 

- slit-shaped perforations (SLP) show the most unfavourable fire behaviour of the vertical 
members. Charring rates β1 have not been evaluated because for all elements dchar was greater 
than hu. The following simplified relationship, calibrated to the test results, is assumed for the 
charring rate β1: 

( ) min/mm5.1h505.1 5.0
u1 ≥⋅=β  (6) 

 
Table 2 Charring rates β1 calculated from the residual depths hfi measured on the sides of the 
vertical members after the fire tests 
Perfora-
tion type 

Test 
specimen 

hu 
[mm] 

Cross-
section 

hfi 
[mm] 

dchar 
[mm] 

dchar/hu 
[-] 

fire time t 
[min] 

β1 
[mm/min] 

A 179 21 0.68 30 0.70 
A* 177 23 0.74 30 0.77 
A 182 18 0.58 30 0.60 

EI30-AL 31 

A* 182 18 0.58 30 0.60 
A 179 21 0.53 30 0.70 

A* 178 22 0.55 30 0.73 
A 181 19 0.48 30 0.63 

EI30-AL 40 

A* 176 24 0.60 30 0.80 
A 150 50 1.00 60 0.83 

A* 156 44 0.88 60 0.73 
A 149 51 1.02 60 - 

SP 

EI60-AL 50 

A* 152 48 0.96 60 0.80 
B 174 26 0.84 30 0.87 

B* 176 24 0.77 30 0.80 
B 180 20 0.65 30 0.67 

EI30-AL 31 

B* 182 18 0.58 30 0.60 
B 178 22 0.55 30 0.73 

B* 177 23 0.58 30 0.77 
B 178 22 0.55 30 0.73 

EI30-AL 40 

B* 177 23 0.58 30 0.77 
B 125 75 1.50 60 - 

B* 143 57 1.14 60 - 
B 136 64 1.28 60 - 

MP 

EI60-AL 50 

B* 141 59 1.18 60 - 
A 154 46 1.48 30 - 

A* 159 41 1.32 30 - 
A 160 40 1.29 30 - 

EI30-AL 31 

A* 160 40 1.29 30 - 
A 176 24 0.60 30 0.80 

A* 177 23 0.58 30 0.77 
A 174 26 0.65 30 0.87 

LP 

EI30-AL 40 

A* 170 30 0.75 30 1.00 
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3.4 Charring rate β2 during the second charring phase 
König conducted an extensive experimental research [9,10] on the fire behaviour of light timber 
frame assemblies and developed a design model which takes into account different charring stages 
due to the protection provided by the lining [11]. The design model has been included in EN-1995-
1-2 [6]. The assemblies considered consisted of solid timber members (joist or studs), linings of 
gypsum plasterboards, and cavity insulation made of rock or glass fibre. In a series of fire tests 
without lining on the fire exposed side, the fire behaviour of the timber members with rock fibre 
insulation was studied. The fire tests showed that rock fibre insulation was capable of protecting the 
wide sides of the timber members from fire, however due to two-dimensional heat flux in the 
insulation material close to the timber members, increased charring occurred in comparison to one-
dimensional charring β0. In order to take into account this effect and convert the irregular residual 
cross-section caused by corner roundings into a notional rectangular cross-section, a cross-section 
factor κs as well as a conversion factor κn were derived from the fire tests. Values of κs for different 
member thicknesses are given in Table 3.  
 
Table 3 Cross-section κs  factor for different member thicknesses according to [11] 

Member thickness in mm 33 38 45-48 60 90 

Cross-section factor κs 1.5 1.4 1.3 1.1 1.0 

 
It can be seen that for wide members where the heat flux is mainly one-dimensional κs is 1.0. The 
conversion factor κn is a function of area, section modulus and moment of inertia. For simplicity 
these three values can be replaced conservatively by a single value of 1.5.  
Thus for timber members with a thickness of 33 mm a charring rate of about 1.5 mm/min 
( 65.05.15.10ns ⋅⋅=β⋅κ⋅κ=β ) can be calculated. It can be seen that this value is slightly smaller 
than the charring rate predicted for the wood-based fibreboards, confirming that the charring rate β2 
for the vertical members of the hollow core elements assumed during the second phase should not 
be higher than the value predicted for the wood-based fibreboards. 
 
4. Discussion of the calculation model 
4.1 Comparison to test results 

Figure 7 compares the charring depths dchar,model calculated according to the simplified charring 
model to the test results dchar,test. Each symbol in figure 7 represents one test result. Symbols located 
above the 45° continuous line mean that the calculated charring depth is smaller than the test result, 
i.e. the calculation model leads to results that are unsafe. On the other hand, symbols located below 
the line mean that the calculation model gives safe results. Thus a perfect prediction is represented 
by symbols located on the 45° continuous line. Table 4 summarizes the charring rates β1 (see 
paragraph 3.3) and β2 (according to equation 2) assumed for the calculation. 
 
Table 4 Charring rates β1 and β2 assumed for the calculation 

Perforation type SP MP LP SLP 

β1 [mm/min] 0.8 0.9 ( ) min/mm0.1h500.1 5.0
u ≥⋅  ( ) min/mm5.1h505.1 5.0

u ≥⋅  

β2 [mm/min] 1.6 1.6 1.6 1.6 
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Fig. 7 Comparison of charring depths dchar,model calculated according to the simplified charring 
model to the test results dchar,test 
 
For the small- and medium-sized round perforations all test results are considered, i.e. a total of 16 
test measurements for each acoustic perforation are represented in figure 7. On the other hand, for 
the large-sized round perforations and the slit-shaped perforations test results of the elements with 
25 mm thick acoustic layers are not considered as the vertical members, due to the fire penetration 
into the cavities, were partially charred on their sides, i.e. dchar was greater than hu+hp (see figure 6). 
For these acoustic perforations only 12 test measurements are therefore given in figure 7. 
From figure 7 it can be seen that the calculated charring depths are in good agreement with the fire 
test results. The average ratio dchar,model/dchar,test is for the small- and medium-sized round 
perforations 1.12, for the large-sized round perforations 1.08 and for the slit-shaped perforations 
1.01. Thus the charring model mostly leads to safe results. 
Only for the 2x25 mm thick acoustic layer with medium-sized round perforations is the calculated 
charring depth slightly smaller than the test results. A possible reason is that this element was 
located between the elements with slit-shaped perforations, and therefore because of the small 
thickness of the vertical member the fire behaviour on the side of the medium-sized round 
perforations was influenced by the increased charring on the side of the slit-shaped perforations. 
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4.2 Influence of acoustic perforations 
The influence of the different acoustic perforations on the fire behaviour of the vertical members of 
the hollow core elements was discussed in paragraph 3.3, showing that the charring rate β1 depends 
mainly on the acoustic configuration tested. Thus the values of β1 estimated from the fire tests and 
presented in 3.3 should be used only for the acoustic configurations tested.  
Generally speaking, the influence of acoustic perforations on β1 can be described by means of three 
different parameters (see figure 8): 

-  the size of the acoustic perforations, defined as A/d where A is the area of the acoustic 
perforation and d the distance between the perforations. For the slit-shaped perforations the area 
A is calculated per mm length of the slit-shaped perforation, i.e. d = 1.0 mm (for the tested 
perforation A = 20 mm2 and thus A/d = 20 mm2/mm, see Table 5) 

-  the position of the acoustic perforations with respect to the vertical member, defined by the 
distance b 

-  the thickness hu of the acoustic perforated layer 
 

vertical member

exposed to fire
acoustic perforated layer

fibreboards
wood based

uh

Plan

Cross-section

d

b

A = area of acoustic perforation

b  
Fig. 8 Definition of the parameters A/d, b and hu 
 
Table 5 shows the parameters A/d, b and hu for 5 different test results as well as the charring rates 
β1 derived from the tests and the factors k calculated according to equation 7. Test results A and B 
have the same parameters except the ratio A/d, while test results B and C differ only in the distance 
b. From test results A and B we can seen that by increasing the ratio A/d an increased charring rate 
is observed. On the other hand, from test results B and C a strong reduction of the charring rate is 
observed by increasing the distance b. Further the test results for the large-sized round perforations 
and the slit-shaped perforations showed that the charring rate decreased by increasing the thickness 
hu of the acoustic perforated layer (see for example the comparison between test results A and D 
respectively B and E). 
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Table 5 Parameters of 5 different test results as well as charring rates β1 derived from the tests and 
factors k calculated according to equation 7 

Test Perfora-
tion type 

Diameter 
[mm] 

A 
[mm2] 

d 
[mm] 

A/d 
[mm2/mm] 

b 
[mm] 

hu 
[mm] 

β1 
[mm/min] 

k 
[-] 

A LP 30 706.9 75 9.4 24 50 1.0 1.6 
B SLP - 20 1 20.0 24 50 1.5 3.4 
C SLP - 20 1 20.0 40 50 1.0 1.6 
D LP 30 706.9 75 9.4 24 31 1.3 2.6 
E SLP - 20 1 20.0 24 31 1.9 5.5 

 
In figure 9 left the charring rates β1 given in Table 5 are represented as a function of the factor k, 
which is defined as: 

u
5.1

3

hb
10dAk

⋅
⋅

=  (7) 
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Fig. 9 Charring rates β1 as a function of the factor k (see equation 7); left: only test results given in 
table 5 are represented; right: all test results are represented 
 
From figure 9 left a linear correlation between the charring rate β1 and the factor k is observed. The 
best fitting linear curve represented in the figure is given as: 

72.0k22.01 +⋅=β  (8) 

Figure 9 right illustrates the charring rates β1 as a function of the factor k for all test results. In the 
figure also the linear correlation according to equation 8 is represented. A good agreement between 
test results and linear model is observed. The corresponding linear correlation coefficient R is 0.98. 
By resolving equation 8 such that β1 = 0.8 mm/min, a value of k ≈ 0.35 is obtained. Thus for 
acoustic configurations with k values smaller than 0.35 the influence of the acoustic perforations 
can be neglected and the notional charring rate of 0.8 mm/min can be assumed. 
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5. Conclusions 
Timber assemblies made of hollow core elements with acoustic perforations and sound absorbers 
placed behind the perforated acoustic layer are commonly used to improve the ceiling sound 
absorption. From a fire design point of view perforated acoustic layers are unfavourable, since the 
acoustic perforations increase the surface area exposed to fire and facilitate an increased penetration 
of heat into the burning zone. This can lead to an increased burning rate in comparison to heavy 
timber surfaces. For this reason a series of fire tests was performed at the Swiss Federal 
Laboratories for Materials Testing and Research (EMPA) in Dübendorf (CH). Four different 
acoustic configurations commonly used were studied under standard fire exposures of 30 and 60 
minutes. As test parameters, the size of the acoustic perforations, as well as the thickness of the 
perforated acoustic layer were varied. 
The fire tests showed that fire penetration into the cavities of the hollows elements can be 
prevented, if the perforated acoustic layer and the sound absorbers placed behind it are sufficiently 
thick. For most of the acoustic perforations tested, a 31 and 50 mm thick perforated acoustic layer 
combined with 2x20 mm sound absorbers made of wood-based fibreboards satisfied this 
requirement for a fire resistance of 30 and 60 minutes, respectively. 
The calculation of the fire resistance of timber constructions is based on the determination of the 
residual cross-section after the fire exposure. Thus a simplified calculation model was developed 
and compared to the test results. The model takes into account two different charring phases, before 
and after the perforated acoustic layer is completely charred. For simplicity linear relationships are 
assumed between charring depth and time for each phase. The charring rate β1 during the first phase 
depends mainly on the size and position of the acoustic perforations as well as the thickness of the 
perforated acoustic layer. The test results clearly showed that small- and medium-sized round 
acoustic perforations have a small influence on β1. On the other hand, an increased charring rate 
was observed for the elements with large-sized round perforations and slit-shaped acoustic 
perforations. Values of β1 were estimated from the fire tests for the different acoustic configurations 
tested. 
The charring rate β2 during the second phase is mainly influenced by the thickness of the vertical 
members and the wood-based fibreboards placed on the sides of the vertical members. Due to 
charring of the fibreboards close to the fire exposed arrises of the vertical members and because of 
the thickness of the vertical members of only 33 mm, a superposition of the heat flux from the sides 
and below occurs and increased charring is expected in comparison to one-dimensional charring. As 
values of β2 could not be directly estimated from the fire tests, it is assumed that during the second 
phase the charring rate of the vertical members is the same as for the wood-based fibreboards, 
which because of their low density generally show a charring rate much higher than normal solid 
softwood. 
When verifying the simplified calculation model, good agreement between fire test results and the 
design method was observed. 
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Calculations vs. fire testing – Limitations of Eurocode 5 and the need of fire 
testing 
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Summary 
EN 1995-1-2, the Fire Part of Eurocode 5 – Timber structures, is part of the Eurocodes system, to 
be implemented in the European Union. This paper highlights some of the topics of this new 
European standard and indicates – although this standard is the most comprehensive code for the 
design of timber structures – the limits of its applicability when complex problems are to be solved.  
Charring and the effect of applied fire protective claddings is dealt with in a consistent way. Rules 
for strength and stiffness parameters are discussed. New improved, however still incomplete, rules 
for connections can easily be extended when new knowledge is available. The modified 
components additive method for the verification of the separating function of wall and floor 
assemblies takes into account both properties and the position of layers. For the application of 
advanced calculation methods, effective material properties are given: thermal properties, taking 
into account effects of char cracking and char recession, and thermo-mechanical properties taking 
into account influence of elevated temperature and moisture on strength and stiffness. Limits of 
applications are explained and it is stated where design by calculation is not possible and fire 
testing is necessary. 
Key words: timber, structures, design, fire, fire resistance, calculations, testing, codes. 

1. Introduction 
In 1994, the first version of the Fire Part of Eurocode 5 was published as ENV 1995-1-2 [1] to be 
implemented for experimental application in the Member States of the European Union and EFTA. 
For the time being, the complete set of Eurocodes, comprising 58 Parts, is being revised and 
transferred into European Standards (EN). The last Eurocode Parts are expected to be published in 
2006. The new Eurocode 5 Fire Part, EN 1995-1-2 [2] is expected to be made available by CEN by 
the end of 2004 and be completely implemented in Member States five years later, implying that 
conflicting National standards are withdrawn. 
ENV 1995-1-2 [1] was a great step forward to common European structural fire design rules for 
timber structures. Previous National rules, in those Member States where such rules existed, were 
of different complexity, depending on the level of development in the field of fire design of timber 
structures achieved in respective country. For example, charring rates given in National codes 
varied considerably. A common safety philosophy did not exist; sometimes safety factors and/or the 
effects of elevated temperature on strength and stiffness properties where implicitly included in the 
charring rates; in other cases one or both of them were given separately. In ENV 1995-1-2 [1] it was 
tried to strictly distinguish between material properties and safety factors and to present methods of 
different levels of complexity. 
This paper describes the main topics of the code. For a more comprehensive presentation of the 
background and a list of references, see [3].  
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2. Application of EN 1995-1-2 
In general, the essential requirement safety in the case of fire, given in the Construction Products 
Directive, deals with different aspects of fire safety. EN 1995-1-2 only deals with fire resistance, 
that is it deals with the structural response to fully developed fires. EN 1995-1-2, but not with the 
response of surfaces, called reaction to fire, that has an important impact on safe egress of a 
building. For the verification of the fire resistance, different strategies can be applied. One strategy 
is to apply nominal fire scenarios such as the standard fire scenario where the severity of the fire is 
expressed by the duration; another is the application of natural fire scenarios, e.g. given by 
parametric fire curves. These may include aspects of active measures of fire safety, see [4]. Our 
knowledge on the performance of timber structures in natural fires is still limited. Therefore, the 
rules given in EN 1995-1-2 mainly refer to standard fire exposure. The requirements with respect to 
fire resistance, normally given by National Building Regulations, are expected to include aspects of 
building height, occupancy, alarm, automatic or manual fire suppression etc. 

3. Basis of Design 

3.1 General 
Section 2 of the material related Fire Parts of the Eurocodes gives rules on requirements, actions, 
design values of material properties and resistances (that is how design values are established from 
characteristic values) and verification methods.  
3.2 Requirements 
Here the well-known acceptance criteria are given, dealing with load-bearing function (R), integrity 
(E) and insulation (I). Criteria are also given for natural fires scenarios given by parametric fire 
curves as defined in EN 1991-1-2 [4]. The load-bearing function must be maintained during the 
complete duration of the fire including the decay phase, or a specified period of time. The insulation 
criterion is given as a maximum temperature increase on the cold side by 140 and 180 K 
respectively as for standard fire exposure, while it is 200 and 240 K during the decay phase. 

3.3 Design values 
The design values of strength properties (and correspondingly for stiffness properties) of timber are 
given as 

20
mod,fid,fi

M,fi

f
=  f k

γ
 (1) 

that is it is based on the 20 % fractile of the cold properties. This fractile can be determined by 
multiplying the characteristic property (which is the 5 % fractile) by a factor kfi that is dependant on 
the coefficient of variation of the material. For example, for solid timber kfi = 1,25 and for glued 
laminated timber kfi = 1,15. The recommended value of the partial factor in the fire situation γM,fi is 
unity and was chosen in order to get harmonisation of different material related Eurocode Fire 
Parts. 

3.4 Verification methods 
EN 1990 [5] states, as an principle, that the structural analysis, among other  things, shall consider 
models for the temperature evolution within the structure as well as models for the mechanical 
behaviour of the structure at elevated temperature. The application rule, satisfying this principle, 
says that the required performance should be verified by either global analysis, analysis of sub-
assemblies or member analysis. Traditionally, member analysis corresponds to design by testing 
performing full-scale furnace tests of members (beams, columns, floors, walls). For timber 
structures member analysis is sufficient, since thermal elongations of timber members – due to the 
large temperature gradient across the cross-section and a sufficiently large cold core in the timber 
member – are negligible and thus only have negligible influence on the structural system. This 
structural performance is in contrast to other structural materials such as steel and concrete. A 
global analysis will often offer favourable alternatives, e.g. in the simple case that premature failure 
of structural elements, e.g. an internal non-separating wall, will be compensated by alternative load 
paths in redundant structural systems, such that structural collapse of the building is prevented. In 
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general, the Eurocode Fire Parts allow design by testing or by a combination of testing and 
calculations. 

4. Charring 
Charring of timber, reducing the cross-section of a timber member, is normally the dominating 
effect of a fire exposure on the mechanical resistance of timber members. The clauses dealing with 
charring have undergone considerable revision compared to ENV 1995-1-2 [1]. As a basic value β0, 
that charring rate has been chosen that is observed under one-dimensional heat transfer conditions 
under standard fire exposure in a semi-infinite timber slab, see Figure 1 (a). One-dimensional 
charring also takes place in sufficiently large cross-sections, such as glued laminated beams, see 
Figure 1 (b). When this char depth dchar,0 is applied, the roundings at corners must be taken into 
account. In order to simplify the calculation of cross-sectional properties (area, section modulus and 
second moment of area) by assuming an equivalent rectangular residual cross-section (see Figure 1 
(b), notional charring rates βn are derived such that they implicitly include the effect of corner 
roundings and approximately give the same results. For the application of one-dimensional charring 
rates minimum requirements regarding the width of the cross-section apply. 

 

dchar,n

d ch
ar

,0

dchar,0

timber slab glued laminated beam
a) b)

Figure 1 Charring of timber slab (a) and glued 
laminated beam (b) 

For softwoods, the (one-dimensional) charring rate of Eurocode 5 is given as independent of 
species and densities. This is in contrast to e.g. North American experience where different species 
exhibit considerable influence on the charring rate. For the time being, in Europe these species do 
not play a major roll in the market place, however increased trade may change this and may lead to 
increased need of fire testing.  
The rules on protected timber have undergone considerable changes. It has been taken into account 
that different charring rates should be applied during different phases of the fire exposure, see 
Figure 3 and 4. When the timber is protected by a cladding – e.g. wood-based panel o gypsum 
plasterboard – the start of charring is delayed until time tpr. If the cladding falls off at that time (this 
would normally occur when the cladding is a wood-based panel), then charring is assumed to take 
place at the double rate (compared to charring of initially unprotected surfaces) as long as the char 
depth is not greater than 25 mm. Finally, increasing that char depth, charring continues with the rate 
valid for initially unprotected timber. When the protection remains in place some time after the start 
of starring, e.g. in the case of gypsum plasterboard type F (with improved core cohesion) or calcium 
silicate board, a phase with a reduced charring rate follows after the onset of charring. For failure of 
the protection two failure modes apply: thermal degradation of the protection or pull-out failure of 
fasteners due to charring of the timber behind the protection. Unfortunately, since no generic data 
were available, no failure times are given for type F plasterboard. These must be determined by 
testing according to ENV 13381-7 [7]. The code also gives some rules for timber completely 
protected by batt-type rock fibre insulation.  
The charring rules are reasonable adequate for rectangular cross-sections that are exposed on three 
or four sides. For light timber members in floor or wall assemblies with glass or rock fibre filled 
cavities, special rules are given, see Figure 2. Other cases of partial protection cannot be dealt with 
using the simplified charring rules of EN 1995-1-2, e.g. see Figure 5 showing a timber stud and 
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cavity partially filled with insulation. 

b

d ch
ar

,n

h

b

a) b) c)  
Figure 2 Cross-section of timber frame assembly (a) and charring of timber member with 
real (b) and equivalent (notional)residual cross-section (c) 

0

10

20

30

40

Time t

Charring 
depth
d char,0

or
d char,n

[mm]

1

2a

25 mm

2b

 t a t f

 
Figure 3 Charring for early failure of 
protection: 1 unprotected timber; 2a, 2b 
Protected timber with simultaneous start of 
charring and failure of protection at t = tf   
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Figure 4 Charring for delayed failure of 
protection: 1 unprotected timber; 2a-c 
Protected timber with start of charring at t = 
tch and failure of protection at t = tf  

 
Figure 5 Example of partially protected 
timber member 

Unfortunately, the char model given for timber members in assemblies with void cavities is coarse 
and unsatisfactory. Although advanced models exist, these have not been used to derive simple 
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calculation methods that are consistent with the design philosophy of Eurocode 5. For optimum 
design with respect to fire resistance (load-bearing function) full scale fire testing will remain 
important. 

5. Cross-sectional properties 
EN 1995-1-1 gives two alternative methods for the determination of cross-sectional properties for 
the load-bearing capacity of beams and columns. The easiest to use and most applicable method is 
the reduced cross-section method is the recommended method. This method, permitting the 
designer  
to use an effective residual cross-section with “cold” strength and stiffness properties (with 
kmod,fi = 1 inserted in equation (1)), takes into account the reduction of these parameters in the heat 
affected zones by further removing a 7 mm thick layer from the residual cross-section, see Figure 6. 
It also takes into account that the effect of elevated temperature gradually increases during the first 
twenty minutes of fire exposure, or when the timber is protected by protective claddings. This 
method is recommended in the code. 
The alternative reduced properties method gives values of kmod,fi for compressive, tensile and 
bending strengths as well as the modulus of elasticity of members to be inserted in expression (1). 
The calculated mechanical resistance is greater than obtained by the reduced cross-section method. 
Unfortunately, this method has a several drawbacks, including the following: 
 

• the gradual increase of strength reduction during the first 20 
minutes or until start of charring of protected members is not 
taken into account; 

• no modification factors are given for shear strength; 
• although the method seems more complex and is pretended to be 

more precise than the reduced cross-section method, it cannot be 
verified using advanced methods, see below; 

• the method is valid only for three- and four-sided exposure and 
cannot be used for timber slabs. 

For light timber frame elements (studs and joists) in assemblies with 
cavities that are completely filled with glass or rock fibre (see  
insulation EN 1995-1-2 gives specific modification factors kmod,fi for 
insertion in expression (1) and the determination of the mechanical 
strength and stiffness parameters of the cross-section. Here both the 
reduced cross-section method and the modification factors according 
to the above mentioned reduced properties method would give 
unsafe results.  
Solid timber panels, e.g. cross-laminated timber, see Figure 7, have 
been introduced as load-bearing elements in walls and floors. Since 

the above mentioned methods do not apply to these elements, fire testing is necessary to verify fire 
resistance of walls and floors that are made of this type of solid timber panels. 

 

 

Figure 7 Example of cross-laminated timber 
plate 

 

 

1
2
3

 
 

Figure 6 Determinattion 
of effective residual cross-
section with borders of (1) 
initial, (2) residual and (3)  
effective residual cross-
section 
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6. Rules for the separating function of wall and floor assemblies 
The simple components additive method that was given in ENV 1995-1-2 [1] has been modified by 
combining it with a method that has been used in Sweden since 1995, also considering new test 
results. The total fire resistance, taken as the sum of the contributions from the different layers of 
the assembly (claddings, void or insulated cavities) considering different heath transfer paths, see 
Figure 8, is given by 

ins ins,0,i pos j
i

=∑t t k k   (2) 

where tins,0,I is the inherent insulation value of layer “i” in minutes, kpos is a position coefficient and 
kj is a coefficient for the influence of joints in claddings not backed with a battens or structural 
element. The method gives values of tins,0,I and kpos for plywood, particleboard, fibreboard, gypsum 
plasterboard, rock and glass fibre batts, and voids. For linings with two layers, fire testing will give 
considerably larger fire resistances. 
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1 timber frame 
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4 cavity 
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5 panel joint not 
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6 position of services 
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Figure 8 Heat transfer paths through a 
separating construction 

 

7. Connections 
The design rules for connections have been improved considerably compared to previous rules 
given in ENV 1995-1-2 [1]. The rules apply to laterally loaded symmetrical three-member 
connections in shear, see Figure 9. For connections with screws, the design rules also include 
axially loaded fasteners. 
Unprotected connections in shear that comply with the requirements at ambient temperature 
according to EN 1995-1-1 are deemed to satisfy fire resistance durations of 15 minutes (e.g. nails, 
screws, bolts) or 20 min (dowels).  When a fire resistance of 30 minutes is 

required, the dimensions of the timber members should be increased, 
except for bolted connections, since the bolt heads give rise to 
increased heat flux into the timber members. For connections with 
bolts or any other of the above mentioned fasteners, for fire 
resistances up to 60 minutes, the connection should be protected by 
an additional layer of timber, wood-based panel or gypsum 
plasterboard. Alternatively, the fasteners should be protected by 
bonded-in plugs.  

An alternative strategy of increasing fire resistance is to reduce the load (degree of utility). The 
code gives following expression between the relative load-bearing capacity η and time to failure 
td,fi: 

 

 
 

Figure 9 Symmetrical 
three-member connection 
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d,fie k tη −=   (3) 

where k is dependent on the fastener type, see examples shown in Figure 10. The relationships are 
valid for exposure times up to 20, 30 or 40 minutes, respectively. For greater fire resistances the 
dimensions of the timber should be increased or separate fire protection should be applied, see 
above. 
Recent results of fire tests with dowelled connections with internal steel plates [8] show that 
connections with multiple rows of fasteners exhibit greater fire resistance as shown in Figure 10, 
whereas there is a good agreement with the rules for increased timber dimensions or applied fire 
protective boards.   

0
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η

timber-to-timber dowels
timber-to-timber bolts
timber-to-timber nails and screws
steel-to-timber dowelsl

 
Figure 10 Relationships between relative lateral load-
bearing capacity and time to failure for unprotected 
connections 

8. Advanced calculation methods 
In an informative annex, EN 1995-1-2 also gives guidance for the use of advanced calculation 
methods, e.g. finite element methods for thermal and structural analysis of timber structures. For 
thermal analysis, simplified effective thermal properties of timber are given, taking into account the 
influence of char cracking and char surface recession. These thermal properties should not be used 
for other than standard fire exposure. The thermo-mechanical properties of timber, strength 
(tension, compression, shear) and stiffness properties (modulus of elasticity for tension and 
compression), also include transient effects of combined moisture and elevated temperature around 
100°C and mechano-sorptive creep when the water is vaporised.  
Unfortunately, EN 1995-1-2 does not give the thermal properties of materials other than timber, 
such as wood-based panels, gypsum plasterboard and insulation materials that are often used in 
combination with timber. Some data may be available in literature, however, if they are applied in 
heat transfer calculations, they must be verified by tests or calibrated to test results.  
Correspondingly, thermo-mechanical properties are only given for timber, whereas values are 
missing for wood-based panels. A consequence is that many innovative products such as load-
bearing sandwich panels made of wood-based panels and a core of insulation material cannot be 
designed according to the EN 1995-1-2. 

9. Conclusions 
Although the new Fire Part of Eurocode 5, EN 1995-1-2, is an important milestone with respect to 
new achievements in the field of structural fire design of timber structures, in many cases of 
innovative timber structures, however, our knowledge is still limited. Design assisted by testing or a 
combination of testing and calculations will then often be the principal method. Hopefully, new 
knowledge will be available when a new generation of Eurocodes will be drafted. The findings 
made by developers of innovative timber construction and composite elements will contribute to 
this work. 
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Summary  
EN1995-1-2, the fire part of Eurocode 5, is currently the most comprehensive code for the design of 
timber structures in fire. However, in areas where knowledge is incomplete, namely in the design 
and calculation of novel and innovative timber structures, its applications is limited. For these 
products design and development need to be assisted by testing. This paper presents a testing 
methodology, which was developed for examining and designing the fire resistance behaviour of 
composite wall structures- Structural Insulated Panels, commonly referred to as ‘SIPs’. SIPs stem 
from the US and are loadbearing composite building panels which combine two high density 
facings either side of a low density, commonly synthetic foam core. In Europe SIPs are currently 
primarily used as walls in domestic and light industrial construction. The composite nature of the 
SIP wall unit implies that its fire resistance is to a great extent dependent on the structural bond 
between the various panel layers. The resilience of this type of construction in fire conditions is 
therefore influenced by a range of factors such as the materials used in the panels, jointing of the 
units and plasterboard protection. A novel, three-scale fire testing regime has been developed to 
enable a parametric study of the various factors affecting the fire performance of SIPs. This novel 
testing approach has enabled the identification of key stages of panel failure and thereby also points 
to a new approach to the design and development of novel materials and products, currently outside 
the scope of EN 1995-1-2. 
Keywords: timber, structures, fire, fire resistance, testing, structural insulated panels, SIPs 
 
 
1. Introduction 
 
EN1995-1-2 represents the state-of-the art in the design of timber structures for fire resistance, 
compiling knowledge and experience gathered in this field over many years. It merges the design 
approaches adopted in the different European countries and introduces a common safety 
philosophy. EN1995-1-2 is based on extensive knowledge on the behaviour of timber elements, 
components and connections in fire conditions. Whilst these new design rules guide on the design 
of traditional, established timber structures, novel innovative timber components and their 
behaviour are only covered to limited extent. This is related to the fact that the fire resistance 
behaviour of innovative timber structures has often not been researched in depth and is therefore 
less understood. Due to the relative newness of some of these products, standard fire testing is 
employed to ascertain the resilience of such structures when exposed to a standard fire exposure. 
Traditionally the fire performance of loadbearing building units is assessed using a full-scale fire 
resistance test; in Europe EN 1363 [1]. Resistance-to-fire tests determine the capability of a 
product/system in preventing fire spread beyond compartment boundaries while maintaining the 
ability to bear the imposed load. This full-scale fire furnace assessment is used extensively for new 
products and systems and is the main proof of regulatory compliance for building authorities.  
 
Although this method is established and apt to determine the compliance with performance 
requirements laid out in Building regulations (for example 30 or 60 minutes fire resistance) its 
application in design and research is limited. In concept, the standard full-scale test is merely 
intended to provide a pass-fail information on a specimen construction which closely simulates the 
end use. It is not well suited to the determination of the fire performance of novel timber building 
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systems or as a design tool in general. But at the same time fire is often a critical design factor in 
composite, lightweight building systems, such as Structural Insulated Panels (SIPs).  
 
2. SIPs and fire resistance  
 
SIPs are prefabricated lightweight building units, used as principal loadbearing components in 
domestic (figure 1) and light industrial construction, currently up to three storeys in height. 
 

 
In Europe the panel systems are mainly used as loadbearing 
internal and external walls, whereas in the US, from where 
these composite systems originate, SIPs are also frequently 
employed as floors and roofs. A SIP consists of two high 
density face layers which are bonded both sides of a low 
density, cellular core substrate (figure 2). A strong, structural 
bond between the three layers is essential to the loadbearing 
ability of the composite panel so that high loads can be 
transmitted by the relatively light units without internal 
studding.  
 
 
 
 

 
 
Figure 1: Dwelling under construction with SIPs 

In Europe the face layers of the panel are usually cement- or gypsum based building boards and also 
Oriented Strand Board (OSB). In the US, wood based face layers, such as OSB, are more common. 
The materials used as core substrate are diverse and range from synthetic, rigid foam cores, such as 
extruded and expanded polystyrene (XPS and EPS) or polyurethane (PUR) and its derivative 
polyisocyanurate (PIR), to inorganic mineral fibre. Self-adhesive, synthetic foam cores, such as 
PUR and PIR, are suited to a continuous production process of the pre-fabricated panel systems. 
Foams such as EPS, XPS and mineral fibre wool have to be glued to the faces in an additional 
manufacturing step. In Europe off-site prefabrication of the wall units is widespread and continuous 
manufacture with self-adhesive foams is generally preferred. 
 
 
Face layer

Core

•Mineralbased boards such as 
cementbonded particle board (CBPB)
•Woodbased boards such as 
Oriented Strand Board (OSB)
•Generally any board product used in the
building industry
•8 to 15 mm thick

Rigid cellular insulation such as
•Polyurethane (PUR)
•Polyisocyanurate (PIR)
•Phenolic foam (PF)
•Expanded Polystyrene (EPS)
•Extruded Polystyrene (XPS)
•and also mineral fibre

Face layer

~ 70 to 250mm

 
 
Figure 2: Cross section of a SIP 
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In structural sandwich walls the fire performance of particular concern due to the types of materials 
used in the panels and the fact that these material layers need to remain structurally bonded to 
maintain the loadbearing ability of the wall. The assessment of these wall structures with standard 
fire resistance test methods is difficult. This is mainly due to the fact that the furnace arrangement 
does not enable the close monitoring of the building unit during the test. This hampers the 
distinction of the various superimposed failure stages, common in this specific type of multi-layered 
construction. The significantly different types of materials (i.e. high density, fire resistant boards on 
a low density combustible core) used in the panels interact in their heat reactions so that only their 
combined fire responses determine the overall performance level of the wall. Furthermore a range 
of additional components, such as the jointing, additional sacrificial plasterboard protection and also 
sometimes internal panel bracing, are used to assemble the wall units. Some proprietary systems use 
internal panel bracing to prevent the delamination of the face layers.  
 
This complex and variable panel set-up requires a step-by-step testing programme, in which the 
various panel components are tested successively, ranging from board/ core combination testing to 
more comprehensive wall configurations, including joints and additional linings. This is difficult to 
implement in a full-scale test regime and also very costly. The scaled testing methodology was 
developed to overcome the shortcomings of the full-scale regime. The integrated test approach 
helps the evaluation of influencing factors to sandwich wall fire performance and thereby impacts 
and assists the design of these wall structures.  
 
 
3. Integrated approach to fire resistance testing 
 
Relevant information on the effects of fire exposure on SIP building units can only be generated by 
a testing methodology which allows to monitor and study the temperature distribution and physical 
damage within the element with exposure time. By observing and systematically compiling the fire 
reactions of the structural member, the failure modes and maybe more importantly the effect of 
these failures on the reduction in loadbearing capacity can be researched and understood. In SIPs 
loss of loadbearing ability is generally the governing failure criterion.  
 
As discussed before the standard full-scale fire resistance test regime is not suited to collect this 
information and therefore a new approach is proposed. In the Integrated Fire Resistance Test 
Methodology (IFRTM) three existing fire testing methods and structural testing at ambient 
temperature are combined. The following fire test regimes have been used in modified form (see 
also figure 3) 

(i) bench-scale cone heater set-up 
(ii) intermediate-scale furnace test (~1m² test unit and incorporating a loading device to 

monitor the stiffness loss of the wall unit during the test) 
(iii) full-scale fire resistance test with enhanced monitoring. 

 
 
Whilst the intermediate- and full-scale tests are vertically oriented fire resistance regimes in a 
furnace environment, the bench-scale test is adopted from a reaction-to-fire test, the cone 
calorimeter [2].  
 

COST E29 Symposium - Florence - 27-29 October 2004

301 of 312



(i)

(ii)

(iii)

 
 
Figure 3: Fire testing regimes employed in IFRTM 
 
All the above fire tests were modified and developed for the proposed, integrated method. In the 
bench-scale test the edge effects encountered when testing the sandwiched SIP units necessitated 
the alteration of the specimen size (to 200mm²). Additionally a temperature monitoring scheme was 
introduced which enabled to collect the time-temperature history in the panel units [3]. While full-
scale fire tests examine all three fire resistance criteria, smaller scale furnace tests traditionally only 
examine the insulation and integrity performance of the wall [4]. In the intermediate-scale test 
proposed for the IFRTM this was overcome by extending the test routine to incorporate an 
additional deflection measurement. With a customised loading rig the change in the unit’s out-of-
plane stiffness with time and temperature increase can be recorded and examined.  
 
A full-scale fire test evaluates the wall performance as close to its end use as possible [5]; this 
cannot be achieved by any other test arrangement. The assessment of the wall with vertical loading, 
all wall components and the representative plasterboard lining links the three main fire resistance 
performance parameters of a construction element: temperature reaction, physical damage in the 
construction and the correlated reduction in loadbearing ability. However, as discussed in the 
introduction, there are limits to the extent of design relevant data that can be gathered with this 
standard procedure. These limitations need to be overcome by linking the test information in the 
various test scales as shown in Figure 4.  
 
Structural tests at ambient temperature on the wall units in different configurations form an 
important part of the testing routine. Additional information on the fire and load behaviour of the 
SIP walls is determined with these structural tests. In the test regime the critical governing fire 
damage in the walls, as determined through the bench- and intermediate-scale testing, is modelled at 
room temperature to approximate the residual loadbearing capacity of the structure at the moment 
of damage. Since loss in loadbearing capacity during the fire exposure in the testing regime is a 
transient phenomenon, the structural testing at ambient temperatures is used to benchmark the effect 
of these failures on loadbearing ability. Through this approach critical failure stages are established.   
 
Figure 4 summarises the various testing regimes employed in the methodology and details the 
relevant test information gained in each scale. It also shows how the information is compiled by 
testing different panel configurations. This information helps to predict and ultimately design the 
fire performance of the wall units.  
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The bench-scale set-up can accommodate the principal panel components, i.e. board and core, and 
can also be enhanced to include additional protection, internal units and joints. Whilst the fire 
performance of the principal panel components (board and core combinations) are indicative of 
larger scale reactions, the relative sizes of secondary components in the bench-sized sample makes 
correlation to larger scale tests less accurate. However, the observation of damage progression in 
the protected, jointed or linked panel is valuable to modelling work and helps in approximating the 
failure behaviour of the practical wall. Another great advantage is the possibility of replicate testing, 
especially in the bench-scale, which additionally enables the experimenter to assess the reliability of 
the performance information gathered. 
 

Intermediate-scale Full-scale

Temperature distribution

Stiffness reduction

Integrity
Insulation

Loadbearing ability

Proving test to 
authorities

Tests on:
Plain wall section
Jointed wall section
Jointed wall+ protection
Secondary information
Influence of tolerances
Jointing types

Bench-scale

Temperature distribution

Tests on:
Board and core combination
Panel+protection
Panel+ internal links 
Panel+ jointing

Physical damage
induced by exposure

Fire exposure of wall unit

Predict & design fire resistance of wall unit

Failure of wall system
as close to practical
situation as possible

Temperature distribution

Stiffness reduction

Physical damage
induced by exposure

Complementary structural tests at ambient temp.:
To establish in steady state the residual loadbearing 
ability of the wall depending on state of damage

Boundary restraint

Boundary restraint

 

In the full-scale test, the load 
application must be carefully 
modelled to ensure that accurate  
and practical design information  
is gathered with the test. Structural 
design and testing are essential to 
achieving this. 

 
Figure 4: Overview of information collected with varying panel configurations in each test scale  
 
The tests in smaller scale, i.e. in bench-as well as intermediate-scale, always offer higher restraint at 
the horizontal and vertical boundaries of the test specimen and this needs to be accounted in the 
correlation of results [3]. However, this feature of reduced scale testing can be used, especially in 
the bench-scale test, to determine the effect of restraint conditions on wall performance. With the 
method the influence of restraint was examined using a range of panel configurations. This included 
a test programme in which the board layers were systematically removed to varying degree to 
monitor the effect on the temperature reaction of the remaining wall section. Such effects can 
generally not be determined accurately through furnace testing because of the limited observation 
possibilities and inflexible test procedures (mainly affected by the furnace arrangement). The 
influence and effect of boundary restraint on the performance of the test walls could be 
approximated using this method. 
 
A range of material and panel configurations was assessed in the programme. The board materials 
tested in the scope of the programme ranged from cement-, gypsum based and OSB board layers of 
different thicknesses (emphasis was given to the fire reactions of the mineral based board materials, 
which are commonly used in Europe). Similarly the core materials were varied, ranging from 
mineral fibre and high-density Phenolic to low-density EPS and closed-cell, self-adhesive PUR and 
PIR. Furthermore a variety of jointing and internal bracing mechanisms and the effect of 
plasterboard lining was investigated. A full list of material and test configurations can be found in 
[3].  
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4. The fire behaviour of SIPs 
 
4.1 Temperature reaction of the composite wall structure 
The testing methodology was employed to examine the failure stages and decline in loadbearing 
ability in structural sandwich walls as related to the temperature build-up in the wall section when 
exposed to standard fire conditions (furnace conditions based on ISO 834 temperature-time curve 
[6]). The temperature reaction of the layered wall structure was found to be subdivided into three 
stages, as shown schematically in figure 5. The temperature build-up in the wall was dependent on 
the distance to the fire exposed side of the wall. The further the measurement location was away 
from the exposed veneer the later and less severe the temperature increase.  
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This profile can be used to map the degradation process through the composite section with time, 
allowing various failure stages to be distinguished. It also enables to compare differences in 
temperature reactions of the range of specimen configurations. Sequential testing analyses the 
influence of panel parameters such as materials used in a SIP and also the effect of additional panel 
layers, such as protective plasterboard linings. It was found that both temperature build-up and 
damage in the wall units are influenced by the variety of components used to assemble a SIP. So as 
to demonstrate the application the developed testing methodology the findings of the parametric 
study into the influence of the board layers will be presented here. 
 
The influence of board material choice on the performance of the SIP in fire can be shown well 
when comparing the temperature development recorded behind the exposed board layer. The 
temperature and failure reactions of a selection of board and core materials in the bench-scale test 
are plotted in figure 7. For all specimen configurations critical degradation in the exposed board 
layer and throughout the wall was observed at the onset and during stage 2 of the temperature 
reaction. The onset of this stage in the temperature reactions differs and so do the failures. Figure 7 
shows the degradation patterns observed in the exposed board layers in the bench-scale testing 
regime. In mineral based board materials the critical failure was caused by the heat-induced 
dehydration of the material, causing shrinkage and cracking. A range of board and core materials 
have been submitted to testing. The board layers chosen for testing were representative of materials 
used in SIPs, in figure 7 two mineral based board materials are compared. The boards differ in 
thickness but also in composition. Board A (8mm) is cement-based whilst board B (10mm) is 
gypsum based. The core materials shown in figure 7, PUR and PIR are representative of the foams 
used in SIPs, whereas the steel backing has been tested as a comparison material, scaling a lower 
bound performance. Failure pattern and consequently temperature build-up in the respective panels 
vary, also for specimens with identical board layers. The findings clearly show the different wall 
performances depending on the board materials used, but also highlight the interaction of the 
material reactions in the layered wall build-up. This interaction affects both, the temperature rise 
behind the exposed board layer and its characteristic degradation. This has been illustrated in figure 
7 for board B, where the temperature reaction is shown to vary depending on the backing core layer. 
The repeated testing (up to six test replicates per wall configuration) showed that these wall 
reactions were very consistent. 
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Figure 7: Temperature reaction (in bench-scale) and failure pattern in board layer 
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3.2 Link to stiffness loss 
It needs to be determined which of the observed temperature reactions and failures are key factors 
to the functioning of a loaded SIP wall in fire. Therefore the detailed failure investigations 
undertaken in bench-scale need to be linked to a loss in loadbearing ability. For this the findings 
from the bench-scale test, here related to the board layer reactions, have to be correlated to the 
results in the intermediate-scale testing regime. The intermediate-scale regime produces data on the 
temperature and stiffness reaction of the SIP walls exposed to furnace conditions (see figure 8).  
 
From the intermediate scale regime it could be observed that the decline in wall stiffness was also 
found to be subdivided into three stages, similar to the temperature reaction. Overlaying both panel 
reactions, as shown in figure 8, the change in wall stiffness was seen to be linked to the temperature 
rise behind the exposed board layer (measurement depth A).  
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 in figure 9. The temperature reactions in both test scales are particularly 
minutes. In SIPs this is the time interval where the main changes in panel 
bserved (as shown in figures 6 to 8, when no additional lining is provided). 
, the correlation of the temperature reaction between both scales is less 
ly due to secondary failures in the board material, such as inadvertent 
 sections. A detailed study on the secondary failure effects has also been 
new testing approach but will not be discussed in detail here. Further detail 
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Figure 9: Temperature profiles measured in bench- and intermediate-scale test samples 

The degradation of the board material was found to be one of the overall critical events in the fire 
performance of SIPs, influencing the loss in stiffness in the units and thereby vital to the design of 
SIP structures in general. The structural tests at ambient temperature are used to model the impact 
of board failure on structural loadbearing ability of the SIP wall. In this study three wall 
configurations were examined: 

• the intact wall,  
• the wall with partly delaminated board layer and  
• the wall is one board layer completely removed.  

The loss in loadbearing ability associated with these different failure stages is plotted below (figure 
10). An extended test programme also investigated the contribution of internal panel bracing and 
jointing, which will be discussed further in the next section. 
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Figure 10: Reduction in loadbearing ability depending on board failure stage 
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5. Using the IFRT Method in the design of composite SIP walls 
 
As shown before the amalgamation of temperature, damage and stiffness data, generated by the 
three-scale fire testing regime and structural tests at ambient temperature, link together the critical 
stages of progressing wall failure. Before, as an example, the effect of board failure on SIP wall 
performance has been discussed in detail.  In the research the IFRT method has been used to 
explore the influence of other panel components, as well as study initial and secondary failure 
modes in SIP structures. From this work knowledge could be accumulated to offer the following 
design support for SIP walls: 
 

• Board layers and additional protection 
The characteristic decline in loadbearing ability with exposure time depends on both panel materials 
and panel build-up. The time to onset of stiffness loss was correlated to the failure of the exposed 
board layer and in panels with mineral based board layers, the length of the initial behavioural 
stage, was found to be influenced by the following parameters:  

1. density and thickness of the board layer,  
2. the material of the layer (gypsum-based materials performed superior)  
3. backing core material 
4. the thickness of sacrificial plasterboard layers. 

 
Plasterboard protection prolongs the fire resistance of the sandwich wall but once it is removed, 
generally through delamination, the decomposition of the panel is accelerated due to pre-heating 
effects. These findings correlate well with the approach suggested in EN1995-1-2 for varying 
charring progression in protected and unprotected timber. 
 
Once the plasterboard and the exposed board of the sandwich wall have failed (“post-board-failure 
stage”) the extent of board falling from the wall assembly (mostly in the centre of the assembly as 
shown in figure 11) is influential to the fire resistance performance of the tested wall unit.  
 

Temperature reaction in SIP unit

Time  
Figure 11: Influence of boundary restraint on temperature reaction in wall unit 
 
 
Well restrained board pieces remain shielding the wall and thereby slow down decomposition and 
heating of subsequent, internal wall components (see figure 11). Intermediate, internal panel 
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bracing and components enhance the board restraint. The strength of the degraded board around 
mechanical fasteners and in edge areas is influential to the effectiveness of protection during this 
stage of panel behaviour. 
 
 

• Core material 
The core materials used in structural sandwich walls are highly insulating and thereby speed up the 
heat build-up in the exposed board layer. This accelerates the board degradation and also induces 
the heat degradation of the core prior to board failure. This damage often results in flaming 
combustion of the core once the exposed board layer has failed, hastening the consumption of the 
entire panel. In sandwich walls two types of core material behaviour have been observed. PUR/PIR 
and Phenolic charred upon direct exposure, complemented by localised flaming combustion in 
PUR/PIR cores whereas, EPS melted and receded from the heat source upon exposure. The latter is 
the more onerous for sandwich wall performance and can induce insulation and integrity failure in 
addition to loadbearing collapse. Charring core substrates, which encase the internal components, 
can slow down their degradation. Rigid, coherent char, attached firmly to the unexposed board 
layer, further stabilises the degraded wall unit. Even minor differences in core composition can be 
detected with the method and the findings highlight the core’s significant contribution to the overall 
SIP wall performance. 
 

• Jointing and other internal members 
Sandwich panels are connected vertically and horizontally using a range of jointing mechanisms. 
Especially critical is the vertical joint where panel ends meet and part of the joint can become 
exposed directly to the heating environment. Tolerances and air gaps within the jointing area reduce 
the fire resistance of the wall. In sandwich walls contiguous joints can enhance the restraint of the 
exposed panel face, if joint and panel are connected at regular intervals. Furthermore full-height, 
impermeable joints can create fire stops between panel ends and also act as additional loadbearing 
aids once the veneer layer has failed and the loadbearing capacity of the sandwich wall reduces. In 
order to enable this, the jointing sections have to be manufactured to exact height to enable them to 
bear once the exposed wall veneer has failed. The horizontal top rail connection in the wall is also 
influential to performance. The stiffer the rail the better load can be transferred from damaged 
areas, generally encountered in the centre of the wall, to outer less damaged areas. Vertical internal 
components also play an important role once the exposed board has failed. In the ambient state 
internal units aid the loadbearing ability of a sandwich wall if they are foamed in and rigidly 
connected with the face layers. They then enhance the shear stiffness of the shear weak core, which 
increases the loadbearing ability of the entire wall. Perforated, intermediate units were established 
as being the most effective internal links [3]. 
 

• Linking the information on single panel components to full wall performance 
The information gathered for the single components and failure dynamics, described before, piece 
together, determining the behaviour of a specific composite wall construction. The failure criteria of 
boards, core and the influence of internals, linked to the effect on loadbearing performance can 
draw the following conclusions on the behaviour of SIP walls in fire.  
 
Once through depth cracks have formed in the exposed board layer the loadbearing ability of the 
wall drastically reduces as the composite compound is irreversibly destroyed. At that stage the 
vertical load shifts onto intact panel parts and internal components, which become the main 
loadbearing members. This damage compensation in the post-board-failure stage is only possible if 
the load is applied to the wall through a spreader beam. Load spreader beams are commonly used 
throughout Europe in fire resistance testing. With this loading arrangement the damage in the wall 
unit can be balanced and a post-beam structural configuration is formed, enhancing the fire 
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resistance of the entire structure. With no internal units the sandwich wall rapidly fails. In sandwich 
walls with internal bracing, the loadbearing ability of the internal component itself, its location in 
the panel and its degradation characteristics govern the loadbearing ability of the entire sandwich 
wall once the exposed board has failed. Timber studding inserted at the outer edges of the wall was 
seen to maintain the loadbearing ability of the wall best. This is due to the reduced charring rate of 
the foam-enclosed studs along the edges of the wall. Upon heating the internal cold-formed steel 
studding reduce in strength and the temperature differential between exposed and cold flange 
induces P-∆ effects, which was also modelled analytically [3]. Three types of wall can therefore be 
distinguished and their loadbearing capacity with exposure time presented generically as shown in 
figure 12. 
. 
 
 

Failure*

Ultimate loadbearing ability of SIP wall

Initial behaviour Post-board failure Residual strength

*i.e through deflection limit or collapse

At ambient state
Structural sandwich wall with wooden 

edge studding 

Structural sandwich wall with 
intermediate cold-formed steel studding “Classical” structural sandwich wall.

No additional internal units

 
Figure 12: Reduction in loadbearing ability in structural sandwich wall construction 
 
 
5. Conclusions 
 
EN 1995-1-2 can only offer limited design guidance for innovative timber building systems and 
design for these structures needs to be assisted by testing. The “Integrated Fire Resistance Test 
Methodology” has been trialled to establish the fire resistance behaviour of SIP, Structural Insulated 
Panel, wall structures. 
 
The IFRTM established the critical failure in SIPs to be the degradation of the exposed board layer, 
which induces rapid stiffness loss. Internal units were seen to slow down the loss of loadbearing 
ability and also helped restraining the degraded, exposed board, which delayed the heat build up in 
subsequent wall components. The heat reaction of the core was seen to have major influence on the 
temperature build-up in the wall. Core substrates, which charred upon exposure, were more 
effective in protecting the panel interior. Jointing was also seen to be of major importance 
especially at the vulnerable vertical intersections between single SIP units.  
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The fire resistance design of most novel, innovative timber structures will need to be assisted by 
testing. This will remain the valid approach until sufficiently detailed knowledge on the behaviour 
of these building elements in fire has been generated. However, at the same time the method 
available for this testing, namely the full-scale fire resistance test, only renders limited information 
on the influencing factors to performance of novel timber structures. The method presented has 
helped to identify the shortcomings of the full-scale test regime and proposed a new integrated 
approach to fire resistance testing to help overcome these problems. In the scope of this work it was 
also found that the load application method in full-scale fire testing needs to be carefully assessed 
and structurally modelled. The application of load through a rigid beam allows localised failures in 
the wall structures to be compensated as the load can be bridged to less damaged areas. This has the 
potential to overrate the fire resistance of a wall structure, such as SIPs, and underlines the 
importance of structural design knowledge in the fire testing of loadbearing building elements.  
 
From this work a general understanding on the behaviour of composite SIP walls could be 
generated. The behavioural model founded on the findings of this regime aids the design, research 
and development of these wall structures, also addressing the general lack of in-depth knowledge on 
this type of construction. With the proposed method changes to panel build-up can be examined 
efficiently. The method has potential for use with other forms of novel and lightweight construction, 
also helping the innovation and assisting research into new materials. Further research is currently 
under way. 
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