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Foreword
It is an honour to thank all authors and participants of the final conference for their contributions
to this book and discussions leading to this dissemination document. The COST Action FP1404
organized in the last four years various activities to facilitate common understanding with respect
to fire safety engineering, fire safety design and fire resistance verification of timber structures. In
addition to significant research results, also important issues were identified, which will be solved
in future research programs undertaken by networks of countries created during this Cost Action
in and outside Europe.
After having created nearly 300 documents together with WG and TG leaders, organized 29
activities and replied to more than 18000 emails by providing information and requests related to
the COST Action, we believe to have contributed to the advances towards a sustainable
construction market. The Action’s highlights were the an industry Workshop in Berlin, fire design
tracks on WCTE 2016 in Vienna, a large workshop with industry representatives and researchers
together with COST FP1404 in Stockholm, a training school in Scotland and a workshop in Belfast
prior to SIF’18. Finally yet importantly, the Action provided individual highlights by the STSM
exchange program.
During the “Fire Safe Use of Bio Based Building Products”, Action, agreement was found in many
cases but at the same time diverse and controversial national views were found on certain topics.
The future answers to these challenges will be the key for the future timber construction sector.
Currently, the timber industry invests a large share of their profit in marketing which is needed to
show the recent achievements. However, recent product developments and demands are often not
accompanied by corresponding research. We do hope that the timber industry can find a united
way to answer the urgent needs with respect to fire safety design of timber buildings in the near
future to overcome current and coming obstacles, which have recently appeared on the horizon.
To achieve that, an open dialog between industry representatives and research performers is
needed, rather than preventing the information flow due to possible competition within the sector.
Special thanks goes to the applicants of this COST Action, M. Fragiacomo, E. Mikkola, N. Werther,
all TG leaders, the grant holder manager Å. Rössel and J. Saladin‐Michel and A. Frangi who
supported this Action many hours at the chair of timber structures at IBK in Zürich.
This proceeding has been subdivided into the following sections:
‐
‐
‐
‐

Key‐note speeches and STSM presentations
WG1 ‐ Contribution of bio‐based materials to the fire development
WG2 ‐ Structural Elements made of bio‐based building materials and detailing
WG3 ‐ Regulations for fire safety of bio‐based building materials

Joachim Schmid, chair of FP1404
Massimo Fragiacomo, vice‐chair of FP1404

Key-note speeches and STSM presentations
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What is happening Down-Under in Tall Timber Buildings and
Timber Fire Research
Andrew Dunn
9/281 Pacific Highway North Sydney NSW 2060 Australia, Timber Development
Association, Australia, andrewdunn@tdansw.asn.au

Keywords: Australia, tall, timber, fire
Introduction
Australia is a large country, much greater than the size of Europe with only 25 million people
inhabiting it. Timber production and use are relatively small in comparison to other countries, but
the adoption of tall timber buildings has occurred at a more rapid pace than elsewhere in the world.
In this paper the background to cause this rapid development will be discussed.
Fire Regulations
The Australian timber industry has been successful in amending this country’s building regulations
to allow deemed‐to‐satisfy (DTS) tall timber buildings for residential and office construction.
Solutions have allowed buildings to have an effective height of 25 m; height from the finished
ground level to the floor covering of the top storey.
Previously building regulations required load bearing walls to be made from concrete or masonry
and fire rated walls be used to form fire compartments made from non‐combustible materials. For
floors, columns and beams they are not materially restricted unless they support walls that require
to be non‐combustible and in this case they inherit the non‐combustible requirement.
The main features of the mid‐rise timber building Deemed‐to‐Satisfy solutions are:
•
•
•
•
•
•
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The application of the building or building part is for only multi‐residential or office use.
Fire‐protected timber construction must be used for loadbearing internal walls,
loadbearing firewalls and for elements of construction required to be non‐combustible.
The building has an effective height of not more than 25 m.
The building has an automatic sprinkler system installed.
Any insulation installed in the cavity of the timber building element required to be fire
resisting is to be non‐combustible
Cavity barriers are provided at regular intervals within fire resisting construction that
contains cavities.

What does each element provide?
Multi-residential or office
The regulation change was limited to these two applications as these building types were
recognised by the timber industry as the main building types that were most likely to use timber
construction.
Fire Protected Timber
The regulatory change that permitted timber construction was the substitution of the requirements
to use concrete, masonry or non‐combustible material with timber that is encapsulated with non‐
combustible insulated coverings. The idea is that the insulated coverings prevent the timber wall
element contributing to the fire load for a period of time. In the case of sprinklers not working, the
encapsulation of the timber allowed the occupants to escape and the fire services to arrive at the
fire source and apply water. A fire brigade intervention model was used utilising the Australian Fire
Brigade input for arriving, setting up and extinguishing the fire. A series of Monte Carlo simulations
were undertaken to model fire severity and structural performance.
The result was that timber was assumed not to contribute to the fire load for a period that was
conservatively estimated to be 45 minutes. This related to the construction elements reaching a
temperature of 300oC for the interface between the timber and the covering. The deemed‐to‐
satisfy solution was two 13 mm fire resisting plasterboard sheets for the timber framing systems.
Fortunately, the coverings were commonly used to provide fire resistance for 90 minutes which is
a fire resistance level required in Australian regulations for residential and office buildings.
For mass timber systems, the inherited increase fire resistance performance was recognised and
the time period was reduced for the general area requiring 30 minutes, external walls 45 minutes
and service core to 20 minutes. The deemed‐to‐satisfy solution for the general area was one layer
of 16 mm fire resisting plasterboard.
Building Effective Height Limited to 25 m and Automatic Sprinklers
Generally buildings of 25 m or less in height, except aged care facilities which require sprinklers at
all heights, the deemed‐to‐satisfy non‐timber solution do not require sprinklers. The inclusion of
automatic sprinklers for timber buildings, less than the effective height of 25 m, was considered
acceptable as developers of these buildings where including sprinklers irrespective of their need.
The timber industry saw the market for timber buildings to be in the range of 4 to 8 storeys and
was a small sacrifice to access this market.
Non-combustible insulation installed in the cavity
This requirement is not timber specific being a repeat of deemed‐to‐satisfy solution for all
materials.

Cavity barriers
The requirement included a provision that cavities within the fire resisting elements should prevent
the spread of flame or hot gasses to other parts of the building. Therefore fire resisting construction
is required at regular intervals, typically junction and intersection points, limiting this potential
spread. The fire resisting construction requirement is generally half the fire resistance period
needed for the element. The cavity barrier has two deemed‐to‐satisfy solutions: a timber block of
varying thickness depending on the fire resistance level and mineral wool. The latter is in
recognition of acoustic separation that is required to be maintained for the timber block which will
often bridge acoustically separated construction.
Mass Timber use and Tall Timber Buildings
Mass timber is defined in Australian building regulations as “timber that is chemically combined
laminations that have a thickness of 75 mm or greater in any direction”. It is shortly to be amended
to state, “timber elements of thickness 75 mm or greater in any direction”. The reason for this is to
allow sawn timber and nail laminated timber elements.
Mass timber buildings are relatively new in Australia with only the first building using mass timber
completed in late 2012. This building called Forte Living was nine storeys CLT construction on top
of one storey of concrete which was well published around the world and considered to be the
tallest modern timber building until Treet in Norway was completed.
Australia’s very first building in mass timber or CLT was exceptional and did confuse the
marketplace for a while until they understood CLT could be used in buildings of less height. In the
last five years, 56 buildings have been completed, of varying height and application. These
applications are summarised below:













Houses – 19
Multi‐residential – 12
Offices – 6
Sales Units – 3
Hotels – 2
Childcare – 2
Student Accommodation – 3
Educational – 4
Library – 1
Community centre – 1
School – 1
Agricultural building – 1

AVEO, Norwest 9 storey CLT building

Tall Timber Buildings
A commonly used description of a Tall Timber building in Australia is a structure that is seven storeys
or more. The reason for this definition is that Canada has so many timber‐framed buildings of 6
storeys and below which are not considered out of the ordinary unless it is seven storeys or more.
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Also to be considered the building has to be modern, as there are so many existing buildings of 6
storeys or greater; some even date back five centuries. Additional to this is the major load bearing
element needs to be of timber; the grey area is buildings with concrete cores.
To date Australia has completed three buildings that are seven storeys or more being:




Forte Living – 9 on 1 residential, Melbourne
The Gardens ‐ 7 on 1 (there are two other towers with this project but are only 6 on 1 and
5 on1), low‐cost residential, Sydney
Aveo Norwest ‐ 9 on 1, retirement living residential, Sydney

Buildings under construction there are a further five:




K5 ‐ 10 storey, Office, Brisbane
Union Court Redevelopment project ‐ 2 x 10 storey student accommodation and a 7 storey
Educational building, Canberra
Adena Hotel ‐ 10 on an existing 6 storey (vertical extension), hotel, Melbourne

Also, there are a number of other buildings in the planning: 2 x 10 storey hotels, one in Brisbane
and one in Perth, a 12 storey apartment in Brisbane, 4 x 10 storey offices in Sydney and a 12 storey
office in Melbourne; many more are being considered or planned.
Timber and Fire Research
Much of the research h focussed on providing evidence that CLT and LVL have fire resistance and
that other elements can be used within these systems, i.e. penetration, lift door, fire doors, etc.
The reason that so much testing has been done is due to the requirement that DTS regulations
necessitate a tested system that meets an Australian Standard. Assessments are allowed, and the
use of overseas testing is permitted, but many of the tests have been found to be too limiting to
use in an Australian context. For example, the requirement for fire protected timber is for the
temperature at the timber and covering interface to be less than 300oC for a period of time. Many
of the overseas tests do not include this information, making the results unusable.
Furthermore, assessments from overseas testing are limited to the actual test conducted. For
example, if a wall was tested to 30 kN/m load which is a common load found in overseas tests, then
this load, or more to the point the stress in the wall can’t be exceeded in any interpolation that may
be undertaken through an assessment process. As CLT walls are much stronger than the lightly
loaded walls from overseas tests, this places these systems at a great disadvantage to the CLT tests
done locally. Often CLT walls of a similar size and length to overseas tests are loaded three to four
times higher resulting in much more efficient wall design.
The same can be found for penetrations systems. Australia often has the same penetration sealing
systems that are available elsewhere in the world, but Australian regulations require the interface
temperature between the seal and the timber to meet the fire protected timber requirements
discussed above. This information is not available from overseas test reports, and occasionally
additional construction is required to reduce the interface temperature. Therefore all of this has
resulted in the reluctant need to retesting many of the systems again.

Conclusion
Australia has rapidly adopted tall timber buildings with three completed, three under construction
and many more in the pipeline. Code changes to allow residential and office buildings to 25 m have
helped the take up of these buildings, but due to the additional requirements of limits on the
interface temperature under the fire protecting coverings, overseas test reports have limited use,
requiring fire testing to be repeated.
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Compartment Fire Experiments – Impacts on Codes,
Standards and Designs for Fire Safety of Tall Wood
Buildings in Canada and US
Joseph Z. Su
1200 Montreal Road, Ottawa, Ontario, Canada K1A 0R6, National Research Council of
Canada, joseph.su@nrc-cnrc.gc.ca

Keywords: full‐scale fire test, mass timber, tall wood buildings, fire safety, building code
Designers and developers around the world are expanding the use of mass timber structures in
increasingly taller and larger buildings for sustainable development to reduce energy consumption
and carbon footprint.
Building codes in Canada and US are largely prescriptive, which essentially categorize buildings into
two types: combustible construction and non‐combustible construction. Under current prescriptive
provisions in the 2015 National Building Code of Canada (NBCC) and 2015 International Building
Code (IBC), all buildings that exceed six storeys in height are required to be of non‐combustible
construction for the primary structural elements. Depending on the occupancies, this
non‐combustible construction requirement may trigger at lower building heights. The
non‐combustible construction requirement also applies to buildings exceeding certain area limits.
While mass timber buildings are categorized as combustible construction in the current codes, the
NBCC and IBC do allow performance based fire safety designs of taller and larger mass timber
buildings as alternative code compliance approach. Designers must clearly demonstrate to the
authority having jurisdiction that their proposed mass timber buildings will achieve at least the
minimum level of performance afforded by non‐combustible construction in limiting the structural
involvement in fire and limiting the contribution of structural elements to the growth and spread
of fire during the time required for evacuation and emergency responses.
Over the last decade, large‐scale compartment fire experiments were conducted to address how to
curtail the combustibility and contribution of mass timber structural elements to fires, among
several research topics. Encapsulation of mass timber structural elements had been successfully
used in Europe to keep the timber surface below its charring temperature (approximately 300C)
for a period of time [1]. This principle needs to be demonstrated in the North American code
context for its effectiveness in limiting timber combustibility and contribution to fires to meet the
code objectives.
Full encapsulation approaches to protect mass timber structural elements, such as cross laminated
timber (CLT), were investigated in various large‐scale compartment fire tests under non‐standard
residential fire exposure conditions. A considerable amount of performance data on fully

encapsulated CLT structure systems was produced [2‐8]. The large‐scale fire tests demonstrated
that encapsulating the CLT compartments using physical barriers was an effective means to delay
and/or prevent the ignition and involvement of the timber structural elements in fires, limiting
and/or eliminating their contribution to the fires.
Further research activities were undertaken to study partially encapsulated (i.e. partially exposed)
CLT structures in compartment fires. A large amount of experimental data were produced and used
to quantify the contribution of CLT building elements to compartment fires [2, 7‐10]. CLT
contributions to the compartment fires are dependent on the amount and orientation of the CLT
surfaces exposed and involved in the fires, adhesives used in CLT, and ventilation conditions among
others.
The compartment fire experiments by Su et al [8] highlighted the performance issue of the adhesive
used in CLT, which caused premature fall‐off of charred CLT layers and subsequent fire regrowth
during the cooling phase of the fire. This prompted the development of a newly revised North
American CLT qualification standard ANSI/APA PRG 320‐2018 [11], requiring that the adhesives
used in CLT be evaluated for elevated temperature performance in a room‐scale fire test to screen
out the products that result in premature fall‐off of charred CLT layers and fire regrowth.
The most recent research involved compartment fire tests using a CLT product with a new thermal
resistant adhesive [12]. These compartment fire tests showed that the CLT with the thermal
resistant adhesive improved significantly in fire performance without premature fall‐off of charred
CLT layers and without fire regrowth in the decay phase of the fires, further validating the results
of small scale studies [13, 14].
The compartment fire experiments along with other fire safety research related to tall wood
buildings have provided performance data to support the design and approval of tall wood buildings
through the alternative code compliance approach (performance‐based design and evaluation). Tall
wood buildings have been constructed in Canada and are being constructed in the United States
using this code compliance approach.
These compartment fire experiments and fire safety research on tall wood buildings have also
provided a technical basis for the development of code change proposals to allow tall wood
buildings in 2020 NBCC and 2021 IBC as prescriptive provisions to ease the burden of proof. New
types of construction have been proposed for 2020 NBCC and 2021 IBC, respectively. Encapsulated
Mass Timber Construction (EMTC) has been proposed and approved in principle for the 2020 NBCC,
which would permit up to 12‐storey encapsulated mass timber buildings in Canada with some
exposed mass timber under specific conditions. Three new types of construction have been
proposed for 2021 IBC to allow tall wood buildings in US: Type IV‐A (fully encapsulated) up to 18
storeys, Type IV‐B (partially encapsulated) up to 12 storeys, Type IV‐C (fully exposed) up to 9
storeys.
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Post fire investigation of The Institute of Art in Stockholm
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This Short‐Term Scientific Mission in frame of COST Action FP1404 was focused on post‐fire
investigation of Swedish Royal Institute of Art in Stockholm which burned 21st of September 2017.
This fire points out difficulties during procedures of extinguishing fires of old buildings.
The building known also as Båtsmanskasernen – barrack II is placed on Skepsholmen island,
centrally located in Stockholm. It was built during the years 1816 – 1819 and then housed 200
boatmen and 40 shipping reserves. The main rebuilding has been proceeded in 1870, 1892 and
1907. The building was rebuilt and open as Royal Art Academy in 1988 which worked as studios, art
workshops and dormitories for students and teachers until 2017. The building has six floors
including basement and attic.
Considered fire‐fighting in old buildings, several aspects need to be considered:
‐

Unknown structural plans (unknown –emergency paths for fire‐fighting, fire spread,
limitation of fire spread, intervention, etc.)

‐

Uncertain building materials (unknown impact of fire and water on structure and its
flammability)

‐

Time of fire duration and development (possibility of fire development phenomena
repeatability, fire spread in hidden areas)

‐

Unpredictable ways of fire spread (ventilation, windows, attic, etc.)

‐

Unpredictable fire development (possible occurrence of backdraft / smoke explosion, rapid
fire development out from of extinguishing area)

‐

Impact of water damages (collapse, toxicity, secondary damages)

‐

Effectivity of extinguishing procedures (specific extinguishing equipment)

Following fire intervention information, fire was split in two stages. The first fire was located in the
4th floor where clear origin of fire was later found. Fire spread in the first moments can be seen in
Figures 1 and 2.
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The second fire can be described as attic fire where fire was continuing up from the origin. It
followed into ventilation shaft, build in the structure through a small window located above the
windows of the first fire.

Figure 1‐ Fire in compartment [1]

Figure 2 – View on small window above [2]

When the fire moved from the first compartment to the attic, development of fire changed into
intensive fire development with possibility of backdraft or smoke‐explosion occurrence. The fire
was complicated mainly because of structural material uncertainties and presence of unknown
amount of flammable materials used for painting. The fire spread and fire suppression are shown
in Figures 3 and 4.

Figure 3‐ Extinguishing the attic fire[3]

Figure 4 – Extinguishing from the roof [4]Error!
Reference source not found.

In order to get as much information as possible, several main organizations were visited during this
STSM. These organisations involved in fire safety protection as well as in fire‐fighting procedures in
the building are following:
-

Byggnadstekniska Byrån – Construction company responsible for reconstruction of the
burnt building,

-

Storstockholms brandförsvar – Fire and Rescue Service responsible for fire attack and
extinguishing procedures of the building,

-

Brandskyddsföreningen Sverige – Fire Protection Association of Sweden.

These organizations and their representatives provided highly valuable information from their
experiences. The discussion was not limited only on fire‐fighting but also on fire prevention and
forecasting of fire development. As it is important for further fires of bio‐based buildings.
Conclusion
When considering intervention in buildings from bio‐based materials, problematic of fighting fires
is not only limited to fire‐fighting in modern timber structures as prepared fire‐fighting procedures
and techniques do not always work in old wooden or hybrid structures. Fire‐fighters as first
responders do not often know exactly building material or actual use of a building and thus search
for people, rescuing procedures and saving property can be difficult. For the mentioned procedures
it is important to know potential fires spread and how to lead and organize a fire attack. Effective
fire extinguishing equipment and procedures need to be chosen wisely as it all can have a major
impact on intervention effectivity.
Acknowledgments
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Timber frame assemblies (TFA) are composed of load‐bearing timber members (beams or studs)
covered by claddings or decking (Fig. 1). The space between two consecutive timber members
might be filled with an insulation material, i.e. cavity insulation. Structural behaviour of timber
members under fire conditions is influenced by material properties, geometrical characteristics,
protection and boundary conditions.
In timber frame assemblies, the primary protection for timber members is given by the cladding.
The period in which charring of the timber member occurs while the cladding is still in place is
considered as the protection phase of charring, indicated as Phase 2 (Fig. 2). After the fall‐off
(failure) of the cladding, the secondary protection of the timber member might be provided by the
cavity insulation. The period after the fall‐off of the cladding is considered as the post‐protection
phase of charring, indicated as Phase 3 (Fig. 2). When the cavities of TFA are completely filled with
insulation materials in addition to the protective effect of the cladding, the charring of a timber
member is strongly dependent on the type of insulation used.
For the verification of the load‐bearing capacity of TFA by means of simplified design models, the
current Eurocode 5 Part 1‐2 [1] includes two design the reduced properties method (RPM). Fire
resistance of timber members exposed to standard fire can be evaluated by an analytical design
model known as the Effective Cross‐Section Method (ECSM). Following this method, the effective
cross‐section in fire conditions is determined decreasing the original cross‐section by a notional
charring depth and a zero‐strength layer. The ECSM for timber frame assemblies (TFA) exposed to
a standard fire has been earlier presented. This design model considers the fire protection provided
by claddings and insulation materials, for which design values for zero‐strength layers are still
missing. In this work, the zero‐strength layer has been determined by means of a series of heat‐

transfer analyses combined with mechanical simulations. A model scale furnace test was performed
in order to validate the results of the numerical simulations.

(a)

(b)

Figure 1: (a) cross‐section of a timber frame assembly in fire conditions and (b) schematization of the
charring directions used in simplified design models

Phase 1

Phase 2

Phase 3

dchar,n

tch

tf
Time

KEY: dchar,n – notional charring depth, tch – start time of charring on the timber member; tf – fall‐off time
of the cladding
Figure 2: Charring phases of the design models for TFA.

Improved design approach for timber frame assemblies
An improved design approach for TFA has been already proposed [2,3]. This approach introduces
the concept of protection level (PL) of insulation materials. The protection level of an insulation
material indicates its capability to protect timber against charring. The protection level is evaluated
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by means a standard test set‐up. The improved approach includes also a design model for charring.
This design model considers three different charring scenarios depending on the protection level
of the cavity insulations.
Charring depths
The design model proposed considers three different charring scenarios for TFA with cavities
completely filled with insulation. If the cavities are completely filled with insulation materials
qualified as PL1 the charring occurs mainly on the fire‐exposed side of the member (charring depth
indicated as dchar,1,n), while the lateral sides are protected by the insulation. If the cavities are
completely filled with insulation materials qualified as PL2, the charring is regarded from one side
during the protection phase and from three sides of the cross‐section during the post‐protection
phase due to the degradation (recession) of the insulation material (charring depth from lateral
sides indicated as dchar,2,n). When the cavities are completely filled with insulation materials qualified
as PL3, the charring is regarded from three sides of the cross‐section already during the protection
phases.
The charring depth along the fire exposed side can be calculated as follows:
dchar,1,n = β0 ks,n k2 (tf – tch) + β0 ks,n k3,1 (t – tf)

(1)

where dchar,1,n is the notional charring depth along the fire exposed side; β0 is the basic design
charring rate; ks,n is the cross‐section factor; k2 and k3,1 are the protection factors for the charring
along the fire exposed side in the protection and post‐protection phases, respectively; tch is the
start time of charring from the fire‐exposed side; tf is the fall‐off time of the cladding; t is the is the
fire exposure time.
After the start of lateral charring, the charring depth on the lateral sides can be evaluated as:
dchar,2,n = β0 ks,n k3,2 t ‐ tch,2

(2)

where dchar,2,n is the notional charring depth from the lateral sides, k3,2 is the protection factor for
the charring from the lateral sides in the post‐protection phase, tch,2 is the start time of charring
from the lateral sides.
Reduction of the load-bearing capacity
Behind the char layer of a timber member exposed to fire there is a heated zone where the strength
and stiffness properties of the timber are reduced compared to the respective initial properties at
normal temperature.
Values for zero‐strength layers for the effective cross‐section method (ECSM) for timber frame
assemblies with cavities completely filled with stone wool and glass wool were published in the
European Guideline Fire Safety in Timber Buildings [4]. The values are based on backwards
calculations from results of fire tests corresponding to a limited range of cross‐sections with
reduced strength and stiffness properties. In this study, improved values for zero‐strength layers
for TFA with cavity insulations of PL1 in different load conditions are proposed. For PL1 stone wool

and high temperature extruded (HTE) mineral wool are chosen as representative examples. The
improvement is based on thermo‐mechanical simulations and fire tests. The resulting model is
based on a significantly wider range of cross‐sections than previous studies.
Calculation of zero-strength layers depths of TFA exposed to fire
The load‐bearing capacities were predicted using thermo‐mechanical simulations. For this, a two‐
step process was adopted: temperature distributions through the cross‐section were obtained by
means of two‐dimensional heat‐transfer analysis and then the load‐bearing capacity with
temperature dependent reduction of strength and stiffness was calculated. The output of the
thermo‐mechanical simulations were used to calculate corresponding zero‐strength layers.
The temperature distributions within the cross‐section were investigated by means of two‐
dimensional models implemented in SAFIR software package. For the structural analysis of the
timber member, a program capable of calculating the bending moment capacities of timber
members exposed to fire (called CST Fire) was used. Different cross‐section dimensions and
claddings were investigated.
Zero‐strength layers for members in bending and compression have been determined by using the
output of the thermo‐mechanical simulations. The bending moment capacities and related
curvatures are calculated using CST Fire.
To determine the depths of the zero‐strength layer (d0) for a member in bending, the bending
capacity of the heated cross‐section was taken as equal to the bending capacity of the effective
cross‐section with the bending strength as at ambient temperature [5].
Buckling is most the relevant failure mode for axially loaded compression members. For timber
frame wall assemblies, out‐of‐plane buckling or in‐plane buckling of load‐bearing studs might occur.
Zero‐strength layers for bucking were evaluated by comparing the buckling resistance with the
Eulerian buckling of an effective cross‐section considering the modulus of elasticity as at ambient
temperature [5].
Factors influencing the zero‐strength layers were determined by means of multi‐regression
analyses. In order to provide a simple approach for the designer, equations to predict the peak
value for d0 have been proposed. For example, design value of zero‐strength layer for TFA insulated
with stone wool can be evaluated as:


bending member with the fire exposed side in tension:
d0 = 9 + 0.25 h ‐ 0.18 b



(3)

out‐of‐plane buckling of compression member:
d0 = 29.1 + 0.16 h ‐ 0.26 b

(4)

The simple approach for determining the depth of the zero‐strength layer can only predict the peak
value. The adoption of the peak value during the entire fire exposure time; however, it might lead
to a conservative predation of the load‐bearing capacity. To avoid predictions that are too
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conservative, a further approach which permits to evaluate optimised zero strength layer’s depth
has been proposed [6].
Conclusions
The purpose of this study was to investigate the depths of zero‐strength layers of timber members
in wall and floor assemblies. Comparisons of numerous simulations have shown that the depth of
zero‐strength layer depends on cross‐section dimensions, and fire exposure time.
Design values for depths of zero‐strength layers for bending and compression has been proposed
for assemblies with different cavity insulation materials. This approach is proposed for a maximum
of 90 minutes standard fire exposure. This research will serve as a basis for future studies on zero‐
strength layer of timber frame assemblies with different insulation materials applied.
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Introduction
The EN 1995‐1‐2[1] defines the 300°C isotherm as the borderline between the char‐layer and the
residual cross‐section. 300°C is the temperature where wood loses its stiffness and strength. Thus,
the investigation of the 300°C isotherm rate is important to define the residual load‐bearing
capacity of timber members after a fire. The most common temperature probes are
thermocouples. Several types and designs of thermocouples are available in the market; which can
be installed in various possibilities.
In this work, the investigation of the charring has been performed on three Solid Timber Panels
(STP) made of spruce timber. Two specimens have been equipped with inlaid wires (1.2x0.9 mm)
and sheathed thermocouples (ø1.5 mm and 3.0 mm). Wires were installed parallel to the isotherm
while the sheathed thermocouples were installed perpendicular to the isotherm drilled from the
back side.
Two specimens have been produced to investigate the temperature measurements recorded by
different measurement setups. One specimen has been performed to compare the charring with
different test parameters.
Specimens
Spruce from region of Zurich was used to produce the specimens. The wooden boards were stored
in a climate room at 20°C and 65% of ambient humidity. These conditions allowed getting 12% of
moisture content in the wood [2]. The boards came from the same tree in such a way to have similar
physical properties; thereby a high degree of combustion was achieved. Boards were cut in beams
with dimension of 260 mm x 120 mm x 45 mm. The best five beams were selected to produce the
specimen and the worst, with more defects, was discarded. After the thermocouple installations in
beams, they were attached with one‐component adhesive. In the end, when the adhesive was
cured, an aluminium tape was attached around the specimen.
Temperature measurements
Temperatures were measured using two different thermocouples design: wire and sheathed. Both
thermocouples were type K (Chromel‐Alumel) which are the most common in fire tests.
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The wire thermocouples need of a hot junction to allow the temperature measurement. In one side
of the wire the metal wires were twisted without welding. Welding can be applied to guarantee
electrical contact during the fire test, but it may increase the dimension of the hot junction and may
lead to difficulties inserting the thermocouple in a borehole. Thus, the extremities were only
twisted and cut as short as possible, i.e. 2 to 3 mm, to measure the temperature in a short area.
According to the VDI‐VDE 3511‐4 [3] an incorrect installation of the thermocouples in a body with
poor thermal conduction like wood disturbs the temperature distribution. For this reason, the
thermocouples shall be fitted in such a way that the heat input from the body to be measured to
the temperature sensor is considerably greater than the thermal leakage via the sensor wires. The
solution was to embed the wire thermocouple parallel to the isotherm. The embedded length
depends on the diameter of the wire. In EN 1363‐1 [4] a minimal length of 50 mm is suggested.
To satisfy the suggestion mentioned above, thermocouples were installed from the side of the
beam as shown in Figure 1. The hot junction of the thermocouples was installed in the middle of
the beams at 22.5 mm depth. Wires were installed in the boreholes with 1.6 mm diameter, paying
attention the heat insulation. The latter was pushed in the borehole together with the conductor
wires.

Figure 1: Installation of the wire thermocouples
(TCs) in specimen TS03.

Figure 2: Installation of the inlaid wire
thermocouples (TCs) in the specimen TS01.

The length of the boreholes was not enough to install the wire thermocouples in the isotherm for
50 mm. Thus, milled slots 1.5 mm width, at least 27 mm length, on side of the beams were made
to extend the installation in the isotherm. At the end, the wire thermocouples were inserted and
fixed by staples.
The sheathed thermocouples were installed in the boreholes perpendicular to the isotherm. The
boreholes were drilled by drill bit 150 mm long because the beams were 120 mm height. This means
that slightly positioning errors during drilling can happened and lead to a error when drilled
perpendicular to the isotherm. The long and thin drill bits can bend easily during the drilling,
especially at the beginning. Thus, the issue was reduced using a bench drill, increasing the speed of
the driller and pushing the drill bit very slow.
The installation of the thermocouples in the boreholes could be divided in loose and tight. It
depended whether the borehole dimeter was greater or equal to the thermocouple diameter. The
wire thermocouples were installed in loose boreholes because they have too much friction and

limited stability to be pushed in a tight borehole. The sheathed thermocouples were installed in
three different length (see Figure 3) of the tight part at the tip of the thermocouples: 5 mm, 50 mm
and 100 mm.

Figure 3: Installation of insulated tube
thermocouples in boreholes.

Figure 4: Drilling of boreholes to install the wire
thermocouples.

In the specimens TS01 and TS02, where the insulated tube thermocouples were installed, also wire
thermocouples were installed to compare the measurements. All thermocouples were installed
with 15 mm distance to each other to minimize the effect of locally varying charring rates, but to
keep a distance that also limits the influence from one thermocouple to the other. In the specimen
TS03 only wire thermocouples were installed which were located in middle part of the beam as
shown in Figure 4. The template allowed to drill boreholes at the same position in every beam. The
thermocouples were designated, as described in [5].
Tests
The specimens were exposed to a constant incident radiation heat flux (non‐standard fire
exposure). The aluminium tape attached to all sides, except the exposed side, prevented the
increase of the charring. On the side, moreover, to simulate the one‐dimensional combustion,
insulation was installed around the specimen.
Table 1: Test parameters

Specimen Exposure level [kW/m2] Test time [min]
TS01

50 ()

20

TS02

50 ()

35

TS03

75 ()

40

The specimens were subjected to a controlled incident radiation. The Table 1 gives more
information about the test parameters.
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Figure 5: Temperature time relationship in the
specimen TS01; legend see Figure 8.
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In Figure 5, Figure 6 and Figure 7 the temperature measurements of the tests performed are shown.
The legend of the plots is given in Figure 8. The black dotted line represents the average surface
temperature (two K‐t‐i‐0.2/1.5/*‐*). The test times were different for the particular test.
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Figure 6: Temperature time relationship in the
specimen TS02; legend see Figure 8.
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Figure 7: Temperature time relationship in the
specimen TS03; legend see Figure 8.
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Figure 8: Legend of Figure 5, Figure 6 and Figure 7.

The temperature trends show higher values for inlaid wire thermocouples installed parallel to the
isotherm, while thermocouples installed perpendicular to the isotherm show different trends in
function of the measurement setups. An installation error was possible among the thermocouples
installed at the same depth, as well as the charring of specimens was not perfectly homogeneous.
However, these reasons do not justify the significantly different temperature measurements.
To define which measurement setup recoded the correct temperature, the measurement of the
residual cross‐section can be used as reference. The EN 1995‐1‐2 [1] defines the borderline
between the char layer and the residual cross‐section should as the position of the 300‐degree
isotherm. The time when 300°C were detected by thermocouples were used to draw the plots
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shown in Figure 9 and Figure 10. The trend lines were determined to analyse the envelop of the
char‐line. The residual cross‐section (red rhombus symbol) was measured after that char layer was
brushed‐out. The results of the specimen TS02 were rejected as considered as not reliable because
the heat went through the sides of the specimen burning the plastic sheath of the thermocouples
compromising measurements.
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Figure 9: Char‐line depth‐time relationship of the
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Figure 10: Char‐line depth‐time relationship of the
specimen TS02.

Comparing the results, the inlaid wires thermocouples delivered the best temperature recording
the minimal error compared with the other temperature measurement setups.
As explained before, two thermocouples K‐t‐i‐0.2/1.5/*‐* recorded the surface temperature. When
the thermal exposure test started, the panel heated the surface specimen. Water in the specimen
evaporated producing steam and the pyrolysis started producing flammable gases. The typical
trend of surface temperature is clearly visible in Figure 5: temperature increased until a plateau at
ca. 4min and then, when the specimen burned with flame, they increased immediately to a new
higher plateau at ca. 8min. The surface temperature was lower than temperature inside the
specimen. This is considered as incorrect because the surface was directly exposed to the radiation.
Thermocouples K‐t‐i‐0.2/1.5/*‐* recorded a lower temperature due to the influence of the air
ambient temperature. The measurement error growths with increase of the temperature
difference between surface temperature and the ambient temperature.
Conclusions
The first important step in fire safety engineering is the correct evaluation of the temperature to
describe the charring of timber and the temperature profile in the virgin wood. Wood is a material
0.10 𝑊/𝑚𝐾) and an incorrect installation of the
with a low thermal conductivity (𝜆 °
thermocouples can lead to an incorrect temperature measurement. Installing in the same specimen
more temperature measurement setups the most reliable measurements were recorded by inlaid
wire thermocouples parallel to the isotherms. The other installation setups underestimated the
temperatures. The thermocouples installed perpendicular to the isotherm, transferred the heat
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away from the hot junction due to the thermal leakages of the thermocouple and the cool air the
surrounding.
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Introduction
Timber frame assemblies and cross‐laminated timber structures can act as fire separating
structures if proper design measures are taken to verify the performance of timber structures to
fulfil the requirements set forth by regulations in Europe. The improved component additive
method (CAM) is the recommended calculation method for determining the fire separation ability
of multi‐layered structures with timber members. The fire resistance of the whole assembly is the
sum of the contributions of each layer considering different possible heat transfer paths.
Within a performed short‐term scientific mission (STSM) from Tallinn University of Technology
(TUT) to Technical University of Munich (TUM), the procedure for implementing new materials and
products to the component additive method was investigated with the aim of including bio‐based
thermal insulation products. The collaboration with TUM was an invaluable experience and has
proven to be fruitful also after the STSM. In the following, the main research problems and tasks
undertaken during the STSM are described.
TUM has performed model‐scale furnace fire tests following the standard time‐temperature curve
in addition to measuring the thermal material properties in smaller scale tests. At TUT a software
tool was developed to determine the effective thermal properties of materials for use in thermal
simulations of structures exposed to standard fire. These steps are the basis for implementation of
new materials to the CAM.
Implementation of new materials
The implementation of new materials to the component additive method was first described in the
PhD thesis of Vanessa Schleifer [1] who improved the CAM in the current Eurocode 5 part 1‐2 [2]
by making it more open to new materials and adding more flexibility to the order and number of
layers.
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The fire resistance of the assembly to fulfil the insulation criterion is the time between the start of
the fire exposure and the time when the temperature on the unexposed side of the structure
reaches a temperature rise of 140 K on average over the whole surface or 180 K in a single point
[3]. Only the average temperature rise can be assessed by calculations.
The addition of new materials and products to the improved component additive method requires
the determination of basic protection and insulation times, position coefficients and correction
times. The procedure will be published in the COST FP1404 special issue [4] (available online).
The general steps to be taken are in the following order:
1.

2.
3.
4.
5.
6.
7.

Estimation of initial thermal properties at elevated temperatures, e.g. using thermo‐
gravimetric analysis (TGA), differential scanning calorimetry (DSC) and transient plane
source (TPS) methods.
Model‐scale fire tests
Thermal simulations with initial properties and comparison with model‐scale fire test
data
Determination of the effective thermal properties
Thermal simulations and comparison with model‐scale fire test data
Step‐by‐step thermal simulations for developing design equations
Validation of equations with full‐scale tests

The aforementioned steps are mostly taken one after the other. Therefore, care shall be taken to
obtain results as accurate as possible in each step. Otherwise the cumulative error increases.
During the STSM the paper regarding the procedure for implementing new materials [4] was
submitted. Since then, some important corrections have been made to the procedure. [5], [6]. The
biggest improvement since the publication of the article concerns the correction time of cladding
materials with improved fire protection properties. These are currently Type F gypsum
plasterboards and gypsum fibreboards. The new approach significantly reduces the amount of
thermal simulations and has a strong link with fire test results.
The new approach regarding correction times includes the protection coefficient k2 and fall‐off time
tf of claddings determined according to the standard EN 13381‐2 [7]. The protection coefficient k2
is the ratio of the measured charring rate of the substrate while protected by a cladding and
unprotected charring rate. Both parameters are also used to calculate the load‐bearing capacity of
initially protected timber members using the Effective Cross‐Section Method (ECSM).
The calculation of correction time starts with the determination of the fall‐off time of the fire rated
cladding (tf,p). The protection time of the FRC (tprot,p) should also be calculated. Then, the maximum
protection time of the layer i when the cladding stays in place is determined according to (1):
𝑡

𝑡
,

,

, ,

𝑘

, 𝑘

1,05

0,0073 ∙ ℎ

where tprot,max,i is the maximum protection time of the layer i [min];
tprot,0,i is the basic protection time of layer i [min];
is protection coefficient of the protective cladding or cladding system [‐]
k2

(1)

hp

is thickness of gypsum plasterboard(s) in millimetres.

For gypsum plasterboards the coefficient is taken according to Eq (C.3) from EN 1995‐1‐2:2004 [2].
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Correction time Δt

The determination of correction time to be added to the investigated layer follows the limits shown
in Fig. 1. and described by Eq. (3)‐(6).
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Figure 1. Limits of the correction time

Figure 2. Example calculation of insulation time for a
6‐layer structure

The indices used in Fig. 1. and in the following equations:
i
p

investigated layer (may be the first or any next layer after the FRC);
fire rated cladding (FRC) or cladding system.

The limits for the correction times are defined as follows (see Fig. 1):
•
When the fall‐off time of the cladding tf,p is less than or equal to the sum of protection times
of the preceding layers (including the protection time of the fire rated cladding tprot,p), then no
correction time is applied.
𝑡

𝑡

,

,

, ∆𝑡

0

(3)

•
When the fall‐off time of the cladding tf,p is greater than the sum of protection times of the
preceding layers (including the protection time of the fire rated cladding tprot,p) and the maximum
protection time of the investigated layer i, then the maximum correction time for layer i is applied.
𝑡
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,

The maximum correction time that can be considered is expressed as
∆𝑡
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where tp,i

is the protection time of the investigated layer without correction time [min].

•
When the fall‐off time of the cladding is greater than the sum of protection times of the
preceding layers but less than the sum of protection times of the preceding layers and the maximum
possible protection time of the layer i, then linear interpolation is possible.
𝑡
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,

is the fall‐off time of the cladding (system) [min].

Correction time Δt can be applied for the next layer(s) after the fire rated cladding system which
can consist of single or multiple layers. The correction time is added to all layers after the fire rated
cladding where the sum of the protection times of the preceding layers is less than the fall‐off time
of the fire rated cladding.
In the following, a schematic example calculation is shown in Fig. 2. The continuous line in the figure
shows the sum of protection times after each layer of the assembly. The dashed lines show the
resulting protection times if no correction times are added (or if correction time is added only to
layer 3 which is directly protected by the FRC).
STSM
During the short‐term scientific mission to TUM, the main focus was on determining the effective
thermal properties of bio‐based insulation materials, mostly by thermal simulations and calibration.
The calibration of thermal properties in the context of CAM means modifying the measured thermal
properties to give good results in simulations when compared to furnace fire tests. Changing the
thermal properties may be necessary due to many factors which make the behaviour of the
investigated material different in relatively small scale (TGA, DSC, TPS, etc) and bigger furnaces.
Additionally, the assumptions of the simulation software create a second limitation to the
applicability of the measured properties.
The bio‐based insulation materials in the focus of this STSM were two cellulose fibre insulations,
one from Germany and one from Sweden and one wood fibre insulation. The development of
thermal properties for fibrous insulation materials proved to be rather tricky. Also, the behaviour
of the Swedish and German cellulose fibre insulations was noticeably different. The thermal
properties or the German products were developed in a long series of calibrations after the
completion of the STSM.
Another important aspect to take into account is the differences in the software used to perform
the FE thermal simulations. To investigate that, a set of simulations was chosen and performed
using three software packages – SAFIRv2014a1, Ansys APDL 2017 and Ansys Workbench 2017.
The chosen configurations featured different multi‐layered structures with different materials such
as timber, wood‐based boards and insulation materials. The thermal properties used were kept
constant between the software while time steps and mesh size were varied. In general, the
software packages gave quite similar results, however, some general trends were identified.

The greatest difference was observed in the time steps used by the software. Ansys Workbench
displays a convergence error when long time steps are imposed in the beginning of the fire
exposure, where the temperature rise is rapid. This implies that the Workbench version of Ansys
uses a true k‐ρ‐c model, whereas SAFIR and Ansys APDL convert the problem to an enthalpy model
which is less sensitive to timestep length.
Conclusions
The performed STSM strengthened the collaboration between TUT and TUM and provided
significant input for the implementation of wood‐based insulation materials to the CAM.
Additionally, the work conducted in the COST framework has produced significant advances in the
calculation methods for fire separating function of multi‐layered structures. The design equations
for cellulose and wood fibre insulation materials have been developed at TUM.
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Cross Laminated Timber (CLT) is an emerging and promising construction material for high‐rise
buildings. It is strong, sustainable, and cost‐efficient. Around the world, skyscrapers out of timber
up to 300 meters are proposed by architects. Many regulators, fire fighters, and residents are
concerned by these heights, mainly because of the perceived low resistance of timber to fire. This
perception stems from your limited understanding of its fire behaviour. For example, in structural
applications the charring rate of timber can be used to determine the loadbearing capacity. Based
on furnace tests following the standard fire curve, the charring rate is assumed to be one constant
valid for softwoods under all conditions. Charring, however, is a complex interplay of heat transfer
and chemistry. It depends on the fire. The simplification of universal charring rates is a limitation to
engineering and performance‐based design. A general model for the charring of timber under
standard and other fire conditions is needed. In this talk, we will present the physical fundamentals
of charring together with our work towards developing such a model. Fundamentally, charring is
controlled heat and mass transfer as well as chemistry. We found that the common assumption of
neglecting the chemistry is erroneous, and developed, at the microscale (mg‐samples), a kinetic
model for the chemistry of charring. At the mesoscale (kg‐samples), we combined this kinetic model
with a heat and mass transfer model. The resultant model is able to predict charring rates under
different fire conditions—different heat fluxes and oxygen concentrations. Scaling the model to the
macroscale (buildings) offers the potential to predict charring rates under realistic fires. At each
scale, however, significant work remains, both experimental and modelling‐wise, to better
understand the fire behaviour of timber and achieve predictions of the same accuracy as for steel
and concrete structures.
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Nowadays TCC floors have been successfully used in: new buildings, refurbishment of existing
buildings, bridges etc. In their most common application they have to provide REI30 and REI60
performance. Although experimental testing is the best way, numerical modelling is a cheaper
alternative to provide reliable information regarding the fire resistance and performance of a TCC
system.
Creating a numerical model for simulation of the behaviour of a TCC slab in fire is a very complex
process. The behaviour of TCC slabs in fire is mainly governed by the timber and the connection
between the concrete slab and the timber beam. Due to the temperature rise, change of stiffness
and strength of all materials in the composite occurs. Also, timber is a combustible material and
exhibits reduction of the cross section when exposed to fire. These and other physical occurrences
have to be properly approximated and integrated in the material models when numerical modelling
is done.
This paper gives a summary of the conducted state‐of‐the‐art review on numerical modelling of TCC
structures exposed to standard fire. These numerical models were made for the purpose of
delivering results for particular experimentally tested TCC structures. The table lists: the types of
TCC structures analysed, the computer programs used for numerical analysis and the corresponding
literature references. The state of the art on numerical modelling of timber‐concrete composite
structure in fire showed that only few experimentally tested TCC slabs in fire have been numerically
modelled and pointed out the need for more extensive research in this field.
For the purpose of the performed STSM at the ETH University, a new numerical model for analysis
of a TCC slab with screwed connections in fire in the computer programme SAFIR was developed.
The subject of analysis was the TCC slab with screwed connections in fire experimentally tested by
Frangi et al. [1] [2] [3]. The aim was to create a model in SAFIR that takes into account the influence
of the connector on the rigidity of the connection i.e. to create a model with flexible connection
that allows the slip between the subcomponents of the system to be calculated. The cross section
and the longitudinal section of the tested slab are presented in Figure 1.
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Figure 1. Cross section and longitudinal section of the tested TCC slab

The 2D nonlinear numerical analysis of the structure exposed to fire consist of two steps. The first
step involves predicting the temperature distribution inside the structural members, termed as
‘thermal analysis’. The second part of the analysis, termed as ‘structural analysis’, is carried out for
the main purpose of determining the response of the structure due to static and thermal loading.
In the structural analysis, the TCC beam was treated as a simply supported Virendeel truss. The top
chords represent the concrete slab, the bottom chords represent the timber beam and the verticals
represent the connections (Figure 2). The vertical steel beam elements are placed at the exact
position of the screws through the length of the tested TCC slab.

Figure 2. Structural system of the modelled TCC slab and applied loads

The results for: the temperatures around the screws, the fire resistance and the deflection of the
TCC structure were in good agreement with the experimental results. The response of the
numerical model was mainly governed by the geometry of the steel verticals in the structural
system.
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To increase the benefit gained from costly fire experiments and to facilitate engineering
calculations, there is an essential need for detailed experimental design and proper
characterization of basic material properties using reaction to fire tests. In this view, a guide has
been developed on how to obtain data from these tests. This project is part of an international
collaboration within the framework of COST Action FP1404. The guide discusses the practical
aspects of the experimental procedures and preparations, with an attention to requirements for
fire modelling.
Outlook
Reaction to fire tests focus on material contribution to the fire development and production of
smoke which hampers safe evacuation and hinders fire suppression and rescue attempts. The tests
relating to reaction to fire tend to be smaller in scale than fire resistance tests which are mainly
aimed at assessing the capacity of a structure or system to resist the passage of fire from one
distinct area to another.
Classification of reaction to fire is mandatory for compliance with the building regulation
requirements, while insurance firms or other relevant authorities may also request a minimum
reaction to fire performance. In addition, manufacturers carry out reaction to fire testing as part of
their product research and development.
Not only are the material properties determined through reaction to fire testing crucial to
understanding the fire behaviour of construction materials and products, but they also provide
necessary inputs for fire modelling. This in turn enables predictions of fire development and smoke
travel in larger structures such as high‐rise buildings.
Depending on the desired measurements, reaction to fire tests may employ a wide range of scales
(e.g. sample sizes varying from a few mg to entire walls), temperatures (ambient to over 1000°C),
heat fluxes, heating rates, etc. As a result, special attention should be paid to the choice of
equipment to be used, because each device has specific features and requirements that need to be
addressed. In this context, the present work provides a set of guidelines, aiming to assist
researchers in answering a series of important questions related to reaction to fire testing, such as
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“how to choose and characterize the sample” or “which reaction to fire test to select” and “what
measurements to make.”
The focus of the guide developed in the framework of COST is primarily on the requirements of
European standards such as EN 13501‐1 [1], yet ASTM and ISO standard test methods have been
drawn upon as well to provide a more thorough review of reaction to fire testing requirements.
Main recommendations
The first important step in all reaction to fire tests is sample selection. It is recommended that the
end‐use conditions are considered, such that a representative sample composition is chosen, with
an appropriate sample size. For instance, if the desired material is to be used as part of a ceiling
assembly, the sample should contain a section of the material that is exposed and visible. Note that
the exact dimension and shape of the sample must be characterized, including thickness, width,
height, whether the sample is square, round, multi‐layered, etc. For better clarity and for future
consideration, it is recommended that several pictures are taken from the sample from different
view angles. Moreover, the intrinsic variations in the source material composition or its retardant
treatment must be considered in the sample selection step to investigate their influence on the
final test results.
The second step deals with the determination of basic material properties. The guide highlights the
main test methods and requirements for identifying material properties such as density, thermal
inertia, heat of combustion, thermal conductivity, specific heat capacity, emissivity and so on.
Correspondingly, primary requirements and recommendations for test methods of cone
calorimetry [2], Fire Propagation Apparatus (FPA) [3], Thermogravimetry Analysis (TGA) [4],
Differential Scanning Calorimetry (DSC) [5] and other related tests are discussed for characterizing
the basic material properties. In this regard, as the fire behaviour of a bio‐based material depends
significantly on its char properties, it is emphasized that the residual char should be characterized
as well to determine its thermal properties (density, total energy content and so on).
As a next step, medium‐ or large‐scale tests are required to describe the products behaviour in
more practical scales. These tests can be used to collect data on fire growth, heat release, flame
spread, production of smoke, etc. The guide briefly discusses the main related standard reaction to
fire tests in Europe, as shown in Table 1. Furthermore, the guide describes how to conduct modified
tests for special cases, providing guidelines regarding the consideration of main fire scenarios (such
as modes of thermal attack, patterns of heat flux exposure, consideration of air gaps), direction of
thermal attack (front, back, sides and so on), and the orientation of the sample. For example, if the
material in its final application is part of a facade, tests must be performed with a vertically oriented
sample to evaluate the material propensity for upward flame spread. In such cases, the effects from
the scale of the set‐up need to be studied as well. Similarly, recommendations are made on how to
define the required number of different tests based on the expected range of thermal attack and
desired level of repeatability in the findings, allowing for uncertainty and statistical analysis.

Table 1. Main reaction to fire tests for evaluation of fire properties in medium or large scale

Test method

Description and objectives

Lateral flame spread test

A long sample is fixed on a substrate wall with its longer dimension
oriented horizontally and is exposed to a gas‐fired radiant panel fixed
with an angle of 15° with respect to the sample, while a non‐
impinging pilot flame at the hot end of the sample serves as the
ignition source. Visual observation is made of horizontal flame
spread rate, and critical heat flux can be calculated based on the
extent of horizontal flame spread.

• ISO 5658‐2 [6]
• Medium scale (15 x 80
cm2 samples)

Vertical flame spread test
• ISO 5658‐4 [7]
• Medium scale
Single burning item test
• EN 13823 [8]
• Medium scale (150 x
100 cm2 and 150 x 50 cm2
samples)
External fire exposure to
roofs
• CEN/TS 1187 [9]
• Medium scale (100 x 40
cm2 samples)

Radiant panel test for
floorings
• ISO 9239‐1 [10]
• Medium scale (105 x 23
cm2 samples)
Room corner test
• ISO 9705‐1 [11]
•Large scale (360 x 240
cm2 and 240 x 240 cm2
samples)
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A vertical sample is exposed to a radiant panel, fixed with an angle of
30° near the bottom of the sample, and a pilot flame serves as the
ignition source at the bottom. Vertical flame spread rate is
monitored.
A long and a short panel are mounted perpendicular to each other to
create a corner, and a propane gas burner located near the corner
serves as the ignition source. The total HRR (kW) and smoke
production rate (m2/s) are monitored, while visual observation is
made of flame spread and burning of any falling particles.
The material, in combination with its substrate, is mounted as a
sloping roof and exposed to different air velocities and
supplementary radiant heat, while a wood crib on the roof serves as
the ignition source. Visual observation is made of flame spread along
the roof, and recording is made of the specimen ignition time, as well
as the time at which the flames die out. The ability to withstand flame
spread is evaluated in terms of the length of damaged material in
both the roof covering and the substrate.
The material is fixed as a horizontal floor and exposed to a defined
heat flux under a gas‐fired radiant panel which is inclined at 30°, with
a pilot flame serving as the ignition source at the hotter end of the
specimen. Visual observation is made of flame spread along the
length of the material, and the propagation rate of the flame front is
recorded.
A surface product is mounted on the inside of a room with a single
doorway, covering the ceiling and all the walls except for the
doorway wall, and a propane gas burner located in one corner serves
as the ignition source. The total HRR (kW) and smoke production rate
(m2/s) are monitored, while visual observation is made of flashover,
flame spread along the walls and ceiling, as well as burning of any
falling droplets or particles. Toxic gases can also be monitored using
FTIR [12].

Another important aspect of the tests is making appropriate measurements. Frist and foremost,
initial and boundary conditions are important and must be monitored using sensors and should be
visualized through pictures and video. Similarly, among other measurements discussed in the
guide, it is recommended to make measurements of sample mass changes, heat release rates
(oxygen calorimetry), surface and in‐depth temperatures and heat fluxes. For the specific case of
timber products such as Cross Laminated Timber (CLT) and Laminated Veneer Lumber (LVL), the
guide highlights investigation of char fall‐off and debonding resistance of adhesives, and charring
rate versus heat flux, among other factors.
The guide also discusses the concept of inverse modelling for estimating unknown material
properties based on small‐scale test results, describing a conventional methodology to be used. For
the results to be reliable, it is important to incorporate the appropriate level of model complexity.
A good rule of thumb is [13, 14]: model initially with the simplest approach, and apply extra
complexity only when results differ from experimental benchmarks significantly. Another important
decision before estimation of parameters using inverse modeling is to select a suitable experiment.
Correspondingly, the guide provides references to related examples of Simultaneous Thermal
Analysis (STA) [15], TGA [4], DSC [5], cone calorimetry [2], and FPA tests [3]. An important note here
is that material properties estimated based on inverse modelling are in fact model‐effective
parameters [14], meaning that they are likely model dependent. Hence, modellers should take into
account the techniques and model assumptions used for certain estimated parameter values,
especially if they are to be used in a different modelling software.
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Introduction

In France, several pilot projects are underway to massively introduce timber as a structural material
into tall building with the complementary challenge to explore the possibility for the presence of
unprotected surface of the wood structure in different parts of the building. To guide and
strengthen the scientific and technical basis necessary to support these projects, a study has been
launched dealing with fire safety related aspects. This feasibility study did investigate available
modelling options to apply deemed‐to‐satisfy Fire Safety Engineering in tall wood buildings.
Several scientific issues were identified and analyzed during the time of the study, including the fire
growth, dynamic and spread in a compartment room with exposed combustible materials available
on the walls, the floor and/or the ceiling, as well as the thermo‐mechanical response of the timber
structure exposed to a real fire. In addition, the work did allow to identify and provide specific
recommendations for the design of passive protection of stairwell and elevator shaft made of cross
laminated timber, where unprotected surfaces of CLT are not accepted by national regulation.
The present paper focuses on the description of the work carried out towards the development of
a robust method to calculate the thermal action to be considered Fire Safety Engineering applied
for tall wood building.
Regarding the development of a primary fire source in a compartment room and the interaction
with secondary potential fire sources coming from the unprotected part of the combustible
materials available at the surfaces of the walls, floor and ceiling, the work aims at giving engineering
criterion to predict ignition and extinction, whereas prescribed heat release rate models cannot
predict extinction. This criterion can then be used in CFD tools to more accurately predict flame
ignition and extinction. Two different modelling of the thermal action have been explored:



Method 1: a simplified method, based on a fixed ignition‐extinction criterion and followed
by iterative calculations;
Method 2: an advanced method, where the absolute surface temperature at ignition is
based on a correlation with the net heat flux.

The fire modelling carried out made it possible to identify methodologies considered viable to
consider the contribution of the timber structures to the development of the fire.

Concerning the thermo‐mechanical behavior of the building's supporting structure, two approaches
were used:



advanced calculations, based on thermomechanical calculations using a finite element
model that takes into account both material and geometric non‐linarites,
simplified calculations based on the reduced cross‐section approach.

The thermo‐mechanical study is not presented in this paper.
Fire development
State of art
A state‐of‐the‐art was carried out to identify the different models that can be used to study the fire
behavior of wood. Empirical models, such as the models of Harkelroad and Quintiere [1 and 2],
Janssens [3 and 4], Delichatsios [5], Mikkola [6], Atreya [7] and Harada [8], that allow to determine
the critical temperature, or the critical ignition flux of wood, could be mentioned.
It can also be mentioned that high temperature wood pyrolysis models available in the literature
have been identified [9‐14].
The advantage of empirical models is that the number of needed data is limited and they can be
adapted to FSE approaches, but they have the disadvantage of the need for calibrations or
optimizations for normalized or real fire.
On the other hand, pyrolysis models have the advantage of physically describing the phenomena
of fire, but they present the disadvantage that they require to characterize and optimize the
properties of the studied wood and are not very suitable for engineering modeling at the scale of a
building.
The choice was finally made to model the fire development exploring two methods based on
modelling carried out with FDS (Fire Dynamics Simulator) model [15]. The first method is called
"prescribed iterative method", the second is called "implicit critical heat flux method". The results
of the modelling of these two methods were compared with experimental data to analyze the
robustness of the models. Several experimental studies carried out around the world have been
identified and some of them have been used to validate the simulations carried out [16, 17]. Then,
based on the retained method, a FSE application methodology for wooden buildings was defined.
It is clear that for a timber structure used in tall building with some parts of the structure remaining
unprotected, it is necessary that FSE approach takes into account, in addition to the combustible
load present in the building (primary fire source), the contribution of the timber structure itself in
order to satisfy fire safety objectives.
Keeping in mind that the stockholders in the construction sector would appreciate more and more
that the timber structure, or parts of timber structure of the building remains visible, a design based
on FSE approaches must allow to identify if the amount of unprotected surfaces makes it still
possible to reach the self‐extinction of the flames and perhaps, even the stop of the glowing
phenomenon, while fire safety objectives are respected.
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Method 1 - Prescribed iterative method
According to this method, the floor, walls and ceiling areas of the unexposed timber structure of
the building, are split into elementary areas having the thermal properties of wood. At a first step,
a reference simulation, called "iteration 0", is performed with the primary fire source and no
contribution of heat release rate from the unprotected surfaces are taken into consideration. Based
on the simple assumption that the ignition and extinction temperature of the timber structures is
300 °C, this first step makes it possible to determine the elementary areas that could be involved in
fire development and their involvement duration. An incident heat flux criterion of 8 kW/m² can
also be used instead of temperature criterion.
Then, a new simulation, or "iteration 1", is performed by considering the surfaces involved at
identified times during “iteration 0”. A fast kinetics and a constant heat release rate of 100 kW/m²
are applied to the activated areas. This process can be reiterated until obtaining a convergence of
the timber surfaces to be taken into account in the fire development of the compartment.
Based on the isotherm at 300 °C, the depth of wood consumed is estimated. After each iteration, it
is verified that the surface temperature is still above the criterion of 300 °C. If it is lower, it is
considered that the extinction of the flames occurs.
Method 2 - Implicit critical heat flux method
Experimental research developed at CSTB [18, 19] and based on calorimeter cone tests with
wooden samples has shown that the ignition and extinguishing conditions of wood depend on the
thermal equilibrium to which the sample is subjected.
A unique criterion of ignition and extinction has been defined. For each wood species this criterion
link Tlimit and the net heat flux at the surface of the tested specimen. Tlimit corresponds to a wood
surface temperature value above which the flames appear, and below which the flames disappear.
This limit corresponds to the appearance or disappearance of the live flames during the tests. The
glowing of wood that can be continue for long periods of time after the extinction of flames it's not
taken into account by this approach.
In the method, one makes the assumption that the appearance of the flames coincides with the
beginning of pyrolysis. In practice the pyrolysis of the wood starts before the appearance of the
flames, but this has no significant impact on fire behavior of wood or the calculated thermal actions
in engineering practices.
Figure 1 presents the test data and the formatting of the associated criterion.
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Figure 1: Thermal conditions on ignition (in red) and on extinction (in blue).

The red dots show the ignition of tested specimens and the blue dots show the extinction of them.
The temperature values are those measured on the surface of the wood specimens. The
measurements were made by thermocouples implemented in several ways, in order to limit the
impact of the measurement methods. The net heat flux has been defined according to the incident
radiant heat flux and thermal equilibrium calculations.
The solid black line (see figure 1) shows the best correlation of the data in the form:
𝑻𝒍𝒊𝒎𝒊𝒕

𝑻𝟎 ∙ 𝒆

𝝋

𝝋𝟎

(°C)

(1)

with: T0 = 529.7 °C and 0= 103.4 kW/m²
The dotted line curves in Figure 1 show the same correlation for scattered values at ‐3σ and +3σ.
For a net heat flux values around 20 kW/m² the ignition temperatures defined were 400°C±100 °C.
Once again, this temperature does not correspond to the beginning of pyrolysis of wood but to its
ignition.
This approach has been introduced into the FDS software used for the simulation of fire
development.
It is important to emphasize that the correlation parameters must be verified by characterization
for each species or type of engineered wood products used. Specimens characterization tests
should provide ignition and extinction temperatures under different heat flux conditions. One could
refer to the ISO 5660‐1 standard.
Comparison of experimental and simulated results
In order to know if the results of the numerical simulations obtained with the methods 1 and 2 are
realistic, comparisons with the experimental results were carried out [16, 17].
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The two methods were applied in FDS calculations looking at typical public and residential building
geometries and the results of the obtained simulations were compared and analyzed.
To illustrate one of the obtained results, Figure 2 represents the configuration of a test carried out
in [17] and figures 3 to 6 show the evolutions of HRR and temperatures measured and calculated
using method 2.

Figure 2: Configuration of the fire test n°3 realised by MEDINA HEVIA [17].

Figure 3: HRR simulated according to method 2.

Figure 4: HRR measured during the test 3 of
Medina Hevia [17].

Figure 5: Temperatures simulated according to
method 2.

Figure 4: Temperatures measured during the test
3 of Medina Hevia [17].

The results show that the simulations provide relatively satisfactory results. But, it has been
identified that with both methods the simulations of under‐ventilated compartment fires
underestimate thermal actions.
Methodology for FSE of timber buildings
The analysis of experimental and numerical results and the simulations carried out for different
types of building made it possible to define a methodology for the realization of the FSE studies for
the timber buildings. Regarding fire simulation methods of the development of fire method 2 was
finally retained.
In under‐ventilated fire situation, a simplified approach is furthermore proposed without
compromising the fire safety of buildings. The approach consists in retaining only the primary fire
source, but the fire duration was increased in proportion to the amount of wood mobilized by the
timber structure, while considering HRR corresponding to ventilation control combustion.
Figure 7 shows the complete methodology proposed for assessing the behavior of buildings with
exposed timber structures.
The wood properties considered for this study are those given by EN 1995‐1.2, but other properties
defined experimentally for real fires can be taken into account.
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Figure 7 : Méthodologie pour l'évaluation du comportement au feu de bâtiments avec des
structures apparentes en bois.
Some concluding remarks
The work carried out at CSTB made it possible to define a methodology for the application of FSE
principles in tall wood building with parts of the structure remaining unprotected.
It is still important to note that the proposed method must be consolidated in two points:



the general weakness of modeling under ventilated fire conditions using FDS;
the quantitative validation of the flames extinction, particularly in under ventilated
compartment fire scenario, using real tests.

Furthermore, it would be to necessary to carry out further real tests at different scales to validate
the models.
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Working Group 2 (WG2) of Cost Action FP1404, Structural elements made of bio‐based materials
and detailing, dealt with the structural fire design of bio‐based building products. The outcome
generated by the members of this WG is of particular interest for the ongoing revision of Eurocode
5 (EN 1995‐1‐2), expected for 2022. This paper gives an overview of the content of the produced
guidance documents within this working group.
The current version of the Eurocode 5 (EN 1995‐1‐2) [1] was published in 2004. Since then, the
European Guideline Fire Safety in Timber Buildings (FSITB) [2] was published in 2010 that filled some
gaps of Eurocode 5 since new products were invented, e.g. cross‐laminated timber (CLT) and new
design recommendations were needed. However, design models of these two important
documents are not up‐to‐date since research of timber structures is a fast growing area. Since still
some years are left until the new generation of Eurocode 5 will be published, WG2 of COST ACTION
FP1404 decided to publish the Guidance Documents to give newest findings, design model
recommendations and information to designers and engineers in practise.
The following guidance documents were developed within WG2:
TG1:



Guidance document – Fire design of CLT incl. best practise (N221‐07) [3]

TG2:



Guidance document – Fire design of Timber Concrete Composite structures
(N‐232‐07) [4]
Guidance document – Numerical simulations of Timber Concrete Composite
structures (N224‐07) [5]



TG4:



Guidance for implementation of materials and products in fire design
methods of timber frame assemblies (N 231‐07) [6]

TG5:



Improved fire design models for Timber Frame Assemblies (N 217‐07) [7]

TG7:



Fire Safety of timber buildings under construction (N233‐07) [8]

In the following, the content of these guidance documents is briefly summarised. For details, the
original publication should be consulted.
57

TG1 “Fire behaviour of CLT” produced a guidance document (N221‐07) [3] with substantial input
coming from industry (adhesive and CLT manufacturer). The document contains recommendations
for a new design model for Cross Laminated Timber wall and floor elements. A new charring model
for timber in general and for CLT specifically is presented. Additionally, zero‐strength layer values
are given for wall and floor elements which are initially protected and unprotected from fire
exposure. Thereby, it is concentrated on so‐called preferred layups, which had been defined using
the input from industry. The guidance document also contains information on gap widths between
boards of CLT panels produced in Europe and gives further recommendations about CLT fire stops
and penetrations as well as the contribution of CLT (timber surfaces) to fire development.
TG2 “Timber‐concrete composite” developed two guidance documents that give an overview of
(1) fire resistance tests on different types of timber‐concrete composite (TCC) structures and on (2)
numerical simulations dealing with TCC exposed to fire. The document also gives an overview of
design recommendations for TCC structures.
TG4 “Cladding materials” had a strong collaboration with TG5 “Separating function and bio‐based
products”. In these task groups, two important guidance documents were developed. The guidance
document N217‐07 gives new and improved design methods for calculating separating and load‐
bearing functions of timber frame assemblies. The contribution of claddings and insulation
materials is considered in the improved fire design models. Two main calculation methods – the
Effective Cross‐Section Method (ECSM) and Component Additive Method (CAM) are proposed for
timber frame assemblies. In addition, generic values for fall‐off times of gypsum plasterboards are
presented. The fall‐off time of fire protection is one of the most important parameters influencing
the fire resistance of timber frame assembly. This is taken into account in ECSM and CAM. Thereby,
the CAM is proposed to be used for calculating separating function and the start time of charring
behind the fire rated cladding. The guidance document also shows the introduction of so‐called
protection levels (PL) to take the protection provided by cavity insulation into account.
The guidance document N231‐07 contains common procedures proposed to determine design
parameters for new materials to be used in design methods. The implementation procedures and
relevant test methods are presented in here.
TG7 “Best practice and detailing” summarises important findings and state of the art about the fire
safety during construction as it is regulated in all countries in Europe. This document contains a
database of fire incidents and shows the main causes and consequences of fire incidents in timber
buildings under construction. In addition, recommendations were developed to help the future
design of fire safety measures for the construction phase of timber buildings.
All guidance documents related to design of structures contain worked examples to show how the
new methods can be applied.
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Besides the load‐bearing capacity, the separating function for wall and floor elements represents
one of the most essential needs in the case of fire. The evaluation of the fire resistance for building
elements is normally based on standardised fire tests, like the EN 1365 series, tabulated
construction setups, like in DIN 4102‐4 or on calculation methods, like EN 1995‐1‐2. These methods
usually only consider individual elements and do not, or just to a low extent, take into account any
joints and junctions to neighbouring elements, mounting parts or typical penetrations of service
installations. However, these points are unavoidable for real structures and influence the fire safety
of the plane undisturbed elements. Therefore, the general fire safety requirements must
guaranteed also at these points. With respect to timber structures, only little information and
guidance documents or approved technical solutions were available on the market, in the last years.
For timber frame and solid timber structures three flame spread paths can be identified. These
must be taken into account within the design process to ensure an overall fire safety for buildings:




in‐plane joints to neighbouring prefabricated elements
joints in junctions of components and to other building parts
joints resulting from service installations and penetrations

The aforementioned flame spread paths are depicted in Figure 1 ‐ exemplary for a CLT structure

Figure 1. potential flame spread paths in and in between elements

The following article comprises the state of the art about the fire safe detailing for service
installations in timber structures.

In principle, penetration through fire rated assemblies should reduced as much as possible, by
considering service installations from the beginning of the design process. If they are essential for
the use of a building, certified systems to maintain the assembly’s fire rating must be used. Until
now approved sealing systems for service installations were typically only available for drywall or
concrete constructions. Tested and approved solutions for timber structures were rare and slowly
reached the marked in the last years, even though testing in accordance with EN 1366 series [1]
was possible. Even if testing of fire shutters, fire stops and sealing systems is possible also in
combination with timber structures, these structures are not appropriate considered as standard
supporting construction by the standard, resulting in a limited application of the test results and
enormous cost to reach a similar application compared to non‐combustible standard constructions.
Especially solid timber and timber frame elements with bio‐based insulation and linings are not
considered as standard construction in the standards until now.
Fire tests and technical approvals show that every type of service installation passing through fire
separating elements has its own specific characteristic, level of performance and therefore, range
of application. Hence, there is no single solution or product that can be used for all services and
protects all elements in the same manner to avoid early fire spread. The variety of types of service
installations is shown in Figure 2.

Figure 2. types of service installations and penetrations

However, some research projects aimed to identify the needs and differences when using certified
sealing systems, developed for non‐combustible structures also in timber structures. Solutions and
installation conditions to adapt the existing systems also for timber elements were developed [2],
[3]. As main influencing factor to guarantee the fire safety for timber elements with service
installation penetrations, the interface between the timber structure and the service installation
was identified. Continuous joints, where hot gasses can pass, infiltrate the timber structure and
contribute to an early fire spread must excluded by appropriate detailing, see Figure 3 and Figure 4.
Systems with intumescent materials (“active systems”), which expand when exposed to high
temperatures, can efficiently seal the gap between the sealing system and lining of the timber
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frame or solid timber elements. For “passive” systems without capacity to expand under fire
exposure like gypsum putty a further sealant to reach air tightness should be applied on both sides
of the penetrated element. To optimize these joints for fire conditions an additional 100 mm wide
non‐combustible framed lining can recommended. Due to the charring of timber and potential
failure of linings in contact to the fire stop the joints must caulked/sealed at both sides‐ exposed
and unexposed ‐ or continuous throughout the entire element thickness. As a main concept to
install multi penetration sealing systems, such as mineral wool boards, a non‐combustible lining of
the reveal area over the entire thickness of the separating element in combination with an external
framed lining to cover continuous joints can recommended, see Figure 4. Due to the larger thickness
of the timber element compared to the multi penetration sealing system the reveal area must
improve at least in the same dimension of the plane lining, in order to avoid an early sidewise
passing of fire and negative influence on the separating timber element itself.

1) lining; 2) non-combustible cladding in reveal area; 3) penetration sealing system;
4) framed timber structure, 5) framed lining minimal 100 mm
;
a/b) solid timber structure / timber frame structure

Figure 3. joint sealing for penetration sealing
systems.

Figure 4. fire safe lining of reveal area

With respect to metal pipes, penetrating timber elements the heat conducted from the pipe to the
unexposed side must considered too. Despite sufficient sealing avoiding hot gasses passing the
penetration area, the conducted heat can ignite timber elements at unexposed side, in direct
contact to the pipe. A 25.4 mm annular gap, filled with mineral wool and caulked in combination
with a continues insulation is recommended to ensure fire safety, based on Canadian tests [4].
With respect to mounting parts in timber elements, like sockets and recessed electrical boxes that
penetrate the fire rated lining or encapsulation cladding following measures are recommended and
shall be used in practical application. [7]





gypsum putty bed ‐ at least 30 mm, only in combination with full insulated cavities
gypsum plaster board box in the thickness of the lining
intumescent device casing ‐ technical approval needed
high temperature resistant mineral wool insulation filling, at least 150 mm wide to each
side

To protect solid timber elements with sockets and recessed electrical boxes in the protective lining,
intumescent coatings shall applied not only in the recession of the solid timber elements but also
at its surface circular around the penetration. This procedure prevented an early ignition and
burning of the timber, because the protective lining always arch upwards during the fire

exposure [5]. In alternative to these sealing measures, the arrangement of an installation area in
front of the existing timber structure is recommended. This eliminates the negative influence of
unsealed or inappropriate sealed penetrations of sockets and switches and ensures the fire safety
of the separating elements.
Beside the international research of the last years within this area and developed guidance
documents [3], [5] for the design process the final assessment of each systems is still based on
producer specific certificates and technical approvals, like ETA. These specific systems reaching the
marked right now, see Figure 5 and Figure 6. A Master’s thesis at TUM identified the current state
of the art about existing and approved systems for timber frame and solid timber elements [6],
including solutions for cables, pipes, ducts and sockets up to 90 minutes fire resistance.

Figure 5. fire stops for pipes and cables tested
in CLT (DEUTSCHE ROCKWOOL GmbH & Co. KG)

Figure 6. approved multi penetration sealing system
(Fermacell / Aestuver)

The research carried out in the last years and the current producer specific developments in the
field of fire safe service installation for timber structures can be summarised as follows.
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The consideration of services from beginning of a project to avoid penetrations is essential
for fire safe and economical structures.
The exclusion of continuous joints by application of surface linings, intumescent materials
and the covering of the reveal area are essential measures to reach fire safety.
To eliminate convective flows, which lead to early fire spread, air tightness measures shall
applied on both sides of the penetration, also in order to reduce the spread of smoke and
toxic gasses.
A Sufficient embedment depth of fasteners used for the fixation of fire stops is needed.
For metal pipes, joint filling in combination with pipe insulation is essential to exclude
ignition on unexposed side.
The creation of installation conditions in timber structures (reveal linings) comparable to
the boundary conditions of approved sealing systems allow the use of several existing
systems.
Guidance documents for the design phase are available in many countries




New and certified producer specific systems for timber frame and solid timber
constructions reaching the market.
Test standard (EN 1366) should extended, to consider solid timber and further timber frame
elements as standard structure in order to be covered by the extended application range.
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Abstract
The fire performance of cross‐laminated timber (CLT) was content of extensive discussions and
expert meetings within working group 2, task group 1 of COST Action FP1404. Within the last four
years, experts from both the industry and research regularly met and exchanged knowledge and
individual needs that should lead to a safe and economic fire design of CLT. The task group delivered
important information about the design of CLT in fire for the revision of EN 1995‐1‐2 (Eurocode 5).
This paper summarises the events, activities and produced outcome of this task group “Fire
behaviour of CLT”.
Introduction
Design models are needed for structural engineers (designers) to determine the load‐bearing
capacity and separating function of members. As fire exposed timber members show a complex
behaviour, simplified design models are requested by designers. Depending on the stage of design,
design methods are needed that correspond to the design accuracy. Thus, several possibilities for
a simplified design of cross‐laminated timber (CLT) exposed to standard fire are necessary to be
developed. The Task Group “Fire behaviour of CLT” collected newest findings and developed fire
design models that are also relevant for the revision of EN 1995‐1‐2.
Since CLT is a glued product, the adhesive performance of fire exposed CLT is of high importance
and needs to be considered in the fire design by engineers. Both the charring behaviour and the
capability to reach a burn‐out are of interest. A new general charring model for timber was
developed recently and applied to CLT (Klippel and Schmid 2017). The model is able to reflect
different behaviours of CLT in fire and showed very good agreement with test results (Klippel et al.
2018).
The fall off of charred lamellae of massive glued engineered products such as CLT counteract the
capability to achieve burn‐out, which might be required by authorities for certain buildings.
Compartment (or room) fire experiments have been performed in the past at various research
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institutes, e.g. Hakkarainen (2002), Hadden et al. (2017). Many experimental series aimed for
convincing the fire brigades that extinguishing the fire in buildings made from combustible
materials is not more complicated than for those made from incombustibles, e.g. Lange et al.
(2018). More recent experiments aimed for testing other characteristics such as burn‐out and
behaviour of glued timber products such as CLT in more realistic fires, since a standard fire test
cannot estimate the behaviour of a construction in the cooling phase. To assess the adhesive
performance with respect to burn‐out, the North American standard ANSI/APA PRG 320‐2018
recently presented a new large‐scale test method, in which a 5ply CLT floor element (dimensions
(width × height): 2.44 × 4.88 [m]) is tested. Klippel et al. (2018) and Craft et al. (2018) presented a
medium‐scale fire test with CLT exposed to standard fire using the mass loss rate as an important
parameter to evaluate the adhesive performance.
The adhesive performance is often evaluated using thermocouples placed in the bondline of CLT.
As timber is a low conductive material, it can be difficult to measure the correct temperature.
Therefore, Fahrni et al. (2018a,b) investigated typical temperature measurement setups under
ISO/EN fire exposure and a constant incident radiant heat flux. By comparing the charring depth
and the thermocouple readings (charring temperature 300°C) it was found that only the wire
thermocouples inlaid parallel to the isotherms deliver correct temperature readings. For other
temperature measurement setups, the underestimation was between 5 and 20 minutes.
Task Group Activities
The task group organised three expert meetings, see Table 1.
Table 1. Overview of expert meetings in WG2/TG1

No

Datum

Venue
(local organiser)

Title

# Participants

1

9./10.3.2017

Zürich,
(ETH Zürich, M. Klippel)

20

2

24./25.10.2017

3

4./5.7.2018

Kösching,
(Binderholz, S. Bedö)
Vienna,
(Fachverband Holzindustrie,
U. Hübner)

CLT – The way to
standardisation – definition
of gaps
Cross‐laminated timber:
Standard fire design model
Fire design models for
Europe

17
18

During these two‐day meetings, presentations and fruitful discussions with input from the timber
and adhesive industry with representatives from research and science were held. By doing so, the
industry representatives got a lot of background information on how to develop design models and,
in addition, they were able to place their needs and wishes for a new fire design model for CLT. This
exchange was very fruitful and helped all involved parties to understand the respective sides.
Comprehensive proceedings (about 500 pages in total) of all three expert meetings summarise the
content, discussions and presentation slides. The documents can be downloaded on the website
www.costfp1404.com.

Task group Outcome
The guidance document “Fire design of CLT including best practise” is the overarching document
produced in this task group (Document number: N221‐07). The document contains the following
information:
‐
‐
‐
‐
‐

Information about the design model for the separating function
Information about the design model for the load‐bearing capacity
Information about fire stops and penetration
Information about the contribution of CLT to the fire development
Information about correct temperature measurements in fire tests with CLT

Input for EN 1995-1-2
With regard to the revision of EN 1995‐1‐2, the following important aspects were content of this
task group and should be highlighted:
Definition and simulation of the fire resistance of preferred CLT lay-ups
With the help of a survey organised by TU Munich and ETH Zurich, European CLT manufacturers
named their most used CLT layups for both CLT floor and wall structures. This was done, since a
harmonisation of products helps to reduce general design values (e.g. zero‐strength layer d0) for
tabulated data, which need to cover the full range of available products on the market. Additionally,
tabulated data in EN 1995‐1‐2 should give design recommendations for most used products and
thus does not aim to cover 100% of possible applications and lay‐ups.
Table 2. Lay‐ups of preferred CLT products. Given is the number of layers, layup specification, total thickness
and number of European producers providing this type of CLT.

Floor elements

Wall elements
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# of layers
[‐]
3
3
5
5
5
5
5
3
3
3
3
5

Layup
[mm]
20‐20‐20
40‐40‐40
20‐20‐20‐20‐20
40‐20‐20‐20‐40
40‐20‐40‐20‐40
40‐30‐40‐30‐40
40‐40‐40‐40‐40
30‐20‐30
30‐40‐30
40‐20‐40
40‐40‐40
20‐20‐20‐20‐20

Total thickness
[mm]
60
120
100
140
160
180
200
80
100
100
120
100

# of producers
[‐]
2
4
4
2
5
2
5
2
2
2
2
5

Application of a new general charring model for timber to CLT
A general charring model was developed by Klippel and Schmid (2017). The model is very flexible
and can easily be applied to calculate the char depth of any timber member exposed to fire.
 n   ki   0
ki

(1)

Equation (1) is a general expression to describe the notional charring rate n for a large range of
timber products. This approach is based on a basic design charring rate 0 determined in fire
resistance tests and specified in EN 1995‐1‐2. For specific products most of the coefficients ki are
equal to 1.0, e.g. for CLT only a selected number of coefficients are relevant. These coefficients are
for example the following:
 kpr (protection coefficient)
 kg (coefficient to account for gaps between boards)
It should be noted that for each layer and charring phase an individual notional charring rate n,i
can be calculated, if necessary.
Investigation of gap distances and frequency between CLT boards
As shown, the new charring model is also able to account for available distances between lamellae
of the same layer in a CLT panel. Distances lower than 2 mm can be neglected. Currently, the
statistical distribution of distances between lamella is determined (Hübner et al, 2017), the 95%
fractile value for this distance is below or equal to 2.1 mm for products according to the actual draft
of the product standard for CLT, EN 16351 (CEN, 2018). About 3200 CLT elements were
investigated. For the future, it can be assumed that the available distances between lamellae will
decrease following the introduction of a new pressing technology in the production of CLT.
Proposal for a test standards to assess the adhesive performance in fire
A new test standard was developed to assess the adhesive performance in fire, see Klippel et al
(2018). The adhesive used in the bondlines of CLT plays an important role in the fire design.
However, currently, European standards do not provide a test method to assess the adhesive
performance in CLT exposed to fire. A series of fire tests were performed with CLT panels glued
with different adhesives at ETH Zürich. The investigation showed that the mass loss of the CLT
panels in standard fire resistance tests might be used to assess the adhesive performance in CLT
exposed to fire. The mass loss might be a better parameter to assess the adhesive performance
than the temperature measurement in the bondline since the installation of thermocouples in CLT
has been controversy discussed. The evaluation of the performance of the bond line can be very
subjective due to misleading temperature measurements resulting from crude installation of
thermocouples (Fahrni et al 2018a,b).
Influence of protection on charring of CLT panels
Charring of protected CLT occurs slowly behind a protective cladding. When the cladding falls off,
charring occurs with a much higher rate than that of initially unprotected wood. The Component

Additive Method (CAM) can be used to calculate the start time of charring tch behind the protective
cladding.

tch  tprot,i ,
where tprot,i is the sum of protection times of i layers protecting timber members.
The fall‐off time of the board depends on the placing and length of fasteners and thermal
degradation of the board itself. The anchorage length of fasteners in uncharred wood can be easily
calculated by using the charring in the protection phase.
Based on the database, conservative generic equations to calculate the fall‐off time were
developed, accounting for different products. The equations are published in the Guidance
Document of this task group “Fire design of CLT including best practise”.
The guidance document of the task group shows that only limited information of fire test results is
available to verify the fall‐off time tf of protective cladding on CLT panels. It is obvious that gypsum
plasterboards (as an example) last longer on a CLT panel than on a timber frame assembly with
cavity filled with insulation.
Fall‐off times of the claddings can also be determined by testing standard EN 13381‐7.

(a) fall off of charring layers

(b) without fall off of charring layers

Figure 1. Examples of charring scenarios for the protected and unprotected CLT members with (a) fall‐off of
charring layers and (b) without fall off of charring layers.

Fire design model for CLT floor and wall elements
Several possibilities for a simplified design of CLT in bending and exposed to standard fire were
developed in this task group based on the work presented in Schmid et al. (2017). The
recommended models are effective zero‐strength layers of 7, 10 and 12 mm for the tabulated data
for 30, 60 and 90 minutes, respectively. Additionally, the design model “twelve and two” was
developed, which can be used for typical used CLT lay‐ups (Schmid et al. 2018).
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In addition, a design model for CLT wall elements was presented at the last expert meeting of this
task group in Vienna in 2018. For details, the guidance document and referenced literature can be
consulted.
Detailing, fire stops and penetrations
An overview of fire safe detailing on timber structures in general and in specific for CLT was
developed at TU Munich, see Werther and Kammerer (2018). It is shown that service installation
types have individual specific characteristics, level of performance and therefore range of
application. Thus, a single solution or product does not exist that can be used for all services and
that protects all elements in the same manner to avoid early fire spread. However, some research
projects aimed to identify the needs and differences when using certified sealing systems,
developed for non‐combustible structures also in timber structures. Solutions and installation
conditions up to 90 minutes fire resistance to adapt the existing systems also for timber elements
were developed (Werther et al. 2012, Teibinger et al. 2013). In addition, producer specific and ETA
(European Technical Approcal) certified systems reaching the marked right now.
Conclusions
The task group produced significant outcome relevant for the revision of EN 1995‐1‐2. A very fruitful
collaboration between industry and university representatives has been started and should
continue after the COST Action FP1404 ends by end of 2018. An exchange of information, needs
and wishes, backgrounds and future plans was key of the work put together in this task group.
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Abstract
This paper presents a Finite Element (FE) numerical investigation performed on timber log‐house
walls with partial thermal insulation, subjected to in‐plane compression and exposed to fire on one
side. A key aspect for the design of log‐house walls is represented by geometrical details, like cross‐
sectional properties of logs (typically characterised by high depth‐to‐width ratios) and outriggers.
The latter ones act as mechanical restraints for the main walls and hence markedly affect their
overall load‐carrying capacity. As a result, careful consideration should be given to the choice of
these details, due to the possible occurrence of local structural and/or thermo‐mechanical
mechanisms. This is the case of exceptional loading conditions like fire load, as the fire resistance
of log‐house systems could be affected by a multitude of variables. The FE investigation herein
presented follows and extends an earlier research study on an unprotected log‐house wall, where
thermal insulation panels (gypsum fibreboard layers) were added to protect part of the wall. The
FE method is assessed and validated against a full‐scale furnace test, including a critical discussion
of comparative results.
Introduction and goals
The fire resistance of timber structures and building systems is still an open issue for designers,
especially when novel technologies, materials and methods are used. Structural fire guidance is
generally available in international codes for timber elements and assemblies [1, 2]. However, since
several timber structural typologies currently in use are not explicitly dealt with by these
documents, full‐scale tests and specific detailed investigations are frequently required to assess
their typical response under different fire exposure conditions (see for example [3‐5]), loading
configurations, as well as to explore the reliability and potential of simplified design methods [6‐9],
novel timber‐composite systems [10, 11], modified material treatments [12], or thermal insulation
methods [13, 14]. Numerical modelling, in this regard, can offer a robust support to full‐scale
testing, at least for preliminary fire resistance considerations [15‐19].
This is the case of traditional structural solutions like log‐house (or log‐haus, or Blockhaus) systems,
largely used since centuries (in the form of log cabins first, and 1‐2 storey residential or commercial
buildings later), but undergoing certain modifications in design detailing and production, due to
technological advance (i.e. logs shape, size, joint features, etc.). However, the current lack of
specific design recommendations often limits their optimal design, under ordinary and extreme
loads (see for example [20, 21]), particularly in fire conditions [22]. So far, research studies have

focused on their structural performance under various loading conditions, including seismic events
[23‐26], buckling [27] and fire exposure [28].
In this paper, the fire resistance of log‐house walls under in‐plane compression is assessed via a full‐
scale standard test carried out on a partially insulated sample (‘W80’ specimen), including Finite
Element (FE) studies able to capture the test observations and provide a further insight on the topic
[29]. The current investigation follows and extends an earlier research study [28], where the in‐
plane compressive buckling response of a vertically loaded, thermally unprotected log‐house wall
was also investigated, under the effects of a standard EN/ISO fire exposure. For the W80 sample,
the presence ‐ even though on the outriggers only ‐ of gypsum fibreboard panels is taken into
account and explored in detail.
Reference furnace test on the W80 specimen
The ‘W80’ sample was tested in Germany in November 2016 (laboratory facilities of MFPa Leipzig
GmbH, fire test centre of Laue), under the commission of Holzforschung Austria, Wien.
The log‐house wall consisted of 16 main timber logs, with 3m nominal length and 80×190mm (width
b×depth h), as obtained by gluing together two lamellas of C24 strength class spruce [30], see Figure
1(a). Such a set of overlapping logs was selected to realize an H=3m tall wall, so as to qualitatively
reproduce the same overall dimensions of the unprotected ‘W90’ specimen previously investigated
in [28], under an EN/ISO standard time‐temperature loading and imposed in‐plane compression.
The W90 sample proved to resist the imposed thermo‐mechanical loading for ≈57 minutes, with a
global collapse mechanism deriving from the total charring of the lateral outriggers, hence from the
lack of bracings for the main timber logs.
Later on, the W80 sample was experimentally investigated to assess its fire performance in
presence of partial insulation for the outriggers only, in the form of gypsum fibreboard layers (see
Figure 1(b)), hence resulting in a different thermal configuration for the full‐scale assembly. At the
time of the full‐scale experiment, the W80 wall fire performance was investigated under the effects
of an in‐plane compression load Ntest=30kN/m (15 minutes in advance to the fire test),
corresponding to RN=Ntest/N20=0.11 of its design resistance in ambient conditions. In accordance
with the analytical formulation proposed in [27], a mean critical buckling compression of
Ncr,E,mean=N20=258kN/m can be in fact expected from the W80 specimen.
A set of type K, NiCr‐Ni thermocouples (22 in total) according to EN 1363‐1 and EN 1365‐1, was
used to measure the surface temperature on a set of key control points for the specimen, including
various positions on the wall surface and different depths in the specimen logs, with respect to the
fire exposed side (see Figure 1(c)). Special attention was also given to monitor the temperature
within the insulation panels, where the TE1 and TE2 thermocouples of Figure 1(b) were installed on
the internal side of the specimen, within the gypsum fibreboard layers (at a distance of
0.5H=1500mm from the ground). The ambient temperature ‐ in the range of 18.5°C before and
during the experiment ‐ was continuously monitored by additional plate thermometers (Figure
1(d)). In terms of structural performance assessment of the W80 specimen, finally, potentiometric
displacement sensors were installed on the main timber logs (five in total, see Figure 1(a)), to check
the evolution of out‐of‐plane (with three different control points on mid‐height L8 log, see U1‐U3)
and in‐plane vertical displacements (two control points at the base of the W80 assembly, see U4‐
U5 control points. All the experimental measurements (combustion chamber temperature,
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specimen temperature, pressure in the furnace, specimen deformations, applied compressive load
Ntest) were recorded at a time interval of 5 seconds.

(b)

(a)

(c)

(d)

Figure 1. W80 specimen: (a) nominal dimensions and instruments; (b) gypsum layers; (c)‐(d) details

Finite Element numerical investigation
Methods
The standard test on the W80 sample was reproduced by taking into account the modelling strategy
and solving approach reported in [28]. Due to the symmetry of the W80 specimen, only half the
nominal geometry was modelled in ABAQUS, with appropriate loading and thermo‐mechanical
boundary conditions, assuming an ideal uniform distribution of geometrical and mechanical
properties for timber material, nominal dimensions of logs and insulation panels, as well as an
EN/ISO standard time‐temperature exposure in the furnace.
Three‐dimensional 8‐node solid elements were used to describe the timber members and the
gypsum fibreboard panels. Two separate FE models were developed in ABAQUS (with DC3D8 and
C3D8R type elements for the thermal and mechanical steps, respectively), so as to perform an
uncoupled thermo‐mechanical analysis of the wall (see [28]). In the mechanical sub‐step, the FE

assembly consisted of timber members only, due to the negligible stiffness/strength contribution
of the gypsum fibreboard layers.

(a)

(b)
Figure 2. FE modelling of the W80 specimen (ABAQUS): (a) assembly details and (b) thermal boundaries.

In doing so, the notches and protrusions along the top and bottom surfaces of each log were
neglected, assuming a nominal 80mm×190mm rectangular cross‐section (see Figure 2). The corner
joints were indeed geometrically reproduced by accounting for their nominal features, so as to
reproduce the actual contact mechanisms between each log, via surface‐to‐surface mechanical
interactions (see [28]). Possible horizontal gaps due to production tolerances were disregarded, see
Figure 2(b), while the nominal geometry of logs was accounted in the vertical direction, so as to
create small gaps (19mm in thickness) between the main and the orthogonal notches, at the logs
ends.
Thermal loads and restraints were defined by means of three different regions on the lateral
surfaces of the FE model (see the ‘BC1’ to ‘BC3’ surfaces of Figure 2(b)), including symmetry
assumptions. Specific thermo‐physical input properties were in fact assigned to the BC1 and BC2
surfaces exposed to the EN/ISO fire curve (being related to timber and gypsum fibreboard features
respectively). Otherwise, ambient temperature was accounted on the unexposed BC3 side (see
Section 2). In doing so, emissivity and convection coefficients for timber were set to 0.8 and
25W/m2K, as suggested by [31]. The same input features were then assigned to the gypsum
fibreboard panels, as also recommended in [2]. Such an input assumption, generally accepted for
the fire resistance assessment of structural engineering systems and assemblies, should implicitly
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account ‐ together with input thermo‐physical features of materials ‐ for the complex phenomena
occurring during the fire exposure (see [32, 33]). Past literature efforts proved that the so defined
heat‐transfer simulations can adequately predict the load‐carrying behaviour of timber members
and assemblies exposed to standard fire exposure [34]. However, some dependency of numerical
results on input features and/or software assumptions can be also expected [35, 36]. The variation
of timber mechanical properties with temperature was finally considered, in accordance with the
Eurocode 5 provisions for standard fire exposures [37], whereby the MOE and strength reduce to
zero at 300°C.
Discussion of results
Temperatures
The FE results of heat transfer simulation were first compared with the corresponding test
measurements. Given the assumption of an ideal fire exposure for the numerical BC2 and BC3
surfaces of Figure 2(b), the FE method proved a certain potential to reproduce the experimental
results, see Figure 3. As far as the external distribution of temperatures on the unexposed side of
the sample is concerned, see Figure 3(a), a certain agreement with the test data can be in fact
observed, even with some scatter in the initial phases of fire propagation. Based on the intrinsic
uncertainties in the experimental measurements (including the reliability of single test predictions),
see Figure 3(b), a good correlation was observed also for the temperature variation within the
gypsum fibreboard layers. Major accuracy of FE estimations was achieved especially for the internal
(TE1) thermocouple. A certain scatter for the TE2 test and FE predictions was indeed noticed after
30 minutes of fire exposure. Such an effect could be rationally justified ‐ for the test data ‐ in terms
of charred section propagation in the adjacent timber logs, with the possible detachment of
instruments and gypsum layers in contact with them. This is not the case of the FE model, where a
fully rigid interaction is assumed at the gypsum‐to‐timber interface.
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Figure 3. Experimental and numerical evolution of temperature (a) in the joint region and (b) within the gypsum
fibreboard layers.

60

(a)

(b)
Figure 4. Residual cross section of logs. (a) Numerical evolution of the residual section for timber logs, at selected time
instants, with (b) experimental observations at the end of the test.

Due to the limited width of timber logs exposed to fire loading, the FE simulation gave then
evidence ‐ as expected ‐ of a marked sensitivity of temperature variations in time, even at a limited
distance from the fire‐exposed surface, see Figure 4(a). There, the charred section evolution is
shown for selected orthogonal logs, in the vicinity of corner joints. The FE results are shown, for
several time instants, both in the form of 3D view and transversal cross‐section (residual section in
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red colour). For the lateral surfaces protected by the gypsum panels, it is possible to notice that the
charred depth starts increasing after 30 minutes of fire exposure. Such a thermal loading leads the
orthogonal logs to half their resisting section in 40 minutes, with mostly null residual section (on
the internal side of the furnace) after 45 to 50 minutes of fire exposure.
The heat transfer simulation proved to offer a certain reliability of results, compared to the full‐
scale experiment, where the loss of stability derived from charring of outriggers and lack of
appropriate lateral restraints for the main logs. In addition, such an outcome is also in agreement
with the experimental visualizations of Figure 4(b), where detailed charred section views are
provided at the end of the test. Given the actual 80mm‐wide nominal section of logs, it can be
noticed that a non‐uniform residual section was found in the full specimen, with a variable width
for the residual section in the order of ≈30mm‐to‐45mm within the same log (i.e. ≈38 to 56% its
nominal resisting section, that is 47% on average). This is in line with Figure 4(a), where ‐ after 60
minutes of thermal exposure ‐ the average charred section depth is in the range of 50% the nominal
size of logs.
Displacements and collapse mechanism
The numerically predicted deformations of the W80 sample generally resulted in a qualitative
structural performance and deformation in close correlation with the experimental observations.
The main logs proved to undergo large lateral deformations once exceeded a certain charred depth
of their nominal section, as a major effect due to (i) limited residual stiffness of charred main logs
and (ii) lack of robust lateral restraints for the same main logs, due to charring of outriggers and
vanishing of the bracing system, see Figure 5.
The loss of stability for the FE model was achieved after ≈50 minutes of fire exposure, namely
coinciding ‐ see Figure 4 ‐ with a severe charred section for the internal portion of the outriggers. A
key role proved to derive, in the numerical simulation, from the surface‐to‐surface mechanical
contacts between logs, as also in accordance with [28]. Beside the qualitative correlation of
experimental and numerical deformations, partial scatter was observed in terms of time‐
displacement results for the control points of interest, see Figures 5(b).
Both the experiment and the FE simulation gave then evidence of some important aspects for the
structural system subject of investigation, namely represented by:
i.

the high sensitivity of log‐house walls to buckling phenomena,

ii.

the key role of out‐of‐plane deformations in the assessment of their actual load‐carrying
capacity in fire conditions, as well as

iii. the lack of an appropriate number of experimental control points, to describe and monitor
the global deformations of log‐house specimens (i.e. mid‐height measurements only for
out‐of‐plane deformations), and
iv. The need for specific deformation and displacement rate limit values, so as to account for
the intrinsic features of log‐house timber walls.

(a)

(b)

Figure 5. FE mechanical results (ABAQUS). (a) Deformed shape after 50 minutes of EN/ISO standard time‐
temperature exposure (legend values in meters), with (b) experimental‐numerical evolution of out‐of‐plane
displacements, as a function of time.

According to (iv), Table 1 reports a comparison of experimental estimations at collapse, with the
corresponding EN 1363‐1 provisions for the fire resistance prediction of the W80 sample. In
particular, it can be noticed that the earliest failure condition is exceeded after 52 minutes of
thermal exposure (out‐of‐plane displacement rate). Such an outcome further confirms the
reliability of FE modelling (i.e. Figure 5(b)) but is largely premature, compared to in‐plane limit
conditions that the EN 1363‐1 typically assumes as key performance parameters for timber walls in
compression.

Table 1. Reference performance parameters for the W80 specimen, in accordance with EN 1363‐1
provisions (in brackets, the time of maximum measurements). L=2960mm, H=3000mm, d=80mm

Out‐of‐plane / bending

In‐plane

Displacement

Displacement rate

Displacement

Displacement rate

[mm]

[mm/min]

[mm]

[mm/min]

EN

TEST

L2/400d
205

EN

TEST

L2/9000d
84

9

(57min)
Exceeded: NO

EN

TEST

H/100
10.6
(52min)

Exceeded: YES

30

EN

TEST

3H/1000
30
(56min)

Exceeded: YES

9

4.5
(57min)

Exceeded: NO

Summary and conclusions
In this paper, the in‐plane compressive performance of timber log‐house walls in fire conditions
was investigated, based on full‐scale standard furnace testing and Finite Element numerical
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modelling. Special care was given to the fire performance of a partially insulated log‐house
specimen, inclusive of gypsum fibreboard panels to protect part of the lateral timber logs.
The full‐scale test, used for the validation and assessment of FE numerical models, proved that the
examined walls can offer a fire resistance of about 60 minutes. The experimental study herein
summarised, however, also pointed out that:
1.

The actual EN 1361‐1 provisions for the assessment of the load‐carrying capacity of timber
structures in fire conditions do not properly account for the typical behaviour of log‐house
walls, where both the in‐plane / out‐of‐plane deformations and deflection rates should be
properly considered. Specific limit values should be provided to assess the fire performance of
log‐house systems, compared to other timber wall typologies.

2.

The experimental measurement of the wall deformations should account for several control
points (i.e. 1/3rd, mid‐height, top and mid‐span, lateral ends). The typical deformed shape of
log‐house walls can in fact be affected both by local separation of the overlapping logs, and by
the progressive charring of logs, hence resulting in a continuous modification of the
mechanical restraints for the full specimen in compression.

3.

A key role is then played by the corner joint components, where appropriate instrumentation
should be used to account for thermal local phenomena, and related mechanical effects.
Thermocouples should be placed within the thickness of logs (at least one at mid thickness),
close to the corner joints, and also at different heights / depths of the wall sample.

4.

When thermal insulation layers are used, an appropriate number of thermocouples should be
placed in the thickness of claddings (at least one), and at the interface with the timber
assembly (possibly, at different heights from the furnace ground).

Extending a previous research study, a Finite Element numerical study was also discussed in the
paper, for the full‐scale specimen subject of investigation. Given the limited number of
experimental control points and measurements, as well as the uncertainties in the loading and
boundary conditions for the same specimen (i.e. a single repetition test), a good correlation
between test and FE results was generally observed, hence suggesting the reliability and potential
of the FE method for predicting the fire resistance of timber log‐house systems.
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Gypsum boards are widely used materials to protect timber structures against fire. Charring rate of
timber member is different when occurring behind the protective board or after the fall‐off of the
board. There are important times to consider in the fire design of timber members to define
different phases of charring. See Figure 1. There is no charring in Phase 1. Charring in Phase 2 is
relatively slow and charring in Phase 3 is very fast. The times defining the charring phases are
therefore very important to consider.

failure cladding

start of charring

charring depth

Start time of charring tch is defined by taking into account the thickness of the gypsum board. Fall‐
off time tf is dependent on thermal degradation of the boards or fasteners. Fall‐off time has the
biggest influence on the fire resistance of timber frame assemblies.

phase 3

phase 2
k2

phase 1

tch

tf

time

Figure 1. Charring phases of the initially protected timber member.
Fall‐off times of gypsum boards in the constructions are influenced by the board thickness, the
spacing and length of fasteners and also by the backing material.
This study proposes generic values for fall‐off times for gypsum boards caused by thermal
degradation. The fall‐off times are intended to be used in the revised EN 1995‐1‐2.
A database with data from full‐scale fire test reports with assemblies including claddings made of
gypsum plasterboards in accordance with EN 520 and gypsum fibre boards in accordance with EN
15283‐2 was collected at RISE Research Institutes of Sweden (former name ‐ SP). The database
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consists of results of 440 full‐scale tests from different institutes all over the world, although mainly
from Europe.
The first analysis of the results of the full‐scale fire tests from the database was carried out by Just
et al. [1] and the results of the analysis were published in the „Fire Safety in Timber Buildings.
Technical guideline for Europe“ [2]. The analysis is based on minimum values (100% guaranteed) of
the protection times. The present analysis is performed by determining 5% fractile values of fall‐off
times and is based on an increased number of test data. Thicknesses (depths) of claddings that
deviate from the most common thickness by ±2 mm, are grouped together and analysed. In case
there are less than 6 values for a certain thickness group, the 5% fractile for this group was not
analysed.
Analysis of the database shows that the scatter of the fall‐off times is considerable. Design values
for the fall‐off times of gypsum claddings, Type F (fire rated), based on the 5% fractile analysis are
proposed in Figure 2 to Figure 4.

GtF 1/1 F

Figure 2. Fall‐off times of wall claddings of single
layer of type F gypsum boards backed by mineral
wool [6].

Figure 3. Fall‐off times of floor claddings of single
layer of gypsum boards type F, backed by mineral
wool[6].

This study shows that fall‐off times are dependent on the substrates. This can be stated based on
test results (Figure 4) and on the thermal simulations (Figure 5).
Temperature increase behind gypsum plasterboards is faster and fall‐off of the board backed by
cavity insulation will occur earlier compared to the case with gypsum board backed by wooden
board or massive wood. Distance of fasteners can also be reduced when gypsum board is backed
by massive wood.

Figure 4. Fall‐off times of wall claddings of single layer of type F gypsum boards backed by wooden boards
and massive wood [7].

Figure 5. Results of thermal simulations with single layer of type F gypsum boards backed by stone wool or
massive timber [7].

Thermal simulations were made using SAFIR to investigate the effect of substrate to the
temperature increase. Thermal properties for the materials are determined based on model scale
tests according to [42]. Compositions with 15 mm thick gypsum plasterboards backed by stone wool
or timber were investigated. Thermal degradation was supposed to occur within temperature range
from 600°C to 800°C. Simulation results show that the time difference between the 2 tested
compositions are 9 minutes at 600°C and 12 minutes at 800°C behind gypsum plasterboard. This is
25% of difference.
The 5% fractile analysis of full‐scale test results on Figure 2 and 4 shows more than 35% of
difference for wall assemblies. However the test setups in the compared tests are not the same.
Based on this study there can be an additional time of 20% proposed for generic fall‐off times for
gypsum boards backed by massive wood compared to the generic fall‐off times of gypsum boards
backed by cavity insulations for wall assemblies.
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Determining of product specific parameters or an improved classification system is recommended.
A test procedure is proposed in the standard EN 13381‐7.
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To verify the requirements R (Resistance), E (Integrity) and I (Insulation) for building components,
engineers use different methods. Beside national or European approval documents, the Eurocode
5‐1‐2 (Annex E) offers calculation methods for timber‐frame elements to provide proof for the
Criteria I under standard fire exposure. The temperature on the unexposed side is limited to 140 K
and a maximum temperature rise of 180 K at any point. To satisfy the Criteria E (integrity), no flame
spread or penetration of hot gases is permitted to the unexposed side. Because of the large number
of variables like cracking, deformation or the influence of the joints, there are no calculation
methods for the criteria E available. In order to determine the failure time with regard to integrity,
it is necessary to use fire tests. As a result of the comparison of failure times, Eurocode 5 allows the
user to calculate the insulation capacity and assumes that integrity demand is satisfied if the
cladding on the unexposed side remains on the construction. These assumptions apply to the
following investigation. The calculation method in Eurocode 5 is limited to 60 minutes fire
resistance and only for some special constructions. These restrictions of design possibilities led to
a new method, based on the additive system from Eurocode 5 which was developed by Vanessa
Schleifer [1] and introduced as an official design method in Switzerland (Lignum [2]) and Austria
(National Annex of Eurocode 5‐1‐2 [3]). This method is called Component Additive Method (CAM)
and current research projects [4] aim for the improvement and extension of this calculation
method.
Comparison of existing and new design methods:
M1: Design Method –Eurocode 5‐1‐2 (Annex E)
M2: Design Method – CAM (according to Lignum) [2]
M3: Design Method – CAM with new approach for Δt according to [4]
To compare these models, an Excel‐Tool – created at TUM – was used which allows the calculation
of the separating function with different methods. The application of these design methods for fire
exposure for more than 60 minutes was also part of this investigation. The calculated results were
compared with test result from a COST database and research projects.
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STEP 1: Comparison of the construction and the influence of claddings
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Figure 1 and 3 show the rising difference between test result and calculation with increasing fire
resistance. For constructions classified as EI 60 or EI 90, the calculated results become more

conservative. To evaluate the fire resistance of the constructions (Figure 1 and Figure 3) with the
Eurocode 5‐1‐2 (Annex E) method the author had to make some assumptions. With regard to the
restrictions in the application range of Eurocode most of the constructions couldn`t be evaluated.
Figure 3 illustrates if the calculated construction reaches the same classification (EI 30, EI 60, EI 90)
as the test results (grey triangles). Most of the specimens could not reach the same classification as
the fire tests and none of the available REI 90 constructions reaches the same classification as the
tested configuration. To obtain more information about the influence of the different layers and
their contribution to fire resistance and protection time (temperature rise 250 K – 300 K on the
unexposed side), an examination of individual layers became necessary.
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To gain further information about the influence of individual layers of these constructions, Figure 4
until 7 show the comparison between the current CAM (Lignum) [2], the modified CAM with
improvements (new approach t) [4] and the test results (test). For the investigated constructions,
the calculation methods are all on the safe side. Calculations with the new approach for Δt achieve
better results. In general, the second layer of claddings is underestimated (Figure 4 ‐7).
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Results and Conclusions:
The existing calculation methods and the new approach is applicable until 60 minutes fire
resistance. The extension to 90 minutes is also possible with some restrictions regarding the density
and the thickness of insulation materials. Voids and multi‐layer claddings lead to very conservative
results. The aforementioned results represent an intermediate stage of an ongoing project of the
authors and will be extended.
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Introduction
There is an increasing use of cross laminated timber (CLT) in the building sector. CLT is a wood panel
product made from layers of solid lumber boards. Each layer of boards is oriented perpendicular to
adjacent layers and glued on the wide faces of each board. It has been recognised that different
adhesive systems have different behaviour in fire; especially that delamination behaviour of CLT
can be avoided by choosing a suitable adhesive system.
The best method for evaluation of the delamination is a full‐scale fire test, but considering the high
costs of such tests, it is of the utmost importance to develop small‐scale methods for evaluating the
adhesive bond properties in fire. The intention is that such small‐scale methods should provide the
same results as full‐scale tests. A new, smaller scale method for classifying adhesives with respect
to fire properties would also simplify the planning of full scale tests. Previous tested small‐scale
method for evaluation of finger joints is presented in (1).
In this study, a small‐scale fire test methodology for evaluation of CLT adhesive bond performance
in fire is introduced (2). The aim was to demonstrate an easy tool to distinguish between fire
resistant adhesive bonds and non‐fire‐resistant bonds, especially with respect to delamination. The
cone heater of a cone calorimeter was used to carry out the tests. Cone calorimeter in accordance
with ISO 5660 is one of the most widely used bench‐scale instrument in fire research. This small‐
scale device has several advantages over larger‐scale tests thanks to its fast, simple and cost‐
efficient manner to investigate basic material properties.
Materials and methods
Timber
Specimens were prepared of spruce timber and glued with 5 adhesive systems: A, B, C, D and E.
Solid wood specimens were also prepared as reference. Similar wood density was chosen of 430‐
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450 kg/m³ for the outermost exposed lamella which was 20 mm thick, see Fig. 1. The total glued
surface was 100x100 mm². Wood lamellae were glued cross wise as in CLT. A notch was cut around
the specimen, through the bond line, leaving the active glued area of approximately 50x50 mm². In
order to measure the temperature during the fire test and estimate the temperature in the bond
line during the shear loading test, thermocouples type K were inserted. Thermocouples were placed
parallel to the bond lines. The goal was to obtain temperatures around 270°C behind the bond line
before and during mechanical testing.
Four edges of the exposed surface were protected with gypsum plaster board type F with thickness
12 mm and width of 10 mm. The side surfaces of specimen were covered by aluminium foil to
prevent charring within the notch (see Figure 2).
Small‐scale fire exposure in cone heater
Specimens were exposed to constant heat flux level of 50 kW/m² produced from the cone heater
which caused burning and charring of wood. The heating was conducted until charring zone reached
the bond line, which took 26 min, see Figures 1 and 2. The mean charring rate was 0,77 mm/min
which is equivalent to fire testing in full scale. The temperature behind the bond line was then
270°C. Directly thereafter the fiberglass fire blanket was placed around the specimen while
transferring between cone and tensile testing machine. Time between heating in the cone and
mechanical testing was diminished to the possible minimum in order to maintain smouldering in
the bond and as high temperature as possible. Temperature behind the bond was recorded, and it
was observed that temperature continued to increase few degrees directly after heating, so when
load was applied temperature was approximately 260 °C. Before mechanical testing gypsum
protection was removed, and aluminium foil was cut through the notch. The shear force was
applied with loading rate of 5 mm/min, using steel plate with 25 mm width and 100 mm length
placed directly on the side of outermost lamella and covering the whole of its surface. The load was
applied parallel to fibres in outermost lamella. The failure load and failure mode were determined,
see Fig. 3 and Fig. 4. Two specimens of each type were tested.

Figure 1. Test specimen.

Figure 2. Testing with cone heater

Figure 3. Mechanical testing after fire test

Figure 4. Test result – failure mode

Reference testing with furnace scale testing and small‐scale Bunsen burner testing
Recently, two test methods to assess the delamination behavior of adhesives have been reported
(3):



intermediate scale furnace testing with exposures derived from a real scale compartment
fire test
small‐scale Bunsen burner testing

For the former, a 5‐layer CLT specimen was positioned on top of the intermediate scale furnace
(see Figure 5) and was exposed to heat fluxes and plate‐thermometer‐temperatures that were
measured were as in a compartment fire test (4). Additionally, the oxygen concentration in the
furnace was controlled so that it resembled that in the compartment fire. A study involving
comparisons of material temperatures, charring rates and delamination times of lamellae,
indicated that the CLT in the intermediate scale furnace test and the CLT in the compartment fire
test had comparable rates of damage during testing (3). The method was used to identify adhesives
that do not delaminate. The same adhesives (obtained from the same CLT) as for small‐scale cone
testing were used (except adhesive E). Delamination was identified using, temperature
measurements within the bond line, assessment of charring rates, video recordings of the exposed
surface, assessment of the mass loss and visual evidence after testing. Each test was repeated
twice. Results of those tests (3 and 4) are used in this paper to evaluate the cone heater test method
described above.
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Figure 6: Cross‐section of intermediate scale furnace test

Additionall reference test was Bunsen burner test in compliance with the voluntary product
standard PS1 Structural Plywood (5) used for small‐scale testing in (3). The same adhesives were
used. The testing procedure involves exposure of a 800 to 900 °C flame to a plywood specimen for
10 minutes, using the apparatus shown in Figure 6. Subsequently, delamination of veneers is
observed visually. Results of Bunsen burner tests (by Brandon and Dagenais, 2018) are in this paper
compared to results of the cone heater tests discussed before. In that test series, tests of each
adhesive type were repeated 5 times.

Figure 5: Burner test apparatus as presented in NIST (2010)

Results
The failure loads resulting from the small‐scale adhesive fire testing in the cone heater are
presented in Table 1 together with the occurrence of delamination in the intermediate scale
furnace tests and the Bunsen burner tests.
One part of the results is the failure mode i.e. bond line failure and char failure. The bond line failure
could result at low strength up to char strength. Failure in the char occurred at varying loads. Failure
occurred in the weakest zone so when failure in the bond line occurred it means that bond line was
weaker than char layer, when char layer failed it means that the bond line was stronger than char
layer. All of the tested adhesives are aimed for load bearing constructions, and some of them are
used in CLT production and they show different failure modes and loads, which can indicate that
they could behave differently in fire regarding delamination.
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Table 1. Results from small‐scale fire adhesive testing in cone heater compared with furnace test
and Bunsen burner tests.
Total
Adhesive
test
no
time

(min)

Failure load
(N)
specimen specimen
1
2

Average Density of
failure outermost Moisture
load
lamella
content
(N)

Failure
mode

Delamination Delamination
furnace test Bunsen
burner test

(kg/m3)

(%)

10,5

bond line Yes (2/2)
failure

Yes (5/5)

420

11,1

bond line No (0/2)
failure

No (0/5)

420

A

28

24

103

64

B

28

184

174

179

C

26

203

102

153

420

10,8

char failure

No (0/2)

No (0/5)

D

26

211

316

264

460

12,1

char failure

No (0/2)

No (0/5)

E

26

85

83

84

12,6

bond line Not tested
failure

Not tested

430

Wood

26

382

393

388

430

12,4

Not
applicable

Not
applicable

char failure

Proposed classification requirements for CLT adhesives using small-scale
adhesive fire testing using cone heater
Using correlation between the cone heater method with the intermediate scale furnace test results
and the Bunsen burner test results, the following approach is proposed:





Results in the table indicate that non‐delaminating adhesives should be identified using a
required minimum of average shear failure load of 150N. Both char failure and bond failure
can occur in such case.
If the specimen happens to fail at a lower load and the failure occurred in the bond line,
the adhesive is prone to delamination.
If char failure clearly occurred instead of bond line failure and the failure load was under
150 N, the test result cannot be used for assessment and the test should be repeated.

Using this approach identified non‐delaminating adhesives correspond to results of the
intermediate scale furnace tests and the Bunsen burner tests. Further evaluation of this approach
using more replica and other adhesive systems, density influence, time of heating is needed to
verify that the presented method is usable for classifying adhesives with respect to delamination at
fire exposure.
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Abstract
The structural behavior of Timber‐Concrete Composite (TCC) slabs, as known, is mainly governed
by the load‐bearing capacity of the metal connection between timber and concrete components.
There, a key role is assigned to possible changes in stiffness and strength, especially for TCC systems
exposed to fire loading. While simplified formulae are available in the literature for the calculation
of strength and stiffness properties of screwed connections, most of the influencing parameters for
TCC structural systems should be preferably assessed via time and cost consuming experiments in
fire conditions. In this regard, the use of refined Finite Element (FE) models can provide strong
support for design developments. Key input features ‐ including thermal and mechanical material
properties, as well as boundary thermo‐mechanical conditions and interactions ‐ should be
however properly assessed and calibrated, including connection detailing. In this paper, an
advanced FE approach inclusive of cohesive contacts and damage laws is taken into account, from
recent literature applications on timber composites in cold conditions, and preliminarily extended
to TCC samples in fire. FE results are assessed towards literature test results, with special care for
tensile experiments, including a critical discussion of issues and potentials.
Introduction
The fire resistance of timber structures and building systems is still an open issue for designers,
especially when novel technologies, materials and methods are used. Structural fire guidance is
generally available in international codes for timber elements and assemblies [1, 2]. However, since
several timber structural typologies are characterised by intrinsic features and expected load
bearing performances, dedicated studies are often required for each of them.
In the last years, for example, some research investigations have assessed the fire performance of
TCC systems in fire loading, including experimental, analytical and Finite Element (FE) numerical
modelling, see [3‐12]. As a major outcome of these studies, the effects of temperature variations
on the mechanical properties of TCC small‐scale and full‐scale samples under various boundary and
loading conditions were pointed out.

In this paper, a FE investigation is presented for TCC systems under fire loading. Major efforts are
derived from literature studies, in which advanced FE methods inclusive of cohesive contacts and
damage mechanisms were taken into account for the load‐bearing performance assessment of
timber‐to‐timber composite push‐out samples and beam specimens at ambient temperature (see
[13‐14]). In doing so, past experimental test results derived from the literature for TCC samples in
fire conditions are also considered (see an example in Figure 1), so as to validate the numerical
estimations.

(a)

(b)
Figure 1. TCC specimens for (a) tensile and (b) shear testing in fire conditions, according to [3] (nominal
dimensions in mm).

Finite Element numerical study
Selected test specimens
Comparative FE results are proposed in this paper, with respect to past experimental test data
available in [3]. According to [3] and Figure 1(a), in particular, tensile tests are first taken into
account for FE purposes.
A set of steel connections consisting of self‐drilling screws with a collar on top of threaded part to
limit the screwing depth and a head for a more effective connection to the concrete is considered,
with a nominal length of 100 mm for the threaded part, a diameter of the net section of 4 mm, and
a 50 mm long upper part (6 mm the diameter). The full experimental investigation described in [3],
see Figure 1(a) and Table 1, included variations in the geometrical features of the samples, as well
as fire test typology, with up to 16 samples.
The mean value of the load‐carrying capacity of the axially loaded screws experimentally measured
in [3] at normal temperature was Fmax= 12.4±0.6 kN, and most of the samples failed due to
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withdrawal of the threaded part of the screw. From a numerical point of view, this means that
major issues are related to thermal effects in the samples components, but also to damage
propagation due to the withdrawal of screws. During the fire tests the screws were axially loaded
with a constant tensile force of 3.6 kN (i.e. corresponding to about 30% of their load‐carrying
capacity at normal temperature). The fire tests were then performed according to “type I” and
“type II” procedures, in which:
I. the specimens were exposed to an EN/ISO fire for 30 minutes, and then the tensile load
was increased until failure of the screws;
II. the specimens were exposed to and EN/ISO fire, until failure of the screws.

Table 1. Reference tensile specimens for fire tests [3].

General FE modelling approach
Solving strategy
The load‐bearing performance of selected samples in fire conditions was numerically investigated
in the form of uncoupled, thermo‐mechanical analyses. Accordingly, two separate FE models were
described in ABAQUS/Standard [15]. DC3D8 and C3D8R type elements were used respectively, to
describe the 3D solid components of each model, to perform the thermal and mechanical steps.
For the thermal sub‐step, specific thermo‐physical input properties were assigned to the timber
surfaces exposed to the EN/ISO fire curve. An ideal, uniform fire exposure accounting for the
experimental insulation layers of Figure 1(a) was numerically reproduced. Emissivity and convection
coefficients for timber were set to 0.8 and 25 W/m2K [16]. Otherwise, ambient temperature was
accounted on the unexposed timber side. The variation of timber mechanical properties with
temperature was finally considered, in accordance with the Eurocode provisions for standard fire
exposures [17], whereby the modulus of elasticity and strength reduce to zero at 300 °C.
For the steel screw only, the sensitivity of mechanical properties to temperature was neglected.
Both the “type I” and “type II” fire testing conditions of Table 1 were numerically investigated.
Assembly
For the assembled FE models discussed herein, the sensitivity of basic materials to temperature
variations were properly taken into account. A key role was assigned to the numerical description
of the connection detailing, including a refined FE description of the involved components but also
a set of surface‐to‐surface contact interactions and cohesive damage laws, so to allow a reliable

estimation of the actual interaction between the involved components (i.e. relative slip and
possible separation of the sample components). Due to symmetry, 1/4th the nominal geometry of
Figure 1(a) was numerically reproduced, with appropriate restraints and boundaries (see Figure 2).

Figure 2. Reference FE model for the thermo‐mechanical analysis of tensile specimens in fire conditions
(ABAQUS).

The numerical study summarised in this paper follows and extends the past investigations reported
in [13, 14] for timber‐to‐timber composite systems.
Based on [13, 14], major simplifications in the joints detailing were hence made to the geometrical
description of steel screws and their mechanical interaction with the surrounding timber parts (see
the detail view in Figure 2). In particular, see also [13, 14], each self‐tapping screw was reproduced
in the form of:
i.

an equivalent, 100 mm long, circular cross‐section (with uniform diameter) equal to the net
thread size of screws;

ii.

an upper circular cross‐section, 50 mm the nominal length, with 6 mm its diameter, and

iii. a ‘soft layer’, being representative of screws threads and timber fibres (6 mm the outer
diameter), being interposed between each screw and the surrounding timber members.
According to [13, 14], such a fictitious soft layer and the related cohesive contact/damage
interaction ‐ given the typically high withdrawal strength of self‐drilling screws ‐ aims to
account for possible brittle failure mechanisms at the screw‐to‐timber interface, specifically
for possible damage occurring for shear or tension perpendicular to the grain.
Interactions
A key role was assigned to mechanical contacts for the FE components, so as to reproduce the
actual behavior of the timber and steel parts (both at ambient and in fire conditions). Given the
reference FE assembly displayed in Figure 2, a tangential ‘penalty’ and normal ‘hard’ surface‐to‐
surface behavior was first defined for the timber‐to‐timber surfaces in contact (=0.5 the static
friction coefficient). The steel screw and the surrounding ‘soft layer’ were then rigidly connected
via a ‘tie’ mechanical constraint, hence enabling relative rotations and displacements among the
interested nodes.
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The external surface of the ‘soft layer’ and the adjacent timber elements were then interconnected
via a ‘cohesive contact’ interaction. The Cohesive Zone Modelling technique is largely used for
several structural typologies (i.e. [18, 22], etc.), but rather limited applications are still available for
timber composites (i.e. [23, 24]), and no literature efforts can be found for timber composite
systems in fire.
As a result, special care was spent in this paper to model both the elastic stiffness and the damage
input data, see [13, 14]. For the radial, longitudinal and normal stiffnesses (i.e., being representative
of the interface stiffnesses prior to damage onset), the ‘default contact enforcement method’ was
used. In terms of damage at the ‘soft layer’‐to‐timber interface, being expected to initiate together
with the failure propagation in timber, the maximum nominal stress (MAXS) criterion was used.
Accordingly, the ‘damage initiation criterion’ was detected as a combination of stresses such that

t t t 
max n0 , s0 , 0t   1
 t n t s tt 

(1)

where the variables t0n, t0s and t0t signify the maximum allowable values of nominal stresses when
the deformation is purely normal (n) to the bonding interface or in the first (s) or second (t) shear
directions. Following [13, 14] and Eq.(1), the reference stress values for damage initiation were
defined in this study by accounting for the mean timber mechanical properties, as separately
detected for the normal, tangential and radial directions. Finally, a linear damage evolution law was
set for the degradation of mechanical contact properties, with full residual stiffness for the cohesive
contact interactions at the first attainment of 4mm deformation. The so defined cohesive damage
interaction was combined with a tangential penalty / normal hard behaviour, as previously
described. In this manner, once attained the failure condition for the cohesive contact region, a
reliable performance of the FE samples was ensured, avoiding the interpenetration of screws in the
adjacent timber components.
Materials
Both timber and steel constitutive laws were described in accordance with product standards,
including variations with temperature (for timber) and appropriate damage models.
Spruce was defined as an orthotropic media with brittle elastic behaviour. As also in accordance
with [13, 14], given the grain direction and loading condition of Figure 1(a), the Hill plastic criterion
was used to specify appropriate resistance values along the principal directions of interest for the
timber components. In the case of the equivalent ‘soft layer’, being characterised by an indefinitely
linear behaviour, the elastic mechanical properties of timber were again considered. The variation
was represented by the radial MOE, where a fictitious value of 50MPa was taken into account (see
Table 2 and [13, 14]).
In this regard, it is important to point out that the given input features should be properly
calibrated, as far as different structural systems and/or wooden resistance classes are considered,
compared to the selected samples.

Table 2. Input properties for the ‘soft layer’ and cohesive damage interaction (ABAQUS).

‘Soft layer’ moduli

Longitudinal

(mean values, in MPa)

(i.e., cylinder axis) and tangential

370

Shear

720

Radial

50

Max. shear (MPa)

5

Damage evolution / displacement
(mm)

Linear / 4

Cohesive damage contact resistance

Longitudinal

37.55

(mean values, in MPa)

Transverse

3.85

Shear

3.85

Rolling shear

3.5

‘Soft layer’ failure

Discussion of selected results
For sake of clarity, FE results are discussed in this paper for the tensile sample with 80x120 mm
timber beam cross‐section, 40/40 mm the side/bottom cover of the steel screws, being detected in
Table 1 as “SBZ 1.1” (type I test) and “SBZ 4.1” (type II test) samples, respectively.
Before performing both “type I” and “type II” simulations, the load bearing capacity of each sample
at ambient conditions was numerically predicted. This required a mechanical simulation in which
the typical FE model according to Figure 2 was subjected to a monotonic tensile load F for the steel
screw. Due to the assigned mechanical and damage constitutive laws for each FE component, the
progressive evolution of deformations, stresses and interface mechanisms was continuously
monitored, as a function of the imposed tensile load. The ultimate resistance of the connection was
hence numerically derived so as to coincide with the imposed F value corresponding to the
withdrawal of the screw from the timber beam. Generally speaking, such a condition was
numerically detected by monitoring:
a) the vertical slip of the screw, and
b) the damage parameter at the timber‐to‐’soft‐layer’ interface
For the reference samples, a withdrawal resistance of Fmax= 9.5 kN was numerically estimated,
hence resulting (given the uncertainties on materials and geometrical assumptions) in a reasonable
correlation with the average ultimate resistance from the tested samples (12.4±0.6 kN, with ≈20%
the numerical to mean experimental resistance scatter).
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F=0

F= 4 kN
(a)

F= 5 kN

F= 9.5 kN

(b)
Figure 3. Tensile analysis for the SBZ 1.1 and SBZ 4.1 samples at ambient conditions (ABAQUS).
(a) Evolution of cohesive damage (‘CSMAXCRT’ non‐dimensional parameter), as a function of the
assigned tensile load, with (b) corresponding bending deformation at failure (legend values given in m).

In Figure 3, the typical evolution of damage at the cohesive interface is shown, as a function of the
imposed tensile load F. Numerical contour plots take the form of the ‘CSMAXCRT’ non‐dimensional
parameter, being comprised between 0 and 1 for undamaged and failed surface contact regions
respectively. There, the non‐uniform distribution of the ‘CSMAXCRT’ is also related to the
progressive bending deformation of the full sample, according to the test setup of Figure 1(a).
“Type I” experiments
Figure 4 shows the variation of tensile resistance, according to the test samples of Table 1 and the
“type I” testing procedure. The percentage decrease of tensile load bearing capacity is reported,
with respect to Fmax at ambient temperature. For the ultimate tensile loads in fire conditions, the
average temperature in the timber beam (measured around the steel screws) is also shown. For
the SBZ 1.1 sample, in particular, a ≈ 50% reduction of resistance was experimentally observed,
corresponding to ≈100 °C in the timber beam [3].
Worth of interest, in Figures 4(b)‐to‐(e), is the rather close correlation between past experimental
outcomes and the current FE predictions. The SBZ 1.1 model proved in fact to resist ‐ after 30
minutes of EN/ISO fire exposure ‐ up to ≈ 5.7 kN of tension, corresponding to ≈ 40% reduction of
resistance, see Figure 4(b). There, the relative deformation of the screw is shown, as a function of
the imposed tensile load.

Tensile load [kN]

(a)

(b)

(c)

P1
(d)

P2

(e)

Figure 4. Tensile specimen results under “type I” tests. (a) Experimental [3] and (b)‐to‐(e) numerical
output (ABAQUS). (b) Load‐deformation history; (c) temperature contour plot (legend values given in °C,
timber beam views); (d) temperature‐deformation history; (e) cohesive damage evolution (‘CSMAXCRT’
non‐dimensional parameter).
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Such a numerical finding is in good agreement with Figure 4(a) for the SBZ 1.1 sample, both in terms
of load‐bearing capacity and temperature scenario. While the test resulted in an average
temperature in timber in the order of 100‐105 °C, see Figure 4(a), the corresponding FE model
proved to capture the experimental observations, see Figures 4(c) and (d), with 97 °C the estimated
temperature for the timber beam elements in the vicinity of the steel screw. As far as the cohesive
damage evolution is taken into account, finally, a mostly full contact failure was numerically
observed for tensile loads higher than 5 kN (see Figure 4(e)). This signifies (given the actual
sensitivity of FE predictions to severe cohesive damage occurrence) an overall resistance reduction
for the examined screw that can be numerically estimated in the range of 40‐to‐50 % its load‐
bearing capacity at ambient temperature, hence further confirming the good agreement with past
tests.
“Type II” experiments
For the same composite sample investigated under the “type II’ approach, Figure 5(a) illustrates the
experimentally measured deformation, as a function of time (the beginning of the fire tests
coincides with time 0). The screws with 60 mm side cover (SBZ 4.2 type), for example,
experimentally failed after about 78 minutes (with 0.8mm/min the measured charring rate).
Accordingly, failure of screws with 40‐mm side cover (like the selected SBZ 4.1 samples) occurred
in the experiments after about 54 minutes (i.e., 24 minutes of fire resistance scatter, when reducing
the covering depth to 20 mm). A mostly stable behaviour, in addition, was observed from the two
test repetitions. The corresponding FE model, see Figure 5(b), proved to offer a rather good
correlation with the past experimental estimations. Major issues were represented by weak
convergence of the analyses, in the final stage of the simulations, due to severe damage in the
structural components (i.e. material side) as well as at the cohesive interfaces.

(a)

(b)

Figure 5. Tensile specimen results under “type II” tests, (a) experimental [3] and (b) numerical time‐
deformation history output (ABAQUS).

In terms of temperature and damage evolution in the sample components, the FE analysis
highlighted an abrupt propagation of the charred timber section and cohesive damage for the screw
in tension, after about ≈ 30‐35 minutes of fire testing. Such a finding, in close correlation with time‐
displacement measurements, is displayed in Figure 6 in the form of selected contour plots for the
screw and the timber beam (‘CSMAXCRT’ and temperature contour plots, respectively). As shown
in Figure 6(b), in particular, after ≈ 45 minutes of fire exposure the residual section of timber is
mostly vanished. In the following time instants ‐ up to the experimental failure time of 54 minutes
‐ both fire and cohesive damage effects further propagate, leading to the final withdrawal of the
screw.

t=15 min

t= 30min

t=54min

(a)

t=15 min

t= 45 min
(b)

Figure 6. Tensile specimen results under “type II” tests. Evidence of (a) cohesive damage evolution
(‘CSMAXCRT’ non‐dimensional parameter) and (b) timber charred section (ABAQUS, beam section, with
colour evidence of the residual section (T<300°C); legend values given in °C).

Conclusions
In this paper, the load‐bearing performance of Timber‐Concrete Composite (TCC) systems in fire
conditions was numerically investigated. Major efforts were taken from past literature
experiments, as well as available Finite Element (FE) numerical efforts for timber composites at
normal temperature. Special care was spent for tensile tests, so as to assess and validate the so
implemented FE models. There, as shown, careful consideration should be paid to account for the
thermo‐mechanical boundaries and loads, in order to properly estimate the expected load‐bearing
performance of a give TCC system. In addition, possible damage mechanisms occurring in the
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vicinity of steel screws should be also considered. In this regard, as shown, a key role of the
presented FE models is represented by the use of cohesive contacts and damage laws, being able
to reproduce possible withdrawal mechanisms for the selected samples. In general, the FE
modelling approach presented herein proved to offer rather good correlation with past test results,
hence confirming ‐ in accordance with past numerical efforts of literature ‐ to represent a robust
tool for fire performance assessments.
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The structural behaviour of Timber‐Concrete Composite (TCC) slabs, as known, is mainly governed
by the shear connection between timber and concrete components. There, a key role is assigned
to possible changes in stiffness and strength, especially for TCC systems exposed to fire loading.
In the last years, several studies have been spent for the assessment of the fire performance of TCC
systems in fire loading, including experimental, analytical and Finite Element (FE) numerical
modelling, see for example [1–5]. In desire to describe the behaviour of TCC elements in fire
conditions, effects of temperature on the mechanical properties of timber, concrete, and
connection components should be properly taken into account.
In this paper, a final activity report is proposed from the WG2‐TG2 members. First, experimental
methods and results are discussed. Then, an insight on the Finite Element numerical modelling of
TCC structures in fire is presented.
Based on the literature review, the most thoroughly experimentally investigated systems are
traditional TCC beams made from glued‐laminated timber (glulam) or laminated veneer lumber
(LVL) with screwed or metal plate connections. However, in recent years, the popularity of TCC
systems focused on TCC floor systems made from cross‐laminated timber (X‐Lam or CLT) or
plywood. Experimental research in TCC is mainly focused on standard fire resistance testing, while
additional data important for numerical modelling such as behaviour of connectors at elevated
temperatures is rarely investigated. Among few, the most extensive study in this field is presented
in [3], where the behaviour of axially loaded self‐drilling screws (tensile tests) and shear strength of
the connection under fire conditions was investigated.

In terms of Finite Element numerical analysis of TCC systems in fire conditions, FE methods can offer
a robust tool in support of time and cost consuming experiments. However, modelling the
behaviour of TCC structures in fire is a very complex process. Numerical models should provide a
realistic analysis of structures exposed to fire. They should be based on fundamental physical
behaviour in such a way as to lead to a reliable approximation of the expected behaviour of the
relevant structural component under fire conditions. Mostly, they can be used for the
determination of the development and distribution of the temperature within structural members
(thermal response model) and evaluation of structural behaviour of the structure or of any part of
it (structural response model).
In general, to describe the behaviour of a TCC structure in fire, nonlinear numerical analysis has to
be conducted. The nonlinearity of the problem comes from the changes in material properties by
high temperatures (mechanical and thermal), as well as from the nonlinear temperature
distribution in the element cross‐section. In addition, as the structural behaviour of TCC is mainly
governed by the shear connection between the timber and the concrete, proper simulation of the
connector`s behaviour is of great importance for delivering accurate results.
Nowadays, there are several computer programs capable of calculating the thermal and mechanical
behaviour of TCC structures in fire (i.e., SAFIR, ABAQUS, ANSYS, etc.). Validation of the advanced
numerical models, however, should be generally made based on comparison with experimental
results, analytical solutions, etc... Even though a certain number of large‐scale and small‐scale
testing of TCC structures in fire can be found in the literature from last year’s projects, numerical
models are made only for a small number of the tested TCC. Many fire tests on TCC structures are
performed using standard EN/ISO fire exposure only until a certain time of fire resistance, e.g. REI60
or REI90, is reached. The tests are then stopped and the actual fire resistance of the slab keeps
unknown. In addition, fire test reports do not give sufficient information of the material properties
of the tested members, which are of high importance to perform adequate FE simulations.
In this paper, comparative FE results are presented and discussed, as obtained for selected TCC
specimens of literature (see for example Figure 1 [5]), via different commercial software packages
(SAFIR, ANSYS, ABAQUS) and self‐developed software COMPFIRE [6]. General recommendations
are also provided, as a first step towards the standardization and definition of general guidelines
for a reliable FE analysis of TCC systems under fire exposure.

Figure 1. TCC specimens for shear testing in fire conditions, according to [5].
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Introduction
Fire‐fighting in flammable structures conclude hazards for fire‐fighters which must be considered
during fire‐fighting and rescue procedures. These techniques are quite different with the
established procedures in the case of fire‐fighting in non‐flammable structures. External and
internal conditions can seriously affect fire spread and fire development as well as stability of
structure affected.
Fire-Fighting Conception
Fire‐fighting conditions are specific for every country regarding unique local conditions, such as
traditional building materials, type of building, population density, fire safety protection design,
area covered by fire station, etc. All mentioned aspects are reflected in:
‐

Response time of Fire Brigade ‐ Professional / Professional Station (response time is
usually between 1 and 10 min)

‐

Arriving Time (depending on size of area covered by fire station, population, traffic, etc.)

‐

Equipment (depending on experience, budget, training, etc.)

‐

Extinguishing Agents (mostly Water / Foam)

‐

Designed Fire Protection (requirements on fire safety protection of buildings)

One of the most dangerous type of constructions for fire‐fighting are light timber frame
constructions based on research in the UK and USA.
Fatalities in light timber frame constructions
The Fire Protection Association in the UK in collaboration with RISC Authority published a document
with comparison of hazards of light wood frame constructions in UK and USA in 2011. Based on
that:
‐
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72% ‐ of fire‐related deaths occur in the home in the UK,

‐

83% ‐ of fire‐related deaths occur in the home in the USA.

More than half of these fires and fatalities were in unprotected wooden frame buildings. It can be
assumed that fire prevention and fire‐fighting in these types of structures should be seriously
considered based in the research. [1]
Survey
For a practise of fire intervention, many guidelines exist for specific procedures. It was assumed
that for buildings from bio‐based materials, there is no such complex guideline what would
summarize experience from fire‐fighters and brightening up related challenges. A survey with goal
to get an overview about how compartment fires are extinguished in various countries for better
procedures was conducted and spread among professional fire‐fighters. Interviewed fire‐fighters
were mainly from Europe. The most important answers are summarized below in Table 1, 2, and 3.
Guidelines for fire-fighting in timber buildings
Survey revealed that there is no evidence of either guideline or summary of recommendations. The
survey was carried out in 3 rounds with goal to gain information and experience from fire‐fighters
across Europe. Surveys included questions about procedures of fire‐fighting for case of bio‐based
buildings, fire safety limitation in a country, personal experience, extinguishing agents mostly used
for fighting fires, equipment etc. In what follows, short summary of the surveys with tabulated data
is given.
In the first round of survey, responses from Italy, Finland, Sweden, Canada, Spain and Estonia were
gained. Table 1 describes specific guidelines for fire‐fighting in timber or bio‐based buildings for
particular countries. As described, there is no guideline for fire‐fighting in considered type of
buildings.
Table 1. European countries and Canada – guidelines for fighting fires

Country
Guidelines
for
fire‐
fighting
timber
buildings

Italy Finland Ireland Sweden Canada Spain Estonia German

Yes*

No

No

No

Under
re‐
written

No

No

Czech
Republic

Yes

No

*http://www.ivalsa.cnr.it/fileadmin/ivalsa/files/documenti/laboratori/Relazione.settembre.2011.pdf

Fire-Fighting Agents
With changing environment, compartment fire‐fighting techniques and procedures are still
developing. One of the most common extinguishing agents nowadays is water, some of the
countries additionally use Compressed Air Foam System (CAFS) for better wettability, cooling effect
and minimal water damages. Table 2 shows which countries use additional systems to fighting fires.

Table 2. Results of Survey

Country

Italy

Agents

Water

Finland Ireland Sweden Canada

Spain

Water /
Foam

Water
/
Foam

Water

Water

Water

Estonia England

Water

Water

Czech
Republic
Water /
Foam

Equipment for effective fire fighting
As the mostly used equipment for fire‐fighting fires of bio‐based buildings are Piercing Nozzle
(Figure 1), Cobra Cold Cut System (Figure 2), Standard nozzle (Figure 3) and Compressed Air Foam
System (Figure 4).

Figure 1. Piercing Nozzle Fog Nail [2]

Figure 2. Cobra Cold Cut System [3]

Figure 3. Standard nozzle [4]

Figure 4. Compressed Air Foam System [5]

Figure 5 presents comparison between Piercing Nozzle, CCCS and Standard nozzle in size of water
mist particles, speed of water droplets and effective reachable distance of droplets. The diagram
shows that standard nozzles are most effective for extinguishing in smaller compartments and
successive approach for fire‐fighting with necessity to enter the compartment or from the outside
through openings. The Piercing nozzle and CCCS allow extinguish compartment fires from outside
through envelope of building without necessity to enter the compartment. [9]Error! Reference
source not found.
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Figure 5. Comparison of common extinguishing equipment. Speed and achieved distance are most
important for – CCCS, piercing nozzle and standard nozzle [9]Error! Reference source not found.

The piercing nozzle is often used for extinguishing compartments and dormitories in opposite to
CCCS which allows also to extinguish larger areas. Various equipment used among countries can be
seen in Table 3.
Table 3. Results of Survey
Country

Equipment

Italy

CCS*

Finland

Standard
Equipment

Ireland

Standard
Equipment

Sweden

Standard
Equipment,
CCS*,
piercing
nozzles

Canada

Hand lines,
master
streams,
piercing
applicators,
rotary
nozzles

Spain

Estonia

Czech
Republic

Standard
Fog
Nozzle

No specific
equipment.
Ordinary fire
hoses and
nozzles,
piercing
nozzle,
thermal
camera
(Flir), motor
saw etc.

CCS, CAFS,
Standard
equipment

*Cobra Cold Cut System
Summary of surveyed Fire-Fighters’ personal experience
During the second round of survey fire‐fighters were asked about their own or their colleagues’
experience with fire‐fighting in bio‐based buildings. Questions were focused at cause of fire, phase

of fire when fire‐fighters arrived on place, and when the extinguishing procedures started.
Considered were also application of sprinkler system in buildings and how fire‐fighters approached
to fire intervention. One of the most important question was about the time needed for localization
and extinguishing fire which vary among different types of buildings, phase of fire etc.
Table 4. Results of Survey focused on individual evidence of fighting fires in timber buildings

IV.

The phase of fire
in time of
extinguishing
after IV.

Application of
sprinkler
systems
No

Negligence

III.

III.

‐

France

Other

II.

II.‐ III.

Portugal
Slovenia

Technical Failure
Other

IV.
III.

Sweden

Technical Failure

IV.

Country

Origin of the fire

Phase of
the fire

England

Arson

Belgium

Time of
extinguishing
>5 h
‐

after IV.
IV.

Sprinklers, water
mist
‐
No

‐
1‐2 h

after IV.

No

4‐5 h

<1 h

Specific Hazards for Fire-Fighters
Following aspects needed to be considered when arriving on scene result from discussions and
interviews with fire‐fighters from last three years.
Differences in specific hazards between legacy and modern buildings from bio‐based materials
There are specific hazards between new and older buildings which can represent danger for fire‐
fighters intervening on place of fire in this type of buildings. Table 5 describes summary of gained
information from the 3rd round of surveys.
Table 5 – Different hazard specific for legacy and modern buildings [7][8]

Modern buildings

Legacy (old) buildings
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Unknown materials
Unknown impact of fire on structure
Premature collapse
Unknown plan of building
Hidden fire spreading in unknown ways
Retrofitting and changes of structure
unknown to fire‐fighters
Possible absence or misfunction of fire
protection
Void spaces and attics
‚‚Black Buildings ‘‘ – illegally build houses
Buildings in Wildland Urban Interface











Increasing synthetic materials in
compartments
Smart Technologies
- Energy‐saving technologies
- Photovoltaic technologies
- Electric vehicles
- Energy storages
- Internet of things
Larger floor plan
Complicated and sophisticated floor
plan
Open floor plan
Void spaces and attics
Flammable external cladding
Increasing number of stories

Experience from fighting timber structure fires can provide valuable information about possible fire
and smoke spread, application of extinguishing procedures or define specific hazard for fire‐fighters
during a fire attack.
Fire behaviour changes
Bellow main fire behaviour parameters, structure reaction to fire and technical fire‐fighting aspects
in bio‐based buildings are given. Observations are based on survey results and are noticeably
different compared to knowledge and experience from traditional (old) buildings.
‐

Shorted time to flashover

‐

Shrinking of wood allows smoke and heat to spread in structure

‐

Increased possibility of intensive fire development – backdraft, flashover

‐

Hidden fire spreading in structure (walls, cladding, attics, etc.)

‐

Repeated fire ignition after extinguishing

‐

Fire spreading in void spaces and attics – possible occurrence of backdraft

Structure reaction on fire
‐

Cracking of structure allowing smoke spreading

‐

Affecting construction by extinguishing (e.g. water)

‐

Premature collapse

‐

Chimneys can be case of ignition

‐

Hydrophobic properties of fire insulation materials complicate fire extinguishing

‐

Late fire observation – development and spread in structure

‐

Steel and glue elements can cause spread of fire

Technical aspects
‐

Increased fire hazard during construction and maintenance

‐

Sprinkler failure can cause serious damages – e.g. delay of water mist extinguishing
system can postpone flashover

‐

Presence of materials with higher flammability and hazardous materials can cause serious
damages on structure

‐

Wrong design or building procedures can cause serious damages and misfunction of fire
protection

Airflow impact on fire development
Specific topic in area of bio‐based buildings is fire wind driven and related airflow impact on fire
development and spread. Wind driven fire can occur in situations with wind speed from 4 – 6 m/s.

Conditions affecting fire dynamics can have following impact. Information about fire‐fighting in this
situation comes from UL (USA), NIST (USA) and fire‐fighters from UK which shared their experiences
in frame of surveying in round 3.
Daniel Madrzykowski (NIST) and Stephen Kerber (UL) have published many papers, presentations
and reports about wind‐driven fires very beneficial for understanding problematic about wind‐
driven fires and extinguishing procedures under these conditions – e.g. Fire‐Fighting Tactics under
Wind Driven Conditions. [13][14]
Impact of wind driven fires:
‐

Flow‐path change

‐

HRR increase

‐

Fire spread in void spaces

‐

Premature collapse of structure

Following aspects are crucial for the wind driven fires observance:
‐

External wind
o

Up‐Wind Direction of Vents

o

Season

o

Height of Storey

o

Windy Area

‐

Appliance of PPV

‐

Stack‐effect

‐

Combustion pressure

‐

Fire shafts

‐

Compartmentation breeching [14]

Discussion
Bio‐based buildings have been very popular in some regions. Nowadays, this type of buildings is
seen more and more often even in regions where it has not been before. The problems come with
fire when there is no prepared fire‐fighting internal guideline or procedures for effective, safe and
fast intervention. Another problem can be found with increasing number of floors in such buildings
from the fire‐fighting point of view. In frame of the COST Action FP1404 project it was possible to
work on this problematic internationally and deeply. It was found that fire‐fighters mainly come to
scene at the 3rd stage of fire when fire is fully developed. That makes higher requirement on fire‐
prevention. Most of the fire‐fighters should be educated more sufficiently in possible dangerous
situations. It is seen that very often materials and plans from the buildings on fire are not known.
What vary among countries are mostly equipment used for fighting these fires as well as knowledge
and practice of fire‐fighters. All the aspects mentioned in this paper related to bio‐based buildings
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are highly important for fire‐fighters as well as for fire engineers who design buildings in safe way
also for the first responders.
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The combustibility of wood is one of the main reasons why most building codes strictly limit the use
of timber as building material, in particular, by limiting the number of storeys. In Macedonia, timber
structures are limited to low‐rise buildings with two storeys. The Serbian fire regulation codes were
traditionally based on the prescriptive approach until 2009 when the new Fire Protection Law
introduced performance based design and risk analysis. Although the codes allow it, performance
based design is still not frequently in use for fire safety design of buildings in Serbia. The situation
with the other Balkan and European countries is the same [1]. The number of storyes is not strictly
limited by the fire safety codes, but buildings with a principal timber structure are generally
constructed as low‐rise buildings with maximum two storeys.
The official statistics of both Serbia and Macedonia shows that wooden houses account for about
1% of the total housing (residential homes) construction. Concrete, steel, brick (clay products)
dominate in residential or public buildings. The situation in Montenegro is similar.
According to official Serbian fire statistics, chimney fires account for almost 20% of all fires that
occur in family residential buildings every year in Serbia. Fire brigades classify the burning
accumulated soot and tar inside the chimney as chimney fire. Fires in floor and roof structural
elements occur due to damage of chimney walls, chimneys in contact with wooden girders or walls
and other badly insulated or non‐insulated wooden structural elements (Table 1), according to [2].

123

Table 1. Fire causes in Serbia in the period 2002‐2013
Year*

2002

2003 2004

Structural
defects

45

53

48

Fireplace
malfunction

295

338

394

2005

2006 2007

2008 2009

2010

2011 2012

2013 Total

81

226

43

30

38

69

52

46

17

748

368

315

213

247

385

414

603

547

174

4293

* Data from 2002 to 2009 are based on preventive protection inspector’s survey, while data from 2010 to
2013 are based on fire rescue units’ intervention records

Fire statistics database and analysis represent the basis for fire risk identification, analysis and
assessment. Temporal analyses of timber structure fire incidents occurring in rural lowland
settlements in Serbia (Žabalj and Žitište, from 2010 to 2014) are carried out. Statistic data on
location of fire occurrence represent data registered by fire brigades in their fire reports, meaning
that they are based on field experience, not experts’ investigation and research. Fire inspectors and
court officials are obliged to conduct the investigations and provide detailed reports for official legal
use. These reports are not available for scientific research without a special legal approval, which is
a very long and difficult procedure. The findings presented in this paper are therefore based on
local fire brigades’ reports.
The main objective of this study was to gather and analyse data on various causes of fires in order
to determine the extent to which existing data can be used in fire risk assessment. This research
illustrates how the patterns of timber structural fire incidents vary with the time of the day, the day
of the week, and the month of the year. It is shown that significant differences exist in respect to
fire causation over time and the types of heating systems in buildings.
Fire statistics on the history of fire occurrences (specific place/room, season, month, time of day)
is valuable for fire risk assessment in terms of probability calculation. Spatiotemporal analysis of
fire incidents could provide a useful information for planning of fire prevention and response
activities in terms of risk identification, resource targeting and routing of fire personnel and
equipment, allocation of preventative measures, and policy evaluation [3, 4].
To improve the risk analysis and assessment, it is also important to research the specific types of
settlements (buildings, dwellings, inhabitants). The knowledge on the age and quality of dwellings
or the type of installation and equipment, as well as the habits of the residents could be helpful in
risk identification. Knowing the relations between the characteristics of the settlements and fire
occurrences could also contribute to the creation of better fire prevention plans and measures. The
preventive measures should include ones which would contribute to mitigation of social
vulnerability of analysed settlements. The elderly and/or single households, with low incomes and
limited access to distance heating system or piped gas, are not able to provide stoves of good
quality or proper maintenance of their homes and chimneys. Additionally, there is always possibility
that they use the lower quality coal and wood for heating, which contribute to faster forming of
soot and tar layers in chimneys.

The most applied firefighting measure, according to information provided by Fire brigades, is to let
the soot and tar to burn out under control of firefighters, if the fire hasn’t spread to the attics or
the roof structure.
The statistic on fires that occurred in two lowland settlements (municipalities of Žabalj and Žitište
in Vojvodina, Serbia) was analysed. Žabalj and Žitište are typical lowland settlements in Vojvodina
region in Serbia, with family housing and agriculture oriented economy.
The municipality of Žabalj has 26.134 residents who live in 7.354 dwellings, while the other 2.527
(35%) dwellings out of 9.881 registered in the 2011 Census are not permanently inhabited (these
are temporarily unoccupied and abandoned). There are 6260 (85%) inhabited dwellings that are
older than 25 years. Out of these, 444 (9%) are with outer walls made of weak material. Buildings
made of weak material are those whose outer walls are built solely or predominantly of soil cement,
adobe, wattle dam, boards, etc. In these buildings, the pitched roof structure and attic floor
construction are predominantly made of wood.
The municipality of Žitište has 16.841 residents who live in 6.138 dwellings, while the other 164
(2,6%) out of 6302 dwellings registered in the 2011 Census are not permanently inhabited (these
are temporarily unoccupied and abandoned). There are 5.382 (88%) inhabited dwellings older than
25 years. Out of these, 3.725 (39%) are with outer walls made of weak material, a wooden roof
structure and an attic floor construction predominantly made of wood.
In both Žabalj and Žitište settlements, in the case of buildings made of a hard material (the outer
walls are built solely or predominantly of brick, hollow clay block, gas concrete, and other
contemporary construction materials and elements), the pitched roof structure is made of solid
wood. These types of family houses are also predominant in city outskirts. Most of the buildings
built before 1946 in the city downtown areas are also built with a pitched roof structure constructed
of solid wood.
A preliminary analysis indicated that most of the fires started from the chimneys. These findings
encouraged research of data on the type of heating installations available in Žabalj and Žitište.
According to the 2011 census, only 8.7% of the dwellings in Serbia have the availability of piped gas
for heating. However, the situation in Vojvodina region is better (28%), namely, piped gas is in use
for heating in 39% of the dwellings in Žabalj and 51% of the dwellings in Žitište. There are also
district or central heating installations in 33% of the dwellings in Žabalj and 16% of the dwellings in
Žitište. There were 110 fire events in residential buildings registered by local fire‐fighting brigades
in Žabalj and Žitište municipalities in the period 2010 ‐2014. The results of the fire statistics indicate
that most of the fires occurred in the winter season, in the course of the working days of the week
and during nights (Fig. 1). Since the roof structures are predominantly made of wood and the fire
in the chimneys may, in certain circumstances, easily spread to the roof, chimney fires increase the
risk of fire in the attics or the roofs. In many cases, it only depends on the time of the fire brigade
arrival whether the chimney fire will be spread further through the house.
The number of chimney fires represents almost half of the number of residential building fires that
broke out in the researched rural areas (47.27%) in the analysed time period (Fig. 2). The share of
roof fires is 10.91% of the total number of residential building fires. The records in the fire brigades’
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fire reports show that most of the roof fires started near the chimneys. In terms of potential risk,
based on the acquired data, this may indicate the possibility that 23.08% of the chimney fires will
be spread to the wooden roof structures. Also, according to the available records, there is no fire
alarm in any home in analysed area.

Figure 1. Daily, seasonally and period‐of‐the‐day distribution of total fire incidents in Žabalj and Žitište
municipalities, in the period 2010 ‐ 2014.

Figure 2. The share of chimney and roof fires in all fires and the share of chimney fires which were spread to
the roof structures.

Having in mind that there are very limited possibilities for fire extinguishing in this type of
households, an additional risk factor contributing to fire spreading is the distance to the fire brigade
station. The travelling speed of the firefighting vehicles is 1 km per minute. It is an adopted
parameter for the calculations in Serbia. There is no time limitation for the time of arrival to the fire
accident. Both municipalities have one firefighting brigade each, located in Žabalj and Žitište and
are more than 5 km away, which means that the fire has enough time to spread through the whole
house, before the fire‐fighters arrive.
Conclusion
Roof fires are the predominant type of fires analysed in residential family buildings in the Balkan
rural settlements. Fires are most frequent in winter, during the heating season, in houses with no
availability of district heating or piped gas. There is a large percentage of fires related to chimneys
due to lack of maintenance. The fire starts, in most cases, in the chimneys (inflamed soot and tar
layers) and spreads to the timber roof construction in the attic. The risk increases with the age of
the house (cracks in the chimney walls) and lack of maintenance (chimneys are not controlled and
cleaned regularly). Additional risk factors are the age of the inhabitants and the distance to a fire

brigade station. The combination of all these factors may cause extensive damage, injuries and even
loss of life.
Although building regulations in all three Balkan countries prescribe regular maintenance of
chimneys, those regulations address only multi‐residential buildings, industrial facilities and
business premises, and concern buildings with central heating systems using piped gas. Rural
settlements, in both lowland and mountain area are still very vulnerable to chimney fires. Fire safety
regulations do not prescribe any kind of advisory or regular control of households in rural
settlements. The research presented in this paper proved the relevance of social vulnerability to
fire risks, since the predominant population in rural settlements are elderly people living in old
traditional houses, in single or two people households, and in many cases those are single old
women, with no capability to maintain their homes. Rural settlements also have limited access to
distance heating systems or piped gas. Even more, where those kinds of heating infrastructures are
available, they cannot afford it due to low incomes.
Since the analysed fire risks originate primarily from social vulnerability, preventive fire risk
measures should contribute to increasing the resilience of local rural communities to fire hazards.
This can be achieved by building the capacities of local governments and voluntary fire
departments, both in human resources and financially. Fire safety regulations should be improved
and advisory fire safety control should be performed on regular basis in rural settlements with
elderly and single households. Fire occurrence patterns indicate that the controls should be done
in winter season, on working days. Regular chimney maintenance and control, as well as additional
insulation of chimney, should be provided by local governments for vulnerable groups. Since most
of the fires occur during the night, the most effective measure to prevent people's death under
such circumstances is smoke alarm that would warn residents about the presence of noxious carbon
monoxide fumes. It would also decrease the time needed for evacuation from the fire endangered
area. During the summer, the number of fires in rural residential buildings is reduced in respect to
the winter period, while the number of outdoor fires is increased due to the high ambient
temperature and agricultural works. This is s also an issue that should be taken into consideration
when planning the fire preventive measures in rural areas.
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Abstract
This study aims to evaluate the views of the key stakeholders involved in the design and approval
of buildings across Europe, in relation to the use of bio‐based materials and timber, in terms of;
sustainability, Eurocode 5 (EN 1995), construction materials, combustibility, sprinkler or deluge
protection, and fire retardant treatments or impregnations. It will provide an indication of
designers’ and regulators’ opinions on the use of bio‐based materials and timber, and uses the Lime
Survey software to gather this information. In summary, both designers and regulators are
generally aware of the sustainability benefits of these materials, however there is a definite concern
within both groups in relation to the combustibility aspect of these materials. There is a certain
level of acceptance that sprinklers, and surface coatings or impregnations may help to alleviate this
issue to some degree. Familiarity with the Eurocode structural design codes is quite varied between
designers, and the level of knowledge of these standards within regulatory authorities appears to
be particularly weak, based on the responses from the regulators surveyed.
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Introduction
The construction sector is currently being exposed to a policy shift which encourages
socioeconomic and environmentally driven organisations. Nowadays, the environmental impact of
the construction sector has increased in importance. It has been reported that approximately 40%
of the total global CO2 emissions have arisen from energy consumption in the use and from the

construction of buildings, 15% of which can be attributed to the manufacture of construction
materials. To achieve the global target of halving global CO2 emissions, which means a quadruple
reduction in emissions per unit of material used [1]; the construction sector has to do its part. The
expected energy efficiency targets of new buildings will cast the embodied impact of materials into
sharp relief. It is therefore crucial that the embodied impact of construction materials are addressed
and that environmentally friendly materials such as timber and other bio‐based materials are used
in development to support the realization of environmental aspirations for the construction sector
[2].
There is an increased number of researchers investigating the properties of timber and other bio‐
based materials, many driven by an overarching theme to improve the carbon footprint of our
buildings [2,3,4]. However the use of timber as a key structural material in buildings is still very
much the exception, rather than the rule. Each time that a building is envisaged at concept stage,
the overall building envelope is chosen, the main structural materials are decided upon, and
whether large amounts of exposed bio‐based surfaces will be part of the building’s features. The
building designers, such as architects, interior architects, and structural engineers, have an
important role in deciding whether timber or other bio‐based materials are used [5]. These building
designers in turn are influenced by the regulators in each jurisdiction, who enforce the regulations,
which in some cases prescriptively limit the use of timber and bio‐based materials. Therefore both
the regulators’ and the designers’ opinions on the suitability of timber and bio‐based material used
in buildings is an important factor, and one that is essential to measure.
In this study, the views of the key stakeholders involved in the design and approval of buildings
across Europe, in relation to the use of bio‐based materials and timber, have been evaluated using
an online survey that was developed using a software tool called ‘Lime Survey’ that Cork Institute
of Technology gave us permission to use under their licence.
Survey Design and Analysis
In order to ascertain both regulators’ and designers’ opinions, an online survey using Lime Survey
was undertaken. This survey covered areas such as; sustainability, EN 1995 (Eurocode 5) [6,7],
structural materials most commonly used in construction, sprinkler/deluge protection, coatings,
impregnations, and the potential for a 3rd party review of designs. 194 responses from designers,
together with 113 responses from regulators, were received from 21 countries, primarily from
within Europe. It should be noted that a number of respondents did not complete all of the
questions asked. The details of respondent designers’ and regulators’ countries are displayed in
Table 1.
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Table 1: Respondent Countries

An independent t‐test was used to ascertain whether there is any difference between designer and
regulator responses on 10 questions of the survey at 95% confidence level using the SPSS 21
package program.
Results
Importance of Sustainability
Most designers agreed that timber and bio‐based materials are more sustainable than other
building materials, however regulators were more neutral in their views, with 50% of regulators
giving a neutral response. Only 3% of both designers and regulators disagreed with this question
(Figure 1).
When asked if they would be in favour of increasing the use of timber and bio‐based materials in
their buildings, designers were strongly in favour, while regulators were more cautious, while still
recording a solid in favour response (Figure 2). For these two questions, based on the SPSS output
of independent t‐test statistical analysis, significant differences (p < 0.0001) were found between
the two types of occupational group opinions.
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Figure 1: Do you agree that bio‐based materials
are more sustainable than other building
products?
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Figure 2. Are you in favour of increasing the use of
timber & bio‐based materials in buildings?

Eurocode 5 (EN 1995)
Many designers do not appear to have transferred over to the Eurocode from their existing older
timber design codes and standards, (Figure 3). This can often be the case if one is only designing in
a material very infrequently, then the lead in time to become familiar with a large code may
encourage a designer to remain with an earlier code, even though it may have been superseded. It
is good to see that there is only minimal disagreement with the statement that “Eurocode 5 is an
improvement”, showing the standard in a good light, (Figure 4). However there may be some cause
for concern, as many designers are in agreement, while a lesser number of designers are willing to
strongly agree that EN 1995 [6.7] is an improvement. There are also over one third of designers
neutral or unconvinced that Eurocode 5 [6,7] is an improvement. This may be due to unfamiliarity
with EN 1995, or it may be due to the complexity of the document, while very suitable for larger
more complex buildings, may be somewhat unwieldy for smaller simpler projects.
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Figure 3. What % of your buildings are designed
to Eurocode 5.
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Figure 4. Do you believe the current Eurocode 5 to be
an improvement compared to older standards?

Regulators on the other hand appear generally to have an extremely low level of familiarity with
Eurocode 5 [6,7], as can be seen in Figure 5. This shows that 90% of regulators agree that they do
not have any familiarity with this structural design code. The remaining 10% remained neutral, and
no regulator surveyed disagreed. This may be due to a very low proportion of construction being
carried out using timber as the main structural elements, and also that its use is often discouraged
by regulators due to its combustibility. The fact that many regulators may not have a structural
engineering background, could also be a factor, together with the effect of prescriptive regulations
limiting the use of timber in some countries.
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Figure 5. Do you agree that many Fire
Officers/Regulators would not be familiar with
Eurocode 5?
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Figure 6. What % of 3 storey buildings or higher that
you design, inspect, or examine applications for, are
constructed using the following materials?

Construction Materials
As shown in Figure 6 above, reinforced concrete appears to be the most commonly used structural
construction material, followed closely by structural steel. Approximately 50% of building designs
are in reinforced concrete, with a further 30% of building designs using structural steelwork. Less
than 5% of building designs incorporate either timber post & beam or cross laminated timber (CLT)
as their main structural elements, and as such this type of design may well be limited to a small
number of specialist structural engineering firms.
Combustibility
The combustibility of timber and bio‐based building materials shows up as a definite concern for
designers, with 86% of designers, and 91% of regulators stating that they are either concerned or
very concerned about the combustibility of building materials, with regulators being statistically (p
= 0.017) more concerned than designers (Figure 7). On a slightly more positive note only 30% of
those showing a concern are stating that they are very concerned. This very evident combustibility
concern is a key indicator preventing more timber structures from being constructed. A healthy
awareness of the fact that exposed timber can add to the fire load of a compartment is important
[8], however if timber is suitably protected, then its inherent combustibility can be curtailed. Similar
concerns were seen statistically for both designers and regulators in relation to the use of exposed

combustible materials, statistically showing a 95 % confidence level, as can be seen in Figure 8.
Structural steelwork, and reinforced concrete to a lesser degree, is also susceptible to the
weakening effects of heat during a fire situation, however we as designers and regulators are more
familiar with protection methods for these materials, and this familiarity allows for their extensive
use.
Approximately 20% of facades and linings appear to be combustible in nature, with designers
having a greater exposure to combustible facades than regulators, and in contrast regulators having
more exposure to combustible linings (Figures 9 & 10). It is worthy of note however that
approximately half of all designers and regulators appear to have little or no familiarity with
combustible facades or linings. The survey suggests that designers in Croatia, Finland, Germany,
Slovakia, and Spain may be more likely to use timber or bio‐based combustible materials in their
building facades, possibly due to less restrictive regulations in some of these countries.
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Figure 7. Does the combustible nature of timber /
bio‐based structural elements under fire conditions
concern you?

Figure 8. Does exposed timber/bio‐based ceilings
and walls under fire conditions concern you?
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Figure 9. What % of buildings you design, inspect,
or certify, have Combustible Facades?
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Figure 10. What % of buildings you design, inspect,
or certify, have Combustible Linings?

Sprinkler or Deluge Protection
The support for sprinkler protection follows an approximate bell curve, with the greatest number
of designers and regulators being in favour of its use as a potential active fire protection system
(Figures 11 & 12). There seems to be particular concern from both groups about the use of sprinkler
protection to combustible facades, possibly due to potential adverse weather effects, such as
freezing of water within the pipework systems, or strong winds blowing the water spray away from
the area that requires protection. According to the SPSS output of independent t‐test statistical
analysis, no significant difference was found between both groups’ opinions at 95% confidence
level. However, it should be noted in the responses from the regulators, that there was a significant
level of disagreement, 1 in 5 respondents, being in disagreement with the use of sprinkler
protection for combustible facades. Possibly due to the fact that sprinklers like any other active
system are never as certain as a passive system, as a local explosion or failure may render an entire
system inoperable [9].
60
50
40
30
20
10
0

50
40
30
20
10
Strongly In Favour Neutral Disagree Strongly
in Favour
Disagree

0

Strongly In Favour Neutral
in Favour

Disagree Strongly
Disagree

Combustible External Facades

External Combustible Facades

Internal Combustible Linings

Internal Combustible Linings

Combustible Load Bearing Elements

Combustible Load Bearing Elements

Figure 11. Designers’ Opinions on Sprinkler
Protection to;

Figure 12. Regulators’ Opinions on Sprinkler
Protection to;

Fire Retardant Treatments & Impregnations
Almost 60% of designers and over 50% of regulators are in favour of fire retardant treatments, while
just over 20% of designers and 35% of regulators disagree with their use. (Figure 13). This concern
may be due to the relatively thin coating thickness which may get damaged or painted over during
its lifetime and as such its effectiveness could become compromised [10]. Designers have very
similar opinions in relation to fire retardant impregnations, while regulators show a stronger
preference for impregnations compared to coatings, with almost 70% of regulators being in favour
of impregnations. However, no significant differences were found statistically between both
groups’ views based on t test outputs (p > 0.05). As impregnations are generally only present in the
outer layers of timber, their fire resistance function may be questionable in the longer duration fire,
however when a man‐made bio‐based material is used then the possibility to impregnate the
material during formation should be possible.
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Figure 13. Would you be in favour of Fire Retardant
Coatings being used to improve the suitability of
timber / bio‐based wall & ceiling linings?
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Figure 14. Would you be in favour of Fire Retardant
Impregnations being used to improve the suitability
of timber / bio‐based wall & ceiling linings?

3rd Party Design Review
71% of designers and 63% of regulators are either in favour, or strongly in favour, of a 3rd party
review of timber designs, with only 14% not being in favour (Figures 15 & 16). This similarity
between both groups’ opinions is borne out, as there is no difference statistically between the two
with (p > 0.05). This strong opinion on the need for a 3rd party review may suggest a lack of
familiarity with the design of building elements composed of timber or bio‐based materials, when
compared to more common forms of construction.
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Figure 15. Designers’ opinions on the need for a
3rd Party Review of Timber Building Designs
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Figure 16. Regulators’ opinions on the need for a 3rd
Party Review of Timber Building Designs

Conclusions & Recommendations
Designers in general see the sustainable benefits of using timber and bio‐based materials in
buildings; however regulators appear to be much more cautious, many remaining neutral on the
issue. Likewise many designers are strongly in favour of increasing the use of bio‐based materials
in buildings; while regulators’ opinions are more varied with 1 in 6 regulators being against an
increase in their use.
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The combustibility of timber and bio‐based building materials is a significant concern for the
majority of both designers and regulators. This fact, coupled with a lack of familiarity with structural
fire design of timber and other bio‐based materials, leads primarily to the very low levels of
construction being carried out in these materials. In some Countries combustible facades and
linings are potentially being used in up to 1 in 6 new buildings; however it is important to note that
half of all designers and regulators surveyed had little or no familiarity with combustible facades or
linings.
There is a general acceptance by both parties that sprinkler protection could help to alleviate their
concerns; however there appears to be a more positive attitude towards the protection of internal
timber members, rather than external facades, possibly due to freezing and difficulty in maintaining
a system exposed directly to the elements, possibly at a high level. Interestingly designers were less
favourable towards external facade sprinkler protection than were regulators.
Both designers and regulators are somewhat divided in relation to the suitability of surface coatings
and impregnations to improve the properties of exposed timber in a fire situation, with 1 in 5
designers and 1 in 3 regulators disagreeing with their use.
Approximately 2/3 of designers and regulators are in favour of a 3rd party review system to examine
timber designs.
As the main driver for using timber and other bio‐based materials in construction is sustainability,
together with its visual attractiveness, there is currently not always an economic incentive to
produce timber buildings. This is an area that needs to be addressed; and may well be solved in
terms of economy of scale if there is a large enough increase in the quantity of bio‐based building
material being used in construction.
The low level of Post & Beam or CLT construction leads to an unfamiliarity with design using these
materials, and this in turn leads to many building contractors being unsure of building with these
methods. One possibility which may encourage the use of timber and bio‐based materials is the
creation of easy to use guidelines for simpler elements of construction using well thought out
detailing, both from a fire safety aspect and from a durability point of view. If designers were to use
timber more regularly thus seeing its visual benefits, then they may become more familiar with its
design, and building contractors would in turn follow their lead. As all members of the construction
industry become more familiar with the use of these materials, then its advantages should become
more apparent.
As impregnations are generally only present in the outer layers of timber, their fire resistance
function may be questionable in the longer duration fire, however when a man‐made bio‐based
material is used then the possibility to impregnate the material during formation should be
possible. More research into bio‐based materials which have inherent fire resistance is needed. This
should be carried out in conjunction with more research into board protected bio‐based materials,
and connections.
An extensive campaign of education of designers, regulators, and building contractors is needed to
promote the use of timber and other bio‐based materials. This should initially be used to put
forward reasonably conservative, tried and tested designs.
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Developing a European fire test and classification method
for facades in fire
Johan Sjöström1, David Lange2, Lars Boström1, Johan Anderson1
1 RISE; Research institutes of Sweden
2 The University of Queensland, Australia
Abstract
This presentation reports on a recent project to develop a European method to assess the fire
performance of facades; as well as a complementary classification method which is intended to be
applicable on a European level. The project ran from the start of 2017 and finished early 2018.
Working towards a previously determined preferred option of retaining the British BS8414 test
method as a large scale test; and the German DIN 4102‐20 test as a medium scale method, the
project team have been working to incorporate assessment criteria from all of the European
Member States into a test developed from this starting point.
Keywords: facades, fire, test method, classification
Developing a European Façade fire safety test and classification method
The project followed the general work flow of:
1. The development of a register of regulatory provisions for facades which reflects the
codified requirements within the member states throughout Europe;
2. The identification of any verification criteria which are included in tests referenced in the
requirements in the individual Member States and which are not at present included in
either of BS8414 and DIN 4102‐20.
3. The proposal of any additional technical and development work to cover assessment aspects
concerning falling façade parts.
4. To identify any regulatory provisions in the Member States which go beyond the use of BS8414
and DIN4102‐20.
5. The proposal of a classification method which reflects all of the requirements of the
individual Member States and which is compatible with the test method which is proposed
in the next step.
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6. The development of a complete testing / assessment method for facades.
Background
The 1st and 2nd International Conference on Fire Safety of Facades provided a global forum to
discuss from the current research fields of facades to the standardization work. Smolka et al. gave
an overview of test methods in Europe (published and draft), Asia and North America which is
presented in1. This provides an overview of test standards in 9 European countries; including BS
8414‐1 used in UK, SP Fire 105 used in Sweden, LEPIR2 used in France or MSZ 14800‐6:2009 used
in Hungary; as well as the assessment criteria from these test methods; known assessment criteria
include temperature limits, flame spread, integrity, falling parts, etc.
An EGOLF Workshop on Facades was held in 29 October, 2015 where representatives of fire
laboratories shared and represented their national test methods and highlights of them.
The EOTA Technical Report N073 was intended to provide a test methodology for large scale fire
performance testing with two different sub‐methods and two different exposure types. The
proposal is based on the German and the British test methods as medium and large scale methods
respectively and was a reflection on the desire of the Member States to use these methods as the
basis of a European method.
Another report was issued in 2014 focusing on the question of combustible materials. An overview
of test methods and an introduction to regulation differences between countries is also presented
in2. The Report states that only full scale fire test can give proper answers of complete assemblies’
fire performance. This appears in contradiction to the findings of the first task of the project, which
showed that approximately one half of the Member States of the commission reference reaction
to fire classifications as the sole performance requirement for facades in fire.
Although the workflow of this project referenced BS8414 and DIN4102‐20, with the intention of
proposing some modifications of these test methods so that they could be retained as medium and
large scale European test methods; the actual scale and form of the façade test methods referenced
in the existing regulations (with one or two notable differences in, e.g. the Hungarian and the
French test methods) is largely similar. Therefore, the project group proposed a newly developed
single test method as an alternative to the use of BS 8414 and DIN4102‐20 as the basis of European
methods. The resulting alternative method is accompanied by a proposal of a classification method
which reflects the fire size used in the proposed test method, as well as the presence or absence of
windows in the test rig. However, this may be simplified still further if the proposed rig can be
shown to demonstrate adequately the performance with and without windows (representing
alternative risk scenarios) during the same test.

Results
The two proposed testing standards and accompanying classification systems are described in
detail in3.
In mid 2018, there was an enquiry out with the Member States and the product manufacturers in
Europe to determine their preferred option of the two proposed. At the time of writing, the
Member States who had responded to the enquiry were almost entirely in favour of the alternative
method proposed: 12 of the Member States had expressed a preference for the alternative method,
1 expressed a preference for the method based on BS8414 and DIN4102‐20, and 2 had expressed
no preference. 13 Member States had not yet replied.
The façade product manufacturing industry was more divided.
The next meeting of the Standing Committee for Construction products is on the 8th of October
2018, less than a week after the final event of COST FP1404.
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COST FP1404 – Fire Safe Use of Bio‐Based Building Products
General
The COST Action FP1404 „Fire Safe Use of Bio‐Based building products“ (www.costfp1404.com) will
end in December 2018 after a life time of 4 years. It was initiated by J. Schmid, M. Fragiacomo, N.
Werther and E. Mikkola to allow for 1) a continuation of the FSUW (Fire Safe Use of Wood) network
and 2) spread the network to further countries. ETH Zürich is the Grant Holder of the Action. In
total, 30 countries were involved in FP1404 with its three technical working groups for:
 WG1: Contribution of bio‐based materials to the fire development,
 WG2: Structural elements made of bio‐based building materials and detailing, and
 WG3: Regulations for fire safety of bio‐based building materials.
The budget provided by the EU via COST, about 500 000 €, was mainly intended for networking of
the about 150 members (travels, exchanges). Research, analysis, work and meeting time were
covered by either R&D performers or relevant, national research projects, and exceeded a multiple
of this amount.

Results
During the Action it became clear that the product and construction developments and design
trends (e.g. more visible wood surfaces, solid timber structures, tall timber buildings) developed far
quicker than research, and relevant questions like (1) the maximum acceptable amount of exposed
timber in a compartment and the (2) extended fire durations due to combustible structure, (3)
smoke spread in timber constructions, (4) movement of smouldering fires, (5) design concepts
above 90 minutes, (6) fires in very large compartments need to be answered to allow for safe
growth of the market.
Well organised and at European level acting networks, like Fire Safe Europe were established to
take influence on European legislation ‐ aiming to limit the amount of combustible building
products in construction, which is in contrast to increase the amount of bio based material in the
construction sector. Most of the knowledge used by industry is based on a stiff testing based
framework for fire resistance, while the so‐called performance based design for timber structures
(required to make timber competitive with other non‐combustible materials for complex buildings)
is still in the fledgling stage. Interaction of strong research partners and industry is needed to
address the needs of the recent developments which are promising for a sustainable building
market.
Continuation of network activities
We, ETH Zürich and the initiators of this COST action, propose to plan a continuation of the network
and initiatives focusing on the development of a flexible performance based design where the
interaction of the combustible material with the fire compartment is a central point. To do so, we
would like to organize a network with R&D performers who showed their excellence during the
Action together with strong industry partners. As a first activity we have organized a Workshop in

Belfast (www.costfp1404.com https://www.ulster.ac.uk/conference/structures‐in‐fire‐2018). As
outcome a publication on the different views on the topic of thermal exposure is planned.
On behalf of the core group,
Joachim Schmid (chair)

147

Barcelona, 2015

Berlin, 2015

Vienna, 2016

Edinburgh, 2016

Poznan, 2016

Prague, 2017

Munich, 2017

L’Aquila, 2018

Catania, 2018

Belfast, 2018

149

