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ABSTRACT

ABSTRACT

The building sector is strongly requested to provide reliable data on the
performance of building materials and products, in particular for highly
demanded renewable materials from sustainably managed production. In this
respect wood and wood-based products can play a key role. Wood has
numerous advantages compared to other building materials such as a high
strength-weight ratio, good thermal insulation, and appealing aesthetics.
However, its durability against different biological agents is limited and
requires consideration when wood is exposed to moisture and thus
favourable conditions for decay. Performance prediction of wooden
structures and components therefore requires particular tools and
instruments allowing for consideration of biotic degradation agents.

The overall objective of this thesis was to develop a system of methods and
models for classifying the durability and outdoor performance of wood
products. The system should allow for discrete quantification of durability and
performance related parameters, service life prediction, and considering
moisture induced risk as well as potential decay organisms. It should be
applicable to all relevant wood-based materials, transferable to various use
and exposure conditions, and utilisable in field durability testing.

Therefore, various laboratory and field test methods as well as long-term
monitoring of real timber structures in service were applied to a wide range of
wood-based materials. The data obtained were used for developing decay
models to describe the effect of macro and micro climate on the material
climate, and thus on the moisture and temperature induced risk for decay in
wooden structures. Different approaches were followed to achieve i.) precise
service life prediction, ii.) quantification of decay influencing factors
(factorisation), and iii.) a performance classification system considering
material resistance and moisture dynamics of wood-based products.

From the various surveys and experimental studies regarded in this thesis it
became obvious that instruments are needed to break up the rigid traditional
ways of durability and efficacy testing as manifested in European standards
today. To pave the way for performance based building and design, durability
testing needs to get linked with service life prediction as well as life cycle
analysis and life cycle costing. Well-functioning performance models,
transparent test data, and a universally applicable set of instruments are
needed to deliver reliable wood-based components of controlled durability
with minimum maintenance needs and life-cycle costs. However, a tool that
is considered universal on the one hand, should be specific for certain
applications on the other hand. For instance, a dose-response approach is
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ABSTRACT

universally applicable, but allows consideration of a dosage only for specific
agents.

The set of models developed in this thesis are in principle able to predict
service lives as absolute numbers in years, and allow discrete quantification
of decay influencing factors as relative values. This factorisation approach
can be easily implemented in design guidance as well as for performance
prediction. Nevertheless, the models developed on the base of field test
results so far turned out to be decay type specific. Therefore, further
validation and modification of the models where required will be a task for the
future.

Information about regional peculiarities and markets become increasingly
important in a globalised world. Setting thresholds and defining safety
margins might be operated on national level. Guidance on how to treat
climatic differences within and beyond Europe should be provided on a
European or even international level. For a better handling of differences in
climate induced hazards it will be beneficial to develop more precise and
more reliable climate models that can be linked to performance prediction on
macro, meso or even local level.

With respect to the intensive discussion about climate change impacts on
human beings and their environment, the question to what extent the
moisture induced risk for decay and the resulting performance of wood are
affected was addressed. The partly drastic effects of climate change on the
durability of wood became evident. However, their quantity will strongly
depend on the geographical position and the prevailing climate.
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ZUSAMMENFASSUNG

Der Baubereich steht unter dem zunehmenden Druck, verlassliche Daten
uber die Performance von Baumaterialien und —produkten zu liefern. Dies gilt
insbesondere fur stark nachgefragte nachwachsende Rohstoffe aus
nachhaltiger Produktion. In diesem Zusammenhang konnen Holz und holz-
basierte Produkte eine Schllsselrolle einnehmen. Holz hat zahlreiche
Vorteile im Vergleich zu anderen Baumaterialien wie beispielsweise ein
hohes Festigkeits-Masse-Verhaltnis, gute Dammeigenschaften sowie ein
ansprechendes Erscheinungsbild. Die Dauerhaftigkeit von Holz gegenuber
unterschiedlichen Organismen ist allerdings begrenzt und erfordert
besondere Beachtung, wenn Holz Feuchtigkeit  und somit
faulnisbeglnstigenden Bedingungen ausgesetzt ist. Die Vorhersage der
Performance von Holz bedarf deshalb eines umfassenden Instrumentariums
zur Berucksichtigung biologischer Abbauagenzien.

Das Ubergeordnete Ziel dieser Arbeit war es, ein System aus Prufmethoden
und Modellen zur Klassifizierung der Dauerhaftigkeit und Performance von
Holzbauteilen zu entwickeln. Folgende Anforderungen wurden an ein solches
System gestellt: diskrete Quantifizierung der Dauerhaftigkeit und weiterer
Performance-Parameter, Vorhersage der Gebrauchsdauer von Bauteilen,
Anwendbarkeit auf alle holz-basierten Materialien, Berlcksichtigung von
Feuchteverhalten und potentiellen Abbauorganismen, Ubertragbarkeit auf
unterschiedliche Gebrauchsbedingungen sowie die Einsetzbarkeit in
Dauerhaftigkeitsprufungen im Freiland.

Es kamen hierzu verschiedene Labor- und Freilandprifmethoden sowie ein
Langzeit-Monitoring an realen Holzkonstruktionen im Gebrauch an einer
grolien Vielzahl holz-basierter Materialien zum Einsatz. Die gewonnenen
Daten wurden zur Entwicklung von Modellen verwendet, die den Effekt von
Makro- und Mikroklima auf das Materialklima und somit auch auf das
resultierende feuchte- und temperaturinduzierte Befallsrisiko beschreiben.
Unterschiedliche Ansatze wurden verfolgt, um i) eine prazise
Gebrauchsdauervorhersage, ii.) die Quantifizierung abbaubestimmender
Faktoren (Faktorisierung) und iii.) ein System =zur Klassifizierung der
Performance von Holzprodukten auf Basis von Feuchteverhalten und
Materialresistenz zu erzielen.

Performance-basiertes Bauen ist eine Aufgabe fiur zahlreiche
Forschungsgebiete wie beispielsweise die Materialwissenschaften, die
Biologie, die Bauphysik und das Bauingenieurwesen, weshalb hierzu ein
interdisziplinarer Ansatz unbedingt zu bevorzugen ist. Aus den zahlreichen
Studien und experimentellen Untersuchungen, die im Rahmen dieser
Habilitationsschrift  Berlcksichtigung fanden, wurde deutlich, dass
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Instrumente bendtigt werden, die die starre traditionelle Weise der
Dauerhaftigkeits- und Wirksamkeitsprifung, wie sie in europaischen
Standards verankert ist, aufzubrechen vermag. Um den Weg flr
Performance-basiertes Bauen zu ebnen, ist es notwendig, die Prufung der
Dauerhaftigkeit mit Gebrauchsdauervorhersagen, Lebenszyklusanalysen
sowie Lebenszykluskosten-Berechnungen zu verbinden. Funktionierende
Performance-Modelle, transparente Priufdaten und ein  universell
einsetzbares Instrumentarium sind noétig, um verlassliche Holzprodukte mit
kontrollierter Dauerhaftigkeit, minimalem Wartungsaufwand und geringen
Lebenszykluskosten bereitzustellen. Ein solches als universell betrachtetes
Instrument sollte zugleich spezifisch fur bestimmte Anwendungen sein. Ein
Dosis-Wirkungs-Ansatz mag beispielsweise universell einsetzbar sein,
ermdglicht aber zugleich die Bericksichtigung einer Dosis nur flr bestimmte
Abbauagenzien.

Die im Rahmen dieser Arbeit entwickelten Modelle erlauben es einerseits,
Gebrauchsdauern als absolute GréRRe in Jahren vorherzusagen, andererseits
lassen sich aber auch abbaubestimmende Faktoren durch Relativwerte
diskret quantifizieren. Dieser Faktorisierungsansatz lasst sich wiederum
einfach in Design-Richtlinien implementieren und somit ebenfalls fur die
Performance-Vorhersage nutzen. Nichtsdestotrotz scheinen die bislang
entwickelten Modelle in gewisser Weise spezifisch fir bestimmte
Befallstypen zu sein. Eine weitere Validierung und ggf. Modifizierung der
Modelle bleibt somit eine Aufgabe flir die Zukunft.

Informationen Uber regionale Besonderheiten und Markte gewinnen in einer
globalisierten Welt weiter an Bedeutung. Dennoch ist es aktuell die Aufgabe
nationaler Behdrden, internationale Standards auf die landestypischen
Bedurfnisse anzupassen. Die Festlegung von Grenzwerten und
Sicherheitszuschlagen mag hierbei problemlos auf nationaler Ebene
erfolgen, Richtlinien zum Umgang mit Klimaeinflissen auf die zu erwartende
Performance von Konstruktionen innerhalb Europas und dartber hinaus
sollten allerdings auf europaischer oder gar internationaler Ebene
bereitgestellt werden. Um zukilnftig mit klimainduzierten Gefahrdungen flr
Bauteile besser umgehen zu konnen, werden prazisere und verlasslichere
Klimamodelle bendtigt, die sich daruber hinaus fur die Performance-
Vorhersage auf Makro-, Meso- und auch lokaler Ebene verbinden lassen.

Im Hinblick auf die intensive Diskussion Uber die Auswirkungen des
Klimawandels auf den Menschen und seine Umwelt wurde auch die Frage, in
welchem Male das feuchteinduzierte Befallsrisiko und die daraus
resultierende Performance von Holzbauteilen betroffen sind, betrachtet. Es
wurden teilweise drastische Auswirkungen auf die zu erwartende
Gebrauchsdauer von Holz offensichtlich. Die Quantitdt solcher
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klimawandelbedingten Einschrankungen ist aber stark abhangig von der
geographischen Lage und den dort derzeit herrschenden klimatischen
Bedingungen.
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1 INTRODUCTION

1 INTRODUCTION

1.1 Background

1.1.1 European standards on durability and performance of wood
products — current situation and future needs

The building sector is strongly requested to improve its quality, energy
efficiency, environmental performance and cost effectiveness. At the same
time the use of non-renewable resources needs to be reduced. In this
respect wood and wood-based products can play a key role since they are
generally low in embodied CO, and can be gained from sustainable forest
resources. Wood has numerous further advantages compared to other
building materials such as a high strength-weight ratio, good thermal
insulation, and appealing aesthetics. However, its durability against different
biological agents is limited and requires consideration when wood is exposed
to moisture and thus favourable conditions for decay.

There is an increasing need for consideration of performance classification
for wood products in construction, as evidenced by the European
Construction Products Regulation (CPR 2011), warranty providers and end
user demands for information. A key issue for the competitiveness of wood is
the delivery of reliable components of controlled durability with minimum
maintenance needs and life-cycle costs. The development of performance-
based design methods for durability requires that models are available to
predict performance in a quantitative and probabilistic format. The
relationship between durability during laboratory and field testing and the
performance under in-service conditions needs to be quantified in statistical
terms and the resulting prediction models need verification and adaptation
according to the performance of different wood-based materials in real life.
Standardisation work in the field of wood durability, wood preservation, wood
protection, and performance of wood products is managed, at the European
level, by the European Committee for Standardisation technical committee
(CEN/TC 38) ‘Durability of wood and wood-based products’. Publication 6.1
provides an overview of the current situation of standardisation within this
field and summarises shortcomings, future needs and challenges as well as
recent movements towards a more performance oriented standardisation
concept for wood-based building materials.

The overall goal of CEN/TC 38 is to elaborate standards for wood
preservatives and preservative treated, modified, and untreated wood,
developing terminology, analytical and biological test methods as well as
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1.1 Background

classification and specification schemes in accordance with the market needs
and European regulations.

Tab. 1 gives an overview of classification schedules related to wood
durability and the performance of wood products. Durability, treatability, and
preservative penetration classes aim to characterise the properties of the
material. In contrast, use and service classes describe the environment the
wooden components are exposed to. Hereby, the service classification
according to EN 1995-1-1 (2010-12) has been introduced to consider the
effects of temperature, humidity, weathering, and resulting wood moisture
content for design of timber structures. Service classes and use classes
according to EN 335 (2013) are partly overlapping. However, the most
severe service class 3 is only characterised by climatic conditions leading to
higher moisture contents than one can expect at 20 °C/ 85 % RH for a few
weeks per year, i.e. moisture contents higher than 20 % for softwoods. A
more detailed characterisation of such critical exposure conditions is given by
EN 335 (2013), where use classes (UC) are defined according to the
respective moisture conditions and potentially occurring decay organisms,
such as brown, white and soft rot fungi, beetle larvae, termites, and marine
borers. Finally, the European standard EN 460 (1994), which is currently
approaching its first revision after more than 20 years, may be seen as the
linking element between the durability and the exposure related classification
concepts. The material-inherent durability is opposed to the exposure
conditions to identify if preservative treatment is required in order to deliver a
product that is fit for purpose. However, none of these standards provide
information about the expected service life or performance. Performance
classes do not exist yet, but have been suggested to be implemented in a
revised EN 460 standard in order to consider material resistance alongside
an exposure dose (see publication 6.1).

Tab. 1. Classification systems related to the durability of wood and wood products.

Classification Standard / Reference document Committee / Organisation

Durability classes EN 350-1 and -2 (1994) CEN/TC 38

Treatability classes EN 350-2 (1994) CEN/TC 38

Penetration classes EN 351-1 (2007) CEN/TC 38

Use classes EN 335 (2013) CEN/TC 38

Gebrauchsklassen NA 042-03-01 AA/

[Use classes] DIN 68800-1 (2011) Normepausschuss Holzwirtschaft
und Mébel (NHM)

Service classes EN 1995-1-1 (2010-12) CEN/TC 250

17
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The European landscape of wood protection has changed during the past
two decades. Wood-based products from non-biocidal processes entered the
market such as wood modification and treatments with water repellents (Hill
2007, Scheiding and Welzbacher 2012). Furthermore, users and
manufacturers are encouraged to use home-grown untreated timber, e. g.
through off-setting low durability through optimised design (e.g.
Thelandersson et al. 2011, Isaksson et al. 2014). European regulations, not
at least the Construction Products Regulation (CPR, EC 2011) also
encourage the development of products, which are more efficient and less
harmful for the environment and human health, and whose performance
takes into account end-user expectations. The latter particularly deviate
between countries as well as between product groups as shown in a Europe-
wide survey by Englund (2013).

As a consequence one can observe a gradual shift in the global approach
from traditional ‘wood preservation’ to ‘wood protection’, which is a more
general concept. Besides the inherent characteristics of the material the
concept takes into account interactions with its environment, /. e. design,
maintenance, workmanship, exposure, and moisture risks. In this respect
validation tools are needed to ensure the reliability of new products,
processes and construction rules. Several issues crucial for the future
improvement of such instruments and corresponding standards were
addressed in publication 6.1.

For historical reasons the majority of current standards is meant for the
assessment of the efficacy of wood preservatives and the inherent resistance
of wood species respectively, but they are typically inadequate for
qualification of new products such as wood polymer composites and modified
wood. The suggested test protocols of resistance tests against
basidiomycetes (e. g. EN 113, 1996, CEN/TS 15083-1, 2005) do not reflect
the divergent modes of protective action of preservative treated, modified,
and untreated wood, since it is invalidated by forced moistening. In analogy,
durability of wood-based materials may vary between different outdoor
exposures. For instance, thermally modified wood is suffering from
permanent wetting when it is exposed to ground contact, but performs fairly
well if re-drying is possible as in above ground exposures (Welzbacher and
Rapp 2007, Metsa-Kortelainen et al. 2011).

Durability is usually expressed as relative measure, e. g. as factor or related
durability class (EN 350-1, 1994). This allows comparison between test
results obtained at different test sites and makes this property independent of
geographical locations and respective climatic conditions. However,
transferability of durability data from one exposure situation to the other is
restricted, since moisture risks as well as the society of decay organisms
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1.1 Background

present can significantly differ, e. g. between tropical and moderate climates
(publication 6.2), or between in-ground and above ground exposures. This
phenomenon can be observed not only with modified timber, but also with
untreated timber as shown for European oak (Quercus robur L. and Q.
petraea Liebl.) in publication 6.12.

A first step towards a more comprehensive view on durability will be made
within the actual revision of EN 350-1 and -2 (1994), which will be combined
to one single standard in the future. Besides the inherent resistance of wood
due to inhibiting or toxic ingredients, its permeability to water will be
considered having an impact on durability and thus on performance of wood
and wood based products. However, up to now no standardised test protocol
exists and neither water permeability nor the susceptibility of wood to get and
stay wet (wetting ability) is considered for durability evaluation in a
quantitative manner. In contrast, the prominent role of wood moisture content
for the decay risk is commonly accepted and considered in many studies by
so-called ‘time of wetness (tow) concepts (Norberg 1999, Leicester 2001,
Van den Bulcke et al. 2009, 2011, Viitanen et al. 2010b). For determining the
moisture-induced risk of wooden components various measures are believed
to have a significant effect, but are still not fully understood. Short, medium,
and long term uptake of liquid water and water vapour require consideration
as well as water release, both in dependence of the different anatomical
directions of wood (Fredriksson et al. 2013a, 2013b, Brischke et al. 2014a,
2015).

Usually, standard durability tests in the field do not require moisture
monitoring, even though a Europe-wide survey has shown that many
research institutions would appreciate this for several reasons (Brischke et al.
2014c): Firstly, the protective action of many recently developed products is
based on water exclusion (Humar and Lesar 2013, Thybring 2013) and their
effectiveness might be approved through moisture monitoring faster and
more efficiently than through long-term decay monitoring alone. Secondly, it
is of great interest to quantify the moisture regime for comparing test results
between climatically different test locations and to evaluate the transferability
of laboratory test results to field and in-service conditions.

Wood moisture content recording is increasingly used within research,
restoration and structural health monitoring projects (e. g. Fredriksson 2010,
Fortino et al. 2013, Hasan et al. 2013, Cavalli and Togni 2014, Dietsch et al.
2014 a & b, Franke et al. 2014, Lanata 2015, Olsson 2014). Consequently,
the amount of available data for comparative analysis of data from field tests
and in-service is constantly increasing and may be used for improving future
service life and performance models (see publication 6.3).
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Differences between laboratory and field test set-ups are not exclusively
related to moisture and temperature conditions; frequently they do also not
involve the same decay organisms. Laboratory tests usually include a limited
number of strains of white and brown rot fungi that are carefully referenced
and maintained; in field tests the fungal species are 1.) almost never
identified, 2.) therefore largely unknown, and 3.) not occurring as
monoculture, but associated with other organisms, either simultaneously or in
a succession (Raberg et al. 2007, Matthieu et al. 2013, Plaschkies et al.
2014, Meyer et al. 2015). Restricting laboratory decay tests to a certain set of
fungi involves therefore the risk of over- or underestimating the resistance of
the material in question. Depending on the choice of test fungi differences in
durability can be obtained up to several durability classes (e.g. Welzbacher
and Rapp 2007, Meyer et al. 2014). In particular the susceptibility of certain
materials, for instance the white rot sensitivity of thermally modified timber
(TMT) or the copper tolerance of some brown rot causing basidiomycetes, is
difficult to tackle with standard laboratory test protocols. More detailed
consideration of the different groups of decay organisms is obviously needed
and shall be considered as an additional aspect for a performance
classification concept.

1.1.2 Availability and usability of durability data

Service life and performance prediction of wood products requires reliable
test data. Hereby, the material-inherent resistance of wood is one of the most
important qualities influencing the durability of timber. In addition, design
details and climatic conditions determine durability and make it impossible to
treat wood durability as an absolute value. Moreover, the reference
magnitude varies between locations because of climatic differences (Francis
and Norton 2005, Brischke and Rapp 2008, Fleete et al. 2011), wherefore any
durability classification is based on comparing a certain performance
indicator between the timber in question and a reference timber. Finally, the
relative values (factors) are grouped and related to durability classes, which
can refer to a high range of service lives for a certain location.

The insufficient comparability of such durability records (e. g. Willeitner and
Peek 1997) has turned out to be a major challenge for service life prediction
of timber structures. Therefore, a global inventory of literature data was
conducted directly based on service life measures, not masked by a
durability classification schedule (publication 6.2). In addition, the author
team provided their own test data from terminated and still ongoing tests. The
focus of the survey was clearly on natural durability of timber tested in the
field under above-ground conditions. In total, 395 durability recordings from
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1.1 Background

31 different test sites worldwide and based on ten different test methods
were collected and used for calculating resistance factors: 190 for hardwoods
and 205 for softwoods.

The computation of resistance factors with either Scots pine (Pinus sylvestris
L.) sapwood or Radiata pine (Pinus radiata D. Don.) sapwood as reference
species allowed the wide range of previous and ongoing tests to be
compared, irrespective of test configurations and assessment methods.
However, a remarkable variation was found even for the relative values
(resistance factors) which were expected to be less affected by climatic and
further set-up related differences. The variation and how it can be related to
durability classes is shown in Figure 1. The importance of this variation
becomes even more obvious when calculating the expected service life:
Based on the mean service life of the reference species Scots pine sapwood
of 6.5 years one might expect a service life of Douglas fir (Pseudotsuga
menziesii Franco.) between 7.4 and 29.5 years. The predicted service life of
Spotted gum (Corymbia spp.) scattered even more between 18.7 and 473.3
years.

= minimum/maximum X mean value
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Figure 1. Variation of resistance factors of six selected wood species and
corresponding durability classes (DC) according to EN 350-1 (1994), taken from:
Brischke et al. (2013), publication 6.2.

These findings highlight the need for service life modelling to greatly increase
the accuracy and relevance of information available regarding the expected
durability of timber used at climatically different locations. From this survey it
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was concluded that resistance factors, and hence the relative durability of
different species is not necessarily the same at climatically different places.
Furthermore, test and assessment methods, prevailing decay types, and
detoxifying agents at the respective sites are affecting the resulting durability.
Many durability studies are known to exist around the world, but respective
data are not freely available. This lack was strongly indicated through the fact
that 80 % of the durability records used for the study was unpublished data.
Furthermore, many data sets were incomplete or information was too
condensed for further analysis. In summary, an open platform for scientific
exchange was found necessary to increase the amount of available service
life related data and a proposal for an open source data base has been made
(Brischke et al. 2012) and afterwards realised in the frame of the Durability
Database of the International Research Group on Wood Protection
(www.irg-wp.com). Reliable and uncodified durability data were identified as
key prerequisite for the development of performance models for wood in
outdoor use.

1.2 Modelling the outdoor performance of wood products

1.2.1 Model types

Service life planning and performance classification require well-functioning
‘performance models’. Publication 6.3 contains a comprehensive literature
review on different approaches to adequately reflect the influence of biotic
and abiotic factors on the performance of wood. The focus of the review was
clearly on moisture performance and durability against fungal decay as it is
the focus of this thesis.

The term ‘performance model is to some extent ambiguous in a double
sense: On the one hand ‘performance’ can be understood differently
depending on the respective material, product, commodity, and its
application. On the other hand, the general meaning of ‘model’ is the
‘schematic description of a system, theory, or phenomenon that accounts for
its known or inferred properties and may be used for further study of its
characteristics’, but it is not settled which factors will describe the command
variable. In particular for bio-based building materials biological agents need
consideration for service life modelling.

As shown for the UC concept according to EN 335 (2013) the exposure
conditions of wooden structures can be categorised either according to the
respective moisture regime, to the likelihood that certain decay organisms
occur, or both. In particular above-ground situations are characterised
through the respective moisture conditions, whereby UC 4 (‘ground contact’)
is considered to be permanently wet. Consequently, developing performance

22



1.2 Modelling the outdoor performance of wood products

models with respect to fungal decay above ground covers a wide range of
exposure conditions and it appears reasonable that one general model
cannot display the whole diversity of exposure conditions; rather a set of
models is needed each considering a particular exposure range and group of
potentially occurring organisms.

Mathematical models are widely used in natural sciences to handle different
variables. Depending on the system to be analysed the type and structure of
the most suitable model might significantly differ, and so do the preferences
of scientists. Engineering models frequently work with limit states (Limit state
design LSD, see EN 1995-1-1, 2010-12), which seems to stand in contrast
with biological approaches aiming on displaying the full process of
degradation and thus the full service life span. Therefore, dose-response
functions are preferential instruments for biologists, because they describe
the change in effect on an organism caused by differing levels of exposure
(or dosage) to a stressor after a certain exposure time. The development of
different dose-response based performance models is described in
publication 6.4 and will be further discussed in section 3.1. Furthermore,
possibilities to implement logistic dosimeter approaches into limit state based
engineering design guidelines will be highlighted (e. g. Isaksson et al. 2014).
To quantify the impact of a certain construction detail on the service life of a
whole structure, many engineering tools work with factorisation and
normalisation of the impact variables (e. g. Svensson et al. 1999, Smith and
Foliente 2002, Isaksson and Thelandersson 2013). Also, this aspect does not
necessarily stand in contrast with the dose-response approach, since the
often dimensionless dose can be used as measure for factorisation. Arbitrary
deviations from a carefully defined reference situation can thus be quantified
on the basis of accurately determined biological processes such as fungal
degradation (Brischke et al. 2014b, Isaksson et al. 2014). Finally, this
approach is in line with recommendations given in the ISO 15686 standard
series on service life planning, namely through the ‘factor method’ (ISO
15686-1, 2011).

Depending on how much a priori information is available for a system one
can distinguish between black box models and white box models, whereby
these terms do only describe extremes and usually a mathematical model is
located somewhere in between. It appears trivial that using as much a priori
information as possible increases the accuracy of a model, but nevertheless
for certain applications it is worth to consider also black box models. For
service life prediction computer systems would be eligible that utilise pre-
programmed logic to return output to the user, but the ‘black box’ portion of
such systems contains algorithms that the user does not see and does not
need to know to use the system. However, for modelling biological processes

23



1 INTRODUCTION

this can cause severe problems, which is why ‘white-box’ models are usually
preferable. A multitude of materials, potential data sources, design details,
exposure conditions, and abiotic and biotic agents come into consideration
for service life prediction of wooden components. The existing knowledge
about many of the relevant decay influencing factors can be utilised only in
white box models as illustrated in publication 6.3 with several examples
(Gierlinger et al. 2004, Kokutse et al. 2006, Welzbacher et al. 2007, 2009).
Ideally, a performance model should therefore be transparent with traceable
functional relationships to enable continual adjustment and implementing a
steadily increasing amount of input data. Moreover, it needs to allow usage of
data from different sources such as lab and field tests, in-situ moisture
recordings, commodity and in-service performance tests, surveys,
questionings and case studies. Finally, the model should allow defining
different limit states as well as target performance.

1.2.2 Model approaches and applications

Different climate indices have been developed to estimate the decay hazard
in dependence of the climatic conditions at a certain location. The first and
still most frequently used index of its kind is the Scheffer Index for estimating
the relative decay hazard of a geographical site (Scheffer 1971, Equation 1):

Equation 1. Climate Index according to Scheffer (1971).
YJen[(T = 35)(D — 3)]
30

T = mean day temperature of the month [°F]
D = mean number of days with more than 0.001 inch of rain per month [ - |

Climate index =

Initially developed to characterise the relative site-specific decay hazard for
wood in above ground applications in the USA, the Scheffer Index was later
applied to many different regions around the globe, e. g. Canada (Setliff
1986), North America (Morris et al. 2008), China (Wang et al. 2007), Japan
(Kiguchi et al. 2001, Momohara et al. 2013), South Korea (Kim and Ra 2013),
Australia (Wang et al. 2008), Norway (Lisg et al. 2006), and Europe
(Brischke et al. 2011).

Further climate indices were developed and considered for service life
planning, but mostly they lacked sufficient fit between macro climatic data
and corresponding decay rates, because further influences on wood decay
request consideration such as design details impacting on the microclimate.
A far more comprehensive approach has been followed within the Australian
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1.2 Modelling the outdoor performance of wood products

TimberLife project (Foliente et al. 2002, MacKenzie et al. 2007). Results from
large field trials and country-wide surveys on timber structures were used to
develop a series of probabilistic performance models covering various decay
organisms such as fungi, termites, and marine borers as well as physical
agents impacting on the risk for corrosion of fasteners. The basic model for
above ground decay (Wang et al. 2008) was established on the base of field
test results and is expressed as decay depth over time. Following the factor
method approach according to ISO 15686-1 (2011), the rate of decay was
multiplied with a number of factors accounting for different material and
design parameters (k-factors). In addition a lag phase (before onset of decay)
was determined and considered for modelling the full life span of a
component. The outcome of the 10 years’ TimberLife project flew into a
series of manuals and numerous scientific publications (see
publication 6.3).

Different decay models were developed on the base of dose-response
functions in Europe. Viitanen et al. (2010b) used laboratory test data
(Viitanen 1996) to establish a relationship between temperature, relative
humidity and exposure time on the one hand and mass loss by fungal decay
on the other hand. Furthermore, they modelled decay development as two
processes: an activation process and a mass loss process. The idea of
assuming an activation stage in the fungal degradation process coincides
with earlier models based on field test data in Australia (Wang et al. 2008) as
well as more current studies by Francis and Norton (2006), Brischke and
Rapp (2008), Hansson et al. (2013), and the model approaches presented in
publications 6.4 and 6.7. Further model approaches either based on
laboratory or field test data are described and discussed in publication 6.3.
The various models differ with respect to the boundary conditions (e. g.
providing or lacking an external moisture source for the fungi) and the way of
considering the different environmental input factors. While for instance
Viitanen et al. (2010b) considered days with rain events as days with a
relative humidity (RH) equal to 100%, Brischke and Rapp (2008) used the
direct factor ‘wood moisture content’ as input variable and allowed the latter
to be above fibre saturation as a consequence of rain events.

The use of decay and performance models as described in publication 6.3
can be multifaceted: Models were used for mapping the moisture induced
risk of decay (Viitanen et al. 2010a, Frihwald Hansson et al. 2012), for
service life prediction of wooden components and commodities (MacKenzie
et al. 2007, publication 6.9 and 6.10), for the quantitative evaluation of
design options in guidelines (Thelandersson et al. 2011, Isaksson et al.
2014), and finally to estimate the effect of climate changes on performance
and service life of wood (publication 6.17).
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Figure 2 shows the relative decay potential for wood above ground in Europe
based on the performance model by Brischke and Rapp (2008) and an
additional ‘climate model’ describing the relationship between the weather
parameters RH, temperature and precipitation on the one hand and the
material climatic parameters wood moisture content and temperature on the
other hand (cf. Thelandersson et al. 2011). Accordingly, the highest decay
hazard was estimated for the West coast of the continent as well as for
Western Ireland, Scotland and Norway where the Gulf Stream hits Europe.
Comparatively little risk for decay was determined for cold regions in the
Nordic countries and dry areas in the Mediterranean countries.

For service life prediction of wooden components a series of further factors
needs to be considered in addition to macroclimatic data. Guidance on
service life planning is provided by the ISO 15686 standard series with the
factor method as key element (Equation 2, ISO 15686-1, 2011).

The multiplicative character of this approach was discussed controversially,
in particular with respect to the high risk of error propagation. However, the
idea of considering the full spectrum of potential impact factors is beyond
controversy and can be reflected by a more general formulation (Equation 3).

Equation 2. Service life estimation according to the factor method (ISO 15686-1, 2011)
— multiplicative approach.

ESL= RSL XA XB XC XD XE XF xXG

ESL = estimated service life [a]
RSL = reference service life [a |
A, B, C, D, E F, G = modifying factors

Equation 3. Service life estimation according to the factor method (ISO 15686-1, 2011)
— general approach.

ESL = f(RSL,A,B,C,D,E,F,G)

Results from experimental studies with continuous MC and temperature
monitoring on different wooden commodities were used for service life
prediction either on the basis of dosimeter models (publications 6.9 and
6.10) or in terms of factorisation referring to a clearly defined reference object
under reference conditions (Isaksson and Thelandersson 2013). The latter
can easily be adapted and applied for design guidelines as for instance
shown by Isaksson et al. (2014). Besides material-specific resistance and
climatic conditions at a certain location, the effect of design of an arbitrary
detail on the microclimate and thus on the material climate can be quantified

26



1.2 Modelling the outdoor performance of wood products

in terms of factors (values relative to a reference component, in this study a
horizontal 20 mm thick Norway spruce board).

> ARl

Figure 2. Relative decay potential for Europe indicated as relative doses for 206
European sites (circles) based on Meteonorm climate data. Relative dose compared to
Uppsala, Sweden; modified after Friihwald Hansson et al. (2012).

A first technical guideline in Europe for the design of wooden constructions
with respect to durability and service life has been produced within the
European research project ‘WoodExter’ (Thelandersson et al. 2011). It is
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based on a limit state described as ‘onset of decay’. Later on this guideline
was further developed and modified in a way that the design condition on
engineering level is formulated as follows:

Equation 4. Design condition according to Isaksson et al. (2014).
Dgq = DgrYa < Dgq

Deaq = exposure [d]

Dgx = characteristic exposure, e.g. the annual exposure dose [d]
¥4 = consequence factor

Dra = resistance dose [d]

The resistance dose Dgy is considered to be the product of a critical dose
D.qr, which is specific for an arbitrary limit state (here: decay rating 1, i.e.
slight attck) and two modifying factors taking into account the wetting ability
of wood (kys) and its inherent durability (ki,») as given by the following
equation according to Isaksson et al. (2014):

Equation 5. Resistance dose according to Isaksson et al. (2014).
Dra = Derickwakinn [d]

Dra = resistance dose [d]

Dcrit = critical dose corresponding to decay rating 1 according to EN 252 [d]

kwa = factor accounting for the wetting ability of the material

kinn = factor accounting for the inherent protective properties of the material
against decay

The resistance dose goes alongside with the annual exposure dose which is
determined as follows:

Equation 6. Annual exposure dose according to Isaksson et al. (2014).
Dgx = Dgokpikpakgskpakpsca

Dex = annual exposure dose [d]

Deo = annual exposure dose depending on geographical location/global climate [d]
kg1 = factor describing the effect of driving rain on vertical surfaces

kez = factor describing the effect of local climate conditions (meso-climate)

kez = factor describing the effect of sheltering

kes = factor describing the effect of distance from ground

kes = factor describing the effect of detail design (risk of trapping water)

cq = calibration factor to be determined by reality checks and expert estimates
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With this approach the apparent conflict between engineering limit state
design and biological dose-response modelling of full life spectra has been
overcome. While the impact of single influence factors is considered in a
factorisation approach within the guideline, every single parameter can be
quantified with the help of experimental data applied to a dosimeter model
(Isaksson et al. 2014, Brischke et al. 2015).

1.3 Objectives

The overall objective of this thesis was to develop a system of test methods
and models for classifying the durability and outdoor performance of wood
products. The system should fulfil the following requirements:

e Discrete quantification of durability and performance related
parameters,

e Concrete service life prediction,

e Applicability to all relevant wood-based materials,

e Consideration of both, moisture induced risk and potential decay
organisms,

e Transferability to various use and exposure conditions,

e Applicability in field durability testing.

A set of suitable methods and calculation models was sought rather than a
single universal instrument. For achieving this, the comparability of results
obtained with different test methods should be increased through
factorisation instead of defining classes (publication 6.2). Moisture and
weather monitoring should be implemented in field tests and in-service
studies for quantifying the moisture induced risk and comparing it between
materials, methods, design options, and test locations (publications 6.8, 6.9,
6.10, and 6.11). The presence of decay organisms should be considered for
interpretation of test results and designing laboratory durability tests under
various scenarios. Test results should be re-interpreted with respect to the
prevailing decay types and organisms to identify worst case scenarios
(publications 6.4 and 6.7). Finally, compatibility of the performance
classification system with design guidelines was requested and had to be
assured through generating test results in a feasible format.

Hereby the focus was on the durability of wood against decay fungi under
various exposure situations in and above ground. Other potential wood-
destroying organisms such as beetles, termites or marine borers were only
marginally considered (publication 6.1). The performance of wood under
laboratory, field, and in-service conditions should be compared exemplarily
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for European oak (Quercus sp.) (publications 6.12, 6.14, and 6.16), whose
durability had recently been discussed controversially.

With respect to the intensive discussion about climate change impacts on
human beings and their environment, the question to what extent the
moisture induced risk for decay and the resulting performance of bio-based
building materials might be affected is of high interest and should be
highlighted (publication 6.17).
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2.1 Durability tests

2 MATERIAL AND METHODS

2.1 Durability tests
2.1.1 Laboratory tests

2.1.1.1 Laboratory tests with basidiomycete monocultures

The resistance to basidiomycetes was tested exemplarily of European oak,
(Quercus robur L. and Q. petraea Liebl.), according to EN 113 (1996) and
CEN/TS 15083-1 (2005). Test specimens were exposed to pure cultures of
Coniophora puteana, Poria placenta, Trametes versicolor, and Donkioporia
expansa. The specimens were either 15 x 25 x 50 mm? according to EN 113
(1996) or in mini block format (40 x 10 x 10 mm3) (publication 6.12). In
addition, drilling core samples (10 mm diameter, 30 mm length) were taken
from oak bridges and used for resistance tests (publication 6.14). After 8
weeks (drilling cores), 12 weeks (mini blocks), or 16 weeks (EN 113 standard
specimens) the mass loss due to fungal degradation was determined and
used for durability classification.

2.1.1.2 Laboratory tests with terrestrial microcosms

Furthermore, the resistance of European oak to soft rotting micro-fungi and
other soil-inhabiting micro-organisms was determined in soil box tests
(terrestrial microcosms, TMC) either according to ENV 807 (2001,
publication 6.12) or CEN/TS 15083-2 (2005, publication 6.14). Natural top
soil from different test sites and compost soil made from horticultural waste
was used for the tests. In addition to standard specimens (10 x 5 x 100 mm?),
drilling cores (10 mm @ x 30 mm) taken from bridge components were used.
The incubation time of the tests with drilling cores was 24 weeks; standard
specimens were incubated for 32 or 37 weeks. Mass loss due to fungal
degradation was determined and used for durability classification.

2.1.2 Field tests
2.1.2.1 Test sites

Different field test studies and monitoring of components and structures in
service were performed at various locations in Europe. Furthermore, data
obtained from previous European and Australian projects were used for
further analysis and modelling. All test sites are shown in Figure 3 and Figure
4; the respective publications are indicated in Tab. 2.
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Tab. 2. Test sites and reference to publications.

Location Publication No.

v vk vl IX X Xl X XN XIV XV XVIE XV

Hannover, DE
Hamburg, DE
Reulbach, DE
Freiburg, DE
Stuttgart, DE
Buhlertal, DE
Hinterzarten, DE
Oberrottweil, DE
Feldberg, DE
Hornisgrinde, DE
Schémberg, DE

Heilbronn/
Heidelberg, DE

Dobel, DE

St. Margen, DE
Versmold-Bockhorst, DE X
Werther-Rotingdorf, DE X
Ghent, BE X
Ljubljana, Sl X
Zagreb, HR X
Bordeaux, FR

Uppsala, SE

Boras, SE X
Tastrup, DK X
As, NO

Oslo, NO
Bergen, NO
Portsmouth, UK
Garston, UK
London, UK X
Beerburrum, AUS
Dalby,AUS

Frankston, AUS
Pennant Hills, AUS
Rockhampton, AUS
South Johnstone, AUS
Toowoomba, AUS
Yarralumla, AUS
Mount Isa, AUS
Townsville, AUS

X X X X X X X X

X X X X X X X
x
X X X X X X
X X X X

X X X X X X X X X X

X

X

X

X X X X X
x
x
x

X X X X X

X X X X X X X X X X
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Figure 3. Location of test sites in Europe.
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o South Johnstone
O Townsville

o Mt. Isa

Rockhampton
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O

Figure 4. Location of test sites in Australia, data from field trials used for publication
6.2.

2.1.2.2 In-ground field tests

Durability field tests with ground contact were performed according to EN 252
(1989) in Hamburg, Reulbach, Stuttgart, Freiburg, and Hannover. Therefore,
specimens of 500 x 50 x 25 mm? were buried to half of their length in the soll
of the different test sites with a distance of 30 cm between each other
(publications 6.12, 6.15 and 6.16). In Hamburg and Hannover additional
mini-stake specimens (200 x 20 x 8 mm3) were exposed and therefore buried
to 4/5 of their length (publications 6.12 and 6.16). In Hannover and
Hamburg in ground tests were also performed with different substrates, i. e.
field soil, compost, fertilised soil, mulch, turf-soil mix, sand, sand-soil mix,
gravel, and concrete. All specimens were evaluated regularly regarding the
onset and progress of decay in intervals between 3 and 12 months.

2.1.2.3 Above ground field tests

Durability field tests above ground were performed according to different
standardised and non-standardised methods. Horizontal double layer tests
were carried out in the frame of different studies as described in publication
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6.2, 6.6, 6.7, 6.8, 6.12, and 6.17. Specimens of 25 x 50 x 500 mm?* were
placed horizontally in double layers with the upper layer displaced laterally by
25 mm to the lower layer. Supports were 25 cm above ground and made
either from aluminium profiles or preservative treated wood covered with
bitumen foil.

Horizontal lap-joint tests were conducted according to CEN/TS 12037 (2003).
Specimens (38 x 85 x 300 mm?) forming a lap-joint were prepared, end-grain
sealed, and exposed on aluminium profiles 1 m above ground (publication
6.2 and 6.8). Sandwich tests were performed with segmented specimens
consisting of one base member (25 x 100 x 200 mm?®) and two top members
(25 x 50 x 200 mm?) exposed on rigs 1 m above ground (publication 6.8).
The data sets used for the literature review on above ground field test data
(publication 6.2) were obtained from further test methods, such as cross
brace tests according to Highley (1995), painted and unpainted L-joint tests
according to EN 330 (1993), accelerated L-joint tests according to Van Acker
and Stevens (2003), ground proximity multiple layer tests according to
Edlund (2004), and various bundle tests using several stake shaped
specimens stripped together and thus forming water traps.

Moisture monitoring was performed on combined fagade-deck-elements
consisting of horizontal decking boards as well as south and north oriented
cladding boards (Bornemann et al. 2012). Each board was 25 x 100 x 500
mm?; the decking boards were exposed as single layer on two support
beams, the facade was carried out as board-on-board cladding
(publications 6.8 and 6.10). All specimens were evaluated regarding the
onset and progress of decay in intervals between 6 and 12 months.

2.1.2.4 Commodity tests and case studies

The durability and performance of wooden components was furthermore
studied on objects in service. Therefore commodity tests with terrace
decking, fence posts, and claddings (publications 6.8 and 6.9) were
performed including continuous moisture monitoring as well as studies on
real life structures such as double split fence posts (publication 6.13),
wooden claddings (publication 6.9), and timber bridges (publication 6.14).
In addition to the material durability, the effect of microclimate, design details,
and further constructive protection measures was studied. Besides decay
related damages, the formation of cracks and superficial growth of algae,
lichen, and mosses was documented on timber bridge components.
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2.1.2.5 Decay assessment in the field

The distribution and maximum degradation depths of fungal decay were
assessed using a pick test. A pointed knife was pricked into the specimen or
wooden component and backed out again. The fracture characteristics of the
splinters as well as depth and appearance was assessed visually, referred to
the different decay types and evaluated according to the 5-step rating
scheme according to EN 252 (1989) as sound (0), slight attack (1), moderate
attack (2), severe attack (3) or failure (4).

Specimens with cross sections deviating from the EN 252 standard format
were assessed using a modified rating scheme based on the minimum
remaining cross section (publications 6.11, 6.12, and 6.16). Similarly, fence
posts in service made from European oak were assessed with respect to
their minimum remaining cross section (publication 6.13) and rated
according to the EN 252 scheme.

2.1.3 Durability classification

To assess the durability in the laboratory tests the relative durability was
calculated as the quotient of mass loss of the tested wood and Scots pine
sapwood references (x-value, EN 350-2, 1994). The results of the decay
ratings from the various field tests were used to determine the durability of
the tested materials. According to EN 350-1 (1994) x-values were calculated
on the base of the mean service life of the specimens according to Equation
7.

Equation 7. Calculation of x-values based on mean service life according to EN 350-1
(1994).

SLmean, tested specimens [ ]

durability x — value =

SLmean, references

SLmean = mean service life of specimens [a]

Since the mean service life of the specimens was not yet obtained for all
tested materials the durability was alternatively calculated either on the basis
of median service life SLedian (Equation 8), the 25" percentile of service life
SLosperc (Equation 9) or as quotient of the decay rate v of the reference and
the decay rate of the material tested (durability factor f, Equation 10 and
Equation 11), where necessary.
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2.1 Durability tests

Equation 8. Calculation of median service life of specimens.

SLn+1 ;if nis uneven
2
SLmedian 1
- (SLn + SLn ) ;if niseven
2 2 2Tt

SLmedian = median service life of specimens [a]
n = number of replicate specimens

Equation 9. Calculation of 25™ percentile of the service life of specimens.

SLn+1 ;if nis uneven
4
SLZS perc 1 i i
- (SLn + SLn ) ;if nis even
2 P 7Tt

SLzsperc = 25 percentile of service life of specimens [a]
n = number of replicate specimens

Equation 10. Calculation of the mean decay rate vca,-
DR
XD

. = =
mean n n

Vmean = mean decay rate of specimens [a-1]

vi = decay rate of single specimen [a'1]

DR =rating, e.g. according to EN 252 (CEN 1989)
t = exposure time [a]

n = number of replicate specimens

Equation 11. Calculation of durability factors.

Vmean, references [ ]

durability factor f =

Umean, tested specimens

Durability classes (DC) were derived from x- and f-values according to the

scheme shown in Tab. 3
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Tab. 3. Classes of natural durability (DC) based on calculated x-values according to
EN 350-1 (1994), using results from laboratory tests, and adapted classification using
durability factors f from field tests.

Classification based CISZiZEiion C;Z?;i:jtign
DC  Definition oanglofaig;; t(;gt?) EN 350-1 (1994)  EN 350-1 (1994)
Field tests Field tests
1 Very durable x<0.15 x>5 f>5
2 Durable 0.15<x<0.30 3<x<5 3<f<5
3 Moderately durable 0.30 <x<0.60 2<x<3 2<f<3
4 Slightly durable 0.60 <x<0.90 1.2<x<2 1.2<f<2
5 Not durable x>0.90 x<1.2 f<1.2

2.2 Moisture monitoring

Automated moisture content and temperature recordings were applied on
numerous field test specimens, commodity test set ups and monitoring
objects in service (publications 6.6, 6.8, 6.9, 6.10, 6.11, and 6.17).
Therefore, a resistance based measurement system was applied as
described in an earlier publication (Brischke et al. 2008). The system can be
summarised in brief as follows: electrodes of polyamide coated stainless
steel cables were conductively glued in the specimens. The electrodes were
connected to a small data logger that recorded the electrical resistance of the
wood. The data loggers were calibrated in a range between 12 and 50 % MC
and species-specific resistance characteristics were developed (Brischke et
al. 2008, publication 6.4). In general the measurement points were placed in
the centre of the specimens. However, in particular for measurements on
different design details and components the electrodes were positioned by
purpose close to contact faces, end-grain areas, or covered and sheltered
parts of the structure (details can be seen in publications 6.9, 6.10, and
6.11). As shown in publication 6.4 the measurement system was found to
be applicable for a variety of different wood species and wood-based
materials including chemically and thermally modified wood as well as
preservative treated wood. Most precise MC estimation was found for salt
treated timber (£ 2.5 %), followed by untreated timber (+ 3.5 %) and modified
wood (£ 7 %) in the hygroscopic range (Figure 5). As expected, preciseness
decreased above fibre saturation.
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Figure 5. Calculated moisture content (MC) compared with gravimetrically measured

MC of in total 27 different wood-based materials (taken from Meyer et al. 2012).

The material-specific resistance characteristics for modified timber need to
be established strongly dependent on the respective modification level, i.e.
weight percent gain of furfurylated or acetylated wood and heat-induced
decrease in mass of thermally modified timber (TMT). Therefore, in a
separate study (publication 6.5) the influence of thermal modification on the
electrical conductivity of wood was modelled. The model allowed to calculate
the moisture content of TMT through the parameters electrical resistance R,
wood temperature T, and CIE L*a*h* colour data, which correlate well with
the intensity of a heat treatment (Brischke et al. 2007). The model was based
on comparative gravimetric moisture measurements and electric resistance
measurements of Norway spruce and beech sample sets heat treated at
eleven different intensities. To validate the model afterwards, colour values of
15 different arbitrarily heat-treated TMT were calculated with an accuracy of
1+ 3.5 % within the hygroscopic range. The material-specific resistance
characteristics based on experimental data led to an accuracy of + 2.5 %.

2.3 Moisture uptake measurements

Moisture uptake measurements were conducted on small clear specimens
(5x10 x 100 mm?® and 4 x 10 x 100 mm?3®) made from the same material used
for MC monitoring in publication 6.8. Therefore, the dimensions of the
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respective field test specimens were scaled down to one fifth. The specimens
were oven dried and afterwards exposed to either liquid water (24 h
submersion test) or water saturated atmosphere (24 h vapour test). Moisture
uptake was determined according to Equation 12. Moisture uptake tests were
performed before and after 6 months above ground outdoor weathering.

Equation 12. Calculation of moisture uptake.

moisture uptake = (m‘:nﬂ x 100 [%]
0

My mass after water uptake [g]

mo oven-dry mass [g]
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3 RESULTS AND DISCUSSION

3.1 Performance models

Performance models were developed based on results from long term field

tests at various climatically different locations in Europe. In a first step, a

logistic dose-response model was achieved based on moisture, temperature

and decay data from horizontal double layer tests with Scots pine sapwood

and Douglas fir heartwood (Brischke 2007, publication 6.6). The majority of

data sets used for this model were dominated by white and soft rot decay.

Only at a few test sites, e. g. Ljubljana, Freiburg, and Zagreb, the specimens

were decayed by brown rot fungi. Therefore at a later stage the obtained

model was adjusted for brown rot as described in publication 6.7 using

further data sets from new tests dominated by brown rot decay.

The performance model should fulfil the following requirement

characteristics:

e Model based on hard data obtained under real life conditions in the field

e Dosimeter approach considering climate based input variables

e Response referring to discrete limit states

e Open approach allowing continuous adaptation through including new
test data

e Input and output variables (= dose and response) that can be normalised
for factorisation in performance based design

e Potential for precise service life prediction

To achieve the above formulated requirements material climate data, i.e.
wood moisture content and temperature, were used as dose parameters.
Both measures can basically be derived from macro and meso climatic
parameters (Van den Bulcke et al. 2009, Viitanen et al. 2010a, Frahwald
Hansson et al. 2012), but on a smaller scale also depend on design detailing
and surrounding environment (micro climate). To quantify onset and progress
of decay the 5-step rating scheme according to EN 252 (1989) was used,
whereby the four steps between ‘slight attack’ (equivalent to onset of decay)
and ‘failure’ may be considered as limit states for the model.

As described in publication 6.6 different models were proposed on the basis
of results from white and soft rot dominated field tests, i.e. a logistic dose-
response (LDR) model (Figure 6), a simplified LDR model, a set-back dose-
response model, and a two-step dose-response model. The different models
were evaluated for predicting onset and progress of decay.
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Figure 6. Relationship between dose and mean decay rating according to EN 252
(1989). Top: based on Scots pine sapwood (black) and Douglas fir heartwood (grey)
exposed at different field test sites using a logistic dose-response model. Bottom:
based on different softwood species dominated either by brown rot decay and
exposed shaded or non-shaded or dominated by white and soft rot decay at different
field test sites using a logistic dose-response model (each dot represents the mean
decay rating at one exposure site at a certain time of exposure).

From a biological viewpoint it seemed reasonable to consider that dry and
cold conditions do not only inhibit initiation of fungal decay, but do also cause
‘damage’ to it depending on the duration of such adverse conditions.
Therefore, the authors tried to establish an activation process as well as a
possible set back of the model similar to previous approaches reported by
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Viitanen et al. (2010a). However, several attempts of modelling the set-back
did not improve the accuracy of the model when tested against the data from
double layer field tests. At the time, highest accuracy was achieved with the
LDR model without set-back. For estimating the decay risk of less severe
exposed components than the water trapping double layer the simplified LDR
model as well as a two-step model are expected to be more powerful to
describe the moisture induced risk. From an engineering viewpoint additional
tools are needed to describe the level of moisture protection, i.e. the distance
from conditions which are favourable for decay (publication 6.6 and Isaksson
et al. 2014).

The LDR model considers the impact of a general time variation of moisture
content MC and temperature T on the potential for decay. The total daily
dose D is a function of two components, Dyc dependent on daily average of
MC, and D7 dependent on the daily average of T (Equation 13 and Equation
14).

Equation 13. Total daily dose D.
D = f(Dr(T), Dyc(MO))

Equation 14. Total daily dose D for n days.

D(n) = 2 D; = X7 (£ (Dr (T, Duc(MC)) )

D = Total daily dose [ - |

Dr = temperature induced dose component [ - |
Duc = moisture induced dose component [ - |
MC = average moisture content [%)]

T = average temperature [°C]

D(n) = total dose for n days of exposure

Decay is initiated when the accumulated dose reaches a critical dose. As
described in detail by Brischke and Rapp (2008) the cardinal points of the
parameters wood temperature and moisture content for fungal growth and
decay activity were sought and used to set up polynomial base functions for
both dose components (Equation 15 and Equation 16). The total dose D is
calculated as a function of Dyc and Dy according to Equation 17, where Dr
was weighted by a factor a.
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Equation 15. Moisture induced dose component Dyc.

0 ifMC < 25%

DMC(MC):{e.MCS_f.MC4+g.MC3—h-MC2+i-MC—j ifMC = 25%

Equation 16. Temperature induced dose component Dr.

D (T)_{O if Tyin < 0°C o7 if Tppay > 40°C
TN kT4 1T —m-T?+nT if Tpyin = 0°C o7 if Tpax < 40°C

Equation 17. Total daily dose D.
D = (a " DT[T] + DMC[MC]) " (a + 1)_1ifDMC > 0 andDT > 0

D = Total daily dose [d]

D= temperature induced dose component [-]

Dwmc = moisture induced dose component [d]

MC = daily average moisture content [%]

T = daily average wood temperature [°C]

Tmin = minimum wood temperature for the day considered[°C]
Tmax = maximum wood temperature for the day considered[°C]
a = temperature weighting factor

ef,g hij kI m n=variables

The best fit for this model against the available data (Brischke and Rapp
2010) was obtained with the following parameters and the final logistic model
function according to Equation 18.

Tab. 4. Parameters representing best fit of logistic dose-response model according to
Equation 18.

a=32 h=7.2210" 1=9.57-10°
e=6.7510" i=0.34 m=1.55-10"
f=3.50-10" j=4.98 n=4.17
g=7.1810° k=1.810°

The total dose over a certain time period is given by Equation 14 and the
decay rating is given by a dose-response function according to Equation 18.

Equation 18. Dose-response function.

DR(D(n)) = 4 - exp (—exp (1.7716 — (0.0032 - D(n)) ))
DR = decay rating according to EN 252 (1989)
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An arbitrary decay rating DR can be defined as limit state and the critical
dose D can be calculated as a function of the total dose for n days
according to Equation 19.

Equation 19. Critical dose D_,;.

Derit = fpr(D(n))

Dcrie = critical dose [d]

Brown rot fungi attacked the specimens only at a few sites, but here decay
proceeded faster compared to white and soft rot decay at a given dosage.
Thus, there were different outliers, where decay developed faster than
predicted from the accumulated dose (cf. Figure 6). Consequently, the model
was later on applied to a larger set of data from field tests, where brown rot
was the dominating decay type (publication 6.7). Based on results from
double layer, lap-joint, and sandwich tests with various softwoods the basic
model was evaluated against brown rot decay. The moisture and
temperature induced dosage was again calculated on the basis of Equation
15 and Equation 16. Solely, the response in terms of decay ratings according
to EN 252 (1989) was different.

In analogy to the first LDR model (publication 6.6) the moisture and
temperature induced dose was clearly correlated with the intensity of fungal
decay (Figure 6). Obviously, exposure to shade led to both, a prolonged time
lag between exposure and onset of decay and a slower progress of the
brown rot degradation itself. Potential reasons for this delay are superficial
growth of algae and other non-decaying organisms on the specimens
exposed to shade and lowered ventilation.

Residual scattering of the dose-response relationship is likely related to the
various wood-destroying organisms themselves, i. e. the specific fungal flora
established on a particular wooden substrate. Consequently, the most
decisive process for service life prediction of wooden structures is the
establishment of fungi representing a certain decay type. This may happen
from very incipient stages of decay or in the frame of a succession, but
remains an almost unpredictable mechanism.

From an engineering viewpoint the most critical hazard needs to be
considered for design and service life planning of timber structures. Hence,
differences in time till colonisation, onset of decay and subsequent decay
progress between various fungi or corresponding rot types need to be
analysed separately. Brown rot decay on wood exposed to sun turned out to
be initiated earlier and preceded faster compared to white and soft rot decay
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at a given dose, even though brown rot fungi do not necessarily demand less
moisture and temperature. The dosage needed to reach a certain limit state
(i.e. decay rating) was up to two times higher for white and soft rot compared
to brown rot decay. Accordingly, establishment of a certain decay type on a
wooden component can influence its service life by up to factor 2.

3.2 Service life prediction

The service life of various wooden commaodities has been estimated on the
basis of long-term monitoring data using the LDR model described through
Equation 18. Therefore, daily measurements of wood temperature and
moisture content were conducted on wooden claddings, terrace decks, and
fence elements (publication 6.9). Service lives of the different commodities
were prognosticated for different limit states, i.e. different levels of decay
progress. As expected the predicted service lives differed between wood
species (e.g. Norway spruce, Scots pine sapwood and Douglas fir
heartwood), between different commodities and different design details. For
instance, the lowest moisture induced dose on fence elements was found on
free ventilated pickets followed by posts, the contact areas between post and
picket where water is trapped, and the ground line area of the posts.
Similarly, the free ventilated terrace decking boards showed the least
moisture induced dosage compared to bearings and contact areas.

The predicted service life of cladding boards turned out to be dependent on
the respective roof overhangs and the distance to ground, which determines
the amount of wind driven rain and splash water on the wall. However, these
effects were partly superposed by the orientation of the walls, which affects
wind driven rain and the re-drying potential in terms of wind and direct solar
radiation, confirming earlier findings by Nore et al. (2007) and Ge and Krpan
(2009).

Besides the reliability of the performance model applied, it became obvious
that the service life prediction accuracy strongly depends on the respective
time period wherefore a span of several years is needed to adequately
consider the climatic variations between years. Even the use of factors
expressing the service life relative to a reference turned out to be significantly
affected by climatic differences between years.

The studies referred to in publication 6.9 used the model based on soft and
white rot decay exclusively. For a more conservative prediction approach a
model based on brown rot decay is needed instead in particular for softwood
species and exposure situations where brown rot frequently occurs
(publication 6.7).
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3.3 Quantification of decay influencing factors

Performance based design requires quantification of decay influencing
factors even more than prediction of absolute service lives in years. As
expressed through the factor method according to ISO 15686-1 (2011) a
global approach is needed to quantitatively consider all internal and external
factors that might affect the performance of a commodity or structure.
Factorisation based on a reference commodity exposed to reference
conditions has therefore become a preferential method for design and
planning (MacKenzie et al. 2007, Thelandersson et al. 2011, Isaksson and
Thelandersson 2013, Isaksson et al. 2014). Nevertheless, factorisation can
also be considered as a probabilistic process (cf. Equation 6) and accurate
models are needed to determine factors for specific parameters. The
quantification of various decay influencing factors has therefore been
addressed in several studies described in publication 6.9, 6.10, 6.11, and
6.14 and is shown exemplarily in the following.

Ideally, the effect of a certain parameter on the resulting service life of a
wooden structure should be determined. This is to some extent intended by
different standard durability test methods (e. g. EN 252, 1989), when for
example the service lives of test specimens exposed in ground are
determined and compared with those of reference materials, such as non-
durable sapwood controls. However, for more durable materials or if the
material is exposed to a less severe environment, the determination of
service lives can take many years or even decades. Alternatively, the dose
needed before decay occurs and thus leading to a certain lifetime can serve
as alternative measure for quantitative factorisation of service life affecting
influences. Different measures describing the effect of decay factors such as
the number of wet days, temperature and moisture induced dose, and the
resulting predicted service life were therefore compared. After at least three
years of outdoor exposure the moisture risk was assessed for different test
specimens (publication 6.8), combined fagade-deck elements exposed to
South and North, fence and terrace elements as well as fence posts with
differently detailed post caps and bearings (publication 6.10).

In summary, the prediction model showed high potential to save time when
monitoring timber products exposed outdoors, in particular under less severe
conditions such as vertically mounted cladding. Differences between wood
species as well as between design details became apparent. More simple
measures such as the number of wet days (here defined as days with
MC > 25 %) did not meet the expectation to the same extent, but can still be
considered as useful alternative indicators. The results of both studies
recommend taking more advantage of the additional information provided by
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continuous MC measurements, in particular for service life and performance
prediction. Similar perceptions have been observed by Brischke et al.
(2014c) in a survey among European scientists working in the field of wood
protection and technology.
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Figure 7. Quantifying the effect of eaves on the moisture-induced decay risk. Top:
Board-on-board cladding with different eaves monitored for several years in Tastrup,
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Exemplarily, the quantification of sheltering effects through roof overhangs
is illustrated in Figure 7. Based on long-term measurements the moisture
induced risk was assessed for three different eaves at different heights on a
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Norway spruce cladding in Tastrup, Denmark. For simple utilization in
performance based design one can estimate the expected dose from the
ratio between eave and distance to the roof edge.

The effect of component dimension on moisture risk and resulting decay
development in timber elements has been studied on Norway spruce and
Scots pine sapwood (publication 6.11). However, from the results obtained
during five years of outdoor exposure no clear effect of the size of the cross
section became evident. The specimen dimension was neither correlated
with wood MC nor with the decay development. Regarding onset and further
development of decay cracks as well as contact faces turned out to be weak
points, but interior rot was observed as well. Brown rot, which occurred
predominantly in the specimens, was partly difficult or even impossible to
detect from outside. Likely due to deviating ways of infection brown rot fungi
were able to cause severe degradation also in small-dimensioned samples.

A further study focused on the effect of the material inherent resistance on
the performance of timber bridges made from English oak (publication
6.14). In total, elements from six different bridges in the city area of
Hannover, Germany, were studied and drilling cores were sampled for
comparative laboratory resistance tests against brown, white and soft rot
causing fungi. Keeping all factors, such as site, wood species, and bridge
element constant allowed identifying differences in the inherent resistance
within one species and their potential effect on the outdoor performance of
the respective timber structure. Nevertheless, many other factors, in
particular the microclimate at the different bridge details, were superposing
the effects of material-inherent resistance and larger sampling size would be
needed to establish correlations in a sufficient quantitative manner.
Factorisation turned out as a feasible and simple way of quantifying the effect
of various agents on performance and service life of wood products.
Furthermore, the efficiency of protective design measures, such as
sheltering, drainage, or coatings, can be quantitatively described through
factors. However, all these factors that will be used subsequently for
performance modelling and service life prediction need to be established on
the basis of hard experimental data rather than on expert opinion and
guesses.

Therefore, a dosimeter model considering direct key factors such as wood
moisture content and temperature is proposed, since it allows for describing
various indirect influences. To some extent it can also be used to quantify the
effect of the material-inherent resistance of wood, which is basically
determined by two parameters, wood ingredients and moisture dynamics.
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Since the latter directly affects the moisture induced risk for fungal decay of
wood, its effect can be described by a dosimeter model as well.

3.4 Durability testing

3.4.1 Variability factors

Traditionally, the durability of wood is determined in laboratory decay tests or
field tests with ground contact, even though it is commonly accepted that
results from those tests cannot be transferred directly to less severe
exposure situations, for instance when timber is exposed above ground. The
durability and performance of wood was exemplarily studied on European
oak (Quercus robur and Q. petraea). The durability of oak wood is one of the
most controversially discussed and was therefore of particular interest.
According to EN 350-2 (1994) European oak is classified as ‘durable’
(durability class DC 2). Results from laboratory tests against different fungi
confirmed or even exceeded this durability classification. However, further
results indicated an intra-specific variability of European oak wood with
remarkable percentages of less durable timber (e. g. Aloui et al. 2004, Humar
et al. 2008, Meyer et al. 2014, Plaschkies et al. 2014).

Laboratory decay tests with brown, white and soft rot fungi as well as in-
ground and above ground tests at different sites were conducted and
compared with respect to the durability classification obtained (publication
6.12). Furthermore, fence posts and bridge structures made from English
oak, which had been in service for different time periods were investigated
(publications 6.13 and 6.14). The comparative laboratory and field studies
revealed significant discrepancies between the different tests and compared
to the current European normative durability classification. The full spectrum
between DC 1 (laboratory decay tests with basidiomycete monocultures) and
DC 5 (laboratory and field tests with soil contact) was obtained.

Besides differences in durability caused by test methodology, the results from
this study as well as many further reports indicate a remarkable intra-species
variation of resistance. This was further supported by the findings from a
case study on split fence posts which had been in service between 5 and 60
years (publication 6.13). The durability of the oak posts was affected by high
variation. Posts prematurely failing after only 5 years were found as well as
posts still serviceable after 60 years. Similarly, the resistance of oak samples
taken from six different timber bridges turned out to vary significantly in
laboratory decay tests with basidiomycetes and in unsterile soil (publication
6.14) and it was in most cases attributed to varying performance of the entire
components in service.
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In summary, the results strongly recommended to define durability separately
for different in-use conditions (e. g. for different use classes or organism
groups occurring under different exposure conditions). Furthermore, intra-
specific variations in material resistance need to be considered for service life
planning to avoid unexpected premature failures.

3.4.2 Variation in ground

The durability of wood, in absolute as well as relative matters, is itself
affected by the exposure conditions. This has been shown for above ground
test results from test sites all around the globe in publication 6.2. The same
is expected for in-ground exposures as well. Publication 6.15 and 6.16 are
focusing on in-ground durability with respect to variations of the soil
substrate. Comparative field trials with different soil substrates showed that
decay rates differed significantly between field soil containing substrates and
those containing no natural soil, such as sand, gravel, and concrete. The
effect of adding fertiliser, turf, and bark mulch to the field soil was negligibly
small. Less fertile substrates such as sand and concrete delayed the onset of
decay (lag phase), but did not reduce the rate of decay once it had started.

In a second study (publication 6.15) the variability of fungal decay was
examined within one test field. Distribution of decay types and intensity were
exemplarily examined on 666 specimens in total in the field in Hannover-
Herrenhausen, and related to different soil parameters. All three main types
of fungal decay, white, brown, and soft rot, were found in the field, but varied
significantly in frequency and spatial distribution. The field was clearly
dominated by white and soft rot decay, but showed some spots with
aggressive brown rot often caused by Leucogyrophana pinastri. The
assessments showed that small areas with high decay activity of a certain
type can easily be included or excluded.

In reverse, this might also explain extreme variations in service life when it
comes to real structures. Premature failures likely occur when a wooden
component is exposed to a ‘hot spot’ with well-established and active decay
of a certain kind. Consequently, randomised distribution of test specimens
needs to be assured even on relatively small in-ground test sites.

3.4.3 Alternative durability measures for above ground exposures

In particular in above ground situations the durability and performance of
wooden components is affected by the moisture-induced risk. While wood in
ground contact is assumed to be constantly wet — or at least wet enough to
facilitate fungal decay — the moisture regime above ground is varying a lot
and is additionally influenced by the moisture dynamics of the wood material
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itself. Publication 6.8 focuses therefore on assessing alternative durability
measures related to the moisture performance of wood. Results from above-
ground tests including continuous wood moisture content monitoring were
analysed. Decay ratings from horizontal double layer tests were compared
with different moisture related indicators. In addition, facade-deck elements,
sandwich and lap-joint specimens were monitored. Both, time of wetness
(here: days > 25 % MC) and the total dose D (see Equation 18) turned out to
be useful indicators for the moisture performance of most wood species
tested under different exposure conditions. Furthermore, it became obvious
that the moisture performance of timber also strongly depends on the
exposure situation. With increasing severity of exposure, durability decreased
for most species.

For predicting the outdoor moisture performance of wood-based materials
different laboratory water uptake tests were conducted. With rising water
uptake during 24 h submersion or exposure at 20 °C/ 100 % RH the total
dose determined on horizontal double layer specimens in the field increased.
However, as subsequently shown by Brischke et al. (2015) desorption and
capillary water uptake are needed to obtain a more pronounced correlation
between laboratory indicator and outdoor moisture performance. This
approach is thus proposed as an alternative or additional tool to previously
reported indicators (Rapp et al. 2000, Van Acker et al. 2014).

3.5 Performance based design

Up to date the building sector still treats durability testing, service life
prediction and life cycle analysis (LCA) separately. LCA studies frequently
need to deal with assumptions for expected service lives rather than with
experimental results (e. g. Ortiz et al. 2009, Menzies 2013, Takano et al.
2015, Yeh 2014). Integrated approaches are still rare (Miller et al. 2015).

The basic principle of performance models is to separate exposure and
resistance, i.e. the material resistance of wood based products. Performance
criteria can be defined by a limit state - in this thesis certain levels of fungal
degradation, e. g. onset of decay. This approach has the advantage that the
exposure can be expressed as a function of global and micro climate, design
level and surface treatment in a general way and independent of the exposed
material. In principle, the material resistance can also be expressed in the
same way independent of the design situation.

However, since both, material resistance and exposure, depend on the
potential deteriorating agents present, dose-response relationships need to
be determined separately for different exposure situations. Figure 8 illustrates
the concept of performance prediction based on a combination of exposure
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dose and material resistance for different groups of deteriorating organisms

as suggested by Suttie et al. (2013).
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Figure 8. Conceptual charts for classifying performance in terms of service lives for a
combination of material and exposure parameters (according to Brischke et al. 2014).
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A first attempt to utilise performance models and corresponding data for
design of wooden constructions was developed within the European research
project ‘WoodExter as described in more detail in section 1.2.2. In the frame
of the Swedish research program ‘WoodBuild’ this design guideline was
further developed and numerous decay influencing factors were quantified on
the basis of experimental data from long-term monitoring using the LDR
model (cf. Equation 18; Isaksson et al. 2014).

Besides the various environmental factors such as global and micro climate,
driving rain, sheltering, distance to ground, and detail design also the
material resistance was expressed for the first time as dose, ie. the
resistance dose Dgry (Equation 5, section 1.2.2). Dgy is hereby determined as
the product of a critical dose D¢ and two factors representing the wetting
ability (kwa) and the inherent protective properties (kinn) of wood. Experimental
data for describing the inherent protective properties may be taken from
laboratory or field durability tests for many materials. In contrast, data
characterising the moisture dynamics of wood are rare. Comparative studies
determining factors for both, wetting ability and protective properties, for the
same wood-based materials did not exist previously. A first attempt to verify
this design concept has therefore been made by Brischke et al. (2015):

A comprehensive data set was obtained from laboratory durability tests and
ongoing field trials in Norway with 21 different wood species. Supplementary,
four different wetting ability tests (24 h submersion, 24 h exposure at
100 % RH, 24 h desorption, and capillary water uptake in a tensiometer)
were performed with the same material. Based on the dose-response
concept decay rates for specimens exposed above ground in horizontal
double layer tests were predicted on the base of the different indicating
factors. A model was developed and optimised taking into account the
resistance of wood against soft, white and brown rot as well as the relevant
types of water uptake and release. Norway spruce was used as reference
species in all tests in accordance to the design guideline by Isaksson et al.
(2014). Verification of the model was done using above ground field test data
from three different test sites in Norway. The model was found to be
reasonably reliable and it had the advantage of being implemented into the
existing engineering design guideline. Figure 9 shows the relationship
between the relative resistance dose calculated on the base of the various
laboratory and in-ground tests and the mean relative decay rate of above
ground specimens determined at the three Norwegian test sites.
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Figure 9. Mean relative decay rate of horizontal double layer specimens averaged for
three Norwegian test sites versus relative calculated resistance dose Dg,. Reference
species Norway spruce is marked. Wood species with a relative resistance dose (rel.
Dg,) < 1.0 were excluded (taken from Brischke et al. (2015)).

For the first time a model approach based on the combined effect of wetting
ability and durability to predict field performance of wood has been applied to
long-term field test data and was found to be feasible. Further improvements
of the approach can include climatic aspects as well as the effect of crack
formation and other ageing agents.

3.6 Potential effects of climate changes on the performance
of wood-based products

Climate changes were discussed in many disciplines during recent years.
The discussion mainly focused on three aspects: the significance of climate
changes, anthropogenic sources for climate changes and finally potential
consequences on ecological and economical patterns. In principal each
chemical, physical and biological reaction and every other moisture and
temperature induced process is potentially affected by climate changes.
Hence, global warming and corresponding moistening may also affect the
durability of wooden components, since it is directly affected by the material
climate.

Therefore, in publication 6.17 a first attempt was made to quantify the
influence of climate changes on wood decay rates for various scenarios. The
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climate induced dose occurring in horizontal double layers has been
estimated on the basis of the decay model described above (Equation 18).
Critical doses necessary to reach a mean decay rating 2 (moderate decay)
were calculated based on long-term monitoring of Scots pine sapwood and
Douglas fir heartwood specimens exposed at the sites Uppsala, Portsmouth,
Freiburg, Bordeaux, and Zagreb. In addition to the current climate conditions,
the annual dosage and resulting service lives were prognosticated for a
homogenous warming by 1, 2, and 3 K. A homogenous warming by only 1 K
led to a reduction of the expected service life of between 5 and 18 %. The
percentage of the reduction of service life was higher for the more durable
Douglas fir. An increase by 3 K corresponded to 20 — 38 % reduction of
service life to be expected. While in some regions, e. g. in the Mediterranean
countries droughts are forecasted, in other regions warming is expected to
come along with increasing rainfalls. At currently rather dry places like
Bordeaux a homogenous increase in wood moisture content by 10 %-points
would lead to service life reductions of between 57 and 68 %.

In order to get more realistic values it would be necessary to translate the
complex prognosticated climatic changes more precisely into daily changes
of wood MC and temperature. Furthermore, seasonal variations need to be
considered. However, even though this study worked with strongly simplified
auxiliary conditions, the partly drastic effects of climate change on the
durability of wood became evident. The quantity of climate induced changes
strongly depends on the geographical position and the present climate.

56



4 CONCLUSIONS AND OUTLOOK

4 CONCLUSIONS AND OUTLOOK

From the various surveys and experimental studies regarded in this thesis it
became obvious that instruments are needed to break up the rigid traditional
ways of durability and efficacy testing as manifested in European standards.
To pave the way for performance based building and design, durability
testing needs to be linked to service life prediction as well as life cycle
analysis and life cycle costing. It has been shown that well-functioning
performance models, transparent test data, and a universally applicable set
of instruments are needed to deliver reliable wood-based components of
controlled durability with minimum maintenance needs and life cycle costs. A
tool that is considered universal on the one hand, should be specific for
certain applications on the other hand.

The model type developed and applied within this thesis describes dose-
response relationships, but can also provide resistance dosage when
combined with a set of feasible methods to characterise inherent protective
properties and the moisture dynamics of wood in a quantitative manner.
Respective test protocols have been developed and used to verify the
models.

The set of models described in this thesis will be able to predict service lives
as absolute numbers in years, and allow discrete quantification of decay
influencing factors as relative values. This factorisation approach can further
be used for implementation in design guidance as well as for performance
prediction. Nevertheless, the models developed on the base of field test
results so far turned out to be decay type specific. Therefore, further
validation and modification of the models where necessary will be a task for
the future.

The system containing different laboratory and field test methods as well as
mathematical models to quantify the dose response relationship between
climatic parameters and fungal decay was developed and verified for
numerous wood species and exposure situations. Therefore, different
approaches were followed to achieve i.) precise service life prediction, ii.)
quantification of decay influencing factors (factorisation), and iii.) a
performance classification system considering material resistance and
moisture dynamics of wood-based products.

The upcoming revision of the European standard EN 460 has the potential to
generate opportunities for implementing a dosage based design concept
addressing both, exposure and resistance of wood based products. Since
EN 460 shall serve as interface between the user and the various ‘wood
protection standards’, it will be useful to undertake further surveys to identify
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the needs and demands of different target groups such as the wood-working
industry, traders, architects and planners, engineers, local authorities, and
finally end-consumers. More information is needed about acceptance and
tolerance of performance deficits as well as service life expectations. In this
respect, the focus also needs to be on linking performance with the
respective consequence of failure, which needs to get harmonised with
relevant Eurocodes. Furthermore, from an engineering viewpoint the
reliability of single instruments as well as the entire standardisation body
needs to be quantified. Still there is an evident need to solve how statistical
variations as well as safety margins can be adequately considered for
performance based building with timber products. This does also require
improving the quality of test data with respect to availability, transparency,
and additional information, e. g. with regards to moisture and climate
parameters.

Information about regional peculiarities and markets become increasingly
important in a globalised world. However, currently it is a task for national
authorities to deal with the adaptation of standards in their countries. Setting
thresholds and defining safety margins may be operated on national level.
Guidance on how to treat climatic differences within and beyond Europe
should be provided on a European or even international level. For a better
handling of differences in climate induced hazards it will therefore be
beneficial to develop more precise and more reliable climate models.
Respective work has been initiated and will be linked to performance
prediction on macro, meso or even local level.
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Abstract

Standardization work in the field of wood durability and preservation is managed, at the European level, by the technical com-
mittee TC 38 ‘Durability of wood and wood-based products’ of the European Committee for Standardization (CEN).
Producing sustainable wood-based materials is challenging. A crucial aspect of their provision is reliable standards that take
consideration of both the expectations of end-users and the broad set of parameters that may influence the service life of
wooden components such as exposure to moisture, climatic variations and design. In order to reach these objectives, most
CEN/TC 38 standards are currently being revised based on the recent scientific, technological and legal developments in the
field of wood protection. There is an increasing need for performance classification of wood products in construction and to
radically consider how wood durability test methods and standards can inform on service life and how they might be translated
into a performance classification system. This paper describes the changes during the past 5-10 years in Europe and how the
trajectory of standards development is now on a different pathway. Classification and service life demands are described as well
as current approaches to consider key issues such as material resistance, moisture risk and adaptation of existing standards.

Keywords: CEN/TC 38, service life prediction, performance standards, moisture risk, time of wetness, material resistance, use class

Introduction WG 23: Fungal testing

WG 24: Insect testing

WG 25: External factors

WG 26: Physical/chemical factors
WG 27: Exposure aspects

WG 28 Performance classification

Standardization work in the field of wood durability
is managed, at the European level, by the European
Committee for Standardization technical committee
(CEN/TC 38) ‘Durability of wood and wood-based
products’, which is a part of a huge network of
interconnected entities including the European
Commission, National Standardization bodies, etc.
as illustrated in Figure 1. Its goal is the elaboration
of standards for wood preservatives and preservative-
treated wood, modified wood and untreated wood,
developing terminology, analytical methods, biolo-
gical tests, classifications and specifications in
accordance with the market needs and European
regulations. CEN/TC 38 is organized in the follow-
ing eight working groups (WQG):

So far some 50 standards have been adopted by CEN/
TC 38, their objectives including ensuring quality
and satisfying consumer expectations, eliminating
trade barriers, harmonizing the methods used in the
sector of wood protection, thus facilitating the under-
standing between producers and users, and promot-
ing sustainable development by delivering reliable
wood products with an adequate service life.

The European landscape of wood protection has
changed considerably during the past two decades.

e WG 21: Durability — classification An example is the new wood-based products, whose
e WG 22: Performance — assessment and durability has been enhanced with the help of non-
specification biocidal processes that have entered the wood
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Figure 1. Organizational structure of CEN

construction market (e.g. Hill 2007, Jones 2012,
Scheiding and Welzbacher 2012). In addition,
national forest sectors have put effort into promoting
national resources, with the objective of increasing
the use of native untreated wood — often by offsetting
low durability through optimized design, adapted to
wood products’ targeted conditions of use. Euro-
pean regulations also encourage manufacturers to
develop products which are more efficient and less
harmful for the environment and human health, and
whose performance takes into account end-user
expectations. These developments have resulted in
a gradual shift in the global approach from tradi-
tional ‘wood preservation’ to ‘wood protection’,
which is a more general concept based not only on
the inherent characteristics of the material itself
but also on its interactions with the environment
(design, maintenance, exposure and moisture risk).

New products, processes and construction rules
require validation tools to ensure their reliability and
future development. In this challenging context,
CEN/TC 38 is the main source of methods for
assessing the characteristics of new products and as
such it plays a key role. Several essential issues
crucial for the future improvement of standards are
now discussed here.

Compliance with EC regulations

CEN/TC 38 plays an important role in providing
manufacturers with adequate qualification methods
for their products, thus helping them to meet the
requirements of European regulations such as the

construction products regulation (CPR, EC 2011)
and the biocidal products regulation (BPR, EC
2012), recently adopted by the European Commis-
sion (EC) and replacing the corresponding directives
(89/106/European Economic Community and 98/8/
EC). Both regulations have a major impact on the
wood industry, including the field of wood preser-
vation. They compel us to assess the performance of
wood-based products and wood preservatives as well
as the risk management and resource efficiency in
the wood protection sector. Recently, some overlap
regarding the specific requirements of the two
regulations has been identified. Consequently, it is
crucial to ensure efficient communication between
CEN/TC 38 and the wood product technical com-
mittees (T'Cs) related to topics which have already
been handled by CEN/TC 38.

Dealing with new products

Because of the history of CEN/TC 38, the current
standards are meant for the assessment of the
efficacy of wood preservatives and the inherent
resistance of wood species. No specific standards
have been developed yet for assessing the resistance
and performance of new wood-based products
whose durability has not been enhanced with the
help of biocides (such as thermally modified timber,
modified wood, glue-laminated wood, wood-based
panels, wood polymer composites, wood treated
with water-repellents) and the existing standards
are typically inadequate for their qualification.
Furthermore, the desired as well as expected
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durability of a certain product may vary signifi-
cantly between different exposures. This is illu-
strated in Figure 2 for thermally modified ash,
which can suffer from permanent wetting, e.g.
when it is exposed in ground contact.

This raises the question of adapting the existing
standards and efficacy tests to innovative technolo-
gies of wood protection, to make them suitable for
all wood products and durability enhancement tech-
nologies. For example, resistance against basidiomy-
cetes shall be assessed according to the standard EN
113 (CEN 1996) for preservative-treated wood and
the standard CEN/TS 15083-1 (CEN 2005) for
untreated solid wood, but no further guidance is
given for thermally and chemically modified wood
(e.g. CEN 2008, Plaschkies et al. 2010, Bollmus
2011, Bollmus et al. 2012).

The first step is currently being achieved in the
framework of the revision of the European standard
EN 350 (CEN 1994a, 1994b) ‘Natural durability of
solid wood’, parts 1 and 2, which is one of the
fundamental standards developed by the CEN/TC
38. Agreement has been reached on enlarging the
scope of this standard to wood-based materials,
which are defined as ‘Any processed homogeneous
matrix containing and/or made of a defined percent-
age of wood’. Particular attention should be given to
the selection of samples to be used in the assessment
of the durability of such products. Especially, the
sampling should take into consideration the variab-
ility of the material for heterogeneous products.

Selecting reliable references

The origin of test specimens and the number of
replicates are of great importance for the validity of
the test results. Moreover, to ensure that the tested
material is representative of the marketed product,
especially in those cases where the material to be
tested is modified wood or a processed wood-based
product, it may be necessary to include samples
collected from more than one production batch and
to provide further details concerning the sampling
procedure prior to initiating the tests.

Additionally, it is necessary to include reference
products or materials in the test protocols in order to
validate the results and to allow for their interpreta-
tion. Many questions have been raised about what
should be considered a ‘good’ reference. When
testing the efficacy of wood preservatives, it is
common practice to include products which have
previously demonstrated high levels of efficacy as
references. However, some of these products, such
as CCA (copper chromium arsenic; extensively used
as a reference biocidal product, mainly for field
tests), are nowadays banned from the European
market or not registered in the framework of the
BPR. However, the fact is that member states differ
in their approach to this controversial matter, some
allowing the use of such products, some preventing
it and some undecided. Regarding the BPR, it
appears that this European regulation does not
provide exemptions allowing for the use of prohib-
ited substances for research and/or development

Figure 2. Testing thermally modified ash (Fraxinus excelsior L.) in the field under differently severe exposure conditions in Hannover,
Germany. Left: severe white rot decay after 2.5 years exposure in ground according to EN 252 (CEN 1989). Right: sandwich specimen after
2.5 years above ground exposure without signs of decay (Photos: L. Meyer & Ch. Brischke)
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purposes, which mean that the standards requiring
the use of reference products prohibited on the
European market shall be consequently modified
and propose other reference products.

When enlarging the scope of what admissible
products to untreated wood and to non-conven-
tional products such as modified wood, the question
of reference products is even more complicated.
Does a reference product or material has to be the
best possible one for a given application? Should all
the laboratories performing durability tests rely on
the same references? One option to consider in the
future is using different internal references that are,
simply, well known and easy to apply products and
which exhibit low variability of the results. The aim
of reference products and materials is to allow
comparison and benchmarking with other products
such as wood preservatives or materials such as
wood species or engineered wood-based products.
Consequently, a reference product could be a wood
species treated with an extensively tested biocide or
untreated wood of a species whose durability is
known to be very constant and ideally independent
of the age of the tree or of its geographical origin.
For example, Scots pine sapwood and beech, which
are the species used at present as references in EN
350-1 (1994a), show variation ranging from 30 to
60 % in their mass loss when exposed to decay
fungi, which makes their status as reference species
questionable.

Handling data variability and reliability

Paying attention to variability in test methodologies
and data analyses is essential, especially for hetero-
geneous biological materials such as wood (Larsson-
Brelid ez al. 2011, Brischke et al. 2013b, De Windt
et al. 2013). Increasing the number of test specimens
usually not only improves the reliability of test
results but also increases their cost. Therefore, it is
important to optimize the amount of delivered data
and to select the most relevant approaches making
the characterization of the products possible, without
presenting unnecessary cost burdens on those pro-
curing the tests.

The variability which is often observed in the
results of durability tests results from the variability
of both the operators and the tested material itself.
Variability among laboratories and/or technicians
performing the same tests is frequently reported
(e.g. Peek er al. 1999, Acker Van er al. 2003,
Brischke ez al. 2013a, Klamer ez al. 2013). Although
the same standards and protocols are used, their
levels of complexity and the fact that the assessment
criteria are often qualitative, and thus more subject-
ive than quantitative criteria, explain why different

results may be obtained. The variability of the tested
material can be due to sampling, but also due to its
intrinsic characteristics, which are influenced by the
origin and the age of the tree and the position the
test samples are taken from within the tree. When
selecting a set of samples to be as similar as possible,
the variability of the test is accounted for, but cannot
be fully prevented. On the other hand, a certain
number of sources (assortments) should be consid-
ered to assure representativeness of the test results.

The classification of the natural durability or
biocidal efficacy is generally based on the mean or
median values of the recorded data. However, the
spread of individual values is sometimes wide, which
makes the interpretation of the data complicated.
Expressing the results in a way that will provide
customers with relevant information regarding the
level of natural durability is one major challenge for
the future.

Another source of variability is misguided attempts
to correlate two evaluation approaches, laboratory
tests and field tests, which are totally different and do
not involve the same microorganisms (e.g. Brischke
et al. 2011, Mathieu er al. 2013). Laboratory tests
usually involve a limited number of strains of white
rot and brown rot fungi that are carefully referenced
and maintained; in field tests, the fungal species
involved in the degradation of wood are almost never
identified and, therefore, largely unknown (Figure 3).
Consequently, laboratory tests only allow assessment
of wood resistance to a well-known set of decay fungi
and provide no information on how this wood will
perform in the field.

The major risk of underestimating the importance
and the impact of high variability, and thus of neglect-
ing implementation of robust statistical approaches, is
that manufacturers, users and authorities may be
supplied with data whose reliability is doubtful. The
statistical approach in CEN/TC 38 standards is being
strengthened in order to deliver robust methodologies
to the laboratories performing durability tests and,
consequently, deliver more reliable wood-based pro-
ducts to the market.

Assessing natural durability and performance

The natural durability of a wood species is defined as
its inherent resistance to wood-destroying agents; it
can vary widely depending on the age of the tree, its
geographical origin, and the growing conditions.
The European standards EN 350-1 (CEN 1994a)
and EN 350-2 (CEN 1994b) are widely used by the
wood industries as the reference document which
provides information on the resistance of wood
species used mainly in the construction sector
against decay fungi, wood-boring beetles and
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Figure 3. Examples of rot causing fungi not represented as obligatory test fungus in recent European standards, but frequently found on
field test samples and timber structures. Left: white rot by Hypholoma sp. on Douglas fir heartwood (Pseudotsuga menziessii Franco.) exposed
in ground in Hannover, Germany (Photo: L. Meyer). Right top: brown rot by Serpula himantioides on buried test stake at Oléron test site,
Southern France (Photo: R. Griindlinger). Right centre: brown rot decay by Leucogyrophana pinastri on Scots pine heartwood (Pinus
sylvestris 1.) exposed in ground in Hannover, Germany (Photo: L. Meyer). Right bottom: brown rot on above-ground exposed thermally
treated beech (Fagus sylvatica L.) after eight years exposure caused by Dacrymyces sp. (Photo: Ch. Brischke)

termites. The standard also refers to the appropriate
standards for testing these properties of wood and
interpreting the results. However, the natural dur-
ability classes given in EN 350-2 (CEN 1994b) are
based mainly on the results of field tests performed
in situations of exposure corresponding to the use
class 4 (UC4) as defined in EN 335 (CEN 2013) as
well as long-term experience and expert advice.
Consequently, (1) their relevance compared to cur-
rent test methods and current timber sources (e.g.
plantation grown timber) is uncertain and (2) the
durability classification is only relevant for UC4 and
is difficult to apply to other situations of outdoor use
(UC 3.1 and 3.2) without further testing or expert
opinion. After examining the current situation of the
wood protection market and the shortcomings of the
existing EN 350 standard (CEN 1994a, 1994b), the
expert group in charge of its revision decided to
introduce some major changes. Inherent resistance
of a wood-based product should not be interpreted
in terms of use class and should be totally independ-
ent of the environment in which the material will be

placed. Conversely, its service life, or performance,
being obviously environment dependent has to be
expressed in terms of duration, not as a relative
classification. Based on these considerations, the
decision was made to define test methodologies
suitable for determining both natural durability
against wood-destroying organisms or performance
in real-use conditions.

To determine natural durability, a single laborat-
ory test should be used in order to provide a robust,
easy and quick methodology that can be applied by
all laboratories with a good level of repeatability. To
determine performance, a relevant test methodology
should be selected based on the intended final
end-use of the product (in-ground = use class 4 or
above-ground = use class 3.1 or 3.2 conditions).
Performance is expected to vary depending on the
selected test field and test methodology. The aim is
to determine to which extent a wood species can be
tested as closely as possible to the real-use condi-
tions of the intended wood product (e.g. cladding,
decking, window joinery and fence posts).
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Considering the moisture risk as a factor
influencing performance

The penetration of water when wood is exposed to
humidity and the rate of release when wood is allowed
to dry have a significant influence on determining
performance and expected service life. Permeability
to water is likely to vary between different regions of
the stem (e.g. between sapwood and heartwood).
Because permeability to water is one of the key factors
affecting the performance of a wooden component as
it controls the possibility of fungal decay, one may
assume that, for an equal level of natural durability to
decay fungi, the performance would be better for
wood species with lower levels of permeability to
water. Consequently, wood species that are less
permeable to water are expected to perform better
than permeable species in use classes where wood is
exposed to intermittent wetting (for instance in UC
3.1 applications such as partially sheltered cladding).
Because no harmonized European standards have
been developed yet, CEN/TC 38 decided to start
work out on a draft document to address this issue.
Inter-comparison tests have been initiated in 2013 in
the framework of the PerformWOOD research pro-
ject in order to compare different methods applied
both across Europe and at the national level to
measure wood’s permeability to water. The results
of these tests will provide a useful outcome allowing
for the development of a new European standard.

Time of wetness is also a key factor for fungal
development and should not be neglected, in par-
ticular for use classes UC 2, UC 3.1 and UC 3.2
(CEN 2013). Time of wetness is affected by envir-
onmental parameters, including design, building
physics, exposure and maintenance, which have a
remarkable effect on performance and vary greatly
across Europe. No internationally agreed methods
for assessing these parameters exist (Meyer er al.
2013), but various national approaches based on
experience take them into account.

Assessing performance

In their present form, CEN/TC 38 standards almost
exclusively consider the material and not the final
products such as windows or wooden poles. The
general approach to performance, which can be
defined as the level of ability to withstand deteriora-
tion over time, focuses mainly on material resistance
(natural or enhanced by preservatives) and not on
the primary influence of external factors such as
moisture risk, design, exposure and maintenance.
Biological durability is the key factor determining the
performance of wood in different use classes, but
numerous factors contribute to the likelihood of a

worst-case scenario occurring in practice, such as
exposure, geographical location, moisture risk,
maintenance or presence/absence of wood-destroy-
ing agents.

The existing standards offer little or no informa-
tion about the performance of wood-based products
in a context of constantly increasing expectations of
customers and end-users regarding information
about the service life of treated and untreated
products or commodities in real-use conditions
(indoor, outdoor, above-ground or in-ground con-
tact, etc.). However, since its creation in 2010 the
new CEN/TC 38 working group 28 ‘Performance’,
the approach to durability and performance classi-
fication have been changing. The future of sustain-
able wood products clearly relies on having a system
of standards that can adapt to real-world practice
and provide better service life or performance clas-
sification information. Moreover, evaluation of the
performance of wood and wood-based materials will
provide the wood sector with data supporting the
seventh essential requirement of the construction
products directive (CPD/CPR).

The major difficulty regarding the assessment
of performance is that the development of ade-
quate methods requires models capable of predicting
performance in a quantitative and probabilistic for-
mat. The relation between performance during test-
ing and in service needs to be quantified in statistical
terms, and the resulting predictive models need to be
calibrated to provide a realistic measure of service life
including a defined acceptable risk of non-conform-
ity. A combination of tests which allow estimating the
so-called ‘moisture risk’ (depending on geographical
location, climate, exposure and also wood permeab-
ility to water which can be measured) and field tests or
accelerated semi-field or laboratory tests in which the
wood-based material is exposed to both weathering
and wood-destroying organisms could be the first step
towards predicting how this material will perform in
service.

Most of the challenging questions raised above are
currently being discussed in the framework of the
PerformWOOD project (Figure 4). This project’s
main objective is to kick-start the development of
new standards to enable service life specification of
wood and wood-based materials for construction.
This is crucial for ensuring future sustainable use of
European forests, guaranteeing that customers of
wood products get satisfactory and reliable products
and providing supplementary evidence for life cycle
evaluations of construction products. Simplifying
EN standards in order to facilitate their use in
practice is also an essential objective to be reached
in the future.
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The performWOOD approach

Background and motivation

The construction sector is under pressure to
improve its cost effectiveness, quality, energy effici-
ency and environmental performance and to reduce
the use of non-renewable resources. A key issue for
the competitiveness of wood is the delivery of
reliable components of controlled durability with
minimum maintenance needs and life-cycle costs.
The importance of service-life issues is reflected in
the CPD with its six essential requirements, which
should be fulfilled by construction products during a
‘reasonable service life’.

In parallel, the increasing European softwood
resource (which is largely non-durable) needs be
utilised sustainably which demands the appropriate
use of protection systems to enhance durability. The
development of performance standards by CEN for
wood preservatives in Europe has largely been driven
by the CPD which specifies one durability class into
construction, class 1 (very durable). This is ensured
by a suite of biological tests in the laboratory and the
field (EN 599-1, CEN 2009), which derive pass
criteria related to test timber species or control wood
preservatives.

Research into the performance of wood and
treated wood ranges from early predictive methodo-
logy (Purslow 1977), predictive models (Leicester
et al. 2003), service life prediction research (Tang
Engelund ez al. 2009, Brischke and Rapp 2010,
Brischke er al. 2010, Suttie and Englund 2010, Van
Acker et al. 2010) to current advanced modelling
(Bornemann et al. 2012) and research (Brischke
et al. 2011, Thelandersson et al. 2011, Wang and
Morris 2011, Van Acker et al. 2012). There is a
considerable wealth of existing research and know-
ledge. PerformWOOD focuses on the consolidation
of the technical background for standardisation to
deliver a new standardisation document on the
service life performance of wood in construction.

Sustainability for construction products centres on
life cycle assessment (ILCA) and environmental
product declarations in practice, with ranking and
comparison in numerous tools and databases. Piv-
otal to tackling the need to reduce impacts of the
construction industry is to reduce the embodied
impacts of the materials and processes and ensure
that they deliver reliable, meaningful function and
service lives.

Existing durability test standards are largely
mature and were developed for the assessment of
wood preservative technologies and the determina-
tion of the natural durability of wood species. Now
there are numerous ways of enhancing durability of a
wood product such as wood modification, coatings,

improved design and use of water repellents. The
tests were exacting but collectively used to determine
if a treatment was fit for purpose in a specific end
use. More recent activity in the PerformWOOD
project has concentrated on an accelerated pro-
gramme of activity to tackle:

o Material resistance and classification, where the
ongoing revision of EN 350 (CEN 1994a,
1994b), have enable consideration of including
permeability to water moving closer towards
material resistance (Brischke ez al. 2013a, Kut-
nik 2013).

e Moisture dynamics and time of wetness, where
ongoing work seeks to gather considerable new
data on moisture regimes in wooden test speci-
mens (Van den Bulcke ez al. 2011, Bornemann
et al. 2013, Brischke et al. 2013b, Fredriksson ez
al. 2013, Meyer et al. 2013).

e Data handling and variability, as different stat-
istical tools are applied to biological test data to
begin to understand the best way to present
variability and distribution data (De Windt ez al.
2013, Frihwald Hansson ez al. 2013, Van den
Bulcke ez al. 2013).

e Modelling and estimation of service life
approaches, considering engineering approaches
and combinations of key parameters (Hansson
et al. 2013, Suttie et al. 2013, Thelandersson 2013).

The approach for the development of new standards
to enable the service life specification of wood and
wood-based materials for construction has a logical
progression that includes their aggregation of prop-
erties and tests (data handling, physical and biolo-
gical tests and moisture risk), their application
(service life expectations) and their standardisation
(modification of existing standards and drafting of
new standards, especially with regard to the user
interface). Figure 5 shows the stages of the project
and some of the innovations and collaborations that
are occurring or are needed.

Performance classification

Service-life prediction or planning is a process for
ensuring that, as far as possible, the service life of a
building will equal or exceed its design life, while
taking into account (and preferably optimising) its
life-cycle costs. For a long time, the international
organisations Conseil International du Batiment
(CIB) (International Council for Research and
Innovation in Building and Construction) and
RILEM (International Union of Laboratories
and Experts in Construction Materials, Systems
and Structures) have been leading this development,
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Figure 5. Conceptual chart for determine ‘performance classes’ for a combination of material and exposure parameters

which has had an impact on standardisation work
nationally, regionally and globally through ISO
(International Standardization Organisation). Dri-
vers for establishing service-life planning methodo-
logy and routines include the need for building
owners to be able to forecast and control costs
throughout the design life of a building or construc-
tion. It also influences the reliability of constructed
assets, and hence the health and safety of users.

Biological durability is the key factor determining
performance for wood in different use classes. The
robust laboratory and field test methods that exist
make it possible to assign a durability rating to
timber linked to the intended use class according to
EN 335 (CEN 2013), assuming a worst-case scen-
ario. Other factors determine the likelihood of the
worst-case scenario occurring in practice.

However as noted earlier, the majority of CEN/TC
38 efficacy tests are relevant to preservative-treated
wood. The system involves a framework in which
specifications for preservation can be made on a
country-by-country basis depending on the require-
ments of any given country, yet using the same set of
efficacy tests. This framework for specification is laid
down in European standards EN 350-1 (CEN 1994a)
and EN 599-1 (CEN 2009). Of these, it is EN 599-1
(CEN 2009) which governs the choice of appropriate
test methods depending on the use class in which the
treated wood is to be used.

User expectations

It is vital that standards that are easier to use to
enable wider appropriate specification of wood

products based on performance classification and
that we create a meaningful user interface. At
present, the multitude of standards is logically
navigated by the wood durability expert but not by
the architect, designer or manufacturer of products.
PerformWOOD and other research activities pro-
pose the concept of mapping together the two
essential components of performance classification:

e Exposure dose (the climate, the moisture regime
around in the wood product, the design of the
product) and

e Material resistance (durability class, permeabil-
ity to water/vapour, the biological agencies that
are present)

The outcome of bringing these two parameters
together — the performance classification — will likely
be expressed as performance class short, medium or
long life. The definitions of these are to be decided as
different national approaches have been put forward
in standards in France (Fascicule de Documentation
(FD) P20-651, presented in Kutnik er al. 2011),
Germany (Deutsches Institut fiir Normung 68800-1,
2011) and the UK (British Standards 8417, 2011).
PerformWOOD is gathering user expectation informa-
tion on how long architects, engineers, professional
bodies and members of the public expect wood
products to last. This provides valuable feedback to
the development process, keeping in touch with our
ambition to create a relevant user interface.

Further, there is a need to consider different use
class applications for the products and also the
consequences of failure, and thus the confidence



European standards on durability and performance of wood and wood-based products 131

intervals for parameters demanded for an applica-
tion. The consequences of failure of a cladding
board are low to medium, water ingress into the
building, poor aesthetic and easily replaced. The
consequences of failure of a structural beam are very
high, building collapse, resulting in death or injury
and very difficult to replace.

The user interface

EN 460 (CEN 1994c¢) is almost 20 years now and
simply brings together the concept of hazard class
(precursor to use class) alongside durability class to
identify if preservative treatment was required in
order to deliver a product that was fit for purpose.
Our proposition is more sophisticated, and the con-
cept of exposure dose is alongside material resistance.
In the future, CEN/TC 38 will likely need a robust
process via a technical report or new standards to
enable existing test method outcomes to be inter-
preted into these two key parameters. This will
support the user interface standard that is envisaged
to comprise of charts. Figure 5 is conceptual in
presenting a user friendly ‘tool” with a continuum of
material resistance and exposure dose. The con-
tinuum is important in enabling further decision-
making by the user should the performance class
desired not be met by selections, then the user is
encouraged to consider (1) a material of higher
material resistance and/or (2) a design that further
minimizes moisture risk. It is important that the
derivation of the material resistance and exposure
dose comes from input parameters that again have a
high degree of user sensitivity and use designer and
architect familiar terminology concerning its con-
struction, its detailing, its location, its materials, etc.
This work is exploratory at the moment and we are
receiving feedback to help shape the way forward.

Conclusions

The future sustainable use of the European forest
resource lies with enhancing durability with envir-
onmentally improved and targeted systems to meet
service life expectations. Work is progressing to take
the first step towards meaningful performance clas-
sification for wood products so end-users can be
assured that wood is a reliable and thus low impact
material. The outcomes of project PerformWOOD
are essential in moving forward to:

e Confirm a material resistance measure

e Confirm a moisture risk measure

e Kick start refinements to TC 38 standards and
improve test methods

e Provide a draft standard (EN 460) for consid-
eration of service life
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ABSTRACT e Besides its inherent resistance against degrading organisms, the durability of timber is influenced
by design details and climatic conditions, making it difficult to treat wood durability as an absolute value. Dura-
bility classification is, therefore, based on comparing performance indicators between the timber in question and
a reference timber. These relative values are grouped and related to durability classes, which can refer to a high
range of service-lives. The insufficient comparability of such durability records has turned out to be a key chal-
lenge for service-life prediction.

This paper reviewed literature data, based on service-life measures, not masked by a durability classification. It
focused on natural durability of timber tested in the field above-ground. Additionally, results from ongoing above-
ground durability studies in Europe and Australia are presented and have been used for further analysis. In total,
163 durability recordings from 31 different test sites worldwide based on ten different test methods have been con-
sidered for calculation of resistance factors. The datasets were heterogeneous in quality and quantity, the resulting
resistance factors suffered from high variation. In conclusion, an open platform for scientific exchange is needed
to increase the amount of available service-life related data.

Keywords: durability classes, field tests, resistance factor, service life prediction, test methodology, use class 3

SAZETAK e Osim otpornosti drva prema Stetnim organizmima, na prirodnu trajnost drva utjece i dizajn detalja
na proizvodima od drva te klimatski uvjeti, pa je teSko razmatrati svojstvo trajnosti drva kao apsolutnu vrijednost.
Stoga je klasifikacija trajnosti drva utemeljena na usporedbi pokazatelja izgleda drva, ¢ija se trajnost odreduje
prema izgledu referentne drvne grade. Te su relativne vrijednosti grupirane i povezane s klasama trajnosti, sto se
moze odnositi na veliki raspon zivotnog vijeka drvnih proizvoda. Nedovoljna usporedivost takvih zapisa trajnosti
pokazala se kao kljucni izazov za predvidanje zZivotnog vijeka drvnih proizvoda.

U radu se daje pregled literaturnih podataka utemeljenih na zZivotnom vijeku drvnih proizvoda koji nisu maskirani
klasifikacijom trajnosti. Naglasak je na prirodnoj trajnosti drva ispitanoj pri izloZenosti drva iznad zemlje. Osim
toga, prezentirani su rezultati aktualnih istrazivanja prirodne trajnosti drva iznad zemlje u Europi i Australiji te su
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iskoristeni za daljnju analizu. U obzir za izracun faktora otpornosti uzeta su ukupno 163 podatka o trajnosti drva
dobivena s 31 razlicitoga ispitnog mjesta u svijetu na temelju deset razlicitih metoda ispitivanja uzeti . Skupovi
podataka su heterogeni s obzirom na kvalitetu i kolicinu, §to je rezultiralo velikom varijacijom cimbenika otpor-
nosti. Zakljucno, potrebna je otvorena platforma za znanstvene razmjene kako bi se povecala kolicina dostupnih

podataka o zivotnom vijeku proizvoda.

Kljuéne rijeci: klase trajnosti, terenska ispitivanja, faktor otpornosti, predvidanje Zivotnog vijeka, metodologija

ispitivanja, uporabna klasa 3

1 INTRODUCTION
1. UVOD

The natural durability of timber products is influ-
enced by the interaction of wood properties, environmen-
tal conditions and structural design. Wood anatomy and
the presence of natural protective chemicals (extractives)
provide resistance against biodeterioration by microor-
ganisms and insects. Communities of wood-destroying
organisms vary between different locations, and their ac-
tivity is influenced by climatic factors. Fungal decay and
termite attack, for example, are generally more severe in
warm and humid environs (Scheffer, 1971; Brischke,
2007; MacKenzie et al, 2007; Thelandersson et al.,
2011). The extent to which timber components are af-
fected by biodeterioration and weathering is also medi-
ated by the design and maintenance of timber structures;
for instance, the position of different structural elements
and use of surface coatings alter their rates of wetting and
drying, while untreated joinery and cracks in poorly
maintained timber coatings may trap water and thus sup-
port decay (Norton and Francis, 2008).

Worldwide building codes and standards have
traditionally provided natural durability information in
a prescriptive context. Timber species are generally
categorized into heartwood durability classes and the
allowable uses of timbers belonging to those durability
classes are prescribed (Stirling, 2009). Criteria for nat-
ural durability classification differ between countries
and include combinations of field test data, laboratory
test data, history of performance and expert experience
(CEN, 1994; CEN, 2006; Standards Australia, 2008).

Many different field and laboratory tests are used
to measure natural durability. These include standard-
ized and non-standardized methods, among which test
environments, configurations and evaluation methods
vary widely (Gobakken and Viitanen, 2004; Raberg et
al.; 2005; Stirling, 2009; Fredriksson, 2010). Tests that
present a high biodeterioration hazard often involve soil
contact or inoculation with microorganisms or insects.
Above ground field tests generally pose a lower biodete-
rioration hazard, but most test configurations are de-
signed to accelerate decay by various moisture trapping
elements. Durability evaluation procedures for field tests
commonly involve objective or subjective measures of
strength loss, while mass loss is commonly measured for
laboratory tests. Traditionally, field test results are re-
ported in a variety of ways, including mean or median
measures of specimen service life or arbitrary scores that
represent levels of biodeterioration. The performance of
test species is commonly compared with the ones of
non-durable reference species such as the sapwood of
Scots pine (Pinus sylvestris L.) or southern yellow pine
(Pinus spp.) for softwoods and common beech (Fagus
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sylvatica L.) wood for hardwoods. Beyond the relative
performance of specimens in the circumstances of each
test, however, the practical implications of durability test
data are only beginning to be explored. Willeitner and
Peek (1997) highlighted that comparing different dura-
bility tests is difficult, as in addition to the heterogeneity
of test methodology, one may face results that are mostly
codified - sometimes in a cryptic way - or even incom-
pletely published.

A major challenge remains to extract information
from durability tests to help quantify the key factors
that affect natural durability and integrate this informa-
tion so that it is useful for predicting the service life of
timber building products. Modern performance-based
construction criteria require building products to be
characterized in terms of the reliability that they will
perform as expected over time. For timber, the current
level of understanding of durability is far less devel-
oped than for other properties such as structural and
fire safety performance, and continued research is re-
quired to develop robust service life models (Foliente,
2000). Reliable service life data are also of crucial im-
portance for Life Cycle Assessment (LCA) studies that
are used to compare the environmental impacts of
wood competing building materials.

Timber performance models have been devel-
oped that incorporate climate, durability classification
and design factors (Wang et al., 2008b; Viitanen ef al.,
2010; Brischke and Frithwald Hansson, 2011; Theland-
ersson et al., 2011), however more data are sought for
calibration and fine tuning. As an alternative to using
durability class categories to represent wood properties
in design guides (MacKenzie et al., 2007), the use of a
resistance index and resistance classes has been pro-
posed (Thelandersson et al., 2011). Incorporation of
‘durability factors’ into a factor method has also been
suggested (Dickinson, 2005; ISO 15 686-1, 2000).

Despite the importance of above ground struc-
tures in timber engineering, reports of natural durabil-
ity studies involving above-ground exposures are rela-
tively rare. Numerous laboratory decay tests have been
reported, but their relationship with timber perform-
ance in service appears limited (Da Costa, 1979; Van
Acker et al., 1999). Publications containing in ground
‘graveyard’ test data are more readily available, but
their usefulness for service life modeling of above
ground structures is unclear. The need for above ground
durability to support performance modeling was more
recently recognized, but due to their long duration,
many above ground tests are incomplete and yet to be
published. Above ground test results are likely to be
most heterogeneous as they take a long time to com-
plete and a wider range of standardized and non stand-
ardized methods may be used.
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The aims of this review paper were to: (1) survey
above-ground natural durability test data from pub-
lished and ongoing field studies; (2) examine the use-
fulness of data obtained for service life prediction; and
(3) compute resistance factors and consider their impli-
cations for understanding the effects of differences be-
tween field test sites and methods.

2 MATERIALS AND METHODS
2. MATERIJAL | METODE

2.1 Literature survey on above ground durability
test data

Pregled literature o ispitivanjima trajnosti drva
iznad zemlje

2.1.

Relevant literature was reviewed concerning the
natural durability of timber species determined in field
tests above ground. Modified and preservative treated
timber was not considered as this would be unmanage-
able, due to increased amount of data and different test-
ing approaches compared to non-treated timbers. Two
a priori criteria for articles or data inclusion were set:
(1) published in a peer reviewed journal, printed con-
ference proceedings, international standard, project re-

port or PhD thesis; (2) a focus on natural durability,
field testing or service life.

The reference lists in the articles found and pub-
lication lists from durability researchers worldwide
were checked for additional articles. The studies which
met the a priori criteria used only four different test
methods: the horizontal lap-joint test (CEN, 2003; Pal-
anti et al., 2011); the horizontal double layer test (Au-
gusta, 2007; Brischke ef al., 2009); the cross brace test
(Eslyn et al., 1985; Highley, 1995); and the accelerated
L-joint test (Van Acker and Stevens, 2003). The princi-
pal configurations of these methods are illustrated in
Figure 1. In most cases, there were minor variations in
the basic set up for each test method between different
studies, for instance in terms of shading, distance to
ground, test rig size and material. Untreated control
specimens included in tests of treated timber were in-
cluded if necessary and appropriate.

2.2 Above ground field tests
2.2. Testovi trajnosti drva iznad zemlje

In addition to published information, data from
ongoing tests, which had not been published to date but
were accessible to the authors, were included (Tab. 1).

Table 1 Above ground field trials and corresponding literature sources considered for service life related data (Test ID and

abbreviations refer to data in Tab. 7 and 8)

Tablica 1. Ispitivanja trajnosti drva iznad zemlje i odgovarajuéi literaturni izvor za podatke o njegovu zivotnom vijeku (ID

testa i kratice odnose se na podatke u tablicama 7 i 8)

D Test method Abbr. Durability measure Reference species Reference
Metoda ispitivanja Kratica Mjera trajnosti Referentna vrsta Referenca

1 | Lap-joint test LpJ SL Scots pine sapwood | Original data

2 | Lap-joint test LpJ Vsears Scots pine sapwood | Palanti ez al. 2011

3 | L-joint coated Llc V) 1years Radiata pine sapwood | Original data

4 | L-joint uncoated LJu V) 1years Radiata pine sapwood | Original data

5 | Accelerated L-joint test ALJ VML, 4 years Scots pine sapwood | Van Acker & Stevens 2003

6 | Cross brace test CB median SYP sapwood! Highley 1995

7 | Cross brace test CB N, SYP sapwood' Highley 1995, Eslyn et al. 1985

8 | Double layer DL Veyears Scots pine sapwood | Original data

9 | Double layer DL Viyears Scots pine sapwood | Original data

10 | Double layer DL Voyears Scots pine sapwood | Original data

11 | Double layer DL Viyears Scots pine sapwood | Brischke et al. 2009

12 | Double layer DL SL Scots pine sapwood | Original data

13 | Double layer DL SL ian Scots pine sapwood | Original data

14 | Double layer DL Veyears Scots pine sapwood | Original data

15 | Double layer DL Viears Scots pine sapwood | Original data

16 | Double layer DL Vyears Scots pine sapwood | Original data

17 | Double layer DL SLg, vercentit Scots pine sapwood | Rapp et al. 2010

18 | Double layer DL SL s percenile Scots pine sapwood | Rapp et al. 2010

19 | Double layer DL Vi gears Scots pine sapwood | Rapp ez al. 2010

20 | Multi layer, bottom MLb Vi oyears Scots pine sapwood | Original data

21 | Multi layer, upper MLu Vi oyears Scots pine sapwood | Original data

22 | Bundle test A BuA Viyears Scots pine sapwood | Original data

23 | Bundle test B BuB Vayears Scots pine sapwood | Original data

24 | Bundle test C BuC Vagears Scots pine sapwood | Original data

25 | Bundle test D BuD Viyears Scots pine sapwood | Original data

'SYP = Southern Yellow Pine
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L-joint tests in Australia
Testovi L-spoja u Australiji

Above-ground durability L-joint tests were es-
tablished in 1987 at different exposure sites in Austral-
ia (Francis and Norton 2005, Francis ez al. 2007, Wang
et al. 2008a). Eight untreated wood species were ex-
posed at 10 field test sites throughout eastern Australia,
while an additional 19 untreated wood species were set
out at the Beerburrum test site, 65 km north of Bris-
bane (Tab. 2 and 3).

L-joint test units were constructed according to
Fig. 1d using timber 35 x 35 mm? in cross section. Half
of the specimens for each species were painted. Each
joint was pulled apart after painting to completely
break the paint film along the frame of the joint and
therefore create a uniformly high decay hazard by al-
lowing moisture to enter and remain in the joint and
under the broken paint. The 35 x 35 mm? faces at the
distal ends of the joint components were sealed with
bituminous tape.

At cach site L-joints were placed on exposure
racks that were constructed using CCA treated ply-
wood and durable framing timbers that are resistant to
insect attack. Plastic strips and brackets were fixed to
the racks to support L-joints and prevent them from
coming into direct contact with each other or the ply-
wood. At all locations the racks were faced north, and
they were constructed the way that L-joints placed on
them were oriented 10° backward from vertical to
channel moisture toward the joint.

Assessment of the specimens was undertaken af-
ter3,5,7,9, 11, 16, 19 and 21 years of exposure. Only
the 35 x 35 x 11 mm? face of the tenon part of each joint
- the component most susceptible to decay - was as-
sessed. The depth and distribution of decay was de-
tected using the pick test, which involves firm probing
using a small knife. Decay scores were assigned be-
tween 0 (sound, resistant to probing and no apparent
loss of structural integrity) and 4 (failure, severe decay
through the 11 x 35 mm? tenon part of an L-joint) ac-
cording to Carey ef al. (1981).

Table 2 Mean decay rating according to EN 252 (CEN 1989) of specimens exposed in horizontal L-joint tests after 21 years

of exposure in Beerburrum, Australia.

Tablica 2. Prosjecna ocjena trulosti uzoraka izlozenih testu horizontalnog L-spoja prema EN 252 (CEN 1989) nakon 21

godine izlaganja u Beerburrumu, Australija

Wood species Botanical name Mean decay rating [0-4]
Vista drva Botanicki naziv Prosjecna ocjena trulosti [0-4]
unpainted / neobojen painted / obojen

Johnstone River hardwood Backhousia bancrofftii 1.2 3.7
Rose alder Caldcluvia australiensis 3.7 4.0
Northern silky oak Cardwellia sublimis 4.0 3.8
Spotted gum Corymbia citriodora' 2.5 3.5
Kapur Dryobalanops spp. 1.6 3.1
Kamamere Eucalyptus deglupta 33 3.7
Alpine ash Eucalyptus delegatensis 3.8 3.8
Grey ironbark Eucalyptus drepanophylla 0.8 2.9
Rose gum Eucalyptus grandis 2.2 3.0
Messmate Eucalyptus obliqua 3.7 3.6
Black butt Eucalyptus pilularis 2.3 2.9
Mountain ash Eucalyptus regnans 4.0 3.8
Red mahogany Eucalyptus resinifera 1.1 2.7
Sydney blue gum Eucalyptus saligna 2.3 2.8
Forest red gum Eucalyptus teretticorni 1.2 2.6
Queensland maple Flindersia brayleyana 3.7 4.0
Brush box Lophostemon confertus 2.3 3.0
Fishtail silky oak Neorites kevedianus 1.5 33
Light red meranti Shorea spp. 3.9 4.0
Red balau Shorea spp. 0.7 2.9
White Eungella satinash Syzygium wesas 1.9 3.1
Hoop pine Araucaria cunninghammii 4.0 34
Black cypress Callitris endlichrei 4.0 4.0
White cypress Callitris glaucophylla 1.8 2.2
White cypress sapwood Callitris glaucophylla 4.0 4.0
Carribean pine Pinus caribaea 3.6 3.8
Slash pine Pinus elliottii 3.9 3.9
Radiata pine Pinus radiata 4.0 3.9
Douglas fir Pseudotsuga menziesii 3.9 3.9
Western Red Cedar Thuja plicata 4.0 33

' Corymbia citriodora subsp. variegata
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Horizontal lap-joint test

(CEN, 2003)

Horizontalni test lap-spoja

Specimens (38 x 85 x 300 mm?) are exposed horizontally on
test rigs with supports 1 m above ground. The two lap-joint
segments are fixed through stainless steel clamps or plastic
cable strips. The end-grain of each lap-joint is sealed with
polyurethane or silicone.

Horizontal double layer test

Horizontalni test dvostrukog sloja

Specimens (500 x 50 x 25 mm?®) are exposed horizontally in
double layers according to Augusta (2007) with the upper
layer displaced laterally by 25 mm to the lower layer.
Supports are 25 cm above ground and made from aluminum
L-profiles or Norway spruce beams with or without a
bituminous foil.

Cross brace test — Krizni test

Test units are constructed of 19 x 76.2 x 152.4 mm? boards,
that are nailed together at their centers to form a cross (e.g.
Highley, 1995) and installed on test fences.

' | | | Lejoint test (CEN, 1993)

| L0 Test L-spoja

| ! | f Specimens with dimension of 38 x 38 mm? in the cross
| | | section with a machined mortise and tenon joint are used.

| | [ ‘ f The members measure 203 mm in length. The whole L-joint
| l assembly is either coated and afterwards disassembled or

f stays uncoated. Different modifications of the standard

procedure are also considered.

]; | Accelerated L-joint test
! Ubrzani test L-spoja
! A modified version of the L-joint test (CEN, 1993) is
I applied, e.g. according to Van Acker and Stevens (2003).
| L-joint tenon members are made from the test species. In
( contrast, the mortise member is half made of beech, and half
made of Scots pine sapwood acting as feeder specimen.

Figure 1 Above ground test set ups considered for durability records
Slika 1. Testovi trajnosti drva iznad zemlje

DRVNA INDUSTRIJA 64 (2) 113-129 (2013) 17
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Bundle test Type A

Test sveznja tipa A

Each specimen consists of three segments, which are stakes
of 25 x 50 x 500 mm? and are ex-posed as a bundle.

Bundle test Type B

Test sveznja tipa B

Each specimen consists of two segments, which are stakes
of 25 x 50 x 500 mm?* and are exposed as a bundle.

Bundle test Type C

Test sveznja tipa C

Each specimen consists of three segments, one bottom stake
of 25 x 50 x 500 mm?* and two top stakes of 25 x 50 x 250
mm?, which are exposed as a bundle.

Bundle test Type D

Test sveznja tipa D

Each specimen consists of two segments, which are stakes
of 25 x 50 x 500 mm? and are exposed as a bundle. The
upper specimen has four circular drill holes with a diameter
of 20 mm to allow water trapping.

Ground-proximity multiple layer test

Viseslojni test u blizini zemlje

Each test unit consists of ten specimens of 22 x 95 x 250
mm?, stacked two by two in five crossed layers, bottom
layer on the ground, e.g. according to Edlund (2004). To
avoid weed growth the ground is covered with a geotextile.
Either the two upper boards or the two bottom boards are
assessed (indicated as ‘upper’ and ‘bottom”).

Figure 1. cont’d: Above ground test set ups considered for durability records.

Slika 1. (nastavak). Testovi trajnosti drva iznad zemlje

Horizontal double layer tests in Europe
Horizontalni dvoslojni testovi u Europi

Double layer tests have been performed at 23 dif-
ferent European test sites to establish dose-response
functions for above ground wood decay with wood
moisture content (MC) and temperature. A detailed de-
scription of the study and a corresponding dose-re-
sponse performance model is given by Brischke and
Rapp (2008a, 2008b, 2010).

Specimens made from Scots pine sapwood (Pinus
sylvestris L.) and Douglas fir heartwood (Pseudotsuga
menziesii (Mirb.) Franco) were monitored in terms of
MC, wood temperature and the progress of fungal decay
up to a period of eight years. The specimens (500 x 50 x
25 mm?®), according to EN 252 (CEN 1989), were ex-
posed horizontally in double layer test rigs (see Fig. 1b)
producing a decay risk corresponding to European Use
Class 3 (CEN 2006). The upper layer was displaced lat-
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erally by 25 mm with respect to the lower layer. The
lower layer consisted of seven pine sapwood specimens
and six Douglas fir specimens; the upper layer consisted
of six pine sapwood specimens and five Douglas fir
specimens. The whole test set-up formed a closed deck
(73 x 65 x 21 cm?). The specimens were evaluated year-
ly through a pick-test using a small knife and rating the
extent and distribution of decay according to EN 252
(CEN 1989) as: 0 (sound), 1 (slight attack), 2 (moderate
attack), 3 (severe attack) or 4 (failure).

Horizontal double layer tests in Norway
Horizontalni dvoslojni testovi u Norveskoj

Horizontal double layer tests (Fig. 1b) were con-
ducted with 29 different wood species (Tab. 6) as de-
scribed by Evans ef al. (2011) and Flate et al. (2008,
2011). Specimens were exposed at three different loca-
tions in Norway: Oslo (exposed in 2002), Bergen and

DRVNA INDUSTRIJA 64 (2) 113-129 (2013)



« o« s Brischke, Meyer, Alfredsen, Humar, Francis, Fleete, Larsson-Brelid: Natural Durability...

Table 3 Mean decay rating according to EN 252 (CEN 1989) of specimens exposed in horizontal painted and unpainted
L-joint tests after 21 years of exposure at ten different test sites in Australia.
Tablica 3. Prosjec¢na ocjena trulosti obojenih i neobojenih uzoraka izlozenih testu horizontalnog L-spoja prema EN 252
(CEN 1989) nakon 21 godine izlaganja na deset razli¢itih mjesta u Australiji

Mean decay rating [0-4] / Prosjecna ocjena trulosti [0-4]
Beer- | Dalby | Frank- | Pennant | Rock- South Toow- | Yarra- | Mount | Towns-

burrum ston Hills | hampton | Johnstone | oomba | lumba Isa ville
Painted / Obojeno
Northern silky oak 3.8 3.7 3.8 3.7 3.7 3.9 3.9 3.6 22 3.5
Spotted gum 3.5 3.1 2.9 3.8 3.1 34 3.1 3.0 0.1 2.7
Grey ironbark 2.9 3.1 2.6 3.8 2.9 3.5 2.7 2.6 0.6 2.8
Brush box 3.0 3.0 32 3.8 34 4.0 2.9 3.1 1.6 2.9
White cypress 2.2 32 3.4 3.7 32 4.0 3.1 3.0 2.0 3.3
White cypress sapwood 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 2.4 4.0
Radiata pine 3.9 4.0 4.0 4.0 4.0 4.0 4.0 3.8 2.9 4.0
Douglas fir 3.9 3.9 4.0 3.9 4.0 4.0 3.9 3.7 2.7 3.9
Western red cedar 33 2.7 3.8 3.9 3.6 4.0 2.2 2.4 1.4 2.4
Unpainted / Neobojeno
Northern silky oak 4.0 3.8 3.9 3.8 3.6 4.0 4.0 3.5 2.7 2.1
Spotted gum 2.5 1.5 1.7 2.4 0.8 3.7 0.7 0.3 0.0 0.6
Grey ironbark 0.8 1.5 1.2 2.2 1.0 3.5 0.4 1.0 0.6 1.3
Brush box 2.3 2.0 1.8 2.6 1.7 3.8 1.6 2.0 1.8 22
White cypress 1.8 2.9 2.4 33 3.6 4.0 3.3 3.0 1.8 3.7
White cypress sapwood 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 2.8 4.0
Radiata pine 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 2.6 3.9
Douglas fir 3.9 3.9 3.9 4.0 3.9 4.0 4.0 3.8 2.9 3.6
Western red cedar 4.0 2.9 34 3.8 3.8 4.0 3.9 3.6 1.7 34

As (exposed in 2004). In Oslo the test site is on the roof
of the Norwegian Institute of Wood Technology, an 8
floor building, while the two test sites in Bergen and As
are on ground level. Test set up and assessment of the
specimens were identical with the above described
procedure apart from the test rack size, which was larg-
er due to a higher number of tested wood species. Sam-
ples were evaluated every year.

Lap-joint and ground-proximity multi layer tests in
Sweden .
Lap-spoj i prizemni viSeslojni testovi u Svedskoj

Horizontal lap-joint tests (Fig. 1a) according to
CEN TS 12 037 (CEN 2003) and ground-proximity
multi layer tests (Fig. 1j) according to Edlund and Jer-
mer (2007) were conducted in Boras, Sweden. Besides
different treated timbers, the following untreated con-
trol wood species were tested: European larch (Larix
decidua Mill.), Siberian larch (Larix sibirica Ledeb.),
Norway spruce (Picea abies (L.) H. Karst.), Scots pine
(Pinus sylvestris L.), European beech (Fagus sylvatica
L.), Aspen (Populus tremula L.), and English oak
(Quercus robur L.).

The lap-joint tests were started in 1996 and the
specimens were assessed after 5, 8, 10, 12, 13, and 15
years of exposure. The ground-proximity trials were
started in 2001 and assessed after 1, 2, 3, 5, and 10 years.
Each ground-proximity multi layer test unit consisted of
ten specimens, 22 x 95 x 250 mm?, that were stacked
two by two in five crossed layers, with the bottom layer
on the ground. The assessment of the specimens in the
stacks was carried out separately for the bottom and the
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upper part (Tab. 1) using the pick-test. To avoid weed
growth around the stacks, the ground had been covered
with a geotextile, permeable for micro-organisms.

Bundle tests in Germany
Testovi sveznja u Njemackoj

Bundle tests of four different types (A-D) after
Brischke et al. (2011) were conducted in Northern Ger-
many. The specimens were made from Norway spruce
as illustrated in Fig. 1f-i and exposed in 2007. After-
wards they were evaluated annually by using the pick-
test and rating the extent and distribution of decay ac-
cording to EN 252 (CEN 1989).

2.3 Durability measures
2.3. Mjere trajnosti
Numerous evaluation and assessment procedures
were analyzed with respect to their significance and in-
formative value for the prediction of service life. The
following ranking of preference was applied to the dif-
ferent durability assessment measures:
1. Mean service life of specimens SL__ (1)
2. Median service life of specimens SL
percentile, 2)
3. 25" percentile of service life of specimens
SL,s,, percentile €)
4. Decay rate (after x years) v (4)
5. 5™ percentile of service life of specimens
SL

(50"

median

5th percentile (5)

SLn =—

mean

(M

119



Brischke, Meyer, Alfredsen, Humar, Francis, Fleete, Larsson-Brelid: Natural Durability... «...

SL.,., ; if n is uneven
2
SLmedian 1 (2)
—| SL, +SL, ; if m is even
2 3 —+1
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SLmedian 1 (3)
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2 n T4l
n n R
2 "
vmean =t —= Iit (4)
n n
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)
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Where SL, is the service life of a single specimen
(the year when a specimen was recorded to have failed)
[y], v, is the decay rate of single specimen [y™'], R is the
decay rating (score), ¢ is the exposure time [y], and # is
the number of replicate specimens.

Decay rate, as represented by the rate of change in
decay rating over time, was considered as less desirable
quantity with which to determine resistance factors.
Whilst decay does not necessarily proceed at a linear
rate, it was necessary to consider it as such for the pur-
poses of this study. Different decay rating schemes had
been applied, e.g. the five step scales according to EN
252 (CEN, 1989) and EN 330 (CEN, 1993). Alterna-
tively, the decay rate was expressed as ‘mass loss rate
vy, » When only mass loss, but not decay ratings were
available (e.g. Van Acker and Stevens, 2003).

2.4 Resistance factors
2.4. Cimbenici otpornosti

To make the different durability measures com-
parable, they were related to the respective reference
species and resistance factors f'were calculated accord-
ingto 6 and 7.

_ SLtested species (6)
4fSL - SL
reference species
V. .
_ Vreference species 7
7, = Vs s ™
1%

tested species

Where f;, and f, are resistance factors based on
service life and decay rate (after x years), respectively,
SLis the service life [y], and v is the decay rate [y']. The
equation used depended on the durability measure ap-
plied for each test: Equation 6 if service life measures
were reported or equation 7 if decay ratings were re-
corded. Resistance factors were calculated for the six
species with most available data: spotted gum (Corym-
bia spp.), oak (Quercus robur/petraea), Norway spruce
(Picea abies (L.) H. Karst.), Scots pine (Pinus sylvestris
L.), Douglas fir (Pseudotsuga menziesii (Mirb.) Franco),
and western red cedar (Thuja plicata Donn ex D. Don).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Ongoing durability studies
3.1. Aktualna istrazivanja trajnosti

*In total, results from six published and five dif-
ferent ongoing durability studies were considered for
this survey. To illustrate the latest state of the ongoing
studies, which took place at different locations around
the world and made use of seven different tests meth-
ods, the mean decay ratings are presented for all timber
species tested (Fig. 2 and Tab. 2 to 6).

Stuttgart shade
Freiburg shade
Hamburg
Garston
Ljubljana
Zagreb
Hamburg shade
Reulbach shade
Biihlertal
Portsmouth

Hinterzarten

= Scots pine sapwood
Douglas fir

0 1

2 3 4

Mean decay rating / srednja ocjena trulosti [0-4]

Figure 2 Mean decay rating according to EN 252 (CEN, 1989) of Douglas fir and Scots pine sapwood specimens after 6.5
years exposure in horizontal double layer tests at different locations in Europe.

Slika 2. Prosje¢na ocjena trulosti uzoraka od bjeljike duglazije i bora izlozenih horizontalnome dvoslojnom testu prema EN
252 (CEN 1989) nakon 6,5 godina izlaganja na razli¢itim lokacijama u Europi
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Table 4 Mean decay rating according to EN 252 (CEN 1989) of specimens exposed in horizontal lap-joint tests after 12 years

of exposure in Boras, Sweden.

Tablica 4. Prosjec¢na ocjena trulosti uzoraka izlozenih testu horizontalnog lap-spoja prema EN 252 (CEN 1989) nakon 21
godine izlaganja u Borasu, Svedska

Mean decay rating [0-4] / Prosjecna ocjena trulosti [0-4]

Scots pine sapwood Scots pine heartwood Norway spruce European larch

(Pinus sylvestris) (Pinus sylvestris) (Picea abies) (Larix decidua)
after 5 years 0.4 0.1 0.8 0.3
after 8 years 2.7 0.5 34 1.5
after 10 years 3.7 2.1 3.9 2.3
after 12 years 4.0 2.2 4.0 2.5
after 13 years 2.6 - 2.8
after 15 years 2.9 - 3.0

Table 5 Mean decay rating according to EN 252 (CEN 1989) of specimens exposed in ground-proximity multi layer tests
after 10 years of exposure in Boras, Sweden.
Tablica 5. Prosjec¢na ocjena trulosti uzoraka izlozenih prizemnom viseslojnom testu prema EN 252 (CEN 1989) nakon deset
godina izlaganja u Borasu, Svedska

Wood species

Botanical name

Mean decay rating [0-4] / Prosjecna ocjena trulosti [0-4]

Vrsta drva Botanicki naziv Bottom part / Donji dio Upper part / Gornji dio
Scots pine sapwood Pinus sylvestris 4.0 4.0
Scots pine heartwood Pinus sylvestris 4.0 1.0
European larch Larix decidua 3.0 0.5
Norway spruce Picea abies 4.0 4.0
Beech Fagus sylvatica 2.8 4.0
English oak Quercus robur 2.5 0.5
Aspen Populus tremula 4.0 33

Table 6 Mean decay rating according to EN 252 (CEN 1989) of specimens exposed in horizontal double layer tests after 6
years of exposure at three test locations in Norway.
Tablica 6. Prosjecna ocjena trulosti uzoraka izlozenih horizontalnome dvoslojnom testu prema EN 252 (CEN 1989) nakon
Sest godina izlaganja na tri razlicite lokacije u Norveskoj

Wood species Botanical name Mean decay rating [0-4] / Prosjecna ocjena trulosti [0-4]
Vrsta drva Botanicki naziv Oslo As Bergen
Norway maple Acer platanoides - 1.5 3.0
Lime Tilia cordata - 1.5 3.2
Aspen Populus tremula 2.1 1.1 2.2
Silver birch / Downy birch Betula pendula / B. pubescens 2.1 1.5 2.0
Alder / Grey alder Alnus glutinosa 24 1.5 3.5
Rowan Sorbus aucuparia - 1.2 2.0
Goat willow Salix caprea - 0.5 2.1
European oak Quercus spp. 0.5 0.5 1.4
Ash Fraxinus excelsior - 0.9 1.7
Wych elm Ulmus glabra - 0.5 2.0
Beech Fagus sylvatica - 2.0 3.1
Cedrela Cedrela spp. 0.0 - -
Sitka spruce Picea sitchensis 0.4 1.7 3.0
Norway spruce 6 mm rings Picea abies - 2.4 2.1
Norway spruce 3 mm rings 2.2 2.1 1.9
Norway spruce 1 mm rings - 0.9 1.9
Norway spruce standing rings - 1.9 2.4
Silver fir Abies alba - 2.9 2.9
Scots pine 3 mm rings Pinus sylvestris 0.2 1.2 1.5
Scots pine 1 mm rings 0.0 1.0 1.9
Scots pine sapwood 2.4 1.2 2.3
Scots pine sapwood + heartwood - 0.6 2.1
Western red cedar (N-America) | Thuja plicata - 0.2 1.2
Western red cedar (Norway) - 1.3 1.4
Juniper Juniperus communis - 0.3 0.9
Larch (Russia) Larix sibirica 0.4 0.9 1.4
Larch (Norway) Larix decidua - 0.3 1.2
Douglas fir (N-America) Pseudotsuga menziesii - 0.2 1.2
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Site characteristics were found to affect the per-
formance of particular wood species differently. The
mean decay ratings for Douglas fir heartwood after 6.5
years of exposure in horizontal double layer tests at 11
different locations in Europe is shown in Fig. 2 in order
descending severity of decay. The respective ‘non-dura-
ble’ reference Scots pine sapwood did not show the same
trend for decay severity amongst the 11 test sites. The
differing ratio between mean decay rating for Douglas
fir and the reference species was presumably caused by
a combination of their respective wood properties and
climatic differences between sites. The particular prop-
erties of each species, such as moisture permeability and
potential for leaching of protective extractives, may
cause differences in the effects of climatic conditions,
such as rainfall and temperature. Similar observations
were made for the horizontal double layer samples ex-
posed at three Norwegian test sites (Tab. 6). For instance,
the mean decay ratings of grey alder (Alnus glutinosa L..)
and Scots pine sapwood were almost the same after 6
years of exposure in Oslo and As, whilst the mean decay
rating was significantly higher for grey alder in Bergen
compared to the Scots pine sapwood reference (Tab. 6).
For other species, such as aspen (P. tremula), the ratios
between tested timber and reference were nearly the
same at all three test locations.

In addition to differences in decay progress be-
tween species at climatically different locations, the
impact of test methods and test design became appar-
ent. As shown in Tab. 5, the ratio of the mean decay
ratings for seven wood species differed significantly
between the upper and bottom parts of ground-proxim-
ity multi layer tests in Boras, Sweden. The higher
moisture load and limited potential for re-drying in the
bottom parts of the stack diminished the differences
between different timbers, which coincides with the
reports by Augusta (2007) and Rapp et al. (2010), who
compared the decay development of different Europe-
an wood species under different exposure conditions
above ground. For instance, the good moisture per-
formance of the heartwood of European larch (L. de-
cidua), Douglas fir (P. menziesii) or Scots pine (P. syl-
vestris) is abolished when permanent wetting is
provoked. For further comparative analyses of the dif-
ferent above ground trials considered for this survey,
resistance factors were considered.

3.2 Resistance factors
3.2. Cimbenici otpornosti

The computation of resistance factors allowed
the wide range of previous and ongoing tests to be
compared, irrespective of test configurations and as-
sessment methods. We found, however, that the number
of durability recordings that were freely accessible
from publications and relevant for service life predic-
tion was generally sparse. Apart from the fact that
above ground durability studies are rare, many of the
reported studies contained insufficiently detailed re-
sults. The condensed format of presenting test results
that is often used for publication inhibited the calcula-
tion of resistance factors with sufficiently high statisti-
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cal reliability. The significance of this problem can be
illustrated by considering the Australian L-joint test,
which includes 29 different wood species represented
by painted and unpainted specimens installed at vari-
ous locations, and the test has been assessed eight times
to date. If the results were reported together, there
would be 1808 mean scores alone. It is obviously be-
yond the scope of one publication to deal with this vol-
ume of data, so selected results have been published
over time. If only mean scores at a particular time are
reported in a single publication, they are not very use-
ful to timber engineers researching service life predic-
tion, as they attempt to find and compile a complete set
of data for analysis (Tab. 2 and 3). Furthermore, repre-
sentative measures of durability may need to be trans-
formed for analysis, for example from ratings (scores)
to service life values, so raw data are required. While it
is possible to seek data directly from researchers man-
aging durability tests, they may be difficult to find. In-
dividual publications may not reveal the full extent of
an entire durability test when only specific elements of
data are reported.

Tab. 1 gives an overview of the data regarded for
this survey. In total, 163 durability measures from 31
different test sites have been considered for the calcu-
lation of resistance factors: 37 for hardwoods and 126
for softwoods. Only three reference species were used
to compare the different durability tests: Scots pine
sapwood (P. sylvestris), Radiata pine sapwood (Pinus
radiata D.Don) and southern yellow pine sapwood (Pi-
nus spp.). The resistance factors for six selected wood
species, for which most durability records were found,
are presented in Tab. 7 and 8. Several of these timbers
are commonly used untreated for above ground struc-
tures that are exposed to the weather, including oak
(Quercus spp.), spotted gum (Corymbia spp.) and west-
ern red cedar (7. plicata).

Most of the durability recordings were based on
preliminary test results, and consequently, decay rat-
ings after 4 to 21 years were used for calculating resist-
ance factors. For most species the range of resistance
factors was quite high, for example between 0.90 and
4.54 for Douglas fir (P. menziesii), and in extreme - be-
tween 15.88 and 43.03 - for spotted gum (Corymbia
spp.). In the case of Douglas fir this can be translated to
durability classes (DC, according to EN 350-1, CEN
1994) between DC 5 (non durable) and DC 2 (durable).
This variation and how it can be related to at least three,
in some cases even to four or five durability classes, is
shown for six selected wood species in Fig. 3. The im-
portance of this variation becomes even more obvious
when calculating the expected service life: Based on a
mean service life of 6.5 years of the Scots pine sap-
wood reference (Tab. 8), the service life to be expected
for Douglas fir ranges from 7.4 to 29.5 years. Even
more drastic is the range for spotted gum (Corymbia
spp.), which is from 18.7 years and 473.3 years. These
findings highlight the potential value of service life
modeling to greatly increase the accuracy and rele-
vance of information available regarding the expected
durability of timber used at different locations.

DRVNA INDUSTRIJA 64 (2) 113-129 (2013)



« o« s Brischke, Meyer, Alfredsen, Humar, Francis, Fleete, Larsson-Brelid: Natural Durability...

Table 7 Service life related data from above-ground field tests according to Tab. 1 Hardwoods.
Tablica 7. Podaci o zivotnom vijeku povezani s testovima izlozenosti drva iznad zemlje prema tablici 1. za tvrde vrste drva

Wood species Botanical name Site / Miest Country code | Test method | Test Refsalz:zilce SL )
Vrsta drva Botanicki naziv yesto Kod zemlje Metoda ID Reference
Faktor otpora

Spotted gum | Corymbia citriodora LJu 4 12.40 5.1
4 4.62 8.5

Beerburrum AUS Lie 3 723 37

3 3.68 5.0

LJu 4 9.02 6.8

Dalby AUS Lic 3 7.00 41

LJu 4 7.39 7.4

Frankston AUS Lic 3 4.24 70

. LJu 4 4.87 7.9

Pennant Hills AUS Lic 3 2.56 73

LJu 4 16.34 7.7

Rockhampton AUS Lic 3 4.98 52

LJu 4 3.49 5.7

South Johnstone AUS Lic 3 523 51

LJu 4 20.69 6.8

Toowoomba AUS Lie 3 851 14

LJu 4 31.61 8.7

Yarralumla AUS Lic 3 3.48 70
LJu 4 43.03 11.0
Mount Isa AUS Lic 3 15.88 11.0

. LJu 4 6.43 5.3

Townsville AUS Lic 3 2.06 50

English oak | Quercus robur Hamburg D DL 11 1.56 6.5
Hamburg shade D DL 11 1.35 6.1

Reulbach D DL 11 1.83 n.a.

Stuttgart D DL 11 1.66 n.a.

Freiburg D DL 11 1.52 n.a.

4 German sites D DL 17 1.70 6.6

Ghent B ALJ 5 5.67 n.a.
Bord S MLu 21 4.00 10.0
o MLb | 20 1.33 10.0

European oak | Q. robur/ Q. petraea | As N DL 8 2.50 n.a.
Oslo N DL 9 3.00 8.0

Bergen N DL 8 1.67 n.a.

'mean value or median (in italics) / srednja vrijednost ili medijan (u kurzivu); n.a. = not available / nije dostupno
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Red Cedar silky oak
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Figure 3 Variation of resistance factors of six selected wood species and corresponding durability classes (DC) according to
EN 350-1 (CEN, 1994).
Slika 3. Varijacija ¢imbenika otpornosti za Sest razli¢itih vrsta drva i odgovarajude klase trajnosti prema EN 350-1 (CEN, 1994).
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Table 8 Service life related data from above-ground field tests according to Tab. 1 Softwoods.
Tablica 8. Podaci o zivotnom vijeku povezani s testovima izloZenosti drva iznad zemlje prema tablici 1. za meke vrste drva

. . Countr Test Resistance
Wood species | Botanicalname | vy | Ccode | method | TS factor | SLyg
Kod zemlje | Metoda Faktor otpora

Norway spruce heart Picea abies Hamburg D DL 19 0.96 6.5
Hamburg shade D DL 19 0.78 6.1

Stuttgart D DL 19 0.89 n.a.

Freiburg D DL 19 0.75 n.a.

Norway spruce Picea abies Oslo N DL 9 1.19 8.0
Hannover D BuA 22 0.82 4.0

BuB 23 0.92 n.a

BuC 24 0.96 n.a.

BuD | 25 1.00 4.0

Boras S LpJ 1 1.00 8.0
MLu | 21 1.00 10.0
MLb 20 1.00 10.0

Ghent B ALJ 5 2.16 n.a.

Norway spruce, 6 mm | Picea abies As N DL 8 0.48 n.a.
rings Bergen N DL 8 1.11 n.a.
Norway spruce, Picea abies As N DL 3 0.56 n.a.
3 mm rings Bergen N DL 8 1.20 n.a.
Norway spruce, | mm | Picea abies As N DL 8 1.36 n.a.
rings Bergen N DL 8 1.25 n.a.
Norway spruce, Picea abies As N DL 8 1.00 n.a.
standing rings Bergen N DL 8 0.94 n.a.
Norway spruce sap Picea abies Hamburg D DL 19 0.79 6.5
Hamburg shade D DL 19 0.98 6.1

Stuttgart D DL 19 0.67 n.a.

Freiburg D DL 19 0.45 n.a.

Scots pine Pinus sylvestris |4 German sites D DL 18 1.34 6.6
Ghent B ALJ 5 9.31 n.a.

Hamburg D DL 10 1.37 6.4

Hamburg shade D DL 10 1.18 7.8

Borés S LpJ 1 1.25 8.0
MLu | 21 4.00 10.0
MLb | 20 1.00 10.0
Scots pine resinous Pinus sylvestris | Boras S MLu | 21 4.00 10.0
MLb | 20 1.14 10.0

Scots pine, slow grown | Pinus sylvestris | Oslo N DL 9 3.79 8.0
Scots pine, normal Pinus sylvestris | Oslo N DL 9 3.27 8.0
Scots pine, 3 mm rings Pinus sylvestris | As N DL 8 1.00 n.a.
Bergen N DL 8 1.50 n.a.

Scots pine, 1 mm rings | Pinus sylvestris | As N DL 8 1.15 n.a.
Bergen N DL 8 1.25 n.a.

Scots pine heart + sap | Pinus sylvestris | As N DL 8 1.07 n.a.
Bergen N DL 8 1.11 n.a.

Douglas fir Pseudotsuga 4 German sites D DL 18 1.45 6.6
menziesii Hamburg D DL 12 1.25 6.5

Hamburg shade D DL 16 2.14 7.1

Hamburg D DL 10 4.17 6.4

Hamburg shade D DL 10 2.12 7.8

Stuttgart shade D DL 13 1.22 6.0

Freiburg shade D DL 13 1.08 7.3

Reulbach shade D DL 13 2.50 8.1

Hinterzarten D DL 16 3.18 n.a.

'mean value or median (in italics) / srednja vrijednost ili medijan (u kurzivu)
%based on estimated median service life / utemeljeno na procjeni medijana Zivotnog vijeka
n.a. = not available / nije dostupno
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Table 8 cont’d: Service life related data from above-ground field tests according to Tab. 1 Softwoods.
Tablica 8. (nastavak) Podaci o Zivotnom vijeku povezani s testovima izloZenosti drva iznad zemlje prema tablici 1. za meke

vrste drva
. . Countr; Test Resistance
W;}Z‘::S::;es ]z(;t;:liz,z:, :Z:ilve Site / Mjesto code ' method ]E;t factor SL, erence.
Kod zemlje | Metoda Faktor otpora
Douglas fir Pseudotsuga Biihlertal D DL 16 3.98 7.7
menziesii Garston GB DL 14 1.63 6.1
Portsmouth GB DL 15 4.54 6.0
Ljubljana SI DL 16 3.31 3.2
Zagreb HR DL 14 3.38 4.3
Madison, WI USA CB 6 >2.312 13.0
Starkville, MI USA CB 7 >2.00? 10.0
Beerburrum AUS Llu 4 1.74 5.1
Llc 3 1.12 3.7
Dalby AUS LJu 4 1.29 6.8
Llc 3 1.28 4.1
Frankston AUS Llu 4 1.40 7.4
Llc 3 1.39 7.0
Pennant Hills AUS Llu 4 1.34 7.9
Llc 3 1.36 7.3
Rockhampton AUS LJu 4 1.20 7.7
Llc 3 1.16 52
South Johnstone AUS LJu 4 0.96 5.7
Llc 3 1.17 5.1
Toowoomba AUS LJu 4 1.14 6.8
Llc 3 1.43 34
Yarralumla AUS LJu 4 1.33 8.7
Llc 3 1.58 7.0
Mount Isa AUS Llu 4 0.90 n.a.
Llc 3 1.79 11.0
Townsville AUS Llu 4 1.28 11.0
Llc 3 1.95 53
Douglas fir (Norway) | Pseudotsuga Bergen N DL 8 1.88 n.a.
menziesii
Douglas fir (N-America) | Pseudotsuga Bergen N DL 8 2.31 n.a.
menziesii
Western Red Cedar Thuja plicata Madison, WI USA CB 6 > 2.30? 13.0
Beerburrum AUS Llu 4 3.03 5.1
Llc 3 4.53 3.7
Dalby AUS LJu 4 3.54 6.8
Llc 3 7.97 4.1
Frankston AUS LJu 4 3.04 7.4
Llc 3 2.22 7.0
Pennant Hills AUS Llu 4 1.98 7.9
Llc 3 2.06 7.3
Rockhampton AUS LJu 4 2.93 7.7
Llc 3 3.59 52
South Johnstone AUS Llu 4 2.19 5.7
Llc 3 1.97 5.1
Toowoomba AUS Llu 4 2.14 6.8
Llc 3 9.48 34
Yarralumla AUS Llu 4 2.00 8.7
Llc 3 3.68 7.0
Mount Isa AUS LJu 4 1.52 n.a.
Llc 3 3.44 11.0

'mean value or median (in italics) / srednja vrijednost ili medijan (u kurzivu)

%based on estimated median service life / utemeljeno na procjeni medijana Zivotnog vijeka

n.a. = not available / nije dostupno
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Table 8 cont’d: Service life related data from above-ground field tests according to Tab. 1 Softwoods.
Tablica 8. (nastavak) Podaci o Zivotnom vijeku povezani s testovima izloZenosti drva iznad zemlje prema tablici 1. za meke

vrste drva
Wood species Botanical name . . Country Test Test Resistance
Vista drva Botanicki naziv Site / Mjesto code method D factor SL erence.
Kod zemlje | Metoda Faktor otpora

Western Red Cedar Thuja plicata Townsville AUS LJu 4 2.23 11.0
Llc 3 6.69 5.3

WRC (Norway) Thuja plicata As N DL 8 0.88 n.a.
Bergen N DL 8 1.67 n.a.

WRC (N-America) Thuja plicata Bergen N DL 8 2.00 n.a.

'mean value or median (in italics) / srednja vrijednost ili medijan (u kurzivu)
“based on estimated median service life / utemeljeno na procjeni medijana Zivotnog vijeka

n.a. = not available / nije dostupno

Although most of the results are still preliminary,
they indicate that the resistance factor, and hence the
relative durability of different species, is not necessar-
ily the same at climatically different places. This is
confirmed by the results for European oak (Quercus
robur | Quercus petraea): While the resistance factors
for eight German test sites differed only between 1.35
and 1.83, a variation between 1.67 and 3.00 was found
for three Norwegian sites. As there were only a few
species for which multiple recordings were available,
no clear relationship between the test site and resulting
relative durability was discernible. Significantly more
durability recordings from different sites are needed.
As previously discussed, chemical and anatomical
properties of different species may influence the extent
to which they are affected by climate variables, and
this topic requires further investigation.

Another example is illustrated in Fig. 4, where the
resistance factors of eight wood species determined in
L-joint tests have been compared between ten test sites
in Australia. Many additional wood species were in-

stalled at the Beerburrum site, while only nine wood
species were installed at all ten sites. It would be ideal if
resistance factors for the nine species tested at all sites
could be used to gauge the performance of the addi-
tional species at Beerburrum, if they were used at the
other locations. No simple relationship between relative
resistance factors and test location was observed that
represented all species. The higher the resistance factor
- and thus the expected service life - the higher was the
site-specific variation. In extreme, the factors differed
between 4 and 32. For those wood species, showing re-
sistance factors below 5, which is equivalent to durabil-
ity class 2 = ‘durable’ according to EN 350-1 (CEN,
1994), the variation between most of the sites dimin-
ished, while differences between sites for the species
with higher resistance factors showed the opposite. The
test sites represent a wide range of climatic conditions,
and preliminary analysis revealed that there is a strong
relationship between climate variables and relative du-
rability of each wood species exposed at different loca-
tions (Francis and Norton, 2006). The influence of the
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Figure 4 Relationship between resistance factors of eight wood species determined in L-joint trials for ten Australian test
sites. Dashed line refers to resistance factors determined for Beerburrum (ideal line).

Slika 4. Odnos izmedu ¢imbenika otpornosti za osam vrsta drva odredenih testom L-spoja za deset lokacija u Australiji.
Isprekidana se linija odnosi na ¢cimbenike otpornosti odredene za Beerburrum (idealna linija).
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Figure 5 Resistance factors of six selected wood species related to the mean or median service life in years of the reference

species

Slika 5. Cimbenici otpornosti za $est vrsta drva u odnosu prema srednjoj vrijednosti ili medijanu Zivotnoga vijeka referentne

vrste drva

analyzed climate variables differed amongst the eight
species. Further research is required to explore the pos-
sibility of using resistance factors to predict durability
between different locations based on indicating wood
species that are selected to represent groups of wood
species with similar properties. For example, the resist-
ance factors for spotted gum may more accurately pre-
dict the service life of dense hardwoods that contain
extractives that are highly toxic to decay fungi, while
resistance factors for brush box may be used to predict
the service life of dense hardwoods that contain moder-
ately toxic extractives.

To further examine the potential relationship be-
tween the severity of a test site and respective durabil-
ity of timber species, resistance factors were correlated
with the service life (mean or median) of the reference
wood species for all sites at which these data were
available. As shown exemplarily for three softwoods
and three hardwoods in Fig. 5, no clear relationship
was obtained. It leads to the conclusion that other fac-
tors than the site-specific decay intensity determine the
relative resistance, such as climatic peculiarities, dif-
ferent decay types, or detoxifying agents.

In addition to potential site-specific effects, the
test method and especially the durability measure seem
to influence the resistance factors. While no clear dif-
ferences between the use of mean or median service
lives on the one hand and decay rates after certain ex-
posure times on the other hand were observed, the use
of mass loss differences led to significant outliers for
English oak (Quercus robur), Scots pine and Norway
spruce (Picea abies) and the relative effects of durabil-
ity measures, therefore, need to be verified.

The influence of the test methods on the resulting
resistance factors of a certain wood species is super-
posed by the effect of climatic conditions. Basically it is
the microclimate within a wood specimen that deter-
mines the conditions for fungal growth and decay. Con-
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sequently, the combination of mesoclimate (environ-
mental conditions at the test site) and the design of the
respective test set up affect the microclimate. This is
demonstrated by considering resistance factors calcu-
lated for Douglas fir, which varied as follows: in double
layer tests between 1.08 and 4.54, in uncoated L-joint
tests between 0.90 and 1.74, in coated L-joint tests be-
tween 1.12 and 1.95, and in cross brace tests between
2.00 and 2.13 (Tab. 8). Obviously the variation within
one test method was higher compared to the variation
between the different test methods, which coincides with
the findings of De Groot (1992), who exposed Southern
yellow pine sapwood in Mississippi, USA, and in a rain-
forest in Panama using 18 different test designs. While
he found a significant impact of the test design in the
temperate location, differences diminished in the tropi-
cal rainforest. Within this study, test data from different
test methods at the same test location were available
only for a few wood species, so the potential effect of the
test configurations was not quantifiable.

4 CONCLUSIONS
4. ZAKLJUCCI

We do not claim that this literature and data sur-
vey on above ground durability tests is complete. This
is mainly due to the fact that many studies around the
world are known to exist, but respective data are not
freely available. The lack of freely available data is
strongly indicated through the fact that 80 % of dura-
bility records used for this study was unpublished. Fur-
thermore, in many cases information was too con-
densed and incomplete, which is inescapable for journal
articles, but prevented the data transformation neces-
sary to calculate specimen service life measures.

The range of test results observed for each wood
species further highlighted that the current timber du-
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rability classification systems, which assign a species
to a durability class irrespective of site and design, are
not precise enough for many scientific and engineering
purposes. Data need to meet a number of requirements
in terms of specificity, background information and
formatting.

We conclude that further research into the rela-
tive effects of climate on decay progress amongst dif-
ferent species is required, and future comparative stud-
ies should focus not only on differences between test
sites, but also on different test configurations at the
same location to determine the effects of structural de-
sign on timber durability. To facilitate this goal, a suit-
able platform is needed to increase the quantity and
availability of useful data. Service life related durabil-
ity recordings should be shared amongst the scientific
community to allow the exchange and advancement of
knowledge in this field. The value of these durability
data is expected to rise through collaborative compara-
tive studies and meta analyses.

Similar or even more complex challenges are
faced for predicting the service life of modified and
preservative treated wooden material because addition-
al information of treatment agents and processes are
needed. Wood used outdoors is commonly treated with
different wood preserving agents and formulations,
and field studies on the durability of preservative treat-
ed and modified timber include additional parameters,
including preservative type, penetration and retention.

For these reasons, a proposal for a ‘Durability
Data Base’ has been made to the ‘International Re-
search Group on Wood Protection, IRG-WP’ (Brischke
et al. 2012). Requirements and feasible formats for du-
rability recordings have been suggested for all types of
wood products: naturally durable timber, thermally and
chemically modified timber, water repellent and pre-
servative treated timber as well as for composite prod-
ucts. The database shall allow availability of test results
from field and laboratory studies dealing with wood-
degrading fungi, insects, and marine borers.
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« Approaches to reflect biotic and abiotic agents affecting performance of wood-based building materials have been reviewed.
« Efforts in developing performance models for fungal decay and mould growth have been intensified in recent years.

« A framework is available to link exposure, design and the material-intrinsic ability to take up and release water.

« Methods and models have the potential to get implemented in design guidelines and European and international standards.
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lished for various building materials, but cannot necessarily transferred to wood-based materials, primar-
ily due to their organic character. For performance modelling of wood products biological agents need to
be considered, such as wood disfiguring and degrading organisms.

Different approaches to adequately reflect the influence of biotic and abiotic factors on the performance
of wood have been reviewed and evaluated with respect to their usability in the building trade. We found
that efforts in developing performance models for both fungal decay and mould growth have been inten-
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Service life prediction governing variables (e.g. mass loss, strength loss, remaining strength, decay ratings, service life, aesthetic

appearance, etc.), data sources and the resulting level of accuracy.

A framework of how exposure, dimension, design details, and the material-intrinsic ability to take up
and release water can be linked to model the moisture risk in wood products is in principal available.
Methods and models have the potential to get implemented not only in design guidelines, but also in
European and international standards. In particular, various dosimeter models could serve as reliable
tools to quantify the effects of different construction details.
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1. Background - Modelling the risk for decay

For service life planning and performance classification of
buildings, building assets, and building products well-functioning
‘performance models’ are absolutely essential. The term ‘perfor-
mance model’ is ambiguous in a double sense: On the one hand
‘performance’ needs to be carefully defined, because it can have
very different meanings depending on the respective type of mate-
rial, product, commodity and its application. On the other hand,
the general meaning of ‘model’ is the ‘schematic description of a
system, theory, or phenomenon that accounts for its known or
inferred properties and may be used for further study of its charac-
teristics’. An important issue is to define the governing variables.
Building components that are exposed outdoors to the weather
are mainly affected by moisture and temperature related effects.
In addition moisture and temperature can also play an important
role indoors and in the building envelope. In particular for bio-
based building materials such as wood, biological agents should
be considered in order to predict service lives. In contrast, other
degradation processes such as corrosion, erosion, and hydrolysis
of wood substance play a minor role.

Wood can be degraded by wood-destroying insects (e.g. beetles
and termites), bacteria, fungi, and marine borers. Their occurrence
and the risk of infestation respectively depend on the exposure
conditions and the geographical position. While for instance the
presence of termites in Europe is mainly restricted to the South-
ern-European countries, and shipworms live only in sea water with
certain salinity, wood-destroying fungi are ubiquitous and can
occur worldwide. However, there are physiological cardinal points
that determine the ability of other organisms to grow and to attack
wood. For example, fungi demand wood moisture contents above
fibre saturation for transporting their degrading enzymes [1,2].
These deviating living conditions allow a principle differentiation

Table 1

of organism groups referring to the exposure conditions of wooden
components. This principle is basically reflected by the use class
approach described in EN 335 [3] where six use classes (UC) are
defined according to the respective moisture regime and the
potential presence of wood-degrading organisms (Table 1).

In particular UC 2, UC 3.1 and UC 3.2 are characterized through
the respective moisture conditions, whereby UC 4 (“ground con-
tact”) is considered to be permanently wet and therefore equalized
with “fresh water contact”. Consequently, developing performance
models with respect to fungal decay above ground covers a
wide range of exposure conditions, wherefore various dosimeter
approaches have been applied to address the varying moisture
loads impacting on wooden components.

Generally, it becomes evident from the classification scheme of
EN 335 [3] that one general model cannot display the whole diver-
sity of exposure conditions; rather a set of models is needed each
considering a particular exposure range and group of potentially
occurring organisms.

In addition to the so-called ‘wood-destroying organisms’ which
are able to degrade wood substance, and partly also digest and
metabolize lignocellulose, ‘only’ aesthetical damage is caused by
‘wood disfiguring fungi’ in terms of mould growth and blue stain.
Besides the optical impairment moulds have the potential to cause
allergic reactions and human health problems. This is an issue
especially in indoor environment, where damp water can cause
moisture accumulation. Mold and rot fungi are basically different
in biology and physiology as well as in their strategy to use wood
as a nutrition source. While mould is more or less a surface
phenomenon without significant impact on the mechanical prop-
erties of wood, rot fungi degrade cell walls in the full volume of
a building component. Moisture and temperature minimum
thresholds also vary between both groups and require conse-
quently different modelling approaches. A comprehensive review

Summary of use classes and their respective harmful organisms of wood and wood products according to EN 335 [3].

Use General service conditions® Occurring organisms™¢
class Wood disfiguring Wood-destroying Beetles Termites Marine
fungi fungi organisms
1 Interior, dry - - U L -
2 Interior or under roof, not exposed to weather, possibility of U U U L -
condensation
3 Exterior, without soil contact, exposed to weather If class-divided: U 0] 8] L -
3.1 limited moist conditions
3.2 persistently moist conditions
4 Exterior, in contact with soil or freshwater u u u L -
5 Permanently or regularly immersed in salt water ud u ud L4

U =is spread all over Europe and in the area of the European Union.
L = occurs locally all over Europe and in the area of the European Union.

@ There are borderline- and extreme cases for the use of wood and wood products. These can cause the result, that a use class will be allocated, which differs from the

definition of this standard.

b protection against all listed organisms is not absolutely required because they do not occur under all use conditions and at all geographical locations or they are not
economically significant or not able to infest specific wood products due to the specific state of the product.

¢ See Annex C.

9 The area above water surface of certain wooden components can be susceptible to all stated organisms.
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on mould prediction models has been provided by Vereecken and
Roels [4]. In the following we will therefore focus on models to
describe fungal decay.

2. Model types

The mathematical background for any service life prediction is a
performance model. Mathematical models are widely used in nat-
ural sciences to handle different variables, such as input variables,
state variables, exogenous variables, random variables, and output
variables. Depending on the system to be analyzed the type and
structure of the most suitable model might significantly differ,
and so do the preferences of scientists. For instance engineering
models often work with limit states (Limit state design LSD), and
therefore the limit state theory is already established in numerous
building codes around the world [e.g. 5,6].

However, the limit state concept does often conflict with
biological approaches aiming on displaying the full process of
degradation till the definite end of service life. Therefore dose-
response functions are preferential instruments, because they
describe the change in effect on an organism caused by differing
levels of exposure (or dosage) to a stressor after a certain exposure
time. For service life prediction of timber constructions the biodeg-
radation of wood must be seen as a negative growth process - the
(positive) growth and degradation activity of the decay organism
causes a reduction of wood substance, with consequences for ser-
viceability as well as safety against failure.

Fig. 1 gives an example of a dose-response function, which
serves as performance model for wooden commodities exposed
above ground. The dose is expressed as a function of daily wood
moisture content and wood temperature, whereby the level of
decay was considered as response indicated as decay rating
according to EN 252 [7], which is described in detail in Table 2.
The experimental set up and the various modelling steps had been
described in detail by Brischke and Rapp [8]. The overall result of
the numerous field trials, which had been conducted with Scots
pine sapwood and Douglas fir heartwood for up to 8 years, is the
sigmoid graph shown in Fig. 1. It is representing the full life span
of the specimens starting slowly with an initial lag phase before
onset of decay (rating 1) and finally ending with an approximation
to complete failure (rating 4).

This mathematical model is neither based on linear functions
nor does it provide one exclusive limit state, which might appar-
ently conflict with the ideal pre-conditions of an engineering
approach. But it is the opposite: Besides the fact that the descrip-
tion of growth processes through logistic functions is definitely
the more precise way, the approach even provides to define more

Mean decay rating [0-4]
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Fig. 1. Dose-response relationship for fungal decay in above-ground exposures,
determined on the basis of field trial results performed at 28 test sites in Europe.
Dose is expressed as a function of wood moisture content MC and wood
temperature and accumulated from daily values over the whole exposure period
of 4-8 years. Response is expressed as decay rating to EN 252 [7]. LS = limit states.

than one limit state. Thus, purpose specific limit states can be
defined, e.g. the onset of mould or decay to define aesthetic service
lives or the failure in ground contact as one might prefer to use for
fence and utility posts. To quantify the impact of a certain con-
struction detail on the service life of a whole construction, many
engineering tools work with factorization and normalization of
the impact variables. Also this aspect does not stand in contrast
with the dose-response approach, simply the measure is some
kind of special - it is the dimensionless dose as a function of MC
and temperature. Using the mean annual dose (=accumulated daily
dosages over 1 year of exposure) as an operand allows comparing
the protective effectiveness of every conceivable building compo-
nent and exposure situation [9].

Biological growth processes and degradation processes follow
very similar rules. However, depending on the material, the com-
ponent dimensions, and the type of decay the degradation progress
may sometimes deviate from the normal case. For example, preser-
vative treated wood degrades after certain patterns as shown by
Larsson-Brelid et al. [10]. While the decay progress of untreated
non-durable wood in ground contact is more or less linear from
the very beginning, creosote treated wood is known to show a
‘break phase’ after decay had already started significantly. Again
different from this is the decay progress in certain soils of wood
treated with some organic copper containing preservatives, which
often show a long time lag before onset of decay, but degrade very
fast as soon as the lag phase has been overcome.

Similar observations had been reported by Brischke et al. [11]
for natural durable timber. As shown in Fig. 2, also English oak
exposed above ground revealed ‘break phases’ after decay had
already started. In contrast, the non-durable Scots pine sapwood
decayed very steadily. If now different levels of decay (=different
limit states) need to be considered for service life prediction, which
generally is the case, these irregularities in decay development
must not be ignored. Otherwise extrapolation from decay develop-
ment in the first half life-time may lead to misinterpretation, as
demonstrated for oak in Fig. 2, which decayed much slower during
the first 4 years of exposure compared to the average decay
development.

Depending on how much a priori information is available for a
system one can distinguish between black box models and white
box models, whereby these terms describe only extremes and usu-
ally a mathematic model is somewhere in between. It seems to be
trivial that using as much a priori information as possible makes a
model more accurate, but anyhow it might be worth to consider
black box models as well for certain applications. Nowadays neural
networks (NN) and case-based reasoning systems (CBR) are well
established methods [12] to handle data related to very complex
interrelationships and allow artificial intelligence, e.g. in robotics.

Also for service life prediction issues computer programs would
be eligible, into which users enter information and the system
utilizes pre-programmed logic to return output to the user. How-
ever, the ‘black box’ portion of such systems contains formulas
and calculations that the user does not see and does not need to
know to use the system. Especially for biological processes this
may cause problems, why “white-box” models usually are pre-
ferred if available.

The advantages of using white box models for service life calcu-
lations of timber and other wood-based products become obvious,
when facing the huge variety of potential data sources, materials,
constructions, exposure situations, and biological, physical as well
as chemical deteriorating agents coming into consideration. The
existing knowledge about many of these decay influencing factors
can be utilized efficiently with white box models only as illustrated
through the following examples. Various approaches had been
undertaken to predict the decay resistance of wood by colour mea-
surements and other spectroscopic methods [e.g. 13,14] and were
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Table 2
Rating scale according to EN 252 [7] for assessment of field test specimens.
Rating Description Definition
0 Sound No evidence of decay, discoloration, softening or weakening caused by microorganisms
1 Slight attack Limited evidence of decay, no significant softening or weakening up to 1 mm depth
2 Moderate attack Signification evidence of decay, with areas of decay (softened or weakened wood) from 2 to 3 mm depth
3 Severe attack Strong evidence of decay, extensive softening an weakening, typical fungal decay at large areas from 3 to 5 mm depth or more
4 Failure Sample breaks after a bending test

Mean decay rating [-]

-2~ Scots pine sapwood, Hamburg shade —a—English oak, Hamburg shade
== Scots pine sapwood, Reulbach —m—English oak, Freiburg
=0~ Scots pine sapwood, Hamburg —e—English oak, Hamburg
-0~ Scots pine sapwood, Freiburg —e—English oak, Stuttgart ¥
-9~ Scots pine sapwood, Stuttgart ——English oak, Reulbach /

1 2 3 4 5 6 7 8

Exposure time [years]

Fig. 2. Mean decay rating after EN 252 [7] of English oak and Scots pine sapwood
specimens exposed above ground in horizontal double layers at different test sites;
taken from Brischke et al. [11].

partly found to be very promising. However, although good corre-
lations had been observed between, e.g. colour values and resulting
durability classes, there is still some variation remaining, which is
most likely caused by different moisture dynamics of the various
wood assortments, rather than by the content of biocidal extrac-
tives itself.

Similar observations have been made for thermally modified
timber by Welzbacher et al. [15,16]: While colour values L*, a*,
and b* showed striking correlations with the heat treatment inten-
sity for all treatments applied, other wood properties such as
dimensional stability and decay resistance did strongly depend
on the respective treatment temperature. Consequently, the exclu-
sive use of such indirect measurands means somehow to deal with
‘black boxes’ as we still not understand the whole mode of action.

An ideal service life prediction tool should therefore be based on
a completely transparent performance model (=white box) with
traceable functional relationships to allow continual adjustment
and considering more and more input data. As manifold data
sources need to be tapped, the model approach needs to be ‘open’
- open for lab and field test data, moisture recordings from
in-service components, commodity tests, surveys and questioning
results, case studies, expert and non-expert opinion as well as
results from complementary studies. Finally as indicated above,
the model should also allow defining different limit states and dif-
ferent types of ‘target performance’ as well as recalibration on the
base of short-term, long-term, and real life in situ tests.

3. Modelling approaches
3.1. Climate indices

Pioneer work on service life prediction has been carried out by
Theodore Scheffer in the early 1970s. The climate index presented
by Scheffer [17] was the first attempt to correlate climatic data
with the hazard for decay. The hazard potential of different

climates in the USA was estimated by empirically determined
decay intensity from field tests at four different sites. Scheffer
focussed in this early attempt on the parameters temperature
and distribution of rainfall as follows:

S [(T = 35)(D - 3)]
4 30 (1)

in which T is the mean day temperature of the month (°F), and D is
the mean number of days with more than 0.001 inch of rain per
month (-).

The hazard for decay of wood increases with the value of the
index, which ranges from 0.0 for Yuma, Arizona, to 137.5 for West
Palm Beach, Florida, for the continental part of the USA, where
three climate zones represent three levels of above ground decay
potential (Fig. 3). Later on the Scheffer Index has been used by
authors to develop hazard maps for Canada [18] North America
[19], China [20] Australia [21], Norway [22], and Europe [23,
Fig. 4]. Finally Carll [24] published a revised hazard map for the
United States using climate data from 1971 to 2000.

According to Carll [24] the Scheffer Index is a “metric by which
relative hazard can be compared between geographic locations, the
Scheffer Index is not intended to predict decay propagation rate
nor time to failure in specific constructions”. This peculiarity is
not necessarily a limitation of the approach, but has been contro-
versially discussed in numerous reports [e.g. 24,27-31,32-36].
Nevertheless, without doubt the Scheffer Index is still the most fre-
quently used index of its kind for estimating the relative decay
hazard of geographical sites [22,24,37-40].

Further climate indices have been developed and considered for
service life prediction [e.g. 35,41-44]. However, one may conclude
that many previous attempts to correlate macroclimatic data with
decay rates lacked sufficient fit, because more influences on wood
decay need consideration such as the microclimate provoked by
details in design [29,38,45-47].

Another factor having significant effect on the moisture exposi-
tion of buildings and construction details is wind-driven rain
(WDR), which has been intensively investigated to develop models
and driving rain hazard maps [e.g. 48-51]. Consequently the rela-
tionship between the weather parameters rain fall sum, rain fall
intensity, wind speed, and wind direction on the one hand and
resulting wind-driven rain on the other hand has been described
sufficiently and used for WDR maps [48,52]. In contrast, studies
on the effect of WDR on moisture content of wooden building
components such as claddings are sparse [53] and the effect of
WDR on moisture performance of buildings is rather estimated
than precisely determined [e.g. 33,45,54], not at least because
design details have a predominating effect on the final amount of
rain water arriving on vertical building faces. Usually WDR loads
are therefore modelled based on local weather conditions, not nec-
essarily measured by use of driving rain gauges.

Climate index =

3.2. TimberLife

Extensive research on modelling fungal decay, termite and mar-
ine borer attack has been conducted in Australia [21,55-61] taking
different data sources into consideration. Results from large field
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Fig. 3. Climate index map for decay hazard based on Scheffer [17] and reproduced in the Wood Handbook [25].

Fig. 4. Relative decay potential for Europe indicated as Scheffer’s climate index for 60 European sites (circles) based on data from ECA & D; taken from: Brischke et al. [26].
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test studies at different test location as well as country-wide
surveys on timber structures were used to establish probabilistic
performance models. Models were in first instance developed on
the base of field test results, and in a second step calibrated and
verified through information from in-service structures and by
expert opinion. Besides material related parameters (such as
resistance against different degrading organisms) macroclimatic
and microclimatic aspects were considered by means of design
details.

The results of the 10 years project flew into a series of manuals
published by the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) and numerous scientific publications. Finally
a “Timber service life design guide” with corresponding software
tool “TimberLife” was released [62]. The TimberLife approach
was widespread and the most comprehensive of its kind, not only
in Australia.

The basic model for timber decay above ground (Fig. 5) was
established on the base of field test results and is expressed as
decay depth over time [21]. The rate of decay is hereby considered
as the product of different factors according to the following
equation:

1 = KwoodKctimatekpKikwknksg (2)

in which r is the decay rate, k004 iS @ wood parameter, Kimace iS a
climate parameter, kj, is a paint parameter, k; is a thickness param-
eter, k,, is a width parameter, kj, is a fastener parameter, and k, is a
geometry parameter.

Furthermore a time lag (before onset of decay) was determined
according to Eq. (3).

time lag tj,; = 8.5r79%° (3)

Algorithms for the different k-factors were provided in CSIRO
Manual No. 4 by Wang et al. [21]. The CSIRO models have been
later on used by other researchers; they were applied to other
regions than Australia and adapted or simplified for various pur-
poses. Freitas et al. [63] used the ‘in-ground model’ by Leicester
et al. [64] to model timber decay in Brazil. Lourenco et al. [65] used
an adapted version of the model presented by Leicester [66] for
modelling residual cross sections of beams in old buildings in Por-
tugal. Reliability analysis of roof structures and safety analysis of
timber structures were performed using modifications of the dif-
ferent CSIRO models [67-70].

pth

Decay de;

k——]LH Lio
Time (years)

Fig. 5. Idealised progress of decay depth with time used as basic model for timber
decay; taken from Wang et al. [21].

3.3. Decay models based on laboratory test results

The physiological cardinal points for brown rot fungi have been
systematically studied by Viitanen and Ritschkoff [71] and
Viitanen [72,73]. Fig. 6 shows the parameters relative humidity
RH and temperature T as a function of time t for start of decay
development (mass loss less than 3%) in untreated Scots pine sap-
wood. According to Viitanen et al. [33] the isopleths shown in Fig. 6
can be used for evaluation of dose-response relation between
decay and humidity, temperature and exposure time. For decay
development different dose response relations exist. Fig. 7 shows
a model for decay development expressed as mass loss of wood
in accelerated tests at high humidity and at different temperatures
[33]. Based on these earlier findings Viitanen and his co-workers
developed an empirical model of decay development, whereby
mass loss caused by brown rot fungi is expressed as a function of
RH, T, and time t (Eq. (4)).

ML(RH,T,t) = —42.9t — 23T — 0.035RH + 0.14¢ - T
+0.024T -RH + 0.45RH - t (4)

The model by Toratti et al. [74] and Viitanen et al. [33] was fur-
thermore adapted with respect to variable RH and T conditions as
they occur in real life. Therefore it was assumed that decay devel-
opment can be modelled as two processes: an activation process
and a mass loss process. A parameter o« was defined as a relative
measure of the state of the fungus with respect to its state at the
initiation of the mass loss process. It is initially O and grows grad-
ually to a limit of 1, at which the mass loss process is initiated. Both
processes have been modelled.

The idea of assuming an activation stage in the fungal degrada-
tion process coincides with earlier models based on field test data in
Australia [e.g. 21]) represented through the lag phase before onset
of fungal decay. The general existence of a lag phase — consequently
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Fig. 6. Relative humidity of the ambient air (RH) and temperature isopleths as a
function of time for start of decay development (mass loss less than 3%) in
untreated pine sapwood; taken from: Viitanen et al. [33].

80
= |
§70 I , = EN113
V4 0
§60 I / — 130 C
2 50
e l — 20 C
© 40
g . y = +10C
2 20] )/ *sc
g /
s 10 r +1C
N Zzdu e

0 12 24 36 48 60 72 84
Time (months)

Fig. 7. Development of decay of Coniophora puteana on Scots pine sapwood at high
humidity (RH 100%) of ambient air at different temperatures. The curves are fits to
the mean values of laboratory test data; taken from: Viitanen et al. [33].
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indicating that fungal degradation can be described as a two stage
process — became evident in further field studies as reported by
Francis and Norton [75], Brischke [76], Hansson et al. [77] and
Isaksson et al. [78]. From an engineering point of view it is interest-
ing to note that the concept of initiation and progression phases is
also used for e.g. reinforcement corrosion.

A different approach of a decay model mainly based on labora-
tory test data taken from literature was proposed by Nofal and Kum-
aran [79]. For their ‘wood-rotting’ model results from experiments
by Viitanen [73,80] and Viitanen and Ritschkoff [71] were used. In
analogy to Viitanen et al. [33] they were assuming that an initial
lag phase (here: initial response time) before onset of decay exists,
whereby it shall depend on the respective wood species. For the
decay process itself the model considered critical growth conditions
as well as survival conditions of wood-rotting fungi [79]. The overall
aim of their study was to relate biological damage function models
with hygrothermal computer models to allow for use in design and
performance assessment of wall components.

Saito et al. [81] presented a model based on own test results
with the brown rot fungus Fomitopsis palustris. The experimental
set up did not allow for moisture uptake from an external source,
such as malt agar. Wood samples were stored at certain RH and
temperature after inoculation with fungal mycelium. Consequently
the focus of the model was to describe the moisture availability
from the decay process itself, where wood rot fungi degrade cellu-
lose through enzymatic reactions, and produce both, H,O and CO,.
The decay model was furthermore coupled with hygrothermal
simulations.

Laboratory test data have also been the base for damage models
and damage accumulation functions presented by Van de Kuilen
[82] and Montaruli et al. [83], whereby the effect of fungal decay
on mass loss and strength loss was considered. Furthermore, Van
de Kuilen and Gard [84] described a damage accumulation model
for wooden pilings.

3.4. Decay models based on field test results

A dosimeter approach was proposed by Brischke and Rapp [30]
for modelling the service life of wooden specimens exposed above
ground. Therefore field test data have been used considering both,
dose parameters such as wood moisture content and wood tem-
perature and the response in terms of fungal decay. The model
was based on double layer above ground field tests carried out at
different sites in Europe (Fig. 8). Starting from literature data on
physiological minima, optima, and maxima wood MC and temper-
ature for wood-destroying fungi both parameters were optimized
using field test data. The final dose-response model is shown in
Fig. 9 (top) as later on described by Isaksson et al. [Egs. (5) and
(6), 78].

The total daily dose D is a function of one component D, depen-
dent on daily average of moisture content u and one component Dy
dependent on daily average temperature T.

D = f(Dr(T), Du(u)) (5)
For n days of exposure the total dose is given by
D(n) =Y "D = > (F(Dr(Ts), Du(w))) (6)
1 1

where T; is the average temperature and u; is the average moisture
content for day i. Decay is initiated when the accumulated dose
reaches a critical dose.

The total dose D is then calculated as a function of D, and Dr
according to Eq. (9), where Dr was weighted by a factor a.

Du(u):{o if u<25%

7
eww—f-ut+g-wd-h-w?+i-u—j ifu=25% @

Fig. 8. Photograph showing the double-layer set-up with the upper layer shifted
25 mm horizontally to the lower layer. Specimens are separated with bitumen foil
from CCB-impregnated support beams.

0 if Tonin < 0°C or if Tynax > 40°C
k-T*+1-TP—=m-T*>+n-T if Toin > 0°Cor if Typay < 40°C
(8)

D = (a-D;[T]+Dyfu])- (@+1)"" if D, >0 and D > 0 (9)

where T, is the minimum and T4y is the maximum wood temper-
ature for the day considered (°C), a is the temperature weighting
factor, and e, f, g, h, I, j, k, I, m, n are variables.

The total dose over a certain time period is given by Eq. (10) and
the decay rating is given by the dose-response function:

DR(D(n)) = 4 - exp(— exp(1.7716 — (0.0032 - D(n)))) (10)

Dy(T) :{

where DR is the mean decay rating according to EN 252 (1990) and
D(n) is the total dose for n days of exposure.

A sigmoid curve described the logistic regression function
between moisture and temperature induced dose and fungal decay
expressed as decay rating according to the European standard EN
252 [7]. Wood degradation is hereby understood as a negative
growth process, which is usually described by sigmoid shaped
curves [30].

While the logistic model by Brischke and Rapp [30] can be
described as a biological approach [23], more engineering based
models were developed with the same data set by Isaksson et al.
[77]. Therefore a simplified logistic model (Fig. 9 middle, Egs.
(11)-(14)), a set-back dose response model, and finally a two-step
dose-response model (Fig. 9 bottom, Egs. (15)-(18)) were
developed.

Simplified logistic model [77]:

D = Dy(u) - Dy (11)

Dy (1) = { (u/30)* if u < 30% (12)

1 if u>30%

0 ifT<0°C

Dr(T)=< T/30 if 0°C<T<30°C (13)
1 if T>30°C

DR(D(n)) = 4 - exp(—exp(1.9612 — (0.0037 - D(n)))) (14)

Two-step dose-response model [77]:

D = Dy(u) - D1(T) (15)
0 ifu<a

Dy(u)=¢ =2 ifa<u<h (16)
1 ifu>b
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Fig. 9. Relationship between dose and mean decay rating according to EN 252 [7] of
Scots pine sapwood (black) and Douglas fir heartwood (grey) exposed at 28
different field test sites using different dose-response models. Top: logistic model,
middle: simplified logistic model, bottom: two-step model (each dot represents the
mean decay rating at one exposure site at a certain time of exposure; black line
Gompertz smoothing function); taken from Isaksson et al. [78].

0 iifT<c
Dr(T)=< ;& ifc<T<d (17)
1 ifT>d

where a is the lower moisture content limit (25%), b is the upper
moisture content limit (30%), c is the lower wood temperature limit
(0°C), and d is the upper wood temperature limit (30 °C).

0 if D< 130
0.0051-D—-0.66 if D> 130

The simplification of the logistic dose-response model led to a
decrease in accuracy of the model. Also the implementation of a
set-back parameter — which allowed for negative dose values -
did not lead to a better fit. The idea of Viitanen et al. [33] to model
an activation process was obviously not transferable to the field
test data set used by Isaksson et al. [78]. Finally the two-step
dose-response engineering model showed sufficiently high accu-
racy and was believed to be more efficient in building design appli-
cations than the logistic model.

For comparative analysis the logistic model [30] has been
applied also to plywood that was exposed outdoors and assessed
regarding moisture performance and fungal susceptibility by Van
den Bulcke et al. [85]. However, it was pointed out that a perfor-
mance model is not easily transferable to different substrates (or
as in this case composites) due to their different moisture
performance and susceptibility to potentially different decay types

DR(D(n)) = { (18)

[76,85]. The logistic dose-response model was based mainly on
white and soft rot decay, the use of other materials and/or under
different exposure conditions may provoke favourable conditions
for brown rot decay.

3.5. Time-series analysis

For service life prediction issues it is essential to determine not
only the relationship between material climate and responding
wood degradation, but also to model the effect of macro- and
microclimatic parameters on the material climate [76]. Besides
various laboratory studies on the sorption and capillary water
uptake behaviour of wood [e.g. 86], only a few studies are available
using long-term field test data to establish ‘climate models’ such as
the approach of continuous moisture measurements (CMM) at
Ghent University in Belgium [85,87-88]. Experimental base for
the studies has been a long-term outdoor exposure of mainly ply-
wood samples on load cells. Moisture content was determined in
short intervals for several years and correlated with weather
parameters which had been measured in parallel. Van den Bulcke
et al. [87] applied different methods of correlation analysis ranging
from standard correlation analysis to wavelet-based semblance
analysis to model the effect of weather parameters and the local
climate respectively on the moisture performance of plywood as
an example.

Reliable climate models describing the effect of RH, air temper-
ature, w