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Preface

This book is the final publication of the COST Action CA 20139, holistic design of
taller timber buildings, that was carried out between 2021-2025 in an attempt to create a
common understanding of the challenges in the holistic design of taller timber buildings.

Buildings, by nature, are complex systems that function optimally when all their sub-
systems, with their specific roles and functions, operate in harmony. This is particularly
relevant for taller timber buildings, which introduce a layer of complexity beyond their
counterparts in conventional construction materials such as concrete, steel, or masonry.

Timber, as a natural and renewable material, presents a unique set of challenges.
When designed and executed correctly, it can endure for centuries, but it requires partic-
ular attention to detail due to its bio-based nature. Unlike other materials, timber is less
for-giving when mistakes are made regarding durability or excessive and unbeneficial
loading. Therefore, it is essential to approach the design process in a comprehensive and
parallel manner, addressing all demands on the building simultaneously rather than in
isolation.

The book provides in depth knowledge and insights into the complexities of
the designing, planning, assessing, and construction of multi-storey timber buildings.
The intrinsic need for a holistic and interdisciplinary approach in these activities is
highlighted.

The book aims at going beyond traditional design codes, which often focus on iso-
lated aspects of building design. It integrates a spectrum of engineering topics alongside
architects, builders, and other key stakeholders, such as investors, municipalities, and
policymakers. By fostering an interdisciplinary dialogue, potential issues can be identi-
fied early in the design process, enabling proactive solutions before challenges arise in
practice.

Structured in five distinct parts, the book addresses a wide range of contemporary
challenges in multistorey timber buildings. After an introduction and overview of the
COST Action aims and activities and the mapping of the challenges related to the design
of taller timber buildings, the general planning of taller timber buildings with regard to
the different structural and service demands is discussed. This is followed by the topic
of performance and assessment of taller timber buildings from the construction phase
throughout the entire service life and beyond. The particular exposures and hazard, that
taller timber buildings are exposed to, are analyzed in the 4™ chapter and a framework
towards multi-hazard design of taller timber buildings is developed. The end-of-life
scenarios and the aspects and potentials for circularity are discussed in the final chapter
of the book. Finally, also short summaries of related articles of the special issue of the
COST Action (Wood Material Science & Engineering, Volume 20, Issue 4 (2025)) are
provided delivering the basis for further research focused literature.

Ultimately, this book provides timber construction professionals, building investors,
and users with valuable guidelines to create safer, more robust, and more comfortable
multi-storey timber buildings. By optimizing the use of raw materials and integrating
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diverse expertise, it aims to contribute to the future of timber construction in an ever-
evolving built environment.

This book consists of individual chapters, for which the respective authors are solely
responsible. We would like to thank all the authors, contributors, and reviewers of this
book for the interesting discussions, their great work, and for the punctual delivery!

This book is based upon the work from COST Action HELEN-Holistic design of
taller timber buildings CA20139, supported by COST (European Cooperation in Science
and Technology).

The financial support is greatly acknowledged!

Gerhard Fink
Robert Jockwer
José Manuel Cabrero
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Abstract. The construction sector is responsible for a large amount of greenhouse
gas emissions, energy and raw materials consumption and waste production. Thus,
a shift towards sustainable construction methods is essential. Engineered timber,
a leading material for sustainable construction, has advanced to a point where it
can now be efficiently used for taller buildings. Unfortunately, designing taller
buildings made from timber is more demanding compared to their concrete and
steel counterparts. A successful design and construction of taller timber buildings
requires intensive collaboration between different fields. COST Action HELEN
aims to support the transformation from research on isolated topics to a more inte-
grated, interdisciplinary approach. This shift is essential for the safe and economic
design, construction, maintenance, and recycling of taller timber buildings.

Keywords: Taller timber buildings - Holistic design - Robustness - Reuse and
repairability - Deformations and Vibrations - Accidental Load Situations -
Sustainability - Durability
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This book chapter contains content from other documents and contributions created
from the authors [1-3], where you can also find more detailed information about COST
Action HELEN.

1 Introduction

With the worldwide construction sector being responsible for a significant amount of
the carbon dioxide emissions, the world’s energy use and waste production, a shift
towards sustainable and renewable construction is crucial. Engineered timber will play
an essential role in this transition, as it has evolved to a stage that enables the con-
struction of taller buildings that are commonly built from concrete or steel. The number
and height of multi-storey timber buildings has seen significant growth over the past
decade. Each year, these boundaries are being pushed further. As of 2020, the tallest
pure timber multi-storey apartment building stands at 18 storeys (85 m), while the tallest
timber-concrete hybrid reaches 24 storeys (84 m). Buildings up to 10 storeys are now
considered midrise. Contemporary multi-storey timber buildings are increasingly seen
as along-term sustainable solution, particularly in urban areas, where they offer a greener
alternative to concrete and steel constructions while also improving living quality and
fostering healthier environments.

The current design process for taller timber buildings is, in principle, not different to
other buildings. Typically, architects create the concept, followed by various engineering
disciplines working on their respective areas. Structural engineers are responsible for
dimensioning building elements and connections, mechanical engineers design heating,
ventilation, and plumbing systems, fire engineers ensure fire safety measures are in place,
and acousticians help architects to select the right components to minimize sound trans-
mission. Nevertheless, designing taller buildings made from timber is more demanding
than their concrete and steel counterparts. Whereas different designers (architects, struc-
tural, fire engineers etc.) of concrete buildings can work almost independently, the design
of taller timber buildings should be performed with intensive collaboration among the
design team members. Designing multi-storey timber buildings has always involved
highly specialized engineering teams with in-depth knowledge of the unique challenges
and demands these buildings present.

Despite the construction of several midrise and some taller timber buildings, the
understanding of how to design such structures remains far behind that of concrete and
steel buildings. Taller timber buildings present additional challenges that are yet to be
fully addressed. Over the past 15 years, research in timber engineering has intensified,
and this knowledge is gradually being integrated into design codes and handbooks.
North American codes are being updated more rapidly than European ones, with the
2021 US International Building Code permitting timber buildings up to 18 storeys tall.
In contrast, European building directives vary by country, and the revised Eurocode
for general structural design is not expected to be available before the end of 2025.
Despite these efforts, most global research on multi-storey timber buildings has focused
on specific aspects such as connections, vibrations, acoustics, fire safety, and durability,
rather than considering the design in a holistic manner. However, an integrated approach
is crucial for designing taller timber buildings, and is the primary challenge addressed
by this COST Action.
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2 Aims and Objectives

COST Action CA20139 — Holistic Design of Taller Timber Buildings (HELEN) is a
research network that started on 12/10/2021 and will run until 11/10/2025 [2] and is
funded by the European Cooperation in Science and Technology (COST). The main
goal of HELEN is to support the transformation of building construction research from
isolated topics to a more integrated, interdisciplinary approach. This shift is essential for
the safe design, construction, maintenance, and recycling of taller timber buildings.

A key challenge in the design of timber buildings lies in the inherent design com-
plexity of timber buildings due to the material’s nature and properties. Without the
collaboration of experts from different fields, significant conflicts can arise, affecting
both the load-bearing capacity and serviceability of the building. An example is the
acoustic insulation methods used in timber buildings that often contradict the design
strategies against wind or earthquake loads. Whereas acoustic requirements might result
in decoupling building elements in order to reduce the noise transfer, wind and seismic
forces demand elements to be tightly connected to resist lateral forces.

HELEN aims to promote international collaboration and interest in developing a
shared understanding and common guidelines for the holistic design of taller timber
buildings. This is achieved through the exchange of technical and scientific exper-
tise from the diverse research profiles within the network, as well as leveraging their
research facilities. Cooperation within this network enables coordinated research efforts
to accomplish the objectives (Fig. 1).

~_

SEISMICLOAD

Fig. 1 Illustration of the interaction of different building design fields and their inherent collisions
[1,2]
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3 Working Groups

HELEN is structured in four working groups (WGs). It was acknowledged early on
that overlap existed between the WGs due to the multifaceted, timely and challenging
research questions to be addressed and collaboration between WGs was also prioritised
(see also [1, 3]).

3.1 WG 1 - Robust Design for Adoption, Reuse and Repair

The Working Group 1 (WGI) deals with aspects related to robustness, adaptability,
design for disassembly and reuse, and repairability. Given the broad range and interdisci-
plinary nature of the topics assigned to WG, it has members with different backgrounds
in both engineering and architecture, as well as in research and industry. After the first
years, WG1 has been reorganised into two sub-groups (SG), one dealing with robustness
and another dealing with design for extended service life.

The SG “Robustness” deals with the topics of resistance to disproportionate damages,
including structural and non-structural robustness and resistance to progressive collapse.
The SG has worked on developing a framework for the design of timber buildings against
disproportionate collapse, which includes identifying all stakeholders and their interests
and responsibilities. Case studies of structural design for increased robustness have been
analysed and the most important strategies have been identified. The ongoing research
projects and exchanges with structural engineers involved in designing timber buildings
against progressive collapses have allowed the SG to identify some key issues: guidance
to adjust the necessary measures to increase resistance to disproportionate collapse to the
risk category of the building; simplified structural analysis models for alternative load-
paths (ALPs), e.g., with dynamic amplification factors; behaviour of connections under
large deformations, e.g. catenary action; connections as fuse elements in segmentation
strategies, which has similarities with capacity design for earthquake resistance; and
“power storeys” for vertical segmentation in taller timber buildings.

The SG “Design for extended service” results from the merger of previous SGs
“Adaptability”, “Design for disassembly and re-use” and it dealt with topics related to
changes in the functional use of buildings, how the design of tall timber buildings can
account for adaptability-related requirements, and their impact on other requirements
(e.g., robustness, acoustics, durability). The SG has focused on the evaluation of the
demountability of timber connections and on identifying solutions that facilitate disas-
sembly of timber buildings. Design for disassembly is not only important for increasing
the reuse and recyclability potential, but primarily for repairs in case of local damage.
Damages and repair of modern timber buildings have also been addressed, since it is a
critical aspect for insurance purposes.

3.2 WG 2 - Deformation and Vibration

WG?2 focused on aspects and design issues primarily related to deformations and vibra-
tions, in the framework of taller timber structures. WG2 took a primary advantage from
the interaction of scientist and professional engineers (i.e., representative of research
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institutions, universities and industrial partners) that have different experiences and tech-
nical skills on these themes. To optimize the impact of networking activities, the internal
organization of WG2 was established into two SGs: “Deformations” and “Vibrations”.

Talking about the SG “deformations” in tall timber structures, the attention was spent
on a multitude of aspects and issues that have major effects in research and industrial
applications, and are often fairly addressed by existing standards and regulations. As
a matter of fact, deformations in timber structures are primarily associated to joints
and connections. There are however no doubts about the complexity and variability
of possible technological solutions in the field of joints and connections for timber
structures. Also, the type of load, the boundary conditions and the assessment of their
mechanical performance suggests the need of a robust background in support of optimal
and safe mechanical design of these systems. The SG “vibrations” is implicitly related to
deformations and corresponding gaps in engineering knowledge / design tasks. Starting
from the assumption that vibration itself is a rather general definition and can cover a
multitude of practical / technical aspects in the framework of timber structures, WG2
members actively contributed to the elaboration of a State-of-the-Art document in which
most of engineering terms and problems could be first defined in their context. So far,
do we implicitly talk about vibrations in floors or partition walls for timber structures?
And which kind of design action should be primarily addressed in terms of vibration
serviceability, for the specific solutions in use in tall timber structures? But indeed, how
can we monitor and control, or possibly minimize and mitigate the effect of vibrations
in typical load-bearing components for tall timber structures? There are no doubts, first
of all, about the inter-correlation of vibrations and deformations, which again suggest
an intrinsic mutual interaction of load-bearing components for tall timber structures and
the final user/the design actions.

In most of WG2 elaborations, one major gap emerged from various sub-tasks, that is
the need of standardized operational procedures and guidelines which could be efficiently
applied to any type of building component. This general consideration implicitly recalls
the complexity of the topics, as they are strictly interconnected to the effects of different
design actions (see WG3).

3.3 WG 3 - Accidental Load Situations

WG3 activities were aimed at exploring optimized approaches for the holistic design
of taller timber buildings under accidental load situations. Specifically, accidental load
scenarios due to earthquake, fire and blast were considered acting either as separate
actions (single hazard) or as simultaneous or cumulative events (multi-hazard).

The WG3 was composed of four different SGs, dealing with “seismic”, “fire”, “blast”
and “multi-hazard accidental load”. Each subgroup focused on a deep examination of the
state-of-the-art for each load situation in order to identify the current limitations that can
be met in the design phases of mid-to-high rise timber buildings. Moreover, the potential
interactions and collisions among different accidental load scenarios were analysed. A
survey was circulated among WG3 members to assess the urgency of filling gaps in
knowledge in different design situations as well as evaluating the collisions between
seismic and blast, seismic and fire and fire and blast loads.
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For seismic load situations, the need of developing innovative high-performance
connections can be considered as a priority in the field. Most of proprietary connections
are characterized by values of resistance primarily suitable for low-to-midrise buildings
but further investigations are still needed to explore the ductility performance and the
brittle failure modes of customized anchors (e.g. hold-down) in taller buildings.

Three main research topics were identified as primary to overcome the current lim-
itations in taller timber buildings under fire loads, namely the contribution of timber
element to both external and internal fire spread, the structural robustness and the tim-
ber’s contribution to fire development. Regarding the design for blast loads, research
and technological development in the near future should be mainly aimed at investigat-
ing the redistribution of internal loads after an element loss and ensuring appropriate
redundancy.

The design of timber connections characterized by adequate ductility, the adoption
of proper capacity-design approaches and the design of shearwalls for both in-plane
(seismic) and out-of-plane (blast) load are example of strong interactions for accidental
load design situations involving seismic and blast. Regarding fire and blast, further
investigations should be conducted to investigate how the structures behave under fire
occurring after blast (fire following blast). The damages of structural components and
of the protection elements caused by blast need to be carefully assessed to determine
the residual fire resistance of structural components. Similarly, the damages of structural
connections and non-structural elements caused by strong earthquakes may significantly
influence the capacity of structure under fire load (fire following earthquakes).

Many of these topics have been largely discussed withing WG3 meeting and sum-
marized in some of the chapter of this book with the aim of addressing new research
advancements.

3.4 WG 4 — Sustainability and Durability

Timber constructions have gained the (rightful) reputation of being a sustainable build-
ing option. On the other hand, they also raise questions regarding their durability. They
are more susceptible to damage, either induced by moisture or insects, as well as design
mistakes due to their complexity. They are also less forgiving when it comes to con-
struction mistakes, possibly leading to premature failure of their building components.
WG4 looks into the issues dealing with taller timber buildings’ environmental footprint
and their longevity based on the design details, all assessed through the interdisciplinary
prism of the consortium’s experts. The results of this Working Group’s work are in
close correlation to WG1, where the initial design assumptions are considered. As in
other WGs, work in this group is also country dependent as, apart from local legislation,
local climate properties are also of great importance. The possibility to build safely and
effectively in areas with heavy rain and snow differs greatly from drier places. This, in
turn, influences the construction technologies, which, in turn, affect the building erection
price, which makes the timber alternatives to concrete or steel more or less viable. For
Europe, which strives for an increase in sustainable timber construction, this opens a dis-
cussion on state subsidies for timber construction in order to make them more attractive
to investors. The interdisciplinary consortium, also including Life Cycle Costing (LCC)
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and Social Life Cycle Assessment (S-LCA) experts, is able to provide answers to such
questions. WG4 is mainly divided into two SGs: “Sustainability” and “Durability”.

4 Activities and Outcomes

4.1 Network and Participation

The COST Action HELEN has successfully built a global network of researchers, educa-
tors, and practitioners from across Europe and beyond. The network has been continually
growing during the last years and has currently more than 410 members from more than
40 countries. The network is well-distributed between the individual working groups,
with more than 150 participants in each of them. More than half of the WG members
are early-career investigators. About one-third of the WG members are from inclusive
target countries, which ensures knowledge distribution among various COST members.
HELEN targets a high female participation, and could achieve 31%. In the second year of
HELEN, a Diversity, Equity, and Inclusion (DEI) Coordinator was appointed to oversee
and implement initiatives aimed at promoting diversity and inclusivity within the COST
Action, providing equitable opportunities among members and facilitating an open net-
work of knowledge among a diverse community of researchers, professionals, and man-
ufacturers, that reflects the wide range of skills required for the design, construction, and
research of taller timber buildings. To promote collaboration in such a diverse group,
a tailored session was designed in the fourth working group meeting in Hasselt, Bel-
gium, in May 2024. The session aimed at understanding different social identities (e.g.,
age, gender, religion etc.), individual experiences and personality traits, and creating a
safe environment for open dialogue and effective communication, fostering productive
collaboration within and between working groups. Key aspects highlighted from this
session are: (a) members may perceive themselves at a disadvantage, if they come from
a country with no forestry industry or without seismic activity, as this can limit their
background knowledge in timber engineering and earthquake engineering; (b) there are
still steps to be done in the engineering sector towards more inclusive career opportuni-
ties, and (c) increased work/study mobility within Europe facilitates broadening horizons
with exposure to different cultures and knowledge hubs. The HELEN activities facilitate
cross-pollination and knowledge transfer between practitioners and researchers irrespec-
tive of their backgrounds, providing equitable opportunities to expand their knowledge
(e.g., through Short-Term Scientific Missions), and showcase their work (e.g., through
WG meetings), supporting effective collaboration.

4.2 Workshops and Conferences, and Training Schools

HELEN organizes conferences, working group meetings, management committee ses-
sions, and specialized events (see also Fig. 2). These gatherings facilitate the transfer of
knowledge from basic research to practical industrial applications, with contributions
from industry experts and selected keynote speakers. Face-to-face meetings are con-
sidered key elements for engaging more actively those involved in research, education,
and practice. Particular focus is placed on Inclusiveness Target Countries (ITCs) and
Early Career Investigators (ECIs), with attention to gender equality. Synergies between
institutions, as well as collaboration with other COST Actions, help extend the reach.
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Fig. 2 Overview of aims and activities during the course of the COST Action HELEN

4.3 Training Schools

During the course of HELEN three training schools have been organized on targeted top-
ics related to taller timber buildings. These training schools are carried out by members
and for members of the COST Action. Through a holistic concept, it provides learning
opportunities for members at all career levels.

The first training school, held in Cortaccia, Italy, covered a broad range of topics
around timber connections [4], from the basic theories towards innovation and develop-
ments in structural modelling. The lectures included the evolution of timber connections,
with emphasis on dowel-type connections in line with the new Eurocode 5. Special con-
nection aspects, such as 3D connectors and reinforcement techniques, were explored,
along with the use of Cross-Laminated Timber (CLT) and screws in modern timber
construction.

The second 3-day training school, held in Zagreb, Croatia, focused on Sustainability
of Taller Timber Buildings focused on pathways to achieve zero-emission buildings,
exploring decarbonization strategies across different materials: steel, concrete, and tim-
ber. A significant portion was dedicated to sustainability in timber buildings, emphasiz-
ing sustainable forest management practices. The training further examined the concept
of whole life carbon, introducing participants to the distinction between embodied and
operational carbon. Through lectures and hands-on sessions, students gained familiarity
with related standards and the practical application of life cycle assessment tools. Spe-
cial attention was given to the modelling and validation of LCA results, with discussions
on sensitivity and uncertainty analysis to strengthen the reliability of environmental
performance evaluations.

The third training school, held in Zurich, Switzerland, focused on the topic “Case
studies in Taller Timber Buildings” [5]. During the training school, experts from various
fields who have been involved in the design of tall timber buildings presented their
projects and shared their expertise with the participants.



COST Action HELEN - Holistic Design of Taller Timber Buildings 11

4.4 Short-Term Scientific Missions and Conference Grants

Short-Term Scientific Missions (STSMs) are a valuable tool for promoting collaboration
within HELEN and are especially encouraged for ECIs. These missions foster syner-
gies between institutions, accelerate student learning and knowledge transfer, and offer
both academia and industry access to emerging talent and fresh perspectives. So far the
Action supported 41 STSMs. Documentation from these missions is available on the
HELEN website, and all STSM reports will be compiled and published in a dedicated
“Book of STSMs”. This publication will provide an overview of each mobility, includ-
ing the problem statement, a concise summary of the research activity, and details about
the grantee and host institution. The submission, evaluation, and approval process for
STSM proposals followed DEI principles and considered ITC, ECI, and gender balance.
The outcomes of STSMs are regularly presented and discussed in plenary sessions dur-
ing workshops. In total, researchers from 20 different countries participated, either as
grantees who travelled abroad or as hosts who welcomed visiting scholars. This wide
geographical distribution reflects the strong collaborative network fostered within the
Action. Furthermore, HELEN has funded so far 6 researchers from ITC to participate in
international conferences to present their research results.

4.5 Dissemination

HELEN provides a network framework for individual researchers, which has resulted
in several national and international research proposals and research initiatives. Beside
individual contributions and initiatives three joint contributions have been realised or
are currently under development.

The key achievement of the first year was the creation of the state-of-the-art report
titled “Holistic Design of Taller Timber Buildings (HELEN)” [6-9]. This report explores
various aspects of the subject, including both the drivers and barriers. It is available on the
HELEN website, where it can be downloaded as a complete document or in four separate
sections: (1) Design for robustness, adaptability, disassembly, reuse, and repairability
of taller timber buildings; (2) Design of taller timber buildings to prevent deformations
and vibrations; (3) Design of taller timber buildings to withstand accidental loads; (4)
Sustainability and durability of taller timber buildings.

Furthermore, HELEN published a special issue in the journal Wood Material Science
and Engineering [10]. The special issue includes a variety of research topics that have
been carried out during the Action: The topics covered in the special issue are related to
timber connections, timber-concrete composites, reinforced timber elements, fire safety,
and durability. Particular attention has been given to the reuse of structural timber as
well as the potential of disassembling wood construction.

The final book publication of the COST Action HELEN, which you are currently
reading, provides in-depth knowledge and insights into the complexities of the designing,
planning, assessing and construction of multi-storey timber buildings. The intrinsic need
for a holistic and interdisciplinary approach in these activities is highlighted. Buildings,
by nature, are complex systems that function optimally when all their subsystems, with
their specific roles and functions, operate in harmony. This is particularly relevant for
taller timber buildings, which introduce a layer of complexity beyond their counterparts
in conventional construction materials such as concrete, steel, or masonry.
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5 Heatmap

The HELEN COST Action aims to support a paradigm of building construction research,
shifting R&D from isolated topics to an integrated interdisciplinary approach, which is
critically necessary to safely design and build as well as correctly maintain and recycle
taller timber buildings. In order to achieve this aim, potential conflicts between the
different areas of expertise need to be identified. Analysis of such data are assumed to
be used to direct policy and shape research directions.

Identifying and addressing potential design conflicts, is the cornerstone to effectively
contribute to improved and safer timber buildings and, hence, transition to a decarbonised
built environment. During the MC meeting in 2020, a list of topics with potential conflicts
was drafted and further developed in the subsequent meetings. Eight main areas, each
with several sub-categories, resulting in a total number of 42 categories, have been
identified. A compilation of the criteria is presented in Table 1. Along these criteria and
topics, experts from the COST Action have identified and commented on the different
conflict risks throughout the duration of the action.

From the responses, possible conflicts can be mapped and visualised. The results are
illustrated in Fig. 3, where the number on both axis represents the conflict categories as
given in Table 1 and the colour represents the “average conflict” from the participants
who filled out the specific field, with ‘3’ representing the highest degree of conflict. It
can be seen that for the construction and the use phases significantly higher conflicts
were identified.

The following 10 categories are those with the highest number of identified conflicts
(all of them had 15 or more conflicts): Timber structures, Timber connections, Fire
behaviour of timber, Seismic response, Wind response, Maintenance, Repair, Fire spread
modelling, Moisture, Architectural design. The category Timber Structures may have
been interpreted too broadly (akin to Timber Engineering) and thus showed conflicts
across nearly all other categories. The remaining conflict areas are explored in more
detail below. From these matrices, the conflict of different topics in the different processes
during the entire lifetime of taller timber buildings from design, construction, use, to
recycling can be identified.

For connections, challenges are identified for all stages of the life cycle of the build-
ing, but particularly regarding waste management (#33). Proper detailing is important
to ensure maintainability but this can be compromised during construction due to issues
like moisture ingress. Training and education is needed in order to impact and enhance
the quality of timber structures for their entire lifetime.

Both the fire behaviour and the fire spread modelling are considered to be in large
conflict with architectural design (#23-27). Experts also noted that certain materials
used to improve sound and acoustic performance often perform poorly in fire scenarios.

In terms of seismic and wind response, conflicts were observed with acoustic perfor-
mance (#18) and floor vibrations (#9). A key challenge arises from the need to increase
the building’s mass to reduce wind response. This, however, leads to higher inertial loads
during seismic events.

During the construction and use phases, notable tensions exist between structural
reliability (#7) and robustness (#8) on one hand, and maintenance (#10) and repair (#12)
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Table 1 Summary of the conflicts categories

Timber engineering

1. Timber structures 8. Robustness

2. Timber connections 9. Floor vibration

3. Fire behaviour of timber 10. Maintenance

4. Environmental influences 11. Repair

5. Seismic response 12. Monitoring

6. Wind response 13. Disassembly

7. Structural reliability 14. Duration of load
Computational modelling

15. Fire spread modelling 17. General finite element modelling
16. Seismic modelling

Building physics

18. Acoustics 21. Thermal behaviour
19. Volatile organic compounds 22. Moisture

20. Indoor air quality

Architecture

23. Architectural design 26. Urban planning

24. Room design 27. Roofs

25. Facades

Construction management

28. Factory management 31. Industrialisation
29. Construction site management 32. Prefabrication

30. Logistics 33. Waste management
Material science

34. Material production (EWP) 36. Coatings

35. Adhesive 37. Wood modification
Human health

38. Restorative design 39. Ergonomics

LCA

40. Life cycle analysis 42. Social life cycle analysis

41. Life cycle cost

on the other hand. Currently, there is a lack of clear guidance on how robustness relates

to reuse and recycling.

Maintenance and repair are especially critical in the construction and operational

phases, yet they face challenges related to computational modelling (#15-17) and archi-

tecture (#23-27). Experts emphasize the need to first develop effective repair strategies

for timber buildings to enable future reuse and recycling.
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Fig. 3 Identified collision for different construction stages depending on the conflict categories.
The colour represents the “average conflict” from the participants who filled out the specific field.

Finally, in timber construction, architectural design must not be viewed solely as an
aesthetic discipline but rather as a performance-oriented tool, that takes account of the
unique demands and opportunities of the material.
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Abstract. Tall timber building ‘structural components may undergo severe verti-
cal deformations due to the action of different loads/load combinations during their
lifetime. These deformations, basically unusual or negligible for low and mid-rise
buildings ‘components, could harshly affect the overall stability of TTBs; there-
fore, specific estimation methods and mitigation intervention must be established.
A deeper understanding of the short- and long-term deformation behavior of large
span and highly loaded components is crucial for improving future design possi-
bilities for TTBs, particularly concerning serviceability during both construction
and operational phases. In the following paragraphs, an overview of the current
analytical formulations and experimental methods for the estimation of vertical
deformations is provided. Firstly, since for practitioners it is essential to adopt
clear formulation, the provision included in the main standards are discussed. Sec-
ondly, the discussion concerns the experimental methodology for the assessment
of in-situ vertical deformations.

Keywords: Vertical deformations - Axial shortening - Axial shrinkage -
Connection settlements - Brittle failures

1 Introduction

In the context of developing high-rise structures, the vertical carriers play a predom-
inant mechanical role (Fig. 1). Differential shortening in high-rise building structures
is a well-documented phenomenon in the literature [1-3]. It arises from two primary
factors: (i) variation in axial loading/moisture conditions within structural elements, and
(ii) differences in the design of adjacent vertical load bearing elements. Due to these
differences, the reaction of the adjacent vertical structural elements expressed as length
change can be different [4]. At the serviceability limit state, the cumulative compressive
deformation generates vertical displacements that can no longer be ignored or neglected
[5].

In the following, an overview of deformation methods provided by Standards is
discussed, with the aim to highlight the current situation and the gap of knowledge:
Then, novel proposals and experimental campaigns carried out in situ are summarized.
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Fig. 1. Example of timber structure. Figure reproduced from [6] under the terms and conditions
of a CC-BY license agreement.

2 Source of Vertical Deformations

According to [7] the main sources causing vertical deformations in tall mass timber struc-
tures can include: axial shortening including creep, shrinkage on beams, columns and
panels, crushing perpendicular to the grain on beams and panels, connection tolerances
and joint settlements.

2.1 Acxial Shortening

The main source of short-term axial shortening on columns are gravity loads acting on
them. A variable that can affect column axial shortening is the fire-resistance rating (FRR)
of the column, which can require a cross-sectional area oversizing for fire purposes. The
considerations for shortening of mass timber bearing walls are similar to those for mass
timber columns, although the magnitude of anticipated vertical movement will likely
be lower. Due to the continuous nature of these systems and their uniformly supported
loads, vertical movements would be expected to be low. For systems such as CLT,
vertical movement is typically restrained by horizontally oriented laminations, making
for a more dimensionally stable wall panel [7]. An additional contribution to columns
‘axial shortening is due to creep effect under long-term loading conditions. Three primary
components contribute to the total creep deflection of a structural timber element. These
three components are: (i) time-dependent or viscoelastic creep which mostly depends
on the stress-level, the temperature and moisture, (ii) mechano-sorptive creep due to
moisture changes and (iii) pseudo-creep that is attributed to swelling and shrinkage of
the timber.

2.2 Axial Shrinkage

Another source of deformation comes from the shrinkage of timber. This change of
dimensions is due to the hygroscopic behavior of timber which absorbs and releases
moisture from the surrounding environment.
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Due to the cellular structure of wood, shrinkage in timber elements occurs primarily
perpendicular to grain, meaning that shrinkage effects on a timber member are much more
significant in its width and depth than its length. This means that the main deformation
due to shrinkage would affect beams or floor joist which will shrink in their cross-
section dimensions while their length will remain unchanged. In multi-story buildings,
wood shrinkage is therefore concentrated at the wall plates, floor and roof joists, and
rim boards. The total shrinkage in conventional framed buildings can be determined by
summing the estimated shrinkage of horizontal lumber members in walls and floors,
such as wall plates and floor joists [8].

The American Softwood Lumber Standard (PS 20) offers a general guideline for
calculating shrinkage in most softwood species. It specifies that for every 4% point
reduction in moisture content below the fiber saturation point, there is a corresponding
1% shrinkage. This corresponds to a shrinkage coefficient of 0.0025.

Nevertheless, the shrinkage S, could also be calculated as Eq. (1):

S=D-M-C (D

Being D one of the dimensions of the cross section, M the change in moisture content
expressed as percentage and C the shrinkage coefficient.

In wood-frame buildings of three or more stories, camulative shrinkage can be sig-
nificant and have an impact on the function and performance of finishes, openings,
mechanical/electrical/plumbing (MEP) systems, and structural connections.

Since the column-to-beam zone is one of the most critical for vertical movement
due to shrinkage in the beam cross section, [7] provided an alternative solution to the
“traditional” platform-frame detail in which the upper column stands on the floor panel
supported by the beam. The suggested choice would imply to notch the lower column
to create a shelf to host the beam or to use a steel device to connect the upper and lower
column and so eliminate the cross-grain shrinkage zone.

2.3 Crushing Perpendicular-to-the-Grain

Due to the reduced strength of timber members in the direction perpendicular to the
grain, they are susceptible to isolated crushing. This must be accounted when designing
structural components, especially given the potential vertical movements that may arise
from the aforementioned factors. Certain configurations, such as steel-on-timber bearing
conditions where timber is loaded perpendicular to the grain, increase the likelihood of
crushing. This configuration is typical of TTBs with post and beams and diagonals
as lateral load resisting system, in particular the joint made of slotted-in steel plates
that connect diagonals to the continues beams generates on it pressure in the direction
perpendicular to the grain which can cause crushing. This issue can partially be solved
by using steel plates on top of and underneath the beam at the location of the connection
to spread the force over a larger area [9].

2.4 Joint Settlement

According to the National House Building Council (NHBC) [10] provisions, joints
should be detailed to accommodate the expected amount of shrinkage or expansion
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safely and provide an additional allowance for the residual thickness of any compressible
filler materials after movement has occurred. Nevertheless, quantifying the joints vertical
movement in the design phase is challenging firstly due to the complexity to estimate the
connections ‘stiffness’ and then to their interaction with the surrounding structural and
non-structural components. Due to the nature of timber and other construction materials
(i.e. concrete) it is never actually possible to create fully fixed end conditions on timber
members which compose the systems and most often connections are semi-rigid [11].

Additionally, although mass timber is often fabricated with exceptionally tight tol-
erances for overall size, as well as size and locations of holes, notches and any other
alterations, and can be constructed to within as little as £1.58 mm. of the specified
dimensions, this tolerance cannot be overall settled since the attachment of mass timber
elements to other materials could require larger tolerances [12].

3 Standard Formulations and Main Gap

3.1 US Codes

Council (ICC) [13] provides at Chapter 35 a list of referenced standards, which represent
consensus on how a material, product or assembly is to be designed, manufactured, tested
or installed to achieve a specified level of performance.

For timber the aforementioned standards are the National Design Specification
(NDS) for Wood Construction published the American Wood Council (AWC) [14] and
the product standards for cross laminated timber (ANSI/APA PRG 320) [15] and glulam
(ANSI 190.1) [16]. Additionally, regardless of the framing type, IBC Section 2304.3.3
requires that designs for buildings over three stories consider the fact that wood shrinks
as it dries. It stipulates that shrinkage in a wood building not have adverse effects on
systems such as roof drainage, electrical, mechanical, or other equipment.

None of the current standards explicitly address vertical movements in TTBs or con-
sider the effects of creep and long-term behavior in compressed elements. For instance,
Chap. 3.5.1 and Annex F of the NDS only account for the additional deformation caused
by long-term loading in the deflection formulation for bent members. In such cases, the
total deflection A is calculated according to Eq. (2):

A1 = K¢ - At + Ast )

Being K, the time dependent deformation creep factor, Ayt the immediate deflection
due to the long-term component of the design load and Agt the deflection due to the
short-term or normal component of the design load.

3.2 Eurocode 5

Eurocode 5 integrates the effect of creep on the long-term behavior of wood structures
only in the case of the calculation of the deflection of bending elements and in the long-
term stiffness of fasteners. This consideration has been reflected by an amplification of
the deflections through a coefficient kgef modulated by the duration of the given loading
and service class [7].
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3.3 Gap of Knowledge

The aforementioned codes and standards lack explicit guidance on certain aspects of
vertical movement in tall timber structures. For instance, they do not provide detailed
procedures for calculating shrinkage in wood members or the creep factor for axial
shortening in columns. Consequently, engineers must rely on supplementary analyses
and assumptions to address these critical design considerations [7, 8].

Concerning the choice of the creep coefficient, most of the design engineers use creep
coefficients determined for bending also for the calculation of the axial shortening.

4 Experimental Tests

The availability of long-term experimental data is a concern for the industry but there
has been a significant effort to utilise finite element modelling to predict this behaviour
over longer periods of time. Timber is a challenging material to model numerically
due to its natural variability in properties and anisotropic behaviour; however, in recent
years, timber has been modelled successfully under long-term loading situations thereby
increasing the reliability and safety of structural timber design. The recent advances in
the modelling of the creep behaviour of timber by [17-19] have resulted in validated fully
coupled three-dimensional moisture-displacement models that can be used to predict the
long-term behaviour of timber elements under varying climates and relative humidity
conditions. Experimental monitoring of the long-term behaviour of engineered wood
products is a costly and time-consuming process and the benefits of a validated model
will provide a powerful tool to aid the further development of such engineered wood
products in the future. This is coupled with a significant effort around the world to instru-
ment and monitor some of the many demonstrator structures using CLT and novel mass
timber solutions [20, 21]. Other studies monitoring elements such as CLT shear walls
and Timber Concrete Composite (TCC) beams are also being successfully utilised in a
number of structures as novel solutions to examine the deformation performance and
the vibration criteria. Similar numerical studies of this technology were analysed in [22,
23] with modelling efforts proving successful. Fragiacomo & Ceccotti [22] developed
a validated model based on two long-term experimental tests in outdoor conditions.
Despite some uncertainties in environmental conditions and material properties, a good
fit between experimental and numerical results was obtained. Binder et al. [23] examined
and compared TCC and CLT panels and demonstrated similar creep behaviour after a 50-
year design life based on a numerical study. Baas et al. [24] and Riggio et al. [21] reported
on the structural health monitoring data collected during the construction of Peavy Hall,
a mass-timber university building which focused on creating a comprehensive building
performance dataset, including static and hygrothermal data collected during the phases
of building construction. These data were used to validate a proposed methodological
approach to structural health monitoring for mass-timber buildings under construction,
potentially encompassing aspects related to creep behaviour through the monitoring of
wood moisture content, displacements, and tension loss in structural components [24].
This study provides insights into the hygrothermal performance of mass timber struc-
tures during construction, which is a critical aspect affecting the long-term structural
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behaviour, including creep and future data will aid the design of taller timber build-
ings, however, there still remains a gap in the knowledge related to the long-term creep
performance of timber buildings.

Jockwer et al. [25] examined the long-term behaviour of timber columns in Arbo, a
tall timber building with RC core and timber skeleton in Switzerland consisting of 15
floors. Fibre optic sensors were used to measure the strain in the building components
over a length covering 8 storeys from the floor on the ground level first floor to the ceiling
of the eighth floor (Fig. 2). In Fig. 2 the measurement numbers represent the height
of the timber structure during the construction stage: measurement no.1 is associated
with 2 floors already realized, measurement no.2 is associated with 4 floors realized,

3500 T v
— Measurement 1
B 8" store % Measurement 2
3000 = y“,_f‘i === Measurement 3 -
s
™ norey || 2 ]
2500 n i 3 Measurement 6
6 storey |/ 3
" 2000 g storey %
< = = = = o et ———————— T = = = = =
Pind e
= 1500 4t storey { [
1000 F 3™ storey i § 1?.,
e o e
500 - 2™ storey lj 5
IO £ T — R S S—
1% storey ;E"._ _S_"}_
-1000  -500 0 500 1000 1500 2000 2500
pe [ pm/m |
3500 T v
it ety phaatendes dendendey Measurement 1 |
8t store Measurement 2
3000 | . Measurement 3
7!h storey Measurement 4
2500 Measurement 5
th Measurement 6
6 storey e Measurement 7
g L storey
3]
= 1500 4t storey |{f
1000} 3™ storey i
=== = e
500 - 2" storey [ %
1% storey
0 . . .
-1000  -500 0 500 1000 1500 2000 2500
pe [ pm/m |

Fig. 2. Experimental strain from the test carried out by [25]. Strain development along the column
positions “wall” (top) and “corner” (bottom). Measurement data is expressed in micro-strain
(10~%%) and interval length between the individual measurement points is 1.02 cm. Positive
measured values correspond to a compression of the elements. Figure reproduced under the terms
and conditions of a CC-BY license agreement.
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measurement no.3 is associated with 7 floors already realized, measurement no.4 is
associated with 9 floors realized and measurement from 5 to 7 were taken with the entire
number of floors equal to 15.

Their research demonstrated the increased deformation due to the addition of load
during the construction phase within the spruce glued laminated timber columns and
beech LVL columns. The deformation of the columns was compared to model calcula-
tions to compare the deformation of individual timber elements and the total deforma-
tion experienced. Furthermore, their study indicated that approximately 25% and 8%
of the total deformation after 420 days of monitoring can be attributed to viscoelastic
and mechano-sportive creep, respectively and comparison with current structural design
codes show that the conservative results are provided for highly stressed timber columns.

5 Conclusions

Tall timber buildings are subject to significant vertical deformations due to several factors
such axial shortening, shrinkage, crushing, and joint settlement. Current design codes
offer limited guidance on these long-term effects, particularly for axial components.
Experimental studies and advanced numerical models are helping to fill this gap by
improving understanding and prediction of deformation behavior. To support the safe
growth of tall timber construction, future standards must better integrate these insights
for more accurate and reliable design.
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Abstract. Timber columns of tall timber buildings need to be designed for com-
bined axial compression and bending under consideration of in-plane buckling and
the material-specific long-term behaviour. This contribution provides an overview
of the load-bearing behaviour of such columns and their design according to
EN 1995-1-1. The background, assumptions, and limitations of different design
concepts are discussed. The aim is to give a comprehensive overview of the
load-bearing behaviour and design of timber columns.

Keywords: Stability - columns - flexural buckling - long-term behaviour -
design - EN 1995-1-1

1 Introduction

With the increasing number of storeys in timber structures, the loads and dimensions of
timber columns are advancing into new dimensions, and high-performance engineered
wood products are employed; see — Fig. 1. The high proportion of permanent loads
in such columns additionally puts a focus on the influence of long-term behaviour on
the load-bearing capacity. Therefore, timber columns of tall timber buildings should
not only be designed for in-plane buckling under short-term loads, but the influence of
long-term behaviour should also be considered.

This contribution provides an overview of the stability behaviour of timber columns,
see — Sect. 2, describes different design methods according to EN 1995-1-1, see —
Sect. 3, and discusses the advantages and limitations of the different design methods,
see — Sect. 4. The objective is to provide a comprehensive overview of the load-bearing
behaviour and the design of timber columns.

2 Stability Behaviour

Whether stability phenomena appear for columns depends on whether the unavoid-
able imperfections and deformations lead to significant additional internal forces. For
columns, stability behaviour can occur for axial compressive forces N_x . combined with
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Fig. 1 Larch GL columns of the Schonbuchturm, Herrenberg, Germany.

bow or sway imperfections or for combined N_x c and bending, i.e. Nx c-My, | -interaction
(subscript 1 indicates geometrically linear analyses, i.e. according to first order theory).
Additional deformations wy occur in the same plane as the imperfections or deforma-
tions wy due to bending My ; (subscript 2 indicates geometrically nonlinear analyses,
e.g. according to second order theory). The stability behaviour of columns is therefore
named in-plane buckling or flexural buckling.

The stability behaviour is characterised by a nonlinear increase in deformations and
internal forces with increasing load, see — Fig. 2. The load-bearing capacity is governed
either by a member failure due to exceeding the strength (C1), by the maximum of the
load-deformation curve (C2), or by a deformation limit criterion (C3). The common
load-deformation behaviour of timber columns is represented by the solid line in —
Fig. 2 with C2, see, e.g. Theiler [15]. The load drop after the peak C2 is caused by
the reduced member stiffness due to compressive plasticising in grain direction. For
very slender columns, the load-deformation behaviour with C3, and for high bending
moments My, the load-deformation behaviour with C1 can occur, see, e.g. Buchanan
et al. [4]. Phenomenologically, the nonlinear stability behaviour can be subdivided into
the geometrically nonlinear load-bearing behaviour and the materially nonlinear load-
bearing behaviour.
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Fig. 2 Load-deformation behaviour of a timber column with flexural buckling; left: structural
system and three stages of deformations; right: three possible load-deformation curves with the
one of the column on the left as a solid line; from Topler [17].
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With increasing slenderness, the flexural buckling load-bearing capacity of columns
decreases, see — Fig. 3. This curve of the reduction in load-bearing capacity due to
flexural buckling plotted over the slenderness is referred to as buckling curve. The flex-
ural buckling behaviour of timber columns is influenced by the member geometry, the
structural system, the actions, the bow imperfections, the sway imperfections, and the
material properties, i.e. the Modulus of Elasticity (MoE), the compressive strength, the
compressive plasticising, and the tensile strength in grain direction. For timber products
with low shear stiffness and strength, e.g. CLT, the shear stiffness and strength can be
relevant, see Narcy et al. [9].

Cross-sectional resistance
Jeo-A

Critical load Ny

Load-bearing capacity

Effective length or slenderness

Fig. 3 Load-bearing capacity of timber columns (solid line) plotted over the effective length or
slenderness; with critical load and cross-sectional resistance; illustration of slenderness ranges
and associated influencing parameters; from Topler [17].

The column failure mode depends on the slenderness as described by Buchanan et al.
[4] and Theiler [15]. While compressive failure occurs for short, stocky columns, stabil-
ity failure occurs for long, slender columns. For the former, the load-bearing capacity
depends on the compressive strength in grain direction f¢ ¢ and for the latter, the load-
bearing capacity approaches the critical load N, and depends on the stiffness, see —
Fig. 3. For medium-slender columns, a transition between both failure modes takes place,
and imperfections additionally influence the results.

Besides the short-term behaviour, timber members exhibit additional deformations
over time, i.e. creep deformations, and decreasing strengths, i.e. duration of load effect
/ creep strength. While the influence of decreasing strengths is obvious, that of creep
deformations depends on column slenderness and stress level, see Bla [2] and Raut-
enstrauch and Becker [11]. They reported no influence of creep deformations for low
slenderness, as no significant nonlinear lateral deformations occur. For medium slender-
ness, they found the highest influence, as nonlinear lateral deformations and significant
stresses are present. For high slenderness, as the stresses decrease due to decreasing
critical loads, the influence of creep decreases.

The flexural buckling behaviour of softwood Solid Timber (ST) and Glued Laminated
timber (GL) columns has been comprehensively experimentally investigated by, e.g.
Buchanan et al. [4], Theiler [15], and Zahn [20]. A variety of models were developed
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by, e.g. BlaB [2], Horsting [7], and [15, 20]. But only a few studies were conducted on
other European wood species or products, e.g. on beech GL columns by Ehrhart [5]
and on beech Laminated Veneer Lumber (LVL) columns by Topler and Kuhlmann [16],
which demonstrated a decrease in load-bearing capacity due to increased compressive
plasticising.

3 Design According to EN 1995-1-1

3.1 General

The design methods in EN 1995-1-1:2004 and FprEN 1995-1-1:2025 were derived based
on the described extensive experimental, analytical, and numerical investigations. Only
an ultimate limit state (ULS) design is required for timber columns by the Eurocodes
and no serviceability limit state (SLS) design.

Timber columns can be verified with unmagnified internal forces, i.e. geometrically
linear calculations (T10), or with magnified internal forces, i.e. geometrically nonlinear
calculations (T20), see — Sects. 3.2 and 3.3. Materially nonlinear calculations are not
intended by the standards, but some effects of plasticising are included in the design
equations. Internal forces (and deformations) can be determined with tables, analytical
equations, or numerical (FE) models. Tables and analytical equations allow for a straight-
forward calculation of standard cases, whereas FE models can be applied universally for
stability problems.

From EN 1995-1-1:2004 to FprEN 1995-1-1:2025, only a few adjustments on the
design methods for timber columns were made: separate bow imperfections for ST and
GL were defined; equations for a geometrically nonlinear calculation of internal forces
and deformations were provided; and an equation for calculation of the fitting factor /.
of the k.-method was given. Subsequently, the design of timber columns according to
FprEN 1995-1-1:2025 is discussed.

3.2 Geometrically Nonlinear Analysis

Timber columns should be designed for axial compression and bending according to
FprEN 1995-1-1:2025 8.1.10:

N, P M M.
( x,c,d) + y,2,d + kred z,2,d < 1 (1)
Afc,O,d Wyfm,y,d szm,z,d

With p = 2 for rectangular cross-sections and 1 for other cross-sections and CLT. p is
a factor accounting for the positive influence of compressive plasticising on the cross-
sectional resistance and was derived by Blaf} [2], Buchanan et al. [4], and Zahn [20] for
rectangular softwood members. With kg = 0.7 for rectangular cross-sections and 1.0
for other cross-sections. kreq considers the size effect on the bending strength at biaxial
bending and was derived by [4] and van der Put [19] for softwood with Weibull’s weak-
est link theory. My 4 and M4 are the design bending moments from geometrically
nonlinear analyses. They can be calculated according to FprEN 1995-1-1:2025 Annex
B.4.3, literature, e.g. Petersen [10], or with FE models. In FprEN 1995-1-1:2025 Annex
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B.4.3, and most other analytical equations from literature, the stiffness reduction due
to compressive plasticising in grain direction is neglected. For softwood this is accept-
able, but for other wood products like beech GL and LVL this should be questioned, see
Ehrhart [5] and Topler and Kuhlmann [16].

3.3 Geometrically Linear Analysis (k.-Method)

For a relative slenderness ratio of Ac 1 < 0.3, flexural buckling may be neglected,
and Eq. (1) with My, 1 ¢ may be utilised. For A ;1 > 0.3, timber columns should be
designed for axial compression and bending according to FprEN 1995-1-1:2025 8.2.2.2:

Nx,c,d My,l,d Mz,l,d

+ kred <1 2
kc,yAfc,O,d Wyfm,y,d e szm,z,d
1
key = > 3
¢c,y + Y, d)cz,y - )“C,y,rel
Doy = 0.5(1+ Bey ey = 0.3) 432 1) @)

Equations (3) and (4) for calculating k. are the exact solution of the differential equations
for flexural buckling, Euler buckling case 2, pure axial compressive forces, and linear-
elastic material behaviour, see Taras [14], except for the term (Acyre1 — 0.3), which
represents the slenderness ratio of the tests for determining the compressive strength
fcox, see Briininghoff and Klapp [3]. The fitting factor . = 0.1 for GL and LVL and
0.2 for ST accounts for the ratio of the MoE to the compressive strength to the bending
strength (Eo: f¢,0:fm), the geometrical and structural imperfections, and the plasticising.
It was calibrated by means of curve fitting to the results of numerical calculations on
softwood columns with scattering input values and realistic stress-strain behaviour by
BlaB [2]. As discussed in — Sect. 3.2, the transfer of f to other wood products without
an adaptation considering the negative effect of stiffness reduction due to compressive
plasticising should be questioned.

3.4 Effective Length, Critical Buckling Load

The critical buckling load N and the effective flexural buckling length L f for its
calculation are influenced by the structural system, the column dimensions, and the
MOoE in grain direction, or, in summary, the stiffness, see — Fig. 3. In some cases, e.g.
CLT, the shear stiffness should be additionally considered, see, e.g. Narcy et al. [9]. L¢ ef
can be determined according to FprEN 1995-1-1:2025 Annex B.3.2.2, literature, e.g.
Petersen [10], or with numerical eigenvalue analyses.

3.5 Imperfections

Imperfections are considered in design with geometrically nonlinear analyses explicitly
in the calculation of internal forces and in design with geometrically linear analyses, i.e.
the k.-method, implicitly in the fitting factor f..
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FprEN 1995-1-1:2025 7.4.1 recommends equivalent bow imperfections of e = L/400
and L/1000 for the design of ST and GL columns, which cover the effects of geometrical
and structural imperfections and are based on the investigations by Blaf3 [2] on softwood
ST and GL columns. Effects of (un)planned load-eccentricities are not included in these
values. Additionally, FprEN 1995-1-1:2025 7.4.1 recommends sway imperfections ,
which need to be considered when designing (partly) clamped columns. The basis of the
harmonised values of sway imperfections across different materials in the Eurocodes are
the measurements of Lindner and Giezelt [8]. Sway imperfections of (partly) clamped
columns can be considered in the kc-method by modifying B = B¢ sway = 100 ¢/2, see
Schénzlin et al. [13].

3.6 Long-Term Behaviour

The DoL effect is considered in FprEN 1995-1-1:2025 by modifying the strengths f¢ 0.4
and f g in Egs. (1) and (2) with kpoq.

The creep deformations should be considered according to FprEN 1995-1-1:2025
7.3.4 if the design value of the permanent and quasi-permanent action is more than 70%
of the total action. In this case, creep may be taken into account by reducing the stiffness
by the factor 1/(1 + kger). In line with EN 1995-1-1:2004, kqer may be reduced to kdef eff
= kdef Ed,qper / Ed,char to account for the ratio of effects of actions with quasi-permanent
combination of actions Eqgper to effects of actions with characteristic combination of
actions Eq char- Alternatively, creep may be considered by increasing the imperfections
according to FprEN 1995-1-1:2025 Annex B.4.6 or, in FE analyses, by applying creep
strains in line with rheological models from literature, e.g. Schinzlin [12] or Toratti [18].
The background on the 70% limit criterion and the stiffness reduction was discussed by
Hartnack and Rautenstrauch [6], who proposed limits of 50% for SC 2 and 75% for SC
3. The imperfection approach is based on the investigations by Abeysekera et al. [1].

4 Discussion

Major advantages of the flexural buckling design with geometrically nonlinear inter-
nal forces compared to the k.-method are: the actual internal forces and deformations
are known; the nonlinear effect of My is considered; and the results are continuous
over no buckling, flexural buckling, and lateral torsional buckling. An advantage of the
kc-method is the possibility of superposition of load cases. While in analytical calcula-
tions according to FprEN 1995-1-1:2025, the influence of load eccentricities has to be
taken into account additionally and calculations for structural systems for which L ef
is unknown are impossible, FE analyses can be applied universally for stability prob-
lems. Generally, the transfer of the design methods in FprEN 1995-1-1:2025 to other
wood products than softwood without considering the negative effect of compressive
plasticising should be questioned.

Finally, the flexural buckling design of columns is limited to analysis with beam
theory, as FprEN 1995-1-1:2025 does not provide design methods or material properties
for FE analysis with shell or solid elements. An extension of the design methods is
currently being discussed in CEN/TC 250/SC 5/WG 11 “Numerical design” (of timber
structures).
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5 Conclusions

The in-plane buckling behaviour of timber columns is well understood, and extensively
validated design models are available in FprEN 1995-1-1:2025. Various design methods
are also available for the long-term behaviour of columns, although these are neither as
differentiated nor as comprehensively validated. However, recent research highlighted
the significant impact of the material-specific compressive plasticising on the load-
bearing capacity of high-performance wood products such as beech GL and LVL, a factor
not yet incorporated in FprEN 1995-1-1:2025. This omission is particularly critical for
tall timber buildings.

The most significant development is arguably the paradigm shift from analytical to
numerically based design, which has the potential to significantly improve the relia-
bility of design through the use of two- and three-dimensional stress calculations and
anisotropic elasto-plastic material models. This shift presents a highly promising outlook
for the evolution of the Eurocodes.
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Abstract. The design and performance of structural connections in timber engi-
neering plays a critical role in the safety and functionality of timber structures,
especially in applications involving tall buildings. In this chapter, the design and
modelling strategies of structural connections in timber engineering are exam-
ined. The study highlights the significance of key parameters, including stiffness,
strength, and ductility, and explores how these factors influence the behaviour
and performance of various connection types under different loading conditions.
Analytical and numerical methods for assessing the mechanical properties of con-
nections are presented, including those outlined in widely used standards like
Eurocode 5. The discussion highlights the limitations of these guidelines, par-
ticularly their inability to fully address complex behaviours such as non-linear
deformation and long-term effects. The importance of experimental validation
is also emphasized, as a critical step in refining models and improving design
practices.

Keywords: Connections - Load-transfer mechanisms - Mechanical parameters -
Guidelines - Modelling strategies

1 Introduction

In tall buildings, connection deformation can potentially cause serviceability failures
through deflection of the structure [1, 2], and in slender structures could also lead to
ultimate limit state failure through second-order P-delta effects [3]. Connection defor-
mation also affects both serviceability and ultimate-limit state behaviour of mechani-
cally jointed composite beams and slabs, including timber-concrete composites (TCC)
[4] and dowel-laminated timber (DLT) [5]. Moreover, the stiffness of connections is a
key parameter in modelling for vibration and acoustic serviceability [6, 7], to ensure,
for example, occupant comfort or usability of sensitive instruments. Seismic design also
requires modelling of connection stiffness and ductility. An overview of most recent
studies and issues on connections is summarized in the following sections.
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2 Fundamentals of Structural Connections

2.1 Types of Structural Connections

2.1.1 Mechanical Connections

Mechanical connections can be classified based on the type of fasteners in: (i) dowel-
type connections and (ii) bearing connections. Fasteners, in turn, are divided into two
groups depending on the force-transfer mechanism between the connected members.
The main fastener group is represented by the dowel-type fastener (generally made of
steel) including staples, nails, screws, bolts, dowels and threaded rods. Hardwood dowels
[8] have been proposed as an alternative connector for DLT beams with the aim to
reduce the use of adhesives in engineered wood products. The second group of fasteners
is represented by the bearing-type or “surface-type” fasteners, such as toothed-plate
connectors, punched metal plate connectors and split rings.

2.1.2 Bonded Connections

In this framework, just pure timber-timber joints are accounted as adhesive connections.
Those connections are vital for the creation of laminated timber elements (i.e. glulam
and LVL) and glued composed members [9] but are also used in structural joints between
elements: end-joints for knee and reinforcements (i.e. scarf, lap or finger joints, knee
and truss joints with gussets from plywood, LVL, etc.) [10].

2.1.3 Hybrid Connections

Hybrid connections are defined as joints combining two of the following jointing cate-
gories: carpentry joints, mechanical connections and bonded connections [11]. Bonded-
inrods, often considered a subset of adhesive joints, represent a type of hybrid joint since
they involve three materials (timber, rod-connector and adhesive bonding layer). Rods
are usually made of steel, nevertheless, an alternative is represented by bonded-in fibre-
reinforced polymer (FRP) rods, which use provide an improved resistance in corrosive
environments, a lower weight and a reduced heat conduction into the joint in case of
fire due to lower thermal conductivity. Another hybrid joint type entails the combination
of adhesive bonding and steel plates. One option in this category is glued-in solid steel
plates, and the epoxy-based adhesives seemed to be the most appropriate choice [12].
Another approach that conceptually eliminates the reliance on the adhesion between
adhesive and steel is to use perforated steel plates [13]. To overcome adhesives ‘short-
coming related to limited gap-filling capabilities and strength-reducing effects in the
bond-line during the initial hardening shrinkage, new hybrid connections using grouting
technology with concrete-type adhesives (CTA) have been developed. Its application was
proposed by [14] for hybrid steel-cross-laminated timber building systems consisting of
threaded rods reinforced by a layer of epoxy grout encased into the CLT panel.
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3 Key Parameters Influencing Connection Behaviour

3.1 Load-Transfer Mechanisms

3.1.1 Mechanical Connections

Connections with dowel-type fasteners transmit axial, shear, and even bending loads
between structural members. They are categorised as shear connections since forces are
mostly transferred between members via shear in the fasteners, but, to some extent, they
also transmit forces through axial capacity of the fasteners [15]. Depending on the direc-
tion of the force relative to the fastener axis, dowel-type connectors can experience two
types of loading: shear, when the force is applied perpendicular to the fastener axis, and
withdrawal/pushing-in, when the force is applied along the fastener axis. Additionally,
combined stresses may occur under certain conditions [9]. When subjected to lateral
loads, dowels-type connectors may deform in bending, creating one or more plastic
hinges within the fastener. In this situation, some parts of the load uptake also occur in
tension. Depending on the surface and end anchorage of the fastener, the part carried in
tension can be larger or smaller. Because of the loading, the dowel will press against the
surrounding timber members, creating embedding pressure against the dowel.
Bearing-type connections transmit lateral loads only. The mechanism to transmit
shear forces is through bearing on the connected materials. For double-sided connec-
tors (e.g., split rings and double-sided toothed-plate connectors), forces are transferred
through embedment stresses of the first member into the connector and then to the second
member via the connector’s shear resistance. Bolts manage any eccentricity to maintain
joint stability. For single-sided connectors (e.g., shear plates and single-sided toothed-
plate connectors), forces generate embedment stress between the connector and bolt.
The bolt’s shear resistance ensures force transfer, moving it to the second connector in
timber-to-timber joints or directly to the steel member in steel-to-timber joints [9].

3.1.2 Glued Connections

The strength of glued joints is difficult to describe analytically. If the glue is ductile, (i.e.
polyurethane) the shear strength describes its behaviour well. If it is brittle, the fracture
energy, Gy, of the glue is the best descriptor. To characterize the brittleness, a brittleness
ratio has been defined as f?/Gg, [16]. One of the problems is that pure tension or shear
is seldom present in a real joint, making it impossible to separate strength components
even in testing. However, the resorcinol/phenol adhesives employed for the production
of EWPs, are more brittle than wood itself, while polyurethane is less brittle than wood.
Adhesive connections are generally considered to be rigid for practical engineering
design purposes, but flexible adhesive joints have been proposed for structural joints in
seismic regions [17, 18], and to increase the bending capacity of laminated timber [19,
20].

3.1.3 Hybrid Connections

The mechanical description of the load transfer in hybrid joints involving adhesives is
additionally complicated by them is match of stiffness between the mechanical fasteners
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and the adhesive layer while these involving carpentry connections are affected by uncer-
tainty related to friction and contact mechanisms. Taking as example the glued-in rods,
which can be accounted as a mechanical joint or as combination of glued and mechani-
cal connections. The force between the rod and the glue is generally seen as transferred
either by compression or shear, however in some cases it is perceived as a combination
of the two [21], depending on the combination of several influencing parameters (i.e.
the ratio of the diameter of the hole to the diameter of the rod, the adhesive bond line
thickness, the timber and rod surface features).

3.2 Stiffness, Strength, Ductility

The load carrying capacity of a dowel-type connection in shear is determined by three
parameters: the embedding strength of the timber f},, the dowel strength represented by
its yield moment My and the anchorage capacity enabling tensile action in the dowel F .
The load carrying capacity of connections with dowel-type fasteners was first described
by Johansen [22] which distinguished three different failure modes, depending on the
relation between the embedding strength, the yield moment of the dowel and the thickness
of the timber members. Nevertheless, this theory does not account for potential brittle
failure modes. The other limitation of Johansen’s formulation lies in the analysis method
itself: the model can predict the ultimate failure load but cannot provide any indication
of the deformability of the connection, nor, consequently, of its stiffness and ductility
properties.

To properly account for the semi-rigidity of timber joints with mechanical fasteners
it is necessary to evaluate its stiffness. It is possible by carrying out tests in accor-
dance with some standardized procedures (i.e. EN 26891:1991 [23]), or alternatively
by referring to different documents (i.e. the N.I.CO.LE document) [24] and Standards
that provide simplified formulas for different types of connection, fastener diameter and
timber density.

Connections are often intended to act as potential ductile elements contributing sig-
nificantly to overall ductility and energy dissipation in case of overloading and allowing
for safe load paths when construction tolerances are exceeded [25]. A ductile connec-
tion response is often associated with plastic fastener deformation, which allows for
energy dissipation under reverse-cyclic loading and is crucial for seismic design [26],
also known as “dynamic ductility”.

Some authors have given empirical indications on the possible maximum and mini-
mum values of ductility D [27]. Ductility is often defined as ratio the between the defor-
mation corresponding to the maximum load (u,) and the one at the elastic limit (uy)
and was correlated with the Johansen’s failure modes; often the deformation at the point
where the maximum load drops by 20% is considered. It can be experimentally estimated
on mechanical fasteners by carrying out cyclic tests following EN 12512:2001/A1:2005
[28], by using the method proposed by Kobayashi and Yasumura [29] or the method pre-
sented in ASTM E2126-11 [30]. A novel method that resembles in some aspect the short
procedure of EN 12512 [28] to determine the ductility class of dowel-type connections
is the one proposed in the revised version of the standard EN 14592:2017 [31].
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4 Design Standards and Guidelines

4.1 Codes

With changes and adaptations, the Johansen theory [22] is the basis for the so-called
European Yield Model (EYM) which is used in the current generation of design codes EN
1995-1-1 [32]), National Design Specification for Wood Construction-NDS [33], Engi-
neering Design in Wood-CSA 086 [34] and Standard for Design of Timber Structures-
GB 50005 [35] for the estimation of the load-carrying capacity of connections in timber
structures.

The EYM assumes simplified rigid-plastic material behaviour for the fastener when
exposed to bending stresses and for the timber when exposed to embedment stresses [9]
even though, various studies involving embedment tests on wood and tests on connections
[36-38] revealed for both a highly non-linear behaviour. This can be attributed to the non-
linear behaviour of steel dowels under bending and wood under embedment stress. EYM
is also addressed as “local design criteria” since its applicable to the single connector and
doesn’t account for brittle failure modes. The applicability of this model is guaranteed
by the application of the so called “global design criteria” which consists of spacing and
distance rules between the single connectors, which ensure the global capacity of the
cross section to withstand the forces transferred by the connectors [39].

Empirical formulations for the estimation of in-service stiffness of all dowel-type
connections, which is identified as slip modulus, K, are provided in Sect. 8§ of ECS5.
Slip modulus is a measure of joint stiffness, i.e. resistance to displacement, hence it has
unit N/mm. The slip modulus of a joint at the ultimate limit state K, is determined as
2/3 of the K.

4.1.1 Limitations of Existing Guidelines

Connection stiffness is a critical aspect of structural performance, yet current design
approaches exhibit significant limitations: thickness is not factored into stiffness cal-
culations, leading to unrealistic assumptions that slim and thick connections share the
same stiffness [40, 41]. For the design of multi-dowel connections, only general design
rules but no design equations are given in the standard. In general, the load levels of
the individual dowels for a specific load case (including the load-to-grain direction at
each dowel) needs to be calculated in order to be able to compare these values to the
corresponding single-connector strength. The compatibility of deformations is requested
but only strongly simplified stiffness values for single-dowels not compatible with limit
loads are provided [42].

Experimental studies (e.g., Sandhaas et al. [43]) have demonstrated that the EN
1995-1-1 equation for serviceability stiffness, K s¢r, often fails to accurately predict dowel
stiffness, especially for connections with multiple dowels or dowels with unconventional
features. This issue becomes even more pronounced in large-scale structures like multi-
story timber buildings, where deformation effects due to scale become significant. The
non-linear deformation behaviour of dowel-type connections is another key challenge.
Current parameters, such as K and K, (the connection stiffness at the ultimate limit
states), do not account for the real non-linear, behaviour of connections, limiting the
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ability to design for robustness and ductility. Non-linear behaviour affects load distribu-
tion among fasteners, especially when connections experience combined rotational and
translational forces. Furthermore, the stiffness’s influence on force distribution within a
structure cannot be realistically assessed, and modern techniques like interlayers (e.g.,
acoustic layers) are not accommodated in current formulas.

To optimize design, more comprehensive data on non-linear connection behaviour
will be achieved and provided, including upper and lower stiffness limits alongside mean
values. The existing rigid-ideally plastic limit design and empirical elastic stiffness
formulas used in ECS5 fail to address uncertainties in stiffness and ductility, will be
overcome by carrying out further research and development in this area.

S Modelling Strategies for Connections

5.1 Analytical Approaches

5.1.1 Closed-Form Equations for Shear Behaviour

Analytical closed-form models based on mechanical approaches contribute to under-
standing the factors influencing connection behaviour and are useful for designers.

The most widespread closed-form solution that has gained increasing acceptance in
recent years is the European Yield Method (EYM) since compared to the other analytical
formulations, it entails closed-form and rather simple equations. Uibel and Blal [36]
validated and expanded this formulation to enable the design of dowel-type connec-
tions in CLT. Specifically, they modified the timber embedment strength equations by
incorporating corrective factors into Johansen’s formulas. Other analytical solutions for
the prediction of the load-displacement relationship for timber joints with dowel-type
fasteners subjected to lateral loading have been presented by several research works.
They considered a joint as a two-dimensional arrangement in a plane and represent the
connector by a one-dimensional beam on a Winkler or discontinuous foundation. For a
Winkler type foundation, the force per unit length beneath the connector is taken to be
directly proportional to the displacement at all points along the length of the connector.
This method was proposed also in more recent works [44—46] aiming at investigating
the mechanical behaviour of different dowel-type connections.

To develop an exact theoretical design method for connections with dowel-type
fasteners, many researchers have proposed adopting the theory of beam on foundation
(BOF) for predicting the load-deformation behaviour of the fasteners since 1950, and
the relevant research works can be mainly divided as linear and non-linear. In this
case, the fasteners are assumed as elastic or elastoplastic beams supported by the linear
or non-linear foundation equivalent from timber. For the linear model, the target is
to solve the exact fastener deformation expressions by using the general solutions of
the beam on elastic foundation (BOEF) model. Kuenzi [47] first introduced the BOEF
model into dowel timber-to-timber connections with the consideration of the timber
embedment properties and the connection geometric conditions, proving that the load-
slip relationship of timber connections could be predicted with high accuracy at the elastic
stage. However, challenges remain, with particular reference to the non-linear behaviour
of materials which can’t be easily accounted in closed-form equations. Additionally,
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theoretical solutions based on the traditional BOEF model are overly complex for direct
application in practical engineering.

5.1.2 The Component Method

Although almost all timber connections should be treated as semi-rigid, EN 1995-1-
1:2004 does not provide any methods for determination of the rotational stiffness of
the connection. In this framework, the component method, which is one of the most
used methods for the determination of the moment resistance and rotational stiffness
of the steel and steel-concrete composite connection, can be successfully employed to
investigate the characteristic properties of semi-rigid timber-steel connection. The orig-
inality of the component method is that it considers any joint as a set of “individual
basic components”. Each component is represented by an extensional spring, which is
independent and can be connected to other springs or to rigid elements. Once the indi-
vidual constitutive components are identified and characterized, the overall behaviour
of the connection can be modelled through the so-called assembly procedures [48]. By
using the component method, [49, 50] carried out detail investigation on ductile moment-
resistant timber connections with the combination of glued-in rods and steel connecting
studs. It was discovered that the method could well predict the joint response in terms
of failure mode, ultimate resistance, stiffness, and rotation capacity.

5.2 Numerical Modelling Techniques

In parallel with these analytical approaches, developments in computational mechanics
made it possible to develop numerical methods [51, 52], which accounted even for non-
linear phenomena. These approaches have remained unused in practical design due to
their complex implementation and their high running time, at the time of their invention,
while today’s computational resources strongly reduced corresponding limitations.

A large number of researchers have then focused on the non-linear BOF model
by using the numerical methods. Dowel-type fasteners are numerically modelled as
elastoplastic beams on a nonlinear foundation in engineered in wood-based products
[53, 54]. For example, Hirai [52] proposed a non-linear controlling differential function
solved by using the stepwise numerical linear approximation method, by adopting the
elastoplastic behaviour of the dowel and the foundation.

5.2.1 Finite Element Modelling (FEM) for Connections

The accurate mechanical analysis of connections is highly complicated and challenging,
due to the large number and type of structural details and influencing parameters that
should be taken into account. Firstly, nonlinearity of the material behaviours of steel and
timber (and possible other materials) has to be properly considered. Secondly, for dowel-
type connections, there is contact between the dowel and the surface of the hole in the
timber element, where normal and tangential stresses are transferred and friction between
steel and wood has to be accurately taken into account. In this case, the possible presence
of gaps and production tolerances must be also carefully considered. Thirdly, the load
distribution is highly non-uniform within the timber parts loaded in tension, where the
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primarily applied compressive stresses are transformed via shear stresses into tensile
stresses. The combination of these mutually affected processes occurs simultaneously
and within a small spatial region [55].As a consequence, in most cases, the use of
refined 3D numerical models is necessary. The intrinsic limitations of spring-based
models compared to full 3D models, for collapse simulations, have been for example
discussed in [56], while a vibration sensitivity study on timber-timber floors has been
successfully carried out in [57] with spring-based 2D models. Many authors carried
out various 3D models for connections, by taking into account specific computational
features and strategies. Since the nonlinear material model is crucial to the development
of accurate load-slip behaviour for timber connections, many authors proposed the use
of a plasticity-based constitutive material formulation to model wood as elasto-plastic
orthotropic according to the Hill yield criterion [58—60]. The most important aspect is
the definition of a realistic damage and failure criterion [56]. Moreover, it is worth noting
that the Hill yield criterion is symmetric in tension and compression and should be thus
used with attention. To overcome this possible limitation, more advanced subroutines
have been implemented to overcome this limitation [61].

Finally, to accurately account for the failure modes that significantly impact the
estimation of the mechanical parameters of connections, various theories have been
proposed specifically for anisotropic materials like wood. The most widely used are
the maximum stress criterion [62], the Tsai-Wu stress criterion [63] and the Hoffman
stress criterion [64]. Since the interaction between connector and timber is essential in
finite element modelling, several authors (i.e. [65, 66]) introduced a fictitious ‘soft layer’
with cohesive damage interactions, at the interface between the dowel-type connector
and the surrounding timber components. Compared to other modelling approaches, the
Cohesive Zone Modelling (CZM) method has well-known intrinsic advantages, since it
does not need: (i) pre-existing definition of cracks, (ii) prior assumptions for onset and
growth of damage, (iii) complex moving mesh techniques, and (iv) a very dense mesh
definition close to the cracks (to ensure local occurrence of infinite stress and strain
peaks). Moreover, the CZM strategy can be also adapted to many other connection
typologies for timber structures, such as notched connections [67] or bonded-in-rod
connections [68].

5.2.2 Spring Elements and Equivalent Beam/Shell Elements

Connections are often effectively modelled as spring elements in numerous studies that
use 2D finite element methods to validate analytical models describing the behaviour
of various Lateral Load Resisting Systems (LLRS). For platform-type CLT buildings,
[60, 69, 70] developed 2D models in which shear-walls consist of two-dimensional (i.e.
area) rigid elements and the connections (e.g., hold-down, angle brackets and connec-
tions between adjacent CLT panels) were modelled as nonlinear elastic spring (link)
elements. The adopted models differ each other mainly in the assumptions related to the
implementation of the non-linear behavioural characteristics assigned to the mechan-
ical anchors, including uni- vs bi-directional behaviour and tri-linear vs multi-linear
behaviour. In analogy with this approach, [71] conducted a parametrical study to inves-
tigate the interaction between the floor-to-wall connections and lintel elements on the
mechanical behaviour of CLT shear-walls with cut-out openings. The same approach
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was employed to analytically model the log-house timber walls under in-plane lateral
loads by Sciomenta et al. [72]. In this case the typical corner joint is considered to be an
elastic extensional spring. At the same time, static friction contributions are evaluated
by means of classical Coulomb law, while the presence of possible gaps is properly con-
sidered in the lateral displacement evaluation. It is worth stressing out the crucial role of
experimental test for the assessment of mechanical properties of connections. In partic-
ular, the calibration of the springs in the aforementioned numerical models was achieved
via experimental test. One of the most cited and useful work is the one from Gavric et al.
[73] which summarize the outcomes from an extensive experimental program on typical
cross-laminated timber (CLT) screwed connections including in-plane monotonic and
cyclic shear and withdrawal tests were performed on screwed wall-to-wall, floor-to-floor
and wall-to-floor CLT connections.

5.3 Some Specific Challenges in Timber Connections

5.3.1 Long-Term Effects

Timber members exhibit creep: time-dependent deformations. This phenomenon is
related to the duration of the action, the state of stress and hygrometric variations.
According to EN 1995-1-1:2004, the additional deformation of joints caused by creep
shall be calculated as the short-term deformation multiplied by the deformation factor
(kgef)- The short-term deformation shall be determined based on the slip modulus of the
joint (K er) [74]. Using connectors that resist creep, such as grouted bolts with washers or
specialized engineered wood connectors (i.e. dog screws or coach screws for timber-to-
steel connections), can mitigate these issues. Temperature and moisture fluctuations can
pose an additional challenge to connection performance, particularly in tension or com-
pression members. Thermic and moisture variations can cause shrinking and swelling in
timber leading to connection loosening or member splitting. In climates with significant
temperature swings, connections that allow some movement (e.g., bolted joints or Z-
clips) may perform better by accommodating these fluctuations without compromising
the joint. The effect of temperature and humidity is particularly significative in hybrid
connections involving glues. Kemmsies and Streicher [12] analysed the performances of
different adhesive types and gluing techniques for bonded-in steel plates under temper-
ature and humidity variations. One key finding was that epoxy-based adhesives seemed
to be the most appropriate choice.

5.3.2 Group Effect and Connection Stiffness

EN 1995-1-1:2004 bases the design of multiple-fasteners connections on the behaviour
of single fasteners. The connection slip modulus is determined by multiplying the slip
modulus per shear plane of a single fastener, with the total number of fasteners and
the number of shear planes. Nevertheless, it has been proved [75] that the assumption
of a linear combination of the individual behaviours of each fastener is inaccurate,
since the material and geometrical properties of the timber members and the number
of fasteners in steel-to-wood connections influence their overall response as well as the
connection failure mode. Jorissen and Fragiacomo [26] observed reduced shear capacity
with decreasing spacing due to premature splitting of the connection. It was demonstrated
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by Hochreiner et al. [76] that the failure mechanism in the timber matrix in a connection
could be related to the non-linear global moment-relative rotation behaviour of dowel
groups. Hochreiner et al. [76] also demonstrated the potential for strain fields in the
timber surrounding the dowels to overlap and interact with each other, thus alluding to
the possibility of a group effect on the stiffness and failure modes of the connections
[77].
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Abstract. The structural performance of Taller Timber Buildings (TTBs) heav-
ily depends on the efficiency and reliability of connections, which play a crucial
role in transferring loads, ensuring stability, and enhancing energy dissipation
under dynamic actions such as seismic and wind loads. Traditional timber con-
nections, while effective for low-rise structures, face significant limitations in TTB
applications due to increased mechanical demands, potential brittle failure mech-
anisms and reduced energy dissipation capacity. To overcome these challenges,
High-Performance Connections (HPCs) have been developed to enhance strength,
stiffness, ductility and cyclic resistance.

This study reviews HPC solutions across different structural systems, includ-
ing timber-framed, panelized and hybrid structures. Various advanced connection
techniques, such as self-centering post-tensioned joints, friction-based dissipative
devices and hybrid steel-timber interfaces are analyzed to assess their mechanical
properties and effectiveness in improving structural resilience. Additionally, the
study discusses the key challenges associated with the adoption of HPCs, including
standardization, seismic performance, long-term durability and constructability.

The study contributes to advancing the design and implementation of HPCs,
promoting the widespread adoption of timber as a viable material for sustainable
high-rise construction.

Keywords: Connections - Stiffness - Strength - Ductility

1 Introduction

In Taller Timber Buildings (TTB), connections are essential for transferring forces and
accommodating displacements between structural elements. They influence stiffness
and structural behaviour and, when specifically designed for seismic regions, connec-
tions can provide ductility and energy dissipation, since timber elements are typically
designed to respond elastically. During severe earthquakes, cyclic loading imposed on
connection components can result in stiffness and strength degradation, as well as irre-
versible damage. Consequently, the selection of appropriate connections is considered
crucial for the overall seismic response of TTBs.
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The types of connections in TTBs are strictly related to the Lateral Load Resisting
System (LLRS) adopted to withstand the seismic actions, such as timber framed struc-
tures (made with one-dimensional elements, like post, beams and braces [1]), panelised
structures (made with Cross-Laminated Timber (CLT) or lightweight timber frames) and
hybrid structures (made of timber-to-steel or timber-to-concrete structural systems).

In seismic regions, dowel-type timber connections are typically adopted to ensure
energy dissipation through the yielding of steel metal fasteners, e.g. nails, bolts and
screws. In panelised structures, mechanical anchors, such as hold-down and angle brack-
ets, are used to connect timber shear walls to the floor and to the foundation to restrain
rocking and sliding movements. While certainly effective in low-rise timber buildings,
these connections face limitations in TTBs, where structural demands in strength, stiff-
ness and energy dissipation are greater [2]. Moreover, brittle failures may be induced
by traditional connections, negatively affecting energy dissipation under seismic load-
ing. These limitations have led to the development of High-Performance Connection
(HPC) systems, specifically designed to enhance stiffness, cyclic resistance, ductility
and fatigue durability, thus significantly improving the seismic resilience of TTBs.

This chapter reviews HPCs applied in different lateral load-resisting systems, such
as framed structures, panelized structures and hybrid structures.

Different techniques and devices aimed at enhancing joint mechanical character-
istics, such as stiffness, strength and ductility, have been introduced and discussed in
comparison to traditional joints. In particular, the peculiarities and advancements in
achieving targeted performance objectives to overcome specific limitations associated
with traditional timber connections are highlighted.

High-Performance Connections (HPCs) are integral components of structural lateral
load-resisting systems. Besides providing enhanced joint characteristics, HPCs may
significantly contribute to the overall ductility and energy dissipation capacity of timber
structures subjected to lateral loads. Consequently, to fully understand their role in
structural resilience, the behaviour of HPCs should be evaluated not only individually
but also within the context of the entire lateral load-resisting system.

2 Connection for Timber Framed Structures

Timber-framed structures are characterized by one-dimensional (1D) structural ele-
ments, such as beams, columns and braces. It is possible to distinguish 2 categories
of joints connecting primary members (excluding the column-to-foundation joints): (1)
beam-to-column joints; (2) joints between brace and beam/column.

In timber framed structures, particularly in taller buildings, the number of connec-
tions is relatively high and the stiffness of the joint can affect global deformations, as
well as the strength of the joint influences the collapse modes of the structures. There-
fore, the joint behavior should be carefully understood and characterized. Currently, the
standards for timber constructions do not include a mechanical classification method
for timber joints, which is essential for the correct design of the joints and for the pre-
diction of the actual global behavior of the structures. To fill this gap, in literature, a
method for the classification of beam-to-column joints in timber structures in terms of
rotational stiffness, bending strength and ductility has been proposed in Iovane et al.
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[3], based on the moment-rotation relationship of the joints. According to this method,
the joints can be classified considering the internal actions they transfer. When timber
connections are not designed to transfer bending moments, they have to be regarded as
pinned joints. Conversely, when they are designed to transfer bending moment further
to axial loads and shear loads, the rotational stiffness of the joints should be taken into
account. Therefore, in terms of mechanical properties, they can be classified with refer-
ence to stiffness as rigid, semi-rigid or pinned joints, with reference to strength as full
or partial strength, intending that full strength joints are able to restore the continuity
of the member, by transferring internal forces equivalent to the strengths, while partial
strength joints are able to transfer the design internal forces [3]. It can be highlighted that
in rigid frames, traditional moment-resisting connections are difficult to be achieved in
practice for spatial frame configurations [4]. Moreover, traditional timber connections
exhibit some significant limitations, including stiffness and strength degradation under
cyclic loads and brittle failure mechanisms, as identified in many research on the seis-
mic performance [5]. Therefore, some authors have studied and proposed special design
details and devices aimed at improving the joint mechanical features, such as stiffness,
strength and dissipative capacity, thus enhancing the overall structural performance.

With regards to the first category of the joints, such as the beam-to-column joints,
four types of joints available in literature can be identified, depending on the type of
connection components used (e.g. Fig. 1) [3].

Type 1. Connection with internal or external vertical steel plates (rectangular- or T-
shaped) and connectors (generally bolts, screws or pins [6—11]);

Type 2. Connection with circular or rectangular arrangement of fasteners (generally bolts
or screws [12-15]);

Type 3. Connection with top and bottom plates or brackets and fasteners (generally bolts
or screws [4, 16]);

Type 4. Post-tensioned connection with internal pre-stressed cable and dissipative
devices [17, 18].

Among Type 1 joints, studies concern the analysis of the mechanical behavior both of
the connections with internal steel plate and on the connections with double external
steel plates. The joints with internal steel plate can be characterized by a single plate
[6, 19] or a T-shaped plate that connects the column to the beam [7, 8]. Generally, bolts
orthogonally to the plate are used. Some studies have shown that the use of reinforcement
screws arranged orthogonally to the grain of the beam and column contribute to increase
the overall strength and stiffness of the joint [6, 19]. In particular, the authors have
studied the influence of the distribution, number and diameter of screws, as well as the
spacing and distances, on the mechanical behavior of the joints, generally obtaining
higher stiffness, through minimized gaps and reduced splitting, and strength, as the
screws absorb tension perpendicular to the grain, reducing the risk of splitting, while
ductility remains almost unchanged.

Among Type 2 joints, most of the studies concern connections with a circular arrange-
ment of connectors [12-14], while few studies are carried out on connections with a
rectangular arrangement of connectors [15]. Generally, both joint types are character-
ized by a single column and a coupled beam equipped, in most cases with screws or, as
alternative with dowels or bolts. The authors have demonstrated that the use of glued
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connectors and shear reinforcement plates at the column-beam interface can increase the
rotational stiffness of the joint, avoiding the brittle failures of timber, thereby improving
overall mechanical behavior compared to typical realizations.

Type 1 Type 2 Type 3 Type 4

Internal plate External plate |Circular Rectangular Brackets Post tensioned
arrangement arrangement cable

Fig. 1. Types of beam-to-column joints [3].

With regards to Type 3 joints, Kasal et al. studied aluminum brackets [4] and timber
plate [16], connected to the beam and column by screws, as an alternative to traditional
steel elements. Both types of joints have a significant influence on the behavior in terms
of stiffness and resistance, but with a reduction in dissipative capacity.

Contrary, Type 4 joints were conceived to provide the structure with re-centering
capabilities following seismic events, by adopting post-tensioned cables, and shifting
the ductility demand away from metallic connection elements (plates, fasteners, etc.),
instead delegating it to dedicated devices specifically developed for this purpose, such as
fluid-viscous or friction devices. Additionally, the lateral stiffness of the frame increases
with the number of post-tensioned tendons [17, 18].

With regards to the second category of joints, such as joints between brace and
beam/column, recent advancements have focused on developing high-performance con-
nection types to specifically improve strength and ductility. Yousef-beik et al. [20]
adapted the Resilient Slip Friction Joint (RSFJ) introduced by Zarnani and Quenneville
[21]. This is a damage-free connection featuring serrated plates compressed by a bolt
and disc spring system, which increases ductility via friction dissipation and restores the
connection to the original position after deformation.

By applying the classification method of beam-to-column joints in terms of stiffness
proposed by Iovane et al. [3] on a study sample of 46 joints, the results in terms of
dimensionless Moment-Rotation curves (e.g. Fig. 2) show that Type 1 joints is the least
rigid, classified as pinned joint, followed by Type 4 and Type 2 which have a progressively
higher rotational stiffness, classified as semi-rigid joint. No joint among those analyzed
is classified as rigid.
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Fig. 2. Classification by stiffness of study joints [3].

3 Connections for Panelized Structures

Panelized structural systems, primarily composed of engineered wood products, such as
cross-laminated timber (CLT), glued-laminated timber (Glulam) and laminated veneer
lumber (LVL), play a fundamental role in ensuring the lateral stability of taller timber
buildings. The connections employed within these systems are critical for achieving
structural integrity, stiffness and energy dissipation, particularly under dynamic load-
ing conditions, such as seismic or wind-induced forces. The effectiveness of these
connections significantly influences the overall safety, resilience and durability of the
structure.

Traditional connection systems in panelized structures, including hold-downs, angle
brackets and screw-based fasteners, are widely used in low-rise timber construction.
However, the application in taller timber buildings presents significant limitations,
including restricted load capacity, brittle failure mechanisms and inadequate energy dis-
sipation [22]. In seismic-prone regions, traditional hold-downs and angle brackets may
exhibit strength degradation, pull-out failures and timber splitting due to limited ductility
and reliance on steel fasteners. Additionally, the repeated cyclic loading characteristic
of seismic events can cause extensive damage, compromising both safety and repara-
bility. These challenges have driven extensive research efforts to develop more robust,
high-performance connections that enhance mechanical performance while maintaining
constructability and durability.

In the case of panelized structures, it is possible to distinguish 3 categories of connec-
tions: (1) Wall-to-Floor and Wall-to-Foundation connections; (2) Panel-to-Panel con-
nections between parallel panels; (3) Panel-to-Panel connections between perpendicular
panels (e.g. Fig. 3).

Connections between walls and floors or foundations (Type 1) are essential for trans-
ferring overturning moment and shear forces, ensuring the lateral stability of panelized
structures. Traditional hold-downs and angle brackets, although commonly used, often
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exhibit limitations in taller timber buildings due to insufficient load-bearing capacity
and brittle failure mechanisms.

Type 1 Type 2 Type 3

R
H

| =

il

Fig. 3. Types of connections in panelized structures.

To overcome these challenges, various innovations have been developed and investi-
gated over the past decade. One approach has involved the introduction of high-capacity
hold-downs and reinforced brackets incorporating mixed-angle self-tapping screws,
which have shown enhanced stiffness, load carrying capacity and ductility [23, 24].
Additionally, modifications to traditional hold-downs have been proposed, including the
integration of hourglass-shaped steel plates designed to yield before the embedment of
timber. This solution improves energy dissipation by promoting a more controlled failure
mechanism [25]. Bi-directional connectors have been developed to enhance the rocking
resistance of CLT shear walls by utilizing multiple connections rather than single hold-
downs [26, 27]. These connectors resist both tensile and shear forces through the use
of inclined fully-threaded screws, which increase tensile capacity. Furthermore, the use
of thick metal washers and increased bracket thickness prevents brittle failure mecha-
nisms commonly observed in traditional hold-downs and angle brackets [28]. Another
innovative approach involves slip-friction connectors, also referred to as slotted-bolted
connections [29, 30]. These systems consist of steel plates with slotted bolt holes that
allow controlled sliding and friction-based energy dissipation, thereby improving the
overall seismic response of panelized timber buildings. Additionally, the High-Force-
to-Volume (HF2V) damping device has been developed as a substitute for conventional
hold-downs, offering enhanced energy dissipation and self-centering capability to mini-
mize post-seismic residual deformations [31]. Further advancements in seismic-resistant
connections consist in resilient slip friction joints (RSFJs [32]) and uplift friction dampers
(UFDs [33]), which provide controlled slip and self-centering capabilities, significantly
reducing seismic damage accumulation. A new system recently proposed is the tube
connector [34], which consists of a hollow steel tube inserted into pre-drilled holes in
CLT panels and secured with a threaded rod or adhesive bonding. These connectors
enhance pull-out resistance and structural integrity, improving seismic resilience and
stress distribution while maintaining a concealed aesthetic. The ability to provide higher
load-bearing capacity makes them an efficient alternative to conventional fasteners in
modern taller timber construction.
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Panel-to-panel connections between parallel panels (Type 2) are fundamental for
ensuring continuity and effective load transfer within panelized structures [35]. The influ-
ence of these connections on the diaphragm actions and the overall structural response
under lateral loads is significant. Conventional screw-based connections have been
widely utilized; however, limited shear capacity have been observed when a diaphragm
behavior is desired in multi-panel walls and floors. To address these limitations, shear-key
connectors have been introduced as an alternative to traditional fasteners, allowing a sig-
nificant increase in shear transfer capacity and an improvement in diaphragm behavior.
Such shear-key connector with slots [36] has been designed to enhance shear transfer in
the vertical joints of multi-panel shear walls, effectively mitigating damage accumulation
in seismic events. Through experimental tests, it has been found that a single shear-key
connector has stiffness and strength values comparable to those that would be obtained
for vertical spline joints with approximately thirteen couples of 6 mm screws. In addi-
tion to shear-key solutions, prefabricated multi-directional point connectors have been
introduced to improve the assembly precision and mechanical performance of parallel
panel connections. The X-Rad connection system, for example, consists of steel plates
with pre-installed inclined screws, which provide enhanced strength and stiffness by
linking adjacent cross-laminated timber (CLT) panels in multiple directions [37]. These
connections allow for efficient on-site installation while ensuring high load-bearing
capacity. Another prefabricated solution, the SHERPA-CLT Connector, includes metal
plate connectors installed at angle, T-joints and longitudinal panel junctions [38]. The
pre-fabrication of these connectors enables rapid assembly without the need for exten-
sive scaffolding, reducing construction time and labor demands. Further advancements
have focused on improving failure mechanism and energy dissipation. The X-Bracket, a
steel bracket connection system, has been developed to increase the ductility and energy
dissipation capacity of CLT panels [39]. This system distributes shear and tensile forces
more efficiently, mitigating the risk of brittle failure and reducing damage accumulation
in timber elements. Similarly, hybrid connection solutions integrating steel components
with bonded adhesives have been introduced. The Holz-Stahl-Komposit (HSK) system,
for example, involves the insertion of steel plates into timber panels, which are bonded
using a chemical adhesive [40]. To ensure a controlled yielding mechanism, duct tape
is applied in designated areas, preventing full bonding and creating a “weak zone” that
functions as a yielding fuse. This configuration improves the ductility of the connection
while maintaining high strength. For applications requiring enhanced seismic resilience,
post-tensioned hybrid shear walls have been implemented. These systems incorporate
U-shaped flexural plates (UFPs) in the vertical joints of wall panels, enabling energy
dissipation and re-centering capabilities [41]. Additionally, friction-based energy dissi-
pative systems, such as slotted steel plates with bolted connections (e.g., Slip-Friction
Connectors), have been developed to improve hysteretic performance and reduce strength
degradation under cyclic loading [32, 33]. These solutions enhance the overall structural
performance of multi-panel timber systems, particularly in seismic-prone regions.

Connections between perpendicular panels (Type 3) are essential for ensuring the
structural integrity and load transfer efficiency at the intersections between walls and
floors in panelized timber structures. These connections must provide sufficient stiffness,
strength and deformation capacity, while minimizing stress concentrations that could
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compromise structural performance. Traditional solutions, including steel brackets and
screw-based fasteners, have been widely utilized in connections between perpendicular
walls and floors and walls. Among these, angle brackets and self-tapping screws have
been commonly employed. These connections contribute to generate structural inter-
actions, which modify the structural behavior, providing increased lateral stiffness and
load-bearing capacity [42, 43]. However, in floor-to-wall connections, the withdrawal
stiffness of the connections may contribute to reduce the deformation capacity and the
energy dissipation, which can be detrimental in seismic applications. To address this
issue, angle brackets with slotted holes have been introduced, which allow for controlled
shear transfer while permitting a free rocking mechanism of the wall, thereby improving
ductility and mitigating damage accumulation under cyclic loading conditions [44].

4 Connections for Composite and Hybrid Structures

Timber-steel hybrid structures are characterized by the intelligent and more efficient
use of the two materials to improve the global and local behavior of all-timber or all-
steel constructions. Despite the ever-increasing interest worldwide in steel-timber hybrid
structures, research is still very recent and rather limited nowadays.

From the analysis of the state of the art, three types of connections can be distin-
guished (e.g. Fig. 4 [45]): (1) Steel beam-to-column joints to CLT floors; (2) Timber
beam-to-steel column joints; (3) Timber beam-to-timber column and/or timber or steel
brace joints with steel devices.

Type 1 refers to the continuity joints of CLT panel slab around the steel column.
The common configurations have the following features: (1.1) steel cover plates [46—
491; (1.2) timber cover plates or half-lap connections [46, 49, 50]; (1.3) embedded steel
continuity bars [46-50]; (1.4) glued butt joints [46]. The continuity of CLT slabs offers
generally a significant contribution to the bare steel joint, in terms of bending strength,
rotational stiffness and ductility. In particular, in terms of bending strength, in moment
resisting joints the contribution can double the load capacity. Specifically, overall, the
1.1 and 1.3 configurations are the most efficient, followed by the 1.2 and then 1.4
configurations.

Type 2 joint common configurations have the following features: (2.1) top and seat
steel angle brackets bolted to the timber beam through long bolts and to the steel column
through short special bolts [51, 52]; (2.2) T-stub pre-welded to the column and slotted
vertically into the timber beam by means of bolts placed perpendicularly to the slotted
steel plate [51]; (2.3) steel box-shaped bracket connected to the timber beam through
screwed-in threaded rods and to the steel column through steel bolts [53]. The steel box
devices provide in overall the best performance in term of initial rotational stiffness,
static ductility and failure mode without timber damage. The T-stub offers the highest
initial rotational stiffness, but a fragile failure in the timber beam, even though with
large plastic deformation. The steel angle brackets show the smallest initial rotational
stiffness, with ductile failure mode, without timber damage.

In Type 3 joints dissipative capacity is delegated to ad hoc devices located at the ends
of timber members or at the connection between timber beam and columns. The common
configurations have the following features: (3.1) steel link connected to the timber beam
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by means of glued threaded bars and to the steel/timber column via bolts [54-56]; (3.2)
steel reduced beam section (RBS) element, placed at the beam end, connected to the
timber beam and to the upper and lower timber columns by means of inclined self-tapping
screws and bolted to a steel box [57]; (3.3) intermediate steel panel box in the column
connected to the upper and lower timber columns through glued steel bars and to the
timber beam via pre-stressed steel cable [58]; (3.4) intermediate steel brace connection
among timber beam, column and steel brace by means of glued bars [59].

Type 1

Type 1.2 Type 1.3 Type 1.4

Type 2.2 Type 2.3

Type 3.1 Type 3.2 Type 3.3 Type 3.4

Fig. 4. Types of joints in hybrid structures.

All the joint configurations studied are characterized by a more stable hysteretic
curve as respect to the traditional joints, with a larger dissipative capacity, stiffness and
strength and absence of fragile failures for timber members. In particular, these joints
are designed so that the energy dissipation is provided entirely by the steel links, while
timber elements and screws remain elastic under large rotation demands.

5 Challenges and Outlook

The development and implementation of high-performance connections (HPCs) for
Taller Timber Buildings (TTBs) present several challenges that need to be addressed
to enhance their effectiveness, reliability and applicability. While significant advance-
ments have been made in the design of HPCs for different structural systems - such as
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timber-framed, panelized and hybrid structures - several issues remain open for future
research and development.

One of the primary challenges is the mechanical characterization and standardization
of HPCs. Unlike steel or concrete structures, where joint classification methods are well
established, timber connections lack a universally accepted mechanical classification
framework. The absence of a standardized methodology for defining stiffness, strength
and ductility parameters leads to inconsistencies in design approaches and hinders the
direct comparison of different connection types. Future research should focus on the
development of robust classification criteria to facilitate the design and performance
assessment of HPCs in TTBs.

Another critical issue is the seismic performance and resilience of connections.
While several studies have proposed dissipative solutions, such as resilient slip-friction
joints and post-tensioned tendons, further experimental and numerical investigations
are necessary to evaluate their long-term reliability under cyclic loading. The influence
of repeated seismic events, potential degradation of mechanical properties and residual
deformations should be extensively examined to ensure that HPCs contribute to the over-
all resilience and reparability of timber structures. Moreover, research on self-centering
connections capable of minimizing post-event maintenance is crucial for improving the
sustainability of TTBs in earthquake-prone regions.

In terms of material compatibility and durability, the integration of timber with
steel or composite elements requires careful consideration of differential deformations,
moisture sensitivity and long-term creep effects. The performance of hybrid timber
connections under varying environmental conditions, including humidity fluctuations
and temperature variations, needs further investigation. Additionally, the introduction
of novel materials, such as high-strength adhesives and engineered timber composites,
offers promising possibilities for improving connection performance, but their long-term
behavior and fire resistance require thorough assessment.

In conclusion, while high-performance connections hold great potential to improve
the structural integrity and seismic resilience of TTBs, ongoing research is required to
address standardization, durability, constructability and long-term monitoring. Advance-
ments in these areas will contribute to the broader adoption of timber as a viable mate-
rial for sustainable high-rise construction, further promoting innovation in the field of
structural engineering.
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Abstract. Floors have two fundamental structural functions in buildings: (i) trans-
ferring the vertical loads (that they are subjected to) to the vertical load bearing
structures, and (ii) acting as diaphragms in the overall lateral load resisting system.
In this Chapter the focus is on the former function, concentrating especially on
their out-of-plane behaviour. To this aim, there are in fact various floor systems that
can be used in taller timber buildings (TTBs). Among other aspects, the choice of
the suitable floor system for a particular timber building depends widely on several
influencing parameters, such as the span, the assigned loads, the requirements of
the floor for the intended use, and the floor layout. The floors are subjected to var-
ious loads, and their design is very often governed by serviceability aspects, such
as static deflections and dynamic responses (e.g., vibrations). A robust assessment
of the serviceability performance requires the evaluation response of the floor sys-
tem to the imposed loads, and the application of corresponding design criteria (in
the region the building is situated in). In this section, aspects such as different
floor systems, relevant loads, mechanical behaviour and serviceability criteria in
different regions shall be discussed.

Keywords: Timber floor systems - Taller timber buildings (TTBs) - Hybrid floor
systems - Serviceability performance - Vibration and deflection criteria

1 Floor Systems in TTBs

Floors usually consist of multiple components, such as the load-bearing structural sys-
tems and the non-load-bearing layers (e.g., flooring on top and ceiling underneath the
floor structure). In the following, commonly encountered options for both are shortly
presented as the basis for further discussion.

1.1 Load-Bearing Systems

The load-bearing system transfers vertical loads to the supporting structures and is mainly
responsible for the structural performance of the floor. The structural systems can be
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differentiated by (i) their materials into timber-only and hybrid systems and (ii) their
geometrical arrangement into joist- and slab-based systems, as illustrated in Fig. 1.

Timber-based floor systems

|
Timber only Hybrid

|
[ \ [ |
Joist Slab Joist Slab

4

Steel-timber Timber-concrete

Fig. 1. Schematic illustrations of different timber-based floor systems categorized by materials
and geometries.

The traditional structure is a joisted floor, in which the structure consists of parallel
joists spanning from one support to another. These joists can be made of sawn timber,
laminated veneer lumber (LVL), glued-laminated timber (GLT) or prefabricated I-joists.
However, pure joisted floors are less common in TTBs, due to limited performances.
Especially sawn timber joists are normally used for short spans only, around 3-5 m [1],
due to the small available cross-sections.

Modern timber constructions often use wood-based composite elements that con-
sist of timber joists (webs) connected to timber-based top and/or bottom plates (flanges).
Typical examples are ribbed-panels (joists and top plate) and hollow-box systems (joists,
top and bottom plates). The elements are usually prefabricated utilizing structural glue-
ing between the basic components, although mechanical connections (such as inclined
screws) can be also used, if they provide adequate composite action between the com-
ponents. The main benefit of composite systems is that — due to the high structural
efficiency — they allow to reach significantly longer spans, compared to conventional
joisted floors with relatively low material volume. Further discussion can be found for
example in [2, 3].

An alternative that has recently become very popular is the use of mass timber panels
for the load-bearing structure. The most common panel type is the cross-laminated timber
(CLT), which is made of an odd number of glued layers of timber boards, rotated 90° with
respect to adjacent ones [4]. Due to their intrinsic structure, CLT panels exhibit also plate-
like biaxial bending behaviour. Recently, there has been interest providing connections
between CLT panels that can ensure effective biaxial behaviour for whole floors [5-7]
and significantly improve their efficiency. Other suitable mass timber products are nail-
laminated timber (NLT) elements, in which timber boards are laminated horizontally
by nailing [8], and dowel-laminated timber (DLT), see for example [9]. The latter is an
adhesive-free alternative to CLT laminated vertically using wooden dowels.
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In hybrid systems, the structure combines timber with other materials to achieve the
preferable mechanical behaviour. Among the most prevalent hybrid systems in timber
buildings, are timber-concrete composite (TCC) floors. In the floor applications, TCC
structures typically consist of timber components, a concrete slab placed on top, and
the shear connection between them (Fig. 1). This configuration seeks to combine the
advantages of timber and reinforced concrete construction. Depending on design require-
ments and construction methods, various types of shear connectors can be employed,
such as notched connectors, screws, or metal plates. At the European level, the Techni-
cal Specification CEN/TS 19103:2022 [10] was published as a guideline for designing
TCC floors. It is expected to be integrated into Eurocode 5 as EN 1995-3 by 2028.
Currently, CEN/TS 19103:2022 regulates shear connectors, including (i) dowel-type
fasteners, (ii) steel reinforcement bars embedded in timber perpendicular to the shear
plane, and (iii) notched connections (see Fig. 2). However, alternative connection sys-
tems may also be employed, provided that their characteristic load-bearing capacity and
stiffness are known. Given the increasing adoption of CLT-concrete composite floors in
hybrid timber buildings, it is important to account for the influence of cross-layers in CLT
panels on the stiffness of notched connections. The stiffness reduction caused by these
cross-layers should be considered in the design process, as suggested in DIN CEN/TS
19103/NA:2024 [11]. These additional provisions are currently being discussed as part
of the process of converting CEN/TS 19103:2022 into EN 1995-3 and are expected to be
incorporated. Moreover, it should be noted that the design of TCC floors is often governed
by serviceability requirements related to deformation. One strategy to enhance defor-
mation serviceability is the design of continuous TCC floor systems [12]. Precast TCC
systems represent an important advancement in the dissemination of TCC technology.
These elements are often supplied with pre-determined structural capacities, simplifying
the design process and fostering adoption. Several companies have demonstrated how
the use of precast elements supports rapid construction, which is particularly valued in
TTB where investors often prioritize short construction times [13]. In conclusion, TCC
plays an important role in the transition from conventional concrete construction to more
sustainable building methods and materials. By combining the strengths of timber and
concrete, TCC systems contribute to reducing the environmental footprint of modern
construction while meeting high performance standards.

Shear connectors for hybrid floor systems

Steel-timber Timber-concrete

Dowel-type Shear-studs Dowel-type Notch
L J L J Fo Fy
f 1 | | Py |i | Py
I I I I L e e
I I o 1 | —

Fig. 2. Schematic illustrations of common shear connectors used in hybrid floor systems,
including steel-timber and timber—concrete configurations.
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The hybrid steel-timber systems allow for the combination of high strength and
ductility of steel with high stiffness and light weight of timber. However, currently
hybrid steel-timber structures are built usually with hot-rolled steel elements and tim-
ber diaphragms. In hybrid steel-timber systems, connection plays the key role in their
seismic performance [14]. Well-known hybrid solutions are the steel-timber flooring
and wall systems. The combination of steel, particularly cold-formed steel (CFS) mem-
bers, and timber plate materials enable lightweight construction with structural, cost,
and environmental benefits for low- and high-rise construction [15]. CFS sections can
outperform most alternative construction materials due to their cost, strength-to weight
ratio, and ease of erection. However, the sections are slender, thin-walled, and suscepti-
ble to different types of buckling, such as lateral torsional, local, distortional, crippling,
and bearing failure [16]. These failures are mostly due to the thin plate elements of CFS
section beams, which can be avoided or delayed by using timber plate acting as stiff-
eners [17] or by prestressing of the CFS members [18]. These structural elements are
of low mass and beneficial in terms of earthquake resistance, while resistance to uplift
loading due to high wind loads can be ensured by massive panels, and high-capacity
connectors, which connect the panels to the vertical structural components at regular
intervals. However, very limited information exists on the influence of timber plate and
demountable shear connections on other forms of buckling in CFS floor systems using
prestressed CFS sections [19, 20]. Hybrid CFS-timber structural designs are based on
traditional standards and regulation [21]. As this construction adopts unconventional
connections, thus, the safety factors and design tool specified in the traditional design
standards, EN1993-1-1:2005 [22] and EN1995-1-1:2004 [23] may lead to uncertainty in
the robustness of the design, building stability and structural performance under loading
conditions. Therefore, more reliable design tools are required which can be developed
through experimental testing and numerical analysis. Connecting the timber plates and
even boards to the CFS beams can result with the systems with significant load bear-
ing capacity. The performance of these systems is strongly related to the resistance,
slip modulus and spacing of the shear connectors (see Fig. 2). Existing research has
demonstrated significant improvements to the floor flexural performance if the com-
posite action between CFS and timber boards is optimised and exploited [20]. Such
composite action relies on the efficacy of connection (slip modulus and shear stiffness),
to enable the two components to work together as a composite system, to resist flexural
loads [17]. The flexural performance of the CFS-timber flooring systems in terms of
stiffness and load-carrying capacity can be significantly improved by introducing pre-
stressed CFS sections, novel shear connectors with timber embedment resistance and
improved connector bending performance [24].

1.2 Non-Load-Bearing Layers

Non-load-bearing layers in floors of taller timber buildings fulfil essential functions
such as acoustic and thermal insulation, fire protection, and moisture control. Raised
floors are particularly relevant in TTBs, as these structures are often used as office
buildings, allowing technical installations to be efficiently integrated beneath the floor.
Additionally, the mass of screed or similar materials enhances the vibration behaviour of
floor systems, improving comfort for occupants. In purely timber floors, mass-increasing
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fill materials such as gravel or sand are frequently used to improve acoustic performance
and dynamic behaviour. Other techniques to improve the impact sound insulation on
timber floors were proposed in [25] that included the increase in mass or damping and
the addition of a ceiling that could improve the sound insulation at low frequencies.

Concerning fire, the addition of gypsum board layers is widespread, in accordance
with the encapsulation technique. When floors are constructed with open void spaces—
such as those using engineered joists or counter battens beneath traditional solid joists—
the risk of fire spreading through the floor void increases significantly. While the cavities
of timber frame assemblies are completely filled with insulation materials in addition to
the protective effect of cladding, the charring of a timber member is strongly dependent
on the type of insulation used [26]. Any penetrations through the plasterboard, including
downlighters, soil vent pipes, or ventilation duct heads, introduce vulnerabilities in the
ceiling. These must be properly fire-stopped using fire collars, fire hoods, or other fire-
rated products to maintain the integrity of the fire barrier.

A key aspect concerns the integration of Mechanical, Electrical, and Plumbing (MEP)
services into mass timber high-rise buildings without compromising structural perfor-
mance or aesthetics. The principal challenges related to the correct conception of MEP
system concern the early design collaboration to minimize interferences (i.e. with sound-
proofing material), the use of integrated vertical and horizontal MEP zones to keep
systems organized and the use of non-combustible enclosures for some systems and/or
intumescent coating.

2 Loads on Floors

In taller timber buildings, long-span floors are subject to various actions that can signif-
icantly affect their performance. According to EN 1991-1-1 [27], loads are classified as
“permanent” and “imposed”. For floors, the first category of loads includes the combined
self-weight of structural and non-structural elements acting permanently on the floors,
while the second category includes variable actions (i.e., occupancy, furniture, partitions
and machinery).

Both, the permanent and imposed loads can induce significant short- and long-
term (creep) out-of-plane deformations on long-span floors. Those are also susceptible
to “indirect actions” caused by fluctuations in environmental conditions (particularly
changes in moisture and temperature), which can lead to differential vertical movements
and affect the long-term performance. The fluctuations of moisture conditions have dif-
ferent sources as seasonal variations or indoor climate, which is influenced by human
occupancy and their activities. Concerning the sources of thermal variations, this aspect
is linked to the seasonal changes and sunlight exposure as to the type of ventilation,
heating and cooling systems (i.e. underfloor heating) and the presence of adequate of
the building’s envelope.

Further imposed loads (e.g. wind, earthquake, or machinery actions) generate hori-
zontal global deformations that can lead to floor drift and vibrations, potentially impact-
ing serviceability and occupant comfort. Together, these indirect actions highlight the
importance of considering time-dependent behaviours in the design of long-span tim-
ber floors, to ensure durability and keep comfort and functionality over the building’s
lifespan.
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It is also worth to mentioning the walking-induced loads, which cause floor vibra-
tions. Vibration levels at floor surfaces could be perceptible by humans depending on
motion frequency contents and the types of activities being performed by observers or
other people occupying a floor [28]. If the vibrations exceed certain limits, it can lead to
discomfort and dissatisfaction among the occupants.

3 Short- and Long-Term Response to the Loads

In terms of serviceability, the most significant load-induced deformation is vertical
deflection, which can be quasi-static (and occurs slowly, without the involvement of
inertial effects) or dynamic (which occurs fast and involves inertial effects). The latter is
often experienced by the users as vibrations. Furthermore, quasi-static deflection con-
sists of instantaneous (elastic) and delayed (creep) responses to the loads. The detailed
mechanical response of a floor depends significantly on the type of load and on the
structural system.

3.1 Timber-Only Floors Systems

The conventional timber floors are designed as one-way systems, i.e., the loads are
transferred by uniaxial bending and shear along the strong axis (span direction). How-
ever, even the simple joisted floors possess some lateral stiffness, and they are more
accurately described as rib-stiffened plates [29], displaying biaxial bending and lateral
load distribution between the joists. The amount of load distribution depends on the
ratio between the lateral and longitudinal bending stiffness of the floor structure. In
conventional floor, where the lateral stiffness is provided only by the subfloor and other
non-structural layers, the lateral stiffness is low, and the lateral load distribution is lim-
ited. In composite systems, where the flanges are built of biaxial timber panels, load
distribution between the joists can be clearly higher. In slab type floors, especially when
biaxial panels, such as CLT, are used, the transverse stiffness is significant, leading to
stronger biaxial behaviour.

Hygrothermal variations, i.e., variations of moisture content and temperature, cause
time-dependent dimensional changes in timber. Most significant serviceability-related
effect for timber floors from these dimensional changes are the bending deformations.
Whether the variations cause significant deflection or not depends on the type of the
structural system and the gradient of the variations over the cross-section. If the variations
are close to uniform, they alone do not cause significant deflection of the floors. In the
case of significant asymmetric moisture gradient and/or differences in hygrothermal
properties of individual layers in timber-based composite systems, however, differential
strains can induce significant bending deformations.

In timber structures, creep causes additional, time-dependent deflection for floors. It
is a phenomenon, where deformation increases after instantaneous (elastic) deformation
under sustained loads. The rate of creep is highest close to initial elastic deformation
and decreases with time. Timber creep can be divided into two parts, viscoelastic and
mechano-sorptive creep. In the viscoelastic part the rate depends on time and in the
mechano-sorptive part on the variation of moisture content in wood. Therefore, under
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conditions where the moisture content of timber varies significantly, the creep rate can
be significantly larger compared to constant moisture conditions. For a comprehensive
review on timber creep, see [30].

3.2 Additional Effects on Hybrid Floor Systems

In hybrid systems, components with different creep and hygrothermal characteristics are
joined together. As a result, these systems develop time-dependent deformations that are
usually negligible in timber-only floors. In the case of TCC floors, timber and concrete
are both subject to dimensional changes due to variations of temperature and moisture
content. However, they respond to changes with different rates due to their different
transport and expansion properties. Additionally, concrete shrinks significantly during
and after curing. Due to these effects, differential inelastic strain develops between the
components (even in a constant indoor environment due to the concrete shrinkage), which
causes additional stresses and deformations in the structure [31]. Especially, the concrete
shrinkage is relevant to all TCC floors as it causes permanent downward deflection.
The inelastic strains from other sources change according to the varying environmental
conditions and can cause upward or downward deflection depending on the situation. A
proposal to account for the effects of the environmental variations and creep in TCCs in
the context of Eurocodes are presented in CEN/TS 19103:2022 [10].

4 Analysis Approaches for Deflections and Vibrations

Analytical methods can be used to estimate load-induced deformations and vibrations
in timber floors. In practice, their use is limited to rectangular floor layouts with uniform
structure over the floor area. For one-way floors subjected to uniform loads, deflections
can be obtained using Euler-Bernoulli beam theory with effective width and bending
stiffness. In CLT floors, low rolling shear stiffness of the transverse layers causes sig-
nificant shear deformation in bending. Their effects can be accounted for in analytical
calculation by utilizing y-method, shear analogy method or Timoshenko beam theory
[4].

However, as mentioned, even floors designed as one-way system, have lateral stiff-
ness to some extent. To avoid significant over-design, responses to point loads or dynamic
responses are usually estimated based on plate theory using equivalent bending and
twisting stiffnesses. Especially the dynamic response can be sensitive to the support
conditions, their arrangements and stiffnesses, and should be accounted for. Simplified
methods to account for the support flexibility are proposed, for example, in the revised
version of EN 1995-1-1 [32] that will be published in the near future. The intrinsic
limitations of simplified methods for the vibration serviceability assessment have been
discussed in many research contributions. In [33], for example, the effects of rough
modelling assumptions both in terms of floor components and connections, and in terms
of human-induced loads have been properly emphasized, pointing out the importance of
a robust methodology of general applicability to timber floors.

The long-term deformations due to creep are normally calculated by utilizing the
effective modulus method, where the modulus of elasticity (and possible other stiffness
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properties) is decreased based on the relevant creep factors, such as in standard EN 1995-
1-1 [23]. In composite systems, the differential inelastic strains between the components
can cause significant deflection. Their effects, with addition of creep, can be accounted
for in the analytical calculations for TCCs according to methods presented in CEN/TS
19103:2022 [10].

Specialized experimental, numerical (static deflections and dynamic vibration anal-
yses) and analytical methods are adopted to carry out deflection and vibration analysis
of long-span timber floors for taller buildings. The main aim is to check their compliance
with the performance requirements [34] in terms of: (i) ultimate limit state or strength
capacity, undergoing the gravity and lateral loads, and (ii) serviceability limit state, con-
trolling the deflection and vibration. Numerical simulations on floors are carried out by
using both design-oriented software and general-purpose programs.

Design-oriented software packages are commonly used by practitioners for con-
ventional structural analysis of timber floors due to (i) their compliance with design
standards such as EN 1995-1-1 [23] and other regional codes, (ii) the ability to define
the floor system accurately, either as a beam-slab configuration (e.g., joisted floors)
or as a panel system (e.g., cross-laminated timber), and (iii) the capability to perform
both static and dynamic analyses, also considering nonlinear and fire-related effects. For
more advanced applications, such as seismic, blast, or fire scenarios, general-purpose
finite element programs are typically preferred, as they provide a wide range of material
models, element types, and solver options (e.g., implicit or explicit solvers). To promote
consistency in modelling strategies, several initiatives have been launched, including the
Modelling Guide for Timber Structures [35] and a working group WG1 1 under CEN/TC
250/SC 5, which is currently preparing dedicated finite element modelling guidelines as
part of the next generation of Eurocode 5.

Great attention is paid to hybrid systems which are widely used and investigated. For
numerical investigations, finite element models are generally calibrated against experi-
mental results and are utilized for parametric studies for flooring systems. One of the key
points is represented by the connections’ stiffness since it strongly influences the cou-
pling degree among slab and beams and so the overall stiffness of the composite system
[36]. propose a calculation procedure to achieve the accurate values of maximum force
and stiffness of a given timber-to-timber slab joined with Self-Tapping Screws (STSs)
and loading condition. The procedure accounts for the effective shear force and stiffness
of screws in a given position on the slab and provides it in a simplified way for STSs
stiffness and force formulations (correlation coefficients).

5 Design Criteria for Controlling Deflection and Vibrations
According to Different Design Standards

The design of floors in TTBs must account for various serviceability criteria, with partic-
ular focus on controlling deflections and vibrations. While international standards vary
in detail, the fundamental principles are largely consistent. Most standards prescribe
deflection limits as a function of the span length and loading conditions and include cri-
teria for vibration performance, often based on natural frequency, point load deflection,
and dynamic response (e.g. acceleration or velocity). The commonly applied standards
are briefly presented below, and for further insights, please see [37], among others.
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The European standard EN 1995-1-1 [23] defines deformation limits for timber
floors based on the type of floor and boundary conditions. These limits address both live
loads and combined dead plus live loads, ensuring that vertical deflections remain within
acceptable ranges to maintain structural performance and user comfort. The new draft
version of EN 1995-1-1 [32] introduces three specific criteria for vibration control: (i)
minimum fundamental natural frequency, (ii)) maximum deflection under a point load,
and (iii) acceleration and velocity limits. These align with the existing approach by [38]
but expand upon it through the introduction of floor performance levels. These levels
explicitly define vibration limit values, allowing floor systems to be designed more
precisely to meet user requirements. For further details on the proposed performance
levels and vibration criteria, see [39].

Swiss standards for timber structures, as outlined in STA 265:2012 [40], reference
serviceability limits defined in SIA 260:2013 [41], addressing static deflection under
concentrated loads as well as velocity response and acceleration criteria. In the United
States, the ANSI/AWC NDS [42] and International Building Code (IBC) [43] specify
deflection limits for floor systems based on live and combined loads, but do not explicitly
regulate vibration performance, leaving this aspect to other guidelines or project-specific
considerations. Similarly, the Canadian standard CSA 086:19 [44] includes deflection
criteria for live and total loads while also incorporating vibration assessments based on
natural frequency and static deflection under point loads, with further guidance provided
in the Canadian CLT Handbook [45] for optimising CLT floor performance. Australian
standards, such as AS 1720.1-2010 [46] and AS 1170.1-2002 [47], define deflection
limits depending on floor usage but do not explicitly address vibration control in timber
floors. In contrast, the Chinese standard GB 50005:2017 [48] specifies deflection lim-
its for various floor types and loading conditions, while the “Technical Standards for
Vibration Comfort of Building Floors” JGJ/T 441-2019 [49] provide additional criteria
for vibration performance, including minimum frequency requirements.
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apeak: Peak acceleration response

arms: Root mean square acceleration

@rmq: Root mean quad acceleration

c: Damping coefficient

ke,1: Frequency factor in case of a double span floor on rigid supports. In case
of a single span k.1 = 1.0

ke,2: Frequency factor to consider the effect of the transverse floor stiffness.
In case of a one-way spanning floor k.2 = 1.0

(ET)r: Longitudinal bending stiffness of the floor per unit of length

(ET)7: Transverse bending stiffness of the floor span per unit of length

w: Resonant buildup factor, which may be taken as p = 0.4

(: Modal damping ratio

b: Floor width

ber: Effective width

cy: Fourier coefficient of the dynamic load factor, which can be assumed equal
to cy = 0.0714

e F': Force applied in the point with greatest deflection
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F,: Person weight walking on the floor equal to F,, = 700 N according to EC5
Fayn: Vertical dynamic force caused by a walking person, equal to Fg,, = 50
N according to EC5

f1: Fundamental frequency in Hz

fiim: Limit frequency between the resonant or a transient response in Hz
fw: Walking frequency in Hz

h: Cross-section height

Liod,mean: Mean modal impulse, in N-s

kpiack: Reduction factor equal to kpjaer = 0.7 according to EC5

kres: Factor to account for higher modes of vibrations, according to EC5

I: Floor span (the longest span in case of double span floor)

m: Floor mass per unit of area

M*: Floor modal mass

V1 peak: Peak velocity response for the fundamental mode

w: Load deflection

K,: Peak factor

by: Width of the building

hy: Height of the building

¢s.ref: Reference wind load

crw: Force coefficient

K: Dimensionless coefficient

®; ,(2): First mode shape

Mi: Modal mass of the first mode

R: Resonance response factor

SEL: Sound exposure level

VDV: Vibration dose value

wikn: Load deflection under a concentrated 1kN load

B: Floor width

l3: Shorter span of a double-span floor

(EI);: Bending stiffness of the i-th member of a composite floor per unit of
length

(FA);: Axial stiffness of the i-th member of a composite floor per unit of
length

a;: i-th member center of mass distance from the composite section center of
mass

~;: i-th member partial composite action factor

S': Percentage of decrease in structural rigidity

t: Elapsed time in years from timber bridge construction

1 Introduction

Timber floors are particularly susceptible to noise and vibration issues when
compared to other construction methods, such as concrete floors. This is due to
the relatively high stiffness-to-mass-density-ratio of timber floors, which enables
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so-called ‘lightweight’ floor constructions, in contrast to ‘heavyweight’ floor con-
structions consisting, for example, of concrete slabs and steel girders. Quantified,
lightweight floors, as defined in ISO 10140-5:2021, are considered as floors whose
area density is less than 150 kg/m? [1]. A heavyweight reference floor is spec-
ified in Annex C of ISO 10140-5:2021 [1]. The heavyweight reference floor is
specified to be of reinforced concrete and have a minimum thickness of 100 mm,
but preferably a thickness of 140 mm, meaning a lower bound mass density of
250 kg/m? and a preferred reference mass density of 350 kg/m?. While timber
floor constructions have the benefit of being relatively stiff and light, which is
a positive from a static structural perspective, these lightweight structures are
prone to higher vibration amplitude and noise transmission due to the reduced
mass of the structure.

The vibration and noise issues of timber floors may be divided into two
parts based on the frequency range of consideration with some overlap between
the two. Vibration-based serviceability of floors considers generally frequencies
from 1Hz to 80Hz [2,3], while acoustics generally considers a frequency range
from 50Hz to nominally 5000 Hz [4-14]. However, research has suggested that
acoustic frequencies as low as 20 Hz should be a consideration for lightweight
constructions [15-17], indicating that a frequency range of 20Hz to 5000 Hz
should ideally be considered. Accordingly, this subsection is divided into two
parts:

1. Vibration-based serviceability of floors
2. Acoustics of floors

2 Human-Induced Vibrations Issues

Timber floors are particularly susceptible to human-induced vibrations, which
can give rise to various issues affecting their performance and occupant comfort.
One significant issue is the potential discomfort experienced by occupants due to
excessive vibrations. When timber floors are excited by walking or other human
activities, floor vibration can be perceived by occupants, causing discomfort and
even affecting the usability of the space. Excessive vibrations can lead to dis-
comfort while walking, using furniture, or performing tasks that require stability
[18]. It is crucial to address this issue to ensure the satisfactory serviceability of
timber floors [19-24].

Human-induced vibrations in timber floors can also impact the functional-
ity and performance of sensitive equipment and installations. In spaces where
delicate instruments, equipment, or machinery are present, excessive vibrations
can cause operational issues, measurement inaccuracies, or even damage to the
equipment. This issue is particularly relevant in environments such as labora-
tories, healthcare facilities, and industrial settings where precise measurements
and stable conditions are necessary [25].

Another concern is the potential fatigue and degradation of timber ele-
ments caused by prolonged exposure to excessive vibrations. Over time, repeated
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dynamic loading can lead to fatigue failure, and reduced strength, and durability
of the timber floor system. This issue can compromise the long-term structural
integrity of the floor and may require maintenance or strengthening interven-
tions.

Additionally, the perception of vibrations in timber floors can vary among
individuals, and some occupants may be more sensitive to vibrations than oth-
ers. This issue highlights the importance of considering occupant comfort and
wellbeing in the design and assessment of timber floors, as individual sensitivity
can influence the acceptability of vibrations in different contexts [26].

Addressing these issues requires a comprehensive understanding of the
dynamic behaviour of timber floors and the factors influencing human-induced
vibrations. Experimental studies, such as impact tests and field measurements,
play a crucial role in assessing the vibrational performance of timber floors and
identifying potential mitigation strategies.

By considering these specific issues related to human-induced vibrations in
timber floors, researchers and designers can develop effective design approaches,
including appropriate damping measures, structural optimization techniques,
and user guidelines, to ensure the satisfactory serviceability, occupant comfort,
and long-term performance of timber floor systems [27-31].

3 Acoustics of Floors

The EU Environmental Noise Directive of 2002 specifically addresses the preven-
tion of environmental noise pollution. The Directive focuses on noise to which
humans are exposed, particularly in built-up areas. In 2008, the Directive was
extended to include vibration as a form of pollution [32]. The Directive considers
the direct or indirect influence of vibration, heat, or noise as pollution. However,
despite the Directive, noise and vibration are often treated separately in the
context of sustainable indoor comfort. International and national standards typ-
ically address these factors individually. In the literature and relevant standards,
the perception of vibration in buildings has been extensively analyzed and stud-
ied over the past decades [33,34]. However, many authors suggest that the main
discomfort experienced in buildings is related to a combined effect of noise and
vibration. Noise and vibration co-occur in buildings, and even if the acoustic
or vibration thresholds meet legal or standard limits, occupants can still report
annoyance [35]. Nering et al. [36] proposed the evaluation of exposure to simul-
taneous events based on research by Howarth and Griffin [37]. They presented a
graphical representation of the annoyance level as a function of sound exposure
level (SEL) and vibration dose value (VDV). Physically, vibrations can be linked
to the radiated sound power of a planar structure when expressed in terms of
velocities. However, the sound power levels (W) emitted from a structure are
linked to not just the structure’s vibration levels, but also the so-called radia-
tion efficiency of the structure. An expression for a planar element radiating into
a fluid half-space is [38],

12
N i o
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In the case of a floor radiating sound into the room above or below, S would
be the surface area of the floor, p and ¢ would respectively be the density and

speed of sound in air, |v|* would be the time- and spatially-averaged mean square
velocity of the radiating surface, and ¢ would be the radiation efficiency of the

floor. A noteworthy observation of Eq.1, is that for a given floor, W « o|v|>.
This implies that reducing vibration levels may not necessarily equate to reduced
radiated sound power levels if the radiation efficiency of the structure is increased
in the process. The radiation efficiency of a vibrating structure is related to
its response frequency and the vibratory velocity distribution on its surface.
Typically, an element radiates with low efficiency below its critical frequency,
f < fe, where the critical frequency may be calculated according to Eq. (2) [38]

02 m!’

me 2)

fc:% B

m/" is the mass density and B is the bending stiffness of the element per unit
width. For orthotropic plate elements, such as timber, two critical frequencies are
calculated for each planar direction, i.e. f., and f.,. At the critical frequency,
f = fc the radiation efficiency is at a maximum, and approaches a value of unity
for f > f.. A consequence of this, is that, while increasing the stiffness of a floor
may shift problematic resonances from the human sensitive range of vibrations,
this increase in stiffness can consequently increase the radiation efficiency of the
floor, decreasing its acoustic performance. Care must also be given when treating
undesirable noise and vibration levels by the addition of mass, that the vibration
velocity distribution across the floor is not altered in such a way as to negate the
effect of the additional mass on the radiated sound power levels of the structure.
Acoustic problems are prevalent in lightweight constructions [39-41]. Typi-
cal annoying sounds in buildings include people talking, television noise, foot-
steps. Transmission between rooms can occur through airborne or structure-
borne paths. The paths themselves may be either direct path or flanking paths.
An illustration of some potential flanking paths is illustrated in Fig.1 for one
room situated directly above another. For the case of a structure-borne sound
source, there are three primary transmission paths, while for the case of an
airborne sound source, there are 7 primary transmission paths. However, this
schematic is for illustrative purposes, with the number of possible transmission
paths depending on the structure and configuration. For example, there is a simi-
lar case for rooms adjacent to each other, when considering Fig. 1 as a top-down
perspective. Accordingly, sound can reach the listener’s room through various
transmission paths, such as direct radiation from the separating wall, transmis-
sion of vibrations to adjacent walls, or transmission of vibrations from side walls
of the source room to the partition or side walls of the listener room [42]. Flank-
ing sounds refer to all sounds propagating through partition walls or floors, and
solving flanking transmission problems is crucial for effective sound insulation.
Olsson [43] recently investigated the impact sound transmission of lightweight
timber floors. The study focused on transmission and insulation without rever-
beration using fluid elements connected to reflection-free boundaries. The results
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Fig. 1. Sound transmission paths between two rooms (excluding indirect transmission)
separated by a floor element. (a) Structure-borne sound transmission (b) Airborne
sound transmission.

showed that a floor model with a hard screed surface exhibited higher impact
force compared to a softer floor, although this effect was less pronounced at the
lowest frequencies.

Reducing flanking transmission involves limiting the vibrations transmitted
to the walls and floors in the source room. The goal is to minimize sound radi-
ation from the walls and floors of the receiving room and reduce vibrations
transmitted from the source room to the receiving room [44]. Achieving this
requires a complete separation of the structural and non-structural parts of the
adjoining apartments.

Separation is typically achieved using a layer more compliant than the timber
of the structural elements that are to be connected. In the vertical direction, a
compliant interlayer is used between overlapping walls, floors, and bearing walls,
floors, and bearing walls. However, these layers are often subjected to static
loads, so stiff layers should be used in the load-bearing structure. One drawback
is that stiff layers can increase coupling and reduce the effectiveness of sound
insulation [45,46|. Soundproof steel angle brackets can also be employed to pre-
vent acoustic bridges, where rigid parts are separated by interlayers. Elastomers,
such as closed cellular polyurethane (CCP) and mixed cellular polyurethane
(MCP), are frequently used to reduce low-frequency noise [47,48].

A quantity known as the Vibration Reduction Index (K;;) is a standardised
quantity used in acoustics to characterise junction attenuation and determine
the contribution of flanking sound transmission to the overall sound transmis-
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sion into a space. The vibration reduction index is defined in the ISO 12354 series
[13,14]. Schoenwald et al. experimentally demonstrated the efficacy polyurethane
interlayers with a design frequency of f, = 20Hz for improving the vibration
reduction index and flanking sound transmission performance of a mass tim-
ber structure with CLT walls and glulam floors. A best-case scenario showed
an improvement of the vibration reduction index up to 17dB when considering
structure-borne sound transmission across a T-junction between vertically adja-
cent rooms. The best-case scenario compared a reference configuration (a): no
elastic interlayers and steel angle brackets; and a best-case scenario configura-
tion (b): no angle brackets and an elastic interlayer between the mass timber
elements. The introduction of a third configuration (c¢), which contained an elas-
tic interlayer between the mass timber elements and decoupled angle brackets
with elastic interlayers showed an improvement of up to 12dB. The vibration
reduction improvements of configurations (b) and (c) resulted in 13 dB and 10 dB
improvements of the airborne sound insulation of the floor system (R/W)7 respec-
tively. The addition of decoupled angle brackets, required for structural supports,
reduced the airborne sound insulation performance by 3 dB over the best-case
scenario. This result indicates that further optimisation of the noise and vibra-
tion performance of the decoupled angle brackets for the investigated connection
configuration is limited. However, this does not exclude the possibility of new
decoupling techniques and technologies to further reduce flanking sound trans-
mission [49].

There are alternative measures to reducing flanking sound transmission, how-
ever, these measures come with their own drawbacks. [50]

While separation is an effective solution for sound insulation, it can increase
the overall deformability of the building, potentially compromising its stabil-
ity. The influence of flexible sound insulation layers on the seismic performance
of Cross-Laminated Timber (CLT) walls has been studied by Azinovié¢ et al.
[48]. The study showed that the bedding insulation layer under the wall negligi-
bly affected the load-bearing capacity under lower vertical loads. However, the
stiffness of the wall decreased to less than 40% of the un-insulated wall due to
additional lateral deformations caused by the insulation. Experiments also indi-
cated that a higher vertical load substantially increased the lateral load bearing
capacity and stiffness of the shear wall due to the associated increase in friction.
The cyclic response of insulated steel angle brackets used for Cross-Laminated
Timber (CLT) connections was assessed by Krzan et al. [51]. The tests revealed
that insulation under the angle bracket had a marginal influence on the load-
bearing capacity but significantly affected the stiffness characteristics, resulting
in a reduction of effective stiffness by 22% and 45% in pure shear and tensile
loading, respectively. Furthermore, the insulated specimens exhibited lower rel-
ative energy dissipation and equivalent viscous damping coefficient compared
to the uninsulated samples, although this difference decreased with increasing
displacements and repeated cycles.

The mainstream research on sound insulation of timber buildings focuses on
two aspects:
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e Modelling approaches. See the recent papers by Fox et al. [52], Paolini et al.
[53], De Santis et al. [54], and Wang et al. [55], and Vallely et al. [56]. Fox et
al. [52] developed a composite model structure for predicting low-frequency
vibration in light timber floors, considering the coupling via air cavity. Paolini
et al. [53] proposed a method for avoiding hexahedral meshing for the thin
elastomer layer. De Santis et al. proposed an analytical model for the stiff-
ness prediction of screw connection with deformable interlayers [54]. Wang et
al. [55] implemented state-of-the-art approaches for predicting impact forces,
structural vibration and radiated sound power of timber joist floors. Vallely
et al. [56] proposed a homogenisation method for Cross-Laminated Timber
(CLT) elements. The method is based on first-order shear deformation theory
and allows for determination of broadband frequency-independent bending,
extensional, shear, and bending-extensional material stiffness matrices. From
the material stiffness matrices, effective orthotropic engineering constants can
be derived, however, with the assumption that the behaviour of the bending
and extensional deformation of the elements remained uncoupled. This limi-
tation is generally not an issue, as Cross-Laminated Timber (CLT) elements
are typically composed of symmetric stacking sequences and flexural vibra-
tions dominate the acoustic response of the structure [57]. In cases where the
coupled bending-extensional behaviour of CLT elements would be considered
non-negligible, the full material stiffness matrices should be implemented, as
considered in Vallely et al. [58]. The homogenisation method has been vali-
dated against experimental measurements for both modal and forced-response
models up to 5500 Hz [56,58].

e Experimental investigations, especially on the role of the floor coverings, see
Lietzen [59], who studied the effect of floor coverings on impact sound insu-
lation.

Regarding the experimental investigations on floor coverings, Huang et al.
[60] investigated the performance of three kinds of elastic cushion materials for
timber floors: Portuguese cork, foam, and polypropylene plastic foam board.
They found that foam boards exhibit the highest performance. More details
about the studies on acoustic issues will be detailed when addressing specific
aspects of different floor typologies in the following paragraphs.

4 Serviceability Criteria

Serviceability requirements for timber floors specifically focus on the perfor-
mance of lightweight floor systems. Standards and guidelines in this regard con-
sider parameters such as velocity and acceleration to assess floor response. The
root mean square values (Upms and a,m,s) are commonly used as they provide an
average measure of the response, accounting for the excitation duration. Another
metric, known as root-mean-quad (@,mq), is employed for cumulative measure-
ments, particularly in the analysis of vibration dose values (VDVs) according to
standards like BS 6472 and ISO 2631 [3,61].
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These serviceability requirements are defined by threshold values expressed
using the response factor R. The response factor R serves as a multiplier applied
to the base curve value, indicating the level of vibration perceptible to an aver-
age human. Different multiples of R, such as 4, 8, and 48, establish various
performance levels for the floor system [2].

In the assessment of timber floors, the literature proposes different
approaches, considering these parameters individually or in combination.
Basaglia [62] distinguishes two main approaches for serviceability assessment
based on the floor’s intended use:

e Residential Timber Floors: these floors are typically characterized by smaller
spans and lighter loads, resulting in higher frequencies. Basaglia suggests
employing a pass-fail criterion that considers various parameters such as static
deflection, peak velocity, root-mean-quad acceleration, or a combination of
these factors.

e Office Timber Floors: these floors generally have larger spans and heavier
loads, leading to lower frequencies compared to residential floors. For low-
frequency office floors, more detailed procedures have been proposed.

Chang et al. [63] introduced an approach that combines the Response Factor
and Vibration Dose Value (VDV) methods to assess the performance of these
floors. Additionally, rules developed by Hamm et al. [64,65] and Abeysekera et al.
[66], which are currently incorporated in the draft of Eurocode 5 (EC5), provide
further guidance. The synoptic table in Table 1, Fig. 2, and Table 2 summarize
these criteria.

Stiffness criteria
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Fig. 2. (a) Pass/fail design approach for limiting vibration in timber floor according
to Eurocode 5 draft; (b) Floor classification based on the serviceability criteria.
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The verification is based on two sequential criteria, stiffness-based and
frequency-based. The first step, see Fig. 2a, is a stiffness-based verification: the
designer must verify the floor deflection under a concentrated 1 kN load (wixn),
is below a given threshold. If this criterion is satisfied, the designer must also
prove that the first natural frequency of the floor is beyond a certain threshold
fiim, representing the limit between the resonant and the transient response. The
typical human walking pace has a dominant frequency (f,,) ranging between 1.5
to 2.5 Hz. Still, to account for the contribution of the higher harmonics, fi;, is
typically set as four times the walking frequency [67].

Suppose the inequality in frequency is not satisfied. In that case, the designer
must verify that the root mean square acceleration and velocity are below the
thresholds defined in terms of the response factor R (see Table 2). The verifica-
tion can be limited to a velocity check if the inequality is satisfied. The first two
verification steps, stiffness and frequency-based, are illustrated in the diagram
in Fig. 2(b) where the y and x-axes show the floor deflection and the first nat-
ural frequency and three regions are identified. If the first natural frequency of
the floor is below 4.5 Hz, the floor behaviour is not admissible (red). For low-
frequency floors, with the first natural frequency between 4.5 Hz and fj;,, (green
region), the designer must satisfy both acceleration and velocity criteria. Only
the velocity criterion must be verified in the case of high-frequency floors (light
blue region). In the absence of more accurate predictions, EC5 provides simpli-
fied expressions of the main parameters (f1, Wikn, Grms and V1 peqr) Needed to
verify the vibration performance of a timber floor.

The synoptic Table 1 summarises all the expressions provided by the current
EC5 draft to verify the vibration performance of a timber floor. Equation (3)
and Eq. (5) present the simplified formulations for estimating the first natural
frequency and vertical deflection. Table 3 provides the values for the k. ; factor
used to calculate the fundamental frequency in case of a double-span floor on
rigid supports. The remaining equations estimate the simplified acceleration and
velocity responses in the absence of more accurate predictions.

Empirical design criteria for lightweight floors, shown in Table1 based on
static displacement and the fundamental natural frequency, were not validated
against the dynamic response of CLT floors [68]. So far, no specific serviceability
criteria have been proposed with a particular reference to CLT floors under
multiple occupancy classifications. While traditional lightweight timber floors
are prevalent in one-way systems, CLT floors exhibit a plate-like behaviour,
being supported on all four sides. The scientific literature highlights two relevant
aspects.

Some scholars affirm that using the current vibration criteria for the CLT
floor design leads to conservative estimates; see Zhang et al. [69] and Hu et al.
[70]. In this sense, Hu et al. [70] proposed a serviceability design criterion based
on experimental tests on CLT strips behaving like simply-supported beams.
According to Hu et al. [70], CLT strips can be considered the worst scenario
since they neglect the effect of four-side support, see the recommendations of
the CLT Handbook sponsored by the Canadian forest industry [71].



86 A. Aloisio et al.

On the other hand, the human-induced dynamic response of CLT panels is
associated with a significant contribution of higher modes, neglected by the EC5
formulation [72-75]. If all sides of the panel are supported, the number of par-
ticipating modes can increase significantly up to 100 Hz [76]. This phenomenon
is magnified by semi-rigid support conditions, intra-slab joints and a plan aspect
ratio close to one. Recently, Milojevic et al. [77] numerically assessed the effect
of connections, proving their stronger influence on high-frequency floors rather
than low-frequency floors. Also, the effect of multiple people activities appears
crucial for CLT floors. Wang [78| showed that the vibration amplitude of CLT
floors under multi-person loadings was almost double that under single-person.

Table 1. Synoptic table of the mathematical formulation enclosed in the Eurocode 5
draft for assessing the serviceability of timber floors.

Serviceability criteria according to the new Eurocode 5 draft
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Table 2. Floor vibration criteria according to the floor performance level.

Floor performance level

Criteria TII IIIIVV VI
Response factor R 48 |12 (24|36 (48
Upper deflection limit wixn < wiim [mm] 0.250.5/1 |1.52
Stiffness criteria for all floors wikN < Wigm [mm]
Frequency criteria for all floors f1>4.5Hz

Acceleration criteria for resonant vibration design situations (fi < fi,1im)/@rms < 0.005R m/s>
Velocity criteria (for all floors) Vrms < 0.0001R m/s

Table 3. Factor k.,1 to calculate the fundamental frequency in case of a double span
floor on rigid supports. [ is the longer span, l2 is the shorter span of a double span floor
in m.

l2/l11/09 [0.8 |0.7 |06 |05 [0.4 |0.3 0.2
ken|1/1.09/1.1611.21]1.25/1.281.32|1.36|1.41

Thus, multi-person activities are more likely to cause the occupants discom-
fort, although the serviceability criteria in Table 2 are satisfied. Kozar et al. [79]
explored the vibrations caused by human action on five-layer Cross-Laminated
Timber (CLT) panels with a height of 14 ¢cm by considering different combina-
tions of thicknesses and spans. The authors discussed the serviceability require-
ments, highlighting that if the minimum required natural frequency of the CLT
panel is 8 Hz, the spans could go up to 6 m.

5 Conclusions

Timber floors present unique challenges in the built environment due to their
distinctive physical properties. With a high stiffness-to-mass-density ratio, these
lightweight structures offer considerable structural advantages but simultane-
ously face significant performance issues related to vibration and sound trans-
mission when compared to heavyweight alternatives like concrete floors.

Lightweight timber floors, whose area density is typically below 150 kg m 2
[1], have become a key contributor to low-carbon construction. Their reduced
mass, however, makes them more susceptible than heavyweight alternatives to
both human-induced vibrations in the 1-80 Hz band (2, 3] and airborne or impact
sound in the 20-5000 Hz band [4,6]. A central theme of this chapter has been the
relationship between these phenomena: increasing stiffness to push fundamental
modes above the dominant walking range may simultaneously raise radiation
efficiency, so that radiated sound power does not fall even as vibration amplitudes
diminish, as implied by Eq. (1). Conversely, adding mass can lower both vibration
and noise but may be impractical at floor—wall junctions or may compromise the
carbon footprint advantage of timber.



88 A. Aloisio et al.

The sequential stiffness—frequency—vibration checks in the draft Eurocode 5
(EC5) offer a pragmatic design route, yet experimental and numerical studies on
plate-like Cross-Laminated Timber (CLT) panels indicate that these rules can
be conservative because they neglect higher-order modes that contribute sig-
nificantly up to at least 100 Hz [73,76]. Although some researchers report that
current criteria over-predict occupant discomfort for CLT floors [69,70], others
show that multi-person activities can nearly double vibration amplitudes relative
to single-person excitation and thus trigger complaints even when EC5 limits are
met [78]. At the same time, field surveys confirm that occupants often perceive
combined noise—vibration annoyance even when each parameter separately satis-
fies its guideline value [36], underscoring the need for unified metrics that merge
sound-exposure level and vibration dose value.

Modelling capabilities continue to advance: efficient CLT homogenisation
[56], hybrid finite-element /statistical-energy-analysis schemes for joist floors [55]
and contact-free air-cavity coupling techniques [52] now permit broadband pre-
dictions to 5 kHz within practical time frames, provided that connection stiffness
and damping are characterised accurately. Mitigation solutions such as resilient
interlayers, elastomeric angle brackets and floating screeds can trim flanking
transmission by 6-12 dB, but they simultaneously reduce in-plane stiffness by
up to 45 % and may affect seismic performance [48,51]. Tuned floor coverings,
for example foam-based boards, have demonstrated impact-sound improvements
of up to 15 dB with negligible influence on global floor dynamics [60].

Looking ahead, research should converge on four priorities: first, the formu-
lation of a harmonised limit state that spans 20-5000 Hz and reflects combined
noise—vibration perception; second, the development of stochastic multi-person
and rhythmic load models suitable for assembly and educational buildings; third,
standardised high-frequency characterisation of semi-rigid connections and inter-
panel gaps; and fourth, lifecycle-aware mitigation strategies that balance acoustic
comfort with embodied-carbon targets. For practitioners, an integrated workflow
that pairs rapid early-stage analytical models with detailed vibro-acoustic simu-
lations and prototype testing remains essential; response-factor limits can guide
preliminary sizing, but plate-like floors should always be checked with modal
superposition or time-history methods that capture higher modes. Combining
modest mass additions with resilient detailing at floor—wall interfaces typically
provides the best trade-off between vibration control, impact-sound insulation
and structural efficiency, provided that long-term creep of isolators is considered
and that floor performance is verified post-occupancy with wireless accelerome-
ters and sound-level meters.

As sustainable building practices continue to drive increased adoption of
timber construction, these serviceability and acoustic considerations will remain
crucial for ensuring acceptable levels of occupant comfort, particularly as regu-
lations and standards evolve to better address the complex interaction between
vibration and acoustic performance in lightweight floor systems.
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1 Introduction

Buildings and other civil structures can be “interrogated” through their vibra-
tion signatures: because natural frequencies, mode shapes and damping depend
on mass, stiffness and energy-dissipation mechanisms, measuring ambient or
forced responses reveals those properties without destructive tests. Two com-
plementary approaches are in routine use: ambient /operational modal analysis,
which exploits traffic, wind, human activity or micro-tremors as unmeasured
inputs, and experimental modal analysis, which relies on shakers or vibrodynes
to provide known forces [1-3]. Data are gathered with temporary or permanent
networks of accelerometers and loggers; short campaigns suffice for finite ele-
ment model calibration, whereas long-term installations capture the influence of
temperature, humidity or occupancy on modal behaviour. The same informa-
tion underpins vibration-based damage detection and post-event safety checks.
Yet research on timber, especially multi-storey and hybrid systems, lags behind
other materials, even though wood’s moisture- and temperature-sensitive prop-
erties, and its susceptibility to biological degradation, make continuous struc-
tural health monitoring (SHM) highly desirable for verifying the flexibility and
strength assumed at design.
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2 Applications of Vibration-Based Monitoring to Timber
Structures

Due to the relatively immature state of the research in this specific sector, there is
a lack of standardised guidelines and best practices for implementing vibration-
based SHM systems in timber structures. This strongly hampers practitioners to
adopt these technologies consistently. Apart from these general considerations,
each timber-based solution presents its own specific challenges and requires ded-
icated precautions and arrangements.

For CLT structures, since the most critical failure mode (rolling shear fail-
ure [4]) involves delamination, adhesive failure, and/or cohesive failure between
two adjacent CLT layers [5], researchers have investigated the integration of dif-
ferent kinds of SHM sensors (measuring both the static or dynamic behaviour
of the structure and the environmental conditions) directly within the layers of
CLT panels. However, embedding sensors within timber members, even relatively
small ones such as strain gauges or fiber optic sensors, can be labor-intensive and
may require specialized techniques to ensure proper installation and long-term
durability. Furthermore, embedding sensors within glued layers can be challeng-
ing, as the adhesive layer may interfere with the sensor’s performance — for
instance, leading to stress concentrations that can cause premature failure of
the sensor [6]. Degradation of the adhesive or the wood-adhesive interface (due
to ageing and/or environmental conditions, such as moisture, temperature vari-
ations, and ultraviolet radiation) can lead to false alarms or missed detection
[6]. Nevertheless, embedded sensors have been proven time and time again to
be very effective, especially for moisture content monitoring at various depths
and locations [7,8]. In this specific regard, several researchers (e.g. [9] and [10])
emphasize the importance of carefully positioning moisture sensors both at criti-
cal locations (like joints, edges, and other areas prone to moisture exposure) and
at different depths inside the material. Monitoring moisture at different depths
provides insights into the moisture distribution through the CLT cross-section;
in fact, timber members’ response to changes in the surrounding climate is slower
for larger members and, consequently, moisture gradients can develop and cause
moisture-induced stresses [11]. The same considerations should be extended to
vibration-measuring sensors, such as the classic piezoelectric or MEMS-based
accelerometers, also to account for the high variability of mechanical properties
in wood, to strategically place the sensors at critical locations.

Hybrid timber-based structures (including CLT hybrid structures), which
combine timber with other materials such as steel or concrete, present addi-
tional challenges for SHM [12]. SHM sensors and techniques need to address the
unique challenges posed by the interaction between different materials and their
respective responses to loading and environmental conditions. That is achieved
by monitoring the performance of the interfaces between timber and other mate-
rials to ensure the local structural integrity of the hybrid system. Due to this
and the previous point, it is clear that (i) timber structures require, more than
other construction with other building materials, sensors at many locations; (ii)
sensors for static and dynamic monitoring should be always paired with envi-
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ronmental sensors, to adjust the measurements for the local environmental and
operational factors (EOFs). Again, this aspect is more relevant in timber than
in other materials. Therefore, the integration of multiple sensors into ‘sensing
nodes’ is beneficial; furthermore, to solve the practical issues related to cabling,
wireless sensor networks should be preferred, to allow optimal placement with-
out technical constraints. Wireless communication protocols, such as LoRa and
other low-power wide-area network technologies, are becoming more and more
adopted for such SHM applications thanks to their long-range, low-power data
transmission capabilities.

Hence, it is crucial to establish how far research on analysing the dynamic
behaviour of timber buildings has gone to highlight critical issues and knowledge
gaps. The literature on this topic is reviewed, highlighting similarities and dif-
ferences to other structures and identifying future research needs and directions.
First, an overview of the modal identification of timber buildings is provided.
After that, the state of the research on damage identification and model calibra-
tion is investigated.

The literature on ambient vibration tests (AVTs) and forced vibration tests
(FVTs) on civil structures is vast. According to the authors’ knowledge, the first
AVT on a timber building was performed by Ellis and Bougard in 2001 [13].
The tests were conducted on a full-size, six-storey timber framed structure con-
structed inside BRE’s Cardington laboratory. They performed both FVTs and
AVTs at different stages of construction, which made it possible to evaluate the
contribution to the global stiffness of the timber frame alone, the staircase, and
the finishing and cladding (bricks). The results of their research indicate that
the building’s non-structural components play a large role in the contribution to
the lateral stiffness of the building at service levels. More recently, some other
researchers have attempted to extract the modal properties of mid-rise timber
buildings (Reynolds et al. [14,15], Feldmann et al. [16]) using operational modal
analysis (OMA) methods. The research conducted by Reynolds and colleagues
constitutes probably the largest database of AVT performed on timber struc-
tures in Europe to date. They tested different timber structural archetypes: post
and beam, timber-framed, pure CLT and hybrid timber-concrete structures. It
is also worth mentioning the tests performed in Germany and Austria on eight
timber observation towers (with a height of up to 45 m), a 100 m tall wind
turbine and three multi-storey residential timber buildings (with a height of up
to 26 m). The findings of all these testing campaigns have allowed for assessing
the simplified relationship between height and natural frequency for multi-storey
buildings given in Eurocode 1.

In North America, where there is a deeply-rooted tradition of wooden frame
housing, efforts have been made to understand the dynamic behaviour of smaller
low-rise residential buildings, see Mugabo et al. [17], and all the infield investi-
gations on light-frame wood buildings by Hafeez et al. [18-20]. Kim et al. [21]
combined vibration and force measurements. They used load cells between the
column and foundation stone to measure axial column force, and ambient vibra-
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tion tests were performed to measure natural vibration frequency and mode
shape.

The results of these campaigns shed some light on the dynamic behaviour
of tall timber buildings, providing viable information concerning stiffness and
damping of the tested structures to designers and stakeholders [22]. Nevertheless,
extensive dynamic tests on mid-rise and high-rise timber structures represent a
missing part, although some research has been conducted [23-26]. This will aid in
learning important lessons and enhance the engineering community’s confidence
towards using this material.

Damage, such as cracks and reduction of cross sections in structural members,
can modify the dynamic response of structures [27]. Thus, vibration data are
processed to extract damage-sensitive features (DSFs) and ultimately obtain
damage indices which alert about variations of DSFs between a reference and
the current state of the structure [28]. According to the available resources (e.g.,
the number and location of sensors) different levels of damage identification
can be attained [29], namely: (i) damage detection (alert about the existence
of damage); (ii) damage localization (find the position of damage); (iii) damage
quantification (assess the gravity of damage); (iv) damage prognosis (forecast
the evolution of damage). The dynamic properties of a structure do not vary
only due to the occurrence of damage. EOFs, such as ambient temperature,
humidity, wind conditions and structural usage, can modify the properties of
healthy structures. This is a major concern in damage identification.

Variations of EOFs might hide the effect of structural anomalies and hamper
damage identification. Besides, variations in the dynamic behaviour due to EOFs
might be erroneously attributed to damage. Therefore, the influence of EOFs on
different materials and structural typologies must be carefully understood and
considered for damage identification purposes.

In addition to temperature and relative air humidity, one of the main con-
cerns in the case of timber buildings is the moisture content (MC), which influ-
ences several properties of timber, such as strength, density, and elastic modulus.
Larsson et al. [30] were the first to carry out long-term monitoring of a hybrid
timber building and investigated the relationship between environmental factors
and the dynamic response of a hybrid timber-concrete building. The authors
have tracked the modal parameters, i.e., natural frequencies, modal shapes, and
damping ratios, for three years, together with hygrothermal parameters, i.e.,
temperature, relative humidity, absolute humidity, and moisture content. The
results of the long-term monitoring show that modal frequencies change with
the temperature, showing maximum and minimum values in early autumn and
early spring, respectively. In contrast, damping ratios did not present seasonal
variations. Furthermore, it is observed that the modal frequencies decrease in
the first year after construction due to the drying out of timber elements. In
[31], the results of a 3-year monitoring campaign on a Pres-Lam building are
presented. In this case, the results show that temperature and relative humidity,
as well as post-tensioning losses, do not affect the structure’s dynamic behaviour.
Recently, Aloisio et al. [32] investigated the effect of MC on the dynamic proper-
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ties of an eight-storey CLT building and related the moisture content variation
to the shear modulus G through model updating, based on a model developed
in [26].

Nevertheless, the specific effects of varying moisture content (MC) on the
dynamic properties of timber-made structures and infrastructures remain largely
underinvestigated. MC monitoring, per se, is quite commonly performed, at least
since the late 2000s. This is also referred to as hygrothermal monitoring (see
e.g. [33]). These embedded sensing capabilities represent the natural progression
from portable pin-type moisture meters, which can be used to manually measure
moisture content at the surface or at different depths of the CLT elements during
construction, but require human technicians and can only provide a snapshot of
moisture levels at specific points in time. Especially for timber infrastructures,
the technology was successfully tested on several wood bridge case studies in
Switzerland [34,35] and several similar field tests in Germany, with applications
to 21 large-span timber structures [36] and other bridges and structures [37,38].
In one case, the MC monitoring system reportedly remained operational for five
years without the need for maintenance. Similar MC applications were tested on
17 modern and historical wooden bridge constructions in central Europe [39], in
the USA during the Development of the ‘Smart Timber Bridge’ program [40],
in Norway [41], Finland [42], and Sweden (both in road bridges and pedestrian
ones)[43]. However, out of all these examples, only the last one [43] was paired
with accelerometric readings. Other noteworthy and successful field applications
of combined MC-dynamic monitoring are represented by the George W. Peavy
Forest Science Complex (or “Peavy Hall”) a large timber building monitored
during its construction, where researchers assessed the building’s long-term per-
formance including monitoring moisture levels and structural vibrations in their
study [44]; the House of Natural Resources (HoNR) in Ziirich, Switzerland [45];
and the University of British Columbia (UBC) Tallhouse [46]. Therefore, the
moisture-related EOFs on modal parameters and derived DSFs will require fur-
ther experimental investigations.

It is also worth mentioning that MC and dynamic monitoring can (and
should) be paired, as internal moisture is notoriously a potential leading cause
for damage, for different reasons: sustained exposure to moisture content levels
above 20%, due to moisture/water intrusion, localized moisture accumulation,
water entered during construction or assembly and trapped inside, and/or other
phenomena, can lead to damage by several species of wood-decaying fungi and
mould growth; while in-service drying can cause the development of cracks [47].
In certain cases, these occurrences may happen in the inner layers of CLT roof
and walls, without signs noticeable through visual inspections on the external
surfaces. Therefore, without proactive MC monitoring and management, the
negative effects could be either direct, due to the insurgence of moisture-related
problems, or indirect, due to the damage-unrelated perturbations in the identi-
fied modal parameters.

One of the most promising techniques in the field of structural health mon-
itoring (SHM) for timber structures is vibration-based analysis. This method
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involves the use of sensors to detect and analyze vibrations within a structure,
which can reveal critical information about its integrity and any potential dam-
age. Vibration-based SHM is particularly beneficial for timber structures as it
provides a non-invasive means to continuously monitor their condition, thus
helping to prevent catastrophic failures and prolong their lifespan.

The research by Suzuki et al. [48] explores the use of machine learning
techniques to enhance the accuracy of SHM systems for timber structures. By
employing piezoelectric sensors to capture vibration waveforms and neural net-
works to classify damage locations, the study achieved an impressive 83.8% accu-
racy in identifying damage even in previously unlearned timber pieces. This
demonstrates the potential of advanced machine learning methods to generalize
across different timber samples, making SHM systems more robust and reliable.
Similarly, Chunyu et al. [49] have developed a specialized device for monitoring
vibrations in ancient timber structures. This innovation addresses the practical
challenges of securing sensors in delicate, historical buildings. The device’s design
ensures stable and accurate vibration monitoring, which is essential for detect-
ing structural issues early and implementing timely maintenance. Zhibin et al.
[50] introduced a health monitoring device designed to improve the accuracy
and ease of installation for vibration monitoring in ancient wooden buildings.
Their approach enhances the practicality of long-term SHM by simplifying the
alignment of monitoring components, thereby ensuring consistent and reliable
data collection. This method is particularly useful for historical structures where
precision and minimal invasiveness are critical. Another significant contribution
is from Oiwa et al. [51], who proposed an Al-based system for continuous moni-
toring of timber health using piezoelectric sensors. By applying machine learning
techniques such as k-nearest neighbor and support vector machine, their system
demonstrated strong classification performance in identifying structural damage.
This integration of ATl and SHM underscores the potential for highly automated,
accurate, and efficient monitoring systems that can operate with minimal human
intervention.

3 Conclusions

Vibration-based structural health monitoring has proved to be a powerful, non-
destructive tool for characterising, calibrating and safeguarding civil structures,
yet its systematic application to timber remains in its infancy. The studies
reviewed in this chapter show that modal testing (operational or forced) can
reveal stiffness, damping and mass changes caused by moisture cycling, duration-
of-load effects and biological decay that are unique to wood, while also support-
ing damage localisation and finite-element model updating. Progress is never-
theless constrained by the pronounced anisotropy and spatial heterogeneity of
timber, by the strong, often coupled influence of temperature and especially
moisture content on identified modal parameters, and by the absence of stan-
dardised protocols for sensor placement, data correction and feature normali-
sation under environmental and operational factors. Recent field campaigns on
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mid-rise buildings and bridges confirm that multi-year datasets, coupled with
embedded moisture probes and wireless accelerometer networks, are essential
for disentangling true structural change from reversible hygro-thermal trends
[30,32]. At the same time, machine-learning classifiers trained on high-frequency
vibration signatures, sometimes augmented with local piezoelectric actuation,
have reached damage-identification accuracies above 80% on unlearned speci-
mens [48,51], signalling a viable path toward automated, low-maintenance mon-
itoring of both modern CLT and heritage timber. To translate these advances
into routine practice, future work must establish harmonised guidelines that link
sensor networks with moisture and temperature measurements, quantify accept-
able environmental correction ranges for modal features, and define reliability
targets for algorithmic decision support. Only then can vibration-based SHM
fulfil its dual promise of ensuring the safety of ever-taller timber buildings and
preserving the embodied carbon advantage that makes them attractive in the
first place.
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Abstract. The design of tall timber buildings (TTBs) is often governed by wind-
induced vibrations at the serviceability limit state (SLS) due to the low density
and stiffness which make these structures more flexible and susceptible to wind
effects. Controlling sway-induced deformations and accelerations is critical to
ensure occupant comfort and structural performance. This chapter provides an
overview of the key dynamic properties, such as natural frequency and damping
ratio, that significantly influence wind response, then explores the role of lateral
load-resisting systems (LLRS) in mitigating the deformations and vibrations in
TTBs under wind loads. Additionally, advanced methods for evaluating wind-
induced responses, such as computational simulations and experimental wind
tunnel testing, are discussed. Performance-based wind design (PBWD) is pre-
sented as a promising approach to address the limitations of traditional codes.
The study highlights the importance of accurately predicting deformations and
dynamic parameters while optimizing structural systems to meet SLS criteria and
ensure safety and comfort.

Keywords: Wind design - Dynamic parameters - Wind performance -
Serviceability Limit State Design - Performance-based wind design

1 Introduction

Tall timber buildings (TTBs) have, in principle, adequate strength capacity to withstand
lateral loads (e.g. wind, earthquake) at the ultimate limit state (ULS). However, the
inherently low density and stiffness properties of wood make tall-timber buildings lighter
and more flexible and thus, more sensitive to wind-induced effects [1]. As a result,
their design is predominantly governed by the vibration serviceability limit state (SLS),
leading to restrict the wind-induced sway vibrations within certain limits [2—4].

The performance of TTBs under wind loads is largely determined by some dynamic
parameters: mass, stiffness, damping ratio, natural frequency. While the natural fre-
quency, dependent on the distribution of modal stiffness and mass within the structure,
can be determined with confidence, the damping ratio is subject to significant uncertainty
due to its reliance on different factors such as material properties, structural systems,
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and connection types. Those latter, in fact, play a key role, since their stiffness and
damping features, as their variation, resulting from the action of previous loads, could
led to different response to a given dynamic load at different stages of building’s life.
Non-bearing components also positively influence the overall stiffness [5] and damping
[6].

In practice, damping ratio and natural frequency are regarded to be independent upon
the structural amplitude of buildings, however, results from field measurements suggest
that their values may demonstrate typical amplitude-dependent features, especially for
high-rise buildings [7].

The issue of assuring acceptable wind performance of TTBs is still an ongoing
research topic. In particular, the key aspects, which will be hereafter discussed, concern
the role and the prediction of dynamic parameters, the selection of the appropriate type of
lateral load-resisting system and determining optimal strategies to meet the SLS comfort
criteria limits.

2 Dynamic Properties of Tall Timber Buildings

2.1 Mass

The mass magnitude and distribution along the building have a large impact on the
dynamic properties of the building. The total mass of the building is given by the sum
of the dead and live loads.

In terms of dead loads, [8] analyzed two building types with the same floor layout
and different lateral load-resisting systems: post-and-beam with diagonal bracings and
CLT panels. They observed that post-and-beam buildings have a greater actual weight
compared to CLT buildings. However, the equivalent mass, which is more effective in
reducing acceleration levels, was also higher in post-and-beam buildings, making them
more suitable for TTBs.

The increase of mass at floor level to reduce wind-induced accelerations on the
upper floors was a successfully strategy applied in the design of both Mjgstarnet and
Treet buildings, characterized by an all-timber lateral load resisting system with glulam
mega-truss on the building’s perimeter. In those case, the use of concrete layers on floors,
or as fully concrete slabs (Mjgstarnet and Treet) or as additional slab on the top of CLT
(Mjgstarnet) allowed to reduce the building’s vibrations.

For live loads, in the Eurocodes, the recommended value for residential buildings is
2 kN/m?, which is the upper limit load to achieve the most unfavorable condition at the
ULS. When designing structure for SLS, the reduction factor ¥, = 0.3 is introduced to
account for the fact that the larger mass is often favorable in design for comfort criteria.
Several studies on variable load estimation demonstrated that this design load can over-
estimate the actual live load in the building. A study by Kurent et al. [9] on a 7-storey
CLT building estimated the actual live load as only 30% of the Eurocode-recommended
value. Similarly, a study of an 18-storey glulam frame building by Tulebekova et al.
[10] estimated a lower value of the actual live load: less than 30% of the Eurocode
recommendations.
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2.2 Stiffness

The estimation of the stiffness properties of TTBs could be particularly challenging
since it depends on connections and structural elements stiffness, as on the possible
contribution from non-structural elements which was observed to be important in timber
buildings.

For glulam frame building, the impact of variability of connection stiffness on the
modal properties of the building was studied by carrying out a parametric analysis by
Utne [11] Malo et al. [12] analysed the flexibility of the joints connecting beams and
diagonals to the columns in the external truss for the Treet building highlighting that
reducing the stiffness at the connections may also give an increase of the acceleration at
the top of the structure. Tulebekova et al. [10], used model updating to demonstrate that
the stiffness in the diagonal and beam connections as well as non-structural elements
inside the building (partitions and facade) can influence the natural frequencies and the
mode shapes of the glulam TTB. Reynolds et al. [13] demonstrated the considerable
contribution of dowel-type connections on the structure global stiffness. Additionally,
large-scale experimental study by Malo et al. [12] on the large glulam connections
demonstrated that the stiffness of the connections is dependent on the group effect of
dowels and the angle-to-grain.

Concerning CLT tall buildings, Tulebekova et al. [14] showed that variability in stiff-
ness of connections between the CLT panels affect the natural frequencies and mode
shapes of the building. Reynolds et al. [15] highlighted the role of non-structural ele-
ments on the modal properties for a 7-story CLT building during construction. Similarly,
Mugabo et al. [16] found that stiffness of non-structural elements (exterior walls and
glazing) significantly affected the modal response of the building. Kurent et al. [9]
showed that the in-plane shear modulus of CLT walls has significant impact on the
modal properties by using the FRF-based model updating.

Concerning timber-only building with core, Zhao et al. [17] conducted a numerical
analysis on serviceability of a 30-storey glulam frame building with CLT core and
determined that increasing the timber grade for glulam and CLT members can reduce
the peak acceleration of the building by16.7%. A similar trend was observed in their
parametric study of a 30-storey CLT building [17].

2.3 Damping

Damping is a crucial factor in tall timber buildings subjected to wind-induced excitations
since it reflects the ability to auto-decrease a dynamical response by dissipation of
energy in each component [18]. High damping values for buildings are thus important
to prevent the discomfort of the occupant in case of strong winds and for safety issues
[19].Compared to other dynamic properties, such as mass and stiffness, damping does
not relate to a single physical phenomenon, since it depends on different factors that
make the building dissipate energy and reduce the motion (i.e. the friction and impact
between different moving parts (structural damping in the code), the interaction between
airflow and the external part of the building (aerodynamic damping), the molecular and
atomic friction in elastically strained material (referred as material damping) [20].
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Therefore, there is no theoretical calculation process which can be performed to
determine damping values for an individual structure. Damping estimation of a structure
relies on empirical data from previous full-scale monitoring campaigns of buildings with
many design codes offering values based on type of construction and building materials
[21].

The EC1-1-4 Annex F [4] does not provide damping values for TTBs and the older
Swedish building code, Boverket BSV 97 [22], provided just two generic damping
values, one for timber structures with mechanical connections (about 1.5%) and another
(1.0%) for timber structures without mechanical connections [20].

Despite advances in technology allowing for better modeling and scaled wind tunnel
tests, the only accurate method for obtaining the damping ratio of a structure is from
full-scale monitoring of the completed structure [21]. Damping values can be identi-
fied from ambient vibration tests (AVT) in both small and long-term conditions as by
forced vibration tests (FVT) with known excitation (i.e. mass inertia shakers). Damping
values identified from short-term AVT are more uncertain than ones achieved by FVT,
while long-term AVT covering a large amount of strong wind events can yield accurate
statistical damping values [23, 24].

The techniques used to identify damping factors and other modal properties of a
structure based on vibration data collected under operating conditions, without initial
or known artificial excitation, are generally referred to as Operational Modal Analy-
sis or Output-Only Modal Analysis (OMA). Methods of OMA can be broadly classi-
fied by two aspects: i) the domain of analysis (frequency or time), and ii) the statis-
tical approach (Bayesian or non-Bayesian). The most widely used frequency domain
methods include the Frequency Domain Decomposition (FDD) and the Enhanced Fre-
quency Domain Decomposition (EFDD). Examples of time domain methods include the
Stochastic Subspace Identification (SSI) and the Random Decrement Method (RDM).
The most widespread Bayesian method is the Bayesian Modal Identification, while, the
aforementioned FDD, EFDD and the Peak Picking (PP) belong to the non-Bayesian
methods.

In the presence of long-term ambient vibration tests, the dependence of damping
on the amplitude of excitation can be evaluated using OMA [20]. Using the RDM to
determine damping at various levels of excitation, Reynolds et al. [15] observed that
non-structural elements contributed to the global damping properties of a CLT building.
Tulebekova et al. [25] applied the same method and observed an amplitude-dependent
behaviour in glulam frame building.

A large experimental campaign by Feldmann et al. [26] measured and analysed
12 tall timber structures, such as residential buildings and towers ranging in height
between 24 m and 100 m. While the findings demonstrated no variation in fundamental
frequencies, the damping ratios were scattered, indicating nonlinear behaviour.

Several forced vibration tests were also conducted to investigate the amplitude-
dependence of damping properties in timber buildings. Ellis and Bougard [27] performed
one of the first full-scale forced vibration tests on a 6-storey timber frame building using
electrodynamic shaker. They observed amplitude dependence of dynamic properties:
the natural frequency decreased with amplitude of excitation, while the damping ratio
increased. A 3-storey light-frame building was experimentally tested by Steiger et al.
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[28], where they observed increase in damping ratio with increase of excitation ampli-
tude. More recently, a study of Tulebekova et al., [25] on the Mjgstarnet, demonstrated
the significant variation and amplitude-dependence of damping in the building using the
free vibration tests. The variation of damping was in the range between 0.5% and 2.0%.

3 The Influence of the Lateral Load Resisting Systems

According to [19] the most widespread types of Lateral Load Resisting Systems (LLRS)
for TTBs used to resist wind loads or seismic ground displacements are:

e Bracing or truss systems with GLT diagonal members, often placed in the external
walls.

e CLT panels in exterior and/or interior walls (core).

e Hybrid-timber structures with, e.g., concrete cores or steel trusses.

The comparison of different lateral load-resisting systems under the same wind con-
ditions is still poorly investigated. Academic studies of timber buildings often rely on
existing designs, leading to frequent analysis of “SOM timber tower-like” structures with
CLT cores and shear walls, as seen in studies by Bezabeh et al. [29], Abeysekera and
Mailaga-Chuquitaype [30] and Chen and Chui [31]. In contrast, designers with access to
multiple design options often lack the time for in-depth dynamic response analyses.

Ussher et al. [32] evaluated the performance of three lateral resisting systems—
frame, shear wall, and diagrid—for tall timber buildings, using a reference structure in
As, Norway. Wind loads and serviceability limit states were modeled following Eurocode
standards, with the buildings’ responses assessed based on peak acceleration, top dis-
placement, and inter-story drift. The diagrid system emerged as the superior option due
to its high natural frequency and lower peak accelerations, though all systems demon-
strated acceptable performance. However, the diagrid system poses challenges such
as increased structural complexity, precise fabrication, and higher construction costs
compared to shear wall and frame systems.

Angelucci et al. [33], investigated the dual timber-concrete systems with the aim
to analyze the contribution of a reinforced concrete core coupled to different stability
systems made of timber (namely a GLT frame, a CLT shear walled system and a GLT
diagrid) for the effective control of lateral drifts in multi-storey buildings subjected to
severe loading scenarios. The building models show high lateral stiffness in withstanding
seismic and wind-induced loads. This result is mainly attributable to the introduction of
the rigid concrete core, which nearly supplies the demand for shear and bending stresses
alone.

Compared to a typical cross laminated core, the concrete tube results in a stiffness
increment of 68% for the frame variant, 45% for the wall variant and 23% for the diagrid
variant. Therefore, the serviceability requirements, both in terms of top displacements
and inter-story drifts, are inherently satisfied and kept well below the prescriptive lim-
itations. The results confirm the excellent behavior of the diagrid systems, for which
any variations of the inner core have almost insignificant impact on the global building
performance.

The previous works indicate that the sizing of timber members is primarily driven
by stiffness requirements, typically assessed through monitoring lateral sway, while
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strength demands are generally considered to be inherently satisfied. Furthermore, they
highlight that both strength and stiffness demands can hold equal importance during the
sizing of dual systems.

4 Serviceability Limit State Design for Wind-Induced Comfort
in Tall Timber Buildings

The objective of building design for serviceability limit state is to ensure the comfort of
the occupants by limiting excessive horizontal deformations and accelerations in case
of wind-induced vibrations. Excessive swaying of the buildings can lead to significant
discomfort for the occupants, where they can experience nausea, dizziness and fear [34].

Currently, there are no generally accepted international standards for the wind-
induced comfort criteria in tall buildings. The common practice is to assess the comfort
criteria on the human perception of horizontal acceleration and displacement. The accel-
eration limits vary between the standards, countries, and building occupancy types. The
standardized base curves limiting the peak and root mean square of acceleration can
be found in ISO 10137:2008 [35] and ISO 6897:2009 [36] with the former being rec-
ommended by the Eurocodes. ISO 10137:2008 [35] provides recommendations for a
1-year peak acceleration limit for buildings and offices as a function of the fundamental
frequency.

The estimation in standards of wind-induced acceleration in TTBs is dependent on
both dynamic properties of the building and the properties of the incoming wind. The
estimation of wind-induced acceleration for comfort criteria varies around the world. In
Europe, the Eurocode on wind load calculation [4] provides two methods for estimating
peak acceleration in buildings for human comfort: Annex B and Annex C. Sweden has
its own comfort criteria guidelines, which are presented in the Swedish National Annex
[22]. In North America, the ASCE 7-2016 [37] standard is used for wind-induced accel-
eration estimation. While the procedure may vary between the codes, the fundamental
approach is similar. The calculation wind loading on the structure is usually simpli-
fied as a conservative static load and the subsequent building response is evaluated
with a simplified single-degree-of-freedom system. Additionally, the gust effect and the
turbulence are accounted for in the calculations. Landel [19] conducted a comparison
between different standards for the estimation of a long-wind acceleration and found
that the resulting accelerations varied greatly between each other, demonstrating that
different assumptions on the wind load and building properties lead to a large scatter
and increased design uncertainty of wind-induced response of buildings.

Alternative methods to estimate the wind-induced dynamic response of the building
exist. The finite element approach using computational fluid dynamics (CFD) can be
performed in the frequency domain using wind spectral density function or time domain
where the structure response is assessed using time series from the wind measurements.
Another method for assessing the wind response is to conduct physical small-scale testing
in the wind tunnel. The method can provide detailed results but requires significant
planning and execution effort.
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The wind load design is mainly considering the first mode vibration and serviceability
limit state (e.g., cladding failure, occupant comfort) [38—40]. However, the previously
mentioned code-based design approaches have certain limitations, including: (i) the pre-
dominantly descriptive nature of the procedures, (ii) the neglection of the plastic capacity
of structural systems which results in a strictly linear wind analysis [29], (iii) insuffi-
cient consideration of the role of non-structural elements, which are highly susceptible
to damage under extreme drifts of the lateral load-resisting system (LLRS), with such
drifts often being difficult to predict, (iv) the lack of a clear evaluation of the risk related
to the loss mechanism for non-structural elements [41].

Rather than being an alternative to prescription-based codes, Performance Based
Design (PBWD) is an approach that does not exclude prescriptions but is aimed directly
at the achievement of well specified performance objectives and/or their optimization
[42].

In the last decades, many research were carried out with the aim to develop a PBWD
framework that takes into consideration various sources of uncertainties and adopts
structural reliability to predict and design for the performance of timber buildings and
investigate the performance under serviceability conditions [38, 42, 43] and Bezabeh
et al. [29, 39, 44, 45], Micheli et al. [46], specifically for timber structures.

Those works led to account for the PBWD procedure as alternative approach for
wind design by some standards such as ASCE 7-22 [37] and Korean Design Standard
[47], as to publish one of the few guidelines that provide a detailed procedures to utilize
PBWD: the pre-standard for PBWD by ASCE/SEI [48].

This latter is one of the few available guidelines available for the design process of
PBWD of the Main Wind Force Resisting System (MWFRS) and the building envelope.
It has defined basic objectives for a system performance when subjected to a wide-
ranging hazard intensity and the clear incorporation of acceptance criteria related to the
envelope system performance. The main steps are summarised in Fig. 1.

Step 1: Identify Risk Category,
Performance Objectives, and : % - 3 ~ :
S : Ide ads § 3: septual Desig
Performance Requirements, —»  Step 2: [dentify Wind Loads > Step 3: Conceptual Design
and Acceptance Criteria
. R Step 5: Evaluate MWEFRS and Step 4: Develop a MWERS
Step 6: Redefine the Design <« Building Envelope Acceptance [ Analysis Model and Basis of
Criteria Design Document

v

Step 7: Gain Agreement of the
Peer Review Team and the AHJ

Step 8: Implement Construction
— Obeservation and Supplemental

Special Inspections

Fig. 1. PBWD procedure according to ASCE/SEI 2023.

Three performance objectives (POs) are specified in the ASCE/SEI Prestandard [48]:
occupant comfort (OC), operational (OP), and continuous occupancy (CO). For the latter
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two POs, the hazard level is defined in terms of return periods based on the building
risk category. The ASCE/SEI Prestandard [48] states that the MWFRS of a building
shall remain elastic for OC and OP but allows inelastic deformation in specific elements
or components of MWFRSs for the CO PO. To ensure that the POs are met, guide-
lines for evaluating the performance of a structure at global and component levels are
also provided. Globally, acceleration, roof drift, residual drift, and deformation dam-
age index (DDI) limits are provided to protect non-structural elements. At a component
level, demand-to-capacity ratio limits for force- and deformation-controlled elements
are given. A limit on the number of excursions beyond 1.5 times the yield capacity of
deformation-controlled elements is also provided to prevent low-cycle fatigue failure
[49, 50].
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1 Introduction

It is well acknowledged that as the height of a building increases, wind forces tend
to become the controlling design loads. In tall, slender and flexible structures,
wind-induced vibration serviceability is more critical than in low-rise buildings,
where strength is usually the governing design criterion. Using engineered timber
panels, tall mass timber buildings have reached heights comparable to those of
mid-rise concrete and steel buildings. Therefore, wind-induced vibration needs
attention even in mid-rise buildings when timber is used as a structural material
for lateral load resistance. It has been shown that in timber buildings as low as
seven stories wind-induced vibrations can be a governing design criterion [1]. Due
to the relatively high strength-to-weight ratio of wood, timber buildings tend to
be lighter and more flexible compared to their reinforced concrete counterparts.
Typically, timber structures possess one-third the stiffness of concrete buildings
and weigh one-fourth as much. This, in turn, means that they are more prone to
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wind-induced vibrations that might cause discomfort to the occupants. Excessive
wind-induced vibrations impair their long-term safety and functionality, which
lowers their market value and may have an impact on the comfort and health
of occupants. For these reasons, serviceability issues related to wind-induced
vibration are considered a hindering factor for the design of tall timber buildings.

Compared to the ultimate limit states that define collapse or other forms
of catastrophic failure of the structures, serviceability limit states define a loss
of comfort or functional performance of the building. They establish a level of
quality of the building and are often negotiated by the investor and the contrac-
tor to meet the expected functionality of the building. Its limitation may be set
by the occupants’ perception or technical requirements of the installed building
elements or machines. Since serviceability limit states are not directly related to
safety, professional committees and code bodies seem reluctant to codify service-
ability issues rigidly. This reluctance is probably due to the different opinions
on the purpose of building codes: protection for life safety or the establishment
of complete minimum design standards. However, the fact that serviceability
limit states are usually not codified should not diminish their importance. While
safety is usually not an issue in this topic, the economic consequences can be
substantial, especially when they are a part of contractual requirements set by
the investors.

Whereas the research on the seismic response of timber buildings has pro-
gressed at a high pace, wind performance of mid and high-rise timber buildings
has been studied more scarcely. There is no specific reported cases on wind-
related human discomfort in tall timber buildings, mainly because there is no
significant sample of such buildings for a meaningful statistical evaluation. There-
fore, the wind modelling and the comfort criteria originate from past studies on
other structural systems, see [2]. However, the lack of specific studies on timber
buildings does not affect comfort criteria limits, which depend on the interaction
between human perception and building dynamics and are not directly related
to the building material.

2 Vibration Response Analysis Under Wind Excitation

Comfort criteria are based on the human perception of vibration, which is, due
to substantial variation in individual physiological and psychological responses,
very difficult to quantify. It is not fully understood how different quantities
of motion (such as displacement, velocity, acceleration, and their derivatives)
contribute to the perception of motion, however, the current comfort criteria
are assessed through acceleration curves. These base curves represent either the
threshold of perception of motion of some percentage of people or the limit for
probable adverse comments by the occupants [3,4]. They depend on the vibration
frequency of the structural system and the orientation of the vibration relative to
the human body axes. Firstly, a performance indicator (e.g. running root-mean-
square, peak acceleration) is computed based on the building’s properties and
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the assumed wind loads. This indicator is then compared to the base perception
curves to evaluate the system’s performance. Some of the most relevant standards
containing serviceability criteria related to motion perception of the occupants
are hereby listed and reported in Fig. 1:

e ISO 10137 (2007) [3]. The standard recommends the serviceability criteria
against the building’s vibrations. Annex D provides a method for evaluating
the human perception of wind-induced motions in buildings, giving acceptable
limits in terms of peak acceleration, at the natural frequency, in the principal
direction (along-wind, cross-wind, torsion) of the building. The peak acceler-
ation should be calculated for wind speed with a one-year return period. The
criteria is based on assuming peak = 3.5*RMS

e ISO 6897 (1984) [4]. The standard, based on [5]. covers building, whose fre-
quency is 0.063 Hz-1Hz, gives limit values of root mean square (RMS) accel-
erations for buildings used for general purposes. The limits are based on the
wind levels with a five-year return period.

e AIJ (2004) [6]. The Japanese guidelines provide five curves: H-10, H-30, H-
50, H-70 and H-90, where the number of each curve indicates the perception
probability, expressed as a percentage of people who can perceive the given
vibration level. The guidelines recommend no specific limit, which is to be
decided by the owner and the designer.

e RWDI/BLWTL industry criterion [7]. A widely used industry practice, espe-
cially in North America, limits the 10-year return period peak acceleration
to below 18 milli-g. While not formalized in a standard, this criterion is often
adopted in practice.
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Fig. 1. Comparison between different perception curves (RMS values from ISO 6897
are multiplied by 3.5 to be comparable with peak acceleration limits).
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The dynamic response of tall buildings to a wind load is a complex phe-
nomenon, as the wind significantly varies in velocity and direction over time and
space. To achieve simplification, building codes treat wind loads as quasi-static
loads. The gust effect is also included as a turbulence factor added to the quasi-
static component for high slender structures. Furthermore, the effect of the wind
on a building will be affected by its exposure, the roughness of the terrain around
it as well as the shape and height of the building. The gust load factor approach
originates from the work of Davenport [8] and is a simplified frequency-domain
method in which the wind load’s standard deviation and the dynamic response’s
amplitude are multiplied by a peak factor to obtain the peak response. The stan-
dard deviation of the response and a peak factor are obtained based on random
vibrations theory. Because of its simplicity, the gust factor method has received
widespread acceptance worldwide and is employed in wind loading codes and
standards in almost all major countries. According to the method in Annex B of
EN 1991-1-4, for instance, the characteristic wind-induced acceleration, in the
along-wind direction, for a point at height z, is calculated as:

1
apeak(z) = Kp by hy qz,ref Cfw K (I)l,z(z) M R (1)

apeak () Peak acceleration response (m/s?) at height z

K, Peak factor

by Building width

hp Building height

q ref Reference wind load (N/m?) at height 2yt

crw Force coefficient

K Dimensionless coefficient that scales turbulence effects

®4 () First-mode shape in the wind (cross-wind) direction, evaluated at height
z

M; Modal mass of the first mode

R Resonance response factor

The peak response obtained can then be compared with peak acceleration cri-
teria, such as ISO 10137 [9]. However, the response of buildings subjected to wind
loads can be estimated more precisely with time-domain analysis using in-situ
wind measurements or wind tunnel experiments, but also with methods combin-
ing spectral analysis and time-domain analysis [10-12]. The wind is described
in a frequency-domain wind spectrum, and then a time series is generated from
the spectrum. The dynamic response of the structure can be computed through
numerical integration of the modal equation of motion. It should be mentioned
that wind tunnel testing is recommended for mass-timber structures that are
more than 20 stories tall, flexible, and have complex shapes, and are subject to
wake buffeting from upwind buildings or channelling effects, and are susceptible
to aeroelastic phenomena.
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For calculating acceleration according to EN 1991-1-4 and checking it against
the base curves, estimation of the natural frequency is necessary. Annex F of EN
1991-1-4 offers a simplified empirical equation for the fundamental frequency
in Hertz

fr=46/h (2)

where h is the height of the building in meters. This equation can give a quick
rough estimate, however, it can not be used for improving the design of the
building, since the only variable is the height of the building. Reynolds et al.
[13] compare the equation to ambient vibration test results for eleven multi-
storey timber buildings in Europe, and find that it is a reasonable predictor of
the fundamental frequency, although f; = 55/h is a better fit to the measured
data.

Designers of mid- and high-rise timber buildings often develop FE models to
estimate their modal properties. Several research works have been carried out to
find better modelling techniques for accurate estimation of modal properties of
timber buildings (e.g. [14-19]). The main findings are that the nonstructural ele-
ments (such as fagade, partition walls, plasterboards) can significantly increase
the stiffness of the building (although this may not outweigh the effect of their
added mass on the fundamental frequency) and that the type of construction
(platform frame or balloon frame) importantly defines the stiffness properties
of the building. The research is yet inconclusive about the influence of the con-
nections in CLT buildings, however, it seems that soundproofing bedding under
cross-laminated walls is an important factor in determining the stiffness of the
connections. In glulam frame buildings, the stiffness and damping of the glu-
lam connections can influence the modal properties [17,20]. It is important to
note that modal properties of timber buildings vary seasonally, mainly due to
environmental factors such as moisture content [21].

Most of the research work carried out during recent years deals with numer-
ical studies where different structural systems (e.g. post-and-beams, CLT, etc.)
are analysed throughout case studies and parametric analyses [12,22-32|. Specif-
ically, Johansson et al. [22] studied the response of two archetypes (i.e. CLT
buildings, glulam post-and-beam with a concrete shaft) to wind-induced accel-
eration according to EN 1991-1-4 and compared the results of the simplified
analytical calculations with the limits of ISO 10137. They extended the analysis
to a 48m (16 storeys) high building where they studied the effect of doubling
and tripling the mass, stiffness and damping ratio. In [23], the authors anal-
ysed 22-storey structures having an internal CLT core and a post-and-beam
structure at the perimeter. They modelled the structure with FE software to
get more reliable results regarding natural frequencies and mode shapes. Edskér
and Lindelow [24] performed a parametric analysis on the FE model of a CLT
structure varying the footprint, height, damping ratio, wall stiffness, wall density
and additional surface loads and studied the influence of these parameters on the
dynamic response of the building. In [25], the authors extended the parametric
analyses to a post and beam type of structure and compare it to the response of a
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CLT one. In the same direction, Zhao et al. [26,27] performed parametric studies
on the peak accelerations of CLT and glulam frames buildings, respectively. The
structures were assumed to be located in Glasgow and have 30 storeys. Further-
more, the varied parameters were the timber material properties and building
masses. In these papers, the accelerations were also calculated according to the
Eurocodes, and the response is evaluated concerning ISO 10137 limits. Landel
et al. [28] compared four procedures to evaluate the along wind accelerations on
four existing tall timber buildings, highlighting high variations between the dif-
ferent codes. Cao and Stamatopoulos [12] delivered a numerical investigation on
the response of moment-resisting frames subject to wind loads. They performed
over one million simulations on planar frames where several parameters (e.g.
floor height, floor number, beam stiffness) were varied. The response of the pla-
nar frames was evaluated with the simplified gust approach, but also performing
time-domain analyses explicitly considering the time series of the wind force. A
quite interesting finding was that the gust factor approach might underestimate
the response for frames with up to 10-12 floors while overestimating the acceler-
ations for frames with more than 10-12 storeys [12]. Bezabeh et al. [29] examined
the dynamic response and serviceability performance of five case study tall mass-
timber buildings varying in height (10-, 15-, 20-, 30-, and 40-story). Bezabeh et
al. [10,11] proposed a probabilistic procedure to assess the serviceability perfor-
mance of tall mass-timber buildings, applying the complete framework to a case
study consisting of a 102-m tall building. The framework incorporated uncer-
tainties at each step of the wind-loading chain. The design process consisted of a
preliminary strength design using building code provisions. Then serviceability
checks were performed using wind loads obtained from aerodynamic wind tunnel
tests. Finally, the detailed probabilistic performance assessment was performed
with structural reliability analysis using Monte Carlo sampling to propagate
the uncertainties through the wind loading chain. The results from reliability
analysis were used to develop fragility curves for wind vulnerability estimations.
Lazzarini et al. [30] studied the comfort assessment of the 18-storey “Mjgstarnet”
building in Norway, applying computational fluid dynamic (CFD) analyses to
simulate the wind flow around the building. The results of the CFD analysis are
then used to extrapolate detailed pressure data, which is applied to a general-
ized model and a reduced model to obtain accurate evaluations of wind-induced
motions. Wind-induced vibrations in the across-wind directions were particularly
strong, which is not captured by the current standard, indicating the importance
of applying fluid dynamic analyses. Kurent et al. [1] performed a serviceability
check of two timber and one hybrid timber-concrete buildings and showed that
checking only the first mode of vibration is not enough, since the second mode
can sometimes be more critical.
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3 Conclusions

Wind-induced vibration governs the serviceability design of mid-and high-rise
timber buildings at lower heights than it does for comparable concrete struc-
tures because the high strength-to-weight ratio of wood leads to lower mass
and greater flexibility. Although comfort criteria such as ISO 10137, ISO 6897
and the AIJ guidelines are material-agnostic, their verification still hinges on
an accurate prediction of peak accelerations; the review presented here shows
that the traditional gust factor approach embedded in EN 1991-1-4 can be
adequate only when its inputs, the first two natural frequencies, modal masses
and damping ratios, are themselves reliable. Empirical height-frequency formu-
las (e.g. f1 = 46/h) have yet to be validated for timber and therefore carry large
uncertainty, while finite-element predictions remain sensitive to the stiffness con-
tribution of non-structural components, connection bedding and seasonal mois-
ture variation. Case-study simulations confirm that doubling mass or stiffness
can halve the peak acceleration, but also reveal that higher modes, particularly
the second bending mode, may control comfort more than the fundamental one
[1]. Parametric studies further indicate that the gust-factor method may under-
estimate accelerations for 10- to 12-storey frames and overestimate them for
taller systems, suggesting that time-domain analyses or hybrid spectral/time
techniques should become routine for slender timber towers [12]. The scarcity of
full-scale monitoring data remains the principal obstacle to refining both simpli-
fied and sophisticated models; without such data it is impossible to quantify the
true damping achievable through facade friction, interior fit-out or supplemental
devices, or to calibrate probabilistic fragility curves that capture the combined
effect of wind variability and modelling uncertainty.

In practical terms, designers should (i) develop FE models that include
sheathing, partitions and realistic connection stiffness, (ii) evaluate at least the
first two lateral modes in both along- and cross-wind directions, (iii) supple-
ment code-based gust calculations with time-domain checks when predicted peak
accelerations approach 80% of the relevant perception limits, iv) consider wind
tunnel testing for mass-timber buildings that are more than 20 stories tall, flex-
ible, and have complex shapes, and are subject to wake buffeting from upwind
buildings or channelling effects, and are susceptible to aeroelastic phenomena,
and (iv) consider tuned mass or viscous dampers early in the design when mass or
stiffness increases conflict with sustainability targets. On the research side, prior-
ity should be given to long-term dynamic monitoring of completed mass-timber
towers coupled with in-situ wind measurements, to wind-tunnel databases that
cover the distinctive geometries of timber bracing and cores, and to probabilistic
frameworks that propagate material, connection, and environmental uncertain-
ties through to serviceability risk metrics.
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Abstract. Effective moisture management during construction is essential to
achieve a successful, long-lived and sustainable outcome for timber structures.
Several incidences of serious damage, originating in construction-stage moisture
ingress or entrapment, have been documented. There are many aspects to con-
sider and key decisions to be made throughout the design, planning and execution
stages. Each of the key areas is identified and explored with best practice and
guidance presented.

Keywords: Mass Timber - Wood - Glulam - GLT - Cross Laminated Timber -
CLT - Moisture Content - Construction - Damage - Rot - Monitoring

1 Introduction: Why Moisture Management?

Timber building structures are getting larger, taller and more complex. This means a
greater area of wooden surfaces and connections exposed to the outside environment
during construction. The execution period, and thus duration of moisture exposure, also
generally increases.

The result is a higher probability of the incidence and ingress of water. Since timber
readily absorbs water, good planning and execution measures are necessary to avoid dam-
age. Excess moisture exposure can lead to mould, fungal decay, dimensional changes,
and reductions in structural strength and stiffness.

The basic principles of moisture control do not differ significantly between different
forms of timber structures such as mass timber or timber framing. However, geometry
and detailing can have a significant effect.

During construction, the risk that the timber elements are exposed to water is gener-
ally much higher than during the utilization phase for which they are ultimately designed.
Construction-stage water can come from different sources, the most important in tem-
perate climates, such as Europe, is precipitation in the form of rain. But other sources
like snowmelt, condensation, water within fresh concrete or defects in plumbing should
also be considered.
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On-site measures for moisture control can require additional steps on-site as well
as additional monetary resources, which should be accounted for during early-stage
scheduling and the call for tenders. The costs of such measures are, however, small
compared to the potential time and monetary costs of active drying or of rectifying
moisture damage.

For example, a four-storey residential building supervised by one of the authors,
has shown the protective covers made of tear-resistant mesh foil fabric, including all
fastenings, anchoring, and weighting, cost around € 3.80/m? (price from 2022). If active
drying was required to the CLT roof slab, the cost of temporary enclosure and drying
could many hundreds of €/m?. In the event of moisture damage to the timber, the cost
of a repair can be several thousand €/m?.

Moreover, design-stage moisture control measures also generally have beneficial
side effects for the rest of the construction, such as a more robust design, a more efficient
erection, as well as less moisture inside the building which is also good for other materials
like masonry, gypsum boards and other finishes and fittings.

2 Moisture and Wood: Basics

Timber shows hygroscopic behavior by adapting its moisture content to the surrounding
ambient conditions. The resulting timber moisture content is referred to as the equilib-
rium moisture content and can be estimated as a function of temperature and relative
humidity. These models mathematically approximate the sorption history and thus the
sorption hysteresis. As a more precise alternative to the well-known diagram by Keyl-
werth [1] for the drying of sawn timber, a more recent approach [2] provides models
specific to wood species for calculating typical the equilibrium moisture content during
construction and usage, see Fig. 1.

Fig. 1 Graph for estimating equivalent wood moisture content of Norway spruce (Picea abies
Karst.) based on air temperature and relative humidity, developed by [3]
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During production in the factory, transport, storage on the construction site, or dur-
ing assembly, possible moisture gradients can arise, which can manifest themselves as
moisture damage after the building has been put into operation. If the moisture content
is too high, wood components can be severely damaged by moisture penetration and the
associated deformation caused by swelling. In due course, it can also lead to rot, infes-
tation by wood-destroying fungi, discoloration, infestation by dry rot, maceration, and
mold growth. If a component is dried out soon enough after it has reached high moisture
content, the swelling process is reversed, and the component can lose volume again as
a result of shrinkage. However, if drying is too fast, differential moisture and shrinkage
gradients can occur, leading to surface cracks, as statistical evaluations of damage cases
show [3, 4].

In the range between 5% and 25% timber moisture content, the ratio of the swelling
dimensions for spruce timber longitudinal: radial: tangential is approximately 0.01: 0.16:
0.32, which describes the percentage change in dimension per 1% change in timber
moisture content. An average shrinkage and swelling dimension perpendicular to the
fibre direction can be assumed for softwood, which is approximately 0.25% per 1%
change in wood moisture content with unhindered swelling and shrinkage [5].

When the timber moisture content varies across the cross-section, deformations will
occur under unrestrained conditions. Since wood products are typically kiln-dried, it
can generally be assumed that the moisture content across the entire cross-sectional
height is constant at the time of manufacture and supply. If moisture affects the top side
of a wood cross-section, the resulting deformation will produce centerline strains and
curvatures within the component. If a timber cross-section’s deformation is constrained,
e.g. by connectors like screws, nails or dowels, internal stresses will occur. The resulting
internal forces can be very high and lead to the failure of the connectors and/or the timber
local to them.

3 Organisation: Reducing Risks Through Management Processes

The suggested way to deal with the moisture during construction is the development
of a project-specific Construction Stage Moisture Control Plan (CSMCP). The general
requirements for a CSMCP will be stated in part 3 of the next generation of Eurocode 5
[6], however more detailed recommendations are found elsewhere [7, 8].

The construction stage starts with the transport of the timber elements and includes
the storage on-site and the erection, as well as all necessary works after completion of
the timber construction due to damages that were caused during the erection.

A comprehensive CSMCP should include technical procedures but also definition
of the project, its functional requirements, the relevant stakeholders and clear allocation
of responsibilities.

Sections of the plan should include.

Description of the project

Definition of stakeholders and their various responsibilities
Contact details of the responsible persons

A description of the materials and products used

A description of the relevant project-specific sources of moisture
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Identification of performance requirements of different timber elements
Identification of high-risk locations within the construction

A detailed description of the planned installation process

Identification of failure criteria and triggers for actions

Description of the chosen measures for the prevention of damage

Measures for inspection, including moisture measurements

A pre-defined system of recording and evidencing the full execution process

To maximise the success of the project execution, good communication at the construc-
tion site is crucial, specifically in cooperation with other construction trades who may
lack the necessary experience with timber constructions. Moreover, irrespective of the
CSMCP, everyone involved in the project must of course adhere to the relevant design
standards.

A successful moisture-control outcome to the construction process depends on oper-
ational and organizational measures in addition to technical design solutions. There are
multiple stakeholders who are required to contribute. The timing of their input will vary
according to the design, procurement, and execution schedule. Typical example inputs
by, and responsibilities of, the main project stakeholders are summarised below.

3.1 Client

e Carries out due diligence in appointing a consultant team which is suitably expe-
rienced and qualified to deliver the relevant scale and form of timber-structured
project.

e Contributes to an unambiguous project brief. Especially regarding any performance
requirements that have a direct effect on the moisture management of timber. For
example, visual quality of exposed timber elements or considerations of asset and
business protection which may exceed those of life-safety.

e Is active in reviewing the design and execution proposals and makes decisions based
on the advice of the consultant team. An example would be considering whether
a Contractor submitting a lower Tender price offer is doing so by omitting certain
construction-stage moisture mitigations or quality assurance controls.

3.2 Project Manager

e Should have experience of delivering timber constructions of the relevant scale and
performance requirements.
Adpvises the Client on each of their responsibilities, including those above.
Gives further assessment of the design and construction programme and critically
reviews whether the right timescales are being targeted. Specific examples of poor
practice include design-periods that are too short to allow proper review, construction
schedules that are either too short to ensure good workmanship, or incorrectly phased
such that timber is exposed to moisture for an excessively long period.

e Coordinates a clear and unambiguous allocation of design responsibility and identifies
any scope-gaps or missing areas of expertise.
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3.3 Principal Designer

Should have experience of delivering timber constructions of the relevant scale and
performance requirements

Provides further review of the experience and qualification of the consultant team in
relation to moisture control

Ensures that the design process is coordinated and joined-up, such that each specialist
consultant makes decisions cognizant of potential effects on moisture control
Makes holistic design decisions, balancing and compromising between requirements
of different consultants and stakeholders, whilst maintaining the required moisture
control measures

3.4 Consultant Design Team

Should have experience of delivering timber constructions of the relevant scale and
performance requirements.

Is honest about limitations of any one consultants’ knowledge and experience and
alerts the Principal Designer and Project Manager of any additional expertise that
may be required.

Considers and enacts advice from all consultants in order that effects on moisture
management are evaluated as part of all relevant decision-making.

Critically reviews and re-visits design assumptions and decisions that may lead to
potentially high hazard outcomes.

3.5 Principal Contractor

Honestly reviews and communicates their own expertise to deliver a project with the
relevant scale and type of structural timber

Appoints a suitably competent and experienced timber sub-contractor

Critically and rigorously reviews the design and in particular from the specific
perspective of moisture control during execution

Carefully plans the overall execution schedule with moisture-control of the timber as
a key factor, including operations immediately before and after the execution of the
timber

Ensures that moisture-control plans cover the full extent of execution, from manu-
facture to hand-over. Including hand-over between subcontractors and trades
Ensures that moisture-control plans are enacted, reviewed, and modified where
required.

Ensures that moisture control data and processes are recorded and evidenced, covering
the full period of execution, up to handover

3.6 Timber Subcontractor

Honestly reviews their own expertise to deliver the particular project.
Critically and rigorously reviews the design from the specific perspective of moisture
control during execution
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e Carefully plans the timber execution schedule with moisture-control of the timber as
a key factor. Including consideration of operations immediately before and after the
execution of the timber

e Ensures that moisture-control plans cover the full extent of execution, from manu-
facture to hand-over

e Ensures that moisture-control plans are enacted, reviewed, and modified where
required

e Ensures that moisture control data and processes are recorded and communicated

PrEN1995 [6] invokes the requirement for preparing a ‘Moisture Control Plan’, but it
does not expand in specific terms. The UK National Structural Timber Specification
(NSTS) [9] also contains reference to a Moisture Control Plan and gives an outline of
its requirements, without allocating responsibility precisely nor the document’s timing
and ongoing development.

Traditional practice has tended to consider planning for moisture control during con-
struction to be the sole responsibility of the contractor. In this way, moisture control plans
have often only been drawn up after award of the contract, at which stage the major-
ity of the design decisions have already been made. However, certain design decisions
have a very strong influence on whether the timber structure can be practically executed
without moisture issues arising. They therefore need to be made in consideration of the
execution stage and thus the CSMCP needs to be drafted during the design stages.

In the UK there have now been several incidences of significant disputes and legal
claims in relation to moisture damage to mass timber buildings, these can be found in the
construction press [10—15] and court records [16, 17]. It is noteworthy that Consultants
have been the subject of the claims as well as Contractors. In some of these cases, the
court specifically deemed that the Consultant had not properly exercised their duties to
design appropriately for timber and moisture. In other cases, claims have been brought
against the main contractor for failure to safeguard the structural timber elements after
the timber subcontractor had handed over.

4 Planning: Reducing Hazards Through Building Design

Effective implementation of moisture control measures during construction requires
careful planning and design from the outset. For large construction operations, it is
advisable to use rapidly deployable coverings or durable EPDM sealing membranes
designed for heavy-duty applications.

The internal structure should be enclosed as quickly as possible, ideally using the
permanent fagade and roof envelope. If this is not achievable, alternative coverings can
be installed to act as a temporary enclosure. It is important to note that the permissible
UV and weather exposure duration for any temporary covering is typically specified by
the manufacturer and must be strictly adhered to.

Good moisture control measures require the following points:

e Early involvement of planners experienced in timber construction.
e High level of prefabrication
e Simple, rational geometry for the structure at large



Moisture Management During Construction 133

Connections that are efficient to assemble on site

Clear construction stages

Design & implementation of temporary water collection systems and outlets
Placement of timber walls and columns on raised non-absorptive plinths
Prevention of capillary moisture absorption, especially via end-grain

Integration of expansion joints to accommodate moisture-related movements
Vertical wet services distribution grouped in dedicated shafts

Holistic moisture management strategy informed by project-specific risk analysis

Some construction products require special consideration in design and execution.
For example, uniaxially laminated timber slabs, e.g. nail laminated timber or dowel
laminated timber, are prone to significant swelling perpendicular to the grain and should
not be installed without expansion/contraction joints. When uni-axially laminated timber
planes undergo moisture movement, very significant forces develop if they are restrained.
This can lead to crushing or splitting of the timber or damage to adjacent elements (Fig. 2).

[
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Fig. 2 From left to right: temporarily sealed facade; heavy diffusion-tight EPDM membrane (sd-
value >1400 m); lightweight, diffusion-open membrane (sd-value = 3.5 m) which is suitable for
up to 12 weeks of direct weather exposure; Timber frame wall that was displaced by 5.2 cm due
to a glued laminated timber slab with elevated moisture content.

Example The following section provides an example calculation of the forces that arise
when an h = 180 mm thick glued uni-axially laminated timber roof plane (GL 24 h) has
its moisture content increased by 6 = 8% on the top side, assuming a linear moisture
gradient over the height and an average swelling and shrinkage rate of ay 0.25%/%
(Fig. 3).

Normal force [n] for restrained deformation:

ey

Bending moment [m] for restrained deformation:

2

If a I-metre-wide element is considered, the centre of gravity extension with
unrestrained deformation can be calculated as follows.

3
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b+Ab=101m
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Internal forces for restrained deformation
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Fig. 3 Illustration of internal forces for restrained deformation

5 Manufacture, Transport and Storage: Protection of Timber
Prior to Assembly

It is always relevant to consider and query the manufacture, transport and storage stages
of the timber’s supply chain. This is particularly the case if the timber has visual require-
ments, if the timber is travelling long distances or travelling through different climatic
regions. Consideration should be given to the equilibrium moisture content of the timber
and potential for condensation and mould growth inside packaging at all stages of the
journey. Packaging and controls might need to be adapted in response, or expectations
of surface finishes may need to be managed.

5.1 Manufacture

Control and monitoring of moisture content during manufacture is generally very good.
Robust quality assurance procedures are required for the factory to meet codes and CE or
equivalent marking. Therefore, the timber components should be at a reliable, certified
moisture content when leaving the production facility.

5.2 Transport

Moisture risks during haulage are, in principle, simple to manage. Fabrication lots can
be pre-determined and planned, and each wrapped individually in the factory. Use of
curtain-side lorries is preferable to further reduce exposure to moisture and to mitigate
any damage to wrapping. Panels are often loaded with any visible-quality faces orientated
downwards (Fig. 4).

Where timber elements are to be transported over greater distances, they may be
placed in shipping containers. These have potential to undergo large changes in temper-
ature and humidity depending on where they are stacked within a ship or upon a train or
lorry. It is in principle possible to integrate climate-control measures into containerized
transport, however it comes with a significant cost increase.

5.3 Site Storage

The construction schedule should be planned, monitored, and adjusted to minimize the
time timber is stored on site. Where timber is stored on site it should be protected from
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Fig. 4 Left — pre-wrapped erection-lot of glulam beams on bespoke transport skid. Right — pre-
wrapped erection-lot of CLT panels as delivered to site.

precipitation, rain-splash and condensation. It should also be ventilated to ensure that
any water that contacts the timber can escape passively.

Timber should be separated on bearers to further facilitate ventilation and removal
of water. Where the ground below or the shape of the elements leads to an inclined upper
surface to any timber, bearers should be aligned down the slope as opposed to across it,
to allow free passage of any liquid water (Fig. 5).

Fig. 5 Left— pre-wrapped erection-lots of timber elements stored on site, elevated and ventilated.
Right — Pre-wrapped glulam beams stored on site, elevated and ventilated.

Particular attention should be made to condensation and humidity within any sheeted
enclosures or non-breathable wrapping. Significant quantities of water and/or vapor can
accumulate and impact the timber. The timber should have its moisture content checked
at delivery and monitored during storage.

In certain climatic conditions there could be concern about excessively elevated
temperatures and/or low humidity. This can lead to rapid moisture content reduction in
the surface of mass timber elements, development of shrinkage differential to the centre of
the element and consequent surface splitting. It can also lead to smaller-section elements
attaining an excessively low moisture content throughout, leading to dimensional issues
during installation and possible later dimensional changes relative to other building
elements.



136 M. Caldwell et al.
6 Erection: Reducing Risks During Site Execution

6.1 Atmospheric Moisture

The main external source of construction-stage moisture in temperate climates is likely
to be liquid precipitation. However, snow-melt, frost, mist and high humidity can also
be external sources, see Sect. 1.

Intercepting water and moisture before contact with the timber is an efficient form
of protection. Mitigations include the following.

e Temporary scaffold roofs
e Sheeted scaffold enclosures
e FElevating bases of timber elements above foundation slab surfaces

Reduced dig or gravel margins adjacent to building perimeters (Figs. 6 and 7).

Fig. 6 Temporary sheeted weather protection to timber structure

Where moisture comes into direct contact with timber surfaces, mitigations are likely
to focus on its efficient removal before it has time to penetrate.
Passive mitigations at the surface include surface-applied measures such as:

e Self-adhesive breathable membranes
e Application of hydrophobic compounds
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Fig. 7 Glulam column (left) and CLT wall (right) elevated above concrete slab on galvanized and
painted steel bases

Vapour-open protection layers allow passage of moisture out of the timber. This is
useful for situations where the equilibrium moisture content of the timber on site is lower
than at fabrication, or that excess moisture enters the timber by some other means, such
as a penetration through, or flanking-path around the protective surface (Fig. 8).

Fig. 8 Left — Factory-applied tapes and membranes for end-grain protection. Right — Factory-
applied self-adhesive membrane for CLT face protection.

Temporary vapour-closed layers are to be avoided except for short periods, as they
tend to trap moisture against the timber surface or generate it through condensation.
Vapour-closed layers can be effective where they are guaranteed to be applied to suffi-
ciently dry timber and where there is no chance that water can track below it, i.e. that
it is adhered directly to the timber surface. Examples are typically where one or more
of the layers of the permanent roof waterproofing system are applied in the factory or
immediately upon installation.
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It is important to note that with significant temperature fluctuations between day and
night, condensation can form on the underside of vapour-closed coverings. However,
vapour-open membranes are generally more sensitive to mechanical impact and can
quickly develop holes and damage, allowing water to penetrate.

Passive water removal via gravity could include laying the structural deck to a
fall and minimising interruptions to the path of water such as inverts, valleys, upstands,
and parapets. Water must be directed to planned locations for removal. These should be
designed for the anticipated maximum flow rates, robustly detailed, and ideally piped,
systems so that they are safe and can tolerate the actions of wind and site activities.

Active water removal methods include planned use of brushes, squeegees and wet-
vac’s. Where active removal is relied upon, consideration must be given to the required
frequency of operation and how this is to be maintained over weekends and holidays
(Fig. 9).

Fig. 9 Left— Fans used to promote air movement and passive drying in enclosed building. Right —
Wet-vac for active water removal.

6.2 Escape of Water from Building Services

The principles of the above mitigations also apply to water originating internally from
wet plumbing. As well as protection at the element surfaces, the path of any water,
or other fluids, needs to be considered, especially as the quantity and flow rate from
damaged pipework can be particularly large.

Particular attention must be paid to temporary protection and the capacity of tem-
porary outlets in areas serviced by many wet services. It is common to specify more
water-resistant structural surfaces to slabs in these areas, such as concrete toppings.
Depending on its form and timing of installation, this could also assist in the temporary
construction condition.

Sources of water internal to the building envelope generally originate from building
services and are termed ‘escape of water’. Forms of wet services distribution include
incoming potable water, outgoing wastewater, wet fire risers, charged fire sprinklers
and in some circumstances internal rain-water pipes. Other piped fluids can be associ-
ated with heating and cooling systems such as refrigerants and closed loop thermally
activated building systems (TABS) and under-floor heating. Any of these sources can
cause damage to the timber structure, and risks can be higher during construction as the
systems are fitted, tested, and commissioned.
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Mitigations against escape of water during construction can be part of design, plan-
ning execution or a combination. Several of the mitigations can also have a signifi-
cant beneficial effect for the permanent in-service operation of the building. Specific
mitigations include the following.

6.2.1 During Design

e Grouping of areas with wet services fixtures to localize risks and possible detection
and interception measures. This includes alternative structural slab materials and
finishes local to the higher-risk areas
Minimising length of pipe runs and number of bends and joints

e Vertical routing of all wet services within dedicated risers, integrating access panels
for inspection, maintenance, leak detection and repair.

e Horizontal routing of all wet services overhead, as opposed to within raised access
floors, to facilitate inspection, maintenance, leak detection and repair.

e Selection of robust and durable pipe materials, jointing and fixtures.

6.2.2 During Execution

e Prevention of pipe freezing. Construction phase planning should ensure that the build-
ing envelope is complete and sufficient thermal controls are in place before filling
wet services.

e Flow detection on incoming potable water. Zoned by area/floor to allow efficient
location of leaks and shut-off of supply.

6.3 Moisture Measurement and Recording

The full duration of the construction process should be covered by a pre-determined
programme of timber moisture content testing and recording. The testing should be
tailored to the scale and geometry of the project. It will need to have sufficient testing
points and frequency to identify the general trend in the timber structure at large. It will
also need to have targeted locations and frequencies for areas that have been identified
as having particular moisture hazards and/or requirements.

Examples are connection details where water entrapment is more likely and exposed
end-grain are present, or an area of CLT wall that will be exposed in the final building
and must not have any water staining.

The location of testing must be unambiguously recorded, and the data logged in
such a way that trends can be identified and acted upon where required. The data should
also be packaged and communicated to other stakeholders for record purposes. These
include later evidencing of the moisture content at building completion and hand-over.
The following chapter expands on the key times and periods for measurement of moisture
content.

7 Quality Control: Monitoring Moisture and Control Measures
on Site

To ensure the effectiveness of the planned measures, implementing quality control on a
regular basis is recommended. This includes:
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Checking any protections such as foils or water outlets for defects

Visually examining stored and installed timber elements

Checking for condensation on elements beneath high diffusion-resistance foils
Ensuring proper ventilation

Documentation of moisture-related data, including moisture measurements

The wood moisture content should be determined during storage and in the part-
completed structure, especially at critical locations such as connections or at exposed
end grain. The wood moisture content should be determined at the following stages as
a minimum:

Immediately after the delivery of the timber products

Prior to installation of any cladding or other kinds of enclosure of an element

After any water ingress or a heavy rain

Before handover to any subsequent trades

During or immediately following the work of a trade that introduces moisture locally

Besides the moisture content of the timber, it is also sensible to plan for and determine
the moisture content of adjacent materials, such as wet screeds or gypsum plaster before
installation of impermeable coverings. The air humidity is also an important consid-
eration. For example, the humidity can be extremely high in closed rooms with fresh
concrete, screed or plaster. In these instances, temporary mechanical ventilation may be
required.

Several methods can be used to determine wood moisture content, one of which
is the electrical resistance method. The correct execution of the measurement, specific
to the device, should be adhered to. This includes calibration of the instrument and
numerical modifications for ambient conditions. For samples of wood or other materials
like a fill, the moisture content can also be measured by oven-drying a sample. Active
electronic monitoring systems can be used to gain large quantities of data, which can
be used to quickly detect the degree and location of any elevated moisture contents and
allow efficient interventions to address them. The planned locations and frequency of
all required measurements should be stated clearly in the Construction Stage Moisture
Control Plan (CSMCP).

If a wood moisture content above the specified limit is detected, measures for elimi-
nating the water source and then re-drying should be taken. In most instances this critical
moisture content will be set as 20% [18]. This value includes a safety margin to account
for inaccuracies from the moisture measurement and is generalized across the typical
timber species found in engineered timber. For wood products with a high amount of
glue, like oriented strand board (OSB), the critical moisture content can be significantly
lower.

The affected parts of the construction must be opened-up without delay to allow for
drying to start, supported by a programme of carefully planned and controlled ventilation,
humidity control and potentially low-level heating. The correct temperature, humidity
and hence rate of drying depend heavily on the individual case and should be clarified
with an expert and the manufacturer of the affected product. The whole process should
be complemented by measurements of the moisture content of the timber at different
depths through the section and rigorously documented.
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After removal of the water source and drying, it should be checked if any parts must
be replaced. For example, OSB can permanently lose its strength if it reached a certain
critical moisture content threshold.

Many of the negative effects of moisture on wood are reversible, if the moisture is
detected quickly enough and no damage to adhesives nor fungal decay has instigated,
which in most cases, takes at least 1 month above fibre saturation point. Discolorations
can be removed by sanding the surface or by treatment with a suitable agent such as
oxalic acid. Surface mould can usually be removed with a mild detergent and a wet
vac can be used to minimise further spreading of the mould spores. Whilst mould does
not affect the structural capacity of timber, it can have negative implications for human
health, along with some of the agents used for its removal. The safety of site operatives
and future occupants must be considered.

8 Summary

Timber has vulnerabilities to moisture which are different to other common structural
materials. The construction stage presents additional hazards associated with moisture
exposure. However, the moisture issues can be adequately addressed through appropriate
design decisions, planning and execution methods.

A Construction Stage Moisture Control Plan is an important tool for evaluating,
planning, enacting, and recording the required measures. The process should be started
at early design stages and recorded and re-visited throughout the design, procurement,
and execution stages. Input will be required from multiple project stakeholders and
should be tailored to the specific project.

It is in the best interests of all project stakeholders, and the timber construction
industry at large, that timber buildings are carefully designed, planned, and executed with
construction stage moisture in mind. Only then can timber structures reliably contribute
their full potential to our built environment.
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Abstract. Timber buildings present unique fire safety challenges compared to
non-combustible constructions. Fire damage in timber structures includes smoke,
heat-related impacts and firefighting water. Effective fire mitigation strategies,
such as smoke detection systems, automatic suppression systems, and compart-
mentation, can be crucial for enabling timely interventions and minimizing dam-
ages. Post-fire restoration focuses on water extraction, removal of smoke damage
and replacing contaminated material as well as structural repairs. Modern timber
buildings will more often than not require expert input to safely and effectively
open or remove structural elements to allow necessary restoration. This chapter
highlights the need for collaboration, innovative fire safety measures, and efficient
restoration processes to improve the property protection in timber buildings. This
is a field where further research is essential to address the evolving challenges of
timber construction and enhance its sustainability.

1 Introduction

The use of combustible materials, particularly timber, increases potential fire dam-
age. Timber buildings may experience different types of damage compared to non-
combustible constructions like concrete. The consequences of fire in timber buildings
include smoke, water and heat damage.

It is important to distinguish between mass timber buildings (e.g., CLT and engi-
neered timber) and timber-framed construction. The repairability and restoration of tim-
ber buildings post-fire often depends on the type of construction. Modular timber-framed
construction, for instance which connects complete modules into one building, requires
unique approaches to dismantling and replacing damaged components, as these differ
from traditional timber-framed structures where reverse assembly is possible.

While occupant safety remains the paramount goal of fire safety design as mandated
by building codes, property protection is important for stakeholders such as insurers,
business operators, and building owners. Balancing these objectives becomes increas-
ingly complex for taller buildings or critical facilities like healthcare centres, where the
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consequences of fire extend beyond physical damage to include operational disruptions
[1]. Introducing combustible materials into such buildings can amplify property protec-
tion risks, underscoring the need for early stakeholder engagement to align fire safety
objectives with risk tolerance.

2 Damages from a Fire

Damages caused by a fire impact multiple stakeholders, including building owners,
tenants, and insurers. For insurers, the extent of damage—referred to as Estimated Max-
imum Loss (EML)—is a key metric in determining coverage and premiums [1]. Timber
buildings present novel challenges in this context due to increased susceptibility to fire
spread [2] and fire or water induced material degradation [3].

Types of Damage. In the event of a fire in a timber building the following damages can
occur:

— Flame and heat damage: Structural weakening due to high temperatures or combustion
leading to charring and reduced material strength.

— Smoke damage: Smoke spread leaving odours, stains and toxic combustion products,
both internally and externally.

— Water damage: Resulting from firefighting operations, water suppression systems, or
damaged water and wastewater pipes. Water exposure to wood can result in staining,
mould and bacterial growth and movement of structural elements. Firefighting water
can also spread smoke related damage in a building.

Key Factors Influencing Damage. The consequence of damage in a building will
mainly be affected by the following factors:

— Fire size and spread: Larger and more widespread fires will increase the scale of
damages.

— Fire duration: Extended exposure to heat and smoke increases the intensity of
damages.

— Firefighting operations: Extinguishing water and demolishing measures (e.g., cutting
into cavities) can increase the damage.

— Effectiveness of restoration: Timely intervention post-fire can significantly reduce
long-term damage, particularly related to water exposure.

Timber structures are particularly sensitive to water damage. Excessive water use during
firefighting can lead to structural saturation, which, if not promptly dried (within days),
canresultin staining, mould and bacterial growth and, if left saturated for a longer period,
potential structural movement and eventual decay [3], requiring significant restoration
measures. The degree of microbial growth over time is also influenced by the surrounding
temperature. Rapid and effective restoration efforts [4] are critical to minimizing such
damage. The key measure necessary to mitigate water damage risk after a fire event is
efficient drying. The microbial growth phase following critical moisture levels occurs
within the timeframes indicated in Fig. 1.



Property Protection in the Event of a Fire 145

| 0-3days 4-10 days >10-14 days

Water damage / Growth Microbial
Critical moisture level phase amplification

[one yngSames

Fig. 1. Timeline of water damage progression and the critical phases of microbial growth
following a fire event.

As shown in Fig. 1, microbial amplification typically begins after 10—14 days if the
moisture level remains critical. This emphasizes the importance of prompt drying and
restoration to prevent long-term structural and microbial damage.

3 Protection Against Fire and Smoke Damage

Damages specifically connected to fires are odours, stains and contamination from smoke
spread, and charring and loss of structural strength from heating or by combustion of tim-
ber structures. During a fire, smoke can be expected to spread rapidly. However, smoke
propagation within a building is often hard to predict with accuracy, especially at greater
distances from the room where the fire originated [5]. The spread of smoke is influ-
enced by the buoyancy of hot smoke, air currents resulting from pressure differences in
the building, and ventilation systems. Cavities and gaps between construction elements,
typically found in timber or modular construction buildings, can create passageways for
smoke spread. Therefore, the use of appropriate fire sealants and fire stops—particu-
larly around penetrations, connections, and within cavities—is crucial to protect against
excessive smoke spread in such structures.

Fire Compartmentation. Compartmentation is a key fire safety strategy, designed to
contain fire and smoke within specific areas. This reduces the potential fire spread and
minimizes damage to occupants, firefighters, and property. In timber buildings, airtight
construction is crucial to prevent smoke spread through cavities, as timber (or other
combustible materials) in cavities can facilitate extended fire spread to large parts of the
building.

Fire Resistance and Fire Protection Coverings. If designed adequately, fire may not
cause a collapse of the structure, however, due to the large deformations of the structures
affected by the fire, it may affect the usability of the building. Depending on the structural
design of a building, enhancing fire resistance beyond the regulatory minimum can
improve property protection. This may include the design of structural members to
higher fire resistance than what is legally required. Restoring charred timber surfaces to
its original (or usable) condition can incur significant time and financial cost. A solution
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to improve repairability is the use of protective claddings (i.e., plasterboard), or some
form of passive protection, which can be quickly replaced.

Fire Retardant Treatments and Surface Coatings. Combustible surfaces, such as
timber walls and ceilings, can contribute to fire spread. Fire retardant treatments are
effective in reducing the different reaction-to-fire parameters as they delay ignition,
reduce heat release rates, and slow flame spread [6]. However, these treatments do
not make timber non-combustible. Therefore, this measure might not be sufficient in
hindering a fire from spreading within a compartment and growing into a fully developed
fire in which all exposed timber in the compartment will get involved.

Detection and Alarm Systems. Smoke detection and alarm systems provide a critical
advantage by enabling early identification of a growing fire. This early detection allows
for swift intervention, significantly reducing the potential for the development of fire
and associated damages. As a complement to conventional detectors in the room inte-
rior, sensors inside of structures can also be installed. Sensors that are able to detect
early phases of combustion or sensors that are able to detect smouldering are under
development.

Suppression Systems. Water-based systems, such as sprinklers and water mist systems,
are effective in containing fires and reducing fire damage. Research has shown that fire
suppression lowers extent of fire damages compared to non-suppressed fire scenarios
[7]. Oxygen reduction systems (ORSs) or gas extinguishing systems could be considered
as an alternative to water-based suppression systems, where appropriate, to reduce water
exposure to the structure. While ORSs aim to constantly lower oxygen levels within a
protected area to prevent ignition and onset of a fire, suppression systems using gaseous
agents aim to extinguish a detected fire through suffocation (oxygen displacement) or
cooling (heat extraction). However, such systems need to be commissioned with care as
lowering oxygen concentrations, constantly or momentarily, can impose health and life
risks for people in the area [8, p. 2].

Exhaust/Ventilation Smoke Control. Effective smoke management systems, includ-
ing exhaust and ventilation strategies, reduce hazards of limited visibility and toxicity,
aiding both evacuation and firefighting efforts. These systems can also reduce smoke
related damages to the building.

Fire Service Intervention. Effective fire service operations are a critical factor in
mitigating damage. Building owners can facilitate effective intervention by:

— Providing clear signage and firefighting plans.
— Ensuring accessibility to hydrants, stairs, and fire safety features.
— Hosting familiarisation visits for local fire services.
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4 Protection Against Water Damage

Water exposure within the building can be caused by firefighting operations using water,
activated water suppression systems or damaged and leaking water and wastewater pipes.
Water damage is challenging to prevent but can be mitigated through design considera-
tions and efficient response operations. Vulnerable construction details in timber build-
ings, such as penetrations through slabs and exposed end-grains, should be sealed to
prevent water ingress (e.g. see Fig. 2). Some sensitive construction details in timber
buildings have been identified to be prone to water damage [3]:

— Water entrapment below concrete toppings,

— Joints in which water can be trapped, wetting the end-grain,

— Penetrations through slabs where the end-grain is exposed,

— Curtain wall to floor slab connections where the fire seal is located below the line of
the slab allowing water to pool against the exposed CLT or timber edge,

— Glulam beam to column concealed connections that include cut-outs with cavities
and allow water to collect within the concealed cavity.

An effective measure to protect against water damage is incorporating inbuilt drains
(e.g., in bathrooms) that allow excess or extinguishing water to be drained quickly.
Successful protection against water damage in a fire scenario will rely on effective
responding operations, starting with firefighters on-site and followed by salvage teams.
By employing well-informed tactics and methods, firefighters can minimize damage to
the building—for example, by using water efficiently, understanding fire spread, and
effectively extinguishing smouldering fires within structures or cavities.

Fig. 2. CLT slab with built-up steel beam, potential water entrapment areas indicated by the red
dots.

5 Post-fire Repair and Restoration

Post-fire damage can be categorized and ranked to prioritize restoration efforts:

— Heat Damage: Repair or replacement of burnt (charred or otherwise thermally
decomposed) structural elements (e.g., see [9, 10]).
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— Smoke Damage: Removal of odours and stains from structures, preferably starting
from the areas damaged by fire.

— Water Damage: Requires immediate action to prevent biodeterioration, like mould
and bacterial growth.

Fire and Smoke. Once the fire has been extinguished, it is important to establish a
pressure differential using fans within the building. This helps hinder the further spread
of smoke and odours beyond the fire-exposed rooms. Additionally, measures should
be taken to prevent further damage and the spread of odours that may occur during the
removal of damaged materials or the demolition and refurbishment of affected structures.

Smoke-stained materials typically need to be identified and replaced. The same
applies to materials contaminated by odours. However, addressing odour contamination
can be more challenging, as such contamination is not always visible.

Water. Once the fire is extinguished, the first responders on site can change focus
from firefighting to salvaging, which in relation to water damage means “drying”. The
objective should be focused on extracting any water as soon as possible. Visible water
should be extracted out of the building, through workable drains or redirected from
spreading into the structure [4]. The next crucial step is to start the drying out process,
which must be started within the first couple of days.

Restoration Process. Timely and well-coordinated restoration efforts are essential. Key
steps include:

1. Damage Assessment: Identify and document affected areas.

2. Water Extraction and Drying: Initiate within the first couple of days to prevent mould
and bacterial growth.

3. Structural Repairs: Replace damaged elements, ensuring compatibility with original
construction.

4. Surface Cleaning and Restoration: Remove smoke stains and odours.

Restoration strategies should be tailored to the type of construction (e.g., modular vs.
traditional timber framing or mass timber construction) and guided by best practices to
ensure cost-effectiveness and durability. Extended exposure to fire or water may make
demolition of structural elements necessary, requiring input from experts.

6 Conclusion

Property protection in timber buildings requires a multi-faceted approach encompassing
fire prevention, damage mitigation, and efficient restoration. Stakeholder collaboration,
advanced fire safety technologies, and robust post-fire recovery plans are critical to bal-
ancing life safety and property protection objectives. Further research and innovation are
essential to address the unique challenges posed by timber construction and to enhance
the resilience of sustainable building designs.
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Abstract. The chapter summarizes the different methods available for damage
repair after water and/or fire events. Different drying methods as well as their
advantages and disadvantages are discussed. This is done separately for timber
framing and mass timber constructions. The section for repair after fire events
points out the different steps that should be taken after a fire event. This includes
methods for soot removal, cleaning but also for the removal of odour. Aside from
damage repair, also methods for damage prevention, i.e. moisture monitoring
methods are discussed. These sensors detect either water (leakage detection) or
wood moisture content. In the last section, the importance of asset management
and post-construction management is discussed.

Keyword: Repair of Timber constructions - Water Damage - Fire Damage -
Moisture Monitoring

1 Introduction

Recent developments have led to a significantly increased use of mass timber in tall
buildings. With the increasing height and value of mass timber buildings, the potential
property damage is increased as well. It is, from an insurance perspective, essential
that expected events do not lead to irreparable damages, as otherwise high costs are
the consequence. These associated risks have led to high insurance costs for timber
buildings up to 800% more than conventional materials. On a societal level, water and fire
damages are recognized to be the costliest forms of damages in buildings [1]. As timber
is sensitive to water and does not recover fully from significant heating, uncertainties
arose regarding the repairability of timber structures. A project by the USA’s National
Fire Protection Association, indicated gaps of knowledge regarding repair of particularly
mass timber structures. These knowledge gaps did not only concern the assessment and
repair, procedures, but also how to deal with insurance policies and recertification of the
building.
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In general repair procedures after a fire event are kept confidential. Despite that a
number of publications provide recommendations based on real post-fire repairs and
experimental studies of post fire or water damage repair. This chapter provides guidance
for damage assessment, repair and maintenance based on current knowledge.

2 Water Damage and Repair

Probably all building materials are to some extend prone to water damage due to vapour
condensation, roof leaks, failures at building envelope penetrations such as doors or
windows and wicking from wet foundations [2]. Therefore, moisture management is
crucial for any building material. Nevertheless, wood is special in that sense, that wood
is a hygroscopic and biodegradable material that tends to wet far more quickly than
it dries. Furthermore, the dimensional changes connected to those changes in wood
moisture content makes this especially critical in timber constructions.

Wood takes up water from the environment, both in gaseous form (from the humidity
in the air) and liquid form. Without direct water contact, the highest wood moisture
content that once dried wood can reach is marked by the fibre saturation point (FSP).
This point is specific for each wood species and vary between 20% to 40%. For Spruce,
the FSP is appr. 30%. It is important to note that up to the FSP, the water is mostly in the
cell walls. Only with wood moisture content values above the FSP, free water is in the cell
lumen (i.e. the hollow space inside the wood cells where water is not bound to the cell
walls). This happens, when wood comes into contact with liquid water. Liquid water
is easily accessible, and its occurrence strongly increases the probability of a fungal
attack. Practices generally target a wood moisture content below 20% (e.g. for glulam
production lamination, wood moisture content should be <18% for treated and <15%
non-treated wood according to the EN 386) and practice [3] with no single measurement
exceeding 24%. Eurocode 5 specifies that this moisture content limit is maintained in
indoor environments, i.e. service classes 1 and 2. For outdoor applications, wood is often
treated to enhance its durability.

During production, wood is dried to reach target moisture contents generally below
20%. Notably, removing water from the cell lumen requires significantly less energy
than extracting water from within the wood cells themselves.

Water damages usually happen during the use phase of a building, e.g. due to con-
struction defects, leaking pipework or even from extinguishing water after a fire event.
However, moisture management is also crucial during the erection phase. Guidelines are
available e.g. from Caldwell [4].

When water damage has occurred in timber constructions, the following procedure
is recommended by Tscherne et al. [5]:

1. Wood moisture content measurement in different spots of the affected timber
construction and adjacent construction elements.

2. In most cases opening the construction, removal of wet backfills and insulation
materials

3. Visual examination for moisture related fungal infestation, especially mould and
wood destroying fungi.
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4. Removal of infested wood, depending on the type of fungi and degree of damage,
restoration of statically necessary measures if required.

5. Use of technical drying methods, depending on the type of construction and the degree
of moisture damage

6. Control of the drying success by measuring the wood moisture content especially on
the most critical parts of the construction.

These steps are discussed in more detail in the following sections.

2.1 Drying of a Structure

Prior to all almost all drying methods, the construction has to be opened and inspected
for fungal infestation. After that, the drying procedure can be started. Generally, the aim
of the drying process is the reduction of wood moisture content below 20% over the
cross section of all timber construction elements. Control of the moisture content during
and after drying is crucial. It is also imperative not only to assess the wood moisture
content on the wood surface, but also in deeper layers of the wood, as the drying on the
surface is much faster than inside the bulk wood.

It is advisable to measure the wood moisture content especially in the parts of the
construction, where drying is difficult. This is, for example, the case of the supports of
a wooden-beam ceiling.

Various techniques are available for drying of timber constructions (and other mate-
rials). Most of them require a difference in partial pressure between outer and inner
layers of wood. While higher moisture gradients will lead to faster drying, there are
certain limits. When the moisture difference is too high, capillaries will be interrupted,
and the drying time might get even longer. Furthermore, a high moisture gradient over
the cross section can lead to damages such as cracking of wood. Therefore, the right
balance of the severity of drying is recommended.

The duration of the drying procedure depends on the following factors:

1. Intensity of moisture penetration: What is the highest wood moisture content and how
deep does it reach into the wood

2. Drying technique and drying program used

3. Accessibility to dry air

2.2 Drying Methods

If a dry environment with low relative humidity is available, natural drying in fresh air
is a viable option, as it is usually very mild and cheap. For this method to work properly,
the wet areas have to be fully exposed. Heated rooms are especially suitable but need
constant ventilation to get rid of the moist air.

Condensation dryers (Fig. 1, left) are the most used drying systems, as they are
rather cheap and give excellent drying results. The basic principle behind this technique
is blowing heated (and therefore dried) air in in the environment to allow moisture
desorption from wood. Subsequently, the resulting warm, humid air that results from the
drying process is forced to flow across a cold surface, where the water condenses and
is collected. The air is heated up again and is reused for drying. The condensed water
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has to be removed continuously. As a result, the relative humidity inside the room is
continuously reduced. It is crucial that the dry air gets in contact with the wet surface
areas of the construction elements. Ventilators are thereby excellent accessories, that,
when positioned appropriately, are a great help getting the hot, dry air to all regions of
the affected construction elements (Fig. 1, right).

Fig. 1. Left: Condensation dryer; right: Ventilators help to guide the air flow during drying

For efficient drying, it is furthermore important to seal of the room. Condensation
dryers are ideal for closed and sealed rooms, that have a room temperature of at least
6 °C. An overview of advantages and disadvantages of condensation drying as a repair
method are given in Table 1. An alternative to condensation dryers are adsorption
dryers. With these devices, humid air is drawn in and routed through a rotor that contains
drying materials, such as silica gel or zeolites. These minerals are immobilized, e.g. on
a honeycomb-shaped and air-permeable glass fibre structure. The adsorbed water is
removed continuously with a heated second air stream in counter current mode. The
moist air is then led outside (e.g. through a window), while the heat is recovered by a
heat exchanger. Advantages and disadvantages of adsorption drying as a repair method
are given in Table 1.

For very difficult to access areas (e.g. soaked floor structures in new buildings), the
above-mentioned drying techniques can be assisted by over- and underpressure drying
methods. For these techniques, dry air is either pressed into or vacuumed from cavities
of the construction. With the overpressure drying, dry air is blown in through injection
openings that are arranged in a grid. The humid air escapes at outlet openings or at
exposed edge joints (i.e. between floor and wall). The advantages and disadvantages of
the overpressure method compared to the under pressure method is listed in Table 2.

In contrast to the overpressure method, humid air is sucked out with the underpres-
sure drying method, using vacuum turbines. Air flows through openings of the floor or
through exposed edge joints. For efficient drying, the air has to be dried simultaneously,
using condensation or adsorption drying. One of the biggest advantages of the under-
pressure method is that the air can be filtered, and no mould spores or other contaminants
are blown into the room. This makes this an especially suitable method for rooms with
high hygienic requirements.

A currently rather exotic method is the infrared drying technique and is currently
used only on rare occasions. Infrared irradiation does not penetrate deep into the wood
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Table 1. Advantages and disadvantages of various drying methods condensation dryers

Drying method

Advantages

Disadvantages

Condensation dryer

Simple technique, robust and
durable devices

Water from condensation has to be
removed constantly

Relatively cheap Air turbulence can cause mould
spores to swirl and distribute inside
the room

High efficiency Minimal temperature of 6 °C

Drying is not too fast and thereby
prevention of drying damages such
as extensive cracking

Adsorption dryer

Wider application spectrum
compared to condensation dryer

High energy consumption

Also usable with air temperatures
below 0 °C

Since wet air is continuously
removed, supply air must be
provided

Humidity is removed via an air
flow and hence, no water tank has
to be emptied

Danger of overdrying and resulting
damages (e.g. cracking of wood)

Very fast drying, as the dried air
has a humidity around 15-20%

Table 2. Advantages and disadvantages of overpressure drying compared to underpressure drying

Advantages

Disadvantages

Higher efficiency and therefore faster drying
than underpressure drying

rooms,

Contamination of the room (e.g. mould spores
or other materials like fibres. Underpressure
drying is also feasible for hygienic-sensitive

Easy installation

Filtering of exhaust air is not possible and can
therefore not be used in rooms with strong
hygienic requirements

Air ventilation is easily done

and hence, only the surface is dried efficiently. For efficient drying, another heat source
and a (forced) air flow is necessary.
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3 Drying of Ceiling Elements

3.1 Drying of a Wood-Beamed Ceiling

Figure 2 shows a typical wood-beam ceiling construction, typical for floors for interme-
diate storeys. In modern wood-beamed ceilings, a recessed formwork (6) and a gypsum
plaster board (7) are also common. Between the beams there is usually also a sound insu-
lation present. The top layers are typically a combination of several wood-based materials
as well as a concrete screed, with/without backfills and with/without underfloor heating.

L

— 7

Fig. 2. Schematic of a traditional Austrian wood-beam ceiling construction; 1) Floor covering,
e.g. parquet flooring; 2) blind floor, typically softwood; 3) backfill; 4) formwork; 5) wood beams
with app. 80 cm distance; 6) recessed formwork; 7) gypsum plasterboard

If there is not insulation material between the beams (which is often the case in older
buildings), the drying procedure is straightforward: in each cavity between the beams,
openings are drilled and over- or under pressure drying is performed (Fig. 3). If present,
the insulation material between the beams has to be removed prior to the drying process.

Drying from below is, however, not sufficient, if there is moisture ingress from the
top, i.e. the parquet flooring and backfill. In this case, flooring and backfill have to be
removed. The main reason why drying does not work properly through the backfill is the
formation of drying paths, through which the dry air is blown. The surrounding material
tends to stay wet.

3.2 Drying of Timber Frame Walls

Drying of timber frame walls is achieved by opening the construction and removing the
insulation materials in the partitions. Gypsum boards and organic materials are prone to
infestation with mould and should therefore be removed quickly. When removing the
bracing internal planking, it is important to keep at least one side (e.g. the exterior side)
intact. If that is not possible, it is crucial only to replace one board after the other not
jeopardize the stiffening properties.

Drying is usually done with condensation or adsorption dryers, assisted by venti-
lators. Special attention should be paid to connection joints to avoid moisture islands.
Important are also other hard-to-dry building elements, such as horizontal beams on the
floor.

Before closing the construction again, wood moisture content has to be monitored
conscientiously. Especially the wood moisture content in the deeper parts is of great
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Fig. 3. Drying of wooden-beam ceiling with overpressure method

importance. For that, it is advisable to use stick-in electrodes with at least 40 mm in
length. After drying, walls have to satisfy mechanical properties (stiffening function),
but also building physics (fire, sound, heat insulation). Especially important is also
moisture protection and restoring the vapour barrier.

3.3 Drying of Mass Timber

Drying of mass timber elements such as walls and ceilings is much more difficult com-
pared to timber frame buildings, as they do not have any cavities, where dry air could be
blown through. It is therefore important to expose the cross laminated timber elements
(i.e. removal of e.g. gypsum boards) and start drying promptly (Fig. 4). This can be
done by conventional dryers such as condensation and adsorption dryers, again strongly
assisted by ventilators. Most critical areas are joints and end-grain areas.

The aim is again reducing the wood moisture content to less than 20%. Same as with
the timber frame building, before closing the construction, wood moisture content has to
be checked, especially on the hard-to-dry parts and not only superficially but also inside
the CLT elements.

A study of 80 soaked wall-to-floor connections [6] compared three drying methods:
air drying (9 months outdoors), mild drying [3] (500 h at 30-35 °C), and aggressive drying
(200 h at 60-82 °C). While load capacity and stiffness remained largely unchanged,
aggressive drying increased the brittleness of Douglas fir, unlike other wood species.
The authors warn of biodeterioration risks with natural drying and recommend mild
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Fig. 4. Mass timber elements before drying; all panels were removed and the CLT elements were
exposed

drying, though insurance industry representatives indicated aggressive drying is the
most common method applied in practice [8] (Fig. 5).

8d Common
Nails

L-Bracket

Hexagonal
Bolt

Fig. 5. Connection specimen for experimental study of drying methods. Reprinted from Journal of
Building Engineering Volume 76, 2023, Kenneth Emamoke Udele, Arijit Sinha, Jeffrey J. Morrell
Effects of Re-drying on properties of cross laminated timber (CLT) connections, Copyright (2023),
with permission from Elsevier.
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3.4 Effect of Water Damage on Timber Connections

The effect of water damage on timber connections is critical, given that timber connec-
tions have complicated designs and are the weakest points in timber structures, with
most failures in timber buildings occurring at the connectivity level. Higher wood mois-
ture content gives lower the mechanical properties. Consequently, high moisture content
affects timber-dominated failure modes in timber connections or can transform steel-
dominated failure modes into timber-dominated ones (e.g., tensile screw failures in dry
Douglas fir samples compared to withdrawal failures in wet specimens, as reported in
[7]. Connections are more affected by moisture due to the high localized stresses that
increase moisture transfer (stress-dependent moisture diffusion), with water travelling
to the highest loaded areas faster.

Modification factors, k04, to account for the effect of moisture combined with the
load duration are considered in the EC5 design guidelines. The use of these factors,
either in the connection strength equation or directly in the timber failure mechanical
component (i.e., in the withdrawal or embedment strength), has been debated [9]. The
modification factors account for a reduction in the strength of connections with dowels
and screws at moisture contents above 20%, whereas it is assumed that there is no effect
of moisture content between 8—20%. However, experimental findings in both screws and
dowels demonstrate a strong relationship between mechanical properties and moisture
content in the 8-20% moisture content range.

A decrease of 0.7% and 2.7% in the axial withdrawal capacity of screws per 1%
increase in moisture content was reported for spruce solid timber with a moisture con-
tent range of 12-20% in [10] and [11] respectively. In CLT, a 1.8% drop in the axial
withdrawal capacity per 1% moisture content was noted in [12]. Although CLT is not
designed for wet conditions, water damage including rotting in CLT roofs, is increasingly
reported due to poor detailing and workmanship. A decrease of up to 47% in the with-
drawal capacity of self-tapping screws was observed under saturated conditions [13].
Under very dry conditions, lower withdrawal capacities have been observed for both
glulam and CLT with a greater tendency to splitting [10, 13]. No significant differences
in the axial withdrawal strength of screws were observed in CLT and glulam after cyclic
conditioning under dry (RH = 30%) and wet conditions (RH = 90%) [12]. A severe
reduction of up to 83% in the axial withdrawal strength of stainless screws was noted
following brown rot decay in radiata pine specimens, compared to a maximum reduction
of 42% due to white rot decay [14].

A linear relationship between moisture content and the embedment strength of dow-
els was observed, independent of wood species and dowel diameter in [9]. As the slen-
derness ratio of the dowels increased, the effect of moisture content decreased due to a
shift in the failure mode from embedment to fastener yielding. On the other hand, [15]
found a non-linear correlation between wood moisture content and embedment strength
of smooth dowels that is dependent on wood species. A decrease of 5.8% and 4.6% per
1% moisture content increase was recorded for spruce and birch specimens, respectively.
Embedment stiffness was not affected by moisture content. Moisture content variations
due to assembly history do not affect the embedment strength, but an increase in stiffness
from wet to drying conditions was observed due to shrinkage effects.



Damage and Repair of Tall Timber Buildings 159

Although glued-in rods are promising connections for their application in taller
timber buildings due to their high axial load transition and stiffness, as well as greater
connection efficiency, care should be paid in the case of water protection. The use of
glued-in rods (GiRs) is not recommended in wet conditions and service class 3 due to
risk of loss of interfacial bonding between the wood and the adhesive as a result of
internal stresses building up from swelling and shrinkage effects. However, a decrease
in pull-out load capacity of up to 23.8% was observed in wet conditions for steel rods in
glulam specimens after wet and drying conditions [16], and the duration of load effect in
GiRs with epoxy adhesive is similar to timber under varying humid climate conditions
[17].

Corrosion of metal fasteners can take place at prolonged exposure to water and
high humidity environments (e.g., swimming pools) despite corrosion-resistant measures
being in place (e.g., use zinc coated screws or electrogalvanized carbon steel dowels).
Visual inspection can be restricted due to the accessibility of timber connections and
replacement of corroded fasteners can be limited due to either gluing/embedment in
the timber or due to wedging of the fasteners from the expansive corrosive products.
Corrosion can be accelerated in some instances due to the natural extractives of certain
wood species in combination with high moisture content.

Varying relative humidity (RH) conditions, from wet to dry, can significantly affect
the load-bearing performance of timber-steel connections. This is due to the restraining
effects caused by rigid steel elements opposing the dimensional changes in timber caused
by its hygroscopic nature. Sudden shifts from high to low humidity can occur during
the construction sequence—especially in the absence of a moisture management plan—
when timber is exposed to rainfall, followed by low humidity due to heating at operational
conditions. Additionally, water ingress and trapped moisture caused by poor detailing
can further contribute to moisture-related issues, including biodegradation. A decrease
of up to 90% in the withdrawal capacity of screws in wet conditions (change in moisture
content of 6%) has been recommended due to the confinement effects of thick metal
plates, whereas additional detrimental effects of screw failures can take place when
combined effects of high moisture and over-torquing of screws occur on-site. In timber
connections with dowels, the change of moisture content from 12% to dry conditions
results in the contraction of timber holes and high localised stresses due to the presence
of the metal fasteners restraining this movement. These internal stresses, combined with
stresses from the applied loads, can exceed the tensile strength perpendicular to the
grain, leading to cracking and a reduction in the moment-resisting capacity and ductility
of connections, which are critical for tall timber buildings [18]. A great propensity for
cracking increases with the increase in the size of structural timber elements and the
high moisture content gradients taking place with sudden changes in relative humidity.
The effect of cracking on the load-bearing capacity of connections depends on the depth,
length, and location of the crack. Longer and deeper cracks have an adverse effect on the
load-carrying capacity of bolted timber connections when they are placed on the tension
side of a moment connection [19]. Decreases in the mechanical performance of up to
31% were experimentally observed in tensile testing of timber connections with multiple
dowels due to shrinkage cracking [18]. A decrease in fastener yielding and ductility was
observed with a greater extent of cracking in timber connections [20]. In terms of dowel
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embedment strength, a 10-15% reduction in strength and a greater decrease of up to
20% were recorded due to artificial cracks simulating shrinkage effects [15].

To mitigate the effects of water damage in timber connections, the first measure is to
eliminate the root cause of water ingress (e.g., improve ventilation, repair of waterproof-
ing membrane, protect exposed end grain faces). To mitigate the effects of extensive
cracking in timber connections, repair methods can vary from reinforcement with metal
screws, bonded-in rods, and Fibre Reinforced Polymer (FRP) wrapping systems. Addi-
tionally, gap-filling adhesives or metal plates with screws can also be employed. The
latter option, although not lightweight, has been commonly used in rehabilitating old
timber buildings (e.g., Beaulieu Church in Hampshire [21]) to increase the rotational
stiffness and load-carrying capacity of joints.

The use of screw reinforcement in moment connections with multiple dowels and
artificial cracking in the middle row proved to increase the rotational capacity of joints
showing limited crack growth upon loading in [22]. However, a slight improvement
in the load-carrying capacity was observed compared to the uncracked, unreinforced
specimens. The location of the artificial crack in the middle row rather than the side rows
which are under extreme tension and compression could explain the slight difference
in failure loads. An increase in the load-carrying capacity and ductility of timber joints
with a single dowel has been reported in [23] and [24].

4 Fire Damage and Repair

A fire event can be considered an uncontrolled burning process. During a fire, wood
forms a char layer on exposed surface, while the portion of the core remains relative
cool [25]. That is the reason, why the structural strength of both mass timber but also
timber frame buildings will mostly be retained, which is a huge benefit compared to
other building materials.

However, important questions remain: How complex and costly is the restoration
after a fire? How much of the construction can be repaired or replaced? What steps
need to be taken to comply with insurance repair policies and to be able to recertify the
building? Or is it even better to demolish the whole building and start all over? These
are important considerations and affect building owners but also insurance companies.
The following sections give an overview on the methods and considerations for damage
repair after a fire. It also has to be kept in mind, that fire damage is in most cases combined
with water damage from extinguishing water.

During a fire event, harmless materials can emit potentially hazardous combustion
products. As an example, after a longer period of smouldering fire, also construction
wood can emit toxic combustion products.

According to Matzinger and Polleres [26] general procedure for inspection and repair
of fire damage can be summarized as follows:

1. Inspection and first measures after a fire event:

— Determining the extent of damage and, if required, structural securing of the
building to prevent building collapse.
— Temporary sealing of wall and ceiling openings
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— If required, erection of a temporary roof

— Removal of inventory

— Compartmentalization of undamaged building components, e.g. to avoid the
distribution of potentially toxic substance in other areas of the building

— Turn of ventilation systems, e.g. a controlled domestic ventilation system.

2. Damage Repair

— Removal of:

damaged interior panels (gypsum boards, wood-based materials boards, etc.)
damaged construction elements after proper securing measures

sooty insulation materials

flooring

electric installations and cable ducts

— Renovation of construction
— Removal of odors (e.g. by ozonisation).

Some of these steps are described in more detail in the following sections.

4.1 Determining the Extent of Damage - Structural Safety

Visual inspection of the damage and residual carrying capacity of the construction is a
crucial first task. After the first visual inspection, opening of the construction elements
is the next step. If panels like gypsum boards are present, these have to be removed, as
they are either burnt, full of soot and/or wet from the fire extinguishing action. Figure 6
shows a kitchen after a fire event. Although no water damage is present, strong sooting
occurred due to the smoldering fire.

Figure 7 on the left shows the ceiling over the fire source after opening the construc-
tion. Especially around the panel joints and cracks that occurred during the fire, soot
particles penetrate the deeper layers of the construction. Convection allows sooting also
far away from the fire source. Typically, sooting can be seen in the vicinity of sockets or
light outlets. Especially to remove odor, it is important to check installation levels and
cable ducts for sooting.

Figure 7 on the right shows considerable sooting inside the insulation plane, although
the actual fire happened only on the ground floor.

For fires with significant structural damage, it is recommended to involve structural
fire engineers to assess the residual load bearing capacity of the structure. The most
critical parts are load bearing structures and their residual load bearing capacity. If panel
materials for stabilizing in timber frame buildings are affected, additional temporary
measures have to be taken to sufficiently brace the structure.

The heat of a fire can reduce the mechanical properties of wood. If the heating
is significant enough to cause char formation, the charred material has no significant
strength and will not recover in strength. Scraping off the char layer and determining
the thickness of the discolored layer of wood, therefore, can give a good indication of
structural damage. It is, however, important to note that weakening of timber also takes
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Fig. 7. Left: Ceiling over the fire source: Heavy sooting especially around the panel joints and
cracks; Right: Sooting of the insulation panels in the roof, although the actual fire happened only
on the ground floor.

place below the decomposition temperatures of 200 °C [27], which means that not all
damage is visible. It is unknown to what extent uncharred wood recovers in strength.

Resistance drilling with a long thin drill using a, so named, resistograph can be used to
not only assess the thickness of the char layer, but also the thickness of the damaged layer
reduced properties [27]. A larger number of drill measurements will lower measurement
uncertainties which are caused by the variability of wood properties and the impact of
cracks and knots. Alternative methods include material testing of cut out samples of the
fire exposed wood and modeling of the fire scenario based on fire dynamics, whereby
information of the fire duration is used and results should be validated against other
measurements such as resistance drilling.
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4.2 Damage Repair - Cleaning of the Surface

Cleaning of the surfaces can be done in certain cases by hand. Special cleaning agents
contain wetting agents that help cleaning the soot. The work itself is potentially danger-
ous due to the toxic substances inside the soot. Therefore, appropriate protective clothing
have to be worn. The wastewater should be professionally disposed.

Another method is the peel-off procedure or latex cleaning. For this method, a
highly viscous dispersion of y polymer is sprayed or brushed onto the surface. After 1
to 24 h, the dispersion is dried and can be peeled of (Fig. 8, left). While this method
works very well on non-porous substrates, it works only very superficial on wood (Fig. 8,
right).

Fig. 8. Left: Removal of dried soot removal film; Right: Cleaned and uncleaned surfaces.

For heavy contaminations, sandblasting or dry-ice blasting methods can be effective
methods. Both methods have a strong abrasive effect on the surface and remove several
millimeters of the wood surface. While with sand-blasting, quite a high amount of
(contaminated) sand will remained, dry-ice blasting uses frozen CO; as abrasive medium.
Therefore, dry ice blasting does not leave any secondary waste, as dry ice particles
sublimate upon impact. However, both methods leave a heavily roughened surface and
require in most cases a proper post-treatment (planing, sanding).

Another method is manual planing and sanding Fig. 9. It is highly advisable to
remove at least 3 mm more than the discoloured surface to get rid of the burning smell.

4.3 Cleaning of Ventilation System

Modern buildings quite often contain housing ventilation and or controlled domestic
ventilation. After a fire event, these are usually contaminated with soot and have to
be either removed or carefully cleaned (Fig. 10). Cleaning is done, using a tube brush
equipment as well as a powerful suction unit. Results from a recent research project
(Brand-Wasser_Schaden, Holzforschung Austria) indicate good results were obtained
using this method.
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Fig. 10. Left: Soot inside air ventilation pipes; middle: Special tube cleaning brush; right: a
powerful vacuum is needed

4.4 Renovation of the Wood Construction

After removal of the fire damage, the construction have to be restored to fulfill all the
statical and building physics requirements. In addition, it is likely required, in agree-
ment with an insurance policy, to obtain the same aesthetics as before the fire. Especially
important is the stiffening function of the panelling and the building physics in terms of
fire, sound and heat protection. An experimental case study [27], see Fig. 11, indicated
that mass timber can be repaired to achieve the same structural capacity as it had before
the fire. This was achieved by replacing damaged timber with timber that has a high
strength grade, and by bonding the replacement material to the cleaned mass timber it
with a gap-filling phenolic resin. The repairability of structurally damaged connections
can, however, be significantly more challenging if metallic members conducted heat
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deeper into the timber material. It is to achieve better repairability, therefore, recom-
mended to sufficiently embed metallic parts of structures that would be challenging to
repair.

4.5 Removal of Smell

Even after thorough cleaning and exchange of burnt building materials, the smell might
still be present. One possibility to get rid of the remaining smell is the use of ozone.
This procedure destroys relevant VOCs (e.g. butylbenzene or cresole derivates). It has
to be kept in mind that the removal of the burning smell is one of the most difficult
parts of a renovation after a fire event. Furthermore, there is also a strong psychological
component: Burning events can be a traumatic experience, and inhabitants are very
sensitive for the burning smell.

5 Overview over Moisture Monitoring Technologies

Moisture related problems and limited service-life of timber elements are one of the
most cited barriers of investors when selecting the base construction materials for new
projects. Although fire might have fatal consequences for the timber buildings, statisti-
cally problems related to increased humidity or moisture have much higher incidence.

Fig. 11. Experimental setup for post-fire repair of a section of a compartment ceiling after a severe
4 h long fire [27]
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Fire resistance of buildings is covered by international and national standards including
fire detection and suppression systems while moisture monitoring and control is not
required by any standard.

While in case of single floor family house the consequences of water damage are
usually repairable in case of multistorey timber buildings the repairs might be extremely
expensive and thus early detection or warning can save owners money, specifically when
there are problems hidden in the structure and not visible from exterior or interior of
the buildings. Therefore system to detect and localize increased moisture or humidity
problems became part of tall timber projects and today there is multiple systems on the
market to choose from. There are several typical sources of the increased humidity in
the building structures:

— Water leakages (drinkable water, heating systems, waste water, HVAC condensate,
rain water)

— Condensation of water vapours (damaged vapor barrier, high interior humidity, heat
bridges)

— Ground water penetration thru foundation

— Embedded moisture (trapped water during construction, exposure of the construction
site to rain water, insufficient drying of the timber elements, sealing of the structure
with high level of moisture, wet construction processes screed)

— User behaviour (insufficient air exchange, high interior humidity, leaks of water,
damage of hydro isolation layers)

Sensor system does not always need to measure directly moisture content in material
(MC). In many cases relative humidity (RH) sensors located directly in the timber struc-
ture would detect the increasing trends of relative humidity. While moisture content is
local variable, relative humidity spreads in breathable materials in the building structure
and thus RH sensor can detect leakages located meters away from the sensor spots.

Measurement of relative humidity is applicable using cheap miniature sensors that
can be easily integrated in the structure. The measurement of RH makes sense only
when sensor is located in air or in breathable internal materials such as insulations from
rockwool, mineral wool, cellulose or some wood fibre boards. The detection area is
limited to borders of the space where the sensor is located.

The main advantage of these sensors is the thigh detection speed, which is much
faster than in case of wood moisture content sensors (e.g. those based on the electrical
resistance method). The disadvantage of RH sensors is the high temperature influence
and measurement range: While 100% relative humidity is the maximum value, the wood
moisture content can still further increase due to the presence of liquid water (Fig. 12).
After reaching 100% RH it is not possible to judge if the structure is already drying out,
stabilized, or getting even more wet.

Sensors for measurement moisture content MC or in case of wood often used WMC
(wood moisture content) are more complicated and expensive. Handheld devices are
available but they can not be integrated directly to timber structure and can measure
only in accessible locations of the structure. Increase of moisture in the material when
exposed to water or high humidity is a long-time process (days to months) and thus MC
sensors are not optimal for immediate detection of sudden leaks. Moisture content is
local variable and horizontal and depth gradient can be high (5-10% over 10 cm). The
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Fig. 12. Comparison of detected leak in relative humidity and moisture content measured in the
same spot (Senzomatic.com)

most common method for measuring WMC is converting measured electrical resistance
to wood moisture content value by available equations for specific wooden species.
The method is invasive because of penetration of the wood with two rod electrodes.
WMC measurement is defined in EN 13183-2. The advantage of this method is that the
temperature effect on measured value is very small, measurement range is quite high
5-40% WMC (depending on the fibre saturation point of the respective wood species)
and this method provides valid data even in situations where relative humidity shows
constantly 100% (Fig. 13).

Fig. 13. Horizontal gradient of moisture content in CLT, example of handheld measurement
device (Senzomatic.com)

In cases where we need to detect the presence of liquid water there is a possibility
to use detectors with binary output (leakage detection). In such cases the users do not
get the information if the moisture content is increasing or decreasing but rather if water
is present in the structure or not. In most cases these detectors are based on flat tapes,
flooding cables or spot detectors located in the parts of the structure that are exposed
to high risk of water related problems. These detectors work on the principle that on
the tape or cable there are two isolated electrical wires. Immersing of water will change
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the isolating resistance between the wires or pins. In case of tapes or flooding wires the
sensing area is along the whole length of the tape or cable. Therefore the main advantage
is the detection area, while disadvantage is absence of localization within the cable or
tape length or limited information about the trend of the detected problem due to the
binary information only (Fig. 14).

Fig. 14. Water sensitive tapes (SMT-Research)

5.1 Systems for Moisture Monitoring in Timber Buildings

The different methods for wood moisture content measurements were already described
in Although the sensor systems for continuous monitoring of wood moisture content
measurements timber structure monitoring are relatively new on the market, they became
standard for most of the tall or large timber building projects nowadays. The advantage
of early detection and localization of moisture related problems is attractive to builders
and for owners-investors too. In some cases more advanced sensor system can track the
moisture levels already from the prefabrication, thru storage and transportation, on-site
storage, building erection, up to building commissioning, standard operation to structure
decomposition and reuse-recycling. The main factor to be considered when selecting a
proper system for specific projects are listed below in Table 3.

5.1.1 Wired Sensor Systems

The main advantage of wired sensors compared to their wireless counterparts is unlim-
ited service-life which predetermines them to be used in inaccessible locations in the
structure where it is not possible to change the batteries. The data could be sent with
higher frequency e.g. 5 min. The main disadvantage is that the system requires cable
infrastructure to be installed which makes installation more complicated and expensive.
Wire usually provides not only communication line but also the power for sensors con-
nected. The communication interface could one of industrial standard bus (e.g. RS485),
and the communication protocol also could be open and standardized such as Modbus,
M-Bus, UART. The topology of the network could be bus, star or combinations (Fig. 15).
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Table 3. Systems for moisture monitoring overview

Functionality/parameter

Explanation

Type of the timber or hybrid structure

Wood resistance method is suitable for
materials such as (Timber Frame, CLT, Glulam,
LVL), but not applicable for OSB, wood fibre
or chip boards

Investment & operational cost

Initial purchasing cost of the whole system and
regular operational fees and maintenance cost

Number of measuring spots

Selection of spots for sensor placement, risk
assessment vs investment cost

Speed of problem detection

Various measurement / detection methods have
different response time

Service life of the structure and monitoring
system

Expected service life of the structure and
accessibility of the sensors should be
considered in sensor technology selection

Sensor interface & communication protocol

Analog output, digital output, data
communication protocols, wireless
transmission

Wired or wireless

Main selection criteria considering cable
infrastructure, cost of installation works and
service life of the system

Detection or measurement

Water detection or real wood moisture content
measurement or relative humidity measurement

Localization of problem

Precise localization of problem within the
structure

Real time or walk over

Real-time monitoring can warn user
immediately, other technologies require manual
or walk-over readout to get data from the
sensors (e.g. RFID sensors)

Data period

Frequency of data sampling is very different in
case of wired or wireless systems

Service and maintenance of the system

Serviceability and regular fees related to
operation of the system has to be considered
when the system is selected

5.1.2 Wireless Sensor Systems

Wireless moisture monitoring systems do not need the cable infrastructure and therefore
the installation procedure is much faster and cheaper. Furthermore, these systems can
be easily installed in already built structures. The disadvantage is limited service life
which is strongly dependent on the battery used and frequency of data transmissions.
Usually, the frequency of data transmission for moisture values is e.g. 4 times per day,
and for relative humidity 1x in an hour. With proper design of the power circuit and
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Fig. 15. Left and middle: Wired combined sensor MHT (Senzomatic.com). Right: Wired sensor
(tagtron monitoring gmbh)

optimal communication protocol it is possible to achieve service life of the battery up
to 10 years. There is a number of wireless technologies that can be used in licensed as
well as in unlicensed radio bands. To name the most common LPWAN technologies
it is LoRa/LoRaWAN, NB-IoT, Zigbee, IQRF and others. The range as well as the
transmitting power depends on the wireless technology selected. Figure 16 shows several
examples of sensor technologies currently available on the market.

5.1.3 RFID Sensors

A special group of wireless sensors are RFID sensors. Passive or battery assisted RFID
sensors do not transmit data periodically. Operators with special RFID reader have to
approach the integrated sensor and then the reader excite the sensor by electromagnetic
radiation, the sensor uses the energy to wake up, take the measurement, transmit data to
the reader and sensor falls back to sleep mode again. The sensors are usually very simple
providing temperature data and/or binary information of detected water. Service life is
not limited by the lifetime of a battery. Operators walk-over or drone fly-over readout
with special RFID reader is necessary which makes the operation costs higher. This
technology is not suitable for application where we need to have immediate warning
when sudden increase of moisture or humidity happens.

5.1.4 Detection Systems with Tape or Flooding Cable

Water sensitive tape or cable is detector which can cover quite large areas of the structure
such as flat roofs. The tape or cable consists of two or more isolated wires that are
separated by immersible material. In case of water presence over the length of the
tape the water cause drop for sensed resistance and system warns the user. The tape
can be several meters long and equipped with special detection patterns of electrodes.
The method of detection is reversible and after drying the resistance increases again.
The tape and cable should be manufactured from durable material which is resistant to
periodic exposure to water. The disadvantage might be that such system detect liquid
water. Detection of increase humidity is problematic and dependant on other factors.
Advantage is that tape is fully flat design and is easy to be integrated in the structure
(Fig. 17).
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Fig. 16. Various commercial wireless moisture monitoring systems

In several research projects, also the possibility of integrating moisture sensors
directly into wooden building components are investigated. Forsthuber et al. [28] devel-
oped a printed moisture sensors, that can be integrated directly into wooden construction
elements, such as CLT or Glulam (Fig. 18). This allows continuous in-situ monitoring
of wood moisture content. With the novel developed printed moisture sensors, it was
possible to reliably monitor accumulation of moisture within CLT elements.
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Fig. 17. Examples for detection systems with tape. Left: printed paper sensor, right: woven
polyester monofilament fibres with increased durability (images: tagtron monitoring gmbh).

Fig. 18. Left: principle of printed moisture sensor on wood; Right: Demonstrator of a printed
wood moisture sensor on a CLT floor (OForsthuber/Holzforschung Austria)

6 Asset Management

6.1 Importance of Managing Tall Timber Buildings Post-construction

The condition of tall timber structures after the construction can be determined with
structural inspections. Inspections and their outcomes, such as reports or a digital twin
can inform the owner about the structural health (detection of defects, severity and extent
of defects) and provide engineering recommendations, such as maintenance activities,
to keep structures and users safe.

Ideally, the scope, requirements, and frequency of inspections should be defined in
a standard. Frequency may be an annual visual inspection, detailed inspections every
5 years and additional inspections, such as monitoring inspections. The overall aim of
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managing tall timber structures is to have durable, resilient, robust building structures
for long-term service life and at the lowest annual average cost possible. Similarly,
competencies required for a person to undertake inspections shall be defined in a standard
that can be widely used in the construction industry, i.e. how to obtain the competencies,
its validity and process of renewal etc.

Monitoring is an important and efficient way of managing tall timber buildings. They
are affordable, require fewer resources and service disruption. Monitoring equipment
is readily available, usually non-intrusive and often operated remotely. The main aim
is to detect change, predict trends of deterioration and support making an informed
engineering decision based on data.

6.2 Managing a Building Within and Beyond Its Design Life

Design of tall timber buildings presents engineering challenge. Furthermore, a lack of
experience in managing tall timber buildings makes engineering even more complex
when it comes to preparing operations and maintenance manual on how to use and
manage tall timber buildings. Current Eurocodes suggest design life of 50 years for
new buildings with minimal maintenance activities [29] The latter in itself offers three
options when a structural design team presents an operations and maintenance manual
with identified longer-term operational expenditure (OPEX) to the owner and promoter
of a tall timber building project.

The steps below describe an indicative level of involvement of the owner Depending
on the use of the buildings use, importance and where in the world is these may be either
voluntarily or legally driven:

In an ideal scenario from the owner’s point of view, the owner may want to have little
to no involvement and expense during the design life of that tall timber building. This
may be due to the impeccable design and construction as well as use. Alternatively, as
we see too many times, due to lack of finance or willing to invest in long-term prevention
of deterioration of the tall timber buildings may dictate little to no involvement by the
owner.

Next step up towards a good stewardship of the tall timber structure - follow the
lowest annual average cost [30] to maintain tall timber building’s structure, fabric and
other elements, such as gutters, services, communal spaces, wet rooms, lift shafts etc.

The third step up would be a standardised and regular inspection regime to capture
extent and severity of defects, identification of any change thus, condition of the struc-
ture. Furthermore, once a trend of change is captured, a risk-based approach of regular
inspections may be developed.

Given that each tall timber building is bespoke and unique, it may be well worth
exploring if its maintenance regime should be to some degree bespoke. Moreover, meth-
ods, techniques and procedures could be either fully standardised following known
and tested solutions and best practices or include non-standardised applications of
engineering and asset management principles.

Surveys (or stewardship actions) are meant to provide certainty around tall timber
buildings performance by identifying any defects, their change in severity and extent and
determine the condition of the tall timber building. Thus, preventing uncontrolled and
unpredictable deterioration which may lead to a sudden failure of a part of a structure.
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The next step may be to undertake structural assessment of the tall timber building
[31]. This is usually done after an incident or deterioration beyond acceptable and could
impede safety of the buildings and the users. An example of structural assessment is
provided [32]. Furthermore, it may be useful to undertake a level of structural assessment
even though an incident that would initiate a structural safety concern did not occur
(Fig. 19).

Post-construction phase: owner of the building is ultimately accountable for man-
aging and keeping the building safe and durable in order to keep the users and relevant
stakeholders safe. They may employ manager, such as facility manager responsible for
managing on the owner’s behalf. Whereby other stakeholders need to be informed about
the planned work, such as inspection or any remedial, refurbish or renewal programmes.
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Abstract. The HAUT building in Amsterdam, the tallest timber structure in the
Netherlands, redefines sustainable high-rise construction. This 21-story hybrid
design combines mass timber with concrete, offering a benchmark for the Life-
cycle Impact Assessment (LCIA) of tall timber buildings. The chapter addresses
challenges in embodied carbon, biogenic storage, and end-of-life pathways, using
dynamic LCIA modeling to assess environmental impacts. Research shows timber
buildings often surpass a 150-year lifespan, exceeding the 50-year evaluation stan-
dard in regulations. However, findings suggest timber-only designs lose efficiency
above 60 m, requiring hybrid solutions. Lessons from HAUT provide actionable
strategies for advancing sustainable timber high-rises.

Keywords: environmental impact - GHG emission - carbon modelling -
Cross-Laminated Timber - end-of-life

1 Introduction to the HAUT Building and LCIA

This chapter provides a comprehensive review of Lifecycle Impact Assessment (LCIA)
approaches and challenges for tall timber and hybrid buildings, using the HAUT building
in Amsterdam as a central case study. HAUT, a 21-story residential tower and the tallest
timber building in the Netherlands, combines a concrete core with Cross-Laminated
Timber (CLT) floors and walls [1]. By integrating hybrid structural systems and biogenic
materials, HAUT exemplifies how design choices affect embodied carbon, service life,
and end-of-life scenarios in high-rise timber construction. Through this case, the chapter
aims to bridge practice and theory by examining real-world data while generalizing key
LCIA considerations for future timber projects aligned with EU climate neutrality targets
[2-3].

2 Goal and Scope Definition

Based on ISO 14044 and CEN 15804, the system boundary for HAUT’s LCIA includes
raw material acquisition (A1), transport (A2), manufacturing (A3), product delivery
(A4), and end-of-life scenarios (C1-C4) [12]. Functional units are defined per cubic
meter (m?) of CLT or square meter (m?) of structural components [4, 5]. This ensures
comparability with other LCIA studies in the construction sector.

© The Author(s) 2025
G. Fink et al. (Eds.): Holistic Design of Taller Timber Buildings, SPRTRCIENG, pp. 177-185, 2025.
https://doi.org/10.1007/978-3-032-02098-7_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-032-02098-7_14&domain=pdf
https://doi.org/10.1007/978-3-032-02098-7\sb {14}

178 S. Attia

Assumptions include regional forestry practices, standard sawmill energy mixes,
and typical transportation distances. Challenges arise from wood species variability,
preservation treatments, and the hybrid nature of HAUT’s structural systems in the
Netherlands. In 2024, the Sustainable Building Design Lab conducted a comprehensive
study on the lifespan of timber buildings and their components [5]. The study, based
on both expert insights and data from historical timber buildings, concluded that timber
structures typically exceed an average life expectancy of 150 years, particularly when
well-maintained and properly treated. This finding reflects industry perceptions as well
as case studies of existing timber buildings that have surpassed this lifespan.

Biogenic Carbon Storage in Timber: Biogenic carbon, captured during tree growth,
constitutes approximately 50% of the dry weight of wood, making timber a significant
temporary carbon sink. 1 kg of dry wood sequesters about 0.5 kg of carbon, equivalent to
1.83 kg of CO»-equivalent (CO,e) when oxidized. The timber used in the HAUT building
was sourced from PEFC-certified forests in Austria, managed under sustainable forestry
practices with continuous net growth.

End-of-Life Scenarios: Incineration vs. Landfilling: Timber’s environmental impact
at the end of its life hinges on its disposal method: (1) Incineration with Energy Recov-
ery: Timber’s biogenic carbon is released as COye, but the process generates energy
that offsets fossil fuel use, reducing net emissions. HAUT’s prefabricated components,
produced by Binderholz and processed by Briininghoff, minimize waste throughout the
lifecycle [6]. (2) Landfilling: Timber decomposition in landfills can release methane
(CH4), a potent greenhouse gas.

3 Life Cycle Inventory (LCI) Analysis

The primary challenge in assessing the building’s life cycle lies in integrating embod-
ied, operational, and end-of-life GHG emissions calculations across all stages. Figure 1
illustrates the life cycle modules, covering stages such as Al (raw material supply),
A2 (transport), A3 (manufacturing), and A4 (transport to site). For timber products,
these stages include forestry operations, sawmill activities, engineered wood processes,
and distribution networks. This comprehensive view highlights the complexity of har-
monizing emissions data across these interconnected phases for an accurate life cycle
assessment.

Data collection prioritizes primary sources supplemented by established LCA
databases (Ecoinvent, GaBi). When primary data prove difficult to obtain, validated
secondary sources are used to fill information gaps. All data sets undergo consistency
checks to align with ISO 14040/44 and are documented to ensure traceability. Primary
data were collected from HAUT’s project documentation, including mill-level produc-
tion data, energy consumption records, and transport logistics. Secondary data were
sourced from established LCA databases (e.g., ecoinvent, GaBi) to supplement gaps in
the inventory.

Key LCI components include the origin of timber (certified forestry vs. non-certified
sources), energy inputs for drying and cutting, by-product utilization (e.g., bark, saw-
dust), and transport logistics. Distinguishing among different product types—solid sawn
lumber, cross-laminated timber (CLT), glued laminated timber (glulam)—is crucial, as
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Fig. 1 Building Life Cycle stages and modules and system boundaries [2].

each manufacturing process exhibits unique energy and material flows. Detailed fore-
ground data (e.g., kWh consumed per m® of lumber cut) feed into background pro-
cesses (power generation, fuel production) drawn from recognized databases. HAUT’s
inventory includes the origin of certified timber, energy inputs for CLT production,
and by-product utilization. Transport logistics were modeled to capture emissions from
delivering prefabricated components to the construction site.

Service life considerations entail modeling maintenance intervals (e.g., protective
coatings every 5-10 years), replacement cycles, and end-of-life scenarios of timber
building components and finishes. The chapter specifically addresses how different use
conditions (indoor vs. outdoor, high vs. low humidity) affect decay and insect vul-
nerability [7]. By capturing the frequency of repair or replacement within the 50-year
reference period (or another chosen timeframe), the LCI can reflect realistic long-term
environmental impacts of timber elements.

4 Life Cycle Impact Assessment (LCIA)

In line with ISO 14044, LCIA emphasizes key categories such as Global Warming Poten-
tial (GWP), Acidification, Eutrophication, Photochemical Ozone Creation, and Resource
Depletion [4]. Timber’s role as a temporary carbon sink is critical for GWP evaluations,
as carbon sequestered during tree growth reduces net greenhouse gas emissions—some-
times yielding net-negative results when storage is included. However, common end-
of-life scenarios like incineration or landfilling often release this stored carbon, making
disposal methods and timeframes pivotal in determining climate benefits. Also, timber’s
insulation reduces operational energy, though extra layers may offset these gains.

LCIA methods can be categorized based on their impact scope, modeling approach,
and geographical relevance. The taxonomy of these are classified by the impact scope
including (1) Climate Change Focused (e.g., IPCC 2021, EF 3.0 Climate Change), (2)
Midpoint-Oriented (e.g., CML, ReCiPe Midpoint) or (3) Endpoint-Oriented (Damage-
Oriented) (e.g., ReCiPe Endpoint, IMPACT World+).

Comprehensive (Multi-Impact) (e.g., EF 3.0, ReCiPe, IMPACT 2002+). It is recom-
mended for timber buildings LCIA to use the IPCC 2021 method because it incorporates
biogenic carbon storage, delayed emissions, and cascading use scenarios. Sensitivity
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analysis evaluates the influence of transport distances, material substitutions, and hybrid
designs on overall results. This approach often includes additional modeling steps for
delayed emissions, allowing dynamic LCIA models to track carbon storage over a 50-
year service life or beyond while considering end-of-life pathways, such as recycling
into secondary wood products or energy recovery through incineration [8].

Moreover, a Material Flow Analysis (MFA) has to be conducted for timber buildings
to track biogenic carbon uptake, storage, and emissions across the life cycle (A1-C4). At
end-of-life (C1-C4), MFA differentiates between reuse in secondary applications (e.g.,
furniture, particleboard), incineration with energy recovery, or landfill disposal, each
influencing carbon fluxes differently. This approach enhances Global Warming Potential
(GWP) calculations by integrating cascading material use and disposal scenarios in
LCIA.

Finally, sensitivity analysis is essential, as variations in local waste management
practices, forestry conditions, and energy mixes can significantly affect outcomes. Sys-
tem boundaries must be clearly defined. Some studies focus on cradle-to-gate impacts
(A1-A3 in CEN 15804 terminology) (CEN 15804 + A2), while others adopt cradle-
to-grave or cradle-to-cradle perspectives for more comprehensive insights into disposal
or reuse scenarios. The functional unit—typically one cubic meter of sawn timber—
must align with the system boundary to ensure transparency and comparability across
different timber products or building components.

Timber’s service life can dramatically influence overall environmental impacts since
more frequent replacements raise the total embodied carbon attributable to manufactur-
ing, transport, and construction. Balancing these concerns, proper detailing and careful
selection of protective layers can reduce the likelihood of structural damage and allow
timber components to remain in use beyond the assumed standard lifespan.

LCIA results often reveal that the initial increase in certain impact categories (e.g.,
chemical production for treatments) can be more than offset by the avoided manufac-
turing and transport involved in multiple replacements. These practical implications
underscore the importance of accurate service-life data within an LCIA model.

5 Results

Figures 2 and 3 illustrate the percentage increase in greenhouse gas (GHG) emissions
between biobased-only and hybrid constructions (A1-A3, excluding under ground) over
50, 100, and 150 years. At 50 years, emissions rise from 5 kg COge/m3 (biobased) to
8 kg COze/m? (hybrid), representing a 60% increase. At 100 years, emissions increase
from 4 kg COze/m> (biobased) to 5 kg COze/m? (hybrid), a 25% rise. By 150 years,
emissions grow from 3.4 kg COze/m? (biobased) to 5.4 kg COze/m?> (hybrid), reflecting
a 59% increase. These trends demonstrate that hybrid constructions consistently result
in higher GHG emissions compared to biobased-only designs over the entire lifespan.
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Fig. 3 The impact of GHG emissions across building heights in tall hybrid timber building,
emphasizing the relationship between building height and emissions over lifespan scenarios.
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6 Conclusions

The HAUT building serves as a benchmark for sustainable tall timber construction,
illustrating the synergies between biogenic carbon storage, hybrid systems, and sustain-
able sourcing. By adopting dynamic LCA methods and prioritizing end-of-life man-
agement, HAUT sets a precedent for leveraging timber’s environmental benefits while
addressing its challenges [10]. As the construction industry strives toward net-zero emis-
sions, projects like HAUT underscore the transformative potential of timber when used
thoughtfully and responsibly.

6.1 Key Insights for LCIA in High-Rise Timber Buildings

— Impact Characterization: The IPCC 2021 method improves the accuracy of biogenic
carbon accounting.

— System Integration: Hybrid systems, such as HAUT’s concrete core and CLT walls,
balance structural demands with sustainability goals.

— Lifecycle Durability: Maintenance schedules and protective measures significantly
influence long-term environmental impacts.

— Cascading Use: Promoting reuse and recycling of components enhances the sustain-
ability profile.

6.2 Specialized LCIA Considerations for Timber

When dealing with high-rise or complex timber applications, certain characteristics
must be captured in the LCIA to avoid underestimating or overestimating impacts. Tim-
ber’s dimensional changes, load-bearing requirements, fire safety rules, and end-of-life
realities can each shift the environmental balance.

— Material Properties and Biogenic Carbon Storage: Timber sequesters carbon over
its growth phase. However, if over 70% of used timber in Europe is incinerated or
landfilled at the end of its life, the ultimate GWP profile can worsen. Shrinkage
and deformation also introduce the need for additional connectors, raising resource
depletion and embodied carbon, while necessary protective layers may temper any
natural insulation benefit.

— Structural Stability, Foundations, and Underground Features: Excavation for
underground parking or mechanical spaces further inflates environmental burdens,
particularly regarding global warming and resource depletion.

— Fire Safety and Protection: Fire safety measures in high-rise timber can include
chemical treatments or additional layers like gypsum board or concrete cladding, all of
which boost embodied impacts and can complicate end-of-life recycling. Regulatory
compliance tends to be stricter for timber, often necessitating more conservative
design margins or redundant protective systems.

— Hybrid and Composite Designs: Many tall or complex buildings employ hybrid
solutions: concrete cores for stiffness and elevator shafts, steel frames in critical
load-bearing zones, and timber infills or fagade elements for reduced weight. This
mixing of materials makes LCIA more complex since each material has its own
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production processes, maintenance needs, and EoL pathways. Dynamic or seismic
loads can also push toward heavier or reinforced assemblies, thereby increasing the
share of high-impact materials like steel or concrete. The use of a concrete core in
HAUT (73 m) was crucial to ensure the structural integrity required for a building
of its height, particularly for wind and seismic resistance. The need for concrete in
cores and steel reinforcements increases the embodied carbon footprint. CLT can be
effective for buildings up to 60 m, beyond this height, it becomes less efficient or
sustainable to rely solely on timber [9]. This is due to the increased material intensity
required to meet structural and fire safety standards at greater heights and the growing
need for hybrid systems.

— Lifecycle Durability, Maintenance, and Cascading Use: Cascading uses strate-
gies—reuse, recycling, or repurposing before disposal-—can defer carbon release and
reduce reliance on virgin resources. Prefabrication improves quality control and low-
ers on-site emissions but may raise transport impacts, especially with packaging or
long-distance shipping. Tall structures often require significant steel reinforcement,
increasing overall embodied emissions.

— End-of-Life Scenarios and LCIA Adjustments: If timber is disposed of via incin-
eration or landfilling, biogenic carbon is eventually released. Cascading use offers an
alternative: secondary products like panel boards, particleboard, or even new cross-
laminated timber (CLT) layers can extend the timeframe over which carbon remains
stored. By adopting dynamic LCIA models, practitioners can better capture the net
effect of multiple use cycles on overall GWP. Aligning with circular economy poli-
cies that incentivize reuse, and recycling can further improve timber’s environmental
profile.

— Transportation and Construction Logistics: Prefabricated components can stream-
line on-site construction and reduce local emissions, yet greater protective packag-
ing or specialized transport requirements can erode these benefits. Hybrid structures
involving many different materials can increase overall transport demands if coordi-
nation is poor. Consequently, the net effect on GWP and resource depletion depends
on an interplay of factors such as shipping distances, on-site waste management, the
ability to integrate deconstruction-ready designs.

6.3 Recommendations for Future Projects

While timber is gaining traction in the construction industry, experts caution against its
overuse in high-rise buildings due to technical limitations such as strength and com-
bustibility. Nevertheless, HAUT demonstrates that these challenges can be addressed
effectively with thoughtful design and the use of sustainably sourced timber. PEFC
certification ensures responsible forest management, aligning with EU policies on sus-
tainable construction. The project highlights timber’s potential to reduce embodied car-
bon in urban densification strategies, aligning with the goals of the European Green
Deal. Future LCIA studies should adopt dynamic modeling approaches, prioritize IPCC
2021 for characterization, and incorporate detailed service life data to capture the full
environmental benefits of timber high-rise buildings. Studies from the Dutch Environ-
mental Database emphasize the importance of accounting for biogenic carbon in life-
cycle assessments [11]. For instance, temporary carbon storage in timber can provide
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measurable Global Warming Potential (GWP) benefits. However, these benefits must be
credited appropriately to avoid double counting, particularly when materials are recycled
or reused.

6.4 Limitations of Current LCIA Approaches

Finally, while LCIA methods provide a robust framework for assessing environmental
impacts, they still face significant limitations. Most notably, standard LCIA models—
particularly midpoint methods like ReCiPe or CML—tend to overlook local ecological
impacts, such as biodiversity loss, soil degradation, or changes to local hydrology, espe-
cially relevant in forestry-based materials like timber. Current indicators often fail to
distinguish between sourcing wood from monoculture plantations versus ecologically
diverse forests, leading to an underestimation of ecosystem-level trade-offs. Addition-
ally, social aspects such as labor practices in forestry, land use conflicts, or the dis-
placement of communities are not typically captured in conventional LCA tools. These
limitations underscore the need for more holistic, next-generation LCIA frameworks that
integrate regionalized biodiversity metrics and social life cycle assessment (S-LCA) into
mainstream building assessment workflows.
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Abstract. The structural integrity of existing buildings, particularly those of his-
torical significance, is a critical concern, often complicated by limited knowledge
of the original material properties and the effects of aging and changing use. This
study explores the use of non-destructive testing (NDT) methods as practical,
reliable alternatives to destructive techniques for assessing timber structures. In
the first phase, 100 Irish-grown Sitka spruce specimens were tested in a labora-
tory setting to evaluate the correlation between the dynamic modulus of elasticity
(Edyn) - derived from density and Time-of-Flight acoustic measurements - and key
mechanical properties such as bending strength, and the local and global bend-
ing moduli of elasticity. Bending tests were conducted in accordance with the
EN 408 standard. Regression analysis confirmed that Eqyy, is a reliable indicator
of the mechanical properties of timber, supporting its use in the evaluation of
existing timber structures. The second phase involved an on-site evaluation of a
historic timber roof in Ireland, composed of queen post trusses. Acoustic NDT
was used to estimate Egyn and infer mechanical properties, while moisture con-
tent (MC) measurements helped adjust readings and identify potential decay. This
assessment provided insights into the condition of the structure and highlighted
practical limitations of in-situ testing while recommendations are provided for
future inspections. Overall, the study demonstrates that the NDT methods can be
effective for evaluating the mechanical performance of timber in both laboratory
and real-world contexts, offering a viable approach to support the preservation
and maintenance of timber structures.

Keywords: Acoustic Methods - Non-Destructive Testing - Time-of-Flight -
Dynamic Modulus of Elasticity - In-Situ Measurement - Timber

1 Introduction

The in-situ assessment of existing timber structures is of critical importance as they age.
Several factors can adversely affect the integrity and performance-among these factors
are moisture content, fungal infestation, insect damage, exposure to chemicals, biological
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growth, aging, poor maintenance and historical building usage. Consequently, inspect-
ing existing structures to ensure their safety and serviceability is essential, particularly
for older buildings lacking proper maintenance. Furthermore, modern timber buildings
need reasonable assessment methods that are economically feasible due to the increase
in mid and high-rise timber buildings, typically constructed using softwood mass tim-
ber. To ensure that structural integrity is not compromised, a thorough assessment of the
structure may be necessary. This is particularly crucial in buildings of historical signifi-
cance, highlighting the imperative to rehabilitate and preserve these buildings for future
generations.

The assessment and conservation of timber structures requires steps to ensure their
safety. Typically, a desk study is the first step, mainly aimed at establishing the history
of the building and its previous uses. Next, a preliminary visual survey is carried out to
identify decay, mechanical damage, etc. that may need to be investigated in more detail at
a later stage. This can also include the determination of the measures required to ensure
safe access to the structure. Measuring relative humidity also helps to focus efforts, since
areas of high humidity can highlight areas susceptible to rotting and fungal attacks. The
next important step is the identification of species. This allows a better understanding of
the structural behaviour of timber elements, as well as a first approximation of density
values. The next phase of the inspection, which is sometimes the last phase of the survey,
must address the determination of mechanical properties; this is the primary focus of
this study.

To gain insight into the mechanical properties of structural elements of an existing
building, destructive testing methods are an option. In such cases, it is required to cut
a sample from the element to destructively test it in bending, tension, or compression.
However, this approach may not always be feasible, particularly if the building under
consideration is of historical or architectural significance, or if access is restricted at
occupied floors in a mid or high rise building. As a general rule, it is not possible to
disassemble the timber members, which would allow inspection of all four sides, mea-
surement of knots, stress testing, etc. Instead, a non-destructive assessment is generally
the only valid option. Non-destructive techniques (NDT) are of greater interest to engi-
neers, researchers, and stakeholders. Compared to destructive methods, they are typically
more cost-effective, practically feasible, and allow for rapid evaluation.

A diverse array of techniques and devices exists for the non-destructive condition
assessment of existing structures. In a comprehensive examination of a brick-timber
architectural heritage building, Jiao et al. [1] utilized the ArborSonic 3D material tester
to detect decay in timber columns. Mol et al. [2] utilised laser scanning to construct
3D models of existing timber structures, followed by the application of NDTs such as
pin penetration, drilling resistance tests, and ultrasounds to assess their condition. The
laser scanning and drilling resistance tests were also employed by Abraldes et al. [3] for
condition assessment of historic timber structures.

The mechanical properties of timber structures are also commonly evaluated using
acoustic wave measurements. Wood stiffness, similar to other materials, is linked to
the acoustic behaviour of a wave passing through it. As a result, the dynamic modulus
of elasticity (Eqyn) can be calculated based on the velocity of the acoustic stress wave
combined with the density of the material. Eqy, has been used in several studies in order
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to estimate the modulus of elasticity (Ep,) and strength ( f,,) of timber specimens [4—
10]. This method offers a cost-effective and straightforward means to measure stiffness
and predict bending strength. The relationship of Egy, with Ep, is typically strong.
However, caution must be exercised when estimating the strength of a structural member
as the weakest cross-section may occur due to a local defect whose influence will vary
depending on the position and the type of load subjected on the timber member.

The most common devices used for acoustic assessment are either based on res-
onance, which measures the resonant frequency obtained by impact excitation of the
timber specimen, or Time-of-Flight (ToF), which calculates the speed of propagation of
a sound wave by measuring the time delay between two points. The resonance method
requires the piece to vibrate freely and therefore cannot be applied to a specimen incor-
porated within a structure. Arriaga et al. [11] utilized stress wave ToF and probing tests
for the in-situ assessment of a 7-story timber structure in Madrid, Spain. Arriaga et al.
[12] utilized drilling chip extraction and stress wave velocity to estimate the mechani-
cal properties of an eighteenth-century structure. Percussion-based techniques have been
shown to be applicable for accurate evaluation of wood elements’ internal structure [13].
The application of NDTs (stress wave, micro drilling resistance) has also been demon-
strated in development of a structural health monitoring system for timber structures by
Wang et al. [14]. Riggio et al. [15] summarize the most common NDT techniques for
in-situ assessment of structural timber, comparing advantages and limitations [15].

Building on scientific studies such as those cited above, this study investigates the
use of NDT for the prediction of mechanical properties of the species on which the forest
industry in Ireland is based, Sitka spruce (Picea sitchensis (Bong.) Carr.). This knowledge
is critical given that mechanical properties and their relationships with predictor variables
are often species and site specific among others. In particular, the first phase of this study
seeks to delve deeper into the correlation between acoustic measurements (ToF), visual
inspection, and the mechanical properties of Irish-grown Sitka spruce when subjected
to bending under laboratory conditions.

ToF measurements obtained using acoustic assessment methods are typically con-
ducted in controlled laboratory settings using an end-to-end approach. However, when
assessing real-world structures, this method is impractical, particularly if the structural
timber is hidden behind secondary fixings or finishes such as plasterboard. Instead, alter-
native sensor placements must be considered. Therefore, this paper also focuses on the
challenges of an in sifu inspection of timber structures, focusing on the assessment nec-
essary to estimate mechanical properties for design purposes. The second part of the
study outlines the tests and analysis conducted by members of the Timber Engineer-
ing Research Group at the University of Galway to evaluate the condition of a historic
building in Ireland.

2 Materials and Method

2.1 Laboratory Materials and Equipment

In the experimental laboratory phase of this study, 100 pieces of Sitka spruce grown in
Ireland was sourced from the regular production runs of an Irish sawmill. Each piece
had a nominal cross-section of 100 x 44 mm and a length of 3.6 m. The FAKOPP
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Microsecond Timer (Fig. 1) was employed to determine the Time-of-Flight (ToF) for
the full length of each piece. This device measures the time delay for an acoustic wave
to travel between a start and stop sensor. Given the length (L), mass (M), width (H) and
thickness (B) of the section (measured and averaged on three points) and ToF, the Egyy
was computed as Eq. (1):

Egn = pV? = M (LY (1)
on =PV = THB \ ToF

Where p represents the wood density and V denotes the acoustic velocity, or speed of

sound calculated from distance measured divided by time delay.

Start Sensor

Fig. 1. FAKOPP microsecond timer

Figure 2 illustrates the experimental setup of the FAKOPP microsecond timer for
determining the ToF of the timber boards. Arriaga et al. [11] and [fiiguez-Gonzélez et al.
[16] explored various sensor placements, suggesting an end-to-end configuration for
sensors. As illustrated in Fig. 2, this study employed these proposed sensor positions to
ascertain ToF. The sensors were placed at the ends of the timber, and a rubber hammer was
used to drive them in. Upon striking the start sensor with a steel hammer, an elastic wave
was generated, propagating along the piece. Subsequently, the timer recorded the elapsed
time (ToF) for the wave to traverse from one end to the other in microseconds. Although
accessing the entire length of elements in existing buildings is often impractical, this
setup offers the most precise ToF estimation in the laboratory setting.

2.2 Methodology for Laboratory Study

The boards were subjected to X-ray scanning using the Goldeneye 702 system (by
MiCROTEC s.r.l. - GmbH) at Murray Timber Group, Galway, Ireland. The Goldeneye
702 employs X-ray radiation attenuation to detect and locate knots and defects in timber.
The critical section for destructive testing in bending was determined based on the X-ray
images obtained and validated by visual inspection. The data obtained at the sawmill
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Fig. 2. Experimental setup to determine ToF

was analysed to pinpoint the weakest positions for the bending tests. Additionally, the
accuracy of the results from the X-ray images was confirmed through visual inspection
in the laboratory.

In accordance with the guidelines specified in EN 408 [17], alength of 1800 mm from
the boards was designated for destructive testing in a four-point bending configuration,
with the weakest section positioned at the midpoint of the span.

The knots were measured around the weakest section of the piece, and the total
knot area ratio (tKAR) and marginal knot area ratio (mKAR) were calculated using the
online software Web Knot Calculator v2.2 by MiCROTEC. According to IS 127 [18],
the tKAR represents the cumulative cross-sectional areas of all knots within a 150 mm
length, divided by the cross-sectional area of the piece. mKAR was determined in the
same manner as tKAR, but at a margin of 1/4 of the board’s depth. Based on the results
derived from the destructive bending tests, the local modulus of elasticity (£7), global
modulus of elasticity (E), and bending strength ( f1) were determined for each piece
in accordance with EN 408.

To compute Ej, the relative deflection of the mid-section was measured relative
to points positioned at a distance of 2.5 times the section height, where theoretically
there is no shear stress. Additionally, E; was determined by computing the deflection
of the midpoint relative the supports. Figure 3 demonstrates the schematic of four-
point bending tests carried out in this study. It is worth mentioning, since the structural
elements of an existing timber building might possess any level of moisture content,
the mechanical properties derived from destructive test results were not adjusted to any
reference moisture content. Instead, they were utilized for further analysis based on the
moisture content present at the time of testing.

600 mm 600 mm 600 mm

I I

Deflection to compute E,
\ Deflection to compute E

b

- >

Fig. 3. Four-point bending test schematic
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2.3 Methodology for the Case Study Assessment on an Existing Building

The case study assessment was carried on an existing structure that was built in the
early nineteenth century whose roof has been subject to water ingress in recent years.
The exact location of the building is not provided to protect sensitive information. The
structure comprised of a series of roof trusses is depicted in Fig. 4. Some truss ends
and the bearing ends of other components were embedded into the walls, while others
were supported by corbels. As it was not possible to carry out destructive measurements,
acoustic NDT measurements were carried out on a total of 77 timber members: beams,
struts, queen posts, and rafters.

TE-SEAM ¥ nE-BEAV

Fig. 4. Queen truss with position of ToF measurements carried out marked in red

Measurements were carried out using the Microsecond Timer, MST (Fakopp, Sopron,
Hungary; Fig. 1), over a 5 day period. As presented earlier, the MST is an impact stress
wave device that measures the time delay for a wave induced by a hammer to travel
between two sensors inserted at a known distance apart in the timber member, thus
enabling calculation of the wave velocity, V. This velocity can be used to calculate the
dynamic modulus of elasticity as per Eq. (1).

Due to the impossibility of accessing the ends of the timbers, by default, both sensors
were placed on the same face of the assessed member (Figs. 5 and 6). This was found
to offer the best estimation for the prediction of the mechanical properties [19] in situ
where an end-to-end configuration is not feasible. If the readings were judged to be
defective, crossed measurements were carried out, placing a sensor on one face and the
other on the opposite face. The measurements were judged to be reliable when three
identical consecutive readings were obtained, or when a deviation of less than 2% was
observed between readings. Two members, in particular two restraining beams, could
not be assessed acoustically since the readings were judged to be unreliable. It must
be noted that besides the ends of the timber members, sections near the connections
(Fig. 5) could not be assessed due to space limitations for hammering in the positions
of the sensors. These locations were inspected visually and assessed with a resistograph
R650-SC (RinnTech, Heidelberg, Germany). This is a device that measures the resistance
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against the introduction of a small diameter drill at a constant speed [20]. However, this
assessment is outside the scope of the study at hand.

Fig. 5. Measurements of moisture content on a queen post (left) and detail of a sensor near a
connection (right)

Fig. 6. ToF measurements on the lower edge of a rafter; start and end probes marked in red and
yellow measuring tape covering a distance of almost 6 m.

Due to the impossibility of accessing the ends of the timbers, both sensors were
placed on the same face of the assessed member (Figs. 5 and 6). This was found to
offer the best estimation for the prediction of the mechanical properties [19] in situ
where an end-to-end configuration is not feasible. If the readings were judged to be
defective, crossed measurements were carried out, placing a sensor on one face and the
other on the opposite face. The measurements were judged to be reliable when three
identical consecutive readings were obtained, or when a deviation of less than 2% was
observed between readings. Two members, in particular two restraining beams, could
not be assessed acoustically since the readings were judged to be unreliable. It must
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be noted that besides the ends of the timber members, sections near the connections
(Fig. 5) could not be assessed due to space limitations for hammering in the positions
of the sensors. These locations were inspected visually and assessed with a resistograph
R650-SC (RinnTech, Heidelberg, Germany), which measured the resistance against the
introduction of a small diameter drill at a constant speed [20], however, this assessment
is outside the scope of the study.

The angle of insertion of the MST probes was approximately 45°, as recommended by
the manufacturer, and always less than 60 degrees. The measurement distance between
probes was extended over the maximum possible length of the truss members, and at
least 2 m (Fig. 6). This obeys the velocity dependency on length, due to a time-lag in
measured time [4, 5] that produces a tendency for velocity to decrease as the distance
measured increases. Previous studies on Scots pine found that for each additional metre
measured in the range from 1 to 4 m, the velocity decreased by approximately 83 m/s
[21], whereas Arriaga et al. [22] quantified the difference as 70 m/s per metre, equivalent
to a 1.4% decrease for each additional metre. A decrease in velocity of roughly 1.4%
per metre was also observed in Llana et al. [5] for Scots pine. To reduce any bias of
the shorter measurements below 4 m presented in this study, the measured velocities for
these measurements were adjusted to the reference length of 4 m by applying a reduction
of 1.4% for every metre shorter. No adjustments were applied to measurements over 4 m.

The tree species identified within the trusses was Scots pine (Pinus sylvestris L.),
commercially known as red deal or redwood. Models published in scientific literature
predicting the mechanical properties of this species from acoustic measurements were
examined [4-6, 23]. The models determined by Montero Garcia-Andrade [23] using
the MST on Scots pine was chosen. The study included pieces with and without wane,
which is deemed relevant for the current structure:

Eyp = 942.177 4 0.665957Egyn.end )

fn = —6.9677 + 0.00362785E sy end @)

However, the models for Egs. (2) and (3) are based on end-to-end measurements. Hence,
the velocities, measured on the surface, were corrected to predict the end-to-end values
according to [24] before applying Eq. (1) to obtain Egyn end- Regarding the measurement
of density p, before conducting the acoustic assessment, a preliminary inspection team
used a Pressler borer to extract sample cores from various points throughout the structure,
focusing on key areas that were potentially more susceptible to decay. These cores were
used to calculate density, and the fifth percentile value (the characteristic value) was
used for the calculation of Eqyy.

The moisture content (MC) was measured using a Hydromette HT 85 (GANN Mess-
u.Regeltechnik GmbH, Germany; Fig. 5) with long pins that roughly penetrated a third
of the thickness of the element assessed, as per the standard EN13183-2 [25]. These
measurements were aimed at obtaining an overview of the moisture content, and also
to adjust the acoustic measurements, influenced by the MC, to a reference 12% MC.
Additionally, the MC measurements allowed for the detection of areas of high MC where
decay may occur, although it was not an objective to specifically find and measure points
that could be more prone to high moisture content.
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3 Results of Laboratory Study

3.1 Acoustic Measurements and Moisture Content (MC)

Figure 7 illustrates the distribution of Egy, for the 100 boards examined in this project.
As shown, 52 boards exhibit Egy, values between 10-12 kN/mm?. The average Egyn
also falls withing this range (11.1 kN/mm?). The minimum, maximum and standard
deviation for Eg4yy are 6.5, 15.3 and 1.7 kN/mm? respectively.
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Fig. 7. Distribution of Eqyy from laboratory tests

After each test, a small piece free of knots and other defects was cut as close as possi-
ble to the point of failure, covering the entire cross-section of the board to determine the
clear density. The samples were then dried in an oven and based on their dimensions and
mass (before and after drying), their Moisture Content (MC) was calculated following
the guidelines outlined in EN 13183-1 [26]. The average MC of all 100 tested samples
was 20%, with 2 exceeding 25% and 10 with MC below 16%.

3.2 Relationship Between Egy, and Mechanical Properties

After testing, the fm, E1 and E, properties for each board were determined according
to the provisions outlined in EN 408 [17]. To gain an understanding of the distribution
of these mechanical properties, Table 1 summarises statistical characteristics for f,, E]
and Eg.

In their study, Gil-Moreno et al. [27] reported an average bending strength value of
30.8 N/mm? for British spruce (a blend of Sitka spruce and Norway spruce), which is
7.8% lower than the value found in our this research.

The relationship of mechanical properties ( fm, E1 and Eg) with Eqy, were examined
and the strength of fitting a linear model was evaluated by calculating the coefficient of
determination (R?). In Fig. 8, Egyn is plotted against E; and the straight line fitted to the
data is also being shown. The coefficient of determination (R2) has been calculated as
0.62, which confirms a reasonable correlation between Eqyn and E.
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Table 1. Statistical summary of mechanical properties

Property (N/mm?)

E g E fm
Minimum 3501.4 4591.4 11.7
Maximum 13051.9 |122144 |54.1
Mean 7772.6 7945.9 334
Standard Deviation | 1937.9 1611.4 7.6

13000

® Test Results
E, =0.732E, -203.9| o e
9 dyn

12000

11000 |

10000 }

9000

8000 |

2
Eglobal (N/mm~)

7000

6000

5000
4000
0.6 0.8 1 1.2 1.4 1.6

2 )

EdY" (N/mm*) 10

Fig. 8. Egyn versus Eg (R? = 0.62)

Incorporating the knot indexes into the model for predicting E, results in a slight
increase in RZ. With tKAR and mKAR included, the R? values increase to 0.65 and 0.66,
respectively. This outcome is within expectations. While E characterises the overall
stiffness of the piece in bending along its entire length, the knot indexes were measured
only locally around the critical section of the board (within 150 mm to the left and right).
It is important to note that since Egyy is determined for the full length of the piece, it
inherently encompasses the influence of all defects. Consequently, incorporating knot
indexes into the model is not expected to enhance the output significantly. The revised
model equations are presented in Table 2 as Eqgs. (4) and (5).

The relationship between E) and Eqgy, was explored in Fig. 9. The findings indicate
that £) exhibits a weaker dependence on Eqy, compared to E. Nevertheless, Eqyn can
still be effectively utilized for predicting Ej. Since E solely characterizes the behaviour
of the board within the pure bending region (between two-point loads in the bending
test), it is reasonable to anticipate that incorporating the knot indexes could enhance the
predictability of the model. Accordingly, a plane was fitted to the data to represent E) as
a function of E4y, and knot indexes, and the outcomes are presented in Table 2 (Egs. 6
and 7).

Integrating tKAR into the model raises R from 0.53 to 0.60. Conversely, the intro-
duction of mKAR to the model leads to a significant change, elevating R? to 0.66. This
underscores that utilising both E4y, and mKAR enables an accurate estimation of E.
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Table 2. Revised model equations incorporating mKAR and tKAR

Equation Equation Number
Eg = 0.704E 4y, — 2465.8tKAR + 1031.7 “)
Eg = 0.720E 4y, — 2074.9mKAR + 959.6 5)
E; = 0.767E gy, — 4205.5tKAR + 808.0 (6)
E; = 0.787E gy, — 4539.6mKAR + 1246.2 @)
fm = 0.0027E 4, — 10.2tKAR + 7.3 ®)
fm = 0.0027E 4, — 15.7mKAR + 11.0 ©)]

® Test Results
E = O.BIMEGW -1299.47
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Fig. 9. Egyn versus E| (=Ejocal) (R? = 0.53)

Figure 10 depicts E against Eqy, and mKAR. In this figure, it can be inferred that as
Egyn increases and mKAR decreases, the E) will increase.
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Fig. 10. Ej (=Ejocal) versus Eqyy and mKAR (R? = 0.66)
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The same procedure was applied to investigate the relationship between fm and Egyn.
As depicted in Fig. 11, f, exhibits a moderate correlation with Egyp, with an R? of 0.40.
Utilising tKAR in the model yields only a slight increase in R? to 0.43. The inclusion
of mKAR proves more effective, elevating the R? to 0.50. Thus, it can be inferred that
a good estimate of fi, can be achieved using Eqyn and mKAR. Equations (7) and (8)
(Table 2) represent the regression model of f, with Eqyn, tKAR, and mKAR.
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Fig. 11. Egyy versus fm (R? = 0.4)

3.3 Laboratory Results Discussion

As stated in earlier sections, the aim of this project is to examine if Eqyn evaluated
using FAKOPP microsecond timer is a trustworthy parameter to estimate the mechanical
properties of existing timber structures. Table 3 summarizes the R? values for different
modeling scenarios to predict Eg, E1 and fn.

Table 3. RZ values for different models

Independent Variables

Edyn Eqyn, tKAR Eqyn, mKAR
Eg 0.62 0.65 0.66
E 0.53 0.60 0.66
fm 0.40 0.43 0.50

E,; demonstrates the strongest correlation with Eqy, and can be estimated with high
reliability. Incorporating tKAR and mKAR slightly improves the model, with the best
results achieved by utilizing Eqyn and mKAR. E| can also be predicted solely using
E gyn. However, significant enhancement in the model occurs when mKAR is integrated,
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increasing the R? from 0.53 to 0.66. Lastly, f,, exhibits only a moderate correlation with
Egyn. Although the inclusion of knot indexes could enhance the model, its correlation
remains lower compared to E and Ej. By selecting Eqy, and mKAR as independent
variables to estimate E and E}, both dependent variables yield almost the same level of
R?, ensuring reliable predictions.

Arriaga et al. [4] examined 120 pieces of four distinct pine species grown in Spain.
They reported higher R? values (0.76 to 0.85) compared to those in this study. This
variation could be attributed to differences in species. In another study by Sequera
et al. [28], Egqyn was determined using the longitudinal natural frequency of vibration
for Salzmann pine timber pieces. They reported R? values ranging from 0.59 to 0.68,
which align with those obtained in this study. Gil-Moreno et al. [8] reported R? values
of 0.67 and 0.50 for the correlation between bending stiffness and bending strength of
Douglas fir respectively with Egy,, which align closely with the results of this paper.
They employed frequency-based methods to determine Egyy in their study.

In comparison to other methods such as resonance-based acoustic techniques, Llana
et al. [5] have demonstrated that acoustic velocity determined using ToF is higher. They
noted that with a piece length of 4 m, the error in computing acoustic velocity is only
3%. Given that the pieces’ length in this study is 3.6 m, it is reasonable to assert that the
values obtained for ToF, and acoustic velocity are reliable.

4 Results of the Case Study Assessment on an Existing Building

A descriptive summary of the measured properties of the timber elements in the his-
torical building in Ireland, as well as the predicted values, is given below. The mean
MC was 15.7%. The highest MC was 20.1% and 19.4%, both on the west side of the
building which was more exposed to the weather conditions. The lowest MC was 12.9%.
Essentially, all members had a MC below 20% at the measured locations, which is the
limit above which timber is more prone to wet rot and insect attack.

Density values from 67 core samples extracted ranged from 441 to 781 kg/m3, with
amean of 619 kg/m3 and a characteristic value of 489 kg/m3. The Egyn eng values ranged
between 7.17 kN/mm? and 13.9 kN/mm? (average 12.0 kN/mm?). These correspond to
velocities of between 3877 m/s and 5403 m/s (mean 5005 m/s). These values are only
slightly below the reported near-mean of 5300 m/s for Scots pine in Spain using the
MST as given by [4] for new sawn timber.

Applying Egs. (2) and (3), the modulus of elasticity values ranged between 5.7 and
9.9 N/mm? (average 8.7 N/mm?), whereas strength ranged between 19 and 42 N/mm?
(average 35.3 N/mm?). It is worth noting that these are individual values for each assessed
length and therefore they do not directly correspond to design values, which are typically
based on sample population mean values for the modulus of elasticity (Em 0 mean) and
the fifth percentile of values for bending strength ( fmk)-

The density values measured from cores showed higher density values than that
typically expected for Scots pine. Density values for Scots pine samples grown in Ireland
had an approximate characteristic density value of px = 440 kg/m® and a mean value of
Pmean = 510 kg/m3 [4]. For comparison, the characteristic density value for timber of
strength class C24 is px = 350 kg/m> and for C50 is px = 430 kg/m>. Scots pine was
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the predominant conifer cultivated in Ireland until around 1950, although the forested
area during the construction of the building was minimal. It can be speculated that the
timber originated from Scandinavia or Scotland. Notably, the density of Scots pine in
Scandinavia exhibits a wide range of mean values depending on tree age, ranging from
448 kg/m?> for trees less than 50 years old [29] to 505 kg/m? for those aged 80 years
[30].

4.1 Discussion on the Application of NDT for Existing Structures

The inspection of existing timber structures, whether historic or modern high rise,
includes various phases, with the evaluation through non-destructive techniques being
among the most crucial. It is essential, however, to acknowledge the limitations of
these techniques, regardless of the specific method employed. Therefore, it is of utmost
importance that contractors understand these limitations before commencing the NDT
measurements, as their significance may vary depending on the intended use of the
building.

For example, space limitations in the current study prevented the acoustic measure-
ments from reaching the end of some members, affecting the consistency of readings.
As well as that, and despite efforts to ensure reliable data collection, variations were
observed in readings from certain members. This may also be a result of the variation of
the moisture content within a member, but could also result from the presence of nails
and other metallic elements, etc. To mitigate this, only readings deemed to be reliable
and based on comparison with data from other members should be used.

While the primary purpose of NDT measurements often involves estimating mechan-
ical properties, it is imperative to recognise that accurate determination can only be
achieved through laboratory testing, particularly when assessing strength, which neces-
sitates testing the piece to failure. In addition to the limitations of the techniques, and
the understanding of the non-destructive values measured, the estimation of properties
depends on statistical models that do not always fit the characteristics of the timber mem-
bers, due to variations in geometries, moisture content, and other factors. In addition,
wood properties can vary notably between species and even within different growing con-
ditions, resulting also in changes in relationships with predictor variables. Furthermore,
the setups in which measurements are conducted may vary across studies. Therefore, it
is advisable to use models that are specifically developed for the timber species of inter-
est and are established under as similar conditions as possible. However, this may pose
challenges in existing buildings where prior studies were not feasible. This the moti-
vation for the laboratory part of this study - to avoid such situations and ensure more
accurate assessments in the future; the preliminary study was aimed at establishing the
relationship between MST measurements and mechanical properties in Sitka spruce.

5 Conclusions and Recommendations

5.1 Laboratory Study of NDT

In the laboratory study presented here, the utilization of the FAKOPP microsecond timer
as a tool for non-destructive evaluation of existing timber structures was examined. The
ToF has been determined for 100 Irish-grown Sitka spruce timber of size 100 x 44 mm
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and subsequently Eqyn was calculated. The boards were then subjected to destructive
testing in bending and E, E and f',, have been evaluated.

The laboratory results indicate that Eqy, can effectively estimate the mechanical
properties of structural elements with a high degree of accuracy. The strongest correlation
was observed between Eqy, and E,. By incorporating mKAR in regression analysis, the
model for predicting £ can be improved to the level of E. Although f', demonstrates a
moderate correlation with Eqyy,, introducing mKAR into the model can yield a reasonably
accurate estimation of bending strength.

As stated earlier, this study was carried out in the laboratory where there is high
control on important parameters. However, the results showed this method can be reliably
employed for in-situ assessment of existing timber structures. Studies of this nature must
be extended to real existing structures. In such cases, there is usually limited access to
the structural elements and the weakest point of an element is not necessarily positioned
at the mid-span. Such factors have an effect on final results and must be addressed in
future studies.

Based on the results obtained in this study, ToF determined by the FAKOPP microsec-
ond timer can be employed to accurately estimate the mechanical properties of structural
elements as an indicator of structural safety, integrity, and planning for possible required
maintenance operations.

Alternative devices employing different mechanisms can be employed to determine
Egyn. For instance, Gil-Moreno et al. [27] utilized the resonance technique and estab-
lished strong correlations between Eqyn and the mechanical properties of spruce and
Douglas fir. However, effective use of this device necessitates access to the full length of
the piece and is primarily suitable for laboratory settings. On the other hand, the sensors
of the FAKOPP microsecond timer can be easily implemented for visibly clear lengths
of structural elements under consideration, providing an advantage over other ultrasonic
devices that require access to the ends of the element.

It is worth noting that this study was carried out using Irish Sitka spruce, for which
there is limited published knowledge on its mechanical properties. Consequently, explor-
ing whether NDT methods can accurately estimate the mechanical properties of this
species is of great importance as its use increases in construction.

Finally, the FAKOPP microsecond timer not only delivers precise measurements of
E gyn but also stands out for its ease of setup, making it an ideal option for non-destructive
assessments. As depicted in Fig. 2, this device can be swiftly attached to structural ele-
ments within an existing timber building. This flexibility presents a significant advantage
over other techniques and devices that may require application prior to incorporation
into the structural frame. In this regard, a case study of an in-situ assessment in Ireland
was also described where FAKOPP microsecond timer was employed for estimation of
mechanical properties of structural elements of an existing timber building; associated
conclusions are presented in the following section.

5.2 Case Study Assessment of the Existing Building

Timber structures traditionally played a minor role in Irish buildings. However, they
were and still are widely used for roofing applications and roof trusses. Historically,
timber has been imported mainly from Scandinavia, a region also with a long tradition
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of timber construction due to its significant timber production. There is now a growing
interest in timber buildings, mainly constructed using light timber frame or mass timber.
As aresult, in-depth knowledge of local and imported timber properties and assessment
tools will be increasingly required for in-situ timber and building inspections. Therefore,
in addition to the laboratory investigation, this chapter also presented the application of
a non-destructive technique in practice as part of the assessment of an existing timber
building.

Overall, the timber members assessed in the historical building are in good condition.
However, many of the timber members have had some of the original section reduced,
either physically or functionally as a result of deterioration of the outer fibres on the
surface as the result of previous uses of the building. Therefore, it is recommended
that future structural calculations for such elements consider a smaller effective cross-
section. Likewise, the acoustic assessment did not reach the full length of the members,
and it is advisable to check these sections using alternative NDTs, such as resistance
drill techniques to determine the condition of the timber.

To prevent measurement errors (time lag), it is advised to measure time-of-flight over
distances of at least 2.5-3 m and always as long as is physically possible to improve
the reliability of measurements. It must also be noted that the density value typically
used for the calculation of Eqy, in the laboratory is that of the full timber board. In the
absence of more accurate information for an in-situ assessment, it may be advisable to
use the fifth percentile of the measured densities, which will provide conservative values
of Eqyn.

Finally, it must be remembered that the mechanical properties reported are the result
of the use of predictive models based on measurements with non-destructive techniques.
Although they may be a good approximation, statistical models are subject to inac-
curacies and use of an appropriate factor of safety by design engineers in structural
calculations is to be recommended.
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Abstract. Lifecycle assessments (LCA) often estimate the service life of taller
timber buildings at 50 years, but how long can they realistically last? More impor-
tantly, how can their lifespan be extended? This chapter addresses these questions
by exploring strategies to extend service life and methods to predict durability
during the planning phase. A survey of over 120 experts in timber construction
was conducted to define the actual service life of medium-rise and tall timber
buildings. The survey results highlight key measures for extending service life,
including material selection, climate-adaptive design, proactive maintenance, and
principles of circular construction. These findings serve as the foundation for refin-
ing service life prediction models and establishing sustainable design guidelines.
This chapter provides actionable insights and expert-driven strategies to ensure
the longevity and resilience of taller timber buildings, contributing to their role as
a sustainable alternative in the global construction industry.

Keywords: environmental impact - GHG emission - carbon modelling -
High-rise construction - end-of-life - engineered timber

1 Introduction

In Europe, over 75% of timber waste is either incinerated or sent to landfills, while
most cascading recycling efforts result in material downgrading rather than high-value
reuse [1, 2]. This inefficiency underscores the need for innovative strategies to max-
imize timber’s lifecycle value. Simultaneously, there is an urgent demand for low-
carbon construction solutions, particularly for buildings with a carbon intensity below
12 kg CO,e/m?/year across their entire lifecycle [3]. Engineered timber has emerged as a
renewable material that not only meets these environmental goals but also facilitates the
construction of taller buildings, such as HAUT in Amsterdam [4] and the Wood Hotel
in Mjgstarnet [5], which serve as benchmarks for sustainable urban development.
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While engineered timber offers significant environmental advantages, including
lower greenhouse gas emissions and circular economy potential, its application in high-
rise buildings faces several challenges. Existing research has largely focused on mid-rise
or low-rise structures, leaving a critical gap in understanding the durability and service
life of taller timber buildings. Additionally, current end-of-life practices for timber often
fail to capitalize on their full potential, emphasizing the need for systematic approaches
to extend material utility [6]. Understanding and improving the service life of tall timber
buildings is vital for advancing their role as low-carbon alternatives to traditional mate-
rials like steel and concrete. Accurate predictions of service life and robust strategies for
maintenance and reuse are essential to optimize the lifecycle carbon intensity of these
structures. This study, conducted between 2023 and 2025 under COST Action HELEN,
addresses two critical questions:

e How long is the lifespan of tall timber buildings?
e How can the service life of these buildings be accurately predicted during the planning
process?

A survey of over 120 industry experts was undertaken to collect data on the lifecycle and
durability of medium- and high-rise timber structures. The survey remains open until
2026 to ensure a comprehensive dataset and meaningful conclusions.

Combined with literature review and the creation of a dataset of building connections
and case studies, the results will inform strategies to extend the service life of timber
buildings by at least 150 years and reduce their lifecycle carbon intensity. This research
aims to redefine timber’s role in sustainable construction, offering practical guide-
lines for long-lasting, low-carbon timber buildings while addressing the environmental
inefficiencies of current practices.

2 Challenges of Extending the Service Life

Tall timber buildings symbolize a paradigm shift in sustainable urban construction.
Prominent examples include HAUT in Amsterdam, a 21-story hybrid timber structure,
and Mjgstarnet in Norway, an 18-story glulam tower, both of which highlight the via-
bility of engineered timber in achieving ambitious height while minimizing environ-
mental impact. These buildings serve as benchmarks for sustainable design, leveraging
engineered timber’s lower carbon footprint compared to traditional materials like steel
and concrete. These structures serve as benchmarks, yet ensuring their long service
life and addressing their end-of-life (EoL) scenarios are vital to realizing timber’s full
environmental benefits.

2.1 Load-Bearing Capacity Over Time

Tall timber buildings endure higher vertical and lateral loads due to increased height
and mass. Over time, these stresses can cause structural creep and deformation in timber
components. Hybrid construction, such as the use of concrete cores in HAUT, miti-
gates these challenges by enhancing stability and load distribution. Also, tall structures
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are more exposed to strong winds, requiring advanced lateral bracing and connection
systems.

In seismic regions, earthquake resistance must also be considered in the structural
design of tall timber buildings. While engineered timber systems like CLT and glu-
lam perform well in absorbing seismic energy due to their flexibility and low mass,
seismic loads introduce complex lateral forces that require robust connection detailing,
ductility, and energy dissipation capacity. Hybrid designs with concrete cores or steel
reinforcement can improve seismic performance, but they may also affect circularity
and end-of-life strategies.

2.2 Environmental Exposure and Fire Safety

Timber’s susceptibility to moisture and water ingress can lead to swelling, shrinkage, and
decay. Effective detailing, such as moisture barriers and well-sealed joints, is critical to
preventing degradation. A moisture management plan is essential in timber buildings. A
moisture management plan integrates design, material selection, construction, and main-
tenance to control moisture ingress and accumulation. Architectural strategies include
overhangs, rain screens, and site drainage, while pre-dried, treated timber and vapor-
permeable membranes enhance durability. Construction best practices, such as weather
protection and sealed joints, minimize exposure. HVAC systems, dehumidifiers, and
sensors regulate indoor humidity, preventing mold and swelling. Routine inspections,
sealant reapplications, and moisture testing ensure long-term performance, mitigating
decay and structural risks.

Prolonged exposure to sunlight and UV Radiation accelerates weathering and
weakens timber surfaces. Protective coatings and regular maintenance are required to
counteract this issue.

Fire safety is a critical concern for tall timber buildings. Products like cross-laminated
timber (CLT) exhibit predictable charring behavior, but achieving compliance with
stringent fire codes necessitates additional fire-resistant layers or encapsulation.

2.3 End-of-Life Scenarios

In Europe, over 75% of timber waste is incinerated or landfilled, and most recycling
efforts result in material downgrading rather than high-value reuse [2]. A timber build-
ing designed with poor disassembly potential will have higher embodied GHG emis-
sions than a design optimized for recovery and reuse [7]. This highlights the need for
improved end-of-life strategies to maximize the utility and carbon sequestration potential
of timber. Designing for deconstruction (DfD) with reversible connections and modu-
lar components enables the reuse of timber compnents in new construction, reducing
environmental impact and promoting circularity [8]. Advanced lifecycle assessments
(LCA) that include deconstruction and recycling pathways can better inform planning
and design phases.

2.4 Importance of Addressing these Challenges

Extending the service life of tall timber buildings is crucial to their sustainability and life-
cycle performance. Current lifecycle assessments often limit predictions to 50 years, yet
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evidence suggests that with proper interventions, timber structures can surpass 150 years
of service life. Key strategies include:

e Monitoring and Maintenance: IoT-enabled sensors, such as the WM1 moisture
monitoring system, provide real-time data to address structural risks preemptively
[9]. See Sect. 2.2.

e Circular Design: Incorporating end-of-life scenarios into the initial design phase,
such as modular construction and material recovery strategies, ensures that timber
components retain value beyond their initial use.

e Policy and Guidelines: Clear standards for durability, fire safety, and deconstruction
will drive adoption and ensure the long-term viability of tall timber buildings.

By addressing these technical and environmental challenges, tall timber buildings can
achieve the durability and low carbon intensity needed to meet the demands of modern
urban development. This research under COST Action HELEN contributes to identifying
practical, scalable solutions for sustainable timber construction.

3 Survey Methodology and Results

The research employed a mixed-methods survey approach, integrating closed-ended and
open-ended questions to comprehensively collect data on the service life of components
used in medium-rise (3-8 stories) and tall (above 8 stories) timber buildings. The survey
aimed to define the actual service life of key building components, including structural
components, envelope components, and connection systems.

3.1 Survey Design and Objectives

A pilot study involving 12 timber construction experts was conducted in September 2023
to ensure clarity and relevance. The pilot validated the survey’s design, ensuring that the
questions were appropriately formulated and aligned with the study’s objectives. Based
on the feedback, minor adjustments were made before the full-scale launch.

The finalized survey, designed to be concise and accessible, was distributed in English
and targeted architects, engineers, and industry professionals globally. Recruitment
leveraged the COST Action HELEN network, employing snowball sampling techniques
and LinkedIn announcements to reach potential participants. Specific outreach included
professionals attending the Holzbau conference and experts familiar with timber con-
struction across Europe, North America, and Australia. The survey featured a detailed
questionnaire asking participants to estimate the lifespan range (minimum and max-
imum years) for various timber components without differentiating between specific
timber materials (https://form.jotform.com/232473794563365). Assessed components
included structural components such as timber columns, beams, and panels; envelope
components like wall claddings, waterproofing layers, and insulation materials; and
interior finishes such as plasterboards, floor finishings, and glazed products. Participants
could leave fields blank for components they lacked experience or knowledge about,
ensuring the data collected was both accurate and focused.
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3.2 Key Findings

The survey, completed by over 120 participants from Europe, North America, and Asia,
revealed significant insights into the service life of tall timber building components.
The aggregated responses suggest that taller timber buildings can achieve a lifespan
exceeding 150 years, with some components potentially lasting up to 300 years under
optimal conditions, as shown in Fig. 1. Timber columns, beams, and solid panels demon-
strated high durability, with life expectancy often surpassing 150 years when properly
maintained. External timber claddings and coatings showed shorter lifespans, typically
ranging from 50 to 75 years due to environmental exposure, while the performance of
waterproofing layers and insulation materials varied depending on material type and
maintenance practices. Interior finishes, such as plasterboards and floor finishes, were
identified as requiring periodic replacement, with average lifespans between 50 and
70 years. The survey also highlighted region-specific challenges, including climate-
related impacts in humid or arid regions, underscoring the critical importance of regular
maintenance to extend the service life of these components.

Construction cost percentage
L
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50% e

30 60 90 120 150 Years

Finishings, cladding coatings Solid and frame timber
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Fire protection layer, waterproofing, Foundations, columns and
plasterboards, claddings, glazings beams

Fig. 1. Tall timber building components expected life span

3.3 Validation and Dissemination

Eight timber construction experts were interviewed in-depth to validate the findings,
focusing on their interpretations of the survey data and practical implications for design
and maintenance. Additionally, the initial results were shared during an international
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webinar in October 2023 [10], where industry professionals provided further feedback
and discussed the potential applications of the findings.

4 Strategies for Achieving a 150-Year Lifespan in Tall Timber
Buildings

4.1 Material Innovations

Engineered timber products such as Cross-Laminated Timber (CLT) and Glued Lami-
nated Timber (glulam) are revolutionizing the construction of tall timber buildings. These
materials are designed to provide exceptional structural performance, enabling timber
to replace carbon-intensive materials like concrete and steel in high-rise applications.
CLT, for instance, combines layers of wood arranged perpendicularly and bonded with
adhesives, offering high strength and stability, even for tall structures.

Despite these advancements, challenges remain in achieving long lifespans for tim-
ber in demanding environments. Timber’s susceptibility to fire, moisture, and decay
necessitates innovative treatments. Protective coatings enhance fire resistance by slow-
ing charring rates, while moisture barriers and UV-blocking finishes mitigate environ-
mental degradation. However, as building heights increase, hybrid systems integrating
concrete or steel become essential. While these materials improve load-bearing capac-
ity, fire resistance, and stability under lateral forces, they also offset some of timber’s
environmental advantages, posing a trade-off in lifecycle carbon intensity.

4.2 Structural Design Strategies

Modular and prefabricated construction methods enhance the precision and efficiency
of tall timber projects. Prefabricated components, such as CLT panels, can be manufac-
tured off-site to exact specifications, reducing construction waste and time. Modular sys-
tems also facilitate adaptability, allowing easier maintenance and potential reuse of tim-
ber components. However, taller buildings face unique structural challenges. Increased
exposure to wind and seismic forces requires robust design solutions. Hybrid systems
combining timber with concrete or steel cores are critical for ensuring lateral stability and
mitigating vibrations. While these approaches enhance structural integrity, they intro-
duce higher embodied carbon compared to all-timber designs. Projects like HAUT in
Amsterdam demonstrate how balancing these trade-offs can achieve both performance
and sustainability goals.

In conclusion, the integration of material innovations and hybrid systems addresses
the limitations of timber in tall structures, ensuring longer lifespans and enhanced safety.
However, the environmental trade-offs of incorporating concrete and steel highlight
the need for ongoing research and innovation to optimize sustainability in tall timber
construction.
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S Circularity and End-of-Life Strategies for Tall Timber Buildings

The design of tall timber buildings must prioritize circular construction principles to max-
imize material reuse and minimize waste. Reversible connections and modular compo-
nents facilitate disassembly, preserving timber’s value for repurposing in future projects
[11]. However, not all timber buildings and connections can be dismantled in practice.
Demolition contractors report that screw, nut, and bolt connections frequently deform,
making disassembly difficult and limiting material recovery. Our database on demount-
able connections supports this finding, indicating that most timber connections are not
easily reversible, emphasizing the need for improved fastening systems and alternative
connection methods to enhance reuse potential [12]. While residual materials can sup-
port energy recovery, optimizing connection design remains crucial to reducing reliance
on virgin materials and lowering lifecycle emissions. Lessons from projects like HAUT
demonstrate the economic and environmental advantages of integrating circularity in
tall timber construction [13] reinforcing timber’s role in sustainable building practices
aligned with global carbon reduction goals [14].

6 Conclusion

Tall timber buildings represent a promising solution to the environmental challenges of
urban construction. Achieving a 150-year lifespan requires integrating durable materials,
advanced structural designs, proactive maintenance, and predictive planning. Interdisci-
plinary collaboration and the adoption of circular principles are essential for maximiz-
ing the environmental and economic benefits of these structures. The findings from this
research emphasize the potential of tall timber buildings to serve as long-lasting, low-
carbon alternatives to traditional construction methods. By prioritizing sustainability at
every stage, the construction industry can redefine its approach to urban development
and pave the way for a greener future.
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Abstract. In September 2023, Waugh Thistleton Architects published the New
Model Building Guide. It demonstrates a pathway to realising safe medium-rise
residential buildings with a timber superstructure which comply with the current
UK building regulations. It represented the culmination of more than 2 years’
collaboration between a multi-disciplinary team of designers and stakeholders.
The following chapter highlights the key points for design teams, and in particular
structural engineers, to learn and implement from the initiative.
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1 Background

In the second decade of the twenty-first century, the UK was at the global forefront in the
development, expertise and construction of medium-rise engineered-timber buildings.
Confidence was high and bold predictions were made on the potential future trajectory
of the trend [1].

The landscape surrounding design of timber buildings in the UK changed signifi-
cantly between 2017 and 2018 as a result of the fire at the Grenfell Tower, the subsequent
Hackitt Report [2] and the UK Government response [3]. For an excellent narrative on
the events during release of the Hackitt Report, as well as an insight into its recommen-
dations and how the UK Government response runs contrary to many of them, the reader
is referred to “Prescription in English fire regulation: treatment, cure or placebo?” [3].
In the following years, the UK government implemented amendments to the UK Build-
ing Regulations, specifically the definition and requirements of ‘Relevant Buildings’.
Subsequent to the publication of the New Model Building documentation [4], the UK
Building Safety Act 2022 [5] also came into force.

“A cultural and behavioural change is now required across the whole [construction] sector to
deliver an effective system that ensures complex buildings are built and maintained so that they
are safe for people to live in for many years after the original construction. The mindset of doing
things as cheaply as possible and passing on responsibility for problems and shortcomings to
others must stop.”—Dame Judith Hackitt, December 2017.
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For timber-structured buildings, one of the most significant results of the UK regula-
tory response goes under the colloquial name of ‘the ban on combustibles in the facade’.
In more technical terms this means the facade meeting Class A2-s1 in accordance with
EN 13501-1:2018 [6] and the Building Regulations Part B Regulation 7 [7]. The defini-
tion of ‘facade’ is adopted from Regulation 2 [8] and extends inward as far as the inside
face of the final finishes on the inside of the perimeter wall. This is a key point to note
for timber-structured buildings.

The principal mode of fire propagation in the Grenfell Tower fire was through retro-
fixed external cladding and the changes to the regulations were ostensibly related to
the facade. However, a significant number of building forms have at least some of the
primary structure of the building within the ‘facade’, as defined in the previous paragraph.
It follows that any of these structural elements formed in timber are now outlawed within
buildings meeting the amended definition of a ‘Relevant Building’, principally those over
11 m in height. A whole series of exemptions to ‘the ban’ were subsequently brought
into force (regulation 7, paragraph 3) [7], though timber structural elements were notably
absent.

The result of the amendments was that from around the middle of 2018, the UK
construction of engineered timber residential buildings over 11 m in height very drasti-
cally reduced. The UK’s once world-leading drive for low-carbon renewable residential
building structures in timber was at a virtual standstill.

2 Scope and Purpose

Prompted by frustrations in navigating the new regulations, in 2021 Waugh Thistleton
Architects made a successful application to build by Nature for funding to undertake a
research project to examine and address the issues. They assembled a team of collabo-
rators including Buro Happold, providing structural and embodied carbon consultancy,
University College London providing fire engineering consultancy, Gardiner & Theobald
providing cost and project management consultancy and the National House Building
Council (NHBC) providing building control assessment and insurance and warranty
advice.

The intent of the initiative was to investigate the challenges, constraints, and opportu-
nities for delivering timber-structured multi-storey residential buildings within the new
UK regulatory environment. Understandably, clients on live commissioned projects were
nervous about investing their time and money into schemes with an as-yet untested path
to compliance. The New Model Building (NMB) initiative would provide the opportu-
nity to navigate this route so that others could follow. The following 2 years saw the
team explore this new territory.

The NMB initiative provides the outline design of a theoretical building, which would
meet all the technical, regulatory and viability requirements of the current UK context.
The principles and philosophy of the design could then be applied to buildings of varying
forms. The form of the theoretical building would be chosen to be representative of the
most common typologies seen in the UK multi-stored residential market. It also would
encompass enough geometric and architectural features to sufficiently test the design
response regarding both performance-based and prescriptive regulation.
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The building would be 5 to 7 storeys, no more than 18 m to the uppermost finished
floor level and to be of multi-residential occupancy. This would place it within the
scope of a ‘Relevant Building’, though outside that of a ‘High-Risk Building’. It would
need to comply with the Building Regulations of England and Wales, via the Approved
Documents, and thus achieve an External Wall System (EWS)1 Certificate and meet
the contemporary Greater London Authority (GLA) funding requirements. The design
would also be reviewed by NHBC and achieve a ‘letter of comfort’ stating that it meets
the NHBC technical requirements.

The design was also to meet or better an up-front embodied carbon target of
326 kgCOze/m2 (Modules A1-AS5) and a Whole Life (Modules A-C) embodied car-
bon target of 271 kgCO,e/m?. The latter requirement would allow it to meet the Royal
Institution of British Architects (RIBA) 2030 target. The design was also to be as product-
agnostic as possible, such that future users of the information were not limited in terms
of procurement.

3 The Building Design

The final building design comprised 6 storeys with a central circulation and services
core. Each storey comprised 5 separate residential units. Four of these units typically
had an external balcony. The superstructure of the building, from ground floor upwards,
was tested as a Glulam (GLT) frame with Cross Laminated Timber (CLT) slabs and
with an alternative system of CLT walls in lieu of Glulam columns. Lateral stability was
via the walls of the central core, which were justified variously as balloon-frame CLT,
reinforced concrete or braced steel. Foundations were assumed to be concrete augered
piles with reinforced concrete piles caps and ground floor slab.

4 Timber Structure and Fire

Once the overall geometry of the building was decided, a significant part of the challenge
concerned its fire performance. There were several points most directly affecting the
structural design, as described below.

It should be noted that the intent of the design was to demonstrably meet the
requirements of the new regulations, including the prescriptive amendments. This does
arguably result in a conservative ‘belt-and-braces’ solution to the fire engineering design
in some cases. However, it establishes a baseline beyond which it is anticipated that
project-specific designs will justify refinements.

As previously mentioned, the definition of the ‘fagade’ in this context meant that all
of the timber structure needed to stay inboard of the finished inner face of the external
walls. In order that design unambiguously met this requirement, fire encapsulation was
specified to wrap right around glulam columns (Fig. 1), and the end of CLT walls
(Fig. 2), prior to abutting the non-combustible facade. The mounting system for the
facade therefore needs to cater for a slightly increased eccentricity of the support reaction
from the facade, though it is relatively small and within the bounds of many conventional
designs.
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Fig. 1. Plan detail view at building corner, showing full encapsulation (red) of a glulam column
(orange & hatched)

Fig. 2. Plan detail view where a CLT wall meets the zone of external facade, showing
encapsulation (red) wrapping the end of the CLT wall (orange & hatched)

Although not explicitly mentioned by the regulations, consideration must be given
to encapsulation of metallic elements and fasteners which meet or are embedded in the
structural timber. Where the metallic element is exposed to elevated temperatures, it
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readily transmits this to the adjacent timber. Timber begins to suffer irreversible damage
above 100 °C and pyrolysis can be instigated above 200 °C. It should be noted that
intumescent paints typically trigger at around 100 °C and may not provide their full
insulating effect until 200-300 °C. Therefore, by themselves, they are not typically an
effective solution to the problem.

An over-riding principle of the fire engineering design was that the structural timber
should be fully encapsulated such that it makes no contribution to the fuel load and
thus dynamics of the fire. This approach removed the need for complex parametric and
performance-based fire engineering analysis. Further, it therefore simplified regulatory
approval allowing the prescriptive UK Approved Documents route to approval to be
applied, in accordance with the recommendations of the UK Structural Timber Associ-
ation [9]. However, this approach was taken in order to illustrate the simplest route to
approval. With more detailed fire engineering modelling it is possible justify safe design
of a building of this type with certain amounts of exposed timber.

The degree of encapsulation to elements performing a fire separating function can
be defined using the K class of clause 7.6.4.2 of EN 13501-2. The requirement for
designation K states that the temperature rise at face of the substrate must be less than
250° for a defined period and there should be no burned or charred material behind the
encapsulation. The designation is also suffixed with the relevant period of protection.
In the case of the New Model Building, all encapsulation to the structural timber is to
meet K>60 and an additional requirement was imposed in line with Structural Timber
Association (STA) guidance such that the substrate temperature was further limited to
200 °C.

Applying K»60 encapsulation to all timber surfaces does mean that none of the
structural timber is visible. This is an important point to note in the early-stage design of
a building following this model. In some instances, other stakeholders may question the
value of using timber when you can’t experience it as a building user. However, if the
timber is being used for sustainability and constructional reasons, then timber is still a
justifiably beneficial material. The embodied carbon of the encapsulation accounted for
an uplift of approximately 8% on the timber A1-A3 total. It should also be noted that in
most cases, buildings of this typology constructed in other structural materials also have
a full lining of plasterboard, for a combination of visual, acoustic and fire performance
reasons.

The design of the vertical circulation core was left flexible as many contemporary
designs prefer a hybrid construction with the core being reinforced concrete or occasion-
ally braced steel. The core is however possible to implement in Cross Laminated Timber
(CLT), following the same fire-encapsulation principles as the rest of the building. A
balloon-frame style of construction, with the CLT panels orientated vertically, allows the
number of tension-compression connections to be minimised and overall lateral stiffness
to be improved.

A notable challenge at the time regarding encapsulation of the timber structure was
obtaining the required documentation for the specific geometry and substrates in any
one project. Basic tested and approved details are available from parties such as the
Structural Timber Association [10]. However, any small departure from these requires
additional analytical justification or project-specific fire testing. Similar principles apply
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to fire-rated penetrations through timber walls. Certain manufacturers do have timber-
specific fire test certificates available. In all instances the approach for the NMB was to
design-out the issues wherever possible and to keep the detailing simple where it was
unavoidable.

5 Timber Structure and Moisture

The challenge for regulatory compliance was almost exclusively focussed on fire design.
However, the challenge for insurance and warranty purposes was at least equally con-
cerned with design for moisture control. An accepted, though likely conservative, thresh-
old for avoiding onset of fungal decay in engineered softwood timber is 20% relative
moisture content [11, 12]. The effects of undetected moisture on CLT are well docu-
mented [13, 14] and litigation for large sums of money related to moisture damage to
mass timber buildings in the UK have already occurred.

There are several mechanisms that could lead to exceedance of the safe moisture
content threshold, therefore different mitigations were proposed for each in the design.

Construction-stage wetting is a significant risk in the UK and there are a variety
guidance documents on managing it [15-20]. The design of the NMB was developed
to avoid or minimise moisture traps during construction and to facilitate an efficient
process of construction and follow-on with the building envelope. This includes simple,
repeated geometry and keeping the facade zone in one plane and wholly out-with the
primary structure.

Options are given for the roof planes. The thickness of CLT generally means that
passive detection of moisture incident on its upper surface is much more difficult. Any
CLT roof is therefore designed with a minimum 10° fall to it (Fig. 3). Lightweight roofs
such as joisted and boarded constructions are assessed as being able to reduce in pitch
down to 1:40 (Fig. 4) as passive moisture detection is more likely to be successful. It
is important to note however, that the fall must be formed by the structural plane, as
opposed to there being a horizontal structural plane with the falls created by tapered
firings or insulation above. Any roof that had less than a 1:40 pitch to it was deemed to
be too high a risk in timber and materials with a longer resistance to moisture ingress
were required to be used. For example, concrete or metallic decks.

Pitch > 1:5.5 (10 degrees)

Fig. 3. A minimum pitch of 10° was deemed necessary for roof to be constructed from CLT
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Pitch > 1:40 (1.5 degrees)

Fig. 4. Where the structural roof deck pitch was less than 10° but greater than 1.5 a sheathed
timber joist deck was deemed acceptable

Adopting a fall to the structural deck offers benefits to construction-stage moisture
control as well as in the permanent case. In both conditions the principle is to avoid
standing water. During the construction stage rainwater is passively drained to an out-
let without wholly relying on active removal such as squeegees and wet vacs. This is
also further facilitated using self-adhesive breather membranes or sprayed hydrophobic
coatings to minimise moisture uptake by panel faces and more importantly edges.

In the permanent condition it was assumed that some part of the roof’s waterproofing
membrane system will fail at some point within the potential serviceable life of the
building structure. The adoption of a fall to the structure means that any accidental water
ingress is encouraged to move to a location where it can be detected, either passively
through seepage in thin sheathing, weepholes in CLT, or actively through electronic leak
or moisture detection.

Wet services within the building present another potential source of moisture. The
design principles included overhead horizontal distribution, so that maintenance was
more readily undertaken, and leaks were more detectable and repairable. In a similar
way vertical distribution is clustered within dedicated risers for the same reasons. Flow
detection is, in principle, a method of detecting leaks, though the system would need
to be zoned to the level of the individual apartment and the flow rate sensitivity high
enough to detect slow leaks.

Areas with active water fixtures, principally bathrooms and kitchens in this instance,
present additional challenges as there is likely to be daily user-spillages as well as any
systemic leaks. Multiple options were explored, and each project would be required to
adopt at least two of the following mitigations: Passive measures include adopting a joist-
and-board floor so that leaks are visually obvious sooner than with CLT, and repair is also
potentially more straightforward. This could incorporate preservative-treated timber to
buy additional time. Adopting a false floor in the bathroom with a ventilated void below
opens the opportunity for leak detection tapes as well as a route of escape for small
amounts of moisture in the short term.

A potential risk area during construction and in use is where the timber structure
meets the concrete foundation. In this instance standard guidelines were followed in
placing all timber onto a concrete plinth raised above FFL and providing end-grain
sealant [19]. Detailing of the perimeter wall also followed standard guidance for tracking
of moisture down and away from the timber.

As previously noted, the primary superstructure was located wholly within the demise
of the facade zone, principally for adherence with the fire regulations. However, a second
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benefit is that the timber is also therefore wholly within the thermal and moisture control
lines of the envelope. This ensures that all of the timber is within Use Class 1 as defined
in EN335:2013 cl. 4.2 with consequent benefits for structural design and durability.
None of the internal spaces were deemed to generate humidity in excess of Use Class
1 from within. Design and analysis therefore adopted Service Class 1 as defined in EN
1995-1-1:2004 + A2:2014 cl. 2.3.1.3.

As the structure is not integrated with layers of the facade, it also facilitates simpler
inspection of the timber frame and carrying out of any potential repairs. The serviceable
life of facade systems is also usually much shorter than that of the primary frame,
typically 25 years. By the facade having its own dedicated zone, outside the structure,
the efficiency of fagade replacement and the variety of options for its replacement type
are also improved.

6 Documents and Output

The published output of the NMB initiative is freely available as three volumes of
information. These can be accessed via TDUK [4].

The NMB Guide Book provides a general introduction to the initiative, its objec-
tives and the underlying principles of the design. It also summarises the embodied carbon
metrics for the building, including comparison with an equivalent flat slab reinforced con-
crete building. An outline cost comparison was also produced by Gardiner & Theobald
for two variations of the timber structure and for the concrete flat-slab.

The NMB Details Book provides more than 70 pages of construction details devel-
oped for the building. These are illustrated as isometric cut-aways and annotated detail
sections. They each have a checklist of the essential properties of the detail and cross
reference to performance criteria for each.

The NMB Evidence Book explains the philosophy behind the Architectural, Fire
and Structural design. It outlines the assumptions and requirements to stay within the
remit of the project, as well as reference to other relevant documents.

The design and Evidence Book documentation of for the NMB initiative was
reviewed by the National House Building Council (NHBC) to ensure it aligned with
their requirements. A letter of comfort is provided by NHBC stating that projects deliv-
ered to the NMB design philosophy align with the NHBC technical standards. As a
national insurer and warranty provider for residential properties, NHBC were ideally
placed to help represent the perspective of these two key stakeholders in the process of
getting schemes built and insured.

7 Summary

The NMB initiative provides a comprehensive blueprint for medium-rise residential tim-
ber buildings in the contemporary UK regulatory and industry context. The process and
the output very much underscore the need for, and value of, holistic and multidisciplinary
thinking.

This is particularly the case for timber structures, where the knock-on effects and
inter-relationship between disciplines is especially important. The timber principally
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forms the building structure, but its effective functioning is undermined if other aspects
of the design are not cognisant of its requirements and potential vulnerabilities.

The building geometry and construction should facilitate a construction methodology
which avoids the timber getting excessively wet or trapping moisture. Any trapped
moisture can lead to loss of strength and stiffness, mould, fungal decay, corrosion and
ultimately to structural failure.

The design of the building facade and how it relates and is fixed to the structure
can have a significant influence on the overall durability and longevity of the building.
A system that can enclose the structure quickly, ideally as the structure above is still
being erected, will greatly help management of construction-stage moisture. The same
principles apply to future re-cladding operations and the moisture risks to the timber
structure at that stage.

By employing a simple, collated, and coherent wet services distribution strategy,
the maintenance, leak-detection, and repair of systems can be simple and efficient. This
mitigates a significant moisture-damage risk to the timber structure.

The same principles applied to the rest of the building services distribution result in
fewer and more easily managed penetrations in the timber structure. This is particularly
significant where fire collars are required, and enclosed voids are to be managed with
regard to fire spread.

If the fire engineering strategy is decided and communicated at an early stage, rela-
tively minor adjustments to the architectural and structural design can facilitate a much
more consistent and coherent approach to structural fire safety.

In some areas of the building, mass timber may not be the optimum solution holis-
tically. Bathroom floors, low-pitch roofs and external balconies or terraces are exposed
to constant water risk. In these areas, combinations of different materials or form of
construction along with facilitating efficient detection and remediation are essential and
have a direct effect on the reliability of the structure itself.

These principles of multi-disciplinary thinking are very much at the core of the
Hackitt Report and its recommendations. They are most effectively achieved by holistic
performance-based design strategies.
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Abstract. Structural robustness refers to the ability of a structure
to withstand unforeseen adverse events without being damaged to an
extent disproportionate to the original cause. Robustness design strate-
gies include redundancy and segmentation, which are assessed based
on threat-independent scenarios. Redundancy provides alternative load
paths (ALP) to bypass damaged components, while segmentation isolates
damaged areas to prevent failure progression. Current design guidelines
categorize buildings by importance and risk levels to determine robust-
ness requirements, and propose appropriate design strategies. These
strategies must take into account the brittle failure modes and high vari-
ability of mechanical properties of timber members, and the often limited
deformation capacity of timber connections, amongst other aspects. Case
studies show various implementations of such strategies.

1 Introduction and Terminology

A structure and its members must be able to withstand unforeseen adverse
events without being damaged to an extent disproportionate to the original
cause. Exposure refers to the occurrence of a hazardous event, while vulnerabil-
ity refers to the occurrence of damage given a hazardous event. Design strategies
related to reducing exposure and vulnerability focus on preventing an initial
damage from occurring, and thus are assessed in a threat dependent frame-
work, where hazardous events are identified, quantified, and accounted for in
the design. Robustness refers to the ability of a structure to limit damage prop-
agation given an initial damage. The nature of the triggering event or initial
damage can be unforeseen or even unforeseeable, and thus the corresponding
design strategies are based a threat- independent approaches. A disproportion-
ate damage process and the corresponding prevention strategies are presented
in Fig. 1.
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Fig. 1. Disproportionate damage process and corresponding prevention strategies,
based on [10,12,14]

Design strategies against disproportionate consequences commonly fall into
the following categories (Fig. 1):

1. Preventing local damage:

a. Protection measures aimed at reducing the probability of occurrence of
the hazardous event or of its intensity, such as barriers against impacts,
or active fire protection systems;

b. Overdesign measures aimed at reducing the vulnerability of key elements
against specific hazardous events, such as overdesigning load-carrying
columns to withstand vehicle impacts, the use materials with higher dura-
bility and the use of effective firestops.

2. Assume initial local damage and limit damage propagation:

a. Robustness measures aimed at limiting damage propagation through:

i. Redundancy (e.g. design beams to carry vertical loads through cate-
nary action in case a supporting load-carrying column is damaged,
therefore creating an ALP); and/or

ii. Segmentation (e.g. design a fire compartment for full burnout, thus
isolating it from its surroundings).

3. Prescriptive rules: usually simple and general guidance related to structural
detailing, such as enabling continuity and providing ductility. The application
of prescriptive rules should be limited to buildings of minor importance, since
their effectiveness is often unclear.

In the context of structural robustness, a simplified design framework com-
monly used to simulate a threat-independent initial damage is the sudden
removal of a notional vertical element, such as a column [8]. Given that the
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loss of the column is not related to a specific hazardous event, the dispropor-
tionality of the consequences is often assessed in relation to predefined require-
ments or expectations (e.g. area that is allowed to collapse given a notional
initial damage scenario). However, specifying these requirements is not only an
engineering problem [14], since it must reflect the will of the owner, the con-
cerns of the stakeholders that might be affected by the potential consequences of
a disproportionate collapse (e.g. civil authorities, insurance companies, users),
and even public opinion. Therefore, agreeing on acceptable direct and indirect
consequences might require administrative or even political decisions [14].

Robustness-related strategies focus on limiting damage propagation through
either redundancy or segmentation. Redundancy strategies are based on provid-
ing alternative ways to fulfill the performance requirements bypassing the dam-
aged component by either developing sufficient ductility, resistance or deforma-
tion capacity. Segmentation strategies are based on isolating the damaged areas,
either through weak fuse elements or strong isolating elements. Most redundancy
strategies are better suitable to prevent vertically propagating failures, while
segmentation strategies are better suitable to prevent horizontally propagating
failures. However, appropriate robustness strategies will depend not only on the
geometry of the structure and whether vertical or horizontal collapse propaga-
tion is to be expected, but also on the mechanical characteristics of the system.
In the context of timber structures the key mechanical characteristics influenc-
ing the performance of such strategies are brittle failure modes, low connection
stiffness and deformation capacity.

Redundancy strategies must bypass the damaged element in order to redis-
tribute the loads to the surrounding structure. This can be done by flexural
mechanisms such as bending and cantilevering, or tensile force development
mechanisms such as catenary and membrane action. Flexural mechanisms occur
at low deformation levels and rely on the bending resistance. Due to the low
rotational capacity of timber connections, these mechanisms would rely on the
element continuity, which might not always be the case in timber structures,
mainly due to acoustic requirements. Mechanisms that rely on the development
of tensile force in the system rely on large deformations, which imposes high
deformation requirements on the system. Timber members fail mostly in a brit-
tle manner, which makes timber connections a critical component in ductile
load redistribution. However, connections in traditional timber construction are
characterized by low rotational stiffness and deformation capacity, which could
therefore lead to significant impact on the design of such connectors to accommo-
date robustness strategies. Experiments on novel connections have shown that
timber assemblies could potentially achieve the same mechanisms as reinforced
concrete and steel buildings when sufficient ductility is provided (Mpidi Bita et
al. 2022).

Segmentation strategies aim to compartmentalize the structure in such a
way that failure is prevented from progressing at predefined locations. This can
be done by designing segment borders by using fuse-type elements or control
joints which physically separate the compartments. Vertical segmentation often
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relies on shock-absorbing zones with sufficient load-carrying and energy dissipa-
tion capacity, such as “power-storeys” to carry debris from the collapsed storeys
above. Horizontal segmentation often relies on fuse elements to interrupt struc-
tural continuity. Segmentation can be achieved by limiting the upper value of the
load-carrying capacity of fuse elements. Given the large variability of mechanical
properties in timber elements and their brittle behavior, fuses are often intro-
duced at the connections and based on the concept of capacity design. Their load
carrying capacity Rgqupp should be smaller that the design effect of the action
which will act on the fuse in case of damage scenarios Eq fuse: Rdupp < Ed, fuse
[11].

2 Design Framework

The level of design requirements should be determined based on the risk assess-
ment of the structure. This involves classifying the exposure and the importance
of the building. For buildings with low importance and exposure, it should be
possible to achieve an adequate level of resistance to disproportionate collapse
without the need for explicit design verifications. However, for buildings with
higher levels of importance or exposure, increasingly complex verifications are
often required. The specification of hazardous events should involve defining
both threat-specific scenarios, such as the impact of a car on a ground-floor col-
umn, and non-threat-specific scenarios, such as notional damage like the sudden
removal of a structural component. Performance objectives, which define the
acceptable level of damage or consequences, may need to be set in consultation
with stakeholders beyond the owner and design team. These stakeholders may
include relevant civil and building authorities as well as the insurance company.
For large projects, specifying hazardous scenarios might require experience, as
establishing general rules is difficult due to the wide range of possible scenarios
and the project-specific nature of many of them. Once the hazard scenarios are
defined and the performance objectives are set, the structural design team can
then select appropriate design strategies. These strategies may include measures
to prevent local damage, as overdesigning structural members and connections,
but should focus on measures to enhance robustness by limiting damage propaga-
tion. The design verification procedures are then based on structural modelling
and checking design code requirements, physical testing, or even past experi-
ence. A schematic overview of this design framework for achieving resistance to
disproportionate collapse is provided in Fig. 2.

3 Robustness Stakeholders

Most aspects of the presented design framework are engineering problems that
can be tackled by the structural design team, but some aspects, namely the
specification of performance objectives (e.g. acceptable levels of damage), must
involve other stakeholders. Stakeholders are the promoters and owners of the
structure and the structural design team, but also those directly or indirectly
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Fig. 2. Design framework for resistance to disproportionate collapse, based on [13].

affected by such project, such as civil and building authorities, users, insurance
companies, contractors, and even neighbors.

The promoters and owners are naturally interested in optimising monetary
costs of safety measures and in reducing downtime in case of damages, namely
downtime needed for repairs and the corresponding economic and reputational
losses. Promoters and owners often have no incentive to avoid externalising con-
sequences (e.g. impairment of public infrastructure, or spill of hazardous mate-
rials into the environment after a collapse) and it is often up to the civil and
building authorities to mitigate any consequences of such incidents as a result
of insufficient robustness.

Cwil and building authorities take the wider public interest into account
and may set additional performance objectives, in particular acceptable levels of
damage, and define what the acceptable verification procedures are.

The structural design team is interested in achieving a safe, economical and
sustainable design, preferably by following rational and well-established design
frameworks, in which their responsibilities are clearly defined. If relevant, the
structural designer must account for resistance to disproportionate collapse from
the early stages of conceptual design and develop a design strategy and the
corresponding verification procedures. This should take into account the owner’s
preferences and the requirements set by the authorities regarding acceptable
levels of damage. There can be a tendency to focus on simply overdesigning key
structural elements, which might indirectly lead to some increase in resistance
to disproportionate collapse in some scenarios, but does not ensure robustness

(Fig. 1).

4 Robustness Quantification

Robustness is best achieved when considered from the early stages of concep-
tual design. While robustness is often approached qualitatively, quantitative
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approaches can be useful in specific scenarios, such as when comparing differ-
ent strategies for the same structure or optimizing design for cost-effectiveness.
These measures typically involve comparing the extent of damage within a sys-
tem or analyzing its response to initial damage [3]. Different types of buildings
are susceptible to different types of damage and damage propagation, meaning
there is no universal method for quantifying robustness. For example, energy-
based measures are particularly suited for assessing impact-related progressive
collapses, such as pancake failures, whereas measures based on reserve load-
carrying capacity are more appropriate for redistribution-type progressive col-
lapses involving ALP [13]. Regardless of the specific approach, a robustness
assessment requires a clear definition of the system being evaluated, the iden-
tification of performance requirements, relevant hazards, and the consequences
of potential damages [9]. Various methods for quantifying structural robustness
have been proposed, including deterministic, reliability-based, and risk-based
indexes [15]; [6]. Among these, deterministic-based indexes are the simplest to
calculate. However, as single-value indexes that aim to summarize complex sys-
tems, they provide only limited insight into the susceptibility of the structure
to disproportionate collapse. Moreover, these indexes are generally not practical
for ordinary design processes. Another limitation is the lack of standardized tar-
get values for robustness indexes. This limits their use to comparisons between
similar scenarios, such as assessing the same structure under different initial
damage conditions or with varying connectivity between elements [12]. These
measures of robustness should have a simple and clear definition and be based
on quantifiable properties or behavior of the structure [13].

5 Design Codes
5.1 Overview

Robustness design frameworks are incorporated in several current design stan-
dards and guidelines. In Europe, the most widely used framework is provided
by EN 1991-1-7:2006, which addresses accidental actions on structures. In the
upcoming versions of the Eurocodes, EN 1991-1-7 will focus on identified and
quantified accidental actions, for which the structure shall be designed, whereas
robustness aspects following unforeseen events should be addressed by EN 1990
Basis of Design and EN 1992 - 1999. In North America, multiple standards and
guidelines provide recommendations for accidental actions on federal and mili-
tary structures, including UFC 4-023-03 and GSA 2016. Additionally, a newer
standard, ASCE 76-23, focuses on mitigation of disproportionate collapse poten-
tial of civilian buildings and structures. In this section, a brief overview of the
robustness design frameworks provided in EN 1991-1-7:2006, UFC 4-023-03, and
ASCE 76-23 will be provided.

5.2 EN 1991-1-7:2006

EN 1991-1-7:2006 [8] provides a robustness assessment method as one of the sev-
eral methods to mitigate the risk of accidental actions (framework summarized
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in Table1). The framework is based on the importance of the structure which
is reflected into consequence classes CC1, CC2, and CC3. CC1 buildings are
those linked to low consequences, such as small buildings with low occupancy.
CC2 buildings refer to medium consequences, such as mid-rise office and residen-
tial buildings. An additional distinction is made within CC2, namely CC2a and
CC2b, which is based on the use type of the structure. Lastly, CC3 buildings
refer to high consequences, such as high occupancy buildings with public access.

Table 1. Robustness design framework provided by EN 1991-1-7:2006.

CC |Hazard scenariosDesign strategies Acceptable level of]
definition damage
CC1 |Design according to EN 1990 to EN 1999.
CC2 CC2a: CC2a: CC2a:
e Prescriptive rules. | ¢ Minimum horizon-| ¢ No damage accep-
tal ties. tance defined.
CC2b: CC2b: CC2b:
Prescriptive rules. | ¢ Minimum horizon- e Damage threshold
Notional removal tal ties. Siim 1s the smaller
of each supporting| e Vertical tying of of 15% of floor area,
beam and column. columns and walls or 100 m? in each
from foundations to adjacent storey to
roof level. notional damage.

e ALP analysis.

CC3 |Systematic risk assessment for foreseeable and unforeseeable events.

5.3 ASCE 76-23

ASCE 76-23 [4] is a performance based design standard for mitigating dispro-
portionate collapse (framework summarized in Table 2). It is based on collapse-
resistant design categories (CRDC), defined based on the building risk category.
The risk category is determined using ordinal ranks of the hazard, vulnera-
bility, and consequences. Four different hazard independent damage scenarios
(HIDS) are defined, with the descriptions defined below, to be applied at loca-
tions defined by designers to have the most detrimental effect. Additionally, four
different areas of influence (AI) are defined to quantify damage tolerance, and
can be related to the HIDS as described below.

e HIDS H1 (AI-1): Component level notional damage Dy =4 x 4 x 4 in,
e HIDS H2 (AI-2): Damage to individual secondary members or notional dam-
age Dy =2 x 2 x2 ft,
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Table 2. Robustness design framework provided by ASCE 76-23.
CRDC Hazard scenarios defini-Design strategies Acceptable level of dam-
tion age
A Design according to ASCE 7-16 1.4.
HIDS H-1
B

e No failure of primary
components allowed.

e Failure of secondary
components adjacent
to H1 allowed.

HIDS H-2
e Failure < 2x AI-2
HIDS H-1 HIDS H-1: Same as HIDS H1 for risk
C CRDC B.
e There are no deemed
to comply solutions.
HIDS H-2 HIDS H-2: Same as HIDS H2 for risk
CRDC B.
e ALP analysis.
HIDS H-3 HIDS H-3:
e ALP analysis. e Failure < 2x AI-3
HIDS H-1 HIDS H-4: Same as HIDS H1 for risk
CRDC B.
D e There are no deemed
to comply solutions.
HIDS H-2
e No failure of compo-
nents from H2 allowed.
e Failure < AI-3
HIDS H-3

e Failure < 2x AI-3
HIDS H-4

e Failure < 2x Al-4
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e HIDS H3 (AI-3): Damage to individual primary member or notional dam-
age Dy. Wall-type structures minimum damage 144 ft? with no floor-wall
connections. Dy =4 x 4 x 4 ft,

e HIDS H4 (AI-4): Simultaneous damage to two primary members or notional
damage Dy . Wall-type structures minimum damage 288 ft?> with no floor-
wall connections. Dy =4 x 8 x 20 ft.

5.4 UFC 4-023-03

UFC 4-023-03 [16] is a standard for the design of military facilities to resist
progressive collapse (framework summarized in Table 3). It is based on risk cate-
gories (RC), which are defined based on the occupancy and risk of the structure.

Table 3. Robustness design framework provided by UFC 4-023-03.

RC Hazard scenarios defini-|Design strategies Acceptable level of dam-
tion age
I No specific progressive collapse design requirements.
11
e Prescriptive rules. e Minimum tying force

requirements.

e Local strengthening]
of ground-floor corner
columns.

e ALP analysis if unable
to fulfill minimum ties.

111

e ALP analysis. e No damage allowed.

e Local strengthening]
of all ground-floor
columns or walls.

v

e Column or wall loss| e Minimum tying force
scenarios at specified requirements.
locations. e Local strengthening]

of all ground-floor

columns or walls.

e ALP analysis.
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6 Case Studies

A selection of case studies of robustness strategies in taller timber buildings from
Europe and North America are presented, including a brief description of the
structural design, and the design strategies adopted to mitigate disproportionate
damage propagation.

Mjgstarnet (Brumunddal, Norway, 18 storeys)

Project description:

The structure comprises large-scale GLT trusses along the fagades as well as
internal columns and beams. Floors 211 were made with prefabricated wooden
decks, while floors 12-18 were made with concrete [1].

Design strategies:

o  Vulnerability:
— GLT columns were designed to resist a pressure of 34 kPa, based on EN
1991-1-7:2006.
e Robustness:
— Connections between GLT elements were designed to exhibit a ductile
failure mode (redundancy).
— The structure was designed to withstand the impact of a falling concrete
floor (segmentation).

HoHo Wien (Vienna, Austria, 24 storeys)

Project description:

The primary load-bearing structure is a combination of a stiffening concrete core
and a simple GLT edge-beam and column structure. The floor system used pre-
fabricated timber-concrete composite elements, connected to internal concrete
beams [18].

Design strategies:

e Robustness:
— Column-to-column connections were designed to carry tension forces and
support the floor below in case of column loss.
— Horizontal and vertical ties were used to provide alternative load paths:
- Vertical ties: glued-in steel rods connected to concrete beams.
- Horizontal ties: on-site casted reinforcement bars within concrete beam
connections (redundancy).
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HAUT (Amsterdam, Netherlands, 21 storeys)

Project description:

Lateral stability is provided by a concrete core and two CLT shear walls. Ver-
tical loads are transferred through load-bearing CLT walls, supporting timber-
concrete composite floors. Where floor edges are not supported by load-bearing
walls, glulam downstand beams are introduced [17].

Design strategies:

e Robustness:
— Tension ring around the floor perimeter acting as a horizontal structural
tie (redundancy).

Treet (Bergen, Norway, 14 storeys)

Project description:
The structure consists of vertical GLT trusses and intermediate concrete storeys,
on which prefabricated apartment modules are stacked [2].

Design strategies:

e Robustness:
— Concrete power storeys were designed to withstand failures in prefabri-
cated modules and secondary members, also accounting for debris loading
(segmentation).

H1-Zwhatt (Regensdorf, Switzerland, 24 storeys)

Project description:

The load-bearing structure consists of a reinforced concrete core and three lower
post-beam storeys. The 21 residential storeys above are built with GLT and LVL
columns and beams, and biaxial load-bearing prefabricated timber-concrete floor
elements [5].

Design strategies:

e Robustness:
— Vertical tension anchoring of timber columns using glued-in threaded rods
at the top and dowel connections at the base.
— Flexural rigid connections between secondary beams via steel ten-
sion/compression zones, ensuring continuity in case of column loss.



236

M. Felicita et al.

Brock-Commons (Vancouver, Canada, 18 storeys)

Project description:
The structural system comprises two concrete cores and CLT floor panels which

are

point-supported on timber columns [7].

Design strategies:

o Robustness:

— Multi-span CLT floor panels were designed for two-way action and can-
tilevering in case of loss of a column. Column- to- column connections were
designed to carry tension forces to hold the floor below (redundancy).
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Abstract. The present chapter examines different types of lateral-load-resisting
systems (LLRSs) for taller timber buildings (TTBs). The LLRSs are presented with
specific reference to their role in the seismic response of TTBs, and have been
classified according to the main structural elements composing them. Therefore,
timber-framed LLRSs, consisting of one-dimensional members, are first exam-
ined, followed by panelised LLRSs, featuring two-dimensional elements; mixed
timber-framed and panelised LLRSs are then addressed. Next, hybrid timber-steel
and -concrete, as well as volumetric modular LLRSs, are presented. Finally, a
separate section is dedicated to the interaction of timber diaphragms with LLRSs
in TTBs. Besides a comprehensive literature review, for each LLRS type, relevant
examples of buildings realized in practice have been reported. In the final section,
based on the analysed research studies from literature, the main future challenges
and research directions for an effective, holistic design of LLRSs in TTBs, are
addressed.

Keywords: Timber-framed structures - panelised structures - modular
construction - hybrid timber buildings - timber diaphragms - seismic loading

1 Introduction

The structural behaviour of Taller Timber Buildings (TTBs) subjected to earthquake
actions is governed to a large extent by the Lateral-Load-Resisting Systems (LLRSs),
whose performance is mainly dependent on the structural type, the geometry, the Engi-
neered Wood Products (EWPs) adopted for the different structural elements, and the
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type of connections. While the latter aspect is discussed in the dedicated chapter High-
performance connections for seismic resistance, in this chapter an overview of the typ-
ical LLRSs is presented, some of which are summarized in Fig. 1, and corresponding
examples of constructed buildings are introduced.
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Fig. 1. Examples of LLRS for taller timber buildings based on: 1D elements, such as braced frames
(a, b) or moment-resisting frames (c); 2D elements, such as platform-type (d) or balloon-type (e)
CLT structures; hybrid systems involving concrete (f) or steel (g) elements.

—
o
—~
—
D
~

(a) (b) (c)

2 LLRSs Based on Timber-Framed Structures

Lightweight timber frames are widely used and highly adaptable construction types
around the world. All vertical and horizontal loads are carried and transferred through
vertical (columns), horizontal (beams) and diagonal small-size timber members. The
lightweight nature of this LLRS makes it efficient and practical for various building types
and structural requirements, but not suited for TTBs, where this system has evolved into
“heavy” timber-framed LLRSs.

In the context of timber-framed structures, it is possible to classify two types of
LLRSs [1]: braced frames (e.g. Fig. 1a, b), and moment-resisting frames (e.g. Fig. 1c¢).
In braced frames, resistance to lateral loads is developed through axial forces in the
structural elements; ductile mechanisms in the connections at the ends of the diagonal
braces dissipate energy, while other members and connections remain elastic [2—4]. The
connections used in braces may be considered relatively ductile if they are properly
conceptualized following capacity design, without risk of brittle failures in the wooden
members. Within the LLRS, the braces can be arranged in different configurations: the
braces can be concentric (e.g. in Fig. 1b, [3]) or eccentric (e.g. in [1, 5]), placed at every
storey or as outriggers for more efficient lateral stability (e.g. in Fig. 1a, [6]). Recent
developments in braced timber frames consist of the use of buckling-restrained braces
(discussed in Sect. 4), or the shape optimization of the braced frames [7].
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Moment-resisting frames (Fig. 1c) are composed of the assemblage of beams and
columns through connections designed to transfer axial, shear and bending moment.
They resist the lateral forces mainly through bending of members. Some examples of
such connections are bolts with tight-fit pins, or glued connections. However, moment-
resisting timber-to-timber connections feature difficult joint detailing and some extent
of rotations and associated drifts under seismic loads [8]. In addition, these connections
need to provide sufficient energy dissipation while minimizing the effects of shrink-
age and swelling. The use of hybrid steel-to-timber joints has shown great potential in
improving the performance of moment-resisting frames but has not resulted in standard-
ized configurations yet [9-11]. Additional details on these types of joints can be found
in the dedicated chapter High-performance connections for seismic resistance.

Realized mass timber constructions with timber frames used as LLRS are the
Mjgstdrnet in Brumunddal, Norway (2019), where a solution with outriggers similar
to Fig. la is used, or the UBC Okanagan Fitness and Wellness Centre in Kelowna,
Canada (2013), featuring moment-resisting joints with glued-in rods.

3 LLRSs Based on Panelised Structures

Panelised LLRSs for TTBs are usually made of Cross-Laminated Timber (CLT) [12—16]
or, in some cases, Laminated Veneer Lumber (LVL) [17]. In mid-rise buildings up to
six storeys, also light timber-frame with oriented strand board (OSB) or plywood panels
exhibit excellent seismic performance [18-20]. Depending on the design approach, CLT
LLRSs could be platform- or balloon- type, meaning the shear walls are interrupted at
each storey (Fig. 1d) or go bottom-up (Fig. le), respectively.

Platform-type shear walls can be monolithic or segmented, namely, made of one
single panel or two or more panels, respectively [2, 14, 21-25]. Structural systems made
with single-panel CLT shear walls provide low-to-medium energy dissipation, due to
the limited number of connections. Segmented walls ensure a higher energy dissipation
thanks to the contribution of panel-to-panel vertical joints. Moreover, the more slender
the panels are, the more rocking-governed the drift is, leading potentially to no or minimal
residual drift after the seismic action.

Balloon-type structures take advantage of the continuity of the CLT panels along
the height of the shear walls in resisting lateral in-plane loads [26-29]. In these cases,
the LLRS and the vertical load resisting system are separated, with shear walls only
withstanding lateral actions. The slender aspect ratio renders these shear walls more
prone to rocking than sliding, so most solutions used focus on this mechanism to resist
actions and dissipate energy. The specific resisting mechanism of these walls depends
on the connections and devices used. The wall can be connected to the foundation with
connections similar to those used in platform-type shear walls (i.e., hold-down and angle
brackets [30]), but, understandably, in larger dimensions.

The optimal performance of CLT LLRS requires the application of capacity design in
the joints [31], whose effect could yet result in larger and more expensive use of material,
potentially removing the advantage of using higher behaviour factors for dissipative CLT
structures [32].
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Advanced connections, such as slip friction or other dissipative [33] or high-capacity
joints [34], can be also used in CLT LLRSs for TTBs. Another implemented technique
consists of unbonded post-tensioned cables [9, 35, 36], anchored to the foundation and
fixed at the top of the wall, placed in the centre of it, at least one per side.

Regardless of the system, shear walls can also be coupled along the length to benefit
from additional dissipation given by the connections between the walls [33, 35], which
is usually performed through purposely designed and shaped steel plates that are able to
deform plastically without hindering the rocking mechanism, although, in some cases,
fuse steel elements have also been used, such as coupling beams or purposely perforated
flat plates [37]. Finally, more sophisticated solutions, combining two or more of the
above approaches, can be used [33, 36, 38].

Many examples of low-to-mid-rise buildings composed of CLT shear walls are built
worldwide, such as Bridport House in London, United Kingdom (2010), or Origine in
Quebec City, Canada (2017).

4 Mixed Timber-Framed and Panelised LLRSs

The two former types of LLRSs based on timber-framed and panelised structures can be
combined in core- or shear-wall-framed constructions [1]. These structures are composed
of two coupled structural systems: the vertical load-resisting system, generally a beam-
column structure, and the LLRS, such as, for example, CLT or mass timber walls or
cores.

One of the most common solutions involves the use of CLT for the LLRS, consisting
of cores (including elevator shafts) and perimeter walls, in combination with timber
beams and columns, as well as CLT floors [39, 40]. A building realised by employing
these mixed LLRSs can benefit from the above mentioned advantages of both timber-
frame and panelised structural systems. Yet, it is important to note that the position and
layout in plan and elevation of the cores and perimeter walls can strongly influence the
response of the whole structural system. These TTBs might become flexible and exhibit
inter-storey drifts greater than the limits prescribed in the standards; when irregular
configurations of the LLRS are considered, a lower lateral deformability is observed, but
greater uplift loads are transferred to the foundations [39]. Hence, in seismic regions, the
feasibility of designing multi-storey framed timber buildings braced by CLT shear-walls,
depends on the possibility to control lateral drifts and provide anchoring connections
capable of handling large uplift forces between the superstructure and the foundations.

Other investigated mixed LLRSs consist of shear walls realised by incorporating
CLT [41] or light-frame [42] infills, within glulam beams and columns. These systems
show enhanced ductility and energy dissipation, but their efficiency is highly dependent
on the aspect ratio and the presence and dimensions of openings of the infills, all aspects
influencing the interaction and effective collaboration with the glulam frame.

Arecent, relevant example of the combination of timber-framed and panelised LLRSs
consists of the Sara Kulturhus Center in Skellefted, Sweden (2021), where this solution
allowed to build a 20-storey structure.
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S Hybrid LLRSs

Hybrid systems represent those LLRSs, in which timber elements are combined with
steel and/or concrete elements (e.g. Fig. 1f, g). These LLRSs show smart and more
efficient use of the materials to improve the global and local behaviour with respect
to timber-only structures. The advantages of the hybridization lie in the possibility to
design optimized structures, where the lightness of timber is combined with the stiffness
of steel and concrete and the ductility of steel [43, 44]. A large variety of hybrid systems
can be adopted as LLRS, for instance:

e Steel-timber composite shear walls featuring mass timber panels [38, 45-49] or
lightweight timber walls [50-54], as well as cold-formed steel diaphragms with
bracing timber-based panels [55]. In particular, the combination of steel moment-
resisting frames and light timber frame structures [50] can also be integrated with
more advanced seismic protection technologies, such as friction dampers [54] or self-
centring capacity [56]. Another variation falling under this category is a mass timber
and podium integration, consisting of mass timber panels supported by a stiff podium
constructed from concrete or steel. The podium functions as a base that provides
essential lateral stiffness and strength while acting as a critical interface between the
foundation and the lightweight timber superstructure. The effectiveness of this hybrid
system in mitigating lateral deformation under extreme loading conditions has been
demonstrated by [19, 26];

e Steel/concrete LLRSs with mass timber [57-63] or lightweight timber (-composite)
diaphragms and timber walls/columns [64—67]. One of the most adopted solutions
consists of a reinforced concrete core LLRS with timber members used to carry
vertical loads (e.g. Fig. 1f). The concrete core fulfils the structural performance and
simultaneously is the stair and lift shaft, as it is the case with conventional reinforced
concrete high-rise buildings. Such a system presents several advantages, such as:
(1) it eases the limitation related to fire safety of TTBs as stairs and lift shafts are
constructed of non-combustible materials, (ii) its performance under seismic actions
is significantly less complex to be designed for the majority of practitioners, (iii) it
represents a cost-optimized solution compared to other timber alternatives [40, 61,
68];

e Hybrid timber-steel framed systems consisting of steel/concrete columns and timber
beams, slabs and/or walls [69, 70], or timber frames with steel members and/or
high-performance steel joints (e.g. Fig. 1g [10, 71-76]);

e Timber buckling-restrained braced frames [77-81], consisting of a steel core and a
timber casing acting as restraint for the steel core buckling. This system is popular
because it provides enhanced strength and stiffness [82—-84] and it can be combined
with more advanced joints or seismic protection technologies [73, 85, 86].
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Examples of realized TTBs with hybrid systems are the Haut project in Amsterdam,
The Netherlands (2022), which is one of the tallest timber hybrid buildings with a 73 m
height; the Brock Commons Tallwood House (2016) and the MEC head office (2014),
both in Vancouver, Canada.

6 Volumetric Modular LLRSs

The revision of conventional models replicated by the construction sector is contributing
to the expansion of volumetric modular systems. Several advantages come from this
industrial approach, starting with manufacturing control, quality in a shortened time,
accuracy and an increase in the speed of construction [87]. The use of timber, as the
main structural material, in a modular system, gives a highlight to the environmental
concern, based on the introduction of Engineered Wood Products (EWPs) to achieve the
carbon neutrality strategy and the demand for buildings into opportunities for sustainable
development [88].

In volumetric modular construction, each module is designed as an independent
unit, incorporating load-bearing and non-load-bearing walls [89]. When assembled and
stacked, these modules must function cohesively as an integrated structural system. This
requires seamless interaction between the vertical and horizontal load-resisting systems
to ensure overall stability and structural performance.

The schematic design and development stages on the erection procedure of modular
constructions demand specific attention to ensure the proper connections of the LLRS
[90]. The floor plan needs to align with the building’s functional use, considering various
configurations of the modular units and the coordination of development phases [91].

The connections between modular units play a fundamental role in the structural per-
formance of modular constructions, ensuring stability and resistance under load demands
[92]. In tall buildings, the mechanism of force transfer of horizontal loads to the stabiliz-
ing system presents additional challenges regarding the connection between the module
and the core, normally made by concrete or steel [93].

In practice, timber modular buildings predominantly utilize CLT panels as both
the LLRS and the gravity load-bearing system [94]. Moreover, the evaluation of the
LLRS definitions on a volumetric timber modular system is made regarding the easy
handling and assembly of those connections combined with the perspective of structural
effectiveness.

In volumetric modular systems, the LLRS is typically formed by interconnecting
the walls of individual modules, as illustrated in Fig. 2. In tall buildings, this config-
uration often follows a particular case of balloon-type approach [95], where walls are
directly joined using plates (shear connectors) and tie-downs (tension and compression
connectors) until they are connected to the foundation typically with hold-downs and
angle brackets.

Within this design, the shear diaphragm plays a critical role in transferring forces to
the walls and down to the foundation. This behaviour is effectively achieved by connect-
ing ceiling slabs to form diaphragms, offering a practical and efficient solution due to
their ease of installation and assembly. Nonetheless, achieving a reliable floor-to-floor
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Fig. 2. Typical Volumetric Modular Timber Configuration.

connection presents significant challenges. Since volumetric modules are fully assem-
bled in the factory, including interior finishes and services, introducing robust connec-
tions between floor diaphragms must not compromise the integrity of these prefinished
components. The need for rapid and straightforward on-site assembly further limits the
use of complex connection systems. Additionally, tolerances between modules can lead
to misalignments, making it difficult to ensure continuous load transfer and diaphragm
action, especially when combined with limited space for proper connections. Moreover,
not all walls contribute to the LLRS since some cannot be directly anchored to the foun-
dation (for example, partition or load-bearing walls). For instance, when a new module
is placed beside an existing one, the adjacent wall of the new module may lack sufficient
space for a direct ground connection. This scenario highlights the importance of follow-
ing the correct erection sequence to ensure that proper wall-to-foundation connections
are made.

These challenges underline the need for innovative solutions and refined construction
strategies to fully harness the potential of modular systems. The modular construction
approach offers numerous advantages, making it well-suited for high-rise buildings and
potentially shaping the industry’s future. Nevertheless, while volumetric modular sys-
tems are widely used in low-rise structures, their application in high-rise construction
remains relatively limited, where several challenges arise. One key issue is inter-modular
connectivity, which becomes more complex in tall buildings. Additionally, geometric
imperfections, common due to construction tolerances, are often amplified in hybrid
systems, such as those incorporating concrete core structures. The assembly process
and detachable connections also pose challenges, particularly in relation to Design for
Manufacturing and Assembly (DFMA) principles. Furthermore, there is a lack of com-
prehensive structural guidelines for volumetric modular systems, especially concerning
their behaviour under lateral forces, robustness, and the effective integration of the LLRS,
all of which are crucial for ensuring the overall stability and performance of the structure.
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7 Interaction of Floor Diaphragms with LLRSs

Floor diaphragms are crucial components in LLRSs, as they allow the transfer of hor-
izontal loads (wind, earthquake) to the vertical structural elements, ensuring that the
entire structural system responds under seismic actions uniformly. A key role in this
regard is played by the in-plane stiffness of the diaphragms, since it influences the dis-
tribution of inertia forces to the vertical elements of the LLRS and the development
of energy dissipation mechanisms. When a floor diaphragm has significantly greater
in-plane stiffness than the vertical elements, seismic forces are distributed to the ver-
tical elements in proportion to their stiffness and a controlled building response under
earthquake can be achieved. The critical role of diaphragms in LLRSs has been widely
recognized, hence particular attention in their design has been recommended [96]. The
main factors influencing the effective action of the diaphragms under seismic loading
are the stiffness of timber members and that of their connections [97], which are also
responsible for providing energy dissipation under cyclic in-plane loading [98—100].
Too flexible diaphragms enhance higher mode effects and alter the load redistribution
in the vertical elements of the LLRS [97]. Thus, to ensure sufficient in-plane stiffness,
the quantification of overstrength factors between vertical elements of the LLRS and
diaphragms has been recommended [96], to enable ductile behaviour at building level for
higher-than-expected forces or deformation capacity under extreme loading conditions.

These design considerations are accounted for in Eurocode 8 [101] for light-frame
floors, but for CLT floors no prescriptive rigid diaphragm conditions are currently
included, with appropriate capacity design rules being absent as well [24]. In this con-
text, previous studies have emphasized that the in-plane stiffness of CLT diaphragms
is primarily governed by floor panel-to-panel joints and by floor-to-wall connections
[102]. CLT diaphragms and their connections to the wall LLRSs have also been found
to influence their rocking mechanism, although further investigations are required to
explore the influence of the panel-to-panel joints in floor diaphragms [103]. From a
preliminary study on CLT building archetypes, an increase in the stiffness of the floor
panel-to-panel joints, and a decrease in the stiffness of the shear walls, result in a rigid
in-plane response of the floor [104].

8 Challenges and Outlook

The previous description of the typical LLRS in TTBs has already highlighted some of
the future challenges that need to be addressed in future research, with specific reference
to holistic design procedures.

LLRSs composed of timber-framed structures constitute an effective option, yet
showing as main challenge the need for adopting high-performance joints with sufficient
strength and hysteretic energy dissipation, supported by appropriate capacity design
rules, and in combination with, in some cases, the need to meet comfort requirements,
for instance when sound insulation is needed.

Two-dimensional LLRSs, mostly involving CLT structures, are very efficient and
have already found broad practical application in TTBs. However, especially in regions
prone to seismic events, the use of traditional connections (hold downs and angle brack-
ets) results in a limitation in the number of storeys, because of the large lateral loads
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involved, in combination with capacity design requirements. However, possible advance-
ments in this regard may involve the use of high-performance connections. The same
limitations apply to mixed timber-framed and panelised LLRSs.

Hybrid systems are also a viable option to realize TTBs, as highlighted in the related
state of the art. However, similarly to the previous case, the efficiency of these systems
often relies on high-performance connections, which needs to be further developed and
standardized for an easier and more accurate design, modelling and application, including
compliance to capacity design and clear guidelines on how this can be achieved.

Effective joints constitute the main challenge also when volumetric systems are used
in TTBs, since inter-modular connectivity needs to be realized for efficient lateral load
transfer. Additionally, geometric imperfections, common due to construction tolerances,
are often amplified in hybrid volumetric systems, such as those incorporating concrete
core structures. From the point of view of holistic design, the assembly process and the
conceptualization of detachable connections also pose challenges, particularly in relation
to DFMA principles. Furthermore, comprehensive structural guidelines are lacking for
volumetric modular systems, especially concerning their behaviour under lateral forces,
robustness, and the effective integration of the LLRS, all of which are crucial for ensuring
the overall stability and performance of TTBs realized with these systems.

Finally, lack of prescriptions is observable also in the case of one of the main com-
ponents of LLRSs, the floor diaphragms. In fact, guidelines are only available in case
of light-frame timber floor systems, but conditions for in-plane diaphragm rigidity in
case of CLT floors are not yet specified. Additional investigations on how panel-to-panel
floor joints and wall-to-floor connections in CLT diaphragms influence the response of
the walls’ LLRS are also needed.
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Abstract. Taller timber buildings (TTBs) offer sustainability benefits but pose
unique seismic challenges. The following chapter reviews state-of-the-art seismic
protection technologies (SPTs) for TTBs, including low-damage self-centering
systems, post-tensioned systems, supplemental damping systems, passive and
active control systems and base isolation. It discusses the principles, applica-
tions, and future challenges of each technology. While significant progress and
innovative solutions have been achieved, outstanding challenges include scaling
the technology, optimizing cost-effectiveness, and managing interactions between
structural and non-structural elements to enhance functional recovery, damage
limitation, and acceleration reduction. By examining current practices and future
directions, this review facilitates a broader understanding and implementation of
SPTs, promoting the sustainable growth of TTBs in seismic-prone regions.

Keywords: Seismic protection technologies - Low-damage and self-centring -
Post-tensioned systems - Supplemental damping systems - Passive and active
control - Base isolation

1 Introduction

Timber has long been a material of choice in construction due to its renewability, excel-
lent strength-to-weight ratio, and aesthetic appeal. In recent years, timber has grown in
popularity, driven by the growing emphasis on sustainable construction practices and
innovative mass timber products. Among these developments, the construction of taller
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timber buildings (TTBs) has emerged as a significant innovation, showcasing advance-
ments in engineering and design. While the adoption of TTBs offers numerous benefits,
including reduced carbon footprints and enhanced architectural versatility, their per-
formance under seismic conditions presents unique challenges that necessitate further
exploration.

Historically, timber buildings have demonstrated varying levels of seismic resilience,
influenced by factors such as construction techniques, material properties, and design
standards. Traditional timber structures often relied on flexibility and low mass to with-
stand seismic forces, yet they frequently suffered irreversible damage that was difficult
to repair. Modern engineering approaches have introduced new opportunities for design-
ing timber buildings to meet stringent seismic performance requirements, particularly
in Serviceability Limit State (SLS) and Ultimate Limit State (ULS) scenarios. How-
ever, as urbanization accelerates and the demand for mid to high-rise timber structures
increases, addressing the seismic demands and challenges associated with TTBs becomes
paramount.

The inherent characteristics of timber budlings, while beneficial in many aspects, also
introduce specific complexities for seismic design. Their lightweight nature, while bene-
ficial in reducing inertial forces, necessitates careful consideration of dynamic properties
to avoid potential amplification of accelerations during seismic events. Furthermore,
integrating innovative materials and hybrid systems has added layers of complexity,
requiring interdisciplinary collaboration and development of new devices and design
methodologies.

Following the afore-discussed challenges, Seismic Protection Technologies (SPTs),
such as low-damage self-centering systems, post-tensioned systems, supplemental
damping systems, and base isolation technologies, have been adapted and developed
to enhance the resilience of timber buildings. These technologies focus on minimiz-
ing structural and non-structural damage, improving energy dissipation, and enabling
self-centering behaviour after seismic events. Despite significant progress, challenges
remain in scaling these solutions for TTBs, optimising cost-effectiveness, and addressing
the interactions between structural and non-structural elements. Therefore, this chapter
explores the state-of-the-art on seismic protection technologies for TTBs, highlighting
both established and emerging solutions. It also identifies critical difficulties and research
gaps, including the need for comprehensive empirical data, refined design parameters,
and the development of performance-based frameworks tailored to contemporary timber
structures. By examining current practices and future directions, this study aims to con-
tribute to the broader understanding and implementation of SPTs, facilitating the growth
of TTBs in seismic regions. In addition to discussing the dynamic behaviour and energy
dissipation principles of TTBs equipped with SPTs, this paper presents an overview of
various seismic protection technologies and their practical applications. The discussion
is further contextualized through a review of current trends, advancements, and outlook,
setting the stage for future innovations in this fast-evolving field.
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2 Concept and Methodology of Seismic Protection Technologies

The recent shift in contemporary seismic design—from focusing solely on structural
safety to prioritizing damage limitation and full functional recovery with an emphasis
on performance-based loss design - was both highly anticipated and necessary. Although
significant research in recent years has focused on the structural safety of timber build-
ings - particularly on connections, lateral load-resisting systems, design codes, and con-
struction techniques - SPTs are an emerging area in timber engineering design aimed at
further enhancing their resilience.

Generally, connections play a crucial role in timber structures by transferring forces
between members and dissipating energy. When designed to yield, these connections
are susceptible to significant non-linear deformations, and non-recoverable damage.

Consequently, SPTs should prioritize reducing the demand on connections and pre-
vent non-linear deformation and unrecoverable damage, ensuring all structural elements
and connections to behave elastically under strong ground motions. Additionally, to
guarantee financial justification for their implementation in TTBs, these technologies
should also minimize large accelerations in upper stories, which are recognised as a
primary source of damage to non-structural elements.

In recent years various seismic protection technologies have been developed and
are being studied numerically and experimentally. In this sense, seismic protection
technologies and devices for TTBs can be broadly categorised into five major groups:
Low-damage and self-centring systems; Post-tensioned systems; Supplemental damping
systems; Passive and active control systems, and Base isolation systems. An illustra-
tive overview of the types of SPTs and the number of original publications, which were
found (per type and year), is presented in Fig. 1. Although a clear boundary between low-
damage self-centering solutions and post-tensioned systems, as well as motion dependant
and some passive control systems, could not be easily established, it is evident that the
former constitute the majority of publications. Nonetheless, in recent years, there has
been an overall increase in research, particularly in the areas of supplemental damping
and isolation technologies. However, hybrid or combined approaches are still lacking.

As fundamental principles in SPTs, three key approaches can be identified: i) increas-
ing damping ii) increasing flexibility (elongating the fundamental vibration period) and
iii) hybrid approach which combines the two afore mentioned principles.

Although shortening the period usually means greater acceleration, it leads to smaller
displacements, and therefore lower drifts, which is definitely an advantage for timber
buildings, as structural damage correlates more strongly with displacement and inter-
storey drifts than with forces [1]. Following, shifting the fundamental vibration period
to a large value to limit the amount of transferred force to the building, results in higher
displacements and much smaller accelerations of the superstructure, which protects the
acceleration-sensitive content in the building. In spite of the increased displacement
demand during an earthquake, most of the demand should be met by the SPT system,
while the superstructure typically shows much smaller peak floor accelerations and so
less non-structural damage, which in contemporary construction constitutes up to 90%
of the building cost. However, at this point it is important to note that accelerations,
even though highly related to non-structural damages, are not generally been studied
and picked up to such an extent in the scientific literature.
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Fig. 1. Types of SPTs for TTBs: (a) Low-damage and self-centring e.g. RSFJ walls; (b) Post-
tensioned systems e.g. PT walls; (c) Supplemental damping e.g. Viscous dampers; (d) Passive and
Active control e.g. Active mass damper; (¢) Base isolation e.g. Elastomeric isolation; (f) Number
of recent research publications per SPT type and total number of publications per year.

Furthermore, it is argued that timber buildings would not benefit from additional
damping due to their high effective damping ratio, which correlates with their inelas-
tic behaviour associated with structural damage, primarily connections. Therefore, the
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main principle that should be followed for the implementation of SPTs into the design
process is to reduce or exclude the energy dissipated by the inelastic behaviour of the
structure (high damage and failure of connections). Finally, in such a way their economic
investment would be easily negotiable.

3 Types of Seismic Protection Technologies

3.1 Low Damage and Self-Centering Systems

The systems concepts are based on automatic mechanisms for returning the main irre-
placeable parts of the structural systems to their initial positions after earthquakes. In
this regard, to achieve the self-centring capacity of TTBs, several innovative systems
and models have been proposed and studied, experimentally and numerically. Table 1
briefly summarises the state-of-the-art for low-damage and self-centring systems and
solutions that are included and discussed in this chapter.

Steel and abrasive-resistant Slip-Friction Devices (SFDs) for mass timber structures,
with prestressed bolts, were initially proposed by Loo et al. [2]. The innovative hold-
down devices consist of steel plate encased in the structural element and an envelope
of two abrasive-resistant steel plates, which form two shear planes held together by
prestressed bolt-springs. The results of cyclic tests showed a high energy dissipation
capability without pinching and a characteristic flag-shaped hysteresis. A further step
ahead towards an improved low-damage connection solution was the adaptation of the
system into a damage-free self-centring solution for CLT shear walls — the resilient slip
friction joint (RSFJ) introduced by Zarnani and Quenneville [3], which is still being
investigated and highly tested for various structural systems and materials. The RSFJ
has two middle and two cap serrated plates compressed by a bolt and disc spring system,
enabling a high self-centring capacity of the system. The device was furthermore verified
by an implementation in a Self-Centring Rocking timber Wall system by Hashemi et al.
[4]. In addition, Hashemi et al. [5] used the RSFJ in a hybrid damage-avoidant steel-
timber wall systems to prevent residual displacement and minimize damage. Finally,
Hashemi et al. [6] utilized RSFJ as hold-downs in rocking CLT walls to reduce the
residual displacement and improve the self-centring capacity of the rocking CLT walls.

More recently, Assadi et al. [7] tested the performance of the RSFJ as a low-damage
floor connection. The implemented solution significantly improved the seismic perfor-
mance. It increased the damping capacity, reduced displacement and force demands,
and enhanced the overall economical design by reducing the size of wall hold-downs.
In addition, Assadi et al. [8] conducted a comprehensive full-scale shake-table test on
a 3-story steel structure equipped with different configurations of RSFJs. The results
confirmed the reliability and predictability of the RSFJ system in reducing structural
damage and ensuring quick reoccupation of buildings post-earthquake.

Solutions based on a similar operating principle to the RSFJ include: the slip-friction
moment-resisting connection using screwed-in threaded rods introduced by Hegeir et al.
[9] and Self-Centring Timber Brace (SC-TB) by Yousef-Beik et al. [10]. In the former
solution, the moment-resisting connection was implemented in CLT beams and columns.
Four full-scale tests were conducted, under service loads and destructive cyclic loads.
The connection showed high stiffness and moment capacity, with ductile behaviour and
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Table 1. Low-damage and self-centring systems literature review.

System type Relevant research

. Slip-Friction Connectors (SFC) [2]

. Resilient Slip Friction Joint (RSFJ) [3]

. Self-Centring Rocking Wall system (SC-RW) [4]

. RSFJ as hold-downs in rocking CLT walls [6]

. Elliptically profiled CLT walls [11]

. Rocking CLT walls with Uplift Friction Dampers (UFD) [12]

Shear walls

N N R W N =

. High performance rocking timber wall with innovative
low-damage floor connections [7]

Post & Beam 1. Hysteretic Performance of Self-Centering Glulam
Beam-to-Column Connections [13]

2. Self-centering timber moment resisting frames [14]
3. Self-Centring Timber Brace (SC-TB) [10]

4. Slip-friction moment-resisting connection using screwed-in
threaded rods [9]

5. Timber Beam—Column Connections with SMA Bars [15]

6. Mass timber frames with timber buckling restrained braces [16]

7. Glulam frames with dual-tube self-centering buckling-restrained
braces [17]

Hybrid and Buildings 1. Hybrid steel-timber wall system using the RSFJs [18]

2. Self-Centring Steel-Timber Hybrid Shear Wall (SC-STHSW)
[19]

3. Performance of self-centering hybrid damping systems under
far-field and near-field ground motions [20]

Seismic Fragility Assessment of a Balloon-framed CLT Building
with Self-centering Hold-down [21]

failure through plastic hinging in the rods. The Self-Centring Timber Brace (SC-TB) was
primarily aimed to improve the conventional timber braces. Experimental and numerical
studies validate the SC-TB’s effectiveness. A comparative study on a four-story building
showed that SC-TB outperforms conventional braces in terms of base shear, pinching,
and damping. In addition, the SC-TB system demonstrated superior performance with
zero residual drift, lower base shear, and no pinching or timber crushing.

To address the limitations of conventional steel-timber hybrid systems Cui et al. [19]
introduced a self-centering steel-timber hybrid shear wall (SC-STHSW) system. The
proposed system integrates post-tensioned (PT) technology and slip friction dampers to
improve both energy dissipation and self-centering capacity. A full-scale experimental
test demonstrated its effectiveness by producing a flag-shaped hysteresis curve that
indicates strong energy dissipation and minimal residual deformation.
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An Uplift Friction Damper (UFD) composed of tension bolts and disc springs com-
bined with an angled abrasive friction interface has been used as a low-damage and
energy dissipater connector in rocking shear walls [12]. In the proposed UFD, post-
tensioned (PT) rods provide the self-centring response while two angled steel wedges
slide on each other to dissipate energy. Ricco et al. [11] proposed an elliptically profiled
CLT walls to form a rocking story in multi-story CLT buildings. The system is a rocking
soft story based on the elliptical rolling rod isolation, which also reminds of base isola-
tion system. The use of a soft storey as a seismic isolator buffers the upper stiff portion
of the building from ground motions during earthquakes. Two types of connectors with
different restriction mechanisms, No-Slip Traction Rolling (NSTR) and Slip Friction
Rocking (SFR) connection, were tested to assess the lateral behaviour of the elliptical
walls, both types exhibited similar rotational capacities. Finally, an equivalent lateral
force procedure, was proposed, for effectively estimating the seismic demands for CLT
buildings with elliptical rocking walls, and simplifying the design by using a static force
procedure to approximate the complex dynamic effects, providing a practical tool for
design.

3.2 Post-Tensioned Systems

Post-tensioned timber technology can provide increased strength and stiffness for mass
timber seismic load resisting systems while also providing energy dissipation and re-
centring capabilities for large lateral deformation without significant residual damage.
The state-of-the-art research and initial implementation of the post-tensioned timber
systems to real world construction projects, which gained in popularity after the 2011
Christchurch Earthquake, was reported by Granello et al. [22]. Other key research
projects and publications are listed in Table 2.

The response has been extensively studied on full-scale structures as part of the
University of Canterbury’s (Department of Civil Engineering) project in New Zealand
reported in Newcombe et al. [23], Natural Hazard Engineering Research Infrastructure
Tall Wood Project (NHERI-TWP) described in Pei et al. [24], and the Seismology and
Earthquake Engineering Infrastructure Alliance of Europe Project (SERA) described by
Pampanin et al. [25].

The research findings show that the controlled rocking mechanisms of elastic post-
tensioning provide self-centring action to eliminate residual drifts, while additional
dissipative devices, such as replaceable steel fuses, increase the damping and reduce
lateral displacements of multi-storey buildings. Although no severe structural damage
was observed, non-structural damage occurred even at low levels, partially caused by
floor accelerations. The previous findings were in line with recently conducted shake-
table tests on a 10-story building, which demonstrated that such a building can with-
stand design based and maximum considered earthquake level events repeatedly without
notable residual drift, structural member damage, or connection damage. The building
exhibited only moderate non-structural damage that would be repairable, meeting the
intended design goals [26]. Consequently, improving the detailing of the connections and
the sacrificial ductile elements between structural and non-structural elements was high-
lighted as a key opportunity to enhance the resistance [25, 26]. Furthermore, the inter-
action between structural and non-structural elements under seismic loading requires
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Table 2. Post-tensioned systems literature review.

System type Relevant research

Shear walls 1. Laminated veneer lumber (LVL) walls [30]

. CLT walls [27]-[31]

. Single and coupled Post-Tensioned CLT (PT-CLT) walls [32]

. Post-Tensioned CLT Shear Walls with Energy Dissipators [33]

D bW

. Higher-mode effects of rocking mass timber walls with controlled
overturning moments [28]

Post & Beam . Beam-column connections [13-34]
. Frames [29-35]

. Post-tensioned glulam frame [36]

AW N =

. Fragility functions for low-damage post-tensioned timber frames
[37]

. Two storey Pres-Lam timber building [29]

Hybrid and Buildings

—_

2. SERA Project - Integrated Low-Damage Building System [25]

3. Vertical steel ties for stiffening earthquake-resistant CLT buildings
[38]

4. 10 - story mass timber building [24, 26, 39]

further considerations to achieve a holistic design [27]. This should include refined low-
damage design methodologies and technologies, ensuring their cost-effectiveness and
widespread adoption [25]. In addition, higher mode shapes influence and modifications
of current design principles were emphasised as a further research area [26-28]. Fur-
thermore, research on the stiffness of connections and long-term performance data is
still lacking and limited, health monitoring, environmental effects and maintenance of
the post-tensioned steel tendons also require further investigations [22]. In this sense,
research is needed on the effects of anchorages in highly stressed beam-column joints
to prevent issues like column fractures or failures [29].

Recent numerical research by Matteoni et al. [37] developed a framework for fragility
functions evaluation of low-damage post-tensioned timber frames, using nonlinear static
and time history dynamic analyses and a Python-based parametric workflow.

In the area of mass timber shear wall platform type buildings stiffened with vertical
steel ties or tension rods, as reported in Keskisalo [40], Grife et al. [41] and Pacchioli
et al. [38], further research and development is needed for a successful implementation
of the technology in seismic prone areas. An emphasis is in investigating the coupling
of these systems with ductile devices to dissipate energy and reduce inertial forces and
minimise possible brittle failures.

Finally, an extensive review of recent progress of post-tensioned and self-centering
systems for mass timber structures can be found in Ugalde et al. [42] and Chen et al.
[43].
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3.3 Supplemental Damping Systems

Seismic protection through supplemental damping aims at decreasing the structural
demands and consequently inter-story drifts while potentially adding stiffness in the
structural systems by increasing inherent damping dissipation through the addition of
supplemental devices called dampers. These devices can increase the equivalent viscous
damping and are activated by: (i) displacement (e.g. metallic dampers, hysteretic devices,
friction dampers); (ii) velocity (e.g. viscoelastic dampers (VEDs) or viscous fluid (VF)),
or (iii) motion (e.g. tuned mass dampers).

The first reported study on the subject of supplemental damping in timber struc-
tures was carried by Filiatrault [44], which analytically predicted the seismic response
of friction damped shear walls. Nonetheless, the study presented only analytical results
and did not include experimental validation of the proposed solution. Since then, signif-
icant progress and research have been conducted. A summary of recent state-of-the-art
research can be found in Table 3.

Table 3. Supplemental damping systems literature review.

System type Relevant research

Displacement dependant dampers | 1. Perforated steel structural fuses in mass timber lateral
load resisting systems [57, 58]

2. Highly ductile hold-down with adaptive stiffness for
timber seismic bracing walls [59]

3. Timber frame with novel energy-dissipation joints [60]

4. Light wood shear wall structures with slotted-bolted
dampers [61]

5. Superelastic SMA Dowel Connections for Braced
Timber Frame Applications [62]

6. Timber Beam-to-Steel Column Connection with
Replaceable U-Shaped Fuses [63]

7. Friction-based connectors with wooden dowels for
timber shear walls [45]

Velocity dependant dampers 1. CLT shear walls with novel dissipative angle brackets
and hold-downs [51]

2. Dissipative angle brackets and hold-downs with
soft-steel and rubber for CLT buildings [52]

3. Sound-insulated joints and dynamic behaviour of CLT
structures [64]

4. Pre-damaged Two-Story Traditional Timber Frame
reinforced using Viscoelastic dampers [53]

Motion dependant 1. High-Rise Hybrid-Timber Building: A Comparative

dampers Study [55]

2. Tuned Liquid Column Damper (TLCD) for Taller
Timber Buildings [56]

Hybrid approach 1. Low-cost and sustainable timber-based energy

dissipation system with recentering ability [54]
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The studies showcase advancements in hybrid steel-to-timber dissipative connec-
tions and displacement dependant energy dissipation systems. The presented innovative
devices, on one hand enhanced seismic performance by introducing higher ductility,
whereas on the other reduced total costs. The hybrid steel-to-timber approaches demon-
strated stable performance and excellent ductility, while SMA fasteners show additional
self-centering potential but need further research. Finally, arecent study on friction-based
supplemental damping connectors with wooden dowels for timber shear walls, tested
on a shake table by Wakashima et al. [45], reports improved seismic performance by
providing high damping and minimal stiffness/strength degradation - connectors main-
tained their performance over time. Furthermore, the results highlight the potential of
these dissipative connectors, especially in regions prone to repeated seismic events.

Supplemental velocity-dependent damping systems, such as viscoelastic-viscous,
or tuned mass dampers, have been for mass timber structures, mostly studied through
numerical research. Although, numerical analyses have demonstrated the effectiveness of
velocity-based visco-elastic dampers in controlling the floor accelerations of such struc-
tures (e.g., [46—48]), experimental research on applying passive viscous or viscoelastic
damping to mass timber structures is currently lacking. It has only been reported on
light wood-frame shear walls by Dinehart et al. [49, 50], demonstrating their efficiency.
In addition, Chen et al. [51] introduced dissipative angle brackets and hold-downs with
encased rubber layer, which showed superior lateral performance, including higher duc-
tility and energy dissipation compared to conventional brackets. Damage, depending on
the load intensity, was localized at the rubber layer or brackets, with CLT walls exhibit-
ing excellent deformation capacity and an increased inter-story drift ratio. Furthermore,
full-scale shaking table tests of a complete building confirmed the effectiveness of these
dissipative connections under various ground motions, when compared to traditional
solutions [52]. Finally, Yi et al. [53] investigated the seismic performance of traditional
timber frames, focusing on the effectiveness of VEDs in recovering the seismic per-
formance of earthquake-damaged structures. The full-scale shake-table tests showed
that VEDs significantly improved the seismic performance, reducing deformation and
enhancing energy dissipation.

Low-cost and sustainable hybrid system approaches, such as the timber-based energy
dissipation system with recentering ability - Dovetail with Springs (Dove-SP), which
uses two timber slabs that slide against each other, restrained by a dovetail joint and
recentred by low-cost steel springs, as presented by Tsiavos et al. [54], offer promising
solutions for mitigating both residual sliding displacement and impact accelerations,
deserving further research.

Motion-dependent supplemental damping systems for TTBs have been under-
investigated, both numerically and experimentally. A recent study by Chapain et al.
[55] presents a dynamic analysis of a 42-story hybrid-timber building and investigates
the performance of three motion-dependent damping devices: (i) pendulum pounding
tuned mass damper (PTMD)), (ii) tuned mass damper inerter (TMDI), and (iii) tuned mass
damper (TMD). The study evaluates the vibration reduction capability of these devices
under filtered white noise and variable frequency sinusoidal excitations. The results show
that the pendulum PTMD has higher performance in reducing peak accelerations, base
shear, base moment, and inter-story drift ratio compared to TMD and TMDI. Meanwhile,
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Celebi [56] examined the use of Tuned Liquid Column Dampers (TLCDs) in multi-story
timber buildings, highlighting their ability to dissipate energy and improve structural sta-
bility. TLCDs offer adaptability, low maintenance, and potential fire suppression benefits
Finally, it should be mentioned that the former motion-dependent systems could also be
partially classified as passive-active control systems, as a clear boundary between such
supplemental damping devices and passive-active control systems is not distinct.

3.4 Passive and Active Control Systems

With the new challenge for designers to accommodate higher demand requirements,
especially in SLS, innovative dissipating devices and self-centering systems have been
combined in mass timber structures as active or passive control systems, as listed in
Table 4. Control system can minimize damages to structural and non-structural elements
when providing enough structural performance. The systems are designed to absorb and
dissipate energy during seismic events, of various magnitudes, thereby reducing the
impact on the primary or secondary structure. However, one significant challenge with
traditional systems, if they are not combined with other technologies, is residual deforma-
tion, which complicates the reuse or reoccupation of structures after major earthquakes.
In addition, unlike steel structures, which have established some guidelines for integrat-
ing control systems, mass timber structures require more tailored and material specific
solutions. The absence of standards or implementation methods for these systems in
TTBs highlights a critical gap in the field.

Table 4. Passive and Active control systems literature review.

System type Relevant research

Inerter approach . Rocking timber buildings equipped with inerters [65]
. Inerter-equipped rocking structures [66]

1
2
3. Fluid inerter-based vibration control [67]
1
1

Semi-Active approach
SMA approach

. Timber Frame equipped with Semi-Active Resettable Devices [68]

. Multi-outrigger tall-timber building: Using SMA-based damper
and Lagrangian model [69]
2. CLT structure with shape memory alloy-based semi-active tuned
mass damper (SMA-STMD) [70]
3. Pre-strained shape memory alloy-tuned mass dampers for CLT
floor vibration mitigation [71]

Seismic performance of rocking post-tensioned timber buildings with rocking walls,
combined with inerters to control rotation amplitude and suppress higher-mode effects
were investigated by Thiers-Moggia and Malaga-Chuquitaype [65, 66]. This combina-
tion of approaches significantly improved the seismic performance by reducing floor
accelerations. Nonetheless, further experimental research is needed and recommended
to optimize inerter design and validate their effectiveness across various seismic con-
ditions and structural configurations, as part of ERIES-TRUST-Truly resilient timber
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buildings (2024). In addition, data drive approaches to evaluate intensity measures and
develop simplified regression models or parametric models for predicting peak floor
accelerations, drift demands and displacements of TTBs, as employed by Junda and
Mailaga-Chuquitaype [72] or Demirci et al. [73], can serve as entry points for future
development and implementation of more robust active or semi-active control systems
or technologies such as Magnetorheological Fluid Dampers [74], active mass dampers
[75] or Fluid inerter-based vibration control systems [67].

Other studies by Das and Tesfamariam [69], Yan et al. [70] and Jiang et al. [71],
investigated shape memory alloy-based (SMA) passive and semi-active dampers for CLT
structures, demonstrating their effectiveness in reducing seismic vibrations by using
the temperature-dependent properties of SMAs. However, further research, for these
technologies is needed to optimize the design process and potentially integrate them
with other SPTs.

Finally, a timber frame equipped with a semi-active experimentally validated reset-
table tendon device to reduce seismic response was implemented by Franco-Anaya and
Igbal [68]. The research involved analytical studies of a four-story timber frame sub-
jected to seismic excitations and controlled by the semi-active device, which greatly
improved the structural performance under eight different ground motions.

3.5 Base Isolation Systems

Although light-frame timber buildings have been deemed to perform well during strong
earthquakes, due to their low mass and ability to deform inelastically without collaps-
ing [76], the Northridge Earthquake’s consequences revealed that light-frame timber
buildings are prone to significant damage when subjected to strong ground motions.
The inelastic response of such buildings is generally linked with significant structural
and non-structural damage that may be costly to repair. Filiatrault et al. [77] stated that
large inter-story drifts are the primary cause of significant damage. In order to limit
the excessive inter-story drifts in the horizontal direction, base isolation systems, elas-
tomeric bearings with low lateral stiffness or sliding isolation bearings with relatively
low level of friction, can be implemented between the foundation system and super-
structure to shift the fundamental vibration period of the building and reduce inter-story
drift [76-78]. In spite of being common for concrete and steel structures, installing
base isolation systems in wood frame buildings can be challenging, as noted by Symans
et al. [76]. This is because the floor diaphragms often lack sufficient in-plane stiffness to
effectively transfer forces to the base isolation system, while ensuring uniform motion
across all bearings. Additionally, in the case of low-friction sliding isolation bearings,
the lightweight nature of wood frame buildings may lead to undesirable sliding during
strong windstorms. The low mass can also require the use of slender and potentially
unstable elastomeric bearings. Despite these practical challenges, recent limited studies,
listed in Table 5, suggest that base isolation has the potential to improve the seismic
performance of wood frame and contemporary mass timber buildings.

From a historical perspective, the first study by Delfosse [79], demonstrated, through
an example design, that it is feasible to utilise an elastomeric base isolation system for a
single-story wood-framed house. Following, Reed and Kircher [80] discussed a seismic
retrofit study on a five-story wood-frame building using two different isolation system
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Table 5. Base isolation systems literature review.

System type Relevant research

Light timber frame 1. Half-Scale Base-Isolated Wood Frame Building [78]

2. Base-isolated and base-fixed Ancient timber buildings in
hanging-wall/footwall Earthquakes [84]

3. Cost-efficient isolation system for light frame timber buildings
[85]

4. Impact-resilient seismic isolation system [86]

—

Cross-laminated timber | 1. Predictive models for mid-rise base-isolated CLT buildings in
Chile [87]

2. Performance of CLT Structures with base isolation [88]

configurations: one with elastomeric bearings and the other with flat sliding bearings.
Sakamoto et al. [81] presented an experimental and analytical study of a two-story light-
framed wood building supported on a base isolation system. The building was constructed
at the University of Tokyo for in-field (not laboratory) experimental testing. Furthermore,
in 1988, a base isolation system was implemented within a two-story light-frame wood
house in Montreal, Canada [82]. Finally, Zayas and Low [83] discussed retrofitting a
four-story wood-framed residential building, implementing sliding friction pendulum
system (FPS) bearings.

In more recent studies, J. W. Van de Lindt et al. [78] presented the issues related
to the application of base isolation in light-frame wood buildings by conducting shake
table tests on a half-scale, two-storey base-isolated (with FPS) residential building. The
study results demonstrated that FPS bearings offer a technically viable passive seismic
protection system for light-frame wood buildings in high seismic zones. Seismic perfor-
mance of base-isolated and base-fixed Ancient timber buildings in hanging-wall/footwall
earthquakes was studied by Ou and Wang [84]. The study found that base isolation
greatly reduced the response of the four models, whereas the relative peak displacement
decreased by more than half compared with the base-fixed model, indicating that iso-
lation improved the overall seismic performance. In addition, Quizangha et al. [85, 86]
investigated a 3-story Light Frame Timber Building (LFTB) with Impact-Resilient Dou-
ble Concave Frictional Pendulum (IR-DCFP) isolators on a shake table. The IR-DCFP
isolators provided effective seismic protection for the constructed LFTBs. Furthermore,
the experimental and numerical results confirm the system’s performance and highlight
the importance of accurate damping modelling. Finally, despite the extreme excitation,
the superstructure remained in the elastic range, with peak acceleration ratios (i.e., peak
floor acceleration to peak ground acceleration) not exceeding 0.75 and story drift ratios
smaller than 0.52% in most cases.

Despite only being limited to numerical studies, the implementation of base isolation
in mass timber multi-storey structures promises to be a viable type of SPT for improving
the seismic performance and structural safety. With that in mind, two types of friction
pendulum isolators and an elastomeric isolator’s performance were compared by mod-
elling 3-, 6- and 12-storey CLT buildings in Poshtiban [88]. The effect of the aspect ratio
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of the CLT panels on the seismic performance was also studied. The study concluded
that all three isolation systems significantly reduce base shear, acceleration, and inter-
story drift, with friction pendulum systems generally outperforming rubber isolators.
The effectiveness of these systems varied with the number of stories and ground motion
types. The panel aspect ratio plays a crucial role in the seismic performance of non-
isolated CLT buildings, but it is less influential in base-isolated buildings. Furthermore,
Medel-Vera et al. [87] presented predictive models for the seismic behaviour of mid-rise,
base-isolated CLT buildings by performing nonlinear dynamic analyses on four building
models. The study focuses on the fundamental period of vibration, a parameter that must
be selected in the early stages of a seismically isolated building’s design process. It con-
cludes that selecting the fundamental period of vibration significantly impacts potential
economic and environmental losses in seismically isolated CLT buildings. Therefore,
this selection should consider resilience and sustainability parameters in addition to the
technical aspects.

4 Challenges and Outlook

Considering the afore-discussed earthquake-related challenges of TTBs, holistic multi-
hazard high-performance seismic protection solutions, which address both earthquake
functional recovery with damage limitation and vibration and acceleration reduction,
under various load amplitudes, should be explored as promising potential avenues to
improve the structural resilience and viability of such structures. The primary role
of TTBs SPTs should be transferring forces and accommodation of displacements
between structural and non-structural elements, as well as ensuring appropriate dynamic
behaviour, ductility with additional energy dissipation under different load amplitudes
and additional self-centering without significant residual displacement. Moreover, the
exposure of such seismic protection technologies to high amplitude cyclic loads should
not be a dominant issue related with stiffness loss and irreversible residual damage.
Following, hybrid systems, which combine more than one protection mechanism, offer
a promising alternative. These systems provide greater flexibility and responsiveness
to various intensity earthquake events, primarily by using the strengths of different
approaches. As such, hybrid systems represent a forward-looking solution for enhanc-
ing the seismic performance of TTBs. Finally, considering construction techniques
and cost competitiveness, SPTs assembly and installation procedures should adapt to
contemporary mass timber building techniques and practices.
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Abstract. In comparison to non-combustible construction materials commonly
used for taller buildings, timber elements can significantly alter the fire dynamics
in a compartment. This fundamentally challenges many of the conventional fire
safety strategies and design approaches for mid-rise and high-rise buildings. Con-
sequently, many building industry practitioners are questioning the limitations of
existing methodologies, while searching for additional ways to account for this dif-
ferent fire behaviour in the design, construction, and operation of timber buildings.
In seeking to address these questions, this chapter describes the state-of-the-art and
recent advances in understanding the fire behaviour in compartments with areas of
exposed timber (e.g., engineered wood products), and protected timber elements
that may contribute to the fire if their encapsulation fails. Relevant experimental
findings and engineering approaches to date are summarised and discussed, and
design guidance is provided in relation to the typical phases of realistic or ‘nat-
ural’ fires, namely the growth phase, the fully-developed phase, the fire decay,
and the cooling phase. Critical fire phenomena and their impacts on the fire safety
strategy are addressed, such as fire spread; active fire suppression; heat induced
delamination and char fall-off; and self-extinguishment.

Keywords: Timber - Fire dynamics - Fire safety - Self-extinguishment - Heat
induced delamination - Char fall-off

1 Introduction

Mid- and high-rise buildings present fundamentally different fire safety challenges than
low-rise buildings due to the higher consequences of external flame spread, compartmen-
tation failure, and potential collapse, as well as significantly longer egress times. These
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challenges have generally been addressed through prescriptive and/or performance-
based design approaches that have been developed for buildings that are predominantly
constructed from non-combustible materials (e.g., concrete, steel, masonry). In prescrip-
tive approaches, an implicit level of safety is achieved for ‘conventional’ buildings by
setting requirements that have been deemed adequate on the basis of years of experience
and tradition. Examples of this include imposing restrictions on egress distances and
mandating minimum separation distances between buildings. In contrast, performance-
based fire engineering requires the explicit quantification of safety [1, 2]. This generally
involves analysis of the fire dynamics in a building and the development of a fire safety
strategy that quantifiably ensures that building occupants will not be exposed to unten-
able conditions, along with other objectives, such as preventing structural collapse or
damage to neighbouring property. A holistic approach is critical in both prescriptive and
performance-based design to prevent a single-point failure from invalidating the entire
strategy for a building.

Understanding and reliably predicting the fire dynamics in a building is, therefore,
fundamental to performance-based fire safety engineering. Over the past century, exten-
sive research and development efforts have provided engineering tools that have become
widespread and generally accepted for conventional buildings predominantly composed
of non-combustible materials. As illustrated in Fig. 1, the timeline of a compartment fire
can typically be divided into distinct phases that are addressed separately in fire safety
strategies [3]. The initial ‘growth phase’ of the fire incorporates the period from ignition
until a relatively steady peak fire size is reached—often following a rapid transition or
‘flashover’. At the end of the growth phase, the fire enters the ‘fully-developed phase’,
which generally continues until the available fuel has been consumed to an extent that
the fire size begins to decrease. This initiates the ‘decay phase’, during which the fire
continues to decrease in intensity until all the available fuel has been consumed. Finally,
the ‘cooling phase’ incorporates the remaining time until the entire structure has returned
to ambient temperature.

GROWTH DET/LélLLOYF;ED DECAY PHASE &
PHASE PHASE COOLING PHASE

Fire Energy (Temperature)

IGNITION

Fig. 1. Timeline of a typical compartment fire with distinct phases.
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Compared to a conventional building, the additional combustible surfaces in a build-
ing with exposed timber elements—or with initially protected timber surfaces that can
become exposed during fire—can drastically alter the compartment fire dynamics in
every phase, to the extent that existing prescriptive and performance-based methodolo-
gies may not be applicable. This chapter describes the effects of timber elements on the
compartment fire dynamics in each phase and provides guidance on how to account for
this in performance-based design.

2 Growth Phase

After ignition, a compartment fire typically grows according to the available oxygen and
the intrinsic fuel characteristics: physical and chemical properties, geometry, and distri-
bution. This causes a gradual increment of the fire heat release rate (HRR [W]), which
is typically approximated by an a-#> relationship in fire safety engineering applications
(a [W/s?] is the fuel-specific fire growth rate and 7 [s] is the time from ignition). A
smoke layer usually descends within the enclosure, compartment temperatures increase,
and flashover conditions may be attained once the heat flux from the smoke layer is
sufficient to ignite all combustible surfaces and items in the compartment. A core part
of performance-based design related to this phase is to ensure that the Available Safe
Egress Time (ASET) is greater than the Required Safe Egress Time (RSET)—the time
necessary to allow for building occupants to reach a place of safety. The extent of the
ASET is delimited by the time to onset of untenable conditions in the vicinity of occu-
pants, due to unacceptably reduced visibility, exposure to smoke, and/or exposure to
heat.

Recent research has highlighted that faster fire growth may be observed in timber-
lined compartments. Flashover in exposed timber compartments has been observed to
occur earlier than in non-combustible compartments [4, 5], exacerbated by the area, num-
ber, and configuration of exposed surfaces. Similarly, exposed timber ceilings in large
open-plan compartments can promote faster fire spread rates and transition to fully-
developed fire conditions once the combustible ceiling ignites [6—9]. The time to unten-
able conditions in a timber compartment can be shortened if timber becomes involved
early in the fire, and this concerns the development of compartment temperatures [4,
10], smoke toxicity [11], and visibility. Consequently, the potential for accelerated fire
growth in compartments with exposed timber can affect evacuation strategies and the
design of active fire protection measures (e.g., smoke and heat extraction). To address
these risks, it is crucial to account for ignition and flame spread over combustible timber
surfaces and the energy contribution from burning timber. These challenges can be man-
aged through encapsulation, timber treatments and well-maintained coatings, installing
automatic suppression systems, or changing compartment geometries, for instance inter-
rupting the continuity of a timber ceiling using beams or non-combustible elements.
However, the impacts of these mitigation measures should be explicitly quantified to
verify that an acceptable level of safety is still achieved, rather than relying on ‘trade-
offs’ or comparative methods that may not account for the different fire dynamics in
timber buildings.
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2.1 Thermal Degradation and Ignition of Timber

Depending on the specific species, wood is generally composed of cellulose (40-55%),
hemicellulose (15-35%), lignin (18-40%) and other minerals and extracts [12]. Like
any construction material, wood is subjected to different thermal decomposition pro-
cesses at elevated temperatures, which lead to both physical and chemical changes.
As temperatures rise above ambient temperature, the moisture within the wood is dis-
placed through diffusion and/or evaporation, until the wood is completely dried above
100 °C. For temperatures above 200 °C, wood typically starts decomposing (pyrolyz-
ing) rapidly, releasing combustible gases and forming a residual carbonaceous char [13].
Above 300 °C, this char formation process is typically assumed to be complete, and the
location of the 300 °C isotherm is commonly used to represent the base of the char layer
as a simplified approximation for structural design. In the presence of oxygen, charred
wood further degrades due to oxidation reactions (smouldering), typically initiated in the
temperature range of 400-500 °C, until the char itself has been consumed [14]. In addi-
tion to the combustion of flammable gases produced through pyrolysis, oxidation of the
char layer also releases heat (exothermic reaction), particularly during the decay phase
when oxygen can more easily reach the char layer (due to the reduction of combustible
pyrolysis gases released from within the timber members) [15].

During the growth phase, the production of pyrolysis gases creates a risk of ignition
and flame spread over exposed timber surfaces that can increase the growth rate of a
compartment fire. A value of 12 kW/m? is commonly used for the critical heat flux for
piloted ignition of timber [3, 13]. Designers may prevent or delay the time at which
this threshold is breached through adequate separation of timber elements from heat
sources by, for example, encapsulating walls or increasing the height of an exposed
timber ceiling above combustibles on the floor. This can be verified through heat transfer
and/or fluid dynamics models that can estimate the temperature and/or heat flux to the
timber during the pre-flashover stage. However, flame spread is an extremely complex
process, particularly for vertical surfaces or beneath ceilings, and there are currently
no computational models that have been validated for these scenarios. Consequently,
delaying or preventing ignition is a more robust solution, particularly as research suggests
that flame spread over exposed timber ceilings can be extremely rapid and lead to almost
immediate loss of tenable conditions in a compartment [7, 9].

2.2 Fire Retardancy and Fire Protection

In order to reduce the ignitability of timber and its contribution to the fire growth phase
(reaction to fire), fire retardants represent a common solution to delay (or prevent) igni-
tion, and reduce flame spread and the energy (heat) release by the timber combustion
[14].

Over decades, many different types of fire retardants have been developed and exten-
sively used. However, while many fire retardants have shown effective performance,
they are currently challenged due to their toxicity, volatility and leaching problems.
Concerns also arise around their long-term durability and their impact on other timber
characteristics, such as moisture sensitivity, appearance, weathering resistance, strength
and stiffness [16]. Moreover, since fire retardants have been mainly developed to reduce
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the timber ignitability and flame spread during the fire growth phase, they are typically
effective for relatively mild fire conditions (e.g., 30 kW corner fire in the EN 13823 Sin-
gle Burning Item test) and their effectiveness can considerably vary depending on the
heating conditions. This is evident in the case of intumescent coatings—swelling char-
forming coatings that react upon heating—whose fire protection effectiveness largely
depends on many factors, such as fire exposure and substrate conditions [17, 18]. There-
fore, for a performance-based design, it is important that the designer determines the
actual performance of the chosen solution (e.g., critical heat flux for ignition), rather
than relying on standard classification and implicit assessments.

The impact of timber elements in the growth phase can also be limited through the
strategic use of different types of encapsulation, such as calcium silicate and gypsum
plasterboards. While in many cases it is preferable to expose timber surfaces for their
aesthetic qualities, encapsulation materials are often required in some areas for other
reasons, such as acoustic performance. Encapsulation materials provide a physical bar-
rier that insulates the timber, slowing down the rate of temperature rise at the timber
surface and thereby delaying pyrolysis and ignition. The effectiveness of these systems
in the growth phase depends on their detailing (e.g., thickness, fixation and joints) and
placement, and it is often important to ensure that they are also robust enough to function
through the severe exposures in the fully-developed phase (see Sect. 3.2).

2.3 Active Fire Suppression

Active fire suppression systems are often applied to mitigate the fire risk when designing
buildings with high fuel loads, to protect property from fire damage, and to prevent
structural failure. The logic behind the use of active suppression systems is that they
can limit and possibly suppress the growth of the fire. If designed and functioning
correctly, these systems may provide a means by which the relatively higher heat release
rates in timber compartments can be avoided. However, very little experimentation has
been conducted where these systems were functional and used in the context of timber
compartments. For example, Zelinka et al. 2018 [19] showed that sprinklers, when
properly operational, can suppress the fire in a timber compartment, while another test
showed the ability of a water mist system to control the fire [20].

Itis important to recognise and account for the fact that active suppression systems are
not 100% reliable and may fail in part or whole. Non-activation or delayed activation may
result in the fire growing beyond the ability of the system to control it. Indeed, this was
shown to be the case in the recent experimental work by Bge et al. 2024 [21] involving
a compartment where, as part of the study, the sprinkler nozzles were intentionally
turned off and an adjacent corridor where the sprinklers were activated. The fire grew
to flashover in the compartment and extended into the corridor. The sprinklers in the
corridor had no effect on the fire, and the upper parts of the corridor walls and the ceiling
ignited, with flames spreading along the corridor. This reveals an additional vulnerability
of active suppression systems: fire spread on ceilings and upper parts of walls may not be
suppressed if ignited, and conventional suppression systems are not designed to suppress
fires in compartments with combustible ceilings. It is therefore important for the designer
to recognise these issues and explicitly account for the potential failure of the suppression
system in the fire safety strategy.
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3 Fully-Developed Phase

A fire may be defined as fully-developed once it reaches a relatively steady maximum
size and intensity, where the heat release rate inside the compartment is constrained
by either the availability of oxygen (ventilation-controlled fires) or by the availability
and configuration of fuel (fuel-controlled fires) [22, 23]. The fully-developed phase is
generally initiated by a flashover, when all the exposed combustible surfaces and items in
the compartment are almost simultaneously ignited by the intense heat flux provided by
the smoke layer. The combusting fuel can be separated into the ‘moveable fuel’ (furniture
and other temporary contents) and the ‘permanent fuel’ (integral building elements, e.g.
walls and ceilings). The high heat fluxes in a fully-developed compartment fire will heat
up and damage protection materials and structural elements, so the severity and duration
of this phase are crucial factors in determining the performance of the structure and
compartmentation. In taller buildings, the fire safety strategy usually requires that the
structure must not collapse. This is essential for the safety of occupants and firefighters,
and to prevent damage to neighbouring buildings and impairment of public infrastructure.
Accordingly, in a performance-based design, the designer must ensure that the structure
will maintain sufficient integrity and stability throughout the fully-developed phase, as
well as the subsequent decay and cooling phases. This is known as ‘design for burnout’
[24].

During this phase, the additional fuel load from burning timber elements will increase
the total heat release rate of the fire [4, 10, 25-27], which depends on the amount of
exposed timber, the compartment geometry, and available ventilation [28]. In ventilation-
controlled compartment fires, the excess fuel will combust outside the compartment,
having minimal impact on the rate of heat generation internally. In fuel-controlled com-
partment fires, ignition of wooden surfaces will increase the internal HRR, raising the
temperatures and heat fluxes within the compartment [29] and resulting in faster fire
spread and a larger fire size in general [6—8]. Timber compartment linings also have bet-
ter insulative properties compared to concrete or masonry, resulting in relatively lower
heat losses and potentially higher compartment temperatures [30].

In both ventilation-controlled and fuel-controlled fires, the configuration of exposed
timber surfaces can also alter the internal flow fields, resulting in highly non-uniform
temperatures or heat flux distributions [26, 31]. In particular, burning walls may create
higher local heat fluxes and momentum-driven flows that can invalidate design assump-
tions of uniform conditions in a compartment [31]. This is particularly problematic for
‘zone models’ and parametric fire curves that are commonly used in design, because
the assumption of uniform conditions is fundamental to these models. Furthermore,
higher oxygen concentrations near the floor of a compartment can support enhanced
combustion and oxidation of charred material in this region, leading to greater damage
to elements locally. Consequently, these methods should not be applied to compart-
ments with exposed timber without consideration of the potential and consequences of
non-uniform conditions.

The duration of the fully-developed phase may also be extended significantly if self-
extinguishment of exposed timber surfaces is not ensured. Char fall-off or heat induced
delamination, failure of encapsulation, or excessive heat feedback may all result in
continued burning until failure of the structure or compartmentation [27, 29, 32].
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3.1 Exposed Wood—Heat Induced Delamination and Char Fall-Off

As engineered wood products (EWPs) are composites with multiple elements glued
together, their structural response relies on sufficient composite action, meaning that
the bonded elements (e.g., lamellae or veneers) behave as a single unit. Debonding is a
general term used for any loss of composite action. In ambient conditions, this failure
can occur in timber, as timber is a natural composite; in the adhesive bulk; and at the
adhesive-timber interphase. When exposed to fire, EWPs usually experience debonding
in either the timber or the adhesive-timber interphase (i.e., bond line). This debonding
in fire conditions is further divided into two types of failure modes: (i) char fall-off and
(i1) heat induced delamination (HID), as presented in Fig. 2. Char fall-off may appear
in any part of the charred cross-section. Heat induced delamination—i.e., delamination,
glue/bond line integrity failure (GLIF) [33], and premature char fall-off [34]—appears
in the proximity of the bond line.

CHAR FALL-OFF CHAR FALL-OFF PREMATURE CHAR
AT THE BOND LINE AFTER THE BOND LINE FALL-OFF

I I N ——
HEAT INDUCED
DELAMINATION (HID)

Fig. 2. Schematic representation of char fall-off and heat induced delamination from [38].
Reproduced under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Both failures initiate a change in fire dynamics and heat transfer [10, 27, 35, 36]
because the loss of outer layers increases the heat transfer to the residual section (accel-
erating further degradation and pyrolysis), while the fallen pieces continue to combust
and radiate heat back to the structural elements. This is particularly severe when burning
pieces accumulate at the base of exposed timber walls, where oxygen concentrations
are high, and the heat feedback can sustain flaming over the entire wall. The result is a
cyclic phenomenon where the loss of the structural element’s cross-section contributes
to the ongoing burning of that same element.

In addition to the fire dynamics changes, HID may lead to the progressive loss of
structural capacity [37] due to the loss of composite action and/or the premature loss of
cross-section which has not completely charred.

When a large enough area is affected by HID or char fall-off, and the energy released
by burning timber elements is sufficient, the compartment heat fluxes can be sufficient to
sustain flaming combustion of the timber, even after the moveable fuel load is depleted.
Similarly, if this occurs during the decay phase, a second flashover can occur. Both
scenarios can extend the fire’s duration and compromise the intended fire strategy, e.g.,
through failure of compartmentation or structural collapse.
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Bond line response is dependent on the product (e.g. choice of adhesive chemistry,
timber species, and manufacturing) and external conditions (e.g. heating conditions, ori-
entation, mechanical stresses, and pressure induced by the moisture movement). To date,
researchers have focused mostly on heating conditions, whereby the commonly accepted
performance criterion is a generalised temperature. Thermal decomposition tempera-
tures, such as glass transition, phase transition, or pyrolysis for adhesive and/or timber,
can all compromise bond line mechanical response. In terms of the thermo-mechanical
properties, both timber and adhesive film stiffness and strength start decreasing at tem-
peratures lower than 100 °C [38, 39]. However, they do not deteriorate at the same rate,
which can lead to unpredictable failure modes in both the timber and the bond line region
[40, 41]. It was noted that HID can occur at bond line temperatures as low as 100 °C
when the heating conditions are high enough to create a high moisture-related pressure
gradient in the element and the load is sufficiently high [42]. However, the implications
of mechanical stresses and moisture front position on the bond line response are still
under research.

Current solutions for prediction and prevention of HID include careful manufacturing
specification of the final product (i.e., thicker first lamella, edge bonding, and adhesive
choice [25, 34, 37, 41, 43]). Designers are encouraged to impose a critical bond line
temperature to account for HID depending on the adhesive and timber choice [38], at
which the preceding lamella is considered as detached, and thus the layer is no longer
accounted for thermally or structurally and is added to the fuel load.

3.2 Encapsulated Wood—Encapsulation Failure

Encapsulating some (if not all) timber elements is essential in higher consequence class
buildings (e.g., buildings with vulnerable occupants, or where structural collapse would
be too detrimental) because it directly impacts the life safety objective in the early stages
of fire, as well as structural performance, compartmentation, and property protection
during the fully-developed and decay phases.

For structures designed to survive burnout using encapsulation as a protection strat-
egy, it must be demonstrated that the encapsulation will prevent the involvement of
timber structural elements throughout the expected fire duration. This is relevant to both
mass timber buildings and light-frame timber buildings. Designers should choose a chal-
lenging fire scenario, ignition threshold, and expected thermal and mechanical properties
for the specific duration, and the integrity and insulation performance of the encapsu-
lation should be quantified under those conditions. Additionally, to address the risk of
continued smouldering after a fire, a management plan should be developed with the
local fire service to remove the encapsulation in fire-affected compartments and check
for hot-spots or other signs of combustion in gaps and concealed spaces [10, 44].

If the encapsulation fails due to loss of integrity (e.g., fall-off) or the wood behind
exceeds the ignition threshold, the initially protected wood will begin to contribute
additional fuel to the fire and mechanically degrade. This can extend the fire duration
and lead to failure of the structure or compartmentation. Failure of encapsulation can
occur due to insufficient thickness or fixing [45, 46], particularly if there is a higher
fire load than the product was tested for (due to increased exposed timber surfaces
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and/or changes in fire dynamics) [47]. Due to the inherent uncertainties in encapsulation
performance, safety factors and redundancies are essential.

3.3 Compartmentation Failure

Compartmentation is a fundamental aspect of the fire safety strategy, as it isolates the
fire and stops it from spreading from its origin to other parts of the building (verti-
cally or horizontally). This is crucial in taller buildings where fire spread (particularly
vertically to other floors) may compromise many aspects of the overall strategy, such
as egress, suppression, fire service intervention, and even the structural integrity. In a
tall timber building with an inherently higher fuel load, the potential consequences of
compartmentation failure are even greater.

3.3.1 External Fire Spread—Exposure to Facades and Neighbouring Buildings

The additional fuel load from burning timber elements can lead to increased exposure to
facades and nearby buildings or objects, especially in ventilation-controlled fires where
the excess fuel combusts in an external spilled plume [26, 48, 49]. However, significant
external flaming has also been observed in experiments with relatively well-ventilated
timber compartments [9]. The flame height and thermal exposure to the facade are,
among other things, dependent on the surface area of exposed timber, and the opening
dimensions [48-50]. While models for predicting external flame height in exposed timber
compartments have been proposed [49, 51], these have not yet been systematically
validated in large-scale experiments, so they should be applied with a high degree of
conservatism. Furthermore, many national standard fagade fire tests do not induce the
same level and duration of exposure as can be expected in severe fire scenarios [50].

Compounding the effects of greater external flaming in timber compartments, the
exposure to neighbouring buildings will be even more challenging if the fire spreads to
multiple floors. Currently, fires spreading externally from floor to floor on a building can
be prevented by architectural constraints or fire-resistant glazing, which must account
for the increased severity of external flaming due to exposed timber.

3.3.2 Internal Fire Spread

The risk of internal fire spread may be increased if the elements contributing to com-
partmentation are not designed with consideration of the real fire exposure and duration
in compartments with exposed timber. This includes the connections between elements,
which generally require tolerance gaps and contain highly conductive metallic compo-
nents. Furthermore, separating elements made from timber may promote the spread of
fire or smoke through localised smouldering, or combustion of the timber in cavities
between compartments. These risks can be reduced by preventing the timber separating
elements from heating up significantly (e.g., by encapsulating them) and by avoiding
or blocking cavities. Due to the persistent and highly localised nature of smouldering
combustion [44], it may not be possible to entirely eliminate this risk through design.
However, the relatively slow rate of smouldering combustion provides the opportunity
for fire service intervention, and the fire service should be consulted and involved in
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developing a strategy to address this challenge. Overall, the robustness of design against
internal fire spread can be improved through a multilayer approach to fire protection that
avoids the potential for single-point failures.

4 Decay Phase

The fully-developed phase of a typical fire event lasts until the remaining fuel is no longer
able to sustain the steady fuel- or ventilation-controlled heat release rate. This instant
represents the beginning of the fire decay phase. During this phase, the conditions within
the compartment evolve towards fuel burnout. As in the pre-flashover stages, the fire heat
release rate is directly dependent on the fuel characteristics, and the compartment gas
temperature tends to follow the fire heat release rate trend. The reduced soot production
and increased intake of cold air through the opening results in a decrease in smoke density
(increase in optical depth). The heat fluxes to the compartment elements significantly
decrease, and the heat transfer becomes more complex and non-uniform [15].

While these phenomena are typical for traditional compartment fires with defined
movable fuel load and non-combustible compartment elements, timber compartment ele-
ments can greatly affect the fire decay phase (i.e., onset, duration, etc.) [25, 35]. If flaming
self-extinguishment of timber elements is achieved (see Sect. 4.1), the compartment will
transition into the cooling phase. Conversely, under certain conditions, the combustible
compartment elements can continue to burn and sustain the fire development, and tim-
ber compartments might never achieve flame extinction and burnout. Burnout of timber
compartments is commonly considered to occur once the moveable fuel is consumed and
flaming extinction of timber elements is achieved. This phenomenon is affected by many
discussed factors, including the area and configuration of exposed timber, ventilation
conditions, and compartment geometry [28, 32, 46].

4.1 Self-Extinguishment

During the decay phase, once the heat release rate from the remaining moveable fuel has
decreased sufficiently, the incident heat flux on exposed timber surfaces may become
low enough that the resulting pyrolysis rate of the timber can no longer sustain flam-
ing combustion. Consequently, flaming on these surfaces will cease and their energy
contribution to the compartment will reduce drastically (apart from residual smoulder-
ing). This process is known as flaming ‘self-extinguishment’ (also commonly known as
‘self-extinction’ or ‘auto-extinction’), although some use self-extinguishment to mean
the end of both flaming and smouldering combustion [25]. Ensuring the conditions for
flaming self-extinguishment of exposed timber surfaces is a crucial step in designing for
the eventual burnout of a compartment fire.

Flaming self-extinguishment in timber compartments is a complex phenomenon that
requires several conditions to occur [32, 46]. Fundamentally, the amount of heat from the
compartment being transferred through the insulating char layer to the pyrolysing timber
must fall below a critical value. Depending on the local oxygen concentration and airflow
velocity, this can be achieved when the external heat flux onto the surface of the charring
timber falls below 30-45 kW/m? [35, 52-54]. This critical heat flux criterion applies
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once the char layer has reached a sufficient thickness, so it can be invalidated by char
fall-off or heat induced delamination that increases the heat transfer to the underlying
timber [10, 35, 40].

Once the moveable fuel load has substantially been consumed, the residual thermal
exposure to the exposed timber will be dominated by radiative and convective heat
feedback from the other compartment surfaces. Consequently, the area and configuration
of exposed timber surfaces must allow for the residual heat fluxes in the compartment to
fall below the critical value. This also requires that the performance of encapsulation is
maintained for protected timber elements, so that they do not contribute additional fuel
and heat [10, 26, 27, 32].

Char fall-off or heat induced delamination and encapsulation failure all depend on
the severity and duration of the fire. Therefore, controlling or accounting for the fuel load
and ventilation characteristics in a compartment is equally as important as optimising
the timber elements, adhesive, and encapsulation system (see Sects. 3.1 and 3.2).

In some cases, the configuration of exposed timber surfaces can have a greater
influence on the potential for flaming self-extinguishment than the total exposed area,
since this will control the heat transfer between surfaces. For example, the heat feedback
between two or more adjacent burning timber surfaces may be enough to sustain flaming
until the structure or compartmentation fail, or for long enough to induce encapsulation
failure or delamination that subsequently causes a secondary flashover [10, 27, 32].
Furthermore, it may be safer to expose a ceiling than a wall, because the burning rate of
the ceiling is often lower due to the lack of oxygen in the upper region of a compartment,
and the optically thick smoke layer below the ceiling can reduce the radiation received
from other surfaces [26]. As a limitation to this, it should be noted that most compartment
fire experiments have not included mechanical loading of exposed horizontal elements,
so they may not be representative of the effects of realistic stresses on the bond lines.
Nonetheless, the total percentage of exposed area has been found to be strongly correlated
to the incidence of self-extinguishment in compartment fire experiments, with a high
occurrence of self-extinguishment for compartments with less than 20% of the total
surface area exposed [28].

Considering the complexity and uncertainties involved in designing for self-
extinguishment in timber buildings, it is essential to approach the design in a propor-
tionately conservative way. As part of a holistic fire safety strategy, designing for self-
extinguishment can reduce the risk of compartmentation failure and structural collapse.
Nonetheless, the other elements of the strategy—e.g., providing safe egress routes and
facilitating fire service intervention—should be robust and provide sufficient redundancy
to avoid the possibility of cascading failures.

5 Cooling Phase

Once the movable fuel in a compartment has been combusted and flaming extinction has
occurred on all the timber elements, the fire heat release rate tends to become negligible,
and the compartment volume enters a pure cooling phase [15]. This phase is characterized
by the two significantly different modes of cooling taking place in the gas-phase and the
solid-phase. The smoke inside the compartment is rapidly evacuated and cold air flows
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continuously into the enclosure through openings. Consequently, the gases inside the
compartment quickly become optically thin and tend to ambient temperature. In contrast,
the solid compartment elements (e.g. linings and structural elements), slowly cool down
through surface convective cooling, and radiative heat exchange occurs between the
exposed solid surfaces. These cooling phenomena primarily depend on the characteristics
of the compartment (e.g., geometry and opening) and its elements (e.g. thermal inertia
of compartment elements), and they can be modelled using simplified numerical heat
transfer models [55].

As regards timber structures, the relevance of considering the thermal conditions
during the cooling phase has been highlighted by several researchers, particularly in
light of the continuous wood degradation due to the in-depth penetration of the heat
wave [15, 37, 55-59]. In addition, during this phase, timber compartment elements may
suffer from significant smouldering, which typically acts over longer timescales but can
eventually lead to failure of the structure or compartmentation without intervention [44,
59, 60].

6 Conclusions

Performance-based design of timber buildings requires explicit consideration of the
realistic compartment fire dynamics and how timber elements can influence this. The
combustible nature of timber has the potential to fundamentally alter the fire behaviour
in comparison to a non-combustible building, and conventional design approaches are
often incapable of accounting for this. By examining the current state-of-the-art research
on timber compartment fire dynamics, the critical phenomena in each phase of a fire can
be explicitly quantified and addressed in a holistic fire safety strategy.
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Abstract. Fire safety and fire protection objectives require that buildings and
parts of buildings do not collapse during a fire. This requires that the load-carrying
capacity is maintained to a minimum acceptable level during a fire. This chapter
briefly describes the historical background and state of the art of fire resistance and
its determination for timber members through testing or calculations. The thermal
and mechanical principles that underpin structural behaviour of wood at elevated
temperatures are explained in the context of explicit calculation methods that
enable explicit evaluation of the structural capacity beyond fire resistance, which
is a formalised and codified assessment of structural elements against a standard
fire. The importance of connections to the overall structure in fire is explained along
with suitable design considerations. Ultimately, knowledge gaps with respect to
novel and more complex engineered timber products for taller timber buildings
are highlighted alongside potential limitations of established design parameters.

Keywords: fire resistance - fire safety - structures - load-carrying capacity -
timber - connections

1 Fire Resistance

In the past, catastrophic fires were often driven by the spread of fire, and structural col-
lapse was considered a consequence of out-of-control fires. Thus, structural fire safety
was regulated implicitly through the imposition of non-combustible materials, for exam-
ple in the rebuilding of Rome and London after their great fires in 64 AD and 1666,
respectively.

The increased awareness of the importance of individual buildings, paired with an
increased societal valuation of life led to the recognition that structures and their indi-
vidual structural elements play important roles to achieve life safety and to prevent
catastrophic fire spread. Preventing structural collapse and constraining a fire to its com-
partment of origin can reduce deaths among occupants and emergency personnel and
limit material losses. This led to the development of fire resistance [1, 2] to provide a
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means to compare different building assemblies measured against criteria to limit the
conduction of heat, prevent the passage of smoke or flame, and maintain load-carrying
capacity throughout a fire, which this chapter focuses on. The former two may also be
fulfilled by non-load-carrying building elements.

The initial concept of fire resistance was to assess performance against the three
criteria above (load-carrying capacity, integrity, and insulation) to the equivalent duration
of a full burn-out fire [3] this means that collapse should never occur in a fire with a finite
specified fuel load. Modern codified guidelines and regulations specify fire resistance
not only with respect to the fuel load but also accommodate the risk profile of a building.
For example, even if a fire has equal physical consequences for a structural element,
that element would require a higher fire resistance rating in a high-rise hotel, compared
to a single-family house. This takes the expected direct and often indirect losses into
account, as well as the increased difficulty to fire-fighting operations that arise in taller
buildings.

The assessment of fire resistance is done against a so-called ‘standard fire’. This can
be done experimentally, in a furnace, or using current modelling and design procedures.
Multiple variants of standard fires exist, although the most common one is described
as the standard temperature-time curve, [ISO 834, that represents the evolution of the
temperatures in a compartment engulfed in a fully developed fire. It prescribes a defined
rise in temperature and pressure conditions, although the means of measuring this rise
vary between jurisdictions. For example, in North America, thermocouples measure the
apparent gas phase temperature, while in Europe, plate thermometers are prescribed to
measure the adiabatic surface temperature. Thus, while the concept is standardised, the
outcomes of fire resistance tests in one jurisdiction do not guarantee acceptance in others.

Standard fires are not supposed to replicate real fires but rather provide a standardised
exposure against which fire resistance can be assessed. It is important to remember that
fire resistance duration is decoupled from time in a real fire. Fire resistance and heat
exposure in standard fires are only comparable to the conditions in a fully developed,
under-ventilated fire. Alternative time-temperature curves may be used to better reflect
specific compartments [4], for example, parametric fire curves account for ventilation
and heat losses through compartment geometries to account for different compartment
fire heating rates and a fire decay phase as fuel burns out.

2 Effect of Temperature on Mechanical Properties

All materials experience a change in their mechanical properties in response to a change
in temperature. Elevated temperatures cause a deterioration of mechanical properties
through a variety of mechanisms. In wood, both strength and stiffness are affected by
physical changes, often associated with the movement and storage of water, and through
the thermo-chemical decomposition of the polymers that make up the majority of its
biomass. Depending on the specific species, wood is generally composed primarily of
cellulose (40-50%), hemicelluloses (20-30%), lignin (20-30%), and other minerals and
extracts [5]. Like other construction materials, wood undergoes various thermal decom-
position processes at elevated temperatures, resulting in both physical and chemical
changes. At temperatures up to 100 °C, the water within wood is displaced, diffuses,
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and/or evaporates, causing shrinkage. At temperatures exceeding 200 °C, the hemi-
celluloses and lignin begin to decompose and release combustible gases; this thermal
decomposition process is known as pyrolysis. Above 280-300 °C, the cellulose com-
pound starts to decompose and residual carbonaceous char is formed during pyrolysis.
In the presence of sufficient oxygen, charred wood undergoes further degradation due
to oxidation reactions, typically occurring in the temperature range of 400-500 °C [6].

From a structural perspective, the cross-sections of fire-exposed timber elements
show reduced mechanical properties in the areas under elevated temperatures and no
load-carrying capacity once it has charred. The structural performance of timber elements
in fire is most commonly and most directly linked to the concept of charring. Charring is
the thermal decomposition process that forms residual high-carbon char upon pyrolysis.
This process generally occurs at temperatures above 280-300 °C and significantly affects
the mechanical properties of timber. Beyond 300 °C, the conversion of wood to char
is typically assumed to be complete, and the resulting charred wood is considered to
have negligible strength and stiffness [7]. In particular, the 300 °C isotherm is often
used to define the location of the char front. By tracking its progression, it is possible
to estimate the char depth and charring rate, which are crucial parameters for assessing
the load-carrying capacity of timber elements exposed to fire.

After estimating the effect of charring, it is essential to understand the impact of
heat penetration in uncharred heated wood to evaluate the actual load-carrying capacity
of timber structural members exposed to fire. As mentioned, timber decomposition pro-
cesses at temperatures below the charring threshold also lead to significant reductions
in mechanical properties. Figure 1 illustrates typically assumed reduction factors for
strength and modulus of elasticity parallel to the grain for typical softwood exposed to a
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Fig. 1. Reduction factor for strength and stiffness (modulus of elasticity) parallel to grain of
softwood exposed to the standard fire curve (after [8]).
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standard fire, according to Eurocode 5 Part 1-2 [8]. For example, at 100 °C, the compres-
sion strength of timber is assumed to be reduced by 75% compared to its value at normal
ambient temperature, while its tensile strength is reduced by 35%. However, given the
low thermal conductivity of timber, the temperature gradient within fire-exposed cross-
sections is very steep, at least during the fully developed phase of a fire. This means
that underneath the external charred layer, the temperatures drop in short distance, often
keeping the core of the cross-section at relatively low temperatures. In the cooling phase
of a real fire, however, this gradient tends to flatten and elevated temperatures tend to
homogenise inside the cross-section.

3 Current Assessments of Fire Resistance and Structural Fire
Capacity

Fire resistance requirements can be met either by the use of standard constructive solu-
tions, through testing, through established design models, or more complex simulations.
These design models consider the reduced mechanical properties of the char layer and
heated layer of uncharred timber. Under standard fire exposure, the charring rate of tim-
ber cross-sections converges to a quasi-constant value once a stable char layer is formed
after approximately 20 minutes and the temperature profile beyond the char stabilizes
[9]. This nearly constant char rate and steady-state temperature profile underneath the
char front is the basis of the effective (or reduced) cross-section method, which subtracts
a char layer and a so-called zero-strength layer from the initial cross-section. Variations
of this method are implemented in design standards globally.

For a calculation of the char layer thickness for wood under standard fire exposure,
a one-dimensional charring rate of 0.65 mm/min is generally assumed for softwoods;
this is increased to account for corner rounding in multidimensional exposure condi-
tions. For hardwoods or high-density softwoods, lower rates may be expected. As the
strength of the char layer is negligible, it should be fully subtracted from the cross-
section for structural calculations. This, however, does not hold for the heat-affected
zone. Instead of calculating the structural capacity using the steep temperature gradient
and the corresponding temperature-adjusted mechanical properties, which are lowest
near the char front and highest deeper into the member, the use of the zero-strength
layer [10] simplifies calculations and assumes a thinner uniform layer with zero strength
underneath the charred layer, while the remaining cross-section is assumed to maintain
the full initial capacity (Fig. 2). Several design guidance documents assume a constant
zero-strength layer of 7 mm, which is based on the work of Schaffer on bending mem-
bers [10]. Although rarely implemented in practice, numerical methods can be used
to determine structural fire resistance, where simpler methods are not sufficient. Such
numerical methods are usually based on uncoupled thermal-mechanical analyses, in
which the temperature fields are calculated at successive fire exposure times and the
temperature-dependent mechanical properties are adjusted accordingly. This approach
allows for determining the stress fields and the mechanical behaviour during the fire
exposure and assumes that the stress fields do not influence the temperature distribution,
which is not always valid, particularly in the case of timber connections.
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Effective Char layer
cross-section

Zero-strength layer

Fig. 2. Schematic showing char and zero-strength layers (ZSL) defining the effective cross-section
in a mass timber beam subjected to fire from three sides. Arrows denote progression of char and
ZSL fronts.

The temperature calculations can be done using, for example, non-linear finite differ-
ence or finite element heat transfer calculation methods. Most heat transfer calculations
rely on effective thermal properties that implicitly take into account multiple complex
phenomena, such as pyrolysis, fissures and associated mass transfer. These effective
thermal properties are intended to give good approximations of the temperature fields
of timber exposed to the standard fire exposure.

For structural calculations, numerous proposed relationships link temperature with
the strength and stiffness of wood under compression, tension, and shear loading [11-
13]. These relationships vary significantly among authors, which can be attributed to
the differences in outcomes that arise between tests in steady-state or transient temper-
ature conditions [7, 14]. Relationships provided by Eurocode 5 [8], shown in Fig. 1,
were determined from transient conditions in standard fire exposure; while steady state
conditions result in less onerous reductions, most fire situations will induce transient
conditions. The use of advanced thermal or thermal-mechanical simulations does not
guarantee conservative designs, unless the scope of application and limitations of such
models are strictly considered.

4 Connections

Connections often govern the design of timber structures at normal ambient temper-
ature, namely because of the limited load-carrying capacity and stiffness of common
connections compared with the timber members being joined. Connections with metal-
lic dowel-type fasteners (nails, staples, dowels, bolts, screws) and plates are efficient
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and widely used in timber structures. At normal ambient temperature, the serviceabil-
ity and load-carrying capacity of timber connections depends on the type, geometry,
and layout of the fasteners, on the angle between the loading direction and the axis of
the fastener, and on the embedment, withdrawal, shear, and splitting properties of the
connected timber members.

In fire, the performance of timber connections is even more critical for the behaviour
of timber structures. This is namely due to charring of fire-exposed timber members,
increased heat transfer into the timber members through the metallic fasteners and plates,
high localized stresses close to the fasteners, heat transfer through gaps and slots, and
the already mentioned temperature dependency of mechanical properties.

i

Fig. 3 Beam-to-column connections after fire resistance testing [15].

Given the complex mechanical and thermal interactions that take place in timber
connections during fire exposure, the study of their structural fire behaviour, particularly
the prediction of their fire resistance, has been heavily based on experimental research
[15-22](Fig. 3). Even though many experiments have been performed on connection
configurations that are not typical in taller timber buildings, many findings still apply.
The most important parameters that influence the fire resistance of timber connections are
the load level (ratio between the load applied in the fire situation and the load-carrying
capacity at normal ambient temperature), the thickness of the timber side members,
the width of gaps and slots in the connection area, the type of fastener and how much
the steel parts protrude from the timber members, the end and edge distances of the
fasteners, and the fastener spacing. Metallic parts and wide gaps or slots increase the
heat transfer into the timber members, leading to increased charring in the connection
zone. The most common design methods are based on protecting the connection through
increased member cross-section and fastener end and edge distances and spacing or by
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attaching panels to cover the connection zone (the latter being aesthetically not always
very appealing). Gaps and slots can also be filled or covered to limit heat transfer.
This means that most fire resistance requirements can the fulfilled through an adequate
choice of connection geometry based on the imposed load level. The upcoming version
of Eurocode 5 provides tabulated data for this purpose. Empirical or semi-empirical fire
resistance models (function of the type of connection, time of fire exposure or load level,
and side-member thickness) are also available, even for fire resistances up to 120 min.
Advanced thermal and thermal-mechanical modelling of connections require additional
considerations, namely due to the abovementioned complex heat transfer phenomena and
because of the influence that the large deformations have on the temperature distribution,
as the surfaces between members become progressively more exposed to fire.

5 Challenges to Existing Methods and Knowledge

5.1 Fire Decay and Cooling Phases

Most of the discussed assessment methods aimed at quantifying the load-carrying capac-
ity of timber structural elements exposed to fire traditionally focus on the fully developed
phase of post-flashover compartment fires, usually known as the “heating phase.” Nev-
ertheless, after this phase, a compartment fire within a building enclosure is followed
by decay and cooling phases [23]. Current standardised fire testing and structural fire
assessment methodologies do not require investigating the effects of the fire decay and
cooling phases because they are traditionally considered less critical due to their lower
temperatures and because the fire resistance prescribed by building authorities is assumed
to implicitly account for these phases.

During the fire decay and cooling phases heat continues to diffuse within struc-
tural materials through conduction. In particular, even if the temperature at the exposed
surface is decreasing, the heat wave continues to diffuse and penetrate the structural
elements, leading to an internal temperature rise and, consequently, a reduction in the
load-carrying capacity of structural elements [24]. Since timber undergoes an irreversible
loss of mechanical properties at relatively low temperatures compared to traditional con-
struction materials like steel and concrete (refer to Fig. 1), the penetration of the thermal
wave during the fire decay and cooling phases poses a serious challenge for timber
structures. The relevance of considering this phenomenon has been recently highlighted
by several researchers [25-27], and experimental evidence has shown timber structural
elements failing during the cooling phase [28-30]. Research has underlined that in-depth
penetration of the heat wave is highly affected by the thermal boundary conditions dur-
ing the fire decay and cooling phases, as well as the duration of the various fire phases
[31]. Typically, the heating phase dominates the development of the char depth, but the
cooling phase has a non-negligible contribution. In addition, the uncharred heated timber
increases throughout the entire fire scenario, particularly during cooling and possibly
even after the end of the cooling phase. Due to the four-sided fire exposure, timber
columns are particularly susceptible to this phenomenon [29].

Current structural fire engineering approaches do not address this issue explicitly, and
recent research outcomes have highlighted the necessity of incorporating the fire decay
and cooling phases in modern performance-based methodologies for fire-safe timber
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structures. One way to address this issue, at least partially, is to fully encapsulate the
structure, however, this can stifle the full potential or cause overly conservative designs
in the absence of fully engineered solutions.

5.2 Different Engineered Timber Products
5.2.1 Stress Distribution

Existing structural fire design guides mainly utilise the concept of a zero-strength layer to
perform structural calculations for the determination of the fire resistance. This concept
originated from work by Schaffer et al. [10] for simply-supported glulam beams in
bending. Recent studies indicated that the generally implemented zero-strength layer of
7 mm does not reliably result in conservative predictions of the fire resistance [32]. More
significant overestimations of the capacity are made for:

— Timber members that are loaded in compression and prone to buckling
— Non-homogeneous timber members

This is because the mode of loading determines the strain and stress distributions and
the stresses near the char front. The capacity of a column that is prone to buckling is
more dependent on the strength and stiffness of the wood material close to the char front
than beams that are loaded in bending. The upcoming version of Eurocode 5 prescribes
different zero-strength layer values for different types of loading.

The simplification implemented by the zero-strength layer can lead to non-
conservative errors for engineered timber materials with non-homogeneous cross-
sections, such as CLT. This can be the case when the zero-strength layer partially falls
within non-load-carrying cross-layers. The zero-strength layer was originally proposed
due to its ease of use; if it requires a wide range of values to account for varying sce-
narios that arise in more complex timber buildings it may be preferable to calculate the
load-carrying capacity directly from the temperature gradient and the relationships of
temperature and mechanical properties that are shown in Fig. 1.

5.2.2 Adhesive Performance and Composite Action

Recentincreased interest and implementation of timber structural elements for tall timber
structures have mainly been driven by engineered timber products, of which the most
popular types, cross-laminated timber (CLT) and glue-laminated timber, utilize adhesives
to form structural elements out of multiple boards.

At normal ambient temperatures, adhesives are expected to provide the same or more
shear strength than the wood itself. This ensures composite action so that the assembly
of individual timber boards act as one composite structural element to greatly increase
the second moment of area and thus the flexural stiffness.

Different performance of adhesives at elevated temperatures have been an important
consideration for the fire dynamics in a compartment, especially for CLT, as highlighted
in Chap. 21. Even before fall-off of charred wood, elevated temperatures and mois-
ture levels can weaken mechanical properties of adhesives [33—35]. When this weak-
ening reduces composite action, significant reductions in overall structural capacity are
possible [28, 36-38].
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Different adhesive formulations exhibit different mechanical performance at elevated
temperatures and their selection is dependent on the balance of mechanical performance,
costs and environmental considerations. In North America, a minimum level of perfor-
mance of adhesive in fire situations is assessed in PRG 320 [39]. While this test applies
loads, the performance requirements for an adhesive to pass are solely based on the occur-
rence of char fall-off and not on structural performance. Thus, while a product might be
suitable from a fire dynamics perspective, the adhesive may still cause a product to have
an inferior flexural capacity during a fire.

5.2.3 Smouldering

Smouldering, also sometimes referred to as glowing, describes the oxidation of solid-
phase carbon. It is an exothermic reaction and can under some conditions self-sustain. It
occurs where airflow can interact with sufficiently hot char and heat losses are reduced,
for example near insulation or in corners and crevices. If smouldering is self-sustained it
will eventually lead to structural collapse, unless extinguished by fire service interven-
tion. Smouldering progression is markedly slower than surface flame spread and thus
fire service intervention after cessation of flaming is possible if smouldering is detected;
this is usually achieved from infrared camera inspections and the potential removal of
insulation and fire protection. Consequently, most codified guidance documents do not
currently consider smouldering explicitly for structural design requirements. An excep-
tion is Japan, where for some jurisdictions and building heights, fire resistance tests must
be continued after the prescribed fire resistance time has been achieved. Tested building
elements must achieve self-extinguishment of smouldering to pass the fire resistance
test.

6 Concluding Remarks

The structural fire safety of timber structures has long been investigated and successfully
implemented in buildings with a timber frame structural system, mainly via standard fire
resistance testing and associated calculation methods. These designs are underpinned
by knowledge of the relationship between mechanical strength and temperature and
expected temperature profiles in standard fires. However, knowledge gaps exist for fires
beyond standard fires. Recent research outcomes emphasise that both the heating and
cooling phases play a crucial role in assessing the heat penetration and the consequent
reduction of mechanical properties in timber structural elements exposed to fire. Indeed,
during the fire decay and cooling phases, the load-carrying capacity of timber elements
can significantly reduce due to heat wave penetration (further charring and heated tim-
ber), and ignoring this phenomenon can lead to substantial underestimation, resulting
in unsafe assessments. In addition, the constant development of novel timber products
requires consideration regarding their link to existing design solutions.
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Abstract. The increasing global interest in sustainable and renewable construc-
tion materials has led to a rise in the number of mid- to high-rise timber buildings.
As interest in these structures increases, understanding their behaviour under blast
loads becomes crucial due to the heightened potential risk. The possibility of col-
lapse of tall mass timber structures due to blast loads not only poses risks to
occupants but can also cause significant damage to infrastructure. An overview
of the key blast parameters and dynamic analysis approach used in blast design
are discussed. Material characteristics of lumber, timber, cross-laminated timber,
glulam and timber connections under blast loads as well as retrofitting options are
reported from research findings and blast design standards. This chapter provides
designers and engineers with a roadmap and design framework for blast analysis
and design of a new structure or evaluation of blast vulnerability of an existing
structure that might require retrofitting.

Keywords: Blast - Design - Glulam - Cross-laminated timber - Light-frame -
Connections

1 Introduction and Background

Blast loads, characterized by a sudden release of energy which generates pressurized
shock fronts, have shown the potential to cause severe damage to infrastructure. The
recent use of wood as a construction material for mid- and high-rise structures has
increased considerably in Europe and North America, increasing the risk of these novel
structures being subjected to accidental or intentional blast explosions. While timber
elements and connections usually have relatively low mass and tend to generally exhibit
brittle behaviour (e.g., in flexure or tension perpendicular-to-grain), instances of struc-
tures requiring design against blast threats, whether a high-profile structure or sim-
ply being in the vicinity of a potential target, may occur. As mass-timber construction
(e.g., glue-laminated timber and cross-laminated timber) is becoming more common
worldwide, blast design guidance is needed to limit structural damage and maintain an
acceptable level of occupant safety.

Design codes and standards, such as the Eurocode 1 [1], aim to guide designers
in quantifying and minimizing the risk of progressive collapse as a consequence of
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accidental load situations. One of the principal design philosophies is that of key element
design, which considers various possible, albeit rare load scenarios, to which critical
load-bearing elements may be exposed [2]. Key element design is typically the method
of last resort, utilized when alternative load path design does not generate a safe overall
design of the structure [3]. These elements are designed using a static-equivalent pressure
(34 kPa) applied on either side of the element; a prescriptive requirement that was derived
based on the expected peak loads generated during the event of Ronan Point [4]. This
approach has been critiqued for being simplistic and not appropriate for most blast design
scenarios [5, 6].

To address the design of structural elements and assemblies against the effects of
blast explosions, blast design provisions have been enacted in various countries [7—
10] to reduce occupant injuries and fatalities and limit the risk of progressive collapse.
The provisions for wood element design found in the current editions of American and
Canadian blast standards (i.e., ASCE/SEI 59 and CSA S850) were originally based on
a testing program on light-frame wood structures [11]. The study focused on the overall
behaviour of the structures and was limited to qualitative experimental results. Since
no in-situ properties of the structural members were measured during testing, published
data was used to obtain the strength and stiffness of the specimens to conduct a damage
assessment and develop design provisions and response limits for wood structures [12].
Significant work towards establishing assessment and design procedures for structural
timber elements has been undertaken, allowing for the development of this chapter. The
aim is to provide a general overview of the aspects involved in conducting blast analysis
and design of timber elements and connections, with a particular focus on tall mass
timber buildings.

2 Blast Load Phenomenon and Analysis

2.1 General

Blast explosions are highly dynamic and complex events, producing intense pressures
that act over very short durations. When a high explosive detonates, it rapidly releases
energy, creating a high-pressure, supersonic shockwave. The expansion of gases from
the explosion generates a highly compressed zone of air, which moves outward at speeds
exceeding the speed of sound. The shockwave is followed by a negative phase, charac-
terized by a drop in pressure as the expanding gases create a vacuum-like effect. The
magnitude of blast load on structural members varies with distance from the center of
detonation.

In general, explosions are categorized as either confined or unconfined, depending on
whether they occur within an enclosure or in free air. Unconfined explosions generally
occur in the atmosphere and can be further sub-classed as free airbursts, airbursts, or
surface bursts. The most common explosions affecting infrastructure and their occupants
are hemispherical surface explosions. Depending on the location of the explosion relative
to the element of interest, surface blast loads can be further divided into three categories:
contact, near-field, and far-field loading. The distinction between these categories is done
through the use of a fundamental parameter referred to as the scaled distance, Z, based
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on the Hopkinson-Cranz Scaling Law [13, 14]. Z is defined as:
Z=R/wW'/3 (1)

Where R is the standoff distance between the explosion and the target and W is the
weight of the explosive charge, usually expressed as the equivalent weight of trinitro-
toluene (TNT). Contact and near-contact blast loads occur when the explosive charge is
detonated in contact with or very close to a structure (i.e. Z ~ 0 m/kg'/?). This type of
event tends to generate localized high-intensity non-uniform loads, that are difficult to
quantify analytically. The high-intensity blast loads create high compressive stress waves
that propagate within the structure which can lead to localized material failures, such
as perforation through the wood. Close-in detonations produce spherical/hemispherical
blast waves and create non-uniform and non-simultaneous loading. Near-field detona-
tions occur when Z < 1.2 m/kg”3 [9]. Blast loads from such scenarios are best deter-
mined using computational fluid dynamics (CFD) in tandem with structural analysis
being conducted with, for example, finite element methods (FEM). If used, equivalent
single-degree-of-freedom models should consider load propagation and duration and the
sensitivity of the structural elements to impulse (pressure-time history). Finally, far-field
blast loads occur for Z > 1.2 m/kg!'® [9]. When designing against far-field explosions,
it is common to assume shock wave planarity at the structure (i.e. uniform and simulta-
neous loads). The majority of blast design standards and guidelines have been enacted
to address far-field blast loads, due to the assumptions and idealizations used to develop
general blast design provisions. Due to the complexities involved with near-field and
contact blast loads, generalizations are often not appropriate, thus requiring designers
to carry out advanced analyses and designs. Such load types are considered outside the
scope of this chapter.

2.2 Blast Load Parameters

The effects of blast loads on structures are usually expressed as a function of the amount
of pressure above atmospheric pressure caused by the explosion as well as the extent of
time during which the pressure wave interacts with the structure. The former is termed
overpressure, while the latter is quantified as an impulse, which is the integral of the
applied pressure over the time duration the pressure is applied to the structure. Before
any interaction with a structural element, pressure and impulse are termed incident.
Once the pressure is in contact with the structural element, it reflects from the element
and amplifies, hence referred to as reflected pressure and the corresponding impulse
is the reflected impulse. These are key parameters needed in blast analysis and design.
Fig. 1 illustrates the incident pressure-time and reflected pressure-time histories from
the hypothetical scenario. An incident pressure may be measured using a pressure sensor
(denoted P.S. in Fig. 1) suspended in the air, while reflected pressure can be obtained from
a P.S. mounted to the front face of the building. The most utilized method to model the
pressure-time history is the modified Friedlander equation [15], which is characterized
by an instantaneous rise in pressure above atmospheric pressure (Pyn) followed by an
exponential decay (see Fig. 1). While the negative phase of the curve can be critical for
the design of certain components (e.g., window anchorages), the positive phase tends to
govern the design of primary structural elements (e.g., columns).
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Fig. 1. Hypothetical surface burst scenario.

Empirical test datais often used to determine key blast design parameters as a function
of Z. The most widely used sets of test data are the Kingery and Bulmash (K&B) curves
[16]. These curves describe the properties of blast waves, such as peak overpressure,
impulse, and arrival time, based on the distance from the explosion and the weight of the
explosive in TNT-equivalent. The K&B curves form the foundation of widely used blast
guidance manuals (e.g., [8, 17]), software (e.g., [18, 19]), and blast design standards
(e.g., [9, 10]) in terms of obtaining blast load demands on structures. These curves have
been developed as a function of the scaled distance Z and can therefore be adjusted based
on various types of explosions.

2.3 Dynamic Analysis Methods

Blast events involve loading durations significantly smaller than those observed during
earthquakes and wind loading. The interaction between the shockwave and the structure
lasts only a fraction of a second and generates inertial forces and kinetic energies that
must be accounted for in analyses. Minimizing the computational costs while obtaining
accurate results presents one of the main challenges in modelling blast loads on struc-
tures. High-fidelity modelling techniques, such as finite element analysis (FEA), have
been successfully used by researchers to describe and predict the behaviour of various
structural timber elements subjected to blast loading [20]. Continuum-based FE models
have shown to be capable of capturing the overall failure mode, and damage propagation,
as well as predicting the resistance curves with good accuracy, however, the accuracy
of such models is heavily reliant on user input and adequate failure criteria that capture
dependent and independent stress interactions within the wood material [20, 21]. While
developing FEA models using these tools allows for great flexibility in the material
and loading inputs, such information may not be readily available in the case of blast
analysis for both the loads and material resistance. Due to the uncertainties associated
with blast events, especially when characterizing the blast loading, designers typically
resort to much simpler analysis tools, such as the equivalent single-degree-of-freedom
(SDOF) method. As shown in Fig. 2a, the method consists of transforming an actual
structural element with distributed properties into an equivalent system consisting of a
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spring, to describe the stiffness of the wood element, (kyooq) and a lumped mass (mygod)-
This is done using transformation factors, which consider the actual distribution of load,
boundary conditions, and assumed deflected shape [22]. Since its implementation, sev-
eral official documents have adopted this methodology (e.g. [8, 23]). One main limitation
of SDOF analysis is that it can only capture a single deflected shape, which is usually
approximated by a quadratic or sinusoidal equation. Higher-order vibrational modes
are therefore not captured, which can lead to unconservative results, depending on the
structure. Another limitation is that boundary conditions are typically idealized as being
a combination of pinned, fixed, or free. Methods for including the translational and rota-
tional stiffness and behaviour within the connections have been published, including
two-degree-of-freedom (TDOF) modelling [24-26]. This is shown in Fig. 2b, where
the behaviour of the connection within the system is captured by lumping the connec-
tion behaviour into an equivalent spring, similar to SDOF methodology for structural
elements.
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Fig. 2. Idealization of a blast-loaded CLT wall using (a) SDOF analysis; (b) TDOF analysis.

3 Material Properties of Wood Under Blast Loads

When structural elements are subjected to blast loads, their behaviour is affected by
high strain-rates (in the range of milliseconds), and they tend to exhibit increases in
material properties such as strength and stiffness. Comprehensive experimental research
programs, usually accomplished through live explosion or shock tube testing, are neces-
sary to characterize material behaviour under high strain-rates. The benefit of laboratory
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experimentation over live arena testing is the richness of information generated, includ-
ing pressure-, displacement-, reaction, and strain-time histories. An example of a shock
tube facility is that found at the University of Ottawa’s structural lab, which has produced
extensive data for light-frame wood stud walls, CLT panels, glulam beams, GLT panels,
and connections.

Due to the rarity of blast events and the cost limitations associated with keeping
elements elastic, blast designers rely on average material properties. The Canadian blast
design standard, CSA S850 [9], is used here as an example due to its meticulous and
relatively complete presentation of the design procedure. In the standard, the dynamic
strength, Sp, is defined as:

Sp = Ss x SIF x DIF 2)

Where S is the specified static strength, STF is the strength increase factor, and DIF is
the dynamic increase factor. The SIF accounts for the material variability and transforms
specified design resistance to reflect near-average values. Within the Canadian design
framework for wood structures, the SIF represents the ratio taken between the mean
and fifth percentile strength properties. The values for visually-graded and machine
stress-rated (MSR) lumber are based on an extensive in-grade testing campaign [27],
where SIF values in the ranges of 1.9 to 3.9 and 1.5 to 1.8, respectively, were obtained.
Published studies on glulam elements under flexure test reported SIF between 1.2 to 1.3
[28]. As shown in Table 1, the CSA S850 specifies lower bound SI/F values for these
wooden elements. As observed, SIF values for engineered wood products are lower than
solid-sawn lumber due to reduced variability in material properties.

Table 1. Increase Factors for Blast Design of Wood per CSA S850 [9].

Component SIF | DIF
Visually-graded lumber & sawn timber | 1.9 | 1.4
Machine stress-rated lumber 1.5 |14
Cross-laminated timber 1.2 |12
Glulam 1.2 |1.1
Connections 1.0 | 1.0

DIF values are obtained by relating dynamic resistance, whereby failure occurs
within milliseconds, to those obtained from static tests, where failure is typically
achieved around one to ten minutes. Current values in CSA S850 have been obtained
through extensive experimental test campaigns on studs and stud walls [29-31], glu-
lam beams and columns [32-36], and cross-laminated timber (CLT) panels [37, 38]. It
can be observed that engineered wood products tend to have lower DIF values, due to
the presence of finger joints, adhesives, and the use of higher-quality lumber in their
manufacturing [39].
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While work on timber connections under blast loads has been undertaken and DIF
values for connections have been reported [32, 37, 40, 41], it is still premature to estab-
lish clear and simplified design requirements for connections. The magnitude of DIF in
connections has been observed to correlate with the governing failure mode, whereby
failure predominantly in wood crushing tends to exhibit higher increases compared to
those failing in fastener yielding and rupturing. A connection design procedure based on
capacity-based design has been proposed [32, 42], whereby connections are designed to
protect against brittle failures while allowing for some energy dissipation through con-
nection yielding. The former point ensures that ultimate failure occurs in the load-bearing
element and not the connections, while the latter attempts to optimize possible sources
of inelastic energy dissipation. Details on this design philosophy will be discussed in
greater detail in the next section.

The design requirement outlined in Eq. (2) can also be utilized when considering
other timber design codes in other countries. For example, the design strength property
for timber design under blast loading using Eurocode 5 can be expressed as:

Xa blast = (kmoa % Xi/ym) x SIF x DIF 3)

Where k04 is the modification factor for duration of load and moisture content, y; is
the partial factor for a material property, and Xy is the characteristic strength value. For
a blast event, yy, is taken as unity for accidental loading. Maintaining parallels with the
CSA 086’s load duration factor, the value of k,,,s obtained from Eurocode 5 should
correspond to an approximate load duration of 10 minutes (i.e., quasi-static testing).
While Eurocode 5 specifies a k4 of 1.1 for “instantaneous” loads, such a load-duration
class includes accidental loads [43]. As impact loads may fall under the category of
“accidental loads”, k,,,qs may be conservatively taken as 1.0 when applying Eq. (3).

Care must be taken when deciding on a value for SIF and DIF, as those presented
in Table 1 may need to be verified for lumber sourced in the country where they are
designed. Statistical analyses conducted on the grading classes found within Eurocode 5
are expected to yield different SIF values. For example, based on probabilistic analyses
conducted on published quasi-static bending test results for glulam beams [44] and CLT
panels from Central Europe [45], SIF values of 1.3 and 1.1 are obtained, respectively,
which are similar to the values given in CSA S850 [9].

4 Design Approaches

Whether conducting the design and analysis of a new structure or assessing the blast
vulnerability of an existing structure, the performance of critical load-bearing elements
must be assessed against Design Basis Threats (DBT). Determined by the designer
alongside the building owner and other parties (e.g. government officials, police, etc.),
these consist of likely blast scenarios that the structure may be subjected to during its
design life. A DBT outlines the location of the detonation, the type of charge, and the
weight of the charge. Based on this info, designers can utilize established empirical
data (e.g. K&B curves) or software to determine the blast parameters, including peak
reflected pressure and impulse, positive phase duration, and secondary gases as well as
explosive effects (e.g. fireballs).
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Using established dynamic analysis methods, such as SDOF analysis, the behaviour
of a structural timber element against a given DBT is then assessed. To accomplish this,
the behaviour of the element is described through a resistance curve, relating the inter-
nal force acting against the blast load versus the mid-span deflection [22]. Guidance on
developing resistance curves for light-frame wood stud walls, glulam elements, and CLT
panels can be found in the literature [6, 22, 33, 38, 46]. In general, a bilinear resistance
curve was proposed to capture the behaviour of light-frame wood stud walls, particu-
larly the interaction between the sheathing and the studs, which provides some form of
inelastic energy dissipation. Comparatively for glulam and studs in isolation, a linear
elastic resistance curve best describes the overall behaviour of these elements. Finally,
CLT panels have been shown to have some post-peak resistance due to the presence of
transversal laminates, which act as reinforcement for the longitudinal laminates. There-
fore, a staircase-shaped resistance curve can be used to describe the flexural behaviour of
CLT, with the number of total drops being a function of the number of plies. Generalized
resistance curves for these structural elements, which have been normalized regarding
the peak dynamic resistance of the element in question (Rpeqk) and the mid-span deflec-
tion at the elastic limit (A.), are shown in Fig. 3. The values for relative displacements
between ultimate failure and elastic limit (i.e., 1.0, 2.0 and 2.5 for studs/glulam, stud
walls, and CLT, respectively) can be obtained from appropriate blast design standards
[9]. A summary of the approaches for how to obtain the resistance curves is provided in
[39].

1.2
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+ = Stud Wall
......... CLT (5plies)

R/Rpeak

0.0 0.5 1.0

1.5 2.0 2.5 3.0
A/A,

Fig. 3. Generalized Resistance Curves for Timber Flexural Elements.

The design of connections for timber assemblies is critical to ensuring the life safety
of building occupants and preventing progressive collapse by maintaining overall struc-
tural integrity. Current blast design codes, whether Canadian or American, provide very
little guidance in terms of how to address connection-specific designs for timber assem-
blies, however, research on the topic has been conducted on connections for light-frame
wood stud wall connections [47], bolted connections [32, 40], self-tapping screws [48],
steel angles [37, 48], as well as innovative connections to resist blast loads [42, 49] have
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been proposed. In instances where connections are overdesigned relative to the structural
element and are significantly stiffer such that they do not allow for significant translation
in the connections (i.e., pin), SDOF can be used [24, 25]. Alternatively, TDOF or other
methods (FEA) may be required.

Current blast design provisions for timber structures follow the principle of capacity-
based design, whereby timber connections are to be overdesigned to enforce the require-
ment that failure is reached within the load-bearing element before any damage in the
connections [9]. When establishing the resistance curve of an element of interest (see
Fig. 3), the peak dynamic resistance (Rpeqr) can be used to determine the design force
at the connection, namely half of Rpeq. Therefore, to ensure member failure before
connection failure, the following design objective is required to be met, for the case of
two equally-loaded end connections:

Reonn = o X Rpear X 0.5 “4)

where R.on, 1S the mean capacity of the connection under blast and « is the overstrength
factor. CSA S850 [9] stipulates that o should be taken as 1.2, however, research has
shown that this may not be sufficiently conservative depending on the connection type
[32].

Connections designed and detailed to yield and deform in a controlled manner have
been shown to dissipate blast energies and ultimately delay failure in the wood element.
The capacity-based design methodology described above can be extended to take this
into account by ensuring that the force level in the connection associated with ductile
failure, such as the yielding of steel, is designed relative to the peak resistance Rpeax
such that the energy dissipating mechanism always occurs before the peak resistance.
This can be achieved by the following design objective:

Rconn,ductile <y X Rpeak x 0.5 (5)

where R onn,ductile 1S the mean capacity of the connection for its ductile failure mode and
y is the yield factor. Values of y can be obtained by conducting a probabilistic analysis of
the distribution of R onn,ducrite and Rpeqi to ensure that an appropriate value is selected
thus guaranteeing that yielding will occur in the connection before wood failure [42].

Retrofit options applied to timber elements to resist blast loads have been explored
through experimental and analytical studies. Wood-based sheathing panels found in
light-frame wood assemblies, such as oriented-strand boards (OSB), were observed to
fail before the load-bearing wall elements reaching their flexural failure, generating
hazardous flying debris and allowing for ingress of blast pressures [29]. To mitigate this,
sheathing retrofitting options such as welded-wire-mesh reinforcement, catcher systems,
other wood-based sheathing, and corrugated steel panels were found to mitigate these
hazards in a cost-effective manner [29, 50].

The application of fibre-reinforced polymers (FRP) in different configurations has
also been studied for glulam elements [34, 51], light-frame stud walls [52], and CLT
panels [53]. In general, the addition of FRP reinforcement on the tension-side fibres led
to significant increases in stiffness and strength, however, brittle failure via debonding of
the FRP layer from the wood was also observed [34, 51, 52]. Combined with partial or full
confinement, this effectively delayed brittle failure of the glulam and CLT elements and
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enhanced post-peak behaviour in terms of post-peak capacity and ductility. Overall, the
addition of FRP confinement was found to delay crack development and bridge defects,
as well as confining rolling-shear deformations to delay the development of this failure
mode [53]. Near-surface mounted rod/bar elements have also been implemented within
glulam beams to improve performance in flexure (e.g., [54, 55]). The performance of such
retrofits was found to heavily depend on the quality of the workmanship and the quality
of the bond between wood and rod material, as well as whether the implementation of
the retrofit allowed for crushing in the wood compression fibres to be engaged.

5 Concluding Remarks and Outlook

With the advancement of mass-timber technologies as well as the desire to use more
wood in buildings due to sustainability and carbon emissions targets, an ever-increasing
stock of mass-timber buildings has become a reality. The current state of knowledge on
how mass-timber elements and connection behave under blast loads allows designers
to properly consider the behaviour of mass-timber to resist blast loads, whether for the
intentional use of mass-timber in a structure requiring blast design considerations or
whether simply an existing structure that could be in the vicinity of such an event (e.g.,
near a high-profile target). While significant progress has been made in understanding
the response of individual elements and connections under blast loading, it is crucial
to study how these structures behave at the system and building levels. Future research
must prioritize system-level investigations to comprehensively assess the susceptibility
of mass-timber structures to disproportionate and progressive collapse. These studies
are essential to ensure that failures do not propagate in a manner that compromises the
entire structure. Addressing these vulnerabilities will involve developing robust miti-
gation strategies that enhance structural redundancy, improve load redistribution, and
prevent cascading failures. A key focus must also be placed on reinforcing mass-timber
systems against undesirable brittle failure modes, particularly in the connections, to
enhance ductility and ensure energy dissipation. Ultimately, future studies in this field
will require a holistic design philosophy that integrates sound design methods for mass-
timber elements and connections, energy-dissipating technologies, as well as advanced
computational modelling. Experimental testing at scales presents the biggest challenge
to the continuance of this field of study, however, these are required to ensure that the
proposed methodologies possess sufficient reliability and effectiveness.
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Abstract. Multi-hazard events, though infrequent and rare, are responsible for
a substantial portion of global economic losses. This book chapter investigates
the complexities of multi-hazard events and explores the design challenges
and methodologies in multi-hazard risk assessment and structural resilience for
wooden structures. Special attention is given to the interaction between earth-
quakes, fires, and blast loads on timber structures, highlighting the state of the art,
the gaps in current research, and the potential for probabilistic design and anal-
ysis approaches to enhance understanding and improve structural resilience and
robustness. The limitations of existing design codes and standards are reviewed
and frameworks for assessing cumulative damage and risk under multi-hazard
scenarios are discussed. The book chapter aims to provide the state of the art on
the topic and guide future research and practical applications in designing timber
structures capable of enduring multiple hazards, thereby enhancing the safety and
sustainability of the built environment.

Keywords: Timber - Seismic - Fire - Blast - Multi-hazard - Design

1 Introduction and Background

Multi-hazard events, which involve the simultaneous, cascading, or cumulative occur-
rence of multiple natural hazards, pose a serious threat to human lives and property.
This danger arises mainly from the cumulative and cascading impacts caused by the
interaction of different natural hazards across space and time. However, identifying
these events is difficult due to the complex interactions between hazards and the limited
availability of multi-hazard data. Globally, about 19% of the 16,535 disasters recorded
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in the EM-DAT Database in the last decade are classified as multi-hazard events [1].
The identified multi-hazard events were reclassified into four distinct categories: (1)
preconditioned/triggering events, (2) multivariate events, (3) temporally compounding
events, and (4) spatially compounding events. These multi-hazard categories were pri-
marily based on the typology that classified compound events into preconditioned, mul-
tivariate, temporally compounding, and spatially compounding categories [2]. Despite
their lower occurrence, these events are responsible for nearly 59% of the estimated
global economic losses, while single hazard events tend to result in higher fatalities [1].
Most multi-hazard events are associated with floods, storms, fires, and earthquakes, with
landslides frequently emerging as secondary hazards, often triggered by these primary
events. The majority of these multi-hazard events display preconditioned/triggering and
multivariate characteristics. Multi-hazard events are more common in Asia and North
America, whereas Europe sees a higher occurrence of temporal overlaps of multiple
hazards. The Great Lisbon Earthquake of 1755, the Typhoon Nina-Bangiao disaster
in 1975, and the 2010 Haiti earthquake are key examples of multi-hazard events. The
Lisbon earthquake led to widespread structural destruction from ground acceleration,
followed by a tsunami, fires, and aftershocks. Typhoon Nina in China caused heavy
rainfall and winds, leading to the failure of 61 dams and severe flooding. Similarly,
the Haiti earthquake triggered cascading hazards, including landslides, a tsunami, and
aftershocks, amplifying its impact.

The growing interest in multi-hazard risk assessment and structural resilience has
led to diverse methodologies and frameworks. Building taxonomy for multi-hazard risk
assessment (GEM4ALL) [3], methodologies for assessing cumulative damage from
sequential multi-hazard events [4], risk analysis methods for multi-hazard scenarios
[5] are just some of the directions pursued by researchers around the globe to investi-
gate the subject. However, researchers have also highlighted the infancy of multi-hazard
engineering, noting the need for integrated resilience strategies [6], the shortcomings of
current design codes [7], and the necessity of tailored multi-hazard criteria for enhanc-
ing structural stability against combined threats [8]. Lou et al. [9] and Meacham [10]
developed material-agnostic performance-based frameworks for Post-Earthquake Fires
(PEF) assessment, emphasizing the importance of a more extensive database, fragility
curves for multi-hazard resilience, and collaboration between fire and seismic engineer-
ing. Studies on fire-induced material degradation indices [11], fragility curves [12], and
full-scale testing under combined earthquake and fire loading [13] offer valuable knowl-
edge. Other key factors to consider are damage to passive fire protection systems from
seismic events impact fire resistance [14] as well as the very factors leading to PEF [15].
In an attempt to implement the performance-based design approach in the case of post-
earthquake fire, Meacham [16] conducted shake table tests on a full-scale, five-story
reinforced concrete building and proposed a model to performance-based seismic and
fire design.

The dynamic behaviour of reinforced concrete (RC) slabs was investigated under
simultaneous fire and explosion, and it was found that fire reduces the RC slab’s abil-
ity to withstand blast loading [17]. Xue et al. [18] proposed a novel damage assess-
ment methodology for shear wall structures facing earthquake—explosion disaster chains,
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revealing that initial seismic damage exacerbates vulnerabilities to subsequent explo-
sions, often elevating damage levels to severe states. Verma et al. [19] examined rein-
forced concrete structures under combined earthquake and blast scenarios, demonstrat-
ing that such multi-hazard conditions result in the most severe structural responses
due to compounded localized and widespread impacts. Finally, Quiel and Marjan-
ishvili [20] examined progressive collapse in steel-framed buildings following blast
and fire, underscoring the necessity of multi-hazard approaches for enhancing structural
resilience.

While extensive research has been conducted on timber structures concerning indi-
vidual hazards such as earthquakes, blast loads, or fires, the complex interactions between
multiple hazards remain underexplored and are mostly limited to other structural materi-
als and forms. The exception to this is work by Tesfamariam [21], in which the design of
taller timber buildings is discussed for earthquake and wind loads within a multi-hazard
performance-based design framework. This gap in the literature limits understanding of
how tall timber structures respond when exposed to the cumulative or triggered effects of
more than one hazard. This book chapter aims to guide and provide a succinct overview
of pertinent literature and design considerations on the subject through the existing
knowledge.

2 Overview of Accidental Load Situations

Accidental load situations, such as earthquakes, fires, and blast loads, represent extreme
events that can pose significant challenges to the integrity and safety of structures and
occupants. These loads are rare but have the potential to cause catastrophic damage if
not properly accounted for in the design and evaluation process. Designers and building
officials consider these load scenarios individually, as each has unique characteristics,
mechanisms, and impacts on structural behaviour. Understanding the specific demands
and responses associated with each accidental load is critical before exploring their
potential interactions or cascading effects. This foundational knowledge allows engineers
to implement appropriate design strategies and ensure compliance with safety standards,
ultimately enhancing the resilience of built environments.

2.1 Earthquakes

Timber lateral load-resisting systems are recognized to be a viable alternative to other
structural types in seismic-prone areas, even those of moderate to high seismicity. Sev-
eral studies have shown that timber buildings perform well under strong ground motions
primarily because of their high strength-to-mass ratio [22] and ability to dissipate energy
in ductile metal connections. However, throughout history, timber structures have exhib-
ited varying degrees of resilience to seismic activity shaped by structural types, material
properties, and design regulations.

Following the 1994 Northridge Earthquake, light-frame timber buildings attracted
the attention of structural engineers and researchers due to the significant damage
observed especially in two to three-storey apartment buildings [23]. Most wood-frame
buildings in the area were poorly engineered and lacked a seismic-force-resisting system,
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triggering significant losses in wood-frame constructions. Consequently, in order to min-
imize earthquake losses to wood-frame construction and develop specific performance-
based seismic design (PBSD) approaches, in 1998 the CUREE project [24] was launched
as a series of coordinated and comprehensive scientific investigations in North Amer-
ica. In 2002, Filiatrault and Folz [25] conducted a comprehensive literature review on
force-based seismic design, showing a strong correlation between inter-storey drift dur-
ing an earthquake and the subsequent damage to wood-frame structures. Rosowsky &
Ellingwood [26] and van de Lindt & Walz [27] established the performance levels
in terms of inter-storey drift limits to control non-structural and structural damage in
wood-frame timber buildings and developed specific design procedures accordingly. In
2005, the NEESWOOD research project [28] aimed at developing a PBSD approach
for mid-rise wood-frame constructions. Shake table tests on a two- and a six-storey
light-frame building were conducted [29, 30] (including tests on some damping systems
and half-scaled base-isolation tests [23]) and a specific non-linear time history analysis
software package, was developed. Moreover, a proposal for the application of a direct
displacement design (DDD) approach to wood-frame buildings was presented. In Italy,
Tomasi et al. [31] investigated the seismic performance of multi-storey light-frame tim-
ber buildings through a shake table test conducted on a three-storey timber light-frame
building. A highly dissipative behaviour, with most plastic deformations concentrated in
the sheathing-to-framing joints and the hold-downs and angle brackets, was observed.

The studies on the seismic performance of mass timber (e.g. Cross-Laminated Timber
- CLT) structural systems started in the early 2000s, showing significant differences with
those conducted on wood-frame buildings. The energy dissipation in CLT buildings is
in fact concentrated in the mechanical anchors (i.e. hold-down, angle brackets) when
single-panel shearwalls are used whereas vertical joints are designed to dissipate energy
in segmented shearwalls [32]. Within the SOFIE [33] and SERIES [34] projects, shake-
table tests were conducted on a seven- and three-storey building made with multi-panel
and single-panel shearwalls, respectively. Gavric et al. [35] and Flatscher et al. [36]
conducted experimental tests on hold-down and angle brackets showing a ductile failure
mechanism when hold-downs were subjected to tensile loads and angle brackets to shear
load.

Despite most of the current design standards for the seismic design of timber build-
ings (e.g. Eurocode 8 [37]) primarily follow a deterministic force-based procedure, in the
last decade, several studies have applied risk-based approaches to investigate the seis-
mic performance of timber buildings and determine the structural behaviour g-factors
(i.e. R-factors in North America) of different structural types. For CLT structures, for
example, Van de Lindt et al. [38] calculated the R-factor for CLT platform-type buildings
using the FEMA P695 [39] procedure while Rinaldi et al. [40] used a risk-consistent
approach to verify the values of g-factors reported in the second generation of Eurocode 8
according to the g-factor estimation methodology [41]. Tesfamariam et al. [42] assessed
the R-factor for a 10-storey hybrid timber-reinforced concrete building while non-linear
incremental dynamic analyses (IDA) were conducted by Morshedi et al. [43] to assess
the R-factors of light-timber frame shearwalls.
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2.2 Fires

Timber buildings have burned down in the past mainly because they lacked proper fire
safety features. These features include adequate fire compartments, detection systems,
and suppression methods. Historical disasters like The Great Fire of London in 1666
and The Boston Fire in 1872 happened because the fire safety technology at the time
could not stop small fires from propagating. Many building regulations today, which
limit the height of timber buildings to about four stories, were created in response to
these massive urban fires from the past [44]. Modern structural systems and technologies
for detecting and suppressing building fires suggest no continuing reason to limit the
permissible heights of timber buildings prescriptively [22].

In most jurisdictions, fire safety regulations follow a deterministic approach, design-
ing buildings to withstand specific, standardized fire exposures, typically a fire resistance
test (e.g., EN1363-1) for a set duration. However, this method does not account for vari-
ations in fire scenarios: many buildings may not experience significant fires, while some
may encounter more severe events than anticipated within the deterministic approach. In
a deterministic approach, it is not straightforward to quantify the effect of risk-reducing
measures, such as sprinklers, fire-stopping, and/or improved firefighting access. Instead,
deterministic regulations are adjusted over time based on experience [45], such as by
high-consequence fire incidents or lack thereof.

A probabilistic approach may enable societal cost optimization concerning accept-
able losses, as a deterministic approach applied to all buildings can be overly conservative
and costly. Probabilistic fire safety design aims primarily to ensure life safety but can
also address property protection. A possible approach for fire safety engineering is the
use of Farmer’s diagrams, better known as F-N curves, which set limits on the frequency
(F) of incidents with a specific number of casualties (N). These curves emphasize that
the likelihood of multiple fatalities should be extremely low, with incidents causing
more than 10 fatalities considered nearly unacceptable, as shown in Fig. 1. The ALARP
principle (As Low as Reasonably Practicable) allows designs to bypass strict F-N curve
limits if compliance is infeasible.

Property protection, a secondary goal of fire safety engineering, accepts certain
probabilities of failure. However, regulations do not explicitly specify limits for failure
probabilities due to fires. Some regulations indirectly offer property protection, such as
Eurocode 0 [46], which specifies a reliability index of § = 3.8, equating to a probability
of approximately P = 7.23 x 10~ over 50 years for moderate structural failure. Notably,
no reliability index is provided for more substantial failures such as progressive collapse.

Implementing performance-based design faces significant challenges due to a lack of
data, the complexity of required analyses, and inherent uncertainties. Probabilistic design
depends on statistical data, such as fire load densities, and fire growth rates. However,
fires are relatively rare and poorly documented events and outliers are poorly repre-
sented in statistical distributions, limiting the ability of a probabilistic design approach
to foresee high-consequence events. The ALARP principle adds complexity, requiring
a balance between financial feasibility and life safety, which is hard to quantify. Addi-
tionally, many stakeholders, including fire brigades, local authorities, and designers,
often trust deterministic regulations more than probabilistic approaches due to a limited
understanding of risk-based methods.
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Fig. 1. F-N curve for fire events in the Netherlands.

2.3 Blast Loads

Blast loads tend to occur nearly instantly and release enormous amounts of energy,
leading to a dynamic response, localized damage, and a high strain rate effect of the
wood material. Examples of an explosion followed by a fire are the Oklahoma City
bombing (USA, 1995) and UNBC’s Wood Innovation Research Laboratory Explosion
and Fire (Canada, 2023), while the case of a fire followed by an explosion is the Port of
Beirut Explosion (Lebanon, 2020). The behaviour of timber elements under blast loading
has been investigated in recent years, and the design of timber structures subjected to
blast loads is explained thoroughly in another Book Chapter. It is important to note that
design against blast loads is not required in the standards, but it is upon request of the
owner or government authorities.

3 Multi-hazard Scenarios

When combined load effects, such as those from fire, earthquakes, and blast loads are
considered in the multi-hazard design framework, performance-based design becomes
a necessity. Performance-based design liberates the designer and provides opportunities
to communicate with the public (e.g., owners, insurers, occupants) to understand the
needs and expectations better and allows the designers to provide solutions not being
limited to prescriptive regulations that are not capable of delivering required or expected
performance, especially in the multi-hazard scenarios. Multi-hazard events often have
more severe impacts than single-hazard events and present challenges for traditional
design. In addressing multi-hazard events, adopting a probabilistic approach, despite
its inherent challenges, becomes increasingly necessary. Rare, high-impact events—
where the primary goal is to prevent mass casualties—present unique scenarios where
lower-probability outcomes, such as moderate structural damage or minimal casualties,
may already align with acceptable thresholds. This stems from the rarity of such events
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inherently limiting their overall risk. By focusing on mitigating catastrophic outcomes,
probabilistic methods provide a rational framework for balancing safety and resource
allocation in the face of complex, multi-hazard scenarios.

3.1 Earthquakes and Fires

Both earthquakes and large building fires are relatively rare events, although they are not
statistically independent with fires often starting in the aftermath of earthquakes. A joint
deterministic approach for combined earthquakes and fires would be prohibitively costly,
both in terms of test requirements and design implementation. This also highlights the
opportunities for a probabilistic approach to combine these events.

While conventional fire design is heavily focused on deterministic solutions, earth-
quake design usually involves probabilistic events and design against expected earth-
quakes (rather than a ‘standard earthquake’). There are also design aspects between earth-
quakes and timber fire design that are fundamentally opposed. For example, earthquake
design has a clear sacrificial order in which limited damage from major earthquakes is
part of the design in order to prevent overall collapse. Paired with repair considerations
this favors exposed, easily accessible connections that absorb damage from deforma-
tions but can rapidly be accessed and repaired. In contrast for timber design in fire,
connections are often placed within timber elements to avoid heating and the resultant
weakening of steel components and the timber adjacent to this steel.

Wood is combustible, which distinguishes it from other materials that are commonly
used for tall buildings, such as steel or concrete. In most current design approaches the
amount of exposed timber is limited by encapsulation with fire-rated plasterboard. This
can help to ensure that self-extinction of timber can be achieved and limits the overall
fire size [47, 48]. Therefore, beyond the direct effects of combined earthquakes and fires
on the structure, the potential contribution of timber due to damage to encapsulation
must be considered in probabilistic analysis. This can also include damage to other fire
safety measures and the lack of fire service intervention.

3.2 Blast Loads and Fires

The design and analysis of structural elements subjected to blast loading in CSA S850
[49] defines the dynamic strength, Sp, provided as:

Sp = Ss x SIF x DIF (1)

Where SIF is the strength increase factor, DIF is the dynamic increase factor, and S is
the specified static strength. While the DIF incorporates the effects of high strain rates
onto the material properties, which tend to be beneficial (i.e., greater or equal to unity),
the SIF acts to transform design-level specified strengths to near-average strength values.
The use and magnitudes of the SIF in blast design resemble the current Canadian [50]
and European [51] wood design provisions for fire scenarios.

There are currently no design standards or guidelines for cases of succeeding or
simultaneous fire and blast scenarios. In addition, due to the extreme rarity of both
loads acting concurrently, no documented case study nor literature exists on the topic
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of timber structures. With that being said, engineering judgement can be applied to
develop rational design approaches for determining potential interaction effects for pre-
and post-blast fires. Fires may occur as a direct or indirect result of an explosion or
may be the source of an explosion (e.g., fire causing a gas line to ignite and explode).
Concerning the former, localized deformations in structural and non-structural elements
brought on by the blast event may jeopardize the integrity of fire compartments and
otherwise safe evacuation routes, particularly in light-frame wood assemblies. While
structural elements may only be subjected to superficial damage levels following blast
loading, such cracks may present a potential path for fire development to penetrate
through walls and other compartments. In such cases, one may conservatively assume
failure of compartmentalization. If consideration of potential cases of blast events is
required, for example, for high-profile assets or proximity to high-profile assets, one
may plan evacuation routes to be outside the perimeters of the building, to move them
as far as possible to the effects of the shockwaves.

For the latter (i.e., blasts occurring due to a fire event), designers should consider
the potential loss of cross-sectional area and mass, both of which would contribute to
an element’s response to a blast load. Estimating the effective cross-section depends on
the zero-strength layer and char depth, which can be obtained from the charring rate and
fire exposure time.

4 Outlook

The increasing number of taller timber structures and the need for more resilient and
safe tall structures require addressing the complex challenges posed by multi-hazard
scenarios. Experimental testing for scenarios of fire and explosions is highly complex
due to cost and testing conditions. The ability to predict materials’ behaviour and damage
level under explosions and fire is uncertain, and many factors play a role in this, such
as the sequence of events and type of Engineered Wood Products (EWP) being used
in the design. The current knowledge available in case of fire and explosion events
was mainly developed using advanced analysis using FE packages. Additionally, the
behaviour of connections under such combined or successive events is not investigated.
With the current lack of comprehensive design guidelines for multi-hazard design or
studies on the response of the building under such events, redundancy and robustness of
taller timber structures are paramount, and the design in such cases should be towards
including alternative load paths to prevent progressive collapse.
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Abstract. In an era marked by rapid and constant change, designers are chal-
lenged to create solutions that are not only sustainable but also adaptable to an
ever-evolving environment. Wood, as a renewable and versatile resource, plays a
pivotal role in this context. Also, timber buildings and structures are in a perpetual
state of transition, and enabling these transformations is crucial for the sustainable
development of our built environment.

This chapter discusses adaptability for multi-storey timber buildings, address-
ing the current lack of empirical data and lived experience in this area. The research
aims to identify the technical barriers to adaptation of multi-storey timber buildings
and which research currently addresses them.

The methodology comprises an in-depth literature review on adaptability in
timber engineering and architecture and a comparative analysis of adaptability
research.

The study highlights the importance of designing timber buildings with adapt-
ability in mind, considering aspects such as acoustics, prefabrication, standard-
isation, span, fire safety, services and moisture planning. The findings suggest
that while timber structures are designed for longevity, their potential for adap-
tation is often insufficient, emphasizing the need for a more holistic approach to
design that includes whole-building scales, while adaptability research does not
yet incorporate these timber-specific aspects.

Keywords: Multi-Storey Timber Building - Circular Economy - Wood
Construction - Adaptability - Flexibility - Building Adaptation

1 Introduction

Time is a crucial factor when discussing the effectiveness of biobased materials, partic-
ularly in timber construction. To match a benchmark forest’s carbon, the carbon stored
in wood products plus the remaining forest carbon requires over 150 years of timber use
[1]. This carbon balance exceeds by far the average lifespan of buildings. Despite being
designed for durability, more than half of all buildings are demolished due to vacancy
rather than technical deficiencies, indicating insufficient adaptability [2]. Current dis-
cussions about new timber buildings often focus on technological aspects, neglecting
spatial-architectural and organizational-functional considerations [3]. We can close this
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gap between the carbon balance of wood and a building’s obsolescence by applying
circular design strategies.

MTBs offer a promising solution by fitting into both the technical and biological cycle
of the Circular Economy (CE), defined as an economy that is restorative and regenerative
by design [4]. While engineered wood products (EWPs) are often downcycled for energy
recovery, maximizing their potential requires integration into the technical cycle through
circularity design. Efforts to translate CE concepts into specific frameworks for the
building industry are ongoing. Cheshire [5] outlines five design principles for applying
circular economics to construction, including building in layers, designing out waste,
design for disassembly (DfD), selecting materials and designing for adaptability (DfA)
[6].

Although referred to as ‘flexibility’ in several publications [7], adaptability is defined
as the capacity of a building to accommodate the evolving demands of its users and
environment effectively, thus maximizing value through life [8]. An adaptable building
facilitates adaptation: any work to a building over and above maintenance to change its
capacity, function or performance [9]. Scenarios of change include climate change (e.g.
extreme weather events or migration of pests), changes in use (e.g. office to housing)
and extensions (e.g. top-up construction).

While discussions on circular timber construction often mention design for disas-
sembly [10], experts rate it as the least effective design-based enabler for adaptability
[2], as adaptability often requires layout changes and systems updates that transcend
the DfD scope. Furthermore, design for circularity on a building level keeps the most
carbon in place, as 14% of embodied greenhouse gas emissions can be prevented if a
structure is reused as a whole instead of recycling its materials due to the associated
mixed demolition waste [11].

Timber is perceived as less adaptable and more complex for alteration than other
structural materials [12, 13]. However, the environmental benefits of adaptability may
outweigh those of using timber alone, highlighting the need for efficient use of this
renewable resource [12]. This chapter explores which physical adaptation barriers within
the design process for multi-storey timber buildings contribute to this perception.

2 Methods

To investigate adaptability in timber construction, we performed an extensive litera-
ture review using Scopus and Web of Science databases in January 2025. We targeted
keywords such as “adaptability,” “flexibility,” “timber,” “wood,” “design,” “building,”
and “architecture” to uncover key design principles and their applications in multi-
storey timber buildings (MTBs), with a focus on environmental objectives and circular
strategies.

We examined recent literature on timber architecture (post-2020) and integrated
these insights with practical applications discussed by scholars. By synthesizing and
summarizing existing research, this review aimed to identify knowledge gaps and general
barriers to adaptation in multi-storey timber buildings. It is important to note that this
review aimed to highlight the state-of-the-art application of adaptable design strategies
and barriers to adaptation in mass timber construction, rather than provide an exhaustive
study.
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Employing an inductive approach, we analysed the papers based on identified adap-
tation barriers. Given the research objectives, thematic analysis was chosen to identify
and categorize circular economy (CE) design strategies during the initial stage of the
review. This approach allowed us to synthesize key findings from the reviewed literature,
identify gaps, and outline future research directions.

3 Timber-Specific Adaptation Barriers

3.1 Acoustics

Acoustic challenges in timber construction significantly impact adaptability. The low
mass of timber necessitates multi-layered systems to meet sound insulation requirements,
complicating future modifications. These systems typically include double-leaf party
walls, acoustic decoupling, false ceilings, and additional mass through screeds or infills.
Exposed timber elements spanning multiple units are often unfeasible due to acoustic
decoupling needs, and solid timber partition walls must be doubled for sound insulation
[14].

Changes in apartment layout require adjustments to floor decoupling cuts, involv-
ing substantial structural alterations. Walls separating corridors from non-living spaces
like hallways are built thinner than adjacent to living rooms due to different acoustic
specifications [15]; leaving little room for change of use. While additional layers of gyp-
sum boards, suspended ceiling systems, fillers, intermediate insulation and decoupling
elastomers enhance acoustic performance, they compromise structural clarity and future
adaptability. The key challenge lies in balancing immediate cost-effectiveness, acoustic
and structural performance with long-term flexibility in timber structures.

3.2 Prefabrication, Connections and Standardisation

Prefabrication in modern timber construction offers efficient assembly but can create
challenges for adaptability. The integration of structure, facade, and services in compact
modules may hinder selective replacement or upgrading, particularly when services are
concealed behind structural linings. Custom-designed solid timber products like cross-
laminated timber (CLT) may have limited reuse potential in different contexts. Transport
size restrictions can impact room dimensions and ceiling heights, with panelised build-
ings typically having net ceiling heights between 2.4 and 3.5 m [16], whereas in other
building systems this is less a constraint.

Connections must withstand multiple assembly-disassembly cycles while resisting
friction, creep, and corrosion [17]. Deconstruction effort and cost depend on element
size and weight, connection type and number, damage potential, removal direction,
health and safety regulations and location within the building. While hooking brackets
allow vertical disassembly, current market limitations in CLT wall-to-floor connections
restrict horizontal disassembly, creating friction between modular design intentions and
technical feasibility [18]. Disassembly may require heavy equipment like cranes and
temporary scaffolding, similar to the construction phase, limiting feasibility.

Prefabrication trends favour rectilinear volumes and regular flat extrusions for indus-
trial efficiency. Standardized modular grids, often based on 625 mm multiples due to
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the size of wood-based boards, can impose constraints on interior layouts and facade
design. Deviations from this geometry increase costs, potentially limiting design free-
dom and adaptability to complex urban contexts or future volume requirements [19].
While the rectangular grid plan layout offers simplicity, legibility and spatial planning,
it may overlook architectural expression and spatial optimisation through its structure.

3.3 Structural Depth and Span

Design for Adaptability (DfA) principles, which favour open-plan, post-and-beam struc-
tures with large spans and tall floor-to-floor heights, face challenges in timber construc-
tion. Serviceability constraints limit floor and beam spans and larger spans and ceiling
heights increase material costs and reduce resource efficiency [12]. The adaptability of
timber structures is also shaped by their configuration. Vertically offset floor plans are
generally unfavourable, while creating large column-free spaces demands significant
effort. Conventional timber elements restrict flexibility because of their unidirectional
load-bearing nature. While CLT slabs can span up to 6 m, commercial spans of 9-12 m
often require composite timber-concrete or hollow box slabs such as Kerto Ripa (up
to 8 m) or Lignatur (up to 10 m). Adapting a building with shorter timber spans may
necessitate significant structural interventions [20]. Furthermore, timber systems with
spans comparable to concrete often result in greater structural depth, with beams and
girders impacting partition wall placement and limiting interior flexibility.

Volumetric aspects further limit adaptability. To achieve similar spaciousness as steel
structures, timber buildings often require larger volumes, increasing enclosure areas and
energy loss. Height restrictions in timber buildings exacerbate this issue, as additional
structural depth reduces ceiling heights—one of the key barriers to adaptability [12,
21]. Addressing these limitations in span, volumetry, and structural rigidity is critical to
achieving spatial overcapacity for adaptable multi-storey timber buildings.

3.4 Lateral stability

Timber buildings, due to the lower flexural stiffness of wood, depend on specific lateral
force-resisting systems with shear walls, cores, and bracing to manage lateral loads such
as winds or earthquakes. These systems are critical for structural integrity and include
horizontally planar diaphragms or bracing and vertically shear walls, cores, bracing, or
moment-resisting frames. Altering these systems can jeopardize stability, necessitating
meticulous analysis and often extensive retrofitting.

While popular in mid-rise timber buildings, shear walls limit internal layout flex-
ibility since they must align vertically across storeys. For instance, solid wood shear
walls may restrict adding openings, making them unsuitable for flexible spaces like
offices. Conversely, bracing can be architecturally integrated to minimize its impact
on open spaces. Moment-resisting connections are hard to achieve, making large rigid
frames without braced facades infeasible [14]. Bracing elements such as glulam or steel
may conflict with facade permeability, refitability or later additions like balconies. In
modular construction, bracing is often integrated into edge modules using steel-wood
combinations, complicating future modifications [22].
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Central cores are another common solution in multi-storey timber buildings (MTBs),
offering structural stability while optimizing floor plans by enhancing circulation and
natural light access. However, as core are semi-permanent, their materiality and location
govern refitability and scalability.

In seismic regions, the ductility of connections allows for deformation without
failure. However, permanent deformation of connections (e.g. unidirectional carpentry
joints) hinders disassembly and reuse [17].

To ensure adaptability in timber construction, structural components for lateral sta-
bility must be carefully coordinated with architectural design to avoid conflicts with
programmatic spaces.

3.5 Fire Safety

Timber’s predictable charring rates allow for engineered fire resistance, yet building
codes often impose stringent fire-resistance requirements on MTBs that complicate adap-
tation without extensive structural modifications. Effective fire compartmentation is a
key constraint, limiting floor plan areas to avoid reliance on immovable interior fire-
walls [23]. Solutions like fire shutters at each ceiling level and separate shafts per fire
compartment restrict spatial reconfiguration.

To achieve “highly fire-retardant” classifications, floor assemblies incorporating
materials such as wet screed or gypsum fibre dry screed offer both safety and design
flexibility. However, regulatory frameworks often restrict the use of exposed timber,
particularly in escape routes. Encapsulation for fire protection also hinders demount-
ability and impairs the simplicity, accessibility, and legibility of the structure, reducing
its adaptability.

Finally, repairability is critical for timber structures damaged by fire or water. Yet,
initial designs rarely consider the possibility of modifications to load-bearing elements,
increasing the likelihood of full demolition after localized damage [13].

3.6 Services

The integration of building services, such as HVAC systems, fire protection, electri-
cal conduits, and plumbing, poses significant adaptability challenges due to differing
requirements for office and residential uses. Service layouts, whether linear or dispersed
with multiple shafts and structural perforations, enhance flexibility during use but create
friction between structure and services during future modifications [16].

Structural grid and beam orientation also influence service integration. While joisted
floors without integrated channels facilitate modifications, they may require increased
floor heights. Strategic placement of service openings mid-span minimizes structural
impact but constrains refitability. Embedding services within floors can conflict with
fire safety and acoustic requirements, limiting future changes unless modular designs or
access panels are implemented.

Integrated timber elements further constrain adaptability. Pre-planned openings such
as airtight cavity wall sockets are essential for maintaining airtightness and fire safety,
with post-construction modifications potentially compromising these properties. Also,
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in milled recesses of CLT walls, repeated rerouting can compromise wall stability, fire
rating, and soundproofing due to the difficulty of properly refilling these cavities.

3.7 Moisture, Airtightness and Thermal Insulation

Moisture, airtightness, and thermal insulation are critical considerations in timber con-
struction due to the hygroscopic nature of wood, which demands robust moisture control
strategies to preserve the structural integrity and durability of timber elements. While
thermal bridging is less significant in timber structures, addressing moisture concerns
requires careful implementation of (moisture-adaptive) vapor barriers, particularly at
junctions between structural components. However, integrating the structure behind the
vapor barrier or airtightness layer in facades reduces refitability [14].

Timber structures are particularly vulnerable to water damage, necessitating metic-
ulous sealing of leak-prone areas. These areas may change during conversions, further
complicating adaptation. Unlike mineral buildings where such issues are rarely struc-
turally critical, maintaining moisture control adds complexity to facade modifications
or wet room relocations, thereby impacting adaptability in MTBs.

4 Limitations and Opportunities for Timber-Inclusive Adaptability
Frameworks

Several material-specific challenges remain largely unaddressed in the timber literature
on adaptability. Current strategies for adaptability are often too broad and fail to consider
the technical requirements and their timber-specific solutions. For instance, acoustic
measures are only mentioned by Birk (2023), while Design for Manufacturing and
Assembly is discussed by Ottenhaus et al. (2023), Oberg, Jockwer, and Goto (2024),
and Hasani and Riggio (2025). Fire safety measures are covered by Laboy (2022),
Birk (2023), Oberg, Jockwer, and Goto (2024), and Hasani and Riggio (2025). The
focus of current adaptability research is primarily on structural depth and span, which
is recognized as a barrier in timber literature [14].

Moreover, lateral force resistance systems are not considered a barrier to adaptation
in the adaptable timber cases studied by Hasani and Riggio (2025), as these elements
have been strategically placed. In the project descriptions of these predominantly low-
rise buildings, adaptability is highlighted, suggesting that the placement of elements such
as shear walls was a key consideration during the design process. This contrasts with
regular timber buildings, which may overlook this aspect. Therefore, the importance
of lateral stability measures for regular multi-storey timber buildings (MTBs) remains
significant.

Additionally, unlike brick architecture, where uni-layer load-bearing walls can serve
multiple functions, planar timber elements rarely exhibit such overcapacity. These gaps
highlight the need to reassess the existing adaptability strategies for timber construction.
Given the numerous adaptability frameworks available, it is essential to verify the incor-
poration of timber-specific adaptation barriers and identify the most valid framework to
serve as the basis for a timber-inclusive adaptability framework.
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5 Conclusion and Future Research

This study reveals a significant gap between existing adaptability criteria and the unique
characteristics of timber construction in multi-storey timber buildings (MTBs). Current
design strategies, while valuable, often lack aspects specific to timber construction, such
as acoustics, fire safety and lateral stability. To address this, future research should
include an assessment of the current adaptability frameworks with a case-study analysis
of timber building systems.

The study is limited by the accessibility of literature and real world-applications.
However, it sets the stage for developing specific design strategies for adaptable MTBs
and potentially a material-inclusive adaptability framework. By addressing these priori-
ties, future research can create robust tools that enhance MTB adaptability and contribute
to broader sustainability goals, unlocking timber’s full circular potential.
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Abstract. This report represents an extended abstract of a multidisciplinary study
(Rodionova and Eeva, Wood Sci Eng, 2025) exploring the role of digital infrastruc-
ture in the assessment, repair, and reuse of timber-based components in multistory
timber buildings.

Sustainability in the built environment is closely tied to the service life of
material-intensive assets. In multi-story timber buildings, this is challenged by
evolving design guidance, inconsistent product declarations, and incomplete doc-
umentation of engineering decisions. This study focuses on digital infrastructure to
support the assessment, repair, and reuse of structural components in light timber
frame (LTF) buildings. Drawing on Finnish guidance RIL 277-2024, it presents
a framework that integrates Digital Product Passports (DPPs) DPPs [2], Digital
Building Logbooks (DBLs) [3, 4]. Additionally, the DBL facilitates access to
information on operational safety, removability, and the monetary value of indi-
vidual components [5], and Architectural Decision Records (ADRs) [6, 7] for
traceable and context-aware documentation.

The framework is evaluated through four subcases based on a representative
three-story Finnish LTF building completed in 2016. Reverse-engineered and com-
parative structural calculations reveal how changes in engineering guidance and
product data from 2007 to 2024 affect performance assessments. These subcases,
structured as decision points in asset data management, demonstrate the impact
of information gaps and variability on structural reliability and reuse potential.
The study establishes a foundation for applying the Value of Information (Vol)
methodology to digital infrastructure, with ADRs proposed as a cost-effective
enhancement to existing DPP workflows.

1 Introduction

“Extending the lifespan of existing structural assets is a critical challenge for structure
owners worldwide”, states the EU structural code for assessment and retrofit of existing
assets CEN/TS 17440:2020. Accurate assessment of structural resistance can yield sub-
stantial environmental, economic, and socio-political benefits. Unlike the conservative
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approaches used in new structure design, detailed assessment of existing structures can
reveal excess capacity through more refined models of structural systems and material
properties [8].

The management and processing of information plays a key role in the transition of
societal functions towards the development of sustainable economic models [9]. Preci-
sion and availability of information on structural components are crucial for enabling
reuse of components and leveraging innovative materials in both new construction and
the repair of existing structures. However, this necessitates a robust and verifiable data
infrastructure that is often lacking, causing instability in data integration and utilization.

Our study addresses the issue by exploring practicalities of data infrastructure in
line with emerging EU regulations and existing ISO standards. The complementing
integration with financial decision-making can be facilitated by Value of Information
(VoI) concept [10-13], applied in e.g. development of the new Eurocode parts focussing
on condition assessment and repair design of existing timber structures but also enabling
value chain integrations, for instance with forestry management [12].

2 Literature Review Summary

The literature review provides a summary of research, standards, and technical frame-
works shaping lifecycle management and reuse of timber structures. It highlights a shift
from static documentation and conservative design toward data-driven, context-aware
approaches. Key elements of digital infrastructure necessary for supporting lifecycle
management and reuse in timber construction are assessed. The review also identifies
barriers to adoption. Existing DPP and BIM tools often fail to support dynamic updates
or decision traceability, limiting their value for reuse. Timber-specific challenges include
inconsistent product data, undocumented engineering logic, and fragmented design guid-
ance. A review of guidance and product declarations for Light Timber Frame (LTF) mul-
tistory systems highlights inconsistent practices in wall bracing, load distribution, and
anchoring design. Evolving standards and undocumented assumptions create risks for
both structural safety and regulatory compliance. Emerging standards such as ESPR[2]
and W3C’s [14-16] promise to improve data interoperability. Still, adoption is lim-
ited by fragmented regulation, lack of shared schemas, lack of formal mechanisms for
recording design rationale, and multidisciplinary skill gaps. The literature supports struc-
tured, stakeholder-aware digital infrastructure as essential for advancing circular timber
construction.

3 Methodology Summary

The full account of the case study includes assessment based on the historical design
records of the timber multistory building, completed in Finland in 2016 and representing
typical design workflow and solutions used in Finnish light timber framing (LTF) mul-
tistory buildings’ design through 2010’s. The documentation of the case study project is
obtained from the municipality archives, which reflects a typical source of information
for renovation design. The investigation is concerned with interpreting the information
available from the documentation, and professional literature as well as documentation
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gaps. Selected findings related to material property declarations and calculation results
are provided.

The investigation of digital infrastructure is organized around four subcases that
address real-life documentation and design issues in timber multistory construction.
These subcases represent key lifecycle decision points where changing assumptions or
missing documentation can impact safety, cost, and reuse feasibility. Each highlights
dependencies between product data, design logic, and structural performance, illustrat-
ing how decisions could be better captured through a system combining Digital Prod-
uct Passports (DPPs), Digital Building Logbooks (DBLs), and Architectural Decision
Records (ADRs). The engineering findings inform core requirements for DPP-based
systems to support lifecycle design and reuse in multistory timber buildings.

4 Results

The findings of the case study highlight the divergence in evaluation of structural compo-
nents’ design load and strength estimates, obtained from calculations based on assump-
tions used in design practice and informed in industry guidance at the time and after the
completion of the projects. The four illustrative subcases highlighted in the case study
are concerned with:

e Product information related to strength and stiffness properties of product combina-
tions
Definition of horizontal loads and their distribution on the loadbearing wall
Calculation of design shear resistance and stiffness of the racking wall elements
Evaluation of tension anchoring demand at the leading edge of the racking wall

With some of the alternative calculations suggesting failure of the building components
or their connections, the findings illustrate the role and mechanisms of documented
decision-making required to transparently ensure viability of the building through its
lifecycle. Apart from demonstrated subcases, data gaps were observed that could hinder
full-scale appraisal work. For instance, evaluations related to compression perpendicular
to the grain cannot be carried out in absence of element drawings.

5 Discussion

The discussion synthesizes the four structural subcases, highlighting their interdepen-
dencies and shared vulnerabilities through the lens of digital infrastructure. Each subcase
reveals increasing complexity, progressing from missing product property records (Sub-
case 1) to combined evaluations of component and system performance (Subcases 2-3),
and finally to challenges in aligning with national and international design standards
(Subcase 4). The cases are reiterated as requirements towards digital infrastructure,
including:

e Product Information: tracking of structural property changes
e Documenting of complex decision-making processes (such as diaphragm assump-
tions and load distribution)
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Documenting of design rationale, including sensitivity of assumptions
Managing lifecycle revisions emerging due to innovation and design guidance updates

Key decision points supported by ADR-enabled digital framework are [1]:

Decision Point (DP) 1: Record changes in component quantities, ensuring traceability
and supply-chain accountability when material batches or construction elements are
modified.

Decision Point (DP) 2: Captures variations in component qualities, such as manufac-
turer updates to material properties, observed performance deviations, or changes in
certification requirements.

Decision Point (DP) 3: Documents re-estimation of structural system parameters,
ensuring updated methodologies, new standards, or real-time monitoring data lead to
informed reassessments.

Decision Point (DP) 4: Logs re-estimation of real asset parameters, ensuring that life-
cycle performance assessments, financial valuations, and compliance requirements
are continuously updated.

At each decision point, we identify key interactions between components of the digi-
tal infrastructure. Table 1 summarizes key digital infrastructure components and their

functions.
Table 1. Summary and functions of digital solutions [1].
Component Problem addressed Functional role in the
infrastructure
Ecodesign for Sustainable | Need to make reuse enforceable | Establishes binding

Products Regulation
(ESPR) (DPP)

and measurable

requirements for traceability,
repairability, and data sharing

Architectural Decision
Records (ADRs)

Lack of decision transparency
and contextual reasoning

Embed structured decision
rationale to support traceability
and explainability

Digital Product Passport

Fragmented, unverifiable,
siloed data

Regulatory anchor and minimal
structured unit for lifecycle data
exchange

Digital Building Logbook
(DBL)

No persistent memory of
lifecycle events across actors

A conceptual that connects
decisions, events, and material
data over time

Decentralized Identifiers
(DIDs) and Verifiable
Credentials (VCs)

No trusted, verifiable identity or
data provenance in value-chain

Enable secure, auditable,
decentralized identity and data
access infrastructure
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6 Conclusions

This study aimed to clarify the benefits and costs of using advanced digital infrastructure
in light timber frame (LTF) multi-story buildings. The goal was to prepare the ground
for applying the Value of Information (Vol) approach in a structured and scalable way.
The research focused on practical challenges, such as missing documentation, changes
in product data, and updates in regulations.

The analysis was based on a case study of a three-story Finnish LTF building, com-
pleted in 2016. Four technical subcases were examined, each showing a different source
of uncertainty that can affect how a building performs over time. The study further iden-
tified, what kind of digital infrastructure is needed to support better decisions over the
lifecycle of a building. ADRs were introduced as a way to record the thinking behind
design choices in a simple but structured format. This fills a major gap in current doc-
umentation systems, which often include the results of decisions but not the reasons
behind them.

This supports structured dialogue and scenario-based exploration among stakehold-
ers, improving the basis for applying Value of Information (Vol) analysis to decisions
on infrastructure adoption. By extending the guidance of RIL 277-2024, which primar-
ily addresses construction clients, we also offer insights relevant to owners of existing
buildings with long-term performance concerns. The proposed framework provides a
verifiable, interoperable foundation for lifecycle-informed decisions and invites broader
collaboration, particularly among asset owners and regulatory bodies.
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Abstract. The construction industry is a major contributor to global CO; emis-
sions, necessitating innovative solutions to reduce its environmental footprint. Tall
Timber Buildings (TTBs) represent a sustainable alternative to traditional con-
struction methods by leveraging engineered wood products like Cross-Laminated
Timber (CLT) and Glued-Laminated Timber (GLT). However, conventional linear
design processes limit the sustainability potential of TTBs. This paper explores
the role of Design for Disassembly (DfD) in enhancing the reuse and recycling
of timber components, aligning with circular economy principles. Key strategies
such as modular design, reversible connections, and the adoption of digital tools
like Building Information Modeling (BIM) are discussed. Challenges, including
regulatory barriers and material degradation, are addressed alongside case studies
highlighting successful TTB projects. By embracing DfD principles, the industry
can extend material lifecycles, reduce waste, and transition toward a regenerative
built environment. This work underscores the importance of collaboration across
disciplines to achieve sustainable construction goals.

Keywords: Tall Timber Buildings - Design for Disassembly - Reversible
Connections - dismantle - Demountability

1 Introduction

1.1 Relevance of Taller Timber Buildings

The construction industry is increasingly focused on decarbonization, since it is respon-
sible for 40% of global CO; emissions [1], with cement production contributing a signifi-
cant share. This, combined with urban densification trends that demand sustainable hous-
ing and infrastructure solutions, has driven the development of Taller Timber Buildings
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(TTB). TTBs leverage the sustainability advantages of timber and the performance of
Engineered Wood Products such as Cross-Laminated Timber (CLT), Glued-Laminated
Timber (GLT), and Laminated Veneer Lumber (LVL) to meet current engineering and
construction requirements.

However, a “linear” design, construction, demolition, and disposal process for TTBs
is not sufficient to mitigate the current environmental impacts of the built environment.
Instead, adopting approaches based on circular economy concepts offers an opportunity
to reduce the demand for raw materials and further decarbonize the built environment
by extending the lifespan of material resources through reuse and recycling [2]. By
embracing these principles, timber buildings can shift from the traditional “take-make-
dispose” model to a “reuse-recycle-retain value” framework (Fig. 1).
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Fig. 1. Product and material streams of circular timber buildings [3].

1.2 Design for Disassembly in Taller Timber Buildings

In developing circular concepts and designs for TTBs, Design for Disassembly (DfD)
is essential not only to maximize the reuse potential of construction components but
also to enhance the adaptability and repairability of buildings, thereby extending their
service life [4, 5]. DD involves designing buildings, or parts of buildings, to be easily
replaced or dismantled and reassembled, aiming at components being reclaimed with
minimal processing.

Key principles guiding DfD include: i) Modularity — the building is designed so
that certain parts or components can be replaced without compromising the integrity of
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the whole structure (this requires a clear separation between the primary load-carrying
structure and other components); ii) Demountability of connections — using standardized
parts and reducing complexity to allow easy separation without damaging components,
thus enabling reuse.

It is important to acknowledge Brand’s concept of a building as “shearing layers
of change” [6], which recognizes that building components have different lifespans.
Thus, modification and adaptation of the different building parts to new functions and
requirements must be simplified. Moreover, DfD aligns with the concept of “buildings
as material banks,” where materials are viewed as valuable resources rather than waste

[5].

1.3 Tools and Technologies Enabling DfD

The adoption of digital tools such as Building Information Modeling (BIM) enhances
DfD by providing accurate documentation of components, connections, and their assem-
bly sequence. Material passports and digital twins further facilitate the tracking of com-
ponents, ensuring their reuse potential is preserved [7]. Prefabrication plays a pivotal
role in DfD by allowing components to be manufactured offsite in optimal conditions
and with minimal waste and then assembled onsite. If done correctly, this may later
allow for a clean removal of those components. However, the prefabricated components
themselves might not be optimized for disassembly, like a prefabricated shear wall or
floor segments with nailed or stapled wood-based sheathing.

2 Rationale for DfD in Tall Timber Buildings

2.1 Advantages of DfD

Buchanan [8] identified the major challenges in TTBs as fire, wind, earthquakes and
moisture; challenges which also exist for low- and mid-rise mass-timber buildings that
become ‘more severe as the buildings get taller’ [8]. Successful ‘holistic’ design for
all requirements (serviceability and load-carrying capacity, durability, acoustics, etc.)
requires significant collaboration across teams and disciplines [9]. As timber buildings
get taller, the consequence of failure increases and retrofit and repair become more costly.
Provision of insurance depends on the risk profile of buildings to estimate the potential
for loss and on the ease and cost of repairs [10]. Tall timber structures, such as multi-story
timber temples and pagodas, have a long history in Asian vernacular architecture [11].
Their existence through time is in part owed to regular maintenance and repair, including
‘repair by disassembly’ (F#RMEPE kaitai shitri in Japanese), with evidence that some
temples were (partially) disassembled and repaired as early as 1596 [12]. It thus seems
obvious to design modern timber structures such that they can be regularly inspected,
maintained and repaired by selectively replacing components. In addition to longevity,
DID provides several more advantages at the end of the life of a timber building:

In terms of environmental benefits, DfD enables the reuse and recycling of materials,
which minimizes waste generation and conserves natural resources [13]. In the timber
industry, where reliance on forests is significant, DfD ensures harvested wood is utilized
efficiently across multiple lifecycles [14].
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DfD also offers economic advantages by fostering a secondary market for reclaimed
timber components, creating opportunities for material resale. Additionally, integrating
DfD principles enhances the financial viability of timber buildings by reducing long-term
lifecycle costs, such as through design for structural adaptation [15].

2.2 Challenges of DfD

Several challenges must be addressed for the effective implementation of DfD in TTBs.
Structurally, TTBs must meet load-carrying, serviceability, fire safety, durability, and
other standard requirements while also accommodating the additional demands of
demountability and, if applicable, reusability. Achieving disassemblable connections
that remain functional over multiple cycles requires initial overdesign, and components
must retain their dimensional stability and structural integrity for reuse [4, 16, 17]. Con-
sumer perception of reclaimed timber can affect its uptake, while on the policy front, DfD
faces barriers due to the lack of regulatory frameworks that promote circular construc-
tion [18]. Policies that incentivize sustainable design and material reuse are essential, as
highlighted by the inclusion of reuse maximization in the new EU Construction Prod-
ucts Regulation [19]. Addressing these technological, social, and regulatory challenges
is critical for advancing DfD in the timber industry.

3 Types of Connections

From a design perspective, reversible connections are a key component in developing a
successful strategy for DfD. Reversible connections, defined as those that combine ease
of disassembly with the reuse potential of both the connection and the joined members,
are relevant in this context. Ottenhaus et al. [4] provide a detailed description of the
several existing types of structural timber connections (i.e., carpentry, with mechanical
fastener brackets, proprietary systems, glued, etc.) and their potential for DfD.

Historic examples show the potential of carpentry connections [13]. However, shrink-
age, swelling and visco-elastic deformation in timber can pose challenges for disas-
sembly, particularly in parts produced using CNC machinery and very low tolerances.
Connections with common dowel-type fasteners like nails and screws exhibit limited
potential for reuse. Nails are difficult and labor-intensive to remove, while screws are
sometimes impossible to remove, either because of rupture or because their head breaks
when attempting to remove them [20]. Yet, experiments have shown that new screws
inserted in holes from previous screws loaded in shear in the elastic range exhibited the
same stiffness and load-carrying capacity [21]. Connections with dowels and slotted-in
steel plates have been used in reusable sports buildings in Switzerland due to the ease
of assembly and disassembly of such connections [22], however moisture fluctuations
and shrinkage, as well as overloading, can affect their reversibility [17]. Proprietary
brackets have been developed as “plug-and-play” assemblies and may offer reversibility
in the elastic range. However, it must be considered how moisture variations, creep, and
friction may affect or even hinder disassembly [16].
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The global adoption of TTB underscores the potential of wood products as potentially
more sustainable alternatives to traditional construction materials, particularly concrete.
Recent projects, such as HAUT in Amsterdam and Mjgstarnet in Norway (Table 1),
exemplify the viability of TTBs by demonstrating their ability to compete with steel and
concrete in terms of performance and architectural design.

Table 1. Tall timber buildings inventory based on their year of completion.

Building name | Location Height, Stories | Key features Disassembly
potential
Treet Bergen, 49 m, 14,2015 | Prefabricated High -
Norway modules, entirely Prefabricated
timber structure modules allowing
full disassembly
Brock Vancouver, 53 m, 18,2017 | Hybrid structure Low - Hybrid
Commons Canada with CLT panels & | structure with
Tallwood concrete cores concrete cores
25 King Brisbane, 45m, 10,2018 | Australia’s tallest | High - Modular
Australia timber building, prefab.
featuring CLT and | Construction CLT
glulam & glulam
Mjgstéarnet Brumunddal, |85 m, 18,2019 | Tallest timber Medium — Prefab.
Norway building at components w.
completion, glulam | limited modularity
and CLT
construction
HoHo Wien Vienna, 84 m, 24, Mixed-use, hybrid | Medium - Hybrid
Austria 2019 timber-concrete design with some
design prefab.
Components
Sara Skelleftea, 75 m, 20, 2021 | Multi-functional High - Modular
Kulturhus Sweden building, CLT CLT components
structure designed for
sustainability
HAUT Amsterdam, 73 m, 21,2022 | Hybrid construction | High - Modular
NL with timber and components with a
concrete, focus on | hybrid design
sustainability
25 King Brisbane, 45 m, 10,2018 | Australia’s tallest High - Modular
Australia timber building, prefab.
featuring CLT and | Construction with
glulam CLT and glulam




346 J. M. Cabrero et al.
5 Learnt Lessons and Challenges in Disassembly

As building heights exceed 30 m (approximately 8—10 stories), significant structural
challenges arise [23]. At this scale, timber-only construction often becomes impractical,
necessitating hybrid systems with steel or concrete to ensure structural stability [5]. These
materials are typically used in critical components like reinforced cores and connections
to enhance resistance to wind, seismic forces, and vertical loads [24]. However, the
trade-off between connection efficiency and demountability complicates disassembly.

As timber buildings grow taller, integrating DfD principles becomes more complex.
DfD emphasizes adaptability, modularity, and material reuse, aligning with circular con-
struction principles. Yet, hybridization, e.g. with concrete casted on site, may reduce dis-
assembly potential and limit circularity. Addressing these trade-offs requires innovative
approaches to balance structural demands and sustainability, ensuring timber remains a
viable low-carbon alternative in high-rise construction.

6 Learnt Lessons and Challenges in Reuse

A key challenge limiting the structural reuse of timber members has been the absence
of grading standards for the recertification of salvaged timber [25]. The recent intro-
duction of FWPA Standard GO1 [26] and prNS 3691 [27] represents a significant step
toward enabling the reuse of recycled timber. However, these standards do not address the
(re)certification of engineered wood products, which constitute the majority of structural
timber in TTBs. Additionally, grading salvaged timber often results in significant down-
grading due to unknown load histories, undermining the financial viability of reuse [18].
Demolition remains more economically attractive than deconstruction due to high labour
costs and limited residual timber value. Recent research into reversible timber connec-
tions shows promise for facilitating disassembly and reuse [4], but challenges persist
with both proprietary and bespoke systems, particularly regarding ease of disassembly
[16, 17]:

e Non-Reversible Deformations: Wood fibres may swell, shrink or deform during the
service life of the building, making it difficult to demount connections [16]. Even when
connections are demountable, residual deformations may reduce the fit and perfor-
mance of reused connections. Controlled pre-compression during initial assembly, as
well as innovative designs that provide sufficient tolerances, can help mitigate these
effects.

e Corrosion of Metal Components: Metal fasteners may degrade over time, compli-
cating disassembly and reuse. Advances in corrosion-resistant alloys and surface
treatments are helping address this challenge.

e Assessment of Structural Integrity: Components must be inspected and regraded
to ensure their suitability for reuse, particularly in load-bearing applications. Non-
destructive testing methods, such as ultrasound and X-ray imaging, are increasingly
used to assess the condition of timber components and timber joints.

e Wear and Fatigue: Repeated cycles of assembly and disassembly can lead to fatigue
in connectors and increased tolerances, particularly in high-stress applications. Solu-
tions like sacrificial layers or replaceable connector components are emerging to
address these issues.
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7 Conclusion

The disassembly and reuse of timber connections are central to achieving sustainable
construction practices, particularly in Tall Timber Buildings (TTBs). By integrating
Design for Disassembly (DfD) principles, the industry can extend the lifecycle of timber
components, reduce waste, and enhance resource efficiency.

While technological advancements have improved the feasibility of DfD, challenges
remain in addressing material degradation, connection durability, and regulatory barriers.
Collaborative efforts between designers, engineers, policymakers, and manufacturers are
essential to overcoming these obstacles and promoting circular construction practices.

Timber buildings present unique challenges in regard to disassembly, in comparison
to other structural materials (i.e. steel). Furthermore, hybrid structures can complicate
disassembly workflows and should be carefully addressed in the design process; con-
versely, the use of precast concrete panels and beams may offer advantages by facilitating
DfD.

The future of TTBs lies in balancing performance, sustainability, and adaptability.
By prioritizing disassembly and reuse, the timber industry can lead the transition toward
a more resilient and regenerative built environment.
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Abstract. The traditional linear model in construction contributes significantly
to waste, with over a third of all waste in the European Union stemming from this
sector. Design for Disassembly (DfD) offers a path towards a circular construction
model by facilitating the reuse of building components. This study specifically
develops and validates a novel framework and an accompanying calculation tool
to assess the disassembly potential of timber buildings, with a particular emphasis
on their connections.

Keywords: Design for Disassembly - Disassembly Potential - Timber
connections

1 Introduction

The construction industry’s linear “take-make-dispose” approach is unsustainable, lead-
ing to vast amounts of waste as buildings often become obsolete before their stipulated
50-year service life [1]. Design for Disassembly (DfD) is emerging as a critical strategy
to foster more sustainable and circular construction practices, enabling the sequential or
parallel dismantling of buildings for component salvage and reuse [2]. Timber buildings,
lauded for their environmental benefits like carbon storage, can further enhance their
sustainability profile through DfD. By applying DfD principles the lifespan of timber
components through reuse and cascading can be extended, thereby retaining value and
maximizing their environmental advantages [3].
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Existing tools for quantifying disassembly potential often lack clarity in criteria
weighting. This research aimed to bridge this gap by developing a practical calculation
tool grounded in a multi-stakeholder perspective, incorporating industry survey results
and user feedback to define and weight key disassembly criteria.

2 Review of Existing Frameworks and Development of a New Tool

Several frameworks exist for assessing disassembly, including the Disassembly Effort
Index (DEI) by Das et al. [4] focusing on product disassembly costs, Durmisevic’s
[5] model for building adaptability, Akanbi et al.’s [6] BIM-integrated D-DAS system,
Pozzi’s [7] framework for timber connections, Van Vliet et al.’s [8] method considering
reuse, adaptability, and maintenance, and Laasonen and Pajunen’s [9] criteria for timber
joints.

Building upon these, the current research developed a new tool by:

— Identifying empirically quantifiable criteria for timber building joints.

— Incorporating industry professional perspectives through a stakeholder survey (53
responses) and practical user feedback from the disassembly of a 10-storey mass-
timber building.

— Calibrating weightings for these criteria to compute an overall disassembly potential
score.

2.1 Key Disassembly Criteria and Weightings

The developed tool evaluates connections based on several key criteria, scored from
0 (worst) to 5 (best). Considered criteria and a brief description of them are given in
Table 1. The tool also includes criteria for the building as a whole, which are described
in Table 2.

Weightings for these criteria were informed by stakeholder surveys and user feed-
back, as shown in Table 1. For example, the survey highlighted ‘Access’ and ‘Hazard’
as highly important across different geographical regions. Feedback from real-world
disassembly emphasized ‘Hazard” and ‘Connection Type’, and also pointed to the need
for better calibration of ‘Disassembly Time’. The tool allows users to adjust weightings
to suit specific project contexts.

3 Application and Benchmarking

The tool’s utility was demonstrated by applying it to different case studies, such as a five-
storey rental apartment building constructed with glulam beams, steel columns, and CLT
walls/floors. The most common beam-to-column connection, utilizing a flitch steel plate
with dowels to join timber beams to a steel column, scored well due to its mechanical
nature, moderate fastener count, and high standardization within the building. The overall
disassembly potential for the case study building was computed as high, mostly due to
the high number of similar connections used, resulting in a high standardization.
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Table 1. Connection related disassembly criteria.

Criterion

Description (Reflecting worst to best
conditions)

Priority

Hazard

Degree of danger posed during disassembly.
Ranges from negligible risk (standard PPE) to
life-threatening conditions requiring complex
safeguards

Critical

Accessibility

Ease of reaching the connection during
disassembly. Full visibility and reachability
are ideal

Critical

Disassembly damage

Inevitable damage introduced during
disassembly

Critical

Connection Type

Reversibility of the joining system, from
irreversible (glued) to fully reversible (bolted)

High

Disassembly Time

Estimated time required to fully disassemble
the joint. Shorter, predictable durations are
favorable

High

Labour Required

Number of workers and auxiliary means
required

High

Tools Required

Complexity of tools needed. Ranges from
basic hand tools to demolition equipment

Medium

Number of Fasteners

Total number of fasteners required to be
removed. Fewer fasteners reduce effort and
time

Medium

Number of connected Elements

Number of structural parts joined at a node.
Simpler joints with fewer elements score
higher

Medium

Degrees of Freedom (DoF)

Directions available to extract the component.
Greater freedom eases disassembly

Low

Training Required

Skill level needed for disassembly. From
specialist knowledge to general-site
operability

Low

Environmental exposure

Exposure to moisture and related timber
swelling and fastener corrosion which can
affect disassembly

Low
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Table 2. Building structure related disassembly criteria.

Criterion Description (Reflecting worst to best conditions)

Disassembly Plan Reflects whether the structure is designed with disassembly in mind.
Comprehensive planning scores highest

Prefabrication Level | Degree of prefabrication. Fully prefabricated assemblies facilitate
modular disassembly

Standardisation Uniformity of connection types across the project. High standardisation
simplifies labor, tooling, and sequencing

4 Conclusion

The developed tool (which can be downloaded at https://espace.library.uq.edu.au/view/
UQ:2312b0b) offers an intuitive method for assessing the disassembly potential of timber
buildings. However, certain limitations are acknowledged. Analyzing connections within
the full building context is crucial, as non-structural layers significantly impact criteria
like ‘Access’ and ‘Tools Required’. Criteria such as ‘Disassembly Time’ and ‘Labour’
carry uncertainty without real-life data, as site constraints can greatly influence scores.
Furthermore, theoretical reversibility can differ from practical disassembly due to issues
like tight tolerances.

The tool’s primary strength lies in its application during the early design stages,
enabling designers to optimize connection details for disassembly before construction.
While it can provide insights for existing buildings, its prospective use is key to advancing
sustainable practices. The flexibility in adjusting criteria weightings allows for adaptation
to regional practices and project scales, although capturing all variations remains a
challenge.

Further feedback on the tool is encouraged and can be provided in an online survey
(https://forms.gle/RjKVfLeggjCQoNVR?7).
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Abstract. In the context of a circular economy, material reuse and design with
reclaimed components are increasingly viewed as essential strategies for reduc-
ing waste and extending product life cycles. Circular economy principles aim to
minimize waste through the direct reuse of products, components, or materials,
thereby prolonging their life before final recycling is required. This approach is
particularly significant in the construction industry, one of the largest consumers
of raw materials and producers of waste worldwide. Timber construction, with
its high cascade utilization potential, offers significant opportunities for reuse.
However, despite the advantages of reclaiming timber for new uses, traditional
downcycling practices, such as converting old timber into wood-based products
or using it for energy production, remain prevalent. This chapter explores the
challenges and strategies associated with timber reuse, focusing on its role in
circular design. It outlines the key economic, environmental, technological, regu-
latory, and organizational challenges when implementing timber reuse, followed
by strategies for overcoming these obstacles through technological, geometric,
and organizational approaches. Practical examples of timber reuse are highlighted
through three case studies: the structural reuse of glulam at Brussels’ Recypark,
the temporary office building for the Austrian Parliament, and the PopUp Dorms
in Vienna. The chapter concludes by identifying potential future research areas
and emphasizing the continued evolution of timber reuse within the construction
sector.
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1 Introduction

1.1 Circular Design and Reuse Principles

Strategies for material reuse and design with reclaimed components are changing from
being something desirable to a priority and necessity in the frame of a circular economy.
Circular economy is a model of production and consumption with the objective of
extending as much as possible the life cycle of products and reduce waste to a minimum.
Direct reuse of products, or at least their components or materials, is one of its key
strategies, allowing extended life cycles before a final recycling is needed [1].

The design with reclaimed components can be seen as the upper link of cascade
utilization concepts and therefore should be prioritized. Direct reuse allows extended
life cycles without loss of quality and thus prevents premature downcycling.

The benefits of reuse strategies are double: on one side waste itself, its treatment,
disposal and/or recycling costs are avoided. On the other side, the quantity of primary raw
materials needed for new uses is diminished. Both sides of the equation, the existence
of waste itself and the pressure put on primary resources, are responsible of present and
very relevant environmental problems and direct or indirect costs.

The construction industry heavily relies on raw materials. At the same time, the
demolition of buildings—whether partial or complete—creates a significant amount of
waste worldwide. Accordingly, the implementation of circular economy principles in
the construction sector is a priority for addressing both kind of problems [2].

1.2 Specifics of Timber Construction in Circular Design

In traditional timber construction, the fact that timber elements were usually mechani-
cally joined and could be disassembled, or the material itself could be easily cut out from
an assembly, allowed an easy reclamation of timber elements for new uses. Rebuilding
with old components was a common strategy when building timber frames [3].

Nowadays timber as a construction material has a high cascade utilization potential.
Sawn timber or glulam products can be used in its original form, be recovered and used
as a source for producing derived timber products and these can be recycled again or
burnt for energy gaining purposes at their end of life.

Surprisingly, this positive and intuitive cascade utilization potential can be seen also
a challenge: using old timber components for producing new wood-based boards or
burning old timber components for producing energy, both examples of downcycling,
are so established that comparatively too few efforts are made for reclaiming timber
components and reuse them in their original form without loss of quality.

The existing of easy and immediate downcycling options has prevented a wider
settling of possible design alternatives with reclaimed components which should be
prioritized with the final objective of extending the life cycle and the function of timber
as carbon storage as much as possible.

These facts explain that the “burning timber” option as end-of-life scenario is taken
nowadays as standard and, according to EN 15804 Sustainability of construction works
[4], compulsory to declare for construction products that contain biogenic carbon. Con-
sidering this, the following chapter addresses the challenges and strategies related to the
reuse of timber components.
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The chapter begins by outlining the key challenges of timber reuse, categorized into
economic, environmental, technological, regulatory and organizational aspects. Follow-
ing this, various strategies to promote timber reuse are presented, divided into three
main categories: technological, geometric, and organizational approaches. To illustrate
the practical implementation of these strategies, three case studies are examined: the
structural reuse of glulam at Brussels’ Recypark, the temporary office building for the
Austrian Parliament, and the PopUp Dorms in Vienna. The chapter concludes with an
outlook on potential future research areas, emphasizing the ongoing development of
timber reuse in construction.

2 Challenges with Reusing Timber

Reusing timber elements for structural purposes is an innovative and sustainable practice
that offers significant potential for reducing environmental impacts in the construction
industry. However, its implementation comes with a variety of challenges, which can
be grouped into economic, environmental, technological, and regulatory categories. The
following section will provide an overview of the key challenges associated with each
of these aspects.

2.1 Economic Challenges

The reuse of timber often complicates the design and construction process, potentially
increasing overall project costs despite savings on raw material expenses [5]. The process
of reclaiming timber, classifying and properly storing it are sources of costs and, at least
in specific markets, like traditional post-and-beam construction, prices of reclaimed
components can be several times more expensive than new ones. It can be argued that
comparable kind of costs (sourcing, classifying and storage) are also present in the case of
new timber components. Therefore, the difference in final prices suggests that the main
drivers are the standardization, scale and continuity of supply and not the processes
themselves.

Additional costs arise from the need to adapt reclaimed timber to meet structural
requirements. Moreover, the market demand for reused timber is predominantly driven
by regulatory and policy mandates rather than business incentives, which suggests a
pressing need for economic models that enhance the financial attractiveness of reuse
practices [6].

2.2 Environmental Challenges

From an environmental standpoint, reusing timber significantly reduces the ecological
footprint of construction by extending the life cycle of materials. However, the variability
in the quality and size of reclaimed timber can limit its effective reuse, challenging its
sustainability potential [7, 8]. Furthermore, while the practice helps delay the release
of stored carbon, the environmental benefits depend on optimizing the reuse process to
ensure maximum efficiency and impact [9].
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Chemically treated timber components can be seen also as an environmental chal-
lenge and their reuse is not allowed and desirable due to health reasons. Processes for
detecting if timber was originally treated with toxic products are nowadays already pos-
sible but their use is not widespread and practical at deconstruction sites [10]. The result
is that, if suspicion about chemical treatments appears, those timber components are
usually burnt and not even tested for toxicity and evaluating their reuse-potential. The
presence of old metal components (nails or screws) is usually seen as a similar barrier,
although their detection and removal would be comparatively easier [11].

2.3 Technological Challenges

Technological barriers are among the most significant hurdles in reusing timber for
structural purposes. The variability in the quality of reclaimed elements poses difficulties
in ensuring structural integrity. These challenges often necessitate the use of oversized
components or additional reinforcements, which can diminish economic feasibility [12].
A further complication is the lack of standardized criteria for assessing the structural
characteristics of reused timber, making its application inconsistent and complex [6, 8].
The irregular sizes and shapes of reclaimed timber elements require innovative design
strategies and optimization algorithms to minimize waste while maximizing usability
[7,13].

2.4 Regulatory Challenges

Regulatory frameworks further complicate the reuse of timber in construction. Current
visual grading standards fail to account for the previous life cycles of timber, leading
to inefficiencies and missed opportunities for effective reuse [8]. To establish reuse as
a common practice in the building industry, new regulatory approaches and industry
collaborations are necessary. These would facilitate the development of clear guidelines
and best practices tailored to the characteristics of reclaimed timber [5].

2.5 Organizational Challenges

Organizational barriers significantly affect stakeholders involved in timber construction.
The limited availability of companies with expertise in deconstruction and material reuse
[14, 15] requires additional effort to identify suitable partners and coordinate processes
effectively. A lack of specialized skills and knowledge in material reuse complicates
project planning, often necessitating extra training or consultation to ensure reused com-
ponents are properly implemented [15—19]. Logistical challenges, such as the need for
additional storage space and increased transport costs, add to project complexity and
require flexible budgeting [14, 20, 21].

3 Strategies to Enhance Timber Reuse

The successful reuse of timber in construction projects requires a multifaceted approach
that addresses the challenges of material recovery, adaptation, and reintegration. This
section explores three key areas: Technological Strategies, which focus on methods for
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efficient disassembly and processing; Geometric Optimization Strategies, which tackle
the complexities of adapting reclaimed materials to new forms and applications; and
Organizational Strategies, which emphasize the importance of planning, collaboration,
and resource management to maximize the potential of timber reuse.

3.1 Technological Strategies for Timber Reuse

Advancing the reuse of timber in construction relies on technological innovations that
address the challenges of disassembly and integration into new designs. In the follow-
ing section, the key topics of connection and joint systems as well as system-oriented
assembly and disassembly and their significance for working with reused components
are explained.

3.1.1 Connection and Joint Systems

One of the main challenges of implementing circular economy principles in the con-
struction sector in general is that the existent building stock was not designed and built
for being disassembled and reused. Monolithic and rigid joints common in masonry and
concrete construction make concepts like urban mining and design with reused com-
ponents difficult to implement in practice [22]. In the case of timber and timber-based
construction this barrier is less present due to the predominance of mechanical joints,
which are comparatively easier to disassemble.

Usual fasteners and connectors for timber construction are nowadays being tested
for evaluating their assembly and disassembly potential and assessing how many con-
struction cycles they could support [23]. The possibility of a damage-free disassem-
bly, supporting modularity and flexibility in application, must be a key aspect for the
development of innovative joint solutions.

3.1.2 Levels of Reuse - System-Oriented Assembly and Disassembly

Extending the life cycle of construction and its components can be linked to diverse levels
of reuse. The easiest and most effective strategy for reuse would be simply the further
use of a building in its original state and location, with as few changes as possible. This
is often not possible due to new programmatic, spatial, or technical requirements and
therefore the definition of additional levels of reuse is desirable, planning for allowing
the reuse of material, linear components, panels and spaces.

In timber-based construction distinct kinds of construction systems (frame systems,
panel systems and volumetric modules) are well-established and offer different potential
for reusing their components [24]. Three-dimensional modules can be assembled and
disassembled as such, meanwhile panel or frame systems should be designed for making
components recoverable.

A key aspect of this approach is the definition of the construction level that should
be primarily planned for being reused (the material, the linear element, the panel or
the volumetric module) and plan their dimensions and joints accordingly for allowing
easy and realistic handling, transport, assembly, and disassembly. A best-case scenario
should allow for a cascading of reuse levels.
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3.2 Geometric Optimization Strategies for Timber Reuse

The concept of reuse aims to minimize the adaptation of components to meet the require-
ments of their new “task,” thereby reducing labor, fabrication time, testing, and material
waste. This approach necessitates greater flexibility in other parameters, such as accept-
ing variations in the final form of the structure or building. While this may challenge
traditional architectural design processes, it should be embraced as an opportunity. By
leveraging digital process chains, architects can gain greater control over production and
fabrication, ultimately influencing the outcome with precision and creativity.

The following section delves into strategies for addressing geometric complexity
in timber reuse, focusing on reducing material waste and simplifying adaptation pro-
cesses. It examines specific approaches tailored to different types of components: starting
with strategies for linear elements, followed by those for panels, and finally addressing
volumetric aggregations.

3.2.1 Strategies for Linear Elements

To minimize the impact on the final form, selecting suitable structural systems is crucial.
Reciprocal frame systems (Figs. 1 and 2) present a promising solution, as demonstrated
in different research projects [25, 26]. These systems allow short elements to be assem-
bled in ways that span greater distances, and the typical T-shaped connections enable
overhangs for larger components. Additionally, reciprocal frames function as redundant
structural systems, reducing hierarchical dependencies. This can be beneficial when the
material properties of reclaimed components are not fully known. Reciprocal frame-
works can serve as standalone structural systems or act as bracing structures for smaller
prefabricated components.

Fig. 2. Rectangular plate reinforced by ribs in

fi f i 1 fi k by Alec Singh.
Fig. 1. Assembly of a reciprocal framework Offm Of a feciprocal ramework by Alee Siig

by Alec Singh.

There are also innovative approaches to integrate reclaimed timber into conventional
structural elements. For example, the project “Wood ReFramed” [27] showcases a built
research demonstrator, which features trusses made from reclaimed timber. The para-
metric approach involved here does not produce a highly complex geometry but is in fact
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used to distribute material according to its structural requirements. Computational opti-
mization is used to counter unknown material properties, a typical problem that arises
with reclaimed timber.

3.2.2 Strategies for Panels

Reusing two-dimensional timber elements poses greater geometric challenges, particu-
larly when aiming to minimize cut-off waste. A study that aims to address this issue is the
DTC Timbershell project [28], which reuses cross-laminated timber (CLT) production
waste. Rectangular cut-offs from door and window openings in CLT production, typi-
cally measuring 1 mx 1 m and 2 m x 1 m, are shaped into polygonal elements that form
a wood-only shell structure. While the material properties of CLT are well-documented,
the proper orientation of panels—specifically aligning the main direction of the wood
fibers—is crucial and demands a carefully coordinated digital fabrication workflow.

When reducing cut-off waste and machining time is a priority, effective stock mate-
rial management through matchmaking strategies becomes essential. Moreover, the
increased degrees of freedom associated with 2D elements introduce higher computa-
tional demands and require extended optimization time. As highlighted by Singh (2023),
geometric compromise solutions often emerge because exact matches are rarely achiev-
able—only approximations. While it may not always be possible to adhere precisely
to the initially intended global geometry, adjusting the proportion of reused elements
allows for significant influence on the final design outcome.

3.2.3 Strategies for Volumetric Aggregations

Glulam timber is a well-known structural component, which basically follows the idea of
acontrolled assembly of alarge object from smaller timber elements. By categorizing and
testing the quality of the timber, glulam beams achieve superior structural performance
and are capable of spanning greater distances and accommodating larger dimensions. A
detailed study by Bergsagel et al. (2022) shows, that this approach is also feasible for
structural glulam manufactured from reclaimed timber.

Similarly, cross-laminated timber (CLT) panels produced from secondary timber,
known as CLST, offer potential for reuse. However, as highlighted by Llana et al. (2022),
the mechanical properties of CLST do not fully match those of panels made from new
timber. To address this, newly developed methods, such as non-destructive testing, have
been introduced to evaluate the performance of recovered timber, as conventional visual
grading standards are insufficient for this purpose.

Advancements in computational methods, such as topology optimization, further
enhance the reuse of timber by enabling the design of components assembled from
small-scale parts. The Re-VoxLam Truss [31] recombines numerous small blocks of
timber into a volumetric structure. Each “voxel” is classified based on its density, which
serves as an indicator of its mechanical properties. These voxels are then strategically
positioned and oriented to meet local structural requirements, showcasing the potential
of computational tools in optimizing reclaimed timber usage.
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3.3 Organizational Strategies for Timber Reuse

Additionally, when dealing with technological and geometrical challenges, effective
reuse of timber relies on two key organizational strategies: location-based reuse and
early collaboration.

3.3.1 Location-Based Reuse

This approach encompasses on-site and off-site reclamation strategies. On-site reuse
minimizes transportation costs and environmental impact by directly reclaiming timber
from the project site. It is particularly effective when demolition and construction are
closely linked, requiring flexibility, rapid decision-making, and thorough planning to
integrate reclaimed materials into new designs. Off-site reuse, on the other hand, involves
collecting timber from various locations and processing it through centralized facilities.
This allows for higher-quality preparation, such as grading and treatment, but introduces
logistical challenges, such as transportation and inventory management. Both methods
highlight the importance of integrating reuse considerations early in project planning to
maximize benefits.

3.3.2 Early Collaborations

The integration of timber reuse into construction projects is strengthened by early collab-
oration among architects, engineers, contractors, and material suppliers. Aligning goals
and processes from the outset ensures that reusable materials are identified, assessed,
and incorporated efficiently. Steps such as pre-demolition audits and material testing
should be embedded into the timeline to address the unique characteristics of reclaimed
timber. These proactive measures enhance adaptability, reduce delays, and support the
successful recovery and reuse of materials.

4 Case Studies

This section delves into the potential and challenges of material reuse in construction,
examining three diverse case studies: the structural reuse of glulam at Brussels’ Recy-
park, the temporary office building for the Austrian Parliament and the PopUp Dorms
in Vienna. Each case highlights innovative approaches to reusing materials, offering
valuable insights into the practical, ecological, economic, and regulatory aspects.

4.1 Structural Reuse of Glulam at Brussels’ Recypark

The Recypark project (Fig. 3), commissioned by Bruxelles Propreté, exemplifies the
process of incorporating reclaimed structural timber into a new construction, highlighting
the importance of rigorous testing and collaborative problem-solving in reuse projects.
The project in Brussels, designed by 51N4E architects and engineered by Witteveen and
Bos and Greisch, spanned from 2016 to 2022. It involved the reuse of glulam (Fig. 4)
from a decommissioned riding arena, integrating it into the new recycling facility.
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Fig. 3. Recypark overview by Esther Fig. 4. Reused glulam in forefront, new
Vandamme. glulam arches in the back by Esther
Vandamme.

In 2016, as part of the Recypark competition preparation, four demolition-slated
halls were identified as potential timber sources. Rotor, the reuse consultants, evaluated
various scenarios and ultimately selected the Liege Hall—an old riding arena located
95 km from the site—for its structural integrity and availability. This choice underscores
the importance of thorough preliminary assessments in reuse projects.

4.1.1 Ecological Challenges

A comprehensive analysis of the Liege Hall revealed varying conditions of the 22 glulam
arches: five were deemed irrecoverable, two required local repairs, and the remainder
were salvageable under specific conditions such as drying, insect protection, and base
repairs. This early evaluation including plans, photographs, and moisture readings, was
crucial in determining the feasibility of the reuse strategy and informed subsequent
design decisions. The main ecological challenge was upkeeping the highest possible
amount of recoverable material for structural reuse by securing storage and limited
destructive testing.

4.1.2 Technological Challenges

The design team implemented several risk mitigation strategies. They cut arches by
1 meter at the base and placed them on concrete plinths to prevent water infiltration.
Additionally, they doubled arches for enhanced safety and load-bearing capacity while
employing conservative assumptions in structural calculations. The new arches were
designed to mimic the shape of reclaimed ones to address geometric complexity and
potential losses, while glued-in rods reinforced overstressed areas to counter wind-
induced stresses. These design strategies demonstrate the need for adaptability and
innovation in reuse projects as the prior technological challenges for projects where
standard solutions may not suffice.
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4.1.3 Economic and Organizational Challenges

In 2018, the contractor negotiated with the landowner for careful dismantling rather than
destructive demolition. The contractor stored the arches in a dry, ventilated warechouse
for over two years to ensure proper drying and transported the large structural elements
from the original site to the storage facility and then to the construction site. These
primarily organizational challenges result in a higher cost for the recovered arches, and
thus generate economic challenges which are hard to overcome without a sustainability
driven client.

4.1.4 Regulatory Challenges

The project team proactively addressed potential regulatory challenges, by engaging
early with the general contractor’s insurer and regulatory bodies, like the technical control
office SECO. In 2021, the project team conducted flexural, shear and aging tests on
declassified arches as well as density measurements to correlate degradation with mass
loss. Construction began in Autumn 2021, and engineering office Greisch confirmed the
test results met the required specifications, allowing the project to proceed.

4.1.5 Strategies

The Recypark project highlights the importance of early collaboration with reuse and
timber experts, thorough testing and certification processes, and the need for redundancy
in design to accommodate uncertainties. Acquiring materials before finalizing designs
can enhance project flexibility and maintaining similar use conditions as the original
application reduces technical challenges. Furthermore, early identification of available
materials and project goals is vital for success. By adhering to these principles, the project
team successfully navigated the complexities of integrating reclaimed structural timber
into a new construction, setting a precedent for future sustainable building practices.

4.2 Post-Beam: Temporary Office Building for the Austrian Parliament

The Lukas Lang Building Technologies system offers a modular construction approach
centered on reusability, adaptability, and circularity. The system uses a skeleton struc-
ture with standardized components that facilitate easy assembly (Fig. 5), disassembly
(Fig. 6), and reuse across various projects. A defined grid with steel-to-steel and steel-
to-wood connections provide strength and flexibility, allowing the system to adapt to
different building requirements. The components can be dismantled and reused with-
out compromising structural integrity, and the universal grid design enables integration
across projects, supporting future additions. In projects like the Kindergarten Spillern,
the system’s adaptability was demonstrated. A temporary kindergarten was built during
the construction of a new elementary school. Once the permanent site was ready, the
temporary building was dismantled and repurposed into a new permanent structure in
just two months. The modular system allowed for efficient reuse and integration of new
components to accommodate size modifications.

Similarly, the 3 to 4-story temporary buildings used for the Austrian Parliament
offices tested the system’s scalability. Originally designed for a 5-year lifespan, the
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project lasted 7 years. Lukas Lang’s buyback concept was planned, but rising raw mate-
rial prices and depreciation due to extended use led to complications. Additionally,
Lukas Lang’s role as a subcontractor, rather than the main contractor, created further
challenges during the dismantling process. A third-party company caused significant
damage to the first floor, resulting in a 10% loss of component value. However, lessons
learned improved the dismantling of subsequent floors, and today, 10,000 square meters
of components are stored, with the first project—using 3000 square meters—already
scheduled. This experience highlighted the importance of detailed deconstruction man-
uals, skilled dismantling teams, and efficient storage solutions to preserve the value of
components over time.

4.2.1 Economic Challenges

Storage costs immobilize capital, preventing its productive use in generating rental
income. In this case, the building elements have been stored for two years, further tiring
up resources and escalating associated costs. Material price inflation, particularly for
wood—and the depreciation of components during extended storage and reuse further
erode profitability. The dismantling process added another layer of expense, driven by
labor, storage, transport, and further reassembly costs. While reused components offer
material cost savings, the labor and reassembly expenses will remain substantial, calcu-
lated in this project for up to 75% of the cost of new components. The Lukas Lang system
started to get developed almost 30 years ago and despite its innovative design, continues
to struggle with high development costs and insufficient returns, raising concerns among
investors. Furthermore, the absence of an established and profitable market for reselling
dismantled components exacerbates these financial hurdles, underscoring the need for
more sustainable and economically viable solutions.

4.2.2 Ecological Challenges

The Lukas Lang Parliament building, composed of 70% timber and 30% steel, offers
a favorable balance, where the environmental benefits of timber compensate for the
negative impacts associated with steel and other components, particularly in the facade.
However, the varied materials used in the fagade have different lifespans, complicating
the maintenance processes, including refurbishment, repair, and eventual replacement.



366 K. Kroll et al.

These activities, combined with the use of unsustainable insulation materials driven by
cost pressures, reduce the overall environmental sustainability of the system and limit its
lifecycle benefits. Furthermore, processes related to refurbishment, dismantling, trans-
portation, processing, and reassembly generate considerable carbon emissions, which
could offset the carbon savings from reusing components. This highlights the need to
carefully assess the CO, impact of deconstruction and reassembly when evaluating
sustainability.

4.2.3 Technological Challenges

Current joinery solutions often fail to support repeated dismantling and reassembly
effectively. While advanced connection points, such as those developed by Lukas Lang
with detachable steel-steel and permanent steel-wood joints, offer effective disassembly,
they are both complex and costly to produce. The proprietary nature of these systems
limits their broader applicability, reducing interoperability and creating inefficiencies
in scaling or adapting solutions across different projects. Additionally, the dismantling
process requires specialized expertise and can lead to material loss, as observed in the
first store of the Lukas Lang Pavilion. Efficient tracking of the dismantling, transport,
and reassembly of components is essential to maximize reuse potential. However, the
testing and certification of reclaimed components remain significant barriers, as these
processes can be both time-consuming and expensive, complicating the integration of
reused materials into new projects.

4.2.4 Regulatory and Organizational Challenges

A key challenge is the lack of clear standards for reintroducing reused components into
the market. The absence of definitive guidelines, such as those for CE markings and prod-
uct declarations, alongside evolving safety and compliance issues—particularly related
to fire safety and structural stability—complicates the reuse of reclaimed timber com-
ponents. Reused materials often lack standardized documentation or proven fire perfor-
mance, making certification difficult and increasing liability concerns for stakeholders.
This regulatory uncertainty creates significant barriers in certifying reused materials,
often limiting their market viability to buy-back models or certifications provided exclu-
sively by the original producer, as is the case with Lukas Lang. Furthermore, legal
constraints, such as federal tendering requirements, may hinder optimal resource allo-
cation. For example, the Lukas Lang Pavilion faced a two-year storage period before its
first implementation project this year, underscoring the delays caused by such legal and
regulatory challenges. Additionally, storage limitations, including insufficient or costly
warehousing options, delay or prevent reuse projects from moving forward.

4.3 Volumetric - Pop-Up Dorms

The PopUp Dorms by OeAD Housing (Fig. 8) is a pioneering solution for sustainable
and affordable student housing, designed under Passive House standards. The concept
was first introduced in 1991 to address the high costs of student accommodation caused
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by rising land prices. Intended for temporary use on unbuilt land, the modular dormito-
ries are designed for relocation every five years and have an estimated 40-year lifespan.
The project emerged from a 2014 competition, with 45 participants aiming to develop
modular and reusable designs. The winning proposal was a collaboration between F2
Architekten, Obermayr Holzkonstruktionen, and Passive House consultant Giinter Lang.
Prefabrication took three months, followed by transportation (230 km), one week for
assembly (housing: 4 days; atrium: 1 day), and an additional three weeks for finish-
ing. This streamlined process enables completion within 6-9 months. Each apartment
module measures 5.5 x 16.8 x 3.5 meters, accommodating four students across 75 m?.
Constructed with timber frames, mineral wool insulation, and a fir fagade, the modules
sit on point foundations, reducing environmental impact. Common spaces cover 200 m2,
enhancing community life. Temporary land leases eliminate ground costs, resulting in
affordable rent. First built in 2015, the dorms won the 2019 Gold Affordable Housing
Award. In 2021, the first relocation demonstrated the system’s mobility, with 30-ton
modules transported overnight by truck (Fig. 7). The PopUp Dorms, 24% cheaper than
conventional housing, set a benchmark for circular, nomadic student accommodation.

Fig. 7. Dismantling process (© Seestadt Fig. 8. Finished building in new location (©
TV/Roland Thurner). Obermayr).

4.3.1 Economic Challenges

Contrary to expectations, the cost of building components does not decrease with
repeated use. Rising material prices have made constructing a similar building today
more expensive. During the COVID-19 crisis, timber scarcity and high prices made
reuse economically viable. The modules were transported directly to the new location
without requiring additional processing, which significantly reduced transportation and
processing costs. However, storing the modules at the new location incurred substantial
costs, including those for weather protection, particularly for the first-floor modules.
Furthermore, damage sustained during transport and handling, such as cracks in dry-
wall and broken tiles, necessitated repairs. Although these damages were superficial and
accounted for in the original competition bid, they still added to the overall expenses.
The reuse of foundations also emerged as a major challenge. Reusing foundations was
time-consuming and expensive, involving excavation, layering, transport, and reinstal-
lation. While this method was adopted for ecological reasons, it proved economically
inefficient.
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4.3.2 Technological Challenges

Technological challenges included issues with module design and the potential for dam-
age during transport. Despite being specifically designed for relocation, the modules still
suffered damage during transport and handling, such as cracks in drywall and broken
tiles. This risk of damage highlighted the need for further technological refinement in the
module design. Another challenge was the autonomy of the modules themselves. Each
module was designed to be self-sufficient, which made relocation easier. However, this
autonomy also required precise coordination to ensure everything functioned correctly
once reassembled.

4.3.3 Regulatory and Organizational Challenges

When relocating to a new site after the first five years, new building permits were required
due to changes in building regulations. This could have significantly impacted the module
configuration, increasing costs. Fortunately, no modifications were necessary, and only
formal paperwork was required. From an organizational standpoint, the relocation pro-
cess faced numerous challenges due to tight deadlines. The dismantling, transportation,
and reassembly of the modules had to be completed within a very narrow time frame. The
sequential nature of the work, with dismantling taking place before reassembly (includ-
ing the foundations), further extended the timeline, as parallel workflows were not pos-
sible. The on-site storage at the new location and logistics were initially underestimated,
leading to unexpected challenges. This time pressure also placed considerable strain on
the team, who had to work nights and weekends to meet the deadlines, increasing both
the labor intensity and pressure on workers. Additionally, the division of ownership and
operational responsibilities added complexity. The modules were owned by the housing
association, while the construction company was responsible for relocation, requiring
careful coordination to manage expectations and ensure smooth execution. Furthermore,
the modules are not standardized, requiring specialized expertise for their assembly and
disassembly. This makes it difficult for third-party companies to handle the relocation,
as they lack the specific knowledge needed, making the process a closed solution.

5 Potential and Future Research

As shown by the previous sections, the continued advancement of timber reuse in con-
struction requires innovative research and practical solutions across several key areas.
These directions should aim to address financial, technical, regulatory, and design-related
challenges. The following directions could be identified for future research:

1. Economic Viability and Financial Models:

Future research should explore innovative financial models to support the adop-
tion of circular practices. Buy-back systems for timber components, tax incentives for
reclaimed materials, and improved storage strategies to minimize logistical expenses
represent innovative approaches. Expanding modularity in design could enhance scal-
ability and reusability, improving long-term financial returns. Furthermore, the intro-
duction of CO; credits for successful material reclamation could incentivize reuse
practices on a larger scale.
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2. Lifecycle Assessment and Material Innovation:

Developing and refining lifecycle impact assessment tools is critical for accurately

evaluating the environmental benefits of timber reuse.
3. Standardization, Certification, and Data Management:

The lack of universal standards remains a significant barrier to timber reuse.
Future research could focus on establishing universal joinery standards and creat-
ing open-source systems for easy integration across projects. Streamlined certifica-
tion processes are essential to ensuring reclaimed materials meet safety and quality
requirements. Additionally, efficient data management systems to track dismantling,
transportation, and reassembly processes could improve logistics. Manuals for dis-
assembly, dedicated dismantling teams, and training programs for workers would
professionalize and standardize the reuse process.

4. Regulatory Frameworks and Collaborative Models:

Research should support the development of robust regulatory frameworks and
roadmaps to guide the certification and reuse of reclaimed materials. Fostering public-
private partnerships could help establish centralized storage facilities and digital
marketplaces for reused components, increasing accessibility and adoption rates.

5. Expansion of Structural Integrity in Reclaimed Timber:

Investigating advanced methods to assess and enhance the structural integrity of
reclaimed engineered timber products is essential. Developing repair and reinforce-
ment techniques for damaged or aged timber components would extend their usability
and ensure their safety in new applications.

6. Innovative Design Strategies:

Adaptable and modular design approaches that integrate reclaimed components
are critical to maximizing reuse potential. Future research should explore digi-
tal tools and technologies, such as parametric design, computational optimization,
and machine learning, to streamline the use of non-standard reclaimed materials in
architectural and structural designs.

7. Case Studies and Best Practices:

Documenting and analyzing successful reuse projects are essential for under-
standing the practical challenges and solutions. A repository of best practices and
lessons learned would provide valuable guidance for future projects, helping to scale
timber reuse across the construction industry.

These potential research areas could collectively aim to address the existing barriers
to timber reuse while creating a foundation for its broader adoption. By advancing
financial, technical, regulatory, and design innovations, the construction sector can move
closer to incorporate reused components in practice.
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Abstract. There are several major barriers in maintaining the load-bearing func-
tion of timber products in a further service life beyond extending the life of the
building. The main barriers include missing standards and regulations for re-
grading, re-classifying and re-certifying salvaged timber for load-bearing struc-
tural purposes. Current grading standards, which are formulated for new timber,
are limited in this way due to several reasons. The same applies to current product
and design standards which are also explicitly formulated only for new timber
and new timber products. As a result, there are legal and insurance issues which
currently act as barriers for circulating structural timber and timber construction
products. This chapter presents a short summary of these issues.

Keywords: salvaged timber - circulation - strength grading - engineered wood
products

1 Re-Grading Salvaged Solid Timber

Current grading standards, such as the standard EN 14081-1 [1] and visual strength
grading rules that comply with it, are not formulated for salvaged timber or previously
graded new timber. In formulating grading standards for salvaged timber, several aspects
need to be considered:

e The timber species and corresponding growth region are usually unknown, unless
apparent from stamps and records. Useful species identification from inspection is
restricted by aging, weathering, coatings, dirt etc., and ultimately by what is possible
to differentiate by wood microstructure [2—4].

e Salvaged structural timber might be treated or penetrated by (potentially) harmful
chemicals which prevent any further circulation. Other impurities, such as (non-
removeable) fasteners and fittings, concrete residues and coatings, might restrict cir-
culation due to processing problems which interfere with strength grading methods
[5, 6]. Furthermore, the current standards for strength grading are restricted to treat-
ments for biological durability only, which exclude other kinds of treatments (e.g.
fire protection) or chemical or thermal modification.
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e Biological damage (due to insects, bacteria, fungi, etc.), modifications from first
construction becoming damage for reuse (holes for fasteners, notches, slots, etc.), and
damage arising from use and deconstruction might limit or even prevent circularity.
Local reductions in cross sections due to fastener holes, notches or slots need to be
evaluated in respect to their dimensions, combined effect, and position within the
cross section [2, 3, 6-12].

e Splitting of timber, such as cracks, checks and fissures from drying, processing and
moisture content changes in use, as well as geometric deformations, such as twist,
bow, spring and cup, might prevent (or at least limit) any further use significantly [3,
13-17].

e Unknown history of the exposure (e.g. climate, weather) and loads result in
uncertainties regarding aging of timber and long-term loading effects.

e Studies on aging and long-term loading effects, in general, indicate decreasing
strengths but sustained elastic properties which mean a consequential shift in pre-
diction models for strength when based on visual characteristics and non-destructive
testing (NDT) of stiffness [18].

e The current test standards can be difficult to apply to salvaged timber, due to e.g. typi-
cally shorter lengths. Also the requirement for large test data, is likely disproportionate
to the scale of the recovered wood supply.

Considering this aspects, deriving a grading system for salvaged timbers is chal-
lenging. As a result, the grading system would need to transform from the current
EN 14081-1 [1] population-based system to one that is free of this dependency on
a reasonably stable and defined population. Grading salvaged timbers ideally requires
separate indicators for the three grade determining properties (strength, stiffness and den-
sity). Thresholds for indicators need to adjust dynamically to the quality of the resource
being graded, otherwise grading needs to be very conservative to account for the missing
prior population characteristics.

2 Reusing and Recycling Glued Laminated Timber Construction
Products

Compared to reusing structural sawn timber the physical size and consistency of products
like cross-laminated timber (CLT) and glulam remove much of the complexity related
to resource identification or previous grading. Nevertheless, to ensure that salvaged
glued laminated timber construction products (GLTCPs) can be used widely again for
structural, load bearing purposes a sufficient evaluation procedure is essential. It must
be ensured that timber with environmental degradation is excluded and the mechanical
properties still need to be quantified and re-classified. For the evaluation different kinds
of available information can be used. Therefore, the development and establishment of
widely applicable standardized procedures are crucial.

Depending on the investigation, different types of information can be collected. They
can be grouped as direct and indirect information, and as equality type and inequality
type information. A possible formal framework to consider different types of information
is Bayesian updating. For Bayesian updating, quantifiable prior information needs to be
available, which can be planned conditions (if available) or an expert opinion. However,
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it has to be considered that prior information is associated with uncertainties (see e.g
[19]. for more information). Depending on the type of information, different updating
procedures are available, see e.g. [19-22]. A framework for the estimation of the strength
properties of existing timber structures using Bayesian updating is presented in [22].
Although the selected investigation methods might be different, the general principles
are also valid for the estimation of mechanical properties of timber elements for the
purpose of reuse. Furthermore, the approach can be also extended for the evaluation
of timber connections or even entire structural systems. This could also be potentially
used for the evaluation of existing buildings, for example for the sake of adaptations and
renovations.

3 Conclusions

The quality and properties of salvaged solid timber are different to those of new timber in
multiple ways. Thus, re-grading salvaged timber requires new forms of grading system
in which these differences are considered. Salvaged GLTCPs are more consistent than
salvaged solid timber both in material properties and in prior production processes, and
as aresult more easily assessed and evaluated for reuse. In all cases, structurally reliable
reuse of timber requires some form of assessment, either re-grading of salvaged timber or
an assessment-based adjustment of the initially declared material properties of structural
timber products. A more detailed discussion about the issues can be found in [23].
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Abstract. There is a growing interest in transitioning to a circular economy as
an alternative to linear approach. In this context, there has been a renewed inter-
est in materials such as timber, which is part of a natural renewable cycle with
lower embodied energy compared to conventional construction. Academics and
practitioners are investigating methods to implement Design for Circularity strate-
gies with the objective of extending the service life of building materials, thereby
reducing the necessity for virgin material extraction and the environmental impact
of construction. The circulation of structural timber is crucial for making the most
effective and long-term use of timber. This article discusses prerequisites for the
circulation of structural timber, considering aspects of architectural and structural
design. The fundamental concepts discussed are combined with findings from a
comprehensive literature review focusing on the circulation of structural timber.
The objective of this article is to identify possibilities, challenges, and critical
knowledge gaps, with the aim of creating new knowledge that contributes to an
increased and facilitated circulation of structural timber.

Keywords: circularity - reuse - recycling - timber architecture - timber
engineering

1 Introduction

The urgent need for sustainable construction has renewed interest in bio-based materials
like timber. When sourced from sustainably managed forests, timber is a carbon-negative
material, sequestering CO, during growth and storage, significantly lowering embodied
energy compared to concrete [1]. However, short-term use of bio-based products limits
benefits, emphasizing the need for extended service life through innovative design [2].

Circulating structural timber is key to advancing a circular economy, maximizing the
grey energy from harvesting, transport, and processing while enhancing CO; storage.
The literature offers growing recommendations to improve timber reclaimability and

This is an extended abstract of a paper published in the Special Issue of the COST Action HELEN
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facilitate its circulation in a second lifecycle [3]. Despite the relevance of timber re-use
and re-cycling in the much-needed transition to more circular practices, cohesion in
the field remains lacking. Piccardo & Hughes [4] highlight limited research on circular
timber strategies, while Munaro et al. [5] call for clearer conceptual definitions to aid
implementation. Eberhardt et al. [6] stress the need for standardized terminology, as
strategies are inconsistently interpreted. Moreover, achieving flexibility, easy disman-
tling, and reuse while maintaining architectural appeal presents challenges for architects
and engineers.

This chapter is the extended abstract version of a study [7] that conducts a com-
prehensive literature review on the structural reuse of timber from both architectural
and engineering perspectives. It critically examines key aspects within each discipline,
synthesizing trends and identifying knowledge gaps. The study’s original contribution
lies in providing an up-to-date analysis to inform sustainable design, support circular
construction, and lay the groundwork for a cohesive theoretical framework for timber
reuse and recycling.

2 Method

This study presents a narrative literature review on the structural reuse and recycling of
timber, integrating architectural design and timber engineering perspectives.

From an architectural perspective, the review builds on two systematic literature
reviews (SLRs) by the first two authors, which included a bibliometric metadata analysis
[8] and a meta-synthesis assessment [9] of papers from 2006 to 2022. This study extends
those analyses to include publications up to October 2024, capturing recent developments
and examining frequently discussed design strategies.

From a timber engineering perspective, findings build on prior research on salvaged
timber circulation [10], which explored reuse potential, challenges, and factors such as
erection, use, deconstruction, re-grading, and material aging. This study expands that
work with new literature, particularly on aging and duration of load (DoL), as both
significantly impact the structural viability of recycled timber.

3 Results and Discussion

From an architectural design perspective, strategies such as designing for disassembly,
avoiding the use of toxic materials to impregnate or connect timber elements, modular
prefabrication can facilitate the structural circulation of timber in the future. The lack
of real-world validation of design strategies, variability and uncertainty of properties
and sizes of available timber elements for reclamation, lack of standardized material
databases, and limited market incentives pose significant challenges for its current and
future circulation. Addressing these issues requires a holistic perspective, integrating
research and development of new technologies, policy support, and the regional markets
that promote reclaimed timber as a viable material for structural re-use and re-cycling.
The findings suggest several areas for future exploration, that include 1) creating pol-
icy frameworks and economic incentives to foster local markets for salvaged timber,
2) expanding real-world case studies to validate upstream strategies like design for
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disassembly and adaptability, 3) investigating the economic and environmental trade-
offs of innovative timber-to-timber connections and modular prefabrication systems, 4)
developing standardized material databases that integrate regional inventories, mechan-
ical properties, and life-cycle assessments, 5) refining computational algorithms and 3D
modeling techniques to better assess and optimize salvaged timber’s structural properties.

Considering environmental impact and circularity assessment methods, the literature
identified several emerging approaches tackling different fronts and trying to incorporate
the complex aspects of the circular potential of timber buildings. Some of the challenges
identified are the subjectivity of the assessment methods to analyse the circularity indi-
cators, the complexity of the assessment, which includes and combines several criteria,
and the uncertainties related to the longevity of the materials as the future use and end
of life conditions of a building and their components remains difficult to predict.

From a timber engineering perspective, several areas of uncertainty and research gaps
remain critical to the broader adoption of timber circulation. Effects caused by aging
and in particular by the loading history, involving long-term static and cyclic effects,
affect the material performance and represent significant challenges in circulating as
the knowledge basis is still insufficient or at least on a level at which only pragmatic
solutions appear meaningful. The physical / mechanical properties of salvaged timber,
even within the same species, can differ from new timber due to complex interactions of
environmental exposure and load history. Current testing methods lack standardization,
with approaches varying from small specimen testing to those on structural timber, com-
plicating direct comparisons between salvaged and new timber. Addressing this issue
will require internationally harmonized protocols for evaluating aging, including rela-
tionships between artificial and natural weathering, and DoL effects. Advanced methods
like accelerated aging in controlled environments hold promise, yet further refinement
is needed to ensure these tests accurately represent real-world conditions.

Follow-up research topics could address 1) expanding the literature, and re-evaluate
existing data sets to identify potential counteracting effects from variations in timber
quality between reference values and salvaged timber, 2) expanding knowledge on the
long-term loading effects on timber and timber joints to establish a solid foundation
for harmonised regulations and re-grading standards on salvaged timber, 3) conducting
exemplary analyses of long-term loading effects using reliability methods, 4) develop-
ing proposals for regulating long-term loading effects on salvaged timber, considering
unknown factors such as load history and the number and duration of previous service
lives.
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Abstract. Timber-concrete composite (TCC) floors offer an efficient
solution for taller buildings by combining the advantages of timber and
concrete. To optimise material use and reduce emissions, multi-span
configurations could replace single-span beams. However, in practice,
TCC slabs are still designed as simply supported. This study investi-
gates the moment-rotation relation over the centre support of multi-span
TCC slabs using experimental and numerical methods. Nine three-point
bending tests were conducted, complemented by finite element modelling
and a probabilistic component analysis. Results indicate that the struc-
tural configuration achieves significant rotational stiffness, which can be
exploited to reduce material consumption and lower the carbon footprint
of TCC construction.

This is an extended abstract of a paper published in the Special Issue
of the COST Action HELEN in the journal Wood Material Science &
Engineering. The full open-access article is available at: https://doi.org/
10.1080/17480272.2025.2509083

1 Introduction

Timber-concrete composite (TCC) systems combine timber and concrete, mak-
ing them efficient for floor spans of 6 to 8 m. However, most TCC floors are
designed as single-span beams, despite the potential benefits of multi-span config-
urations. The recent introduction of the Technical Specification CEN/TS 19103
[1] permits continuous composite systems, provided both materials remain con-
tinuous over the centre support. Otherwise, stiffness and load-bearing capacity
reductions due to joints must be considered.

While simply supported TCC slabs have been widely studied (e.g. [2,3]),
research on multi-span systems remains limited. Experimental studies show
that continuous configurations provide rotational stiffness at the centre support,
reducing deflections and enhancing material efficiency [4,5]. However, discrepan-
cies between analytical models and experimental results highlight the need for
© The Author(s) 2025
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further sensitivity studies. Numerical analyses [6] confirm that multi-span TCC
floors exhibit lower deflections, but existing calculation models remain case-
specific [7]. This study addresses this gap through experimental and numerical
investigations, validating a probabilistic model for moment-rotation behaviour
at the centre support. Further details on the experimental setup, modelling, and
analysis are provided in the corresponding full publication [8].

2 Material and Methods

Continuous TCC systems are characterised by the presence of at least one inter-
nal support, enabling load redistribution and enhanced structural efficiency. In
contrast to simply supported spans, continuous systems develop negative bend-
ing moments at intermediate supports, which poses specific challenges in design
and detailing. These include the appropriate placement of reinforcement steel,
the use of continuous concrete slabs without joints, and the selection of shear
connectors that perform adequately under cracked concrete conditions. Despite
these advantages, such as reduced mid-span deflections and increased load capac-
ity, continuous TCC slabs are not yet common in practice due to limited design
guidelines and experimental validation.

To address this gap, the present study investigates the load-bearing and
deformation behaviour of continuous TCC floors using both experimental and
numerical methods. The configuration shown in Fig.1 combines jointed, simply
supported glued-laminated timber elements with a continuous reinforced con-
crete slab. This design minimises timber transport lengths, enhances acoustic
and fire performance, and reduces compression perpendicular to the grain at the
centre support.

Force by the storeys above

] Component model

single-span timber beam
multi-span concrete slab

Fig. 1. Timber-concrete composite floor as continuous system [9].

Due to the lack of research on shear connectors in negative bending zones
[5,10], only notches in regions with positive bending moments were consid-
ered. Experimental and numerical investigations were conducted to evaluate the
moment-rotation behaviour at the centre support. The experimental setup com-
prised nine three-point bending tests with varying reinforcement amounts to
assess rotational stiffness and failure mechanisms.
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Finite element (FE) simulations, incorporating nonlinear material behaviour
of timber, concrete, and reinforcement, were performed to replicate the exper-
iments. A probabilistic component model [9] was used to predict the moment-
rotation relation, considering material variability. While this model has been
numerically validated, its experimental verification is part of this study.

The experimental investigations focused on the negative bending moment
region of a continuous TCC slab. Nine three-point bending tests were carried
out on specimens with a span of 3.20m. Three test series, each consisting of
three identical specimens, were examined, with the primary variable being the
amount of embedded reinforcement. An overview of the test setup is presented
in Fig. 2, where an inverted TCC slab was used to simulate the negative moment
region of a two-span beam.

(a) Front view ()
Cross-sectional
view

Fig. 2. Overview of the 3-point bending test configuration.

The specimens consisted of jointed timber beams with a continuous concrete
slab, employing a concrete-to-timber height ratio of 1:2 (80 mm concrete, 160 mm
timber).

A finite element (FE) model was developed to numerically replicate the exper-
imental investigations and validate the results. A analysis was performed using
Ansys [11], based on [9] and adapted to the tested specimens. Timber was mod-
elled using an orthotropic material model, and concrete was defined with a Cou-
pled Damage-Plasticity Microplane Model. Reinforcement was modelled with
bilinear isotropic hardening plasticity, using reinforcement elements directly con-
nected to the concrete. Material parameters and mesh density were optimised
based on [9]. The model accurately captured strain localisation in the cracked
concrete, timber joint, and notches.

To determine the moment-rotation relation over the middle support of con-
tinuous TCC slabs, a probabilistic calculation model was developed in [9] and
validated through experimental investigations. The model is based on the com-
ponent method, commonly used in steel construction [12], accounting for defor-
mations within the joint. The negative bending moment region is represented by
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individual load-carrying components, each described by nonlinear springs. The
overall moment-rotation relation is determined iteratively, considering the varia-
tion of the lever arm with rotation, the nonlinear cracking behaviour of concrete,
and load distribution in the timber. Originally deterministic, the model was
extended to a probabilistic component model incorporating material variability
based on [13] and analysed using the Monte Carlo method. Results indicate that
input parameter variability significantly affects joint stiffness, leading to notable
scatter in the moment-rotation relation, particularly during concrete cracking.
A probabilistic analysis is therefore essential for accurately predicting stiffness
behaviour at the middle support. Further details are provided in [9].

3 Results

To validate the probabilistic component model, a comparison was conducted
between the experimental results, finite element analysis (FEA), and the proba-
bilistic model predictions. The analysis focused on the moment-rotation relation
over the centre support of continuous TCC slabs and the variation in the com-
pression contact height in the timber.

The comparison of moment-rotation relations demonstrated good agreement
between the experimental results, the probabilistic component model, and FEA.
It was evident that increasing reinforcement significantly enhanced the moment
capacity of the connection. Additionally, for low reinforcement ratios, the crack-
ing behaviour of the concrete had a notable influence, as individual cracks were
distinctly visible in the evaluation. Since cracks were already present in the con-
crete before testing, both uncracked and pre-cracked conditions were considered
in the analysis. Figure 3 illustrates the moment-rotation relation for test series
1 under pre-cracked conditions, which provided a good match with the experi-
mental results.
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Fig. 3. Moment-rotation relation of series 1; Comparison between the experimental test
results, the probabilistic component model with distribution percentiles (Pct), and the
finite element analysis using Ansys.
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Overall, the results confirm that the probabilistic component model provides
an accurate representation of the moment-rotation behaviour at the centre sup-
port of continuous TCC slabs. The probabilistic approach effectively captures
the influence of material variability, particularly in the cracking phase of the
concrete.

4 Conclusions & Outlook

Experimental and numerical investigations confirmed that multi-span TCC
floors achieve significant rotational stiffness, enabling material optimisation and
enhanced sustainability. The moment-rotation relations obtained from experi-
ments align well with numerical predictions, validating the probabilistic compo-
nent model.

Pre-cracked concrete conditions were found to influence initial stiffness, par-
ticularly in prefabricated systems. The study highlights the importance of rein-
forcement ratios in controlling stiffness and load-bearing capacity.

Future work should address structural reliability, considering stiffness vari-
ability and long-term effects such as creep. The validated probabilistic model
offers a foundation for optimising multi-span TCC design using rotational
springs.
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Abstract. We present analytically derived and experimentally validated bending
capacity models for strip-reinforced glued laminated timber beams using carbon-
fiber reinforced polymer sheets. Motivated by sustainability and efficiency con-
cerns, the study demonstrates substantial mechanical improvements, with bending
strength increases up to 74%, flexural rigidity enhancements up to 65%, and tim-
ber volume reductions of up to 44% for comparable reliability. Reliability analy-
ses further confirm significant timber savings while maintaining structural safety.
Although reinforced beams showed higher cradle-to-gate environmental impacts,
these are justified by mechanical performance and reduced timber usage.

1 Introduction

Increasing global demand for timber as a sustainable construction material requires
improved efficiency in timber use. Significant portions of available timber currently
remain underutilized structurally due to low-quality mechanical properties or competing
uses in non-structural applications. Strengthening timber beams through reinforcement
has emerged as an effective approach to maximize the structural potential of lower-
grade timber. Among various reinforcement options, carbon-fiber reinforced polymers
(CFRP) sheets, due to their high strength-to-weight ratio and ease of integration with
timber, show great promise. This research aims to develop analytically robust bending
capacity models for both symmetrically and asymmetrically strip-reinforced GLT beams,
validate these models through full-scale experiments, and evaluate their effectiveness in
enhancing structural performance and sustainability.

2 Model

The bending capacity models developed by Cao et al. [1] rely on assumptions of linear-
elastic ideal-plastic behavior of timber and linear-elastic behavior in CFRP sheets. Tim-
ber is modeled to fail primarily through tensile stresses, representing the governing failure
mode. For symmetrically reinforced beams, neutral axis locations and stress resultants
are analytically determined, while asymmetrically reinforced beams are categorized
as under-reinforced or over-reinforced depending on reinforcement ratios and failure
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mechanisms. Equations are derived for bending resistance, neutral axis positioning, and
resultant stresses based on material and geometric properties, allowing predictions of
performance for various reinforcement layouts. The models are shown in Fig. 1.

3 Results and Discussion

Experiments were conducted on full-size GLT beams strip-reinforced with CFRP
sheets in four-point bending. The experimental results validated the analytical mod-
els, highlighting notable enhancements in mechanical performance. Specifically, rein-
forced beams showed bending strength improvements of up to 74% and flexural rigidity
enhancements reaching up to 65% compared to unreinforced beams.

Reliability analyses were performed to assess the structural safety and efficiency of
the strip-reinforced beams. These analyses indicated significant timber volume reduc-
tions of up to 44% without compromising structural reliability. Asymmetrically rein-
forced beams, particularly over-reinforced layouts, exhibited the highest efficiency gains,
demonstrating their potential for optimal material usage.

Sensitivity analyses further identified timber tensile strength as the primary parameter
influencing variability in bending capacity predictions, emphasizing the need for precise
characterization of timber properties. Interestingly, the plastification factor, although
crucial for structural applications involving catenary actions, showed minimal influence
under pure bending scenarios.

Environmental impacts assessed through a cradle-to-gate analysis indicated higher
global warming potential for CFRP-reinforced beams compared to their unreinforced
counterparts. However, these higher environmental costs may be justified by the
improved mechanical properties, reduced timber volume requirements, and enhanced
structural efficiencies. This shows that the use of CFRP may be justified in some spe-
cific structural scenarios. Other reinforcing materials may be more beneficial provided
that they have comparable mechanical properties and reduced global warming potentials
compared with CFRP.

4 Conclusion

The presented research delivers practical, experimentally validated analytical bending
capacity models for CFRP-reinforced timber beams, demonstrating clear mechanical
and sustainability advantages. While CFRP reinforcement incurs higher environmental
impacts, the overall benefits, such as substantial mechanical performance improvements
and significant timber usage reductions, may justify its application. Future research rec-
ommendations include detailed experimental validation of the plastification factor, strate-
gies to mitigate potential shear failures, comprehensive evaluations addressing service-
ability limits, and complete cradle-to-grave environmental analyses. Addressing these
areas will facilitate broader adoption and integration of reinforced timber beams within
the construction industry, contributing meaningfully to sustainable building practices.
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Abstract. The use of reinforcement in timber beams has been shown to improve
the short-term flexural behaviour but the long-term behaviour is often more com-
plex, particularly when subjected to a variable climate condition. In this study,
the creep deflection behaviour of unreinforced and Basalt Fibre Reinforced Poly-
mer (FRP) reinforced beams are subjected to creep tests at a common maximum
compressive stress of 8 MPa over a 450-week (& 8.5 years) period. This study
builds upon data previously presented by the authors for a test period of 75 weeks.
Furthermore, the tested elements are unloaded, and the creep recovery data is
also presented. Results demonstrated a significant reduction in total creep deflec-
tion due to the FRP reinforcement in both a variable and constant climate. Once
unloaded, the results indicate that a significant proportion of creep can be recovered
when subjected to a constant climate, however, when subject to a variable climate,
there appears to be a significant proportion of non-recoverable deformation.

Keywords: Basalt Fibre - Engineered Wood Products - Creep Behaviour - Creep
Recovery; Reinforced Timber - Sitka Spruce

1 Introduction

This chapter is a summary of a study on the long-term performance of both unreinforced
and reinforced structural timber elements. FRP (Fibre Reinforced Polymer) materials
have been used to successfully strengthen and stiffen structural timber products, not
only in new structures but in the upgrading and repair of existing structures [1, 2].
This can significantly improve the flexural performance of timber elements [1-13]. The
long-term performance, or the creep behavior, of reinforced structural elements has
received less attention in the literature and required further investigation, particularly as
recent innovation in the timber construction industry has resulted in the increased use
of mass-timber elements and a greater number of tall timber buildings [14—17].
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When using timber as a structural material, particularly in bending, the behaviour is
often not governed by its structural strength or ultimate limit state, but by the service-
ability limit state, namely deformations and vibrations. As a result, careful consideration
must be given to creep deformation. When timber structures are subjected to long-term
structural loads, they are subject to an initial elastic response which may be followed by
a creep response with time. This creep response may be further split into a time depen-
dent or viscoelastic creep response, a mechano-sorptive creep response due to moisture
changes, and a pseudo-creep response that is attributed to the swelling and shrinkage of
the timber [18, 19].

The viscoelastic response is characterised as the deformation of an element with
time at constant stress under constant environmental conditions, whereas the mechano-
sorptive and pseudo-creep responses consider additional effects due to fluctuations in
the relative humidity of the surrounding environment. Typically, for timber element
carrying gravity loads e.g. a beam, there is an increase in the deflection during each
drying phase and a decrease during the wetting phase of a relative humidity cycle.
In a variable climate, the total strain/deformation comprises the elastic, viscoelastic,
mechano-sorptive and swelling/shrinkage components. It can be difficult to characterise
the different creep responses as they often occur simultaneously and as a result, when
determining the overall global creep behaviour of a tall timber structure, the impact of
the expected environmental conditions needs to be carefully assessed.

This study builds upon the work produced by the authors [19-22] whereby the
unreinforced and reinforced glued laminated beams were previously subject to creep
testing over a 75-week period in a controlled constant and variable climate. This paper
presents the analysis of the continuation of the experimental creep data from 75 weeks
up to a period of 450 weeks or 8.5 years. Furthermore, the experimental beams have
also been unloaded and creep recovery of the structural elements is presented. The
knowledge gathered in this study will contribute to the future development of design
guidelines for the creep behaviour and creep recovery behaviour of structural timber
elements subjected to combined loading and climatic changes during their in-service
life in addition to examining the influence of reinforcement on the long-term behaviour
of timber elements.

2 Experimental Programme Summary

The test programme developed by O’Ceallaigh et al. [19-22] was designed to observe
the elastic, viscoelastic, mechano-sorptive creep components and swelling/shrinkage
behaviour of unreinforced and reinforced beams in constant and variable climates. The
98 mm x 125 mm cross-section of the reinforced beams is shown in Fig. 1a; all beams had
a span of 2300 mm. The reinforced beams were reinforced with two, 12 mm diameter
basalt fibre-reinforced polymer (BFRP) rods inserted into routed grooves along the
bottom lamination.

Four matched groups (two unreinforced and two reinforced groups comprising nine
beams each), equal in terms of stiffness, were subjected to long-term creep testing at
a common stress of 8 MPa. The reader is directed to the original articles [19-22] for
full in-depth details on the experimental programme, formation of matched groups, and
loading procedures. The matched groups are herein referred to as:
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Fig. 1. Creep Testing, (a) FRP reinforced glued laminated beam [22] and (b) the creep testing
frame.

e Group UC (UC = Unreinforced Constant Climate)

e Group RC (RC = Reinforced Constant Climate)

e Group UV (UV = Unreinforced Variable Climate)

e Group RV (RV = Reinforced Variable Climate)

Groups UC and RC were subjected to four-point bending in a constant climate
(Fig. 1b) with a relative humidity of 65% =+ 5% and a temperature of 20 °C 4 2 °C and
experiences an initial elastic deflection when loaded, followed by viscoelastic creep with
time. Groups UV and RV were also subjected to four-point bending but in a variable
climate. The variable climate cycled between a relative humidity of 65% and 90% =+ 5%
with a cycle length of 8 weeks; this was repeated until a duration of 280 weeks had
elapsed, after which the relative humidity was set to 65% and the temperature remained
at approximately 20 °C. After 450 weeks had passed, the beams were also unloaded and
the initial elastic deflection recovered was monitored followed by the creep recovery
behaviour of the unloaded beams.

3 Experimental Results

The relative creep behaviour of the unreinforced and reinforced groups over a 450-week
period for the constant climate and variable climate are presented in Fig. 2. This creep
behaviour generally can be seen to increase with time, while the differences between
Groups UC and RC in Fig. 2 also increase with time and become statistically signifi-
cant after around 103 weeks (=2 years), indicating that the use of reinforcement has a
positive effect on the creep deflection behaviour of the reinforced beam. A similar trend
between Groups UV and RV can be seen for the variable climate however, the differ-
ence was statistically significant after only 35 weeks. Following unloading, there were
no significant differences in the elastic recovery between unreinforced and reinforced
beams, but the climate had a bigger impact, with significantly higher mean unrecovered
elastic deformation for beams in the variable climate. Unrecovered creep deformation
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after 150 days was also observed to follow a similar trend, and this may be attributed to
irrecoverable mechanosorptive creep.
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Fig. 2. Comparison between the unreinforced (Group UC) and reinforced (Group RC) beam
groups in a constant climate condition and the unreinforced (Group UV) and reinforced (Group
RV) beam groups in a variable climate condition over a period of 450 weeks.

4 Conclusions

The creep deflection and creep recovery results presented in the full study provide impor-
tant test data for examining the future long-term behaviour of timber structures subjected
to ever-increasing structural requirements. It shows that reinforcing timber with a suit-
able FRP material has a positive effect on the creep behaviour of timber elements and
may also aid creep recovery. The findings suggest that current creep modification factors
used in design could potentially be reduced for reinforced structural timber elements. It
should be noted that only one type and reinforcement ratio was utilised in this study and
various other parameters, such as stress level, timber species and timber grade will need
to be examined before changes to creep modification factors can be proposed. Further-
more, the data can be used to validate a numerical model to predict the creep behaviour
of structural timber elements in taller timber buildings.
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Abstract. The use of FRP (Fibre Reinforced Polymer) materials in strategic loca-
tions has been shown to successfully strengthen and stiffen structural timber prod-
ucts when required, not only in new structures but also in the upgrading and repair
of existing structures (Kliger et al., Eur. J. Wood Wood Prod 74:319-330, 2016;
Schober et al., Constr Build Mater 97:106-118, 2015). The addition of such mate-
rials which typically have superior properties to that of timber has been shown
to significantly improve the flexural performance of timber (Franke et al., Constr
Build Mater 97:2—-13, 2015; Harte and Dietsch, Reinforcement of timber struc-
tures: A state-of-the-art report, Shaker Verlag GmbH, Germany, 2015; Kliger
et al., Eur J] Wood Wood Prod 74:319-330, 2016; O’Neill et al., Constr Build
Mater 145:226-235, 2017; Raftery and Harte, Compos Part B Eng 52:40-50,
2013; Schober et al., Constr Build Mater 97:106—118, 2015; Thorhallsson et al.,
Compos B Eng 115:300-307, 2017)) however, the long-term performance or the
creep behaviour of reinforced structural elements has received less attention in the
literature and requires further investigation, particularly as recent innovations in
the timber construction industry have resulted in the increased use of mass-timber
elements and a greater number of tall timber buildings (Abrahamsen, Mjgstarnet—
Construction of an 81 m tall timber building. Internationales Holzbau-Forum IHF,
2017; Harley et al., Proceedings of the World Conference on Timber Engineer-
ing (WCTE 2016), 2016; Jockwer et al., Eng Struct 234:111855, 2021; Ramage
et al., J Architect 22:104-122, 2017). The long-term behaviour of timber is often
complex, particularly when subjected to a variable climate condition and in this
study, the creep deflection behaviour of unreinforced and Basalt Fibre Reinforced
Polymer reinforced beams are subjected to creep testing at a common maximum
compressive stress of 8§ MPa in both constant and variable climate conditions. This

This is an extended abstract of a paper published in the Special Issue of the COST Action HELEN
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study builds upon the work produced by the authors (O’Ceallaigh, An Investigation
of the Viscoelastic and Mechano-sorptive Creep Behaviour of Reinforced Timber
Elements. National University of Ireland, Galway, 2016; O’Ceallaigh et al., Con-
str Build Mater 259:119899, 2020, 2019, 2018) whereby the creep behaviour of
unreinforced and reinforced glued laminated beams over a 75-week period in a
controlled constant and variable climate was presented. This study herein presents
a significant extension of the experimental creep data from 75 weeks up to a period
of 450 weeks or 8.5 years. Over this period, the results have shown that reinforcing
timber with an FRP material of superior properties has a positive effect on the creep
behaviour of timber elements. In the constant climate, the percentage difference
between the unreinforced (Group UC) and reinforced (Group RC) is statistically
significant after approximately 103 weeks demonstrating a positive effect of FRP
reinforcement on the creep deflection behaviour of reinforced beams. In a variable
climate, the mean relative creep results demonstrated a statistically significant dif-
ference between the unreinforced (Group UV) and reinforced (Group RV) after
just the first relative humidity cycle. This trend has continued for the duration of
the creep testing (450 weeks) and further demonstrates that the FRP reinforcement
has a statistically significant impact on the creep deflection of structural timber
elements.

Furthermore, the tested elements were unloaded, and the creep recovery data
was also presented. A significant reduction in total creep deflection due to the FRP
reinforcement was observed in the results obtained in both a variable and constant
climate and once unloaded, the results indicate that a significant proportion of
creep can be recovered in beams subjected to a constant climate, however, when
subject to a variable climate, there appears to be a significant proportion of non-
recoverable deformation. In conclusion, the use of FRP reinforcement can reduce
the creep behaviour of structural timber elements but the influence of the climatic
conditions is significant, and the magnitude of the creep behaviour is a product of
the coupled load and environmental history of the beams.

Keywords: Basalt Fibre - Engineered Wood Products - Creep Behaviour - Creep
Recovery - Reinforced Timber - Sitka Spruce
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Abstract. In timber structures, connections are vital for plasticity and
ductile failure modes but knowledge on their behaviour under high load-
ing rates or cyclic loading is limited. This chapter summarizes an exper-
imental campaign on laterally-loaded timber connections with a single
dowel and a slotted-in steel plate. Quasi-static cyclic experiments showed
severe degradation phenomena, while high loading rates in monotonic
experiments led to increased yield force and, at loading parallel to the
grain, to reduced ductility. The effects on ductility, maximum force, and
failure modes varied with the load-to-grain angle.

1 Introduction

Wind, earthquake, traffic, blast, or impact can induce cyclic or high-rate loading
into a building. In these conditions, ductile failure modes are required to avoid
sudden collapse without prior warning. In timber structures, the connections are
critical to provide this ductility [7]. Connections with laterally-loaded dowels and
one or more slotted-in steel plates are commonly used and can exhibit three basic
failure modes of increasing ductility [6]: embedment, development of one plastic
hinge in the dowel, or development of three plastic hinges in a slender dowel.
Understanding the behaviour of these connections under high loading rates and
cyclic loading is critical to designing safe, robust, and efficient timber structures.

High loading rate effects in timber connections with metal fasteners depend
on the load-to-grain angle and failure mode [5,13]. Strain rates above 1073 s~1
increase the yield and tensile strength of steel [9], facilitating brittle failure in
these connections. A logarithmic dependency on the loading rate is typically sug-
gested for timber connections [5,8]. Embedment and bolted connection experi-
ments in LVL demonstrated an increase in the embedment strength and elastic
stiffness, but a reduction in the ultimate displacement [2]. The rate-dependency
© The Author(s) 2025
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of the maximum force of nailed timber joints was found to be stronger for load-
ing perpendicular to the grain, while the elastic stiffness did not depend on the
loading rate [5].

Experiments on laterally-loaded dowel-type connections under cyclic loading
consistently showed pinching, strength degradation, and stiffness degradation
[3,11]. Larger dowel spacing or reinforcement with self-tapping screws increase
the load-carrying capacity, ductility, and energy dissipation and can ensure duc-
tile failure modes [1,10]. The steel properties and detailing of the steel plates
significantly influence the ductility and failure modes [4].

The objectives of this study were to (i) investigate rate-dependent effects
and (ii) provide experimental data for modelling hysteresis in timber connections
with a single laterally-loaded 10 mm S235 steel dowel and a slotted-in steel plate.
Approximately 100 single-fastener connections in Norway spruce LVL were tested
in displacement control under (i) monotonic loading with displacement rates of
0.05, 15, and 150 mm - s~! and (ii) quasi-static reversed cyclic loading, both at
load-to-grain angles 0°, 30°, 60°, and 90° [12].

2 Experimental Research

The experimental setup is shown in Figs. 1a and 2a. Ductile failure with three
plastic hinges in the dowel was observed under monotonic loading with ultimate
splitting failure at 0° load-to-grain angle. The rate-dependent effects were not the
same across different load-to-grain angles. At 0° load-to-grain angle, a significant
loss of ductility was observed at high displacement rates, while the main rate-
dependent effect at 90° was an increase in maximum force (Fig. 1b). The cyclic
experiments showed stiffness and strength degradation, pinching, zero-stiffness
regions, and force plateaus during load reversal at large displacement cycles
(Fig. 2b). For more information, see Sroka et al. [12].
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Fig. 1. Experimental setup for monotonic loading parallel to the grain (a) and mean
force-displacement curves with upper and lower bound for quasi-static and high-speed
loading at load-to-grain angles 0° and 90° (b).
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Fig. 2. Experimental setup for cyclic loading (a) and mean hysteresis curves for load-
to-grain angles 0° and 90° (b).

3 Conclusions

This experimental campaign studied timber connections with a single laterally-
loaded dowel and a slotted-in steel plate under quasi-static cyclic loading and
monotonic loading at various displacement rates. Higher displacement rates
delayed yielding, but rate-dependent effects on the maximum force and plas-
tic hardening varied by load-to-grain angle. At loading parallel to the grain, the
connections showed reduced ductility at high displacement rates due to earlier
splitting. Cyclic experiments revealed pinching, strength and stiffness degrada-
tion, and low-cycle fatigue failure of the dowel. These findings are relevant for
designing connections under high displacement rates and cyclic loading, with
applications in impact, blast loading, seismic analysis, and progressive collapse.
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Abstract. Timber’s sustainability benefits make it an attractive construction mate-
rial, but public concerns about fire safety remain a challenge. Many associate tim-
ber buildings with higher fire risks, particularly in taller structures, despite trust-
ing regulations and professionals to ensure safety. This highlights a gap between
public perception and technical knowledge. Designers have a professional respon-
sibility to address these concerns through clear communication and transparent,
appropriate risk mitigation strategies to ensure the safety of building occupants.
Disappointing this responsibility can negatively impact people’s safety and lead
to stigmatization of wooden building materials.
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1 Introduction

Building in biogenic materials like timber is a potential driver to reduce the impact
of construction on the environment [1] and the market demand for engineered wood
products (e.g. cross-laminated timber, CLT) is continuously increasing in recent years
[2]. As the material is inherently combustible it does introduce challenges to its safe use
in construction.

When timber is being involved in a fire, it reduces the time to flashover [3], thereby
decreasing the available time during evacuations to reach a place of safety. It also leads
to increased heat release rates and external flaming [4, 5]. Additionally, char fall-off or
delamination can prevent auto-extinction after burnout of moveable fuels resulting in
continued burning of the structure [6, 7]. The extent of such effects depends on the amount
of exposed timber involved in a compartment fire, where a meta-analysis identified that
with more than 20% of the timber surface being exposed, the probability of continued
burning and no auto-extinction rises significantly [8]. While researchers in fire science
in recent years outlined the potential hazards that need to be mitigated in timber building
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design [9], advocates for the use of timber criticized an “irrational approach to fire risk”
[10].

Surveying designers’ perception and barriers to the use of wooden materials in prac-
tice, studies showed that the combustibility of timber raises concerns about its fire safety
performance in construction [11, 12]. As a result, its use is often restricted due to fire
safety considerations and building regulations [13, 14].

Recognizing differing professional opinions and practitioner uncertainties about tim-
ber’s fire safety, this chapter examines how laypeople perceive timber as a construction
material in terms of fire safety - an area of both professional debate and consumer interest.
Understanding public risk perception in timber buildings informs on emergency behav-
ior, intervention planning, mitigation strategies, and aids to improving communication
about timber fire risks to public stakeholders, including policymakers [15].

2 Public Perception of Timber Buildings

Consumers generally view timber positively for its aesthetics, comfort, naturalness,
and eco-friendliness, however technical properties such as stability, combustibility, and
durability are often rather seen as potential disadvantages of the material. As such,
consumer perceptions align with those of practitioners like engineers and architects, but
beliefs may vary across different target groups. Figure 1 shows how timber is perceived
with regard to a selection of characteristics in comparison to other building materials,
based on results from research on public fire risk perception of timber buildings [15].
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Fig. 1. Perception of timber in comparison to other building materials, based on [15]. Neutral
opinions were indicated where percentages do not sum up to 100%.

2.1 Fire Risk Perception of Timber Buildings

Investigating fire risk perceptions of timber buildings among the public with a mixed-
method study [15], combining an online survey with semi-structured interviews, respon-
dents expressed less comfort living on higher floors in timber buildings, and were more
likely to evacuate rather than adopt stay-put policies in fire emergencies. Fire incidents
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were perceived as severe across varied building types, but concerns about risk were more
divided for timber buildings in the survey data.

Interviews with laypeople from Denmark and Sweden corroborate these findings,
although underlying many accounts was a common theme on lack of knowledge about
construction materials, with exposed or covered timber affecting perceptions. Many
people tend to associate a diffuse risk with the inherent combustibility of timber when
employed as a building material, while others argue that fires also occur in non-
combustible buildings. Regardless of stance, most participants expressed uncertainty
about fire safety in timber buildings. Interestingly, recognizing risks did not necessarily
translate to feelings of unsafety; many trusted architects, engineers, and building regula-
tions to ensure adequate fire safety. Greater concerns were expressed for taller buildings
supporting trends in survey data that show people being less comfortable living on higher
floors in timber buildings. In context of taller timber buildings, means and time for safe
escape in case of a fire become an increased concern for some, with some interviewees
stating they would research fire safety before moving in.

Despite fire concerns, timber’s aesthetic and environmental appeal remained impor-
tant, and many were open to living in timber buildings if safety could be ensured.
However, practical factors like affordability and availability were constraints to opting
for a timber building in the first place, aligning with findings from literature [16]. Greater
exposure to timber buildings and clearer safety communication could enhance public
confidence in their use.

3 Implications for Design Practice

Timber buildings are increasingly recognized for their sustainability, yet fire safety con-
cerns can remain a barrier to its broad adoption. Public perception of timber buildings
differs from that of non-combustible structures, with timber buildings being perceived as
a greater fire hazard. These perceptions stem from experiences, cultural traditions, and
intuitive associations with wood as a combustible material. Interestingly, despite recog-
nizing these risks, the public largely places trust in professional expertise and regulatory
systems to ensure safety, indicating a disconnect between technical understanding and
public confidence. This aligns with the concept of the “certainty trough” [17], which
suggests that those most distant from specialized knowledge—such as the general pub-
lic—experience the greatest uncertainty, while professionals adjacent to fire science
may hold overconfident simplifications of fire safety issues. In contrast, professionals
and researchers within the field remain most aware of its complexities and limitations.
For designers, this highlights the need for responsible communication, risk mitiga-
tion strategies, and understanding limits to existing applications and knowledge. Public
concern is particularly heightened in taller timber buildings. Rather than dismissing fire
concerns as “prejudices,” designers should adequately engage with the potential haz-
ards associated to any building material and transparently communicate with the public,
demonstrating the identification and management of hazards at a systemic level. A shift
in communication towards the public—from debating oversimplified material properties
to explaining conceptually how fire safety is ensured—can help bridge the certainty gap,
maintain societal trust, and support the broader acceptance of timber construction.
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Neglecting this responsibility not only undermines public trust but also risks fos-
tering misconceptions that can lead to a misguided stigmatization of biobased building
materials like timber for the future, while ultimately putting people at risk.
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