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Abstract 
Climate change and densification of cities are two major global challenges. In 
the building and construction industry, there are great expectations that tall tim-
ber buildings will constitute one of the most sustainable solutions. First, vertical 
urban growth is energy and resource-efficient. Second, forest-based products 
store carbon and have one of the highest mechanical strength to density ratios. 
If the structural substitution of concrete and steel with wood in high-rise build-
ings awakens fears of fire safety issues, engineers and researchers are particu-
larly worried about the dynamic response of the trendy tall timber buildings. 
Indeed, due to the low density of wood, they are lighter, and for the same height, 
they might be more sensitive to wind-induced vibrations than traditional build-
ings. To satisfy people’s comfort on the top floors, the serviceability design of 
tall timber buildings must consider wind-induced vibrations carefully. Archi-
tects and structural engineers need accurate and verified calculation methods, 
useful numerical models and good knowledge of the dynamical properties of 
tall timber buildings. 
 

Firstly, the research work presented hereby attempts to increase the understand-
ing of the dynamical phenomena of wind-induced vibration in tall buildings and 
evaluate the accuracy of the semi-empirical models available to estimate along-
wind accelerations in buildings. Secondly, it aims at, experimentally and nu-
merically, studying the impact of structural parameters – masses, stiffnesses and 
damping –  on the dynamics of timber structures. Finally, it suggests how tall 
timber buildings can be modeled to correctly predict modal properties and wind-
induced responses. 
 

This research thesis confirms the concerns that timber buildings above 15-20 
stories are more sensitive to wind excitation than traditional buildings with con-
crete and steel structures, and solutions are proposed to mitigate this vibration 
issue. Regarding the comparison of models from different standards to estimate 
wind-induced accelerations, the spread of the results is found to be very large. 
From vibration tests on a large glulam truss, the connection stiffnesses are found 
to be valuable for predicting modal properties, and numerical reductions with 
simple spring models yield fair results. Concerning the structural models of con-
ceptual and real tall timber buildings, numerical case studies emphasize the im-
portance of accurately distributed masses and stiffnesses of structural elements, 
connections and non-structural building parts, and the need for accurate damp-
ing values. 
 
Keywords: 
Tall Timber Building, Wind-Induced vibration, Along-Wind Acceleration, 
Modal Analysis, Forced Vibration Test, Finite Element Model Reduction, 
Truss, Semi-Rigid Connection   
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Sammanfattning 
Klimatförändringar och förtätning av städer är två stora globala utmaningar. 
Inom bygg- och anläggningsbranschen finns det stora förväntningar på att höga 
trähus ska utgöra en av de mest hållbara lösningarna. Dels är vertikal förtätning 
i städer energi- och resurseffektiv, dels lagrar skogsbaserade produkter kol och 
har dessutom ett av de högsta förhållanden mellan mekanisk styrka och densitet. 
Om den strukturella ersättningen av stål och betong med trä i höghus väcker 
farhågor ur brandsäkerhetssynpunkt, är ingenjörer och forskare särskilt oroliga 
för den dynamiska responsen i de trendiga högre trähusen. På grund av träets 
låga densitet blir de lättare, och för samma höjd kan de vara känsligare för vin-
dinducerade vibrationer än traditionella byggnader. För att tillfredsställa män-
niskors komfort på de översta våningarna måste projektören av höga trähus 
noga överväga vindinducerade vibrationer i bruksgränstillstånd. Arkitekter och 
byggnadsingenjörer behöver noggranna och verifierade beräkningsmetoder, an-
vändbara numeriska modeller och goda kunskaper om höga träbyggnaders dy-
namiska egenskaper. 
 
För det första avser detta forskningsarbete att öka förståelsen för den dynamiska 
effekten av vindinducerade vibrationer i höga byggnader och utvärdera nog-
grannheten hos de semi-empiriska modeller som finns tillgängliga för att upp-
skatta byggnadens accelerationer i vindriktningen. För det andra syftar det till 
att, experimentellt och numeriskt, studera effekterna av strukturella parametrar 
– massor, styvheter och dämpning – på träkonstruktioners dynamik. Slutligen 
undersöks hur höga träbyggnader kan modelleras för att korrekt förutsäga mo-
dala egenskaper och vindinducerade respons. 
 
Denna forskningsuppsats bekräftar farhågorna om att träbyggnader över 15-20 
våningar är mer känsliga för vindexcitation än vanliga byggnader med betong- 
och stålstomme. Några lösningar föreslås för att mildra detta vibrationsproblem. 
När det gäller jämförelsen av modeller från olika standarder för att beräkna vin-
dinducerade accelerationer visar sig spridningen av resultaten vara mycket stor. 
Från tester på ett stort limträfackverk visar sig förbandsstyvheterna vara viktiga 
för att förutsäga modala egenskaper och numeriska reduktioner med enkla fjä-
dermodeller ger rättvisande resultat. När det gäller de strukturella modellerna 
av konceptuella och verkliga höga träbyggnader, betonar numeriska fallstudier 
vikten av exakt fördelade massor och styvheter hos byggnadselement, förband 
och icke-strukturella byggnadsdelar, samt behovet av exakta dämpningsvärden. 
 
Nyckelord: 
Hög Trähus, Vindinducerad Vibration, Acceleration Längs med Vinden, Mo-
dalanalys, Forcerat Vibrationstest, Finita Element Modellreduktion, Fackverk, 
Halvstyva Förband  
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Résumé 
Le changement climatique et la densification des villes sont deux défis mon-
diaux majeurs. Dans le domaine de la construction, les bâtiments en bois de 
grande hauteur sont perçus comme l'une des solutions les plus durables. D'une 
part la croissance urbaine verticale est économe en énergie et en ressources, 
d'autre part les produits forestiers stockent le carbone et ont l'un des rapports 
résistance mécanique/densité les plus élevés. Si la substitution structurelle du 
bois au béton ou à l’acier dans les immeubles de grande hauteur suscite des 
craintes pour les problèmes de sécurité incendie, les ingénieurs et les chercheurs 
s'inquiètent particulièrement de la réponse dynamique des immeubles en bois 
de grande hauteur à la mode. En effet, du fait de la faible densité du bois, ils 
sont plus légers, et à hauteur égale, ils pourraient être plus sensibles aux vibra-
tions induites par le vent que les immeubles traditionnels. Pour satisfaire le con-
fort des personnes aux étages supérieurs, la conception des bâtiments en bois de 
grande hauteur doit tenir compte judicieusement des vibrations induites par le 
vent. Les architectes et les ingénieurs en structure ont besoin de méthodes de 
calcul précises et vérifiées, de modèles numériques utiles et d'une bonne con-
naissance des propriétés dynamiques des bâtiments en bois de grande hauteur. 
 
Premièrement, les travaux de recherche présentés ici tentent d’approfondir la 
compréhension des phénomènes dynamiques des vibrations induites par le vent 
dans les immeubles de grande hauteur et d'évaluer la précision des modèles 
semi-empiriques disponibles pour calculer les accélérations dans la direction du 
vent. Deuxièmement, ils visent à étudier expérimentalement et numériquement 
les impacts des paramètres structuraux – masses, rigidités et amortissements – 
sur la dynamique des structures bois. Finalement, ils suggèrent comment modé-
liser les bâtiments en bois de grande hauteur pour prédire correctement les pro-
priétés modales et les réponses induites par le vent. 
 
Cette thèse de recherche confirme les inquiétudes selon lesquelles les bâtiments 
en bois de plus de 15-20 étages sont plus sensibles à l'excitation du vent que les 
bâtiments traditionnels en béton armé ou en acier, et des solutions sont proposés 
pour atténuer ce problème vibratoire. Concernant la comparaison de différentes 
méthodes normalisées pour estimer les accélérations induites par le vent, la 
grande dispersion des résultats n'est pas négligeable. À partir d'essais expéri-
mentaux sur un grand poteau-treillis en lamellé-collé, les rigidités de connexion 
s’avèrent importantes pour prédire les propriétés modales et les réductions nu-
mériques avec de simples modèles à ressort donnent des résultats acceptables. 
Concernant la précision des modèles structuraux de bâtiments en bois de grande 
hauteur conceptuels ou réels, des études de cas numériques soulignent l'impor-
tance des répartitions exactes des masses et des rigidités des éléments 



8 

structuraux, des connexions et des éléments de construction non structuraux, 
ainsi que la nécessité de valeurs d'amortissement précises. 
 
Mots-clés : 
Bâtiment en Bois de Grande Hauteur, Vibration Induite par le Vent, Accéléra-
tion Parallèle au Vent, Analyse Modale, Test de Vibration Forcée, Réduction 
de Modèle aux Eléments finis, Poteau Treillis, Connexion Semi-Rigide 
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Preface 
As a structural engineer, I worked many years following standards rigorously, 
making sure that timber buildings would stand up against weather and wind, 
and that they would not move. But as a new PhD-student, I understood that 
building motion can be allowed and even mitigated. Then I realized the same 
applies to standards, they must be tested, applied and after a while should 
evolve.  
 
This Licentiate compilation thesis in the subject of building technology with 
four appended papers is indicating the middle of my PhD-studies at the depart-
ment of Mechanical Engineering at Linnaeus University (LNU), in collabora-
tion with my employer, the Research Institutes of Sweden (RISE). My research 
lies in the fields of timber building technology and structural dynamics, and it 
is meant for structural engineers who want to know more about timber and tall 
buildings. But I think it might even inspire architects and give some ideas to 
other researchers in mechanical and civil engineering. Eventually, I hope it will 
lead to more, taller and comfortable timber buildings. 
 
After many efforts, the appended papers and this thesis became true. But alone, 
I would never have achieved so much and therefore I am deeply grateful to 
many people. First of all, to my main supervisor at LNU, Andreas Linderholt, 
for sharing his skills in Structural Dynamics, for the constructive comments on 
my work, the stimulating discussions in his office and for always saying yes to 
coffee breaks in Sweden or on the other side of the earth. I also would like to 
thank my second supervisor and colleague from RISE, Marie Johansson, who 
convinced me to start, helped me to go forward and kept me on track during this 
research journey.  
 
Moreover, Marie deserves credit for successfully applying and leading three re-
search projects on the topic of tall timber buildings, serviceability and wind-
induced vibrations. It was a privilege to be involved in these projects which 
were significant for the outcome of my work: (1) “Tall Timber Buildings - Con-
cept Studies” Grant No. 942-2015-115 funded by Formas, the Swedish Re-
search Council for Environment, Agricultural Science and Spatial Planning, (2) 
“Connection design for wind sway in tall timber buildings” Grant No. 2016-
00508 also funded by Formas,  and (3) “DynaTTB - Dynamic Response of Tall 
Timber Buildings under Service Load” Grant No. 2018-04976 part of the 
ForestValue and funded in Sweden by Formas, Vinnova and Energimyn-
digheten. The activities and the teams of these three projects were great sources 
of creativity, exchange and learning. The financers and the industrial partners 
are gently acknowledged.  
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At the initial stage of my investigations, discussions with Prof. Kamal Handa 
about wind actions on buildings and Prof. Sigurdur Ormarsson about advanced 
models for timber structures were inspiring, thank you! Then the people at 
Moelven Töreboda are deeply thanked for the opportunity to do research at their 
factory and for their kind assistance in handling the glulam truss. Eventually, 
merci to Olivier Flamand from CSTB and to my brother Dr. Julien Landel for 
checking my French résumé. To my colleagues at RISE all along Sweden and 
at LNU in Växjö, thanks a lot for your support and advice, you kept me moti-
vated throughout these years. 
 
Last and most important, I am very grateful to my family, who managed to 
overcome the hardships during the journey. To my children, Théodore for your 
deep interest in the subject, Olivia for your comments full of fantasy, Samuel 
for spreading pure joy and to my wife Loretta, thanks for your love and patience! 
 
Pierre Landel 
Borås, Sweden, May 2022 
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Symbols, abbreviations and notations 

Notation:  
{𝑎𝑎} or 𝒂𝒂  Vector 𝑎𝑎 
�̇�𝑎 First derivative of 𝑎𝑎 respective to time 
�̈�𝑎  Second derivative of 𝑎𝑎 respective to time 
𝑎𝑎′ First derivative of 𝑎𝑎 respective to the displacement 
𝑎𝑎′′  Second derivative of 𝑎𝑎 respective to the displacement 
[𝐴𝐴]𝑛𝑛,𝑚𝑚 or 𝑨𝑨 Matrix 𝐴𝐴 with 𝑛𝑛 rows and 𝑚𝑚 columns 
 
Latin Capital Letters 
ASCE American Society of Civil Engineers 
AVT  Ambient Vibration Test 
CFD Computational Fluid Dynamic 
CLT  Cross-Laminated Timber 
CTBUH  Council on Tall Buildings and Urban Habitat 
DIN Deutsches Institut für Normung 
DOF Degree Of Freedom 
DynaTTB  Dynamic Response of Tall Timber Buildings under Service 

Load 
EC1-1-4 The Eurocode 1 on wind actions (EN 1991-1-4:2005) 
EC5-1-1 The EC5-1-1 on timber structures (EN 1995-1-1:2004) 
E Modulus of Elasticity 
EKS Europeisk KonstruktionsStandard  
EMA  Experimental Modal Analysis 
EN Europäische Norm 
EWP Engineered Wood Product 
𝑓𝑓𝑑𝑑 Damped natural frequency 
𝑓𝑓𝑛𝑛 Undamped natural frequency 
FE Finite Element 
FEA Finite Element Analysis 
FFT Fast Fourier Transform 
FRF Frequency Response Function 
FVT  Forced Vibration Test 
G Shear modulus 
GLRS  Gravity Load Resisting System 
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GLT  Glued-Laminated Timber 
𝐼𝐼 Second moment of area 
ISO International Organization for Standardization 
K Stiffness matrix  
K  Modal stiffness matrix  
L Longitudinal 
LLRS  Lateral Load Resisting System 
LNU Linnaeus University 
M  Mass matrix  
M  Modal mass matrix  
MAC Modal Assurance Criterion 
MDOF Multi-Degree Of Freedom  
NBCC National Building Code of Canada 
R Radial 
RISE  Research Institutes of Sweden 
SDOF Single-Degree Of Freedom  
SIA Schweizerischer Ingenieur- und Architektenverein 
SS Svensk Standard 
T Tangential direction or Time period 
T Kinetic energy 
Td Damped natural period 
Tn Undamped natural period 
TTB  Tall Timber Building 
𝑢𝑢  Displacement 
�̇�𝑢  Velocity 
�̈�𝑢  Acceleration 
V Strain energy 
 
Latin small letters 
𝑐𝑐  Coefficient of viscous damping 
𝑖𝑖  Imaginary number with 𝑖𝑖2 = −1 
𝑘𝑘  Stiffness constant or matrix coefficient 
𝑚𝑚 Mass constant or matrix coefficient 
𝑛𝑛 Mode number 
𝑟𝑟  Frequency ratio with 𝑟𝑟 = Ω 𝜔𝜔𝑛𝑛⁄   
 
Greek Capital Letters 
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𝚽𝚽 Phi, modal matrix 
𝜱𝜱𝒏𝒏 Phi 𝑛𝑛, eigenvector or eigenmode shape  
 
Ω  Omega, driving frequency 
 
Greek small letters 
𝛼𝛼 Alpha, phase (or lag) angle 
𝛿𝛿 Delta, logarithmic decrement of damping 
𝜁𝜁 Zeta, viscous damping factor  
𝜅𝜅 Kappa, shear correction factor 
𝜌𝜌 Rau, density 
𝜔𝜔𝑑𝑑 Omega d, damped circular natural frequency 
𝜔𝜔𝑛𝑛 Omega n, undamped circular natural frequency 
 
Units according to the SI system are used. 
 
References to scientific papers, report, thesis and standards are written in italic 
with the following format: Author (YEAR). The complete list of references can 
be found, in alphabetic order, after the conclusions. 
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Appended papers 
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1. INTRODUCTION 

1.1 The increase of wood material in tall buildings 
The share of wood among the construction materials has gone up and down. 
Deadly Great Fires in cities around the world, London 1666, Rennes 1720,  Chi-
cago 1871 and San Francisco 1906, have been tragic lessons and reasons for 
abrupt changes in the planning and construction of urban areas, Pyne (2012). 
The limitation or total prohibition of wood material has been a consequence in 
many building regulations after huge neighborhoods burned down. Even re-
cently, the dramatic Grenfell Tower fire in London rendered in the death of 72 
persons and lead to a ban on combustible material in the exterior walls of high-
rise residential buildings over 18 m in the UK, Fahmi and Hashemi (2022). 
However, new research and innovative technologies convinced countries to 
change their building fire regulations to performance-based requirements in-
stead of imposing solutions or materials in the 1990’s. Therefore, timber struc-
tures have been able to grow taller for about three or four decades, Östman et 
al. (2017).  
 
However, healthier and more numerous human beings are facing new global 
challenges. Increased urbanization is one of our century's most important de-
mographic “megatrends”, United Nations (2019), and anthropogenic climate 
change is unequivocal and must be tackled, IPCC (2021). The manufacture of 
building materials and the construction processes release about 11% of the 
global carbon dioxide (CO2) emissions caused by people, GlobalABC (2019). 
The sole cement industry is the second emitter of CO2 after the iron and steel 
industry, with about 7% of the global emissions. On the other hand, forests cap-
ture and store the warming CO2 from the atmosphere. Around 50% of the wood 
mass is constituted of carbon elements, i.e., to produce one ton of timber, a tree 
absorbs about 1.8 tons of CO2 from the air. The technical summary of the IPCC 
report on mitigation of climate change stated in April 2022 that “biobased 
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products with long service life, e.g., construction timber, can also provide miti-
gation through substitution of steel, concrete, and other products, and through 
carbon storage in the biobased product pool”, Pathak et al. (2022). Using wood 
to build bigger and taller cities will also help to reduce CO2 from the atmos-
phere, Bellassen and Luyssaert (2014). Since a decade ago, cities, regions and 
countries are directly promoting the use of timber, or indirectly requiring low 
emissions of CO2 to produce new building projects, GlobalABC (2019). 
 
This global trend of using more wood has now spread to the construction of 
high-rise buildings and the race for the title “the tallest timber building in the 
world” has just begun. The design team with stakeholders, architects and engi-
neers adapt solutions to protect wood from burning or rooting at the new 
heights. Sustainably harvested forests are primordial, and guaranteeing biodi-
versity and avoiding deforestation is also challenging, Kok et al. (2014).  
 
Today, the tall wooden flagships are not many, Safarik et al. (2022), but none 
of them should fail in one way or another as they act as inspiration for plenty of 
low- and mid-rise buildings to substitute traditional structural materials with 
wood, Ramage et al. (2017). However, even if wood is one of the strongest and 
stiffest building materials for its weight, using it in taller structures will make 
them more sensitive to wind excitation as the buildings will be lighter. When 
Treet, the 14-story timber residential building in Bergen, Norway, became the 
tallest in the world, several structural timber experts, Bjertnes and Malo (2014), 
Hu et al. (2014) and Johansson et al. (2015), highlighted that the dynamic re-
sponse of Tall Timber Buildings (TTBs) will be a potential comfort problem for 
inhabitants because of large horizontal wind-induced vibrations, see Figure 1. 
This is a new technical challenge for structural designers, architects and stake-
holders. 

1.2 How to keep tall timber buildings comfortable in 
windy situations? 
The work done during this PhD-project and presented in the appended papers 
aims at increasing the understanding of the existing calculation methods to pre-
dict wind-induced vibrations for tall buildings in general and TTBs specifically. 
It intends to highlight the dynamical characteristics of timber structures at the 
serviceability level and propose suitable methods for modeling and designing 
tall timber structures. This compilation thesis with the appended papers brings 
more knowledge on the modeling of large timber structures and the impact of 
connections on the vibration responses. It aims at answering two main groups 
of research questions.  
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Figure 1. Illustration of along-wind induced vibrations in a tall building. 
 
Question group 1: Are the current design methods from building codes appro-
priated to estimate wind-induced accelerations in TTBs? What are the limits and 
what can be learned from parameter studies? Can the long experiences from tall 
buildings with traditional structural materials help to avoid structural dynamics 
mistakes in TTBs. 
 
Question group 2: How modeling TTBs to fairly estimate their dynamical re-
sponses? How detailed does the modeling of the structural elements need to be? 
How should connection stiffnesses be modeled and how important are they? 
What can be learned from vibration tests on a large glulam truss? Do the non-
structural building parts considerably impact the modal properties of a TTB?  
 
The first group of questions consists of reviewing and learning from the past. 
The second group consists of innovative thinking to fill the gaps of missing 
knowledge. The questions are studied from different angles and with a combi-
nation of experimental, analytical and numerical methods. They focus on the 
serviceability level, with medium load levels not inducing failure or plasticity 
of the structural elements, i.e., the structure remains elastic.  

1.3 Limitations on the scientific work  
One part of the work presented hereby consists of estimations, analyses and 
comparisons of along-wind accelerations according to several design building 
codes in Europe and in the USA applied on conceptual and real TTBs. 
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Comparisons with other types of analytical, numerical or experimental data 
have not been realized. Moreover, this research has not gone into any deep in-
vestigations on the modeling of the dynamic wind loads on tall buildings.  

 
Another part of the work is based on Finite Element Analyses (FEA) and tests 
on a large glulam truss, one of the structural systems currently used in several 
TTBs. However, other types of Lateral Load Resisting Systems (LLRS) are uti-
lized in wooden high-rise buildings but have not been studied experimentally 
here.  
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2 STRUCTURAL DYNAMICS 

The response of a tall building excited by the wind is a typical case for the les-
sons of Structural Dynamics. In chapter 2, some fundamentals of structural dy-
namics used during the research work are presented with beams, tall buildings 
and wind excitations taken as examples. 

2.1 Purposes of experimental modal analysis 
Experimental modal analyses (EMA) are performed in various ways depending 
on the structure, the resources and the questions to be answered. Vibration tests 
of structures are non-destructive and commonly applied in many industries like 
the automotive, the aerospace and the construction sectors. Some important 
goals are: 

• To validate an FE model of the structure. 
• To monitor a machine or a building during operation. 
• To estimate some structural characteristics like mass, stiffness and 

damping. 
 
Two main types of vibration testing of structures exist. Forced Vibration Tests 
(FVT) are used to identify modal properties like natural frequencies (also called 
eigenfrequencies), mode shapes (or eigenmodes), modal damping values and 
modal masses of a structure subjected to a known excitation. Impact hammers 
and shakers are two common devices used for excitation. The induced force is 
measured with a transducer. The response of the structure, to the excitation, is 
recorded with output transducers, e.g., accelerometers. Both small and large 
structures are measured using FVT. During the research work, some Glued-
Laminated Timber (GLT) beams and a large GLT truss have been excited with 
an impact hammer and the responses were measured with accelerometers. From 
vibration test data, Frequency Response Functions (FRF) are calculated using 
data processing methods including Fourier transforms and from the FRF, modal 
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properties of the structure are estimated, see Figure 2. The mode-superposition 
principle is the base of EMA, Craig and Kurdila (2006). The boundary condi-
tions, i.e., how the structure is supported or hung during testing, are important 
in FVT. 
 

  
 
 
 
 
 
 
 
 
 
 
 
Figure 2. A process of EMA, from excitation and response records to esti-
mation of modal properties. 

 
For Ambient Vibration Tests (AVT), also called output-only vibration tests, 
only the response is recorded with transducers like accelerometers. The excita-
tion is provided by the structure’s operating environment, e.g., a rotating ma-
chine, traffic on a bridge or the wind around a building, which makes AVT 
easier to perform in many cases. An anemometer can be used to indicate if the 
motion of a building is likely to be induced by the wind or by another excitation 
source. However, the excitation load cannot be estimated precisely. Eigenfre-
quencies and mode shapes are estimated correctly with AVT, the accuracy of 
damping values is usually lower than from FVT and it is not possible to estimate 
modal masses. 
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2.2 Analytical modal analysis 
Before this chapter, the reader should have some basic knowledge of spring, 
mass and damper systems, degrees-of-freedom (DOF), Newton’s 2nd Law, the 
principle of virtual displacements and second-order differential equations. An 
outline of analytical modal analysis, inspired by the textbook from Craig and 
Kurdila (2006), is presented in this sub-chapter with examples related to tall 
buildings and timber beams.  

2.2.1 Analytical models 
Newtonian and Lagrangian Mechanics are applied to formulate and understand 
the dynamics of a structural system such as a tall building moving due to the 
varying wind pressure. Two main types of models, depending on the structure 
and the loading, can represent the problem:  

• Lumped-parameter models (also called discrete-parameter models) 
with one DOF or many DOFs, 

• Continuous models (or distributed-parameter models) with an infinite 
number of DOFs. 

 
The distributed or discrete parameters mentioned above are related to mass, 
stiffness and damping properties. A tall building swaying in the wind can there-
fore be represented with many different models in a 2-dimensional space, see 
Figure 3. The wind forces and the horizontal displacements are functions of the 
time 𝑡𝑡 and the altitude 𝑧𝑧, e.g., 𝑥𝑥(𝑡𝑡, 𝑧𝑧).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Simplified models of a tall multi-story building with wind excita-
tion: (a) the conceptual building, (b) a single-DOF (SDOF) system, (c) a two-
DOFs system and (d) a distributed-mass cantilever beam. 
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For each model, a specific equation of motion relates the force 𝑝𝑝(𝑡𝑡) to the mo-
tion described by 𝑥𝑥(𝑡𝑡), �̈�𝑥(𝑡𝑡) and possibly �̇�𝑥(𝑡𝑡), via the structural properties. By 
solving the equation of motion, the displacement, velocity and acceleration are 
derived. In the following subchapter, SDOF and 2-DOFs systems are presented, 
and their equations of motion are derived. 

2.2.2 Governing equations of lumped models with one and two 
DOFs 
One mass connected with springs and dashpots can also represent the tall build-
ing from Figure 3b, but now in a one-dimensional space, so the altitude 𝑧𝑧 is not 
a parameter anymore. The horizontal displacements are only functions of the 
time 𝑡𝑡, e.g., 𝑥𝑥(𝑡𝑡). In Figure 4a and 4b, the tall building is an undamped SDOF 
system and as a damped SDOF system. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 4. Representations of the tall building with mass-oscillators, springs 
and dampers, the forces and the displacements: (a) an undamped SDOF-
system, (b) a viscously damped SDOF-system and (c) an undamped 2-DOFs-
system. 
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In Figure 4c it is modeled as an undamped 2-DOFs system, i.e. a two-dimen-
sional space. The mass 𝑚𝑚𝑖𝑖 is in kg, the stiffness, or spring constant, of a spring 
is denoted 𝑘𝑘𝑖𝑖 in N/m, and the coefficient of the damper is denoted 𝑐𝑐𝑖𝑖 in N.s/m. 
Damping models are numerous: viscous, hysteretic, coulomb or velocity-
squared are some different damping models. Viscous damping means that the 
damping force 𝑓𝑓𝑐𝑐  is proportional to the velocity, i.e., 𝑓𝑓𝑐𝑐(𝑡𝑡) = 𝑐𝑐�̇�𝑥(𝑡𝑡) and this 
model is commonly used in structural dynamics, even for tall buildings. The 
hysteretic damping model is sometimes used to study building material proper-
ties of smaller components like connectors or beams, Labonnote (2012).  
 
The representations in Figure 4a or 4b may be good enough for a wind-excited 
tall building with an additional mass on the top. The representation in Figure 
4c might be fair for a two-story building submitted to seismic activity. The gov-
erning equations of the three models represented in Figure 4 are found using 
Newton’s 2nd Law and presented in equations (1), (2) and (3). 
 
For an undamped  SDOF-system: 

𝑚𝑚�̈�𝑥 + 𝑘𝑘𝑥𝑥 = 𝑝𝑝(𝑡𝑡) (1) 

 
For a viscously damped SDOF-system: 

𝑚𝑚�̈�𝑥 + 𝑐𝑐�̇�𝑥 + 𝑘𝑘𝑥𝑥 = 𝑝𝑝(𝑡𝑡) (2) 

 
And for an undamped 2-DOFs-system: 

�𝑚𝑚1 0
0 𝑚𝑚2

� ��̈�𝑥1�̈�𝑥2
� + �𝑘𝑘1 + 𝑘𝑘2 −𝑘𝑘2

−𝑘𝑘2 𝑘𝑘2
� �
𝑥𝑥1
𝑥𝑥2� = �𝑝𝑝1

(𝑡𝑡)
𝑝𝑝2(𝑡𝑡)� (3) 

 
The equations of motion for the 2-DOFs system are written in matrix form in 
equation (3) but can be written in symbolic matrix notation: 

𝑴𝑴�̈�𝒙 + 𝑲𝑲𝒙𝒙 = 𝒑𝒑(𝑡𝑡) (4) 

2.2.3 Free vibrations of lumped models with one and two DOFs 
Once the governing equations are found, the motion of the system is predicted. 
Impact testing and imposed initial displacement are common and easy proce-
dures during an experimental investigation and the structures is responding as 
free vibration. For t > 0,  𝑝𝑝(𝑡𝑡) = 𝑝𝑝1(𝑡𝑡) = 𝑝𝑝2(𝑡𝑡) = 0  and the displacements 
𝑥𝑥(𝑡𝑡), 𝑥𝑥1(𝑡𝑡) and 𝑥𝑥2(𝑡𝑡) can be solved.  
 
For the undamped SDOF system with non-zero initial conditions: 
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𝑥𝑥(𝑡𝑡) = 𝑥𝑥0 𝑐𝑐𝑐𝑐𝑐𝑐𝜔𝜔𝑛𝑛𝑡𝑡 +
𝑣𝑣0
𝜔𝜔𝑛𝑛

𝑐𝑐𝑖𝑖𝑛𝑛𝜔𝜔𝑛𝑛𝑡𝑡 (5) 

with 𝑥𝑥0  being the initial displacement, 𝑣𝑣0  the initial velocity and 𝜔𝜔𝑛𝑛  the un-
damped circular natural frequency according to equation (6). 

𝜔𝜔𝑛𝑛 = �𝑘𝑘
𝑚𝑚

 (6) 

For the viscously damped SDOF system, assuming an underdamped case: 

𝑥𝑥(𝑡𝑡) = 𝑒𝑒−𝜁𝜁𝜔𝜔𝑛𝑛𝑡𝑡 �𝑥𝑥0 cos𝜔𝜔𝑑𝑑𝑡𝑡 +
𝑣𝑣0 + 𝜁𝜁𝜔𝜔𝑛𝑛𝑥𝑥0

𝜔𝜔𝑑𝑑
sin𝜔𝜔𝑑𝑑𝑡𝑡� (7) 

where 𝜁𝜁 is the relative critical viscous damping factor according to equation (8) 
and 𝜔𝜔𝑑𝑑 is the damped circular natural frequency according to equation (9). 

𝜁𝜁 =
𝑐𝑐

2√𝑘𝑘𝑚𝑚
 (8) 

𝜔𝜔𝑑𝑑 = 𝜔𝜔𝑛𝑛�1− 𝜁𝜁2 (9) 

 
For the 2-DOFs system with non-zero initial conditions: 

𝑥𝑥1(𝑡𝑡) = 𝐴𝐴1 cos𝜔𝜔1𝑡𝑡 + 𝐵𝐵1 sin𝜔𝜔1𝑡𝑡 + 𝐴𝐴2 cos𝜔𝜔2𝑡𝑡 + 𝐵𝐵2 sin𝜔𝜔2𝑡𝑡 (10) 

𝑥𝑥2(𝑡𝑡) = 𝛽𝛽1𝐴𝐴1 cos𝜔𝜔1𝑡𝑡 + 𝛽𝛽1𝐵𝐵1 sin𝜔𝜔1𝑡𝑡 + 𝛽𝛽2𝐴𝐴2 cos𝜔𝜔2𝑡𝑡
+ 𝛽𝛽2𝐵𝐵2 sin𝜔𝜔2𝑡𝑡 

(11) 

where 𝜔𝜔1 and 𝜔𝜔2 are the circular natural frequencies, and 𝛽𝛽1 and 𝛽𝛽2 are ratios 
defining the natural modes, or mode shapes, corresponding to 𝜔𝜔1 and 𝜔𝜔2. 𝐴𝐴1, 
𝐴𝐴2, 𝐵𝐵1 and 𝐵𝐵2 are constants determined from initial conditions. The system of 
equations (10) and (11) can also be written in symbolic vector notation: 

𝐱𝐱(𝑡𝑡) = 𝐴𝐴1𝚽𝚽1 cos𝜔𝜔1𝑡𝑡 + 𝐵𝐵1𝚽𝚽1 sin𝜔𝜔1𝑡𝑡 + 𝐴𝐴2𝚽𝚽2 cos𝜔𝜔2𝑡𝑡
+ 𝐵𝐵2𝚽𝚽2 sin𝜔𝜔2𝑡𝑡 

(12) 

with the mode shape vectors 𝚽𝚽1 = � 1
𝛽𝛽1
� and 𝚽𝚽2 = � 1

𝛽𝛽2
�. 

 

2.2.4 Harmonically excited lumped models with one DOF 
A structure can be experimentally tested using a mass inertia shaker (FVT), in 
such a case, it can be excited by a harmonic force, e.g., 𝑝𝑝(𝑡𝑡) = 𝑝𝑝0 cosΩ𝑡𝑡 , with 
the constants 𝑝𝑝0 being the amplitude of the excitation force in N, and Ω, the 
forcing frequency in rad/s. After a while, the initial transient motion dies and 
only the steady state-motion, denoted 𝑢𝑢𝑝𝑝(𝑡𝑡), remains and it is not depending on 
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the initial conditions. For an undamped SDOF system, the steady-state motion 
𝑢𝑢𝑝𝑝,𝑢𝑢𝑛𝑛𝑑𝑑(𝑡𝑡) is:  

𝑢𝑢𝑝𝑝,𝑢𝑢𝑛𝑛𝑑𝑑(𝑡𝑡) =
𝑈𝑈0

1 − 𝑟𝑟2
cosΩ𝑡𝑡 (13) 

 
with 𝑈𝑈0 being the static displacement according to equation (14) and 𝑟𝑟 the fre-
quency ratio according to equation (15). 

𝑈𝑈0 =
𝑝𝑝0
𝑘𝑘

 (14) 

𝑟𝑟 =
Ω
𝜔𝜔𝑛𝑛

 (15) 

 
For a viscous-damped SDOF system, the steady state motion 𝑢𝑢𝑝𝑝,𝑑𝑑𝑑𝑑𝑚𝑚(𝑡𝑡) is: 

𝑢𝑢𝑝𝑝,𝑑𝑑𝑑𝑑𝑚𝑚(𝑡𝑡) =
𝑈𝑈0

�(1− 𝑟𝑟2)2 + (2𝜁𝜁𝑟𝑟)2
cos(Ω𝑡𝑡 − 𝛼𝛼) (16) 

 
with 𝛼𝛼 being the phase (or lag) angle of the steady-state response relative to the 
excitation according to equation (17). 

tan𝛼𝛼 =
2𝜁𝜁𝑟𝑟

1− 𝑟𝑟2
 (17) 

2.2.5 Free vibrations of undamped continuous model 
In many cases, the masses of a system cannot be concentrated to very few 
points, and therefore, models with distributed masses along the geometrical di-
mensions are also used. For continuous models, the quantities of displacement 
are infinite. When studying vibrations and modal properties of tall buildings and 
timber beams, continuous models are working well. The following part de-
scribes, with some examples, how the models and the parameters are set, how 
to apply the principles of Analytical Mechanics and laws to find the equations 
of motion and eventually how to solve them. 
 
The assumed-modes method is powerful to derive the equations of motions of 
linearly elastic systems. For SDOF-systems a single assumed mode is used. For 
example, the transversal deflection of a cantilever beam may be approximated 
by: 

𝑣𝑣(𝑧𝑧, 𝑡𝑡) = 𝜓𝜓(𝑧𝑧) 𝑞𝑞𝑣𝑣(𝑡𝑡) (18) 
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with the shape function 𝜓𝜓(𝑧𝑧), also called the assumed mode, not dependent on 
time, and selected by the user to approximate the deformation of a continuous 
system. The function is often normalized, must satisfy all prescribed boundary 
conditions, and must possess derivatives up to one order for axial deformation 
and two orders for transversal deformation of beams. The time-dependent func-
tion 𝑞𝑞𝑣𝑣(𝑡𝑡) is called the generalized displacement coordinate, Craig and Kurdila 
(2006). For MDOF-systems, two or more assumed modes are used. 

Free axial vibrations of a bar, Figure 5 
The eigenfrequencies of the first axial modes are useful to determine the longi-
tudinal modulus of elasticity 𝐸𝐸 from experiments of simply supported or hang-
ing beams excited with an impact hammer, see Papers II and IV. 

 
 
 
 
 
 
  

Figure 5. Free axial vibrations of a uniform bar 
 
After applying Newton’s 2nd Law, the differential equation of axial motion 
𝑢𝑢(𝑥𝑥, 𝑡𝑡) of the beam is: 

𝐴𝐴𝐸𝐸
𝜕𝜕2𝑢𝑢
𝜕𝜕𝑥𝑥2

= 𝜌𝜌𝐴𝐴
𝜕𝜕2𝑢𝑢
𝜕𝜕𝑡𝑡2

 (19) 

Assuming harmonic motion of the form:  

𝑢𝑢(𝑥𝑥, 𝑡𝑡) = 𝑈𝑈(𝑥𝑥) cos(𝜔𝜔𝑡𝑡 − 𝛼𝛼) (20) 

𝑈𝑈(𝑥𝑥) = 𝐴𝐴1 cos 𝜆𝜆𝑥𝑥 + 𝐴𝐴2 sin 𝜆𝜆𝑥𝑥 (21) 

with  𝜆𝜆 = 𝜔𝜔�
𝜌𝜌
𝐸𝐸

 

and force-free ends, the natural frequencies 𝜔𝜔𝑛𝑛 (in rad/s) are derived to: 

𝜔𝜔𝑛𝑛 =
𝑛𝑛𝑛𝑛
2𝐿𝐿

�
𝐸𝐸
𝜌𝜌

 (22) 

 

𝜔𝜔1 =
𝑛𝑛

2𝐿𝐿
�
𝐸𝐸
𝜌𝜌

;  𝜔𝜔2 =
𝑛𝑛
𝐿𝐿
�
𝐸𝐸
𝜌𝜌

;  𝜔𝜔3 =
3𝑛𝑛
2𝐿𝐿

�
𝐸𝐸
𝜌𝜌

;  𝜔𝜔4 =
2𝑛𝑛
𝐿𝐿
�
𝐸𝐸
𝜌𝜌

;  … 

u(x,t) 

x 
0 L 
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Free transversal vibrations of a free-free Euler-Bernoulli beam, Figure 6 
For Euler-Bernoulli beams, the shear deformation and rotatory inertia are ne-
glected. This model is useful for long beams to extract the modulus of elasticity 
𝐸𝐸 or evaluate other elastic properties from test data. 

 
 
 
 
 
 
  

Figure 6. Free transversal vibrations of a uniform relatively long beam 
 
After applying Newton’s 2nd Law, the differential equation of transversal mo-
tion 𝑣𝑣(𝑥𝑥, 𝑡𝑡) of the beam is: 

𝜕𝜕2

𝜕𝜕𝑥𝑥2
�𝐸𝐸𝐼𝐼

𝜕𝜕2𝑣𝑣
𝜕𝜕𝑥𝑥2

�+ 𝜌𝜌𝐴𝐴
𝜕𝜕2𝑣𝑣
𝜕𝜕𝑡𝑡2

= 0 (23) 

 
Assuming harmonic motion of the form:  

𝑣𝑣(𝑥𝑥, 𝑡𝑡) = 𝑉𝑉(𝑥𝑥) cos(𝜔𝜔𝑡𝑡 − 𝛼𝛼) (24) 

𝑉𝑉(𝑥𝑥) = 𝐶𝐶1 sinh 𝜆𝜆𝑥𝑥 + 𝐶𝐶2 cosh𝜆𝜆𝑥𝑥 + 𝐶𝐶3 sin 𝜆𝜆𝑥𝑥 + 𝐶𝐶4 cos 𝜆𝜆𝑥𝑥 (25) 

with  𝜆𝜆4 = 𝜔𝜔2 𝜌𝜌𝐴𝐴
𝐸𝐸𝐼𝐼

 

and force-free ends, the natural frequencies 𝜔𝜔𝑛𝑛 (in rad/s) are derived to: 

𝜔𝜔𝑛𝑛 =
(𝜆𝜆𝑛𝑛𝐿𝐿)2

𝐿𝐿2
�
𝐸𝐸𝐼𝐼
𝜌𝜌𝐴𝐴

 (26) 

 

𝜔𝜔1 =
22.373
𝐿𝐿2

�
𝐸𝐸𝐼𝐼
𝜌𝜌𝐴𝐴

;  𝜔𝜔2 =
61.673
𝐿𝐿2

�
𝐸𝐸𝐼𝐼
𝜌𝜌𝐴𝐴

;  𝜔𝜔3 =
120.903

𝐿𝐿2
�
𝐸𝐸𝐼𝐼
𝜌𝜌𝐴𝐴

; 

 

𝜔𝜔4 =
199.859

𝐿𝐿2
�
𝐸𝐸𝐼𝐼
𝜌𝜌𝐴𝐴

;  𝜔𝜔5 =
298.555

𝐿𝐿2
�
𝐸𝐸𝐼𝐼
𝜌𝜌𝐴𝐴

; … 

 

v(x,t) 

x 
0 L 
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Free transversal vibrations of a free-free Timoshenko beam, Figure 7 
For Timoshenko beams, the shear deformation and rotatory inertia are included. 
They are significant for shorter beams and helpful to evaluate the shear modulus 
G, see paper IV. 

 
 
 
 
 
 

   
Figure 7. Free transversal vibrations of a uniform relatively short beam 

 
After application of the extended Hamilton’s principle, the differential equation 
of transversal motion 𝑣𝑣(𝑥𝑥, 𝑡𝑡) for a beam with uniform cross-sectional properties 
is: 

𝐸𝐸𝐼𝐼
𝜕𝜕4𝑣𝑣
𝜕𝜕𝑥𝑥4

+ 𝜌𝜌𝐴𝐴
𝜕𝜕2𝑣𝑣
𝜕𝜕𝑡𝑡2

− 𝜌𝜌𝐼𝐼 �1 +
𝐸𝐸
𝜅𝜅𝜅𝜅
�

𝜕𝜕4𝑣𝑣
𝜕𝜕𝑥𝑥2𝜕𝜕𝑡𝑡2

+
𝜌𝜌2𝐼𝐼
𝜅𝜅𝜅𝜅

𝜕𝜕4𝑣𝑣
𝜕𝜕𝑡𝑡4

= 0 (27) 

 
Assuming harmonic motion of the form:  

𝑣𝑣(𝑥𝑥, 𝑡𝑡) = 𝑉𝑉(𝑥𝑥) cos(𝜔𝜔𝑡𝑡 − 𝛼𝛼) (28) 

𝑉𝑉(𝑥𝑥) = 𝐶𝐶1 cos𝜆𝜆1𝑥𝑥 + 𝐶𝐶2 cosh𝜆𝜆2𝑥𝑥 + 𝐶𝐶3 sin 𝜆𝜆1𝑥𝑥 + 𝐶𝐶4 sinh𝜆𝜆2𝑥𝑥 (29) 

 
and force-free ends, the natural frequencies 𝜔𝜔𝑛𝑛 (in rad/s) are derived according 
to Bordonné’s solution, Brancheriau and Baillères (2002): 

𝜔𝜔𝑛𝑛2 =
𝐸𝐸𝐼𝐼
𝜌𝜌𝐴𝐴

(𝑔𝑔𝑛𝑛)4

�𝐿𝐿4 + 𝐿𝐿2𝐼𝐼
𝐴𝐴 �𝑝𝑝𝑛𝑛 + 𝐸𝐸

𝜅𝜅𝜅𝜅 𝑞𝑞𝑛𝑛��
 

(30) 

𝑔𝑔𝑛𝑛 = (2𝑛𝑛 + 1)
𝑛𝑛
2

; 𝑝𝑝𝑛𝑛 = 𝜃𝜃𝑛𝑛2 + 6𝜃𝜃𝑛𝑛; 𝑞𝑞𝑛𝑛 = 𝜃𝜃𝑛𝑛2 − 2𝜃𝜃𝑛𝑛; (31) 

𝜃𝜃𝑛𝑛 = 𝑔𝑔𝑛𝑛
tan𝑔𝑔𝑛𝑛 tanh𝑔𝑔𝑛𝑛

tan𝑔𝑔𝑛𝑛 − tanh𝑔𝑔𝑛𝑛
 (32) 

 

Forced transversal vibration of a cantilever beam, Figure 8  
In the previous three examples, free vibrations of free-free beams were studied. 
Now a tall building, subjected to a lateral distributed wind load, is continuously 

v(x,t) 

x 
0 L 
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modeled as a cantilevered Euler-Bernoulli beam. The equation of motion is de-
rived using Lagrangian Mechanics and the transversal deflection, described by 
a mode shape function, can be expressed as a function of the altitude 𝑧𝑧 and the 
time 𝑡𝑡. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. Forced transversal vibrations of a uniform cantilever beam 

 
The transversal displacement of the tower is 𝑣𝑣(𝑧𝑧, 𝑡𝑡), the height of the tower is 
𝐻𝐻, the mass  
𝑚𝑚(𝑧𝑧) is defined by the cross-sectional area 𝐴𝐴 and the density 𝜌𝜌, which is here 
assumed to be uniform along the height. The uniformly distributed stiffness is 
defined by 𝐸𝐸 and 𝐼𝐼. The wind load 𝑓𝑓(𝑧𝑧, 𝑡𝑡) is usually described with a power 
law or a logarithmic function with respect to the altitude 𝑧𝑧. When integrating, 
it is easier to use power functions. 

𝑓𝑓(𝑧𝑧, 𝑡𝑡) = 𝑧𝑧𝛼𝛼𝑞𝑞𝑝𝑝(𝑡𝑡) (33) 

 
A single shape function consistent with the geometric boundary condition and 
normalized at 𝑧𝑧 = 𝐻𝐻 is used. The transversal displacement has the assumed 
form: 

𝑣𝑣(𝑧𝑧, 𝑡𝑡) = 𝜓𝜓(𝑧𝑧) 𝑞𝑞𝑣𝑣(𝑡𝑡) (34) 

𝑣𝑣(𝑧𝑧, 𝑡𝑡) 

𝑧𝑧 

𝑚𝑚(𝑧𝑧) 

𝑓𝑓(
𝑧𝑧,
𝑡𝑡)
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𝜓𝜓(𝑧𝑧) = �
𝑧𝑧
𝐻𝐻�

𝛾𝛾
 (35) 

 
To find the equation of motion, the Lagrange’s equations are applied: 

𝑚𝑚1 = � 𝜌𝜌𝐴𝐴𝜓𝜓2 𝑑𝑑𝑧𝑧
𝐻𝐻

0
= ⋯ =

𝜌𝜌𝐴𝐴
2𝛾𝛾 + 1

𝐻𝐻 (36) 

𝑘𝑘1 = � 𝐸𝐸𝐼𝐼(𝜓𝜓′′)2 𝑑𝑑𝑧𝑧
𝐻𝐻

0
= ⋯ =

(𝛾𝛾2 − 𝛾𝛾)2

4𝛾𝛾 − 6
𝐸𝐸𝐼𝐼
𝐻𝐻3 (37) 

𝑝𝑝1(𝑡𝑡) = � 𝑓𝑓(𝑧𝑧, 𝑡𝑡)𝜓𝜓𝑑𝑑𝑧𝑧
𝐻𝐻

0
= ⋯ =

𝐻𝐻1+𝛼𝛼

𝛼𝛼 + 𝛾𝛾 + 1
𝑞𝑞𝑝𝑝(𝑡𝑡) (38) 

 
Then the equation of motion of a tall slender building excited by a power law 
wind force is: 

𝜌𝜌𝐴𝐴
2𝛾𝛾 + 1

𝐻𝐻�̈�𝑞𝑣𝑣(𝑡𝑡) +
(𝛾𝛾2 − 𝛾𝛾)2

4𝛾𝛾 − 6
𝐸𝐸𝐼𝐼
𝐻𝐻3 𝑞𝑞𝑣𝑣(𝑡𝑡) =

𝐻𝐻1+𝛼𝛼

𝛼𝛼 + 𝛾𝛾 + 1
𝑞𝑞𝑝𝑝(𝑡𝑡) (39) 

 
 
In the case of a single harmonic excitation, with Ω being the driving frequency 
in rad/s, the steady state displacement of this model is: 

𝑣𝑣𝑝𝑝(𝑧𝑧, 𝑡𝑡) = �
𝑧𝑧
𝐻𝐻�

𝛾𝛾 𝑈𝑈0
1 − 𝑟𝑟2

cosΩ𝑡𝑡 (40) 

 
the steady state acceleration is: 

�̈�𝑣𝑝𝑝(𝑧𝑧, 𝑡𝑡) = �
𝑧𝑧
𝐻𝐻�

𝛾𝛾 𝑈𝑈0Ω2

𝑟𝑟2 − 1
cosΩ𝑡𝑡 (41) 

 
and finally, at the top of the building, the acceleration amplitude is: 

�̈�𝑉𝑝𝑝,𝑥𝑥=𝐻𝐻 =
𝑈𝑈0Ω2

𝑟𝑟2 − 1
 (42) 

 
For turbulent wind excitations on a building, the variations in amplitude and 
frequency of the wind pressure increase the complexity of the problem and 
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frequency-domain analyses are preferred, this is however not described in this 
thesis. 

2.3 Computational methods for FE modal analysis 
When studying more complex structures, Finite Element Analysis (FEA) is a 
useful tool that methodically builds the global mass and stiffness matrices of the 
structure from the geometry and the material properties. Modal analysis of lin-
ear systems is performed according to the following numerical steps to calculate 
the eigenfrequencies and the corresponding mode shapes. In the appended pa-
pers II and IV, this method has been used with the FE software MSC Nastran 
and with Matlab to evaluate and compare modal properties of numerical models 
and test objects. 

2.3.1 Eigenfrequencies and mode shapes 
A numerical method to estimate the real eigenvalues is performed for free vi-
brations of undamped systems. The results of an eigenvalue analysis indicate 
the frequencies and shapes at which a structure naturally tends to vibrate. Alt-
hough, the results of an eigenvalue analysis of a linear structure are not based 
on a specific loading but can be used to predict the structural response from 
dynamic loads. From the equation of motion in a matrix form of a structure with 
𝑁𝑁 DOFs: 

𝑴𝑴�̈�𝒖 + 𝑲𝑲𝒖𝒖 = 𝟎𝟎 (43) 

𝒖𝒖(𝑡𝑡) = 𝑼𝑼𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝑡𝑡 − 𝛼𝛼) (44) 

𝑑𝑑𝑒𝑒𝑡𝑡(𝑲𝑲−𝜔𝜔2𝑴𝑴) = 0 (45) 

𝜔𝜔𝑛𝑛2 are the eigenvalues or squared natural circular frequencies with 𝑛𝑛 going 
from 1 to 𝑁𝑁 and they have corresponding scaled eigenvectors or natural modes 
𝜱𝜱𝑛𝑛 such that 

𝜔𝜔𝑛𝑛2 =
𝜱𝜱𝑛𝑛
𝑇𝑇𝑲𝑲𝜱𝜱𝑛𝑛

𝜱𝜱𝑛𝑛
𝑇𝑇𝑴𝑴𝜱𝜱𝑛𝑛

 (46) 

 
The modal matrix 𝜱𝜱 = [𝜱𝜱1 𝜱𝜱2 … 𝜱𝜱𝑁𝑁] and 𝜱𝜱𝑛𝑛

𝑇𝑇 = {𝛷𝛷𝑛𝑛1𝛷𝛷𝑛𝑛2 …𝛷𝛷𝑛𝑛𝑁𝑁} 
 
In Figure 9, the three first bending mode shapes of a free-free beam is repre-
sented. 
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Figure 9. The three first bending mode shapes of a free-free beam. 

2.3.2 MAC values 
Once the numerical mode shape vectors are calculated, they can be compared 
to mode shapes stemming from other numerical models or experimental data. 
The MAC value is the most common way of comparing two mode shapes quan-
titatively and it is calculated according to the equation: 

𝑀𝑀𝐴𝐴𝐶𝐶𝑑𝑑,𝑏𝑏 =  
�𝜙𝜙𝑑𝑑𝑇𝑇 𝜙𝜙𝑏𝑏�

2

�𝜙𝜙𝑑𝑑𝑇𝑇 𝜙𝜙𝑑𝑑��𝜙𝜙𝑏𝑏𝑇𝑇 𝜙𝜙𝑏𝑏�
 (47) 

A value close to zero means that the mode shapes are completely different or 
orthogonal. A value close to one means that the mode shapes are very similar. 
When comparing mode shapes stemming from the same origin, an AutoMAC 
matrix is obtained. 

2.3.3 Numerical reduction method 
Methods to reduce large FE-models have been developed and are still improv-
ing since the engineers’ requirements for advanced analyses are always larger 
than the computational resources allowed. Techniques reducing the size of the 
mass and stiffness matrices are often assessed and specialized for some appli-
cations. The Craig-Bampton reduction method is commonly applied for dynam-
ical problems, and it combines two methods: static condensation and modal re-
duction. The static condensation, which is also called Guyan reduction, Guyan 
(1965), yields correct results for static analyses but often poor results for 

 1 0 

 

𝑛𝑛 z z 

-1  1 0 -1  1 0 -1 

 𝛷𝛷1𝑛𝑛  𝛷𝛷2𝑛𝑛  𝛷𝛷3𝑛𝑛 

𝑛𝑛 𝑛𝑛 z 



37 

dynamic analyses, Craig and Kurdila (2006). However, in paper IV, the Guyan 
reduction is used successfully to reduce stiffer parts of the large glulam truss 
where internal motions of the connection parts are not contributing much to the 
dynamics of the truss. The static structural equation is developed in the follow-
ing equations with an a-set corresponding to active DOFs and a d-set for dese-
lected DOFs where no loads are applied, 𝒑𝒑𝒅𝒅 = 𝟎𝟎: 

𝑲𝑲𝒖𝒖 = 𝒑𝒑 (48) 

�𝑲𝑲𝒂𝒂𝒂𝒂 𝑲𝑲𝒂𝒂𝒅𝒅
𝑲𝑲𝒅𝒅𝒂𝒂 𝑲𝑲𝒅𝒅𝒅𝒅

� �
𝒖𝒖𝒂𝒂
𝒖𝒖𝒅𝒅� = �

𝒑𝒑𝒂𝒂
𝒑𝒑𝒅𝒅 = 𝟎𝟎� (49) 

 
The second row alone is: 

𝑲𝑲𝒅𝒅𝒂𝒂𝒖𝒖𝒂𝒂 + 𝑲𝑲𝒅𝒅𝒅𝒅𝒖𝒖𝒅𝒅 = 𝟎𝟎 (50) 

Or: 

𝒖𝒖𝒅𝒅 = −𝑲𝑲𝒅𝒅𝒅𝒅
−𝟏𝟏𝑲𝑲𝒅𝒅𝒂𝒂𝒖𝒖𝒂𝒂 (51) 

The displacement and velocity vectors are then written as: 

𝒖𝒖 = �
𝑰𝑰

−𝑲𝑲𝒅𝒅𝒅𝒅
−𝟏𝟏𝑲𝑲𝒅𝒅𝒂𝒂

�𝒖𝒖𝒂𝒂 = 𝑻𝑻𝒖𝒖𝒂𝒂 (52) 

�̇�𝒖 = 𝑻𝑻�̇�𝒖𝒂𝒂 (53) 

With 𝑻𝑻 being the static transformation matrix. Then the strain and the kinetic 
energies V and T of the structure are expressed as: 

V = 1
2
𝒖𝒖𝑇𝑇𝑲𝑲𝒖𝒖 = 1

2
𝒖𝒖𝒂𝒂𝑇𝑇𝑻𝑻𝑇𝑇𝑲𝑲𝑻𝑻𝒖𝒖𝒂𝒂 (54) 

T = 1
2
�̇�𝒖𝑇𝑇𝑴𝑴�̇�𝒖 = 1

2
�̇�𝒖𝒂𝒂

𝑇𝑇𝑻𝑻𝑇𝑇𝑴𝑴𝑻𝑻�̇�𝒖𝒂𝒂 (55) 

Finally, the reduced stiffness, the reduced mass and the transformation matrices 
are: 

𝑲𝑲𝒓𝒓𝒓𝒓𝒅𝒅 = 𝑻𝑻𝑇𝑇𝑲𝑲𝑻𝑻 (56) 

𝑴𝑴𝒓𝒓𝒓𝒓𝒅𝒅 = 𝑻𝑻𝑇𝑇𝑴𝑴𝑻𝑻 (57) 

As mentioned, reductions decrease the size of a model down to the a-set size 
and increase computational speed. Then it is also valuable and easier to compare 
similar parts of different models when the stiffness and mass coefficients are 
not so many. Figures 10 and 11 illustrate the procedure of static condensation 
on two connections part from the work presented in paper IV. 
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Figure 10. Detailed model of an L-connection and its reduced counterpart 
after static condensation down to 2 nodes which results in a 12x12 stiffness 

matrix (6 DOFs per node). 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Detailed model of a T-connection and its reduced counterpart 
after static condensation down to 3 nodes which results in an 18x18 stiffness 
matrix (6 DOFs per node). 
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3 STRUCTURAL SYSTEMS FOR 
TALL TIMBER BUILDINGS 

In this chapter, the global trend of TTBs is contextualized with some main facts 
and real projects. The knowledge of wood as a standardized structural material 
is briefly described. Also, some research progress on the dynamical properties 
of timber structures at the serviceability level is presented. 

3.1 Building taller with timber  
Wood is one of the first building materials humankind has been using and today 
the volume of sawn boards in the architectural sector is still increasing without 
much high-tech transformation of the raw material but rather with a genuine and 
natural effect. In Sweden, the share of timber structures among new multi-story 
residential buildings has grown from about 5% in 2010 to about 20% ten years 
later according to SCB – Statistics Sweden. There are many positive reasons to 
choose wood for multi-story buildings. However, several challenges get bigger 
with increased numbers of timber buildings and stories. Technically, one must 
consider fire, sound, vibration and moisture issues properly. An increased pro-
duction volume of sawn wood means that global forest harvesting strategies 
must respect the local diversities of the biological and social ecosystems. To be 
sustainable, it is important to design now for long utilization, for smart decon-
struction and for reuse in the future to circulate the wood material.  
 
Not only the share but also the height of timber buildings has been rising during 
the last decade. Several spectacular projects around the world have been grow-
ing at a pace of about one level every year. Murray Groove with 9-story was 
raised in London in 2009. The 14-story Treet was built in Bergen in 2014, then 
Brock Common in Vancouver, with 18 floors, opened in 2017 and Mjøstårnet, 
also with 18 floors, opened in 2019 in Norway, see Figure 12 (left). Eventually, 
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the hotel tower at Sara Cultural Center in Skellefteå (Sweden), see Figure 12 
(right), made of Cross-Laminated Timber (CLT), is 20-story tall and the top of 
the construction was reached by the end of 2020, Salvadori (2021) and Safarik 
et al. (2022). Now, in 2022, the pace might increase even more if we believe 
the wooden projects under construction and planned in several big cities accord-
ing to Dezeen.com: Milwaukee is finishing the construction of Ascent, a 25-
story hybrid building, and within a few years, Zurich in Switzerland should see 
the erection of Rocket & Tigerli, a 100-meter-tall tower. Canada expects to win 
back the trophy with the 40-story-tall Earth Tower in Vancouver and eventually, 
the Japanese company Sumitomo Forestry wishes to celebrate its 350th anniver-
sary with a 350 m tall, 70-story hybrid timber tower in Tokyo in 2041. 
 

     
Figure 12. The two tallest all-timber buildings in the world: on the left, the 
18-story Mjøstårnet in Norway with visible GLT diagonals, and on the right, 
the 20-story hotel tower of Sara Cultural Centre in Sweden with visible CLT 
walls (pictures from P. Landel and R. Falkman). 

 
Two Engineered Wood Products (EWPs) are most often used for the main bear-
ing structure of TTBs. Thick and multi-layered Cross-Laminated Timber (CLT) 
panels are used as walls and floor elements in platform or balloon-framed sys-
tems. Long Glued-Laminated Timber (GLT) members are used as columns, 
beams and diagonals in truss, frame or post-and-beam systems. Both are made 
of glued timber laminates mostly from spruce or pine and manufactured to large 
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and heavy structural elements. In North America, the building system using 
CLT and GLT is called Mass Timber. 
 
From a structural design point of view, three types of Lateral Load Resisting 
Systems (LLRS) for TTBs are mainly used to resist wind loads or seismic 
ground displacements: 

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

• CLT panels in exterior and/or interior walls (core). 
• Hybrid-timber structures with, e.g., concrete cores or steel trusses.  

The LLRS also carries vertical loads and can be combined with GLRS (Gravity 
Load Resisting Systems) made of timber or other types of material.  
 
Considering both gravity and lateral load resisting systems, TTBs are defined 
as either all-timber or hybrid-timber buildings. However, debate and differences 
are found between ranking lists. In 2017, the Council on Tall Buildings and 
Urban Habitat (CTBUH) published a global audit and included timber as one of 
the structural materials to define tall buildings. The CTBUH is keeping track of 
all types of tall buildings around the earth and now also on high-rise timber 
buildings above seven stories, or 25 m in height, on new propositions, and 
pushes innovation for timber and hybrid solutions Safarik et al. (2022). To-
gether with several recent other surveys on multi-story timber buildings, they 
pointed out interesting technical facts from built projects and new trends, Sal-
vadori (2021) and Svatoš-Ražnjević et al. (2022): 

• More than 80 TTBs are completed or under construction. 
• About 60% of them have CLT walls as LLRS and about 33% have GLT 

bracing. 
• More than 50% of timber buildings have concrete or steel LLRS (some 

countries are required to have concrete cores). 
• The share of concrete- and steel-based LLRS increases with the height 

of the buildings. 

3.2 Dynamical properties of wood material and large 
timber structures 
To properly design TTBs with respect to wind-induced vibrations, good 
knowledge of the structural dynamic properties of timber products and struc-
tures is needed. With limited time and tools, structural engineers need simple 
guidelines to estimate serviceability with correct accuracy. On the other hand, 
architectural diversity and local environment tend to increase the complexity. 
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Considering various proven approaches and advanced innovative methodolo-
gies, a short state-of-the-art herby presents stiffness and damping characteristics 
at three different scales: the material, the component and the building scale. 

3.2.1 Stiffness of wood products  
A closer look at wood samples reveals features like fiber or grain orientation, 
knots, wood rings with alternating early and latewood. These heterogenic as-
pects influence the mechanical properties of sawn wood, the basic product for 
the wood building industry. Mathematical constitutive models for wood mate-
rial in general and spruce or pine specifically, are constituted of elastic proper-
ties from small and large tests. In the middle of the last century, among others, 
Hearmon tested and reported rigorously the elastic mechanical behavior of 
wood and other materials. The constitutive relations between stresses and strain 
are presented with the specificity of wood material, following settings still in 
use by most of today’s structural and mechanical engineers, Hearmon (1946).  

Elastic models for wood material 
The stiffness properties of small clear wood samples (with no visible defects 
like knot or grain variations) vary strongly between directions, from one speci-
men to another and between wood species. Therefore, to model the elastic re-
sponse of a small wood cube, some directions are set according to Figure 13. 
 

 
Figure 13. Coordinate system and orthogonal directions of a small wood 
cube 

 
 

R or y 
T or z 

L or x 
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Three main directions for a clear wood sample are identifiable: the one parallel 
to the grain denoted with L or x, the radial direction denoted with R or y and the 
transversal direction denoted with T or z. Looking at the mechanical homoge-
neities, three planes of symmetry exist, and the elastic model is called ortho-
tropic. The number of independent elastic constants is nine:  

• Three moduli of elasticity 𝐸𝐸𝑥𝑥, 𝐸𝐸𝑦𝑦, 𝐸𝐸𝑧𝑧. 
• Three shear moduli 𝜅𝜅𝑥𝑥𝑦𝑦, 𝜅𝜅𝑦𝑦𝑧𝑧, 𝜅𝜅𝑧𝑧𝑥𝑥.  
• Three Poisson’s ratios 𝜈𝜈𝑥𝑥𝑦𝑦, 𝜈𝜈𝑦𝑦𝑧𝑧, 𝜈𝜈𝑧𝑧𝑥𝑥. 

 
The orthotropic compliance matrix is described in equations (58). 

𝐶𝐶𝑜𝑜𝑜𝑜𝑡𝑡ℎ𝑜𝑜 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡

1
𝐸𝐸𝑥𝑥

−
𝜈𝜈𝑦𝑦𝑥𝑥
𝐸𝐸𝑦𝑦

−
𝜈𝜈𝑧𝑧𝑥𝑥
𝐸𝐸𝑧𝑧

−
𝜈𝜈𝑥𝑥𝑦𝑦
𝐸𝐸𝑥𝑥

1
𝐸𝐸𝑦𝑦

−
𝜈𝜈𝑧𝑧𝑦𝑦
𝐸𝐸𝑧𝑧

−
𝜈𝜈𝑥𝑥𝑧𝑧
𝐸𝐸𝑥𝑥

−
𝜈𝜈𝑦𝑦𝑧𝑧
𝐸𝐸𝑦𝑦

1
𝐸𝐸𝑧𝑧

0

0

1
2𝜅𝜅𝑦𝑦𝑧𝑧

0 0

0
1

2𝜅𝜅𝑧𝑧𝑥𝑥
0

0 0
1

2𝜅𝜅𝑥𝑥𝑦𝑦⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 (58) 

𝜈𝜈𝑥𝑥𝑦𝑦
𝐸𝐸𝑥𝑥

=
𝜈𝜈𝑦𝑦𝑥𝑥
𝐸𝐸𝑦𝑦

 (59) 

 
For larger engineered-wood products, like GLT or CLT, the radial and trans-
versal directions are not easy to keep track of. Moreover, the stiffness differ-
ences between these two directions are small compared to the stronger and 
stiffer longitudinal direction parallel to the grain. Thus, they can be assigned the 
same stiffness values and the notation for the directions reduces to R = T = y = 
z and the material model is called transversely isotropic. The number of inde-
pendent elastic constants decreases to five:  

• Two moduli of elasticity 𝐸𝐸𝑥𝑥 and 𝐸𝐸𝑦𝑦(= 𝐸𝐸𝑧𝑧). 
• One shear modulus 𝜅𝜅𝑥𝑥𝑦𝑦(= 𝜅𝜅𝑧𝑧𝑥𝑥). 
• Two Poisson’s ratios 𝜈𝜈𝑥𝑥𝑦𝑦(= 𝜈𝜈𝑥𝑥𝑧𝑧) and 𝜈𝜈𝑦𝑦𝑧𝑧.  

 
The third shear modulus is following the relationship in equation (60). 
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𝜅𝜅𝑦𝑦𝑧𝑧 =
𝐸𝐸𝑦𝑦

2�1 + 𝜈𝜈𝑦𝑦𝑧𝑧�
 (60) 

In paper IV, a numerical FEA-study was performed with detailed solid elements 
representing GLT parts. They were modeled using an “almost” transversely iso-
tropic elastic material with six stiffness parameters. In the case of timber, the 
relationship from equation (59) is not obvious and six independent constants 
yield an appropriate model for this study. The six independent elastic constants 
are: 

• Two moduli of elasticity 𝐸𝐸𝑥𝑥 and 𝐸𝐸𝑦𝑦(= 𝐸𝐸𝑧𝑧).  
• Two shear moduli 𝜅𝜅𝑥𝑥𝑦𝑦(= 𝜅𝜅𝑧𝑧𝑥𝑥) and 𝜅𝜅𝑦𝑦𝑧𝑧. 
• Two Poisson’s ratios 𝜈𝜈𝑥𝑥𝑦𝑦(= 𝜈𝜈𝑥𝑥𝑧𝑧) and 𝜈𝜈𝑦𝑦𝑧𝑧.  

 
In FEA tools, the elastic material properties are usually specified through the 
more complex stiffness matrix 𝐷𝐷𝑑𝑑𝑡𝑡𝑖𝑖 instead of the compliance matrix. The form 
of the “almost” transversely isotropic stiffness matrix used for the study in paper 
IV is represented in equation (61). 

𝐷𝐷𝑑𝑑𝑡𝑡𝑖𝑖 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡

1 − 𝜈𝜈𝑦𝑦𝑧𝑧𝜈𝜈𝑧𝑧𝑦𝑦
𝐸𝐸𝑦𝑦𝐸𝐸𝑧𝑧∆

𝑐𝑐𝑦𝑦𝑚𝑚 𝑐𝑐𝑦𝑦𝑚𝑚

𝜈𝜈𝑦𝑦𝑥𝑥 + 𝜈𝜈𝑧𝑧𝑥𝑥𝜈𝜈𝑦𝑦𝑧𝑧
𝐸𝐸𝑦𝑦𝐸𝐸𝑧𝑧∆

1 − 𝜈𝜈𝑧𝑧𝑥𝑥𝜈𝜈𝑥𝑥𝑧𝑧
𝐸𝐸𝑥𝑥𝐸𝐸𝑧𝑧∆

𝑐𝑐𝑦𝑦𝑚𝑚

𝜈𝜈𝑦𝑦𝑥𝑥 + 𝜈𝜈𝑧𝑧𝑥𝑥𝜈𝜈𝑦𝑦𝑧𝑧
𝐸𝐸𝑦𝑦𝐸𝐸𝑧𝑧∆

𝜈𝜈𝑧𝑧𝑦𝑦 + 𝜈𝜈𝑧𝑧𝑥𝑥𝜈𝜈𝑥𝑥𝑦𝑦
𝐸𝐸𝑥𝑥𝐸𝐸𝑧𝑧∆

1 − 𝜈𝜈𝑧𝑧𝑥𝑥𝜈𝜈𝑥𝑥𝑧𝑧
𝐸𝐸𝑥𝑥𝐸𝐸𝑧𝑧∆

0

0
𝜅𝜅𝑥𝑥𝑦𝑦 0 0

0 𝜅𝜅𝑦𝑦𝑧𝑧 0
0 0 𝜅𝜅𝑧𝑧𝑥𝑥⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 (61) 

∆=
1− 𝜈𝜈𝑥𝑥𝑦𝑦𝜈𝜈𝑦𝑦𝑥𝑥 − 𝜈𝜈𝑦𝑦𝑧𝑧𝜈𝜈𝑧𝑧𝑦𝑦 − 𝜈𝜈𝑧𝑧𝑥𝑥𝜈𝜈𝑥𝑥𝑧𝑧 − 2𝜈𝜈𝑦𝑦𝑥𝑥𝜈𝜈𝑧𝑧𝑦𝑦𝜈𝜈𝑥𝑥𝑧𝑧

𝐸𝐸𝑥𝑥𝐸𝐸𝑦𝑦𝐸𝐸𝑧𝑧
 (62) 

 𝜈𝜈𝑦𝑦𝑥𝑥 = 𝜈𝜈𝑥𝑥𝑦𝑦
𝐸𝐸𝑦𝑦
𝐸𝐸𝑥𝑥

, 𝜈𝜈𝑧𝑧𝑦𝑦 = 𝜈𝜈𝑦𝑦𝑧𝑧 , 𝜈𝜈𝑧𝑧𝑥𝑥 = 𝜈𝜈𝑦𝑦𝑥𝑥 𝑎𝑎𝑛𝑛𝑑𝑑    𝜈𝜈𝑥𝑥𝑧𝑧 = 𝜈𝜈𝑥𝑥𝑦𝑦 (63) 

 
Worth to be noticed is the definition of the Poisson’s ratios for anisotropic and 
orthotropic material. According to Hearmon and other references, the Poisson’s 
ratio for the directions 𝑖𝑖 and 𝑘𝑘 is defined as: 
 

𝜈𝜈𝑖𝑖𝑖𝑖 =
extensional strain in 𝑘𝑘 direction
compressive strain in 𝑖𝑖 direction

 for compressive stress in 𝑖𝑖 direction  
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In other scientific literature dealing with experimental or numerical studies on 
wood material properties, the direction is defined the opposite way for the Pois-
son’s ratio, Dinwoodie (2000) and Dorn (2012), which can lead to misunder-
standing and other relationships compared to equation (61-63). 
 
The natural variability between wood samples and species but also the testing 
procedure, the moisture content of the samples and the load levels can make the 
choice of the stiffness values from previous studies not trivial. Non-destructive 
vibration testing methods, like FVT with an impact hammer and accelerome-
ters, help to identify some elastic material properties. It was used for the inves-
tigation described in paper IV to estimate the longitudinal modulus of elasticity. 
For the other modulus of elasticity and the shear modulus, standard mean values 
for GLT [ref] were adopted according to the specific quality. Averaged Pois-
son's ratios from Blaß and Bejtka (2008), were chosen as good estimates. More-
over, the screening performed in paper IV did not show big impacts from the 
Poisson’s ratio on the modal analyses of beams modeled with many finite solid 
elements and orthotropic material. 

Variability of density and stiffness for sawn-boards and EWPs 
Timber boards have been used as a construction material for many centuries, 
but their mechanical properties are highly uncertain. The European research 
project Gradewood (2007-2011) studied the variability of mechanical properties 
with more than 32 000 destructive tests in static bending and tension of conif-
erous sawn boards from different European regions. The coefficient of variation 
(cov.) for the density was between 8 and 13%, the cov. for the longitudinal stiff-
ness was between 14 and 31% and the cov. for the bending strength was between 
23 and 44% according to the reports, Ranta-Maunus (2009) and Ranta-Maunus et 
al. (2011). Figure 14 shows a scatter of stiffness and density for some of the 
sawn boards tested and a linear regression line. The high variability in stiffness 
and strength of timber is considered in the structural design codes using five-
percentile characteristics values and does not impact the reliability of timber 
structures.  
 
In brief, wood’s inhomogeneities are to a large part explained by the natural 
growth of trees affected by the external climate and the quality of the soil. 
Therefore, the region where the tree is growing has a huge impact on the prop-
erties of the sawn boards. Information on the geographical origin is thus rele-
vant. It is considered in the current European standardization rules for strength 
grading of timber EN 14081-1:2016. It includes half a dozen regions of origin 
as one parameter for visual and machine grading of timber. 
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Figure 14. Density to stiffness plots for 525 pieces of sawn timber tested in 
bending, data from the Gradewood project. 

 
 
Vibration and cyclic tests have also been performed to explore the stiffness and 
energy dissipation of simple wooden beams, Brancheriau and Baillères (2002) 
and Labonnote et al. (2013), engineered timber products like CLT plates or GLT 
beams, Steiger er al. (2012), Yu et al. (2015) and Bui et al. (2020). Components 
of timber buildings like floors, Labonnote (2012), lateral-resisting trusses or 
frame prototypes have also been tested, Heiduschke et al. (2006a) and (2006b) 
and Solarino et al. (2017). These experimental studies give interesting results 
at serviceability levels to calibrate and verify analytical and numerical models, 
with some similitude with the work presented in papers II and IV. 
 

3.2.2 Mass, stiffness and damping in timber buildings for service-
ability 
At the building scale, the structure carrying loads (LLRS + GLRS) is completed 
with building parts, e.g., insulation, windows, doors, floors, façades and parti-
tion walls. In the ultimate limit state design, the complement parts are consid-
ered non-structural. However, they add mass, stiffness, damping and even 
strength to the building, Ormarsson et al. (2019) and Kuai et al. (2022). There-
fore, structural engineers need guidelines and models to predict the modal prop-
erties of a complete building. Investigations combining experimental and nu-
merical methods aim at quantifying the three structural governing parameters 
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of complete timber buildings. During the European research project DynaTTB 
(2019-2022), AVT and FVT have been performed on several timber buildings 
with up to 18 stories in Europe. Test data and updated FE-models provide inter-
esting knowledge on how to model mass, stiffness and damping in TTBs for 
serviceability, Abrahamsen et al. (2020), Kurent et al. (2021), Manthey et al. 
(2021) and Tulebekova et al. (2022). In the following three parts, simplified 
estimations and guidelines from several design codes based on traditional build-
ing types are presented as well as some main outcomes from the DynaTTB pro-
ject and highlights from other papers. 

Estimation of masses and distribution 
The mass and how it is distributed along the height of a tall building have a 
large impact on the modal properties. The total mass is the sum of the permanent 
masses from structural and non-structural building parts with the present varia-
ble loads like furniture and people. The permanent masses are usually well doc-
umented in the architectural and structural design models but the estimation and 
distribution of the masses from the variable loads are not always described in 
the code. In the Eurocodes, the quasi-permanent combination of loads with a 
combination factor Ѱ2  can be appropriate for serviceability comfort criteria 
such as vibrations or deformations. For residential and office types of buildings, 
a combination factor Ѱ2 of 0.3 is recommended. The recommended distributed 
live load in a residential building is 2.0 kN/m2 and in an office 3.0 kN/m2. For 
modal analysis, the extra mass to be added on the floors of an FE-model is then 
about 60 and 90 kg/m2 respectively. Such values are recommended as upper 
limits. The model updating of a 7-story CLT residential building showed that 
20-25 kg/m2 gave a good correlation with the experimental modal properties, 
Kurent et al. (2021). Tulebekova et al. (2022) also estimated the mass due to 
living loads on floors with different occupations to be much lower: 16 kg/m2 in 
the office, 21 kg/m2 in the hotel and 33 kg/m2 in the apartments.  

 
For rough estimates of masses in buildings, equivalent mass density in kg/m3 is 
often used and is equal to the total mass divided by the building volume. From 
the literature review in paper III, tallish timber buildings usually have bulk den-
sities of about 90 to 110 kg/m3, and higher densities due to added masses, e.g., 
concrete slabs, for better sound or vibration comfort, on all floors or only the 
top floors. Traditional tall buildings, about 100-200 m tall, made of steel or re-
inforced concrete have building densities between 175 and 300 kg/m3, Zhou et 
al. (2002), Kwon and Kareem (2013) and ASCE 7 (2016). 

Estimation of stiffnesses and eigenfrequencies 
As shown in chapter 2, the square of the eigenfrequency of an SDOF system is 
directly proportional to the stiffness of the system. For the serviceability of tall 
buildings, design building codes propose simplified equations, to roughly 
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estimate the first eigenfrequency. The informative annex F to the EC1-1-4 for 
wind actions on buildings gives equation (64) to estimate the fundamental flex-
ural frequency 𝑓𝑓1,𝐸𝐸𝐸𝐸 , in Hz, of multi-story buildings with a height ℎ, in m, larger 
than 50 m. The equation (64) is applied for the five case studies in paper III. 

𝑓𝑓1,𝐸𝐸𝐸𝐸 =
46
ℎ

 (64) 

In Canada, to estimate the serviceability frequency of buildings, a more com-
plicated equation based on wind forces applied at each floor and the displace-
ment, thus requiring a structural model of the building, is given in commentary 
I to part 4 of division B of the NBC 2015. However, for seismic design, the 
NBC 2015 gives several equations to estimate the fundamental lateral period of 
vibration of five types of buildings. They are used to roughly estimate the first 
frequency for habitability design, Hu et al. (2014) and Auclair et al. (2018). 
Depending on the LLRS but without consideration of the material types, the 
equation (65) is applicable for buildings with shear walls and the equation (66) 
for buildings with braced frames. 

𝑓𝑓1,𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸,𝑠𝑠ℎ𝑒𝑒𝑑𝑑𝑜𝑜 =
20
ℎ0.75 (65) 

𝑓𝑓1,𝑁𝑁𝑁𝑁𝐸𝐸𝐸𝐸,𝑏𝑏𝑜𝑜𝑑𝑑𝑐𝑐𝑒𝑒𝑑𝑑 =
40
ℎ

 (66) 

The Japanese AIJ 2004, code proposes equations for serviceability distinguish-
ing between reinforced concrete buildings, see equation (67), and steel build-
ings, see equation (68). The Japanese estimations of the first frequency for 
safety levels are slightly lower. 

𝑓𝑓1,𝐴𝐴𝐴𝐴𝐴𝐴,𝑐𝑐𝑜𝑜𝑛𝑛𝑐𝑐𝑜𝑜𝑒𝑒𝑡𝑡𝑒𝑒 =
67
ℎ

 (67) 

𝑓𝑓1,𝐴𝐴𝐴𝐴𝐴𝐴,𝑠𝑠𝑡𝑡𝑒𝑒𝑒𝑒𝑠𝑠 =
50
ℎ

 (68) 

According to the American ASCE 7-2016 code, chapter 26 on wind loads gives 
similar equations appropriate for serviceability issues and for different types of 
load resisting systems in steel or concrete structural steel moment-resisting 
frame buildings, see equation (69), for concrete moment-resisting frame build-
ings, see equation (70). These American equations are used for building heights 
between 60 and 300 ft (about 18 to 91 m), and for buildings with a slenderness 
ratio lower than four and with relatively uniform mass distribution. For build-
ings taller than about 122 m, further comments and estimations are provided in 
the American annex C26.11, see equation (71), which is the same as the one 
from the Eurocode. 
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ASCE h > 100 m

𝑓𝑓1,𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸,𝑠𝑠𝑡𝑡𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑜𝑜𝑑𝑑𝑚𝑚𝑒𝑒 =
22.20

(3.28 ℎ)0.8 (69) 

𝑓𝑓1,𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸,𝑐𝑐𝑜𝑜𝑛𝑛𝑐𝑐𝑒𝑒𝑡𝑡𝑒𝑒𝑠𝑠𝑜𝑜𝑑𝑑𝑚𝑚𝑒𝑒 =
43.5

(3.28 ℎ)0.9 (70) 

𝑓𝑓1,𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸,𝑡𝑡𝑑𝑑𝑠𝑠𝑠𝑠𝑒𝑒𝑜𝑜 =
150

(3.28 ℎ)
 (71) 

All these simplified and empirically based models yield different estimations, 
see Figure 15. Therefore, they should be used carefully and for preliminary 
designs only.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Comparison of building codes estimations of the first natural fre-
quency for different types of building and height ranges (some estimations 
are recommended for a limited height interval). 

 
Still, further evaluations on the distribution of stiffness and mass in a building 
are important during the design stage and are usually performed with computer 
codes. Worth noticing is that usually the frequencies are underestimated by 
structural designers. Experimentally tested tall buildings turn out to be stiffer 
than expected, thus the design codes are usually conservative, Brownjohn 
(2003). 
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From vibration tests and model updating, the following highlights have been 
pointed out to correctly model the modal characteristics of CLT platform build-
ings with 7-8 story, Auclair et al. (2018), Aloisio et al. (2020) and Kurent et al. 
(2021): 

• The in-plane shear modulus of the CLT walls (LLRS) is one of the 
main governing parameters, 

• CLT floors behave as rigid diaphragms, 
• Uncertainties and different results about the impact of the connections 

at the serviceability level, depending on the amplitude. 
 
For high-rise buildings with GLT structure, the connection stiffness parameter 
has the largest impact on the lowest eigenfrequencies and mode shapes accord-
ing to a recent model updating study performed on Mjøstårnet and based on 
AVT, Tulebekova et al. (2022). In hybrid-timber buildings with concrete cores 
(LLRS), the non-structural façade and partitions add not only mass but also a 
significant amount of additional stiffness to the real structure, Manthey et al. 
(2021). 

Damping in tall buildings 
The damping of a structure reflects its ability to auto-decrease a dynamical re-
sponse by dissipation of energy. High damping values of a building are thus 
important to prevent the discomfort of the occupant in case of strong winds and 
for safety issues, in case of earthquakes, the damping is one of the critical pa-
rameters to avoid disproportional collapse of a whole structure.  
 
Viscous damping forces, as mentioned in chapter 2, are proportional to velocity. 
From experience, the viscous damping model describes well the dynamics of 
traditional tall buildings, even if no real viscous dampers are installed in the 
building. All the viscous damping forces that make the building dissipate energy 
and reduce the motion come from different phenomena: 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), Tamura (2012). Both structural and non-structural parts and 
material contribute to the damping and the mechanisms are probably nonlinear, 
specifically the friction between parts, usually described with a Stick-Slip 
model.  
 
Also, the damping values are often dependent on the level of excitation or the 
response amplitude. The viscous damping ratios of building for the seismic de-
sign according to the Eurocodes are per default 5%, i.e., for all types of struc-
tural material and buildings, EN 1998-1-1:2004. This value is usually much 
higher than the serviceability damping values proposed in codes. High seismic 
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energy through ground motion induces a larger response from the building. 
Consequently, the stress levels reached in the structural elements during an 
earthquake lead to plasticity and, for ductile structures, the amount of energy 
dissipated during the plasticization is large and can help to avoid collapse. But 
in the case of wind-induced responses in tall buildings, the transferred energy is 
lower, and the damping values recommended by the EC1-1-4 annex F, are be-
tween 0.8 and 1.6% for traditional buildings (steel and or concrete). No damping 
values are given in this annex for TTBs, for timber bridges the recommended 
values for the relative viscous damping are slightly higher, between 1 and 1.9%. 
In the older Swedish building code, Boverket BSV97, the damping value for 
timber structures with mechanical connections was about 1.5% (and 1.0% for 
timber structures without mechanical connections). Several standards use the 
logarithmic decrement of damping 𝛿𝛿 instead of the viscous damping factor 𝜁𝜁, 
for small damping values. The relationship between them is given in equation 
(72). 

𝛿𝛿 = 2 𝑛𝑛 𝜁𝜁 (72) 

 
Experimental tests of complete buildings show interesting results, with a wide 
range of damping values, see Table 1. Damping is a difficult dynamical prop-
erty to measure. So, reviewing measured damping ratios must consider the type 
of timber buildings at different stages, the experimental setup, the procedure 
and possibly the wind conditions. Damping values identified from short ambient 
vibration tests are more uncertain than values stemming from forced vibration 
tests with known excitation, e.g., mass inertia shakers, Brownjohn (2003) and 
Tamura (2012). However ambient vibration performed for a long time (long‐
term monitoring) and covering a large amount of strong wind events can yield 
accurate statistical damping values, Macdonald and Daniell (2005) and 
Magalhães et al. (2010). 
 
Interesting models have been developed in Japan to estimate the damping in tall 
buildings made of steel and reinforced concrete and they are valid for heights 
between 10 and 200 m. The damping predictors are empirical regressions for 
serviceability based on high-quality damping data from 285 buildings and con-
sist of a natural-frequency-dependent term, an amplitude-dependent term and a 
correction term, Tamura (2012). Similar regressions of the damping in TTBs 
will be possible when more high-quality data will be added in Table 1. 
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Table 1. Viscous damping ratios for different timber structures from standards 
and experiments 

Timber application Viscous damping 
ratio  

Type of test and reference 

Timber bridges 1.0 – 1.9% EC1-1-4, table F.2 

Timber structures with 
mechanical connections 

1.5% Boverket BSV97, table 3:22a 

7-story hybrid-timber-concrete 
core (H8, Germany) 

1.5 – 2.9% a  Short time AVT, Feldman 
(2016) 

8-story all-timber (Kampa, 
Germany) 

1.3 – 2.0% Short time AVT, Feldman 
(2016) 

8-story all-CLT (Ås, Norway) 1.2 – 1.9% a Short time AVT, Aloisio et al. 
(2020) 

9-story all-CLT (Moholt, 
Norway) 

1.5 – 2.9% a,b Short time AVT, Hansen and 
Olsen (2016) 

12-story all-CLT (Origine, 
Canada) 

2.0 – 3.0% b Short term AVT, Auclair et al. 
(2018) 

12-story hybrid-timber-concrete 
core (Treed-IT, France) 

1.0 – 3.5% Shut down FVT, Abrahamsen 
et al. (2020) 

14-story all-GLT (Treet, 
Norway) 

1.6 – 1.9% b  Short time AVT during storm, 
Hansen and Olsen (2016) 

18-story all-GLT (Mjøstårnet, 
Norway) 

1.5% Short time AVT during storm, 
Tulebekova et al. (2022) 

a low quality test data because of low ambient excitation with the wind. 
b mean values from first bending frequencies in x and y directions 
 

3.3 Mechanical connections 
Two types of mechanical connections are used in TTBs with timber LLRS. Slot-
ted-in steel plates with dowels are common in GLT-based structures, see Figure 
16. The steel plate thickness is 8 mm and the dowel diameters is 12 mm in 
Scandinavian countries, and sometimes up to 20 mm in central European coun-
tries. Glued-in rods are often used for GLT column connections. In tall CLT-



53 

based buildings, screws with diameters from 6 to 12 mm are widely used, and 
sometimes in combination with steel brackets and plates with thicknesses vary-
ing between 2 and 8 mm, Salvadori (2021). 
 

 
 

Figure 16. Connection of a GLT truss with slotted-in steel plates and dowels 
 
Accurate prediction of static or dynamic responses of larger timber structures 
like buildings, towers and bridges must consider stiffness of connections. Tim-
ber trusses for real buildings are almost always modeled with beam elements 
and either pinned or clamped joints for both safety and serviceability design 
states. But consideration of translational stiffness at the joints is recommended 
in a few papers for better prediction of dynamical response, Malo et al. (2016) 
and Tulebekova et al. (2022), and for better load distribution at the joints, EC5-
1-1, whereas rotational stiffness should be considered for frames with semi-
rigid connections between columns and beams, Vilguts et al. (2021). 
 
Stiffnesses of mechanical connections can be estimated according to design 
codes like the EC5-1-1. For a shear connection with timber members, empirical 
models estimate the slip modulus 𝐾𝐾𝑠𝑠𝑒𝑒𝑜𝑜 for dowels and screws according to Ta-
ble 7.1 of the EC5-1-1 [14], see equation (73). This value is valid per shear 
plane between two wood members with density 𝜌𝜌𝑚𝑚 and a dowel or screw with 
diameter 𝑑𝑑 in mm. 
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𝐾𝐾𝑠𝑠𝑒𝑒𝑜𝑜,𝐸𝐸𝐸𝐸5 = 𝜌𝜌𝑚𝑚1.5 ∙
𝑑𝑑

23
 (73) 

For steel to timber connection, 𝐾𝐾𝑠𝑠𝑒𝑒𝑜𝑜 is multiplied by two. 
 
The German design code, DIN 1052:2008, recommends a similar equation: 

𝐾𝐾𝑠𝑠𝑒𝑒𝑜𝑜,𝐷𝐷𝐴𝐴𝑁𝑁 = 𝜌𝜌𝑚𝑚1.5 ∙
𝑑𝑑

20
 (74) 

The equation in the Swiss design code, SIA 265:2012, differs, and for connec-
tions loaded perpendicular to the grain, the value is divided by two: 

𝐾𝐾𝑠𝑠𝑒𝑒𝑜𝑜,𝐴𝐴𝐴𝐴𝐴𝐴 = 3 ∙ 𝜌𝜌𝑖𝑖0.5𝑑𝑑1.7 (75) 

Background material and stiffness models from other standards and codes can 
be found in scientific papers, Jockwer and Jorissen (2018) and Jockwer et al. 
(2022). From previous experimental tests of connections made of several dow-
els, spruce members and one slotted-in steel plate, 𝐾𝐾𝑠𝑠𝑒𝑒𝑜𝑜,𝐸𝐸𝐸𝐸5 was found to under-
estimate the joint stiffness by factors of about 0.5 to 0.7, Solarino et al. (2017) 
and Reynolds et al. (2018). In other similar tests, 𝐾𝐾𝑠𝑠𝑒𝑒𝑜𝑜,𝐸𝐸𝐸𝐸5 was found to overes-
timate the stiffness by factors of about 1.2 to 1.7, Sandhaas (2012), Malo et al. 
(2016) and Kuhlmann and Gauß (2019). According to these papers, the local 
nonlinear parameters influencing the connection stiffness are the clearance or 
gaps around the dowels and the manufacturing tolerances that lead to an initial 
slip and thus a nonlinear response. Some important deviations from the EC5-1-
1 model have been highlighted recently from static tests of dowel connections, 
Kuhlmann and Gauß (2019):  

• 50% reduction of stiffness for a load perpendicular to the grain direc-
tion compared to a load parallel to the grain direction. 

• 20% reduction of stiffness for groups of three or more dowels in a row 
parallel to the grain. 

 
The appended paper IV compares connections of detailed FE-models to beam 
FE-models. The detailed models are made of small solid elements for the GLT 
parts, the steel plates and the dowel. The beam models are made of beam ele-
ments connected with translational and rotational springs acting in the shear 
plane of the connection. A comparison of their respective Guyan reduced stiff-
ness matrices shows that the EC5-1-1 underestimates the in-plane stiffness val-
ues of the connections by 0.67.  
 
Other dowel-joint modeling approaches using nonlinear analytical models with 
Beam-On Foundation, Schweigler et al. (2018) and LeMaitre et al. (2019), and 
nonlinear FE-models, Sandhaas et al. (2020), have been analyzed for static 
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purposes. They often focus on survivability issues such as load-carrying capac-
ity, ductility, or fatigue strength, but seldom on deformations or vibrations is-
sues for serviceability. 
 
An alternative approach to model connections in taller glulam timber frame 
buildings with “connection-zones”, and to estimate the stiffness range of semi-
rigid connections, have been proposed based on AVT and model updating of 
Mjøstårnet in Tulebekova et al. (2022), see Figure 17. The results show that the 
rotational and the transversal stiffnesses should be considered in the connections 
meaning that connections in a large GLT truss-like building should be modeled 
neither as clamped nor as pinned but with rotational and transversal stiffness, 
like springs or reduced area and moment of inertia. Transversal stiffnesses were 
found to be more important than the rotational stiffness in the shear plane of the 
connection. This result is in line with findings from papers II and IV. 
 

    
 

Figure 17. Illustration of the “connection-zone” approach from Tulebekova et 
al. (2022). 
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4 WIND-INDUCED VIBRATIONS IN 
TALL TIMBER BUILDINGS 

4.1 Serviceability design standards and vibrations in 
tall buildings 
 
Tall buildings can be sensitive to turbulent wind excitation and structural engi-
neers need to design the building so that static and dynamic horizontal responses 
are not too high. Large static deflections can occur and damage parts of the 
building like external cladding or interior visible layers. Inter-story drift is rec-
ommended to be limited for multi-story buildings. The stiffness and the shape 
of the building are here the main parameters governing this issue. 

 
The second type of response is global motion due to the wind turbulence and 
which occur for slender, lighter and/or more flexible cantilevered structures. 
The global motion and the static deflection can occur at the same time. The 
dynamical response can have adverse consequences on the inhabitants, the 
building itself and on its use. Reported effects on the building are, e.g., fatigue 
damages, local cracks of cover material and problems with elevators. 
 
On the inhabitants the adverse effects can be categorized into three types, Kwok 
et al. (2009), Kwok et al. (2015), Lamb et al. (2013) and Lamb and Kwok (2019):  

• Motion syndrome 
• Sopite syndrome  
• Fear  

 
In traditional skyscrapers, motion syndrome has been reported and extensively 
studied. It usually happens during stronger motions in a short period (up to few 
hours). This physiological reaction can also be affected by visible or audible 
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clues of the building’s motion. At lower levels of motions, even not perceptible 
but during a longer period (up to several days) sopite syndrome (also called 
regular sleepiness) and reduced work performance have recently been observed 
and mentioned as an important adverse consequence according to Lamb and 
Kwok (2019). At highly perceptible motion levels, the occupants can suddenly 
feel unsafe and fear the total collapse of the building. Recently fears were re-
ported during the shaking of the SEG Plaza skyscraper in Shenzhen, China due 
to sudden vortex vibration of the top antenna with moderate wind excitation, 
Tao et al. (2022). 
 
To avoid discomfort or problems due to wind-induced vibration, the designer 
of a tall building is recommended to limit the horizontal accelerations of the 
floors. The limits for the accelerations vary between standards, countries and 
occupations in the building. Single acceleration values, frequency-dependent 
acceleration thresholds, peak or root-mean-square accelerations, and accelera-
tion-limits with one-, five-, or ten-year return periods are found. This diversity 
makes it hard to compare different codes but might confirm the fact that vibra-
tion perception and ability to complain are subjective and can differ from one 
region in the world to another, Lamb et al. (2013). Standardized limit curves for 
horizontal accelerations in buildings can be found in two ISO standards, with 
limits dependent on the first natural frequency of the building. The ISO 
10137:2008 recommends limiting the 1-year peak accelerations with limits for 
offices, curve 1 and for residential buildings, curve 2, which is close to the 90% 
level of the perception probability, Figure 18.  
 

 
Figure 18. Limit curves from the ISO 10137:2008 for 1-year peak accelerations 
(A in m/s2) depending on the building first natural frequency (f0 in Hz), curve 1 
for office buildings and curve 2 for residential buildings. 
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ISO 6897:1984 recommends limiting the 5-year root-mean-square (rms.) accel-
eration in tall buildings and corresponds to the probability that not more than 
2% of occupants comment adversely about the motion, see Figure 19. For hor-
izontal wind-induced acceleration, the Eurocodes advise following the limits set 
in the ISO 10137:2008, but the limits from the ISO 6897:1984 is still suggested 
in some countries, like in Sweden. 
 

 
Figure 19. Limit curve from the ISO 6897:1984 for 5-year rms. accelerations (σA 
in m/s2) depending on the building first natural frequency (f0 in Hz) 

4.2 Estimations of along-wind accelerations 
Standardized analytical models to predict along-wind accelerations vary from 
one design code to another. The fundamentals are similar and mainly based on 
Bernouilli’s principle, Davenport’s fluctuating wind load, and a generalized-
parameter SDOF model of a cantilever beam representing the building with only 
the first eigenmode considered. Different approximations, assumptions and fre-
quency-domain-based methods to derivate the acceleration, lead to different 
equations. Detailed presentations and explanations of the different simplified 
procedures are found in paper III and in several scientific papers, Zhou et al. 
(2002), Kwon and Kareem (2013) and Fryer (2022). 
 
The specific inputs needed to perform the calculation are:  

• Wind data: wind speed and terrain roughness. 
• Building data: geometry, masses, first eigenfrequency, global damping 

and first mode shape exponent. 

f0 

σA 
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As presented in paper III, the peak along-wind acceleration �̈�𝑋𝑚𝑚𝑑𝑑𝑥𝑥 can generally 
be expressed for different altitudes z  as: 
 

�̈�𝑋𝑚𝑚𝑑𝑑𝑥𝑥(z)= 
𝐹𝐹𝑖𝑖  K 𝑅𝑅
𝑀𝑀1

𝜙𝜙1,𝑥𝑥(𝑧𝑧) (76) 

 
where 𝐹𝐹𝑖𝑖 is the along-wind load on the building in Newton, including effects 
from the wind turbulence and the geometry of the building, K the mode shape 
correction factor, 𝑅𝑅 the resonance response factor, 𝑀𝑀1 the generalized mass of 
the first mode in kg and 𝜙𝜙1,𝑥𝑥 the first mode shape as a function of the altitude. 

 
Some codes like the Canadian NBC 2015 and the ISO 4354:2009 define the 
along-wind acceleration in terms of displacement and also give an equation to 
estimate the cross-wind acceleration, due to alternating vortex shedding on the 
lee side of the building, see Figure 20. The limits presented in chapter 4.1 refers 
to wind-motion event occurring once every one, five or ten years. Accordingly, 
the corresponding wind speed is to be used. In the Eurocode, two methods are 
proposed in the informative Annexes B and C to the EC1-1-4. However, several 
European countries recommend using other methods or different parameters.  
 

 

Figure 20. Cross-wind-induced vibrations due to vortex shedding. 
 
Alternative numerical methods can be used to evaluate accelerations. Some na-
tional building codes like the Japanese or the Swedish, allow using Computa-
tional Fluid Dynamic (CFD) in combination with Finite Element Analysis. The 
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analytical methods in the standards are derived in the frequency domain with a 
wind power spectral density function to consider the randomly fluctuating wind 
speed according to the Davenport procedure. Recent calculation methods based 
on time-domain integrations instead give valuable results for wind-sensitive 
structures, Kavrakov (2019).  
 
Wind pressure models and building aerodynamics are exhaustively described 
and standardized but in different manners. However, most of the design codes 
recommend performing wind tunnel testing for special buildings (tall, unregular 
shapes, or wind sensitives) and buildings placed in a turbulent wind environ-
ment (with tall neighboring obstacles).  

4.3 Analytical and numerical studies on wind-in-
duced vibrations in TTBs 
At the serviceability level, the wind-induced vibrations, in both the along-wind 
and across-wind directions, have been highlighted as a potential problem in 
taller multi-story wooden buildings due to their relatively low masses. Several 
numerical studies based on FE-models have been performed to assess the com-
fort of TTBs with respect to wind-induced vibrations. Similarly to the work pre-
sented in paper III, most of these parameter studies on TTBs estimate the along-
wind accelerations using the simplified method from different codes with input 
from detailed FE-models, and then compare the results to the ISO thresholds 
curves, Edskär and Lidelöw (2017) and Edskär and Lidelöw (2019). But some 
studies have also been using other types of numerical methods to estimate the 
wind-induced responses including cross-wind accelerations, like CFD, Lazza-
rini et al. (2021) or time domain integrations based on the newly developed 
code Awind, Fryer (2022).  
 
Parametrical studies on a fictive 22-story CLT building were performed by the 
author within the Swedish research project “Tall Timber Buildings – Concept 
Studies”. The building is 74.8 m tall and has a cross-sectional area of 17 x 21 
m2 with CLT panels for the floors, the external walls and the central core. The 
impact of mass, stiffness and damping are presented in Figure 21, and the re-
sults according to different codes are presented in Figure 22. Both figures sup-
port the conclusions drawn in papers I and III. They illustrate the impacts of the 
main structural parameters and the huge uncertainties of the codes on the com-
fort prediction. 
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Figure 21. Structural parameters’ influences on the estimations of the along-
wind peak accelerations of a 22-story TTB with a CLT structure and likely to 
occur once every year (1-year return period) calculated according to the EC1-
1-4 method from Annex B. 
 
 

  
Figure 22. The estimations of the along-wind peak accelerations of a 22-story 
TTB with a CLT structure using different codes and likely to occur once every 
year (1-year return period). EKS11 according to the Swedish method, EC-B and 
EC-C the methods from EN1991-1-4:2005 annex B and C, and ASCE 7 is ac-
cording to the US method from 2016. 
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According to the structural design study of Mjøstårnet presented by Abraham-
sen (2017), the estimated along-wind accelerations according to the EC1-1-4 
are above the ISO 10137 limits for the highest floors. AVT on the same tower 
showed that the first eigenfrequency was measured to 0.5 Hz, Tulebekova et al. 
(2022), which is higher than the one estimated in the design stage, about 0.37 
Hz, and confirms Brownjohn’s affirmation cited in chapter 3, part 3.2.2.  
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5 SUMMARY AND CONTRIBUTIONS 
TO THE APPENDED PAPERS 

Paper I  
Wind-induced vibrations are described as a new challenge for taller timber 
buildings and a conceptual design is performed. Paper I presents a simplified 
analytical model of a TTB as a cantilever beam, and it explains the Annex B 
method from the EC1-1-4 for wind actions on buildings for predicting the wind-
induced acceleration at the top. An FE model of a 22-story building made of 
CLT and GLT is then described and the results from the modal analysis are used 
to estimate the top acceleration.  

 
Results and highlights from paper I: 

• The results show that the first resonance frequency is about 0.6 Hz 
which might be reasonable for a building of this height in concrete or 
steel but combined with the low mass of the timber structure it leads to 
acceleration levels that are too high at the top floors of the building. 

• The FE-model is a result in itself and similar models are used in further 
studies to investigate parameters such as the dimensions of the struc-
tural elements, the timber material properties, the connection stiffness, 
the mass modeling, the additional dampers, the structural systems, the 
openings in the CLT core and the addition of CLT walls, and the ulti-
mate limit state design. 

 
Contributions to paper I: Johansson initiated the project and presented the paper 
at the conference. Linderholt developed and analyzed the FE-model. Johansson 
and Linderholt wrote the manuscript. All the authors participated in the analysis 
of the results presented in the paper and in its revision. All the authors were 
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active members of the research project “Tall Timber Buildings – Concept Stud-
ies” described in the paper. 

Paper II  
Vibration tests on a large glulam truss with connections made of slotted-in steel 
plates and dowels for stabilizing a multi-story residential building are reported. 
Paper II presents three FE-models of the truss developed using MSC Nastran 
with calibrated material properties, beams elements and concentrated mass ele-
ments. The first one with clamped connections, the second one with pinned and 
the third one with 2D springs with stiffness values stemming from the EC5-1-
1. The numerical modal results were then compared to the five experimental in-
plane eigenmodes identified and discussed.  

 
Results and highlights from paper II: 

• FE-model of a truss with beams and spring connections match better 
the test data than FE-models with clamped or pinned connections. 

• Connection stiffness values from the EC5-1-1 give acceptable results. 
 
Contributions to paper II: Landel performed the experiments on the single struc-
tural members and developed the numerical models under the supervision of 
Linderholt. Landel wrote the manuscript and presented the paper at the confer-
ence. Linderholt directed the vibration test on the large glulam truss and the data 
post-processing. Johansson initiated the project. All the authors participated in 
the vibration test of the large glulam truss, the analysis of the results, the finali-
zation of the paper and the presentation material. 

Paper III  
Four methods from design codes for the prediction of along-wind induced ac-
celerations are compared in paper III. After presenting the different methods 
and their assumptions, they are applied to five TTBs ranging from 41 m to 100 
m and their top accelerations are compared.  
 
Results and highlights from paper III: 

• The comparison of four procedures from Europe and the USA yields 
factor ratios over 3.0 for the along-wind accelerations evaluated for 
five tall timber buildings whose heights are between 40 and 100 m.  

• The vertical correlation factor, the reference height for the mean wind 
pressure and the mass distribution are not estimated in the same way in 
the four building codes investigated.  
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• They lead to huge differences in the predicted peak accelerations which 
can influence the design for wind-induced vibrations.  

• The analysis of the comparative study emphasizes a considerable un-
certainty in the building codes for the response of taller and lighter tim-
ber buildings excited by the wind. 

 
Contributions to paper III: Landel performed the comparative study, wrote the 
manuscript and presented the paper at the conference. All the authors partici-
pated in the analysis of the results, the finalization of the paper and the presen-
tation material. 

Paper IV  
The experimental analyses presented in paper II are further developed, includ-
ing both in-plane and out-of-plane eigenmodes, and are described in paper IV. 
A detailed FE-model of the truss with calibrated material properties is described 
and compared to the test data. Moreover, reduced models decreased the analysis 
time, were suitable for structural engineer’s tools, and were compared to the 
detailed model with solid elements.  

 
Results and highlights from paper IV: 

• The beam model with Guyan reduced connections is very accurate, fast 
and useful. 

• The calibration of densities and stiffness of glulam members in a truss 
is not crucial when modeling the whole truss with finite solid elements 
models but it is more valuable for beam models, see also the paper pre-
sented by the Author at the CompWood conference 2019, Landel et al. 
(2019). 

• Linear detailed models, without gaps or material nonlinearities, per-
form very well to predict the modal properties of the truss. 

• Connection stiffnesses reduced to springs yield a fair accuracy and are 
simpler. 

• Guyan reduction is used to easily compare different models of the same 
structure or structural parts like a connection. 

• EC5-1-1 underestimates the in-plane stiffness values of the connections 
with a factor of 0.67. 

 
Contributions to paper IV: Landel developed the numerical models together 
with Linderholt. Landel wrote the manuscript and was the corresponding author. 
Both authors participated in the analysis of the results and the finalization of the 
paper. 
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Other publications 
Other publications related to the topic of this thesis with the contribution of 
Pierre Landel: 

• Landel, P., Linderholt, A. and Johansson, M., 2019. Test-analyses com-
parisons of a stabilizing glulam truss for a tall building. In: CompWood. 
2019, 30:11, Växjö, Sweden. 

• Landel, P. and Linderholt, A., 2020. Validation of a structural model 
of a large timber truss with slotted-in steel plates and dowels. In: EU-
RODYN 2020, XI International Conference on Structural Dynamics. 
Athens, Greece, 2020. National Technical University of Athens. 

• Abrahamsen, R. et al., 2020. Dynamic response of tall timber buildings 
under service load - the DYNATTB research program. In: EURODYN 
2020, XI International Conference on Structural Dynamics. Athens, 
Greece, 2020. National Technical University of Athens.  
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6 CONCLUSIONS, REFLECTIONS 
AND NEEDS FOR FUTURE WORK  

Context, importance and specificities of wind-induced vibrations in TTBs have 
been reported. The conclusions from this research and the needs identified are 
summarized and discussed in the following three parts.  

6.1 Wind-induced vibrations in the design standards 
From the comparative study described in paper III, some main conclusions were 
drawn about the estimations of along-wind accelerations from the design stand-
ards investigated: 

• Large spread, thus high uncertainties in the results. 
• The size correlation factors for the spatial distribution of wind pressure 

on the building vary largely between the methods from the design 
standards and contribute the most to the huge differences. 

• The Swedish method from the EKS is very conservative and the US 
method from the ASCE yields the lowest accelerations. 

 
The points mentioned above would need further investigations to better design 
and optimize tall buildings with regard to wind-induced vibrations. Moreover, 
the uncertainties must be considered when applying only one method to design 
a TTB or performing conceptual parameter studies on TTBs. Before tuning the 
shape, the mass, or the stiffness of the building to fulfill exact the requirements, 
it is meaningful to compare the accelerations estimated by different standards.  
 
A review of several papers on comparative studies of wind codes and methods 
shows that cross-wind accelerations are much larger than along-wind accelera-
tions, up to three times higher, see Zhou et al. (2002), Kwon et al. (2013) and 
Lazzarini et al. (2021). To reduce along-wind vibrations, tall buildings might 
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be oriented with their narrow facade toward the stronger wind direction, but this 
can lead to very high cross-wind accelerations for the same wind direction.  
 
As it is recommended in most of the codes, buildings with special shapes, un-
certain dynamical properties (like TTBs) or turbulent wind environments should 
be designed using advanced models, like CFD or wind tunnel testing. However, 
guidelines for performing advanced investigations on tall buildings in general, 
and TTBs in particular, are missing.  

6.2 Prediction of modal properties of timber struc-
tures for serviceability  
According to the experimental and numerical studies completed on the large 
glulam truss, and reported in papers II and IV, some important outcomes from 
model validation and model reductions can be highlighted: 

• Calibrated mass and stiffness parameters are important in beam models 
of timber structures. 

• GLT trusses modeled with springs at the connections give more accu-
rate modal properties than using clamped or pinned assumptions. 

• The EC5-1-1 method with the slip modulus 𝐾𝐾𝑠𝑠𝑒𝑒𝑜𝑜  underestimated the 
stiffnesses in slotted-in steel plates with dowels connections to about 
70% compared to advanced numerical models. 

• Detailed connection parts reduced with the Guyan method yield accu-
rate and fast modal predictions, even for higher modes. 

 
Structural engineers designing GLT trusses for TTBs, bridges, towers or long-
span roofs could optimize their structures and improve their design using nu-
merical reduction methods. The Guyan reduction method was easy to perform 
on a detailed FE-model and it can be implemented in the design process of 
standardized GLT trusses. Trusses modeled with springs or reduced stiffness 
matrices at the connections should also yield better results for ultimate limit 
state design. The number of dowels and the size of the steel plates are usually 
governed by the accidental or the ultimate load to be transferred in a connection. 
The sizes of the GLT members are then ruled by the minimum spacing distances 
for fasteners and the number of steel plates required. Therefore, more accurate 
load-transfer predictions can also help to optimize the timber structure. 
 
The numerical comparison of the slip modulus with the EC5-1-1 presented in 
paper IV differs from traditional experimental comparative research. However, 
most of the material stiffness values used in the FE model of connections were 
calibrated experimentally, and this type of numerical analogy could be further 
developed to study other geometries and parameters: number and size of 
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dowels, plates and GLT members, GLT quality, steel quality and direction of 
the grain. Furthermore, impacts from nonlinear parameters in the connections, 
e.g., clearances and gaps around the dowels, can also be studied with transient 
time analysis in FE-tool. 
 
In Papers II and IV, test data were compared to FE-models with mass and stiff-
ness material properties calibrated from specific measurements of single com-
ponents. This procedure is helpful to predict the modal properties of structures 
made of these single components. Likewise, distributed damping parameters are 
seldom employed to model damping in structures at the DOF levels. Still, some 
approaches aim at estimating the total damping from the summation of groups 
of damping ratios. This is the case for the wind-induced dynamics of buildings 
with the total damping modeled as the sum of aerodynamic damping, structural 
damping and additional damping from extra devices. For timber structure, La-
bonnote (2012) developed damping models of timber floors based on the sum 
of experimental structural and material damping. The structural damping corre-
sponded to energy loss from connections between different members and the 
material damping was derived from the FEA’s strain energy approach. 
 
The variability of timber properties is known to be large, due to the natural in-
homogeneity and anisotropy of the wood material at several scales. Also, the 
GLT truss tested was made of more than a dozen of glulam members of rela-
tively large dimensions. The total volume of glulam was estimated to be 8 m3, 
thus the global dynamical response of this truss might not differ much from 
another similar one. Therefore, most of the results and highlights from these 
studies are also useful for other timber structures with similar mechanical con-
nections, e.g., buildings, bridges, towers, or long-span roofs. 
 
Mechanical nonlinearities should always be kept in mind when analyzing stiff-
ness and damping in structures. The elastic domain is often linearized for ser-
viceability, i.e., the strain-stress relationship is constant and not proportional to 
the load or to the displacement. For nonlinear structures, stiffness and damping 
can be proportional to the energy coming into the structure. In experimental 
studies, it is important to induce an excitation that is relevant to the aim of the 
study. For the truss excited with an impact hammer and its response recorded 
with accelerometers as described in paper IV, it is hard to argue if the amplitude 
of the force was relevant or not. The experimentalists could however easily ob-
serve large motion during the FVT of the truss and ensure that it did not break. 
To experimentally investigate stiffness nonlinearities, further vibration tests and 
analyses of the results are needed.  
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6.3 Modeling TTBs for wind comfort design 
To the author’s knowledge, no official wind-induced complaints from occu-
pants living in TTBs have been reported. The number of TTBs higher than 50 
m is still very low. It was about ten in 2021 and the number should be doubled 
by the end of 2023. The first TTB to reach 100 m with an all-timber LLRS made 
of CLT walls is expected to be completed by 2026. Thus, experiences from de-
signing, building and testing TTBs are important to carry on.  

 
From the literature review and the work behind the appended papers, conclud-
ing remarks to be remembered are: 

• TTBs are lighter than traditional high-rise buildings and can be more 
sensitive to wind excitation. 

• Good prediction of TTBs wind-induced responses requires accurate 
models of the mass and the stiffness distribution in the building, 

• Non-structural building parts considerably affect both the mass and the 
stiffness of TTBs. 

• Experimental damping values of TTBs are uncertain, show amplitude 
dependency and range from 1 to 3%. 

 
Further studies using FE-model updating/calibration and in-situ vibration tests, 
preferably with known excitation forces, will help to improve models for mass, 
stiffness and damping. By doing FVT, modal masses can be estimated, and they 
are helpful to model the mass distribution more accurately in a TTB. Further, 
the influence of the connection stiffnesses inside the structure as well as the 
foundations and side-buildings need more investigation. The importance of 
more advanced methods with fewer assumptions to estimate wind-induced ac-
celerations has been mentioned. Strategies and solutions adopted in TTBs for 
good vibration comfort, like adding high masses on the top floors of TTBs or 
using active or passive dampers, should be validated and optimized with more 
advanced methods. The addition of masses in one place can have other conse-
quences in another place. 

 
The recent experimental findings on the inverse proportionality between damp-
ing and acceleration might be problematic: with lower damping values at higher 
accelerations, i.e., for stronger wind, less energy is dissipated. Further testing 
and analysis on this topic are crucial. Damping is for sure the most uncertain 
but also the most important dynamic parameter to correctly predict the response 
of TTBs to wind excitation. 

 
Finally, the use of AVT is also very important, specifically for long term mon-
itoring of TTBs’ dynamic properties. If old wooden roofs can carry loads for a 
long time, local cracks and creep deformations happen often in mass timber 
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products as wood is a hygroscopic and viscous material. It will be essential to 
monitor TTBs over several years to follow the impacts of the structural material 
fluctuations and aging on the global stiffness and damping. 
 
Structural design requires a holistic approach to optimize not only the dynamic 
but, the safety, the functionality and the architecture of new and taller timber 
buildings. Similarly, if the production of forest-based products will continue to 
increase, global strategies must consider social, economic and ecological con-
sequences. Solving one crisis should not aggravate or induce another one. 

 
 

 

 
 

The research team (Marie, Pierre and Andreas) during 
the FVT of the large glulam truss at Moelven Töreboda. 
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TALL TIMBER BUILDINGS – A PRELIMINARY STUDY OF WIND-
INDUCED VIBRATIONS OF A 22-STOREY BUILDING 
 
 
Marie Johansson1, Andreas Linderholt2, Kirsi Jarnerö3, Pierre Landel4,  
 
 
ABSTRACT: During the last years the interest in multi-storey timber buildings has increased and several medium-to-
high-rise buildings with light-weight timber structures have been designed and built. Examples of such are the 8-storey 
building “Limnologen” in Växjö, Sweden, the 9-storey “Stadthouse” in London, UK and the 14-storey building “Treet” 
in Bergen, Norway. The structures are all light-weight and flexible timber structures which raise questions regarding 
wind induced vibrations.  
 
This paper will present a finite element-model of a 22 storey building with a glulam-CLT structure. The model will be 
used to study the effect of different structural properties such as damping, mass and stiffness on the peak acceleration 
and will be compared to the ISO 10137 vibration criteria for human comfort. The results show that it is crucial to take 
wind-induced vibrations into account in the design of tall timber buildings. 
 

KEYWORDS: Deflection, dynamic properties, stabilisation, sway, wind loads 
 
 
1 INTRODUCTION 123 
1.1 Background 
During the last decades the interest in multi-storey 
timber buildings has increased. This is due to reasons 
such as development of performance based codes but 
also increased interest in sustainability. The CO2 
emissions could be reduced by 40% if building with 
timber instead of concrete [1]. The increasing population 
and ongoing urbanisation are going to increase the need 
for creating cities with higher population densities. This 
will lead to an increased need for tall buildings that make 
the best use of limited space. The environmental 
potential of high-rise buildings lies in a more efficient 
use of resources.  
 
By adding these elements together the use of tall 
buildings with timber structures would be an opportunity 
and provide for ecological, sustainable high and dense 
developments in urban regions with housing shortage. 
Timber has the benefit of having a high strength-to-
weight ratio compared to other building materials which 
in many cases is beneficial. However, for the case with 
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medium-to-high-rise buildings this might pose a 
challenge since the dynamic properties of the building 
will be quite different from a high-rise building with a 
load-bearing structure in steel or concrete [2]. 
 
High-rise buildings consisting of a timber structure are 
therefore the subject of a research project named “Tall 
Timber Buildings – Concept Studies” lead by SP 
Technical Research institute of Sweden together with 
Linnaeus University during the period 2015-2018. 
 
1.2 Research project “Tall Timber Buildings - 

Concept Studies” 
The aim of the “Tall Timber Buildings – Concept 
Studies” is to develop feasible concepts for planning and 
designing 22 storey high timber buildings according to 
present regulations and during the process identify issues 
that need more research. The specific objectives of the 
project besides the issues in serviceability limit state 
related to wind actions as presented in the present paper 
are also to study stability, static vertical deformations, 
load transfer through the building to the ground and 
connection detailing regarding strength, stiffness and 
continuity with respect to both dynamic and static 
loading. The objective is also to develop calculation 
tools and models for tall timber buildings suitable for 
structural engineers and tools for analytical fire design. 
The difference between high rise and low rise timber 
buildings with regard to life cycle assessment will also 
be studied. The aim is to increase the number of 
practicing architects and designers with experience of 
designing tall timber buildings and to increase the 
knowledge of designing tall timber buildings also among 



actors not participating in the project. Another important 
aim is to develop existing timber building systems and 
find new ideas and solutions that are applicable also on 
lower buildings. The timber building systems involved 
are KLH Sweden with CLT plates, Moelven Töreboda 
with glulam columns and beams in combination with 
floor elements built up from LVL and Masonite Beams 
with a system consisting of planar elements built up 
from I-joists. The architectural design of the concept 
buildings are made by White architects and by Berg|CF 
Möller architects in co-operation with the property 
developers/owners VKAB and HSB and the structural 
designers Bjerking and BTB that will design one of the 
concept buildings each. The two fire design consultants 
Briab and Brandskyddslaget as well as acoustic 
engineers from WSP on the other hand will follow both 
projects in parallel. Researchers from Linnaeus 
University and from SP Technical Research Institute will 
support the project teams with in-depth studies, detailed 
calculations and testing. 
 
1.3 Aim and objectives 
This paper will present the first results from the project 
“Tall Timber Buildings – Concept studies”.  
 
The paper will give a review of the requirements on 
vibrations in buildings and address which parameters are 
important for the design of tall buildings. The paper will 
also present a preliminary finite element (FE)-model of a 
22 storey building with a structure consisting of a core of 
CLT elements and an outer beam-column structure of 
glulam. The model will be used to estimate resonance 
frequencies, stiffness and mode shapes. These data will 
be used to calculate acceleration levels at the top floor 
when the structure is subjected to wind loads according 
to Eurocode 1 [3].  
 
The model will be used in the Tall Timber Building 
project as a base for studying the effect of changing 
stiffness, mass and damping on the acceleration levels of 
the structure. 
 
The FE-model will naturally also be used to study the 
performance of the building in the ultimate limit state. 
 
2 REQUIREMENTS FOR TALL 

TIMBER BUILDINGS 
2.1 General requirements 
All building systems are designed to withstand both 
vertical gravity loads and horizontal loads due to wind. 
The main focus when designing a building has always 
been the safety aspect calculated based on the maximum 
loads expected to occur once every 50 years. The interest 
in the serviceability limit state has been attracting more 
focus in the last decades. In the horizontal directions 
there are limitations both for the static deformation but 
also for vibrations/accelerations. For the horizontal 
deformation a maximum value of h/500 is set in the 
German DIN standard. Even more important for 
especially tall buildings is the sway due to wind loads. 

The comfort performance of a building during wind 
loading is an important building design issue. The 
occupants’ perception and tolerance of wind-induced 
vibrations is a subjective assessment and presently there 
is no single internationally accepted occupant comfort 
criteria to set levels for satisfactory vibrations in tall 
buildings subjected to wind loading. The requirements 
that are set in the international standards are normally 
based on acceleration levels where people start to notice 
and comment on the motion.  
 
There are three different international standards that deal 
with horizontal vibrations in buildings and the human 
perception of vibrations. There are two older ISO 
standards, ISO 6897 [4] that cover the range from 0.063 
Hz to 1Hz and ISO 2631-2 [5] that cover the range 1 Hz 
to 80 Hz. These two are in agreement with each other 
and use the Root Mean Square (RMS) value for the 
acceleration due to a maximum wind velocity with a 
return period of five years. ISO 10137 [6] covers the 
range from 0.063 Hz to 5 Hz and uses the peak 
acceleration calculated for a wind velocity with a return 
period of one year. This is the standard referred to in 
Eurocode 1 [3]. These two sets of standards will yield 
slightly different acceptance levels for the same building. 
The Swedish National Annex [7] to the Eurocode 1 
states that ISO 6897 is recommended for calculation of 
the effect of wind loads. In this paper, calculations 
according to ISO10137 and the general requirements in 
Eurocode 1 [7] are used. 
 
In this paper the main issue for the studied building is 
the sway and vibrations, therefore the horizontal effects 
from the wind load are the most important phenomenon 
to study.  
 
2.2 Structural dynamics of tall buildings 
A tall building is in most cases considered as a line-like 
vibrating object, and its structure may be represented as 
a vertical cantilever beam, fixed at the foundation and 
free at the top. The global dynamics of a multi-story 
building can sometimes, in a simplified manner, be 
analyzed by approximating the building to be a uniform 
cantilever beam, with a neglected axial load, and having 
the height h. According to the well-known Euler-
Bernoulli beam theory, the homogeneous part of the 
governing equation of motion is 

+ = 0 (1) 

in which ,  and  constitute the density, cross 
sectional area and bending stiffness respectively. The 
general solution to this equation is 
 ( ) = cosh( ) +sinh( ) +cos( ) + sin( ) 

(2) 

 



in which =  and , ,  and  are 
constants. When the boundary conditions for a cantilever 
beam (0) = (0) = ( ) = ( ) = 0 (3) 

are applied, nontrivial solutions require that cosh( ) cos( ) + 1 = 0 (4) 

which has to be solved numerically. The first solution is = 1.875. The associated, first bending, mode then 
has the mode shape 
 ( ) = (sin sinh )(sin sinh )+ (cos cosh )(coscosh )  

(5) 

 
which is valid for 0 . Assuming that only the 
first bending mode contributes to the displacement and 
making the substitute ( , ) = ( ) ( ) (6) 

the modal mass ( ), modal stiffness ( ) and modal load 
 can be calculated as: = ( ) ( )  (7) 

= ( ) ( )  (8) 

= ( ) ( )  (9) 

In which ( ) is the distributed wind load. The 
continuous problem has then been re-placed with a 
discrete single-degree-of-freedom system, depicted in 
Fig. 1. ( ) + ( ) = ( ) (10) 

 

Figure 1. A single-degree-of-freedom system representing the 
building when one assumed mode is used. 

When damping is added the governing equation of 
motion becomes ( ) + ( ) + ( ) = ( ) (11) 

in which  is the modal damping. In the codes used for 
calculation of responses due to wind loads, simplified 
expressions for the mode shapes are often used.  
 
The expression shows that the important parameters that 
have an effect on the relationship between deflection, 
velocity, acceleration and the wind load are the mass, 
damping and stiffness.  
 
2.3 Wind load 
Wind loads vary greatly in speed, force and direction 
over time and its effect on buildings are complex and 
heterogeneous. To simplify this in codes, the wind is 
seen as a quasi-static load for buildings with high 
stiffness and damping. For high slender structures also 
the gust effect is included as a turbulence factor added to 
the quasi-static wind load. The effect of the wind on a 
single building will be affected by the terrain around it as 
well as the shape and height of the building.  
 
In Europe, wind loads are defined in Eurocode 1, Part 1-
4 [3]. There, the fundamental basic wind velocity  is 
defined by the 10-minute mean wind speed, at a height 
of 10 meter above ground, that is exceeded once every 
50 year. The wind velocity for shorter times  (in this 
case T years) can then be calculated, 

 = 0.75 1 0.2  1 1
 (12) 

The wind velocity in the vicinity of a structure is 
dependent on the local terrain around the structure and is 
varying with the height z above ground. According to 
Eurocode 1-4 [3] the mean wind velocity ( ) at the 
height z next to a structure can be expressed as, ( ) = ( )  (13) 

The first term ( ) is an orography factor (set to 1.0 in 
normal cases) and the second term  is a terrain 
roughness factor.  

= 0.19 ,
.

 (14) 

The term  is the roughness length that varies between 
terrains; the term ,  is a reference terrain roughness 
length. The mean wind pressure ( ) can then be 
calculated using, 

( ) = 12 ( )  (15) 

3). 
For high and flexible buildings it is, however, necessary 
to take also the dynamic effects of the wind load into 
account. This is done by including a turbulence intensity 
factor Iv(z), defined as the standard deviation of the 
turbulence divided by the mean velocity as, 



( ) = ( ) (16) 

where  is the standard deviation of the turbulence and ( ) is the mean wind velocity. The standard 
deviation of the turbulence is calculated as the basic 
wind velocity times the terrain roughness factor .  
 
The response of the structure due to the turbulence 
intensity can be divided into two parts; the background 
response ( ) and the resonance response ( ). The 
background response is due to the quasi-static part of the 
wind load while the resonance response is due to the 
dynamic properties of the building and the dynamic part 
of the wind load. Eurocode 1-4, annex B gives the 
following expression for calculating the Root Mean 
Square (RMS) value for the acceleration, ( ): 
 

( ) = ( ) ( ) ( ) (17) 

 
Where  is the shape factor for force, b the width of the 
building,  is the equivalent (modal) mass,  a 
dimensionless variable and ( ) the mode shape 
associated with the first resonance frequency. From this, 
the horizontal peak acceleration of the structure ( ) can 
be written as, ( ) = ( ) (18) 

where  is a peak factor that relates the mean and the 
standard deviation of the response.  
 
3 BASIC MODEL OF THE 22-STOREY 

BUILDING 
3.1 Structural principles for tall timber buildings 
There are of course many ways to design tall buildings. 
For steel structures rigid frame systems, with or without 
trusses, have been used for buildings up to 70 storeys 
and for higher buildings tubular systems are often used. 
When using concrete a central core system with concrete 
walls are often used together with columns in the 
perimeter.  
 
In timber many of the tallest buildings at the moment are 
built with platform framing using CLT-elements, that is 
a structure that has been used up to 8-10-storey buildings 
such as the 8-storey building Limnologen in Växjö, 
Sweden, the 9-storey Stadthouse in London, UK 
 
For the tallest timber building so far, the 14-storey high 
“Treet” in Bergen, Norway, a glulam beam/column/truss 
system was used. For taller timber buildings MGB [8] 
suggested a continuous core of CLT or LVL elements 
together with glulam columns in the perimeter of the 
building. In their concept study, they plan for 20-30 
storeys. There are also plans for a building with up to 25 
storeys in Vienna, but in that case utilizing a hybrid 

structure with a concrete core and CLT-element in the 
outer walls. 
 
3.2 Structure 
For the concept study in this project the plan is for a 22-
storey building only using timber as structural material 
located in Växjö or Stockholm. The maximum outer plan 
was set to 20 x 20 meters with a storey height of 3.4 
meters. The structure is planned as a residential building. 
  
The first design attempt for this building is a floor plan 
that is 17 x 21 meter as outer measurements and with a 
total building height of 75 meters. The building is made 
with a central core of CLT elements that are continuous 
over three storeys and connected with a butt joint. The 
core has a measure of 12.5 x 8.6 meters with areas for 
elevators, stairs, hallways and bathroom areas inside the 
core. The CLT walls used in the design are planned with 
the outer layers in the vertical direction. In the outer 
perimeter of the building there are continuous glulam 
columns at a distance of 4.1 meter. The core and the 
columns are connected at each floor plan with glulam 
beams. The floors structure which will consist of CLT 
plates is planned to be hanging on the inside of the 
CLT/glulam beams to have the vertical structure 
continuous, see Figure 2.  
 

 

Figure 2. Sketch of the main structural system. 

From earlier calculation of tall timber buildings it is 
known that sway is the criterion that is the most difficult 
to meet for the structure [2]. The calculation in the 
ultimate limit state is therefore in this first step only done 
as a hand calculation where the structure is seen as a 
cantilever beam with full interaction between all the 
elements.  



The chosen dimensions of the structural elements are 
enough to withstand the snow, gravity and wind loads in 
the ultimate limit state. The connections, especially to 
the ground, will need more evaluation and development. 
 
The proposed floor plan for the building can be seen in 
Figure 3. The inner core (light gray) will be made up of 
7-layer CLT elements with a thickness of 230 mm with a 
width of either 2500 mm or 2720 mm. The CLT wall 
elements are made with the two outer layers and the 
middle layer in the vertical direction and with layer 3 
and 5 in the horizontal direction. The CLT elements is 
planned to be continuous over three storeys and jointed 
with butt joints. To avoid joints at the same height the 
joints between the CLT elements will be staggered. The 
joints between the CLT elements in the vertical 
directions will be made with a spline LVL joint which is 
a standard connection type for CLT structures. 
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Figure 3. Sketch of the main structural system, an inner core 
with CLT elements and some non-load bearing walls in the 
core, glulam columns in the outer facades and glulam beams 
connecting the columns and the core structure. 

The columns are in the first design made of glulam 
GL30c with a dimension of 340 x 540 mm. The columns 
are planned to be made as continuous to act as one high 
column. The beams in the perimeter and between the 
columns and the core are also made of glulam GL30c 
and with a dimension of 215 x 405 mm. The glulam 
beam-column system is inspired by Moelven Törebodas 
“Trä 8” system [9]. The floors are in the first version 
made up of a 5 layer CLT elements with a thickness of 
200 mm.  
 
The same floor plan /structural elements dimensions are 
used for all storeys in this first model. 
 

4 FE-MODEL 
The model representing the assembled 22 storey building 
was made using MSC SimXpert and the calculations 
were made by MSC Nastran version 14.1. which is a 
general FE-program originally developed for the 
aerospace and automotive industry and therefore has 
well developed code for dynamic analysis. The model 
consists of 186,836 nodes and 186,340 shell, beam, 
bushing and rigid elements; CBAR, CSHELL, CBUSH 
and RBE2 respectively. 
 
4.1 Model of one storey 
The model is first made as a detailed model for one 
storey, see Figure 4. This model is made for studying the 
properties of one storey before expanding the model to 
the full 22-storey building. 
 
The CLT elements are made as shell elements and with 
laminates made up by orthotropic material. The 
properties of the laminates are = 12000 MPa in the 
fiber direction and = 0 MPa in the direction 
perpendicular to the grain, the shear stiffness is set as 

= 690 MPa and = 50 MPa. The density is 500 
kg/m3. The CLT elements are in this first model fixed to 
the ground. The spline connections between the CLT 
elements are made with springs with a stiffness of 
1.3·106 kN/m in all three directions. In total 10 springs 
are used between two CLT elements in the height 
direction, the same spring stiffness are used in the 
corners of the CLT core.  This stiffness is what can be 
expected for a spline connection based on tests [10 and 
11].  
 
The glulam beams and columns are modelled with beam 
elements with an isotropic material model with the 
stiffness of 13000 MPa with a density of 500 kg/m3. The 
columns are fixed to the ground. The beams also have 
pinned connections to the columns and the CLT core.  
 
The floor in the structure is modelled as 200 mm thick 
CLT plate with a layered structure with 5 layers. The 
material properties for the layers are set to the same 
values as for the CLT elements in the core. Inside the 
core the model is made with one whole slab attached to 
the inside of the CLT elements with pinned connections 
on all four sides. In a real structure it will be necessary to 
support this floor with beams/walls to avoid too large 
deformations. The floor structure is also connected to the 
glulam beams with pinned connections at all four sides. 
 
 



Figure 4. FE-model for the first storey, showing CLT elements 
in the core and as floor structures and glulam beams out to the 
glulam columns in the facades. 

 
4.2 Model for the 22-storey building 
The model was then expanded to a 22-storey building. 
The connections between the storeys were made by 
assuming rigid connections between the CLT elements 
in the vertical direction, the same assumption was made 
for the columns. 

 

Figure 5. FE-Model for the complete 22-storey building. 

The model was used in a modal analysis calculating the 
resonance frequencies and the mode shapes for the total 
building. The model was in this first step run without the 
gravity field, which results in a slightly higher resonance 
frequency than if the gravity field had been used to pre-
compress the structure. In this case the first ten elastic 
eigenmodes were extracted The results showed that the 
first mode shape is a bending mode in the weak direction 
of the building with a resonance frequency of 0.6 Hz, see 
Figure 6.  
 

 

Figure 6. Mode shape for the lowest bending mode in the weak 
direction from the FE-model, resonance frequency f1 = 
0.60 Hz. 

Eurocode 1-4 gives as a rule of thumb a first resonance 
frequency for buildings higher than 50 m that is 
expressed as: = 46

 (19) 

Where h is the total height of the building. Utilizing the 
building height of 75 m this will mean a first resonance 
frequency of 0.61 Hz mainly based on experience from 
steel and concrete buildings. The building in this model 
showed a result that was surprisingly close to this value. 
 
The bending mode shapes for the first resonance 
frequency for a tall slender building is in Eurocode 
expressed as: ( ) =  (20) 

Where z is the height above ground and h is the total 
height of the building. The shape factor  is in Eurocode 
1991-1-4 recommended as 1.0 for a building with a stiff 
central core surrounded by columns in the façade. The 
mode shape will in that case be almost linear with 
change in height. Figure 6 show that this is a quite good 
approximation for this building. The mode shape shows 
a lot of shear deformation, especially for the higher 
storeys. 
 
The second mode is a bending mode in the strong 
direction with a resonance frequency of 0.8 Hz and the 
third is a rotational mode with a resonance frequency of 
1.1 Hz, see Figure 7 and Table 1. 



 

 

Figure 7. Mode shape for the first torsional mode from the FE-
model, resonance frequency f3 = 1.10 Hz. 

The first resonance frequency is lower than what is 
measured in already built timber buildings, but they are 
on the other only a third of the height of this structure. 
The 14-storey building “Treet” in Bergen, Norway had 
based on a FE-model a frequency of 0.75 Hz but that 
building had more mass [2].  

Table 1. The three lowest modes for the building, mode shapes 
and resonance frequencies for the building according to the 
FE-analysis. 

Mode 
no. 

Shape Resonance 
frequency 

1 Bending weak direction 0.6 Hz 
2 Bending strong direction 0.8 Hz 
3 Torsion 1.1 Hz 

 
The results for this structure is, however, not realistic as 
there are many issues that are not dealt with such as real 
stiffness of the connections to the ground, holes for 
openings in the core mass of non-structural material and 
so on. 
 
4.3 Accelerations level for the building according to 

EC1 
The value of the first resonance frequency is one of the 
key parameters to calculate the acceleration level on the 
top of the building to compare it to the comfort criteria. 
In this case the comfort criteria used is the peak 
acceleration calculated for a 2-year return period of the 
wind [7]. The building is in this case placed in Växjö in 
Sweden with a basic wind velocity of 24 m/s and in 

terrain type II (area with low vegetation). The 
acceleration level is calculated according to the method 
in Annex B in EN 1991-1-4:2005 [3]. The parameters 
calculated with this method can be found in Table 2. 

Table  2. Parameters for calculating acceleration levels 
according to Eurocode 1-4 [3] and ISO10137[6]. The rows 
with light grey background are input parameters and the dark 
grey rows shows the resulting acceleration levels. 

Parameter  Value Unit 
Heigth of the building H 74.8 m 
Width of the building B 20.9 m 
Depth of the building D 16.9 m 
Reference height  44.9 m 
Equivalent mass, height  20850 kg/m 
Equivalent mass, area  996 kg/m2 
Basic wind velocity  24 m/s 
Roughness length  0.05 m 
Minimum height, wind  2 m 
Maximum height, wind  200 m 
Terrain factor  0.19  
Roughness factor  1.4  
Wind turbulence intensity  0.15  
Mean wind velocity 2 years  19.1 m/s 
Force coefficient  1.47  
First resonance frequency  0.6 Hz 
Damping, mechanical  0.09  
Damping, aeroelastic  0.05  
Reference length scale  300 m 
Alfa  0.52  
Turbulence length scale ( ) 138 m 
Non-dimensional 
frequency 

 4.3  

Spectral density ( ) 0.05  
Background response 
factor 

( ) 0.76  

Aerodynamic admittance  0.11  
Aerodynamic admittance  0.34  
Resonance response factor ( ) 0.27  
Up-crossing frequency  0.20 Hz 
Peak factor ( ) 3.28  
Dimensionless coefficient  1.5  
RMS of the acceleration ( ) 0.04 m/s2 
Peak acceleration ( ) 0.13 m/s2 
 
The result for the peak acceleration can then be plotted 
into the diagram for acceptable acceleration levels from 
the ISO10137 [6]. The result show that the building 
having the structure studied now has a too high 
acceleration level, see Figure 8.  



Figure 8. The peak acceleration level for the structure plotted 
into the ISO10137 diagram.

5 CONCLUSIONS
This paper presents a first FE-model able to capture the 
dynamic behavior of a 22-storey building. The structure 
of the building is made with a core of continuous CLT 
wall elements with a seven layer structure and an outer 
structure of continuous glulam columns and glulam 
beams. The floor structure is made up of CLT elements 
that in this first study are pinned to the glulam structure.

The results show that the first resonance frequency is 
about 0.6 Hz which might be reasonable for a building of 
this height in concrete or steel but combined with the 
low mass of the timber structure it leads to acceleration 
levels that are too high at the top floors of the building.

The main aim of creating the FE-model is, however, to 
use it in further studies were different methods to reach 
acceptable acceleration levels will be tested. These 
further studies will include investigating such parameters 
as:

- Changes in the design and dimensions of the 
structural elements such as beams, columns and 
wall thickness.

- Changes of the material properties of the timber 
elements; create CLT elements better designed 
for large shear forces.

- Determine necessary stiffness requirements for 
connections in the system.

- Improve the modeling of the mass and its effect 
- Test different methods for damping such as 

tuned mass dampers or visco-elastic dampers.
- Include bracing systems in the facades as well 

as out-rigger structures. 
- Study the effect of openings in the CLT-core 

and include more stabilizing walls in the core.
- Develop the model for checking also the 

ultimate limit state.
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DYNAMICAL PROPERTIES OF A LARGE GLULAM TRUSS FOR A
TALL TIMBER BUILDING

Pierre Landel1, 1Andreas Linderholt2, Marie Johansson3

ABSTRACT: When designing a tall timber building, the accelerations due to wind loads are in many cases decisive. The 
parameters governing the dynamic behaviour of the building are the structure’s stiffness, damping and mass together with 
the loads. The first two parameters are not well-known during the serviceability limit state of timber structures generally
and of timber connections specifically. 

In this study, dynamical properties of a large glulam truss, a part of the vertical and horizontal structural system in a 
residential six-storey timber building, are estimated from measurements made in the manufacturing plant. The timber 
members of the truss are joined with slotted-in steel plates and dowels. Forced vibrational test data are used to extract the 
dynamical properties. Finite element (FE) models, supported by the experimental results, were developed and simulations, 
to study the influence of the connection stiffnesses on the total behaviour, were performed. The vibration test results of 
measurements made on separate structural parts give valuable input to model timber structures and better possibilities to 
simulate the dynamic behaviour of tall timber buildings as well as the load distribution in wooden structures in the 
serviceability limit state. 

KEYWORDS: Vibrational testing, experimental modal analysis, stiffness and damping, timber joints, slotted-in steel 
plates with dowels connection

1 INTRODUCTION
Tall Timber Buildings (TTBs) are becoming increasingly
common around the world and their designs generate new 
challenges for structural engineers. The horizontal top
floor acceleration due to the dynamic and varying action 
of wind is one of the major issue when designing tall 
buildings [1-2] and the low density and high flexibility of 
wood material actualize the challenge of this issue for 
timber buildings at lower heights than for steel and 
concrete buildings [3-8]. Depending on the geometry, 
stiffness, mass and damping of the building, the 
inhabitants might feel uncomfortable or even unsafe at 
high levels of wind-induced vibrations. Several tall timber 
buildings have been monitored in research projects during
the last decade. The relationship between expected and 
measured properties such as natural frequencies, mode 
shapes and damping, is not clear but some interesting 
features are noticeable [4-7]. Non-structural material 
contributes positively to the overall stiffness [9] and 
damping [4]. Furthermore, damping depends on the 
vibration amplitudes [4]. In principle, TTBs can be 
constructed with two systems to handle horizontal loads
and mitigate along-wind accelerations: either using planar 
elements such as shear walls (for example CLT or LVL 
plates) or using trusses in glulam. 
                                                          
1 Pierre Landel, RISE and Linnaeus University, Sweden, pierre.landel@ri.se
2 Andreas Linderholt, Linnaeus University, Sweden, andreas.linderholt@lnu.se
3 Marie Johansson, RISE, Sweden, marie.johansson@ri.se

Figure 1: 3D-view of the timber structure for the 6-storey 
building, with the studied Truss B in blue.

Truss B



In both cases, the stiffness and damping of the 
connections are important for the motion of the complete 
building. But today, the stiffness properties of timber 
joints are not considered when designing a timber 
structure. So far, for big timber structures there has not 
been any need to consider dynamical issues to fulfil 
comfort criteria for people. Nowadays, as the height of 
wooden buildings rises, structural designing procedures 
might need new input. Large glulam trusses, which must
resist variable loadings, are usually modelled with pin-
joints (free rotation) and sometimes with constrained 
joints (no rotation admissible) [10]. Malo et al. argued that 
whereas rotational stiffness can be ignored during the 
design of slotted-in steel plates with dowel connections 
for large glulam frames, axial stiffness must be considered
[3]. Connection models for glulam trusses might have a 
major impact on the serviceability limit state design, 
specifically on the accelerations due to wind-induced 
vibrations. Moreover, connection models taking
stiffnesses into consideration might have an indirect 
influence on the load distribution in the structure and 
therefore on the ultimate limit state design as well. 
In this study, the aim is to evaluate the impact from the 
connections on the eigenfrequencies and mode shapes of 
a timber structure. To this purpose, forced vibration tests 
on a large glulam truss have been performed in 
collaboration with Moelven Töreboda AB who has been 
developing a system for multi-storey buildings during the 
last decade. Their “Trä8-system” offers possibilities to 
build high with wood and with spans up to 8 meters and 
the investigated large glulam truss is a structural 
component from an actual building project, an eight-
storey multi-family house situated in Skövde, Sweden. 
The two first storeys of the building have a structure of 
prefabricated concrete elements and the six storeys above 
are made of a glulam post-and-beam structure with 
prefabricated LVL-glulam rib-floor elements. The lateral 
bracing system is a hybrid structure composed of one 
concrete stair-and-elevator-shaft centrally placed in the 
building and collaborating with three cantilever glulam 
trusses. The six-storey high trusses (18.5 m) are clamped 
to the concrete at the 2nd floor and have overall widths up 
to 5.0 m. One of them, truss B, have been used for this 
study and participate to the stabilization of the building 
against wind loads and to carry some of the gravitational 
loads. Figure 1 illustrates the building and its structure.
The next section describes the characteristics and the 
properties of this truss. Section 3 presents the different 
FE- analyses which were developed to model the truss. 
Section 4 describes the procedure of FVT performed at 
the plant and shows the results. Before the conclusion, 
section 6 suggests discussion points based on the 
comparison of the experimental and numerical results
presented in section 5.

Figure 2: Section and elevation of the glulam truss B 
with dimensions in mm, element IDs and placements of 

accelerometers (orange    ).
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2 THE LARGE GLULAM TRUSS 
INVESTIGATED

The truss B is made of glulam of quality GL30c according 
to [11]. Figure 2 presents a section and an elevation with 
overall dimensions and the identification numbers (IDs)
of the glulam members. 
The short elements, diagonals and beams, have 
rectangular cross-sections of 215 x 360 mm. The right
column, pc80, has a rectangular cross-section of 215 x 540 
mm. The left column is composed of a similar cross-
section glued with 90 x 215 members on each side to form 
a T-shaped cross-section. The glulam members are 
connected with 8 mm thick slotted-in steel plates, two 
plates at each joint, and numerous of ø 12 mm smooth 
dowels and some ø 12 mm threaded dowels with washers 
and nuts, see Figure 3. Both steel plates and the dowels
are made of S355JO steel quality.

    
Figure 3: Detail drawings of two different connection types
with slotted in steel plates and dowels.

After CNC cutting, each glulam element as well as the 
steel elements were weighted, geometrical dimensions as 
the length and the cross-sectional dimensions of the 
members were measured. The density were calculated 

and the moisture content of the members were recorded.
Moreover, impact testing with an impulse hammer and a
single-axial accelerometer, was performed on some 
rectangular beams (b107-1, b107-2, b107-3, b107-4 and 
b107-5) and on the column pc80. The moduli of elasticity

were estimated from the test data. The short-sledge 
impulse hammer (model 086D20 from PCB Piezotronics) 
has a sensitivity of 0.23 mV/N (+/- 15%) and the ceramic 
shear accelerometer (model T333B30 from PCB 
Piezotronics) has a sensitivity of 100 mV/g (+/- 10%). The
glulam members hanged at their gravity centre from an
overhead crane. The impulse and the axial acceleration 
were measured at one end of the structural element. The 
acquired data were analysed with the software Signal Calc
ACE to estimate the natural axial frequencies . The 
ambient climate conditions were 20.6 ºC and 45 % 
relative humidity the first day and 19.9 ºC and 42 % 
relative humidity the second day.
To calculate the modulus of elasticity from the first 
natural frequencies, the assumption of Euler-Bernouilli 
beams was adopted. From the equation of motion and the 
boundary conditions of a free-free beam, the undamped 
circular natural frequency for the th axial mode at 
frequency is derived, see Equation (1).=     (1) 
Thus, the modulus of elasticity corresponding to the th

axial mode is:=      (2) 
The moduli of elasticity of the un-tested members were 
directly correlated to the density, with pc80 taken as the 
reference. From the experimental modal analysis (EMA), 
the data for element b107-1 and b107-5 showed only one 
axial natural frequency within the frequency range tested. 

Table 1: Measured properties of the glulam members (values in italic are correlated to pc80).

Glulam 
id

Cross-section 
Area (mm2)

Length 
(mm)

Density 
(kg/m3)

MC 
(%)

f1x (Hz) f2x (Hz) f3x (Hz) f4x (Hz) f5x (Hz) Em
(MPa)

b102 76 826 4 110   435.6 14.6 - - - - - 11 210
b103 76 826 4 222   414.9 12.6 - - - - - 10 677
b104 76 826 4 223   421.7 15.2 - - - - - 10 851
b105 76 826 4 223   452.4 13.8 - - - - - 11 640
b106 76 826 4 223   433.0 12.7 - - - - - 11 141
b107-1 76 826 3 226   427.8 15.6 820.4 - - - - 11 006
b107-2 76 826 3 227   413.6 13.3 794.0 1592.5 - - - 10 693
b107-3 76 826 3 226   414.8 13.2 805.8 1589.3 - - - 10 859
b107-4 76 826 3 227   432.9 15.2 797.5 1579.5 - - - 11 153
b107-5 76 826 3 226   433.0 14.4 830.0 - - - - 11 141
b107-6 76 826 3 226   426.5 14.8 - - - - - 10 974
b108 76 826 4 246   402.2 12.5 - - - - - 10 349
pc52 18 939 18 242   430.0 14.8 - - - - - 11 064
pc53 18 939 18 242   430.5 14.5 - - - - - 11 077
pc80 115 453 18 248   434.8 14.8 138.8 276.3 424.1 557.2 692.0 11 188
pc81 114 970 18 245   424.9 14.4 - - - - - 10 933

Mean value 426.8 14.1 10 997



Their moduli of elasticity were also estimated 
proportional to the density. The properties stemming from 
the measurements of the glulam members are summarized 
in Table 1. It should be noticed that the different CNC-
cutting, the 10 mm slots and the holes for the dowels, are 
not considered in the calculation of the modulus of 
elasticity according to Equation (2).
The glulam members were assembled together with the 
slotted steel plates and the dowels at the manufacturing 
plant. The overall weight of the glulam truss including the 
steel elements is 4 284 kg.

3 THE FE MODELS DEVELOPED
MSC Nastran, an FE solver, and SimXpert, a pre- and 
postprocessing software, were used to model and analyse 
the Truss B with one-dimensional FE elements. Three 
different models were developed to study the impact of 
the connection on the dynamical properties of the glulam 
truss. The properties of the beam elements for all three 
models were settled according to the previous section and 

the principles of the connection models are presented in 
Figure 4. An isotropic material model was selected for the 
glulam beams. A Poisson’s ratio of 9, to keep a similar 
relationship between the shear modulus and the modulus 
of elasticity for GL30c glulam, according to [11], was 
chosen.

Firstly, the model A1 with constrained connections was
established with beam elements for the glulam members 
and massless rigid elements to link the beams at the joints.
Secondly, the beam model A2 was developed with pin-
joints at the connecting nodes. Instead of rigid massless 
elements, massless beam elements were used with one 
pin-end node to allow rotation around the X-axis.
Finally, the beam model A3 was developed with spring 
joints placed at each centre of dowel groups. For this 
purpose, CBUSH elements from Nastran were used, see 
[13]. Such elements link two different coincident nodes 
with different translational and rotational spring 
properties in the X-, Y- and Z-directions. 

         

      
nodes beam element (CBAR) rigid element (RBAR)

weightless beam element with a pin-end (CBAR) spring connection (CBUSH)

Figure 4: Principle for the connection models: top left clamped-joint (model A1), top right pin-joint (model A2) and bottom left and 
right spring joint (model A3), inspired from [12].
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The spring values , were calculated according to 
the equation for slip modulus for dowels from the Table 
7.1 of the Eurocode 5 [14]. This value is valid per shear 
plane between two wood members with density based 
on the measured density and a dowel diameter d in mm.

, =     (3) 
Considering that for a steel to timber connection , is multiplied by two. Then the translational 
stiffness of the studied connection with dowels 
and two plates is:= 8 ,    (4) 
The rotational stiffness , of the studied connection 
with dowels situated at a distance from the 
geometrical centre of the group of dowels is:

, = 8 , , (5)

The translational spring acts in the Y- and Z-directions
and the rotational spring acts around the X-axis.
For example, the connections between pc80 and b107-4, 
see also the bottom right sketch in Figure 4, were 
modelled with the following stiffness values:
a) for the group of dowels at the end of the beam b107-4, 

= 375.9 kN/mm and , = 2 480 kNm/rad,
b) for the group of dowels in the column pc80, =
378.4 kN/mm and , = 5 449 kNm/rad.

The steel elements contribute, in these models, only with 
their masses and they were modelled as concentrated mass 
elements placed at the connection nodes, with some 
eccentricity. For the boundary conditions, the elasticity of 
the lifting straps used during the test were modelled with
two spring elements each with an axial stiffness of 8 372 
N/mm to match the natural frequency of the global 
bouncing mode in the Y-direction between the 
experimental results and the model A3. Table 2 
summarizes the type and the number of elements used in 
each model.

Table 2: Number of elements used in each model.

Type of elements
Model 

A1
Model 

A2
Model 

A3
CBAR (beam) 224 248 224
CONM2 (concentrated 
mass)

14 14 14

CELAS1 (spring) 2 2 2
RBAR (rigid bar) 24 2 32
CBUSH (spring 
connection)

- - 37

Dynamic analyses were performed for the three 
undamped models to determine the natural frequencies 
and the associated mode shapes up to 125 Hz. The results 
characterize the basic dynamic behavior of the truss and 
give indications on how it will respond to dynamic 
loadings like an impulse from an impact hammer or wind.

The truss is according to the design assumed to be acting 
as a 2D-structure with motion only in the YZ-plane. Only 
the eigenmodes of interest, i.e. with motion in the YZ-
plane, were therefore studied.

4 THE EXPERIMENTAL MODAL 
ANALYSIS PERFORMED

When the truss was assembled, forced vibrations tests 
(FVT) were performed at the factory. With overhead 
cranes, the truss was lifted from the ground with lift straps 
placed close to the centre of gravity of the truss, see Figure 
5. Excitations were induced in different directions on and 
close to the steel foot of column pc80 (bottom end) with 
an impulse hammer, the same as for the single 
components testing. Figure 6 shows excitation during an
FVT with impacts in the X-direction.

Figure 5: Truss B hanging above the ground under an FVT at 
the factory.

During the tests, fourteen tri-axial piezo electrical 
accelerometers at the centre of each truss connection and 
twelve single axial accelerometers on the middle of the 
short glulam elements were used, see Figure 2. The 
accelerometers were glued on one side of the glulam 
members. The data were recorded with an LMS data 
acquisition system with 54 input channels that measured:

- 51 accelerations in the X- Y- or Z-directions,
- the excitation force from the impulse hammer.

Figure 6: Excitation with a modal hammer in the X-direction 
near the steel foot of column pc80.
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The measured data were then analysed with LMS 
Test.Lab. The ambient climate conditions during the FVT
were: 19.8 ºC and 31 % relative humidity.

5 RESULTS
From the FE analyses, the normal modes up to 125 Hz 
showing motion in the YZ-plane are gathered. In total, 
there are 21 such modes for model A1, 28 modes for 
model A2 and 26 modes for model A3. The experimental 
data from the impact tests on the steel foot of column pc80
with excitation in the Y-direction show valuable results
and are further used for this study. They are analysed and 
compared to the numerical results from the FE analyses.

Comparing natural frequencies from the experiments with 
their analytical counterparts is a straightforward task. 
However, comparing mode shapes of a structure with 
many degrees-of-freedom (DOF) is a more complex task 

and the Modal Assurance Criterion (MAC) can be used
for this purpose.

The MAC , value is calculated according to Equation (6) 
and it evaluates the degree of correlation between two 
mode shapes, and , see [15]. A value close to 0 
means that the mode shapes are completely different or
orthogonal. A value close to 1 means that the mode shapes 
are similar or consistent.

, =     (6) 
After calculating the MAC values between the 75 
different analytical mode shapes and the five 
experimental mode shapes, the main analytical modes, the 
ones with a MAC value above 0.75, are presented in Table 
3.

Table 3: Experimental and analytical natural frequencies with percentage difference in brackets, the corresponding MAC values in 
respect to the experimental results and visualization of the mode shape from the FVTs and from the FE-model A3. Here, r is the 
relative critical viscous damping of mode r stemming from the experimental tests.

Mode nr. and
description

Data set

Mode 1
Bouncing in Y-

direction

Mode 2
One column-

end moving in 
Y-direction

Mode 3
First global bending 

mode around X

Mode 4
Second global 
bending mode 

around X

Mode 5
Third global 

bending mode 
around X

Experimental 
results

8.96 Hz
1 = 1.67 %

25.25 Hz
2 = 0.88 %

42.65 Hz
3 = 1.00 %

61.57 Hz
4 = 0.57 %

92.78 Hz
5 = 0.75 %

FE model A1
(clamped-joints)

9.19 Hz
(+2.6 %)

MAC = 0.997

26.32 Hz
(+4.2 %)

MAC = 0.994

47.86 Hz
(+12.2 %)

MAC = 0.979

69.99 Hz
(+13.7 %)

MAC = 0.934

105.91 Hz
(+14.2 %)

MAC = 0.759

FE model A2
(pinned-joints)

9.14 Hz
(+2 %)

MAC = 0.996

22.65 Hz
(-10.3 %)

MAC = 0.992

50.30 Hz
(+17.9 %)

MAC = 0.966
55.24 Hz
(+29.5 %)

MAC = 0.862

75.18 Hz
(+22.1 %)

MAC = 0.574

92.61 Hz
(-0.2 %)

MAC = 0.763

FE model A3
(spring-joints)

8.96 Hz
(0 %)

MAC = 0.997

24.22 Hz
(-4.1 %)

MAC = 0.997

42.09 Hz
(-1.3 %)

MAC = 0.987

59.98 Hz
(-2.6 %)

MAC = 0.792

84.66 Hz
(-8.8 %)

MAC = 0.918
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6 DISCUSSIONS
FE models are usually good to assess distribution of static 
loads and deformations in a complex structure. To
evaluate their usefulness when studying the dynamical 
properties, it is interesting to compare them to vibrational 
tests on real structures. For this purpose, a modal test and 
three numerical analyses of a large glulam truss have been 
performed according to the previous sections of this 
article.
The results presented in Table 3 show that 15 numerical 
eigenmodes are consistent to five experimental 
eigenmodes at a MAC level > 0.75. At the same time, 
several numerical eigenmodes among the 75 modes 
gathered, have eigenfrequencies very close to the natural 
frequencies of the experimental modes but low mode 
shape consistencies, i.e. MAC-values < 0.75. These 
modes are therefore not listed in Table 3.
All three numerical models have at least one mode shape 
consistent to each of the experimental modes, except 
model A2 for the second global bending mode around X
with a MAC = 0.574. This experimental second bending 
mode, mode 3, seems to have less similarities with the 
numerical results in general, either the natural frequency
or the mode shape deviates. When comparing the global
bending modes, mode 3, 4 and 5, it is interesting to notice 
that both model A1 and model A2 have higher natural 
frequencies than model A3. In another term, the joint 
models with either constrained or pinned connections
used here, create a stiffer truss than the joint model with 
translational and rotational springs.
After an overall observation of the results, it is obvious 
that the FE model A3, with spring connections, best 
matches the experimental results with eigenfrequencies
deviating with less than 10 %, except for the second 
bending mode around X. This comment shows that the 
value for the slip modulus for dowels from [14] is useful 
for estimation of the stiffness in a large glulam truss.
In the case of tall structures sensitive to wind-induced 
sway, building codes recommend, in the first hand, to 
mitigate the horizontal acceleration due to the first global 
eigenmode, see [16-17]. The results from this study gives
an indication that rotational and translational stiffnesses
in the joints of a timber structures should be considered 
when designing comfort in tall timber structures with 
respect to wind-induced vibrations.

The experimental results are stemming from mean values
of sequences of five impacts. The place and the direction
of the impulse might differ between the five impact tests 
done by hand. 
The occurrence of small gaps between the dowels and the 
glulam or the steel plate might then affect the results since 
different excitation amplitude can involve different 
numbers of dowels which influence the connection 
stiffness and leads to non-linear structural dynamic 
behaviour.
The numerical models do not take consideration of a 
measured shear modulus for the glulam elements. 
Transversal beam vibrations due to shear stiffness might
have an influence on the eigenmodes of the truss in plane.

Furthermore, the accelerometers were glued on one side 
of the glulam member but the mode shapes from the 
numerical models were obtained from nodes situated on 
the symmetry axis of the beams. This thickness difference 
is 107 mm, which affects the mode shapes.

7 CONCLUSION
There is still limited knowledge on the stiffness and 
damping of real timber connections for dynamic loads. 
This study is contributing with stiffness data measured on 
a real large structure which can be used for development 
of models for complete tall timber buildings. Connection 
models with spring values according to the Table 7.1 in 
Eurocode 5 [14] give better dynamical results than models 
with either constrained or pinned joints. Further studies on 
damping properties in timber structures must be 
performed to better evaluate the dissipation of energy.
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COMPARATIVE STUDY OF WIND-INDUCED ACCELERATIONS IN TALL TIMBER 
BUILDINGS ACCORDING TO FOUR METHODS

Pierre Landel1, Marie Johansson2, Andreas Linderholt3

ABSTRACT: The height and the market share of multi-story timber buildings are both rising. During the last two 
decades, the Architectural and Engineering Construction industry has developed new reliable solutions to provide 
strength, structural integrity, fire safety and robustness for timber structures used in the mid- and high-rise sectors. 
According to long-time survey and lab experiments, motion sickness and sopite syndrome are the main adverse effects 
on the occupants of a wind sensitive building. For tall timber buildings, wind-induced vibrations seem to be a new critical 
design aspect at much lower heights than for traditional steel-concrete buildings. To guarantee good comfort, the 
horizontal accelerations at the top of tall timber buildings must be limited. Two methods in the Eurocode for wind actions
(EN1991-1-4), procedure 1 in Annex B (EC-B) and procedure 2 in Annex C (EC-C), provide formulas to estimate the 
along-wind accelerations. The Swedish code advises to follow a method specified in the National Annex to the Eurocode
(EKS) and the American ASCE 7-2016 recommend another method.
This study gives an overview on the background of the different methods for the evaluation of along-wind accelerations
for buildings. Estimated accelerations of several tall timber buildings evaluated according to the different methods are 
compared and discussed. The scatter of the accelerations estimated with different codes is big and increases the design 
uncertainty of wind induced response at the top of tall timber buildings.

KEYWORDS: Tall timber buildings, serviceability, wind loads, dynamical response, along-wind peak acceleration, 
wind-induced vibrations, comfort, building code

1 INTRODUCTION 123

The response of a building excited by wind is not only 
dependent on that building´s dynamical properties. The 
complex behaviour of wind sensitive structures also 
depends on the low-frequent turbulent properties of the 
wind excitation. Davenport´s wind loading chain 
simplifies the understanding of the wind effects on 
constructions and his gust loading factor method is still 
used in most codes [1]. The Eurocode on wind loads EN 
1991-1-4:2005 [2] proposes two informative methods to 
calculate the along-wind acceleration for human comfort.
The first one in the annex B (EC-B) which is based on 
research work made by Solari and some explanations can 
be found in his papers [3]. The second one in the annex C 
(EC-C) which is based on studies presented by Hansen 
and Krenk [4]. In Sweden, the recommended method is 
presented in the national Swedish annex, EKS [5] and 
some background and assumptions for its derivation can 
be found in Handas papers [6-7]. The method described in 
the American ASCE 7-2016 [8] is based on the gust-effect 
factor and inspired by Solari and Kareem’s studies [9].
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Serviceability design calculations for wind-induced 
vibration of tall timber buildings have been published in 
research papers during the last decade. Results for 
calculated top accelerations have been presented in
relation to the standard thresholds. Impacts on different 
structural design changes, usually dealing with mass, 
stiffness and damping of the timber structure or impact of 
the non-structural material in the building, have been 
analysed and discussed. The relevance of the thresholds 
for accelerations set in standards is also crucial for the 
design and for the inhabitant’s comfort [10-11] but is not 
assessed in the present paper.
Malo and Abrahamsen [12-13] presented acceleration
results for the design of two tall timber buildings based on 
the EC-C method, which is the recommended method in 
Norway. The EC-B method has been used in several 
parameter studies to optimize the design of conceptual tall 
timber buildings up to 30 storeys [14-15]. The Swedish 
EKS method has been used for comfort design 
investigations on CLT buildings up to 22 storeys [16-17]. 
The Canadian method has been used and compared to 
wind tunnel tests for analyses of wind excessive motion 
of tall mass timber building concepts up to 40 levels [18]. 



Comparative studies of different building codes on the 
along-wind acceleration have been performed mainly for
traditional tall buildings with steel and concrete structures 
but not for lighter timber buildings. Kareem and his 
colleagues compared the wind effects estimated from 
dozens of national codes using 200-m tall building cases 
[1, 19].
Hence, no comparison on the along-wind acceleration of 
different codes have been performed for tall timber 
buildings which are in general lighter and less stiff than 
buildings in steel and concrete. Whereas the impact of 
structural dynamical parameters on comfort due to wind 
excitation has been studied, differences between several 
methods on the estimation of the along peak acceleration 
might be interesting to better understand the uncertainty 
of the models and the background assumptions.

2 TOP ACCELERATION BASED ON
DIFFERENT BUILDING CODES

The methods from the building codes used in this study 
are all based on similar input data, but the models vary. 
Structurally, the building is modelled as a cantilevered 
beam, clamped in the ground, and assumed to vibrate in
one single transversal eigenmode with the natural 
frequency n1,x, the structural damping ratio , the mode 
shape , which is a function of the elevation z, and the
modal mass distribution. The excitation is modelled as a
random stationary process of turbulent wind gusts with 
low frequency. The main building dimensions are the 
height h, the width b, normal to the wind, and the depth d.
The coordinate system is shown in Figure 1. The 
transversal deflection of the cantilevered building as a 
function of the altitude is x(z). The second derivative of 
x(z) with respect to time is the acceleration which is 
denoted x = .

To ensure good comfort and low wind-induced vibration 
in buildings, the along-wind accelerations should be lower 
than some threshold. Depending on people’s occupation,
the building codes recommend either single limits such as 
10 or 20 milli-g (100 or 200 mm/s2) or frequency 
dependent limits such as in the ISO 6897:1984 in which
the standard deviation of the acceleration, also known as
the root mean square (r.m.s.) of the acceleration, x is 
used [20]. In the ISO 10137:2007 the peak acceleration 
Xmax is applied, with increasing limits for decreasing 
frequency below 1 Hz [21]. 
The relationship between r.m.s. and peak acceleration is 
obtain using the peak factor kp according to:

Xmax = kp x (1)

The elevation used for the evaluation of comfort 
acceleration is usually the height from the surrounding 
ground to the upper side of the occupied top floor.  
The derivation of the r.m.s. acceleration is not the same in 
each code as the assumptions for the dynamical

Figure 1: Graphical representation of the building, the 
wind direction and the coordinate system

phenomena, the wind velocity and the turbulence vary. 
The wind velocity profile can be expressed as a power law
like in the ASCE, or as a logarithmic law like in the 
European codes. The wind velocity profile includes 
variables depending on the terrain exposure such as the 
roughness and the power exponent. Similarities in the 
final derivation given in the building code are noticeable
and the peak acceleration Xmax(z) in m/s2 can be given as
a function of the wind pressure qzref in N/m2, the global 
peak factor K including turbulence, the resonance
response factor R, the force factor cf, the area b h in m2

normal to the wind direction, the modal factor K, the first 
mode shape , (z) and its modal mass M in kg:

Xmax(z) = b h q cf K K , (z) R (2)

The different parameters according to the four building 
codes are reported in Table 1. The force coefficient cf
considers the shape of the building and the overall wind 
action around it, i.e. wind pressures and friction on all the 
sides. It is an empirical factor in the building codes that 
has been tuned from wind tunnel results. The force 
coefficient is the same in the Eurocodes and in the EKS 
but not in the ASCE code. The wind pressure q at the 
height z is calculated based on the air density and the 
square of the mean wind speed v , for the actual return 
period. The air density is equal to 1.25 kg/m3 in Europe 
and 1.225 kg/m3 in USA and Canada.
For the ultimate state design, the wind velocity is based 
on a 50-year return period occurrence but for 
serviceability the return period of event is lower. 
Recommendations vary between 1- and 10-year return 
periods and a 5-year return period is chosen in this study. 
The probability factor c of 0.855 is used to estimate the 
5-year velocity from the basic 50-year value (either 3-sec 
gust or 10-min mean), according to the Eurocode and with 
a probability of annual exceedance p = 1/T = 0.2 with T 
equal to five years.
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Table 1: Along-wind acceleration main parameters 
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zref reference altitude in m ; qzref wind pressure at zref in N/m2 ;  air density in kg/m3 ; vm,zref 5-year mean wind velocity at zref in m/s ; Kp global peak 
factor ; kp peak factor ; Iv,zref turbulence intensity at zref ; R resonance response factor ; cf force coefficient with c ,  , ,  according to the Eurocode ; 
K modal factor with  according to the ASCE ;  mode shape exponent ; zo terrain roughness ; M1 modal mass in kg ; m1,x along-wind fundamental 
equivalent mass in kg/m ;  reference mass per unit area in kg/m2 ; m(z) mean vertical mass in kg/m ; , (z) mode shape   
 
The reference wind velocities at 10-meters for the case 
studies are chosen according to the location of the 
buildings. As they are situated in different countries, the 
averaging times for reference wind velocities data are not 
the same. Conversion of wind speed referenced for 
different averaging times from hourly mean to other 
averaging times for the same height and terrain exposure 
can be done according to ISO 4354:2009 [22]: 
v1hour = v10min/1.05 = v3sec/1.53 
 
Table 2: Wind velocity parameters 

 ASCE EC-B, EC-C and EKS 

v (z) b c  v ,   0.19
,

,
ln c  v ,   

k  2  ln n ,  T + .

 ,  
  2 ln(  T) + 0.6

2 ln(  T)
   

I (z)  c  
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ln (z z )
 

 
v (z) mean wind velocity function of elevation z in m/sec ; b, , c , 
z ,  and  depend on the terrain exposure ; cp probability factor ; v ,  
basic 3-sec mean gust wind speed in m/sec ; v ,  basic 10-min mean 
wind speed in m/sec ; Iv(z) turbulence intensity function of elevation z ; 

n ,  first along-wind natural frequency ; = n ,    

 
The square of the resonant response factor R is generally 
expressed as a function of a size reduction factor S, an 
energy factor E and a total damping ratio . 
 
 
 
 
 
 
 

 
The energy factor E represents the amount of energy 
embedded in the wind gust velocity blowing at a 
frequency near the first natural frequency of the building. 
It is estimated from empirical wind power spectral density 
functions. Building codes use different wind spectra. The 
ASCE and the Eurocodes rely on the wind spectrum 
developed by Kaimal in 1972 whereas the Swedish EKS 
is based on Karman’s wind spectrum from 1948 [1].  
The size factor S considers the spatial correlation of the 
wind velocity. At a specific time, the wind blows with 
different velocities at different places on the swaying 
structure which reduces the global mean wind load. The 
size factor is therefore between zero and one and is 
decomposed in two- or three-dimensional correlations 
factors also called exponential decay parameters [3,4]. 
The resonance response factor is inversely proportional to 
the total damping which is the structural damping in the 
building plus the aerodynamic damping due to the 
interaction between the wind flow and the building 
envelop. Aerodynamic damping is not considered as 
additional damping in the ASCE method. For a building 
with extra active or passive damping, the corresponding 
extra damping ratio should be added to the total damping 
ratio. The background response factor in the ASCE is 
denoted Q whereas in B is used in the Eurocodes and the 
EKS. The parameters for the resonance and the 
background response factor of the four building codes are 
presented in Table 3 and complementary parameters are 
given in Table 4. 
 
 
 
 
 
 

 
 



 
Table 3: Resonance and background response main parameters 
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R resonance response factor ; E energy factor ; S global size reduction factor for wind space correlation ;  logarithmic decrement of structural damping 
equal to 2    with  the structural viscous damping ratio to critical ;  logarithmic decrement of aerodynamic damping ; N1, yC, fL non-dimensional 
frequency ; Rh, Rb, Rd, ,  specific size reduction factor ; Gy, Gz mode shape constants ; B background response factor ; Lzref turbulence length scale 
in m ; z ,  and  depend on the terrain exposure 
 
Table 4: Complementary parameters for resonance response 

ASCE EC-B EC-C EKS 

R? =
1

?

1
2 ?

(1 e ?) 

R? = 1 for ? = 0 
h = 4.6 n ,  h/v ,  

b = 4.6 n ,  b/v ,  

d = 15.4 n ,  d/v ,   

R? =
1

?

1
2 ?

(1 e ?) 

R? = 1 for ? = 0 
h = 4.6 n ,  h/v ,   

b = 4.6 n ,  b/v ,   

h = 11.5 n ,  h/v ,  

b = 11.5 n ,  b/v ,  
G = 0.5 

G =
34

72
 with 1 2 

? =
1

1 + ?
 

h = 2 n ,  h/v ,  

b = 3.2 n ,  b/v ,  

N =
n ,  L

v ,
 f =

n ,  L
v ,

 f =
n ,  L

v ,
 y =

n ,  L
v ,

 

R? and ? specific size reduction factors with ? either h, b or d respectively ; ? specific size reduction variables with ? either h, b or d respectively 
 
 
3 FIVE TALL TIMBER BUILDINGS 
For this comparative study, four real tall timber buildings 
and one fictive have been investigated. The peak 
accelerations at the top floor of the five residential 
buildings have been estimated using the four methods. 
The buildings are simplified as boxes with the height h, 
the width normal to the wind b and the depth d. This 
simplification is done even though some of the buildings 
have special, irregular shapes that are not treated in the 
simplified methods of building codes. The wind 
properties at the locations and the structural parameters of 
the buildings have been found in research papers or 
building codes as specified below. The first natural 
frequency n1,x of each building has been estimated 
according to Eurocode 1, annex F for tall structures: n1,x = 
46/h, although this estimation is not recommended for 
building heights lower than 50 m [2]. According to the 
research papers or assumptions, the building locations 
have been assigned to the terrain categories II or III as 
defined in the Eurocode 1 and they correspond to the 
exposure categories C and B respectively as defined in the 
ASCE 7. 
The first building is Origine, located in Québec City in 
Canada and it consists of a 12 storey balloon-framed CLT 
structure above a concrete podium of one storey. Most of 

the information regarding the building has been found in 
[24]. The CLT walls are up to almost 300 mm thick, about 
3-storey high and connected with thick and large steel 
plates to resist lateral wind loads and earthquakes. When 
completed in 2018, it was the tallest CLT building in the 
world. It is wider than tall, i.e. it has a slenderness ratio of 
height over width lower than one. Thus, the building is not 
structurally behaving as a cantilevered beam. According 
to the National Building Code of Canada 2015, the 50-
year hourly wind pressure in Québec is 0.41 kPa which 
yield an hourly wind speed of 25.2 m/s according to 
NBCC’s table C-1 [23]. Using the referenced averaging 
time factors for wind speed from the ISO 4354:2009 [22] 
it corresponds to 26.4 m/s of 10-min mean wind speed for 
the European methods and 38.6 m/s of three-second gust 
speed in the American method. 
The second building is TREET, a 14-storey block in 
Bergen in Norway, with a three-dimensional truss 
structure made of large glulam members [12]. Several 8 
mm steel plates and plenty of 12 mm diameter dowels are 
used to connect the columns, diagonals and beams. Three 
heavy slabs of concrete are placed at the 6th, 11th and top 
floors increasing the mass of the building and bearing the 
prefabricated timber modules stacked upon each other.  
The third building is the Cultural Centre “SARA”, in 
Skellefteå in Sweden which is planned to be finished by 



the end of 2021. It is a complex building consisting of 
several multifunctional parts such as housing art, music, 
literature, theatre and meeting events with a 20-storey 
hotel standing in the centre [25]. This study focuses on the 
72 m high tower but assumed to be standing alone as a 
cantilever beam. It is made of prefabricated CLT-modules
with two CLT-cores, one on each side of the rectangular 
plan, stabilizing the building. The CLT-walls of the cores 
are 300-800 mm thick CLT-walls. Concrete slabs with 
300 mm thickness are added on the 19th and 20th levels 
and on the roof to increase the mass at the building top 
and reduce the wind-induced vibrations. The mode shape 
of the tall CLT buildings is assumed here as (z/h)1.3.
The fourth building is Mjøstårnet for which structural 
details have been collected from [13, 26]. It is located in
Brumunddal in Norway and it is the highest all timber 
building in the world since its completion in 2019. The 
structure consists of massive glulam trusses along the 

façades as well as internal columns and beams. The cross-
sections of the truss elements are up to 1485 x 625 mm2. 
The top structural height is 85.4 m according to the 
CTBUH classification and the level of the top floor is 68.2 
m above ground [27]. Between those two altitudes, a
pergola ornament made of light hollowed glulam 
members stands at the top of the tower. The pergolas 
impact on the dynamical response of the wind-excited 
building is assumed to be minimal due to low mass and 
low drag force due to the wind. Therefore, the total height 
of Mjøstårnet in this study is reduced to 76 m. The finite 
element model presented by Malo and Abrahamsen 
estimated the first eigenfrequency in the weak direction to 
be about 0.37 Hz [13] but the first eigenfrequency used in 
this study follows the rule of thumb 46/h = 0.54 Hz. Extra 
mass is also added on the top of the building, the floors 12 
to 18 have 300 mm concrete which increases roughly the 
building density from 90 to 170 kg/m3.

Table 5: Wind and structural input parameters for the different buildings
ORIGINE

Canada
TREET
Norway

SARA
Sweden

MJØSTÅRNET
Norway

TTBtest
Case study

Picture of the building

Building height, h 41.0 m 45.0 m 72.0 m 76.0 m 100.0 m
Evaluation height, z 37.8 m 40.8 m 68.0 m 68.2 m 96.0 m
Width, b 45.6 m 23.0 m 41.0 m 37.0 m 20.0 m
Depth, d 19.5 m 21.0 m 16.0 m 17.0 m 20.0 m
Ref. wind speed, vb 26.4 m/s 26.0 m/s 22.0 m/s 22.0 m/s 20.0 m/s
Terrain class (EU/US) III / B III / B II / C II / C III / B
First natural frequency, n1,x 1.12 Hz 1.00 Hz 0.64 Hz 0.54 Hz 0.46 Hz
Struct. damping ratio to critical 2.0 % 1.8 % 2.3 % 1.9 % 2.0 %

Equivalent mass density 90 kg/m3 100 kg/m3 200 kg/m3 1)

110 kg/m3
170 kg/m3 2)

90 kg/m3 100 kg/m3

1) above 62 m ; 2) above 51 m

The fifth building is a fictive tall timber building 
(TTBtest) with simple geometrical and structural values 
to give the reader an easier understanding of the 
estimation of the different parameters, the calculation 
process and the impact on the response. It is 100 m tall, 
has a building cross section of 20 x 20 m and a bulk 
building density of 100 kg/m3 constant along the height. 
The viscous damping ratio to the critical damping is set to 
2.0 %. 

4 COMPARISON AND DISCUSSION
4.1 THE ANALYTICAL RESULTS
For each building, the peak accelerations have been 
estimated using the four different building codes. The 
results are presented in Figure 2, the main interesting 
parameters are reported in Table 6 and the complementary 
parameters in Table 7.
The results and the parameters estimated by the different 
codes have been compared two by two using the ratio 
X

X
.



Figure 2: Along-wind peak acceleration results by buildings and codes

4.2 RESULT COMPARISONS
The results in Figure 1 show that the American method 
generates the lowest accelerations and the Swedish 
method the highest. The ratios between the Swedish 
results and the ASCE results range between 2.4 and 3.2
with a mean ratio of about 2.9. The largest ratios are for 
the Mjøstårnet, 3.2, and for the SARA Cultural Centre, 
2.9. Both buildings are located in smoother terrain and 
have extra mass at the top. Differences in wind pressure 
and building responses are lower at rougher terrain [1] and 
as mentioned before the Swedish method does not 
consider non uniform mass distribution but only a mean 
mass value uniformly distributed along the height.
Between the accelerations assessed with the American 
and the Swedish methods, the acceleration estimated with 

the Eurocode method C are slightly higher than the one 
estimated with the method B, with ratios between 1.2 and 
1.3. The comparison between the ASCE and the EC-B 
method shows varying ratios between 1.4 and 1.8. In a 
comparative study between major building codes using a 
fictive 200 m tall building, with a building density of 180 
kg/m3 and located in a terrain exposure III / B, the factor
between the estimated accelerations with the EC-B 
methods were 1.5 compared to the ASCE method [1]. For 
the same building the difference were 1.8 between the EC-
C and the ASCE method. Similar levels of differences are
confirmed here for the lower and lighter buildings SARA 
Cultural Centre and Mjøstårnet located in the same terrain 
exposure. The ratios between EKS and Eurocode EC-B 
range between 1.6 and 2.1, with a mean ratio of almost 
1.9.

Table 6: Estimated parameters per building case and predicted with the different codes
max zref qzref cf Kp K M1 K / M1 1,x R vm,zref kp Iv,zref

(mm/s2) (m) N/m2 (-) (-) (-) (kg) (-) (-) (m/s) (-) (-)

ORIGINE
h = 41 m
b = 45.6 m
z = 37.8 m

ASCE 33 24,6 211 1,30 1,851 0,50 1093716 0,4583 0,922 0,082 18,6 4,22 0,26
EC-B 58 24,6 287 1,38 1,486 1,50 3281148 0,4572 0,922 0,125 21,4 3,27 0,23
EC-C 71 24,6 287 1,38 1,518 1,50 3281148 0,4572 0,922 0,150 21,4 3,34 0,23
EKS 99 41 357 1,38 1,358 1,50 3281148 0,4572 0,885 0,195 24 3,34 0,20

TREET
h = 45 m
b = 23 m
z = 40.8 m

ASCE 43 27 214 1,32 1,811 0,50 724500 0,6919 0,907 0,131 19 4,19 0,25
EC-B 79 27 290 1,43 1,493 1,50 2173500 0,6901 0,907 0,197 22 3,36 0,22
EC-C 97 27 290 1,43 1,519 1,50 2173500 0,6901 0,907 0,238 22 3,42 0,22
EKS 129 45 359 1,43 1,365 1,50 2173500 0,6901 0,863 0,299 24 3,42 0,20

SARA
h = 72 m
b = 41 m
z = 68 m

ASCE 38 43,2 306 1,31 1,087 0,44 1934730 0,2265 0,928 0,141 22,3 4,08 0,16
EC-B 57 43,2 365 1,42 0,950 1,58 6965028 0,2269 0,928 0,187 24,2 3,21 0,15
EC-C 72 43,2 365 1,42 0,972 1,55 6965028 0,2225 0,928 0,235 24,2 3,29 0,15
EKS 111 72 422 1,42 0,912 1,50 6258240 0,2397 0,918 0,312 26 3,32 0,14

MJØSTÅRNET
h = 76 m
b = 37 m
z = 68.2 m

ASCE 47 45,6 311 1,32 1,067 0,50 2331183 0,2148 0,897 0,197 22,5 4,04 0,16
EC-B 71 45,6 370 1,47 0,952 1,50 6993548 0,2145 0,897 0,253 24,3 3,24 0,15
EC-C 87 45,6 370 1,47 0,970 1,50 6993548 0,2145 0,897 0,307 24,3 3,31 0,15
EKS 151 76 428 1,47 0,911 1,50 5577108 0,2690 0,850 0,410 26 3,34 0,14

TTBtest
h = 100 m
b = 20 m
z = 96 m

ASCE 60 60 189 1,37 1,513 0,41 1000000 0,4064 0,941 0,202 18 4,00 0,22
EC-B 81 60 238 1,47 1,206 1,63 4000000 0,4075 0,941 0,252 20 3,19 0,19
EC-C 106 60 238 1,47 1,239 1,58 4000000 0,3958 0,941 0,328 20 3,28 0,19
EKS 142 100 286 1,47 1,137 1,50 4000000 0,3750 0,941 0,422 21 3,30 0,17
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Table 7: Complementary parameters per building case and predicted with the different codes
S E tot B2 N1, fL, yC Lzref Rh, Rb, h b

(-) (-) (-) (-) (-) (m) (-) (-) (-) (-)

ORIGINE
h = 41 m
b = 45.6 m
z = 37.8 m

ASCE 0,004 0,038 2,0% 0,004 7,9 132 0,084 0,076 11,4 12,7
EC-B 0,008 0,051 2,7% 0,008 4,4 84 0,096 0,087 9,9 11,0
EC-C 0,012 0,051 2,7% 0,012 4,4 84
EKS 0,026 0,031 2,2% 0,026 7,0 150 0,207 0,128 3,8 6,8

TREET
h = 45 m
b = 23 m
z = 40.8 m

ASCE 0,008 0,040 1,8% 0,008 7,3 136 0,086 0,161 11,1 5,7
EC-B 0,018 0,053 2,5% 0,018 4,1 88 0,099 0,183 9,6 4,9
EC-C 0,026 0,053 2,5% 0,026 4,1 88
EKS 0,052 0,034 2,0% 0,052 6,3 150 0,210 0,246 3,8 3,1

SARA
h = 72 m
b = 41 m
z = 68 m

ASCE 0,010 0,046 2,3% 0,010 5,8 204 0,100 0,168 9,5 5,4
EC-B 0,019 0,058 3,2% 0,019 3,6 135 0,108 0,180 8,8 5,0
EC-C 0,031 0,058 3,2% 0,031 3,6 135
EKS 0,052 0,048 2,6% 0,052 3,7 150 0,220 0,237 3,5 3,2

MJØSTÅRNET
h = 76 m
b = 37 m
z = 68.2 m

ASCE 0,014 0,051 1,9% 0,014 4,9 206 0,112 0,215 8,4 4,1
EC-B 0,028 0,064 2,8% 0,028 3,1 139 0,121 0,230 7,8 3,8
EC-C 0,041 0,064 2,8% 0,041 3,1 139
EKS 0,070 0,054 2,3% 0,070 3,1 150 0,242 0,290 3,1 2,4

TTBtest
h = 100 m
b = 20 m
z = 96 m

ASCE 0,015 0,053 2,0% 0,015 4,6 177 0,080 0,330 12,0 2,4
EC-B 0,031 0,060 2,9% 0,031 3,4 144 0,088 0,356 10,8 2,2
EC-C 0,053 0,060 2,9% 0,053 3,4 144
EKS 0,079 0,053 2,3% 0,079 3,2 150 0,189 0,421 4,3 1,4

4.3 DISCUSSIONS AND FURTHER ANALYSES
To better illustrate and understand the huge range of 
acceleration ratios between the codes, the recommended 
thresholds for buildings with different types of 
occupation can be compared. The peak acceleration 
threshold values for office buildings according to the ISO 
10137:2007 [21], see Figure 3, are 1.5 times higher than 
for residential buildings. 

Figure 3: Peak acceleration thresholds, A, in m/s2 as a 
function of the first natural building frequency, f0, in Hz 
for (1) office, (2) residential buildings according to the 
ISO 10137:2009

By analysing the parameters in Equation (2) and in Table 
6, the main reasons for the EKS method yielding the 
highest peak accelerations are higher wind pressure qzref
and higher resonance response factor R. In the EKS 
model, the wind pressure at the building height h is used 

whereas the wind pressure at the reference height 0.6 h is 
used in the other codes. 
Although the global peak factor estimated by the EKS are 
lower than the ASCE. The turbulence intensity Iv and the 
peak gust factor kp are indeed larger in the American code. 
The global peak factor in the EKS uses a factor 2 whereas 
the American one uses 1.7 (see Table 1). 
But the main difference in acceleration predictions comes 
from the resonance response factor R which is much 
higher for the EKS. According to the equations for R2 in 
Table 3 and the evaluated parameters in Table 7, this is 
due to the size factor S that is about four to six times 
higher in the EKS method compared to the ASCE. The 
reasons are much higher wind pressure correlation factors 
on the surfaces normal to the wind, h and b, in the EKS. 
In Figure 4, the correlation size reduction Rh h and Rb b
as functions of height/width are plotted for the different 
codes. The continuous curves correspond to cases where 
n1,x/vm,zref is equal to 0.02 m-1 and the dashed curves where 
n1,x/vm,zref is equal to 0.06 m-1. For the case of the building 
TREET, the vertical size reduction factor according to the 
ASCE method is Rh = 0.086 and according to the EKS 
method it is h = 0.210. The horizontal correlation along-
wind is not considered in the EKS, whereas in the ASCE 
it is included in the size factor S with the term 
(0.53+0.47Rd) . The vertical and the horizontal wind 
pressure correlation functions, Rh and Rb, are identical 
functions with respect to h and b and are the same in the 
ASCE and in the EC-B. In the EKS the functions for 
horizontal and vertical correlation are different. The 
yellow curves correspond to vertical correlation h
according to the EKS and is much higher than the size 
correlation Rh = Rb according to the ASCE/EC-B for 
building height between 50 and 100 m.



Figure 4: Wind pressure correlation factors Rh h and 
Rb b as a function of the building height h and width b in 
meter for ranges of n1,x/vm,zref between 0.02 and 0.06 m-1

The energy factors E estimated with the American code 
are slightly higher and the total damping values 

in the Swedish method, including aerodynamical 
damping, are higher. But the high correlation factor S of 
the EKS, as mention before, is strongly influencing the 
resonance response factor R and therefore explain the 
higher peak accelerations.
For the studied building cases the non-dimensional 
frequencies ranged between 3 and 8. Taller buildings with 
lower non-dimensional frequencies might results in 
higher energy factors in the case of EKS, as illustrated in 
Figure 5 which represents the wind power spectral 
densities as functions of the non-dimensional frequency 
for the different codes.

Figure 5: Wind power spectral densities as functions of 
the non-dimensional frequency N1, fL or yC

In the specific case of SARA Cultural Centre and 
Mjøstårnet with the highest peak acceleration difference 
between ASCE and EKS, the ratios K/M1 differ about 20 
% but the ratio K/M1 is almost the same for the other 
buildings. The main reason is that the EKS does not 
consider the non-uniform distribution of the mass 
vertically and evaluate the modal mass from the mean 
building density. Increased mass at the top floors of  tall 

buildings is one of the most common way to mitigate the 
serviceability related to wind-induced vibrations.
Traditional tall buildings about 180-200 m tall made of 
steel and reinforced concrete have building densities
between 175 and 250 kg/m3 [1,8,19].
When comparing the acceleration results from the 
Eurocode methods EC-B and EC-C the differences are 
due to various correlation size factors S.
The differences between the acceleration results from the 
EC-B and the EKS methods are due to the same 
differences described previously for the comparison 
between the ASCE and the EKS methods.
The influence of the mode shape exponent on the peak 
acceleration seems low. The EKS is derived with a mode
shape exponent fixed at 1.5 whereas the other methods
leave this variable to the structural designer, usually 
between 1 and 2. The assumed mode shape of a building 
reflects the vertical distribution of bending or/and shear 
motion. Several wind aerodynamic parameters are 
evaluated at 100 % of the building height in the EKS: the 
aerodynamic damping, the turbulence intensity and 
indirectly the energy factor E. For the ASCE and the 
Eurocodes they are evaluated at 60 % of h.

5 CONCLUSIONS
The phenomenon of wind-induced vibration is an 
important criterion for design of tall timber buildings 
already when their height reaches levels of 15-20 storeys, 
due to the combination of relatively low stiffness and low 
mass. For tall buildings in traditional material this 
phenomenon does not come into importance until they 
reach much higher levels. This makes it necessary to 
revisit the calculations of acceleration according to wind 
codes for light-weight buildings. To provide good comfort 
at the top floor, the building acceleration must not exceed 
some threshold value. Wind loads are hard to model due 
to complex turbulent space-time variation, and building 
codes provide different methods based on various 
assumptions and empirical data. 
The comparison of four procedures from Europe and 
America yields factor ratios over 3.0 for the along-wind 
accelerations evaluated for five tall timber buildings
which heights are between 40 and 100 m. The vertical 
correlation factor, the reference height for the mean wind 
pressure and the mass distribution are not estimated in the 
same way in the four building codes investigated. They 
lead to huge differences in the predicted peak 
accelerations which can influence the design for wind-
induced vibrations. The analysis of the comparative study 
emphasizes a considerable uncertainty in the building 
codes for the response of taller and lighter timber 
buildings excited by the wind.
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