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Preface

This doctoral thesis is submitted in partial fulfilment of the requirements for the
degree of Philosophiae Doctor (Ph.D.) at the Faculty of Engineering of the Norwe-
gian University of Science and Technology (NTNU). The research was conducted
at the Department of Structural Engineering at NTNU in Trondheim, Norway.

The main supervisor of the doctoral studies was Professor Kjell Arne Malo and the
co-supervisor was Professor Anders Rønnquist. The research work was funded by
the Dynamic Response of Tall Timber Buildings under Service Load (DynaTTB)
project, part of the ERA-NET Cofund Forest Value and funded in Norway by the
Norwegian Research Council, grant no.297513.

This doctoral dissertation is a collection of scientific papers, published or submitted
for publication in peer-reviewed scientific journals. It also contains an introductory
part that gives the summary of the research questions, provides the context and
binds all the papers together.
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Abstract

The rising awareness of sustainability importance has led to wider adoption of
timber in structural design. While there is a growing number of multi-storey timber
buildings, there is still a lack of confidence by designers in the use of timber for
tall building constructions due to limited knowledge of their dynamic response
under serviceability level loading. Generally tall timber buildings are able to resist
ultimate state loads but are naturally susceptible to wind-induced excitation due
to intrinsically low density and low stiffness. While wind-induced vibrations do not
usually threaten the structural integrity of the building, the comfort criteria might
become a significant issue. A lack of reliable data for modelling is considered as one
of the main barriers to a wider application of timber in tall buildings. Therefore,
this thesis aims to contribute to a better understanding of tall timber building
dynamic response under serviceability level loading. The objectives of the thesis
include experimental full-scale dynamic identification of tall timber buildings using
ambient and forced vibration tests and the development of representative finite
element models which are able to predict the vibration response of tall timber
buildings.

Firstly, an ambient vibration testing campaign was conducted on seven multi-storey
CLT buildings ranging between 9-13 storeys. Using the output-only stochastic
subspace identification technique, accurate estimations of the natural frequencies
and mode shapes were obtained from the ambient vibration measurements and the
identified damping ratios were in the range between 1%-2%.

Secondly, long-term ambient vibration testing and forced vibration testing cam-
paigns were conducted on an 18-storey glulam frame building. The output-only
techniques were combined with the modal decomposition tool to process non-
stationary data from ambient vibration measurements. The identified natural fre-
quencies were quite stable and similar to their counterparts from forced vibration
tests. An amplitude-dependent behaviour of damping ratios was observed based
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on forced vibration tests, which has significant implications on the design of tall
timber building response under wind-induced loading, where damping plays an im-
portant role. The range of damping variation was between 0.5%-3.0% for the first
two modes of vibration.

Thirdly, finite element models of the instrumented buildings were developed. A
focus on the stiffness of connections and non-structural elements and their impact
on global modal response was made. The effect of stiffness of connections in tall
timber buildings is usually omitted by the designers and simplified assumptions of
rigid or pinned connections are made. It was demonstrated that the stiffness of
connections can have a significant impact on the global modal response of tall tim-
ber buildings. Moreover, the non-structural elements in tall glulam frame buildings
have a partial stiffness contribution to the building modal response.

The results of the extensive tall timber buildings measurement campaign contrib-
ute significantly to the limited database of existing tall timber buildings’ dynamic
properties. Moreover, the knowledge of damping properties in CLT and glulam
frame buildings has been significantly extended. The proposed modelling approach
is able to accurately predict the modal properties of tall timber buildings and can
serve as a useful guideline for practising engineers in the development of their
prediction models of tall timber buildings under serviceability level loading.
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1. Introduction

1.1 Motivation

1.1.1 Tall timber buildings

The use of timber as a structural material in tall buildings has gained popularity
in recent years due to its renewability and ecological friendliness compared to tra-
ditional steel and reinforced concrete materials [1]. Treet building was constructed
in Norway in 2014 and was the tallest all-timber building in the world at a time
[2] until 2019 when Mjøstårnet was constructed (Figs.1.1(b) and 1.1(a)). As of
April 2023, an 18-storey (85.4 m) glue-laminated timber frame building Mjøstår-
net still holds the title of the tallest all-timber building in the world [3]. Apart from
them, a large number of hybrid buildings, incorporating timber in the structural
design have been constructed. Among them, a 25-storey mass timber-concrete hy-
brid tower Ascent in the United States holds the record for height at 86.6 m [4].
In Europe, the tallest hybrid buildings with timber include an 84 m tall HoHo
building in Austria (timber-concrete hybrid), a 73 m tall Haut in the Netherlands
(timber-concrete hybrid), and a 72.8 m tall Sara Kulturhus (Fig.1.1(c)) in Sweden
(timber-steel hybrid) [5].

Generally, tall timber buildings have sufficient capacity to fulfil the ultimate limit
state requirements for strength [6]. However, despite being relatively short in
height compared to high-rise reinforced concrete and steel buildings, the existing
tall timber buildings are prone to excessive vibration under wind load [7]. This
issue arises due to the inherently low density and stiffness of timber, which leads
to wind-induced excitation being the governing design criterion for tall timber
buildings. While the wind-induced vibrations generally do not compromise the
structural integrity of the building, the comfort criteria can become a significant
issue [8].
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2 Introduction

(a) Mjøstårnet, Norway (b) Treet, Norway (c) Sara Kulturhus, Sweden

Figure 1.1: Tall buildings with timber

1.1.2 Comfort criteria

The comfort criteria for tall buildings were introduced due to human’s sensitivity to
building motions. The adverse effects on the inhabitants include nausea or motion
sickness, and tiredness. Both sudden short strong motions and low-level motions
can have a physiological and psychological impact on inhabitants [9, 10]. Exposure
to steady low-level accelerations can cause tiredness and sleepiness in the occupants,
even though they are not perceptible. Sudden strong motions over a short period
can lead to motion sickness/nausea and if the motion is observable and/or audible,
it can lead to fear of the building being unsafe and prone to collapse.

The ISO 10137 standard [11] is used for evaluating the comfort criteria of build-
ings due to wind-induced vibrations (Fig.1.2). The standard uses the 1-year return
period for wind velocity and sets the acceleration limit for the low-frequency ho-
rizontal motion of buildings subjected to wind loading. The computations involve
the peak acceleration and the first natural frequency of the building within a range
of 0.06 Hz-5.0 Hz, where curve 1 is for residential buildings, and curve 2 is for
offices.

1.1.3 Wind-induced acceleration estimation

The Eurocode 1-4 standard [12] presents two methods (Annex B and C) for cal-
culating the along-wind acceleration. Both Eurocode methods, as well as other
international standards, utilise the simplified SDOF model of a cantilever beam
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Figure 1.2: ISO 10137 comfort criteria

with only the first eigenmode considered. The inputs required for the calculation
of the peak acceleration include the wind data specific to the location, building
geometry, and modal properties from the modal analysis. The general equation for
the along-wind peak acceleration can be expressed as follows [13]:

apeak = b · h · qzref
· Cf ·Kp ·K · ϕ1,x(z) · 1

M1
·R (1.1)

where apeak is a peak acceleration in m/s2, b ·h is the building area normal to wind
direction in m2, qzref

is the wind pressure in N/m2, Cf is the force factor, Kp is
the global peak factor, K is the modal factor, ϕ1,x(z) is the first mode shape, M1

is the modal mass in kg, and R is the resonance response factor.

1.1.4 Challenges of wind-induced response prediction

The performance of buildings under wind loading depends on their dynamic prop-
erties, which include natural frequencies, damping ratios and mode shapes. These
properties are governed by the distribution of mass, stiffness, and damping in the
building. However, in tall timber buildings, the vibration behaviour is difficult to
predict during the design stage [14]. In particular, the knowledge of the stiffness
and damping properties in tall timber buildings is limited and more knowledge is
required in this field for accurate prediction of dynamic properties. Stiffness prop-
erties from connections and non-structural elements are subject to uncertainty and



4 Introduction

their contribution is generally omitted in the current practice. Moreover, the live
load values from Eurocode 1-1 [15] prescribed for the serviceability limit state are
not usually representative of the actual live load distribution, which is important for
assessing the dynamic behaviour of in-service buildings. Additionally, the damping
ratio values used for serviceability limit state calculations of timber buildings in
Eurocode 1-4 [12] do not have a scientific and tall timber buildings-related basis.

1.2 Objectives and limitations

1.2.1 Objectives and scope of work

The main objective of this thesis is to experimentally identify the modal proper-
ties of tall timber buildings under service load and to develop the corresponding
representative finite element models for predicting the vibration response of tall
timber buildings.

To accomplish the research objectives, the following scope of work was established:

• Acquire full-scale measurement data from tall timber buildings

Conduct full-scale dynamic tests using ambient vibration tests and forced vi-
bration tests to identify modal properties of in-service tall timber buildings.

• Quantify natural frequency and damping of in-service tall timber
buildings

Quantify and evaluate the natural frequencies and damping ratios of in-service
tall timber buildings and investigate the amplitude-dependent behaviour of
damping ratios.

• Develop representative finite element models of tall timber buildings

A representative finite element model is important in the dynamic identification
of in-service tall timber buildings. The impact of connections and non-structural
elements on the dynamic response of tall timber buildings under service-level
loading is unknown. Therefore, a proper approach for modelling the stiffness of
connections between the timber elements as well as the non-structural elements
of in-service tall timber buildings should be developed.
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• Validate the predicted response with experimental measurements

Once the representative finite element model is established, develop and imple-
ment an effective finite element model updating strategy using realistic para-
meter values to validate the finite element model of in-service tall timber build-
ings.

1.2.2 Limitations and assumptions

The following assumptions and limitations were made in this thesis:

• Only the vibration-based dynamic response using ambient and forced vibration
tests was considered in this thesis. The underlying assumption of vibration-
based testing is that the distribution of mass, stiffness, and energy dissipation
properties of the building govern the dynamic response of the building.

• The thesis focuses on the dynamic identification of tall timber buildings (i.e.
natural frequencies, mode shapes and damping ratios), which are crucial for the
wind-induced behaviour evaluation based on the standards.

• Timber buildings with only two types of structural systems are considered in this
thesis: truss system with glue-laminated timber beams columns and diagonals
and platform system with cross-laminated timber panels. While there exist other
types of structural systems for tall timber buildings, the two covered systems
are representative of the majority of the existing tall timber buildings.

• The focus of this thesis is on the serviceability limit state under wind-induced
loading (elastic behaviour) and does not include the ultimate limit state or
seismic-induced loading.

• Finite element model with linear material properties is considered and modal
and steady-state dynamic analyses are performed.



6 Introduction

1.3 Structure of the thesis

This thesis is composed of an introductory part followed by the included papers.
The introductory part is comprised of six chapters. The first chapter presents the
motivation and the objectives of the thesis. The second chapter presents a brief
summary of structural timber and tall timber systems. The third chapter is a
theoretical background on the methodologies for system identification and modal
analysis. The experimental and numerical frameworks are presented in Chapter 4.
A summary of the included papers is presented in Chapter 5. Finally, the main
findings and future work suggestions are outlined in Chapter 6.



2. Structural timber and tall timber systems

2.1 Structural timber

2.1.1 Material model for timber

Timber is a natural composite material with highly anisotropic behaviour. The
stiffness of timber varies significantly between the different directions, and from
one wood sample to another. The mathematical models for structural timber are
constituted from various small and large-scale tests. Over the last century, the
constitutive relationships for the elastic mechanical behaviour of timber have been
developed and are generally used nowadays for modelling timber structures [16, 17,
18].

Fig.2.1 shows a cylindrical orthotropic timber material model, where the longitud-
inal (L) direction is the direction along the wood fibres, and R and T are radial
and tangential directions to the wood annual rings respectively.

Figure 2.1: Principal directions for wood material model

7



8 Structural timber and tall timber systems

For orthotropic material the elastic compliance matrix is expressed as follows:

Se =



1
ER

−νT R

ET
−νLR

EL
0 0 0

−νRT

ER

1
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EL
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0 0
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0
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

(2.1)

where E, G, and ν are elastic modulus, shear modulus and Poisson’s ratio respect-
ively. A total of nine engineering constants are needed for the timber model.

For large engineering products, such as glue-laminated timber and cross-laminated
timber, further simplifications are made since the difference between the stiffness
properties in the perpendicular (R and T) to the grain direction is quite small com-
pared to the stiffness properties in parallel to the grain direction (L). In this case,
the wood is considered a pseudo-transversely isotropic material with the plane of
isotropy being plane R-T. Thus, the number of independent engineering constants
was reduced to five: E0, E90, G0, G90, and ν, where 0 and 90 indicate parallel and
perpendicular to wood fibres direction respectively.

2.1.2 Engineering timber products

Glue-laminated timber (glulam) and cross-laminated timber (CLT) are some of the
most common structural timber products used in engineering.

Glulam is made by glueing together multiple layers of timber to create a strong
and dimensionally stable structural material. Each layer is called lamella and is
made of solid timber boards, which are glued together with high-strength adhesive.
The grain direction in each lamella is parallel to the structural member direction.
The glulam beams are shaped into various shapes, lengths and dimensions, and can
be applied in a variety of construction and architectural applications. Fig.2.2(a)
shows an example of glulam application in structural columns and diagonals.

CLT is different from the glulam in a way that it is made by layering timber boards
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in alternating directions. These boards are glued to each other with strong adhes-
ives to create a solid structural panel. It has versatile applications, including walls,
floors, and ceilings. CLT is a relatively new material, that is gaining popularity in
some regions of Europe and North America. An example of CLT application in a
building is shown in Fig.2.2(b), where CLT is used as a wall and a ceiling panel.

(a) Glulam element (b) CLT element

Figure 2.2: Examples of engineering timber products in buildings

2.2 Structural systems for tall timber buildings

According to Foster et al., the definition of tallness in buildings is subjective and
depends on the context which can be provided by the historical use of particular
structural material or by the structural system [19]. They further remark that the
definition of tallness with respect to the use of new structural materials, such as
engineering timber, is especially interesting due to its inherent material properties.
In comparison to traditional structural materials such as concrete and steel, struc-
tural timber has relatively low mass and stiffness, but quite a high stiffness-to-mass
ratio. Therefore, the buildings made of structural timber become susceptible to lat-
eral loading, such as wind and seismic actions, at significantly lower slenderness
ratios. Subsequently, this will lead to the use of tall structural systems at much
smaller heights for timber buildings, than it would be required for concrete or steel
buildings [19].
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The most common structural systems for tall timber buildings include platform
systems (plate elements) [20], truss systems (columns, beams and diagonals) [2],
moment-resisting frame systems (frames with fixed joints) [21], and hybrid struc-
tures (timber combined with concrete/steel) [22]. The following sections will de-
scribe the truss systems and platform systems and their connections.

2.2.1 Truss systems

In the truss systems, the diagonal elements are used to stabilise the buildings
against lateral loadings, such as wind and earthquake loading. In tall timber build-
ings truss systems are implemented with glulam elements. The glulam trusses can
extend over several floors as shown in Fig.2.3 and are placed at the outer layer to
maximise the internal space. Glulam columns and beams are used for supporting
vertical load transferred from the floor elements.

The two tallest all-timber buildings in the world, Mjøstårnet and Treet (Figs.1.1(a)
and 1.1(b)) are made with the glulam truss structural system. The glulam truss
members in such tall buildings can reach quite large dimensions. For example, the
cross-sectional area of the diagonal elements in Mjøstårnet is on average 600 mm
by 750 mm, while the cross-sectional area of the columns can reach 600 mm by
1500 mm. Having such large diagonal elements can create architectural challenges,
such as obstruction of the window view.

Figure 2.3: Truss building example

2.2.2 Platform systems

In a platform-type system, the planar elements are assembled together with mech-
anical connections to create a box-like structure. In tall timber buildings, the
platform-type system can be implemented with CLT panels. Fig.2.4 shows an ex-
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ample of a CLT platform system, where floors, walls and ceilings are made with
CLT panels. The CLT panels have a high capacity to resist lateral and compressive
loading and they are often used in multi-storey and long-span diaphragm applic-
ations. Sara Kulturhus in Sweden (Fig.1.1(c)) is an example of a hybrid building
which utilises CLT panels in the structural system.

(a) Platform type construction (b) CLT building example

Figure 2.4: Platform type CLT building

2.2.3 Connections in timber buildings

Mechanical connections in timber buildings play a critical role in transferring loads
and stresses between different parts of the structure. Connections in the glulam
truss buildings and in CLT platform-type buildings are described further.

Connections in glulam truss buildings

Glulam frame members in tall timber buildings are usually connected to each other
with a combination of slotted-in plates and dowels made of steel as shown in Fig.2.5.
In Mjøstårnet the diameter of steel dowels was 12 mm and the steel plate thickness
was 10 mm. The 13 mm cuts were sawn in the glulam to insert steel plates and a
large number of dowels is used to connect the steel plates to the glulam frame. An
example of the installation process of the slotted-in steel plates and dowels is shown
in Figs.2.5(a) and 2.5(b): here the glulam specimen with connection is prepared in
the lab for testing.
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(a) Slotted-in steel plate (b) Glulam connection specimen

Figure 2.5: Slotted-in steel plate connection

Fig.2.6 shows an example of the connections between the column and the diagonal
in Mjøstårnet. The holes that were used for installing steel dowels were covered
with timber plugs, which serve two purposes: for the protection of steel dowels
from the heat in case of fire and for the aesthetics of the glulam members.

While the stiffness of glulam connections with slotted-in steel plates and dowels can
be estimated according to the design code (Eurocode 5 in Europe [23]), the calcu-
lated values might not be representative of an actual connection stiffness behaviour
in tall timber buildings [2].

Connections in CLT buildings

CLT panels in the CLT building are usually connected to each other with a series
of hold-down brackets and steel angle brackets as shown in Fig.2.7. Hold-downs
(Fig.2.7(b)) are typically used for connecting the CLT superstructure to the rein-
forced concrete foundation or to transfer loads from the roof or upper floors to the
foundation. Angle brackets (Fig.2.7(a)) are used for connecting the CLT plates
together at a corner or other angle and are designed to resist lateral forces. Both
angle brackets and hold-downs are usually made with steel and connected to the
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Figure 2.6: Connections in glulam truss

panels with a set of screws (or bolts).

The CLT panels are rigid in comparison to their connections, and therefore the
stiffness of CLT buildings depends mostly on the stiffness of these connections. The
previous studies showed that the stiffness of the connections could have a significant
impact on the dynamic properties of multi-storey CLT buildings [24, 25]. Since the
stiffness of these connections is subject to uncertainty, their behaviour in timber
buildings needs to be studied in more detail.
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(a) Steel angle bracket (b) Hold down bracket

Figure 2.7: Connections in CLT buildings



3. Theoretical background on system identification
and modal analysis

In civil engineering structures, and in timber structures in particular, the gap
between the predictive models and the real systems can be significant due to a
lack of data for modelling and uncertainties related to the various properties of
the structure. The system identification and modal analysis aim to bridge this gap
between the model and the real system by allowing for experimental verification
of the modal parameters. The evaluation of the vibration data of the structure
can be divided into two main parts: development of the predictive mathematical
models (known as system identification) and estimation of the modal properties
of the system (known as modal analysis). Numerous system identification tech-
niques and modal analysis methods exist and the following sections will describe
the most common ones. Additionally, the corresponding model updating schemes
and existing applications to timber buildings are presented.

3.1 Structural dynamic models

3.1.1 Finite element model

The dynamic behaviour of the structure is described by the following second-order
linear differential equation of motion:

Mq̈(t) + Cq̇(t) + Kq(t) = F(t) (3.1)

where M is the mass matrix, C is the damping matrix, K is the stiffness matrix,
all with dimensions [n×n]. The vector q contains the displacements of the system,
and F is external excitation, both with dimensions [n×1]. n designates the number
of degrees of freedom.

15
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A closed-form solution to the one-degree-of-freedom linear system with free vibra-
tion (no external excitation) can be obtained and has the following form:

q(t) = e(−ξωt)
(v0 + ξωu0

ωd
sinωdt+ u0cosωdt

)
(3.2)

where ω, ξ are the natural frequency and damping ratio of the mode, ωd is the
damped natural frequency, which is equal to ω

√
1 − ξ2. The solution of the forced

vibrations of the linear system subjected to f(t) involves using Duhamel’s integral
and can be expressed as follows:

q(t) = 1
mωd

∫ t

0
e−ξω(t−τ)f(τ)sinωd(t− τ)dτ (3.3)

While an analytical solution is possible only for simple force-time relationships, the
use of numerical integration is required for most systems. The use of numerical
integration schemes such as Newmark can be used to obtain a numerical solution
to the equations of motion.

3.1.2 State-space model

In many system identification techniques, the state-space formulation of the system
is used.

Eqn.(3.1) can be rewritten in the following way:

q̈(t) = −M−1Kq(t) − M−1Cq̇(t) + M−1Buu(t) (3.4)

where u(t) is a vector containing the loads applied to the system with dimensions
[u × 1], Bu is a matrix for the control forces with dimensions [u × n] such that
f(t) = Buu(t), where u is the number of system inputs.

The definition of the state vector:

x(t) =

q(t)

q̇(t)

 (3.5)

The state vector is of dimension [2 × n].

Substituting Eqn.(3.5) into Eqn.(3.4) and using the identity Mu̇(t)=Mu̇(t) yields:
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q̈(t)

q̇(t)

 =

 0 I

−M−1K −M−1C


q(t)

q̇(t)

 +

 0

M−1Bu

 u(t) (3.6)

From Eqn.(3.6) the state matrix Ac with dimensions [2n×2n] and the input matrix
Bc with dimensions [2n× u] can be defined as follows:

Ac =

 0 I

−M−1K −M−1C

 (3.7)

Bc =

 0

M−1Bu

 (3.8)

The state equation in continuous time is then written as:

ẋ(t) = Acx(t) + Bcu(t) (3.9)

The observation equation, which provides the vector of measured outputs as a
function of input is written as follows:

y(t) = Ca(t)q̈(t) + Cv(t)q̇(t) + Cd(t)q(t) (3.10)

where y(t) is the [l × 1] system output, Ca, Cv, and Cd with dimensions [l × 2n]
are the output location matrices for acceleration, velocity, and displacement with
the assumption that the measurements of the structural response are taken at l
locations.

The observation equation in continuous time is:

y(t) = Ccx(t) + Dcu(t) (3.11)

In Eqn.(3.11), the Cc with dimensions [l × 2n] and Dc with dimensions [l × u]
are the output matrix and the direct transmission matrix, which are expressed as
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follows:

Cc =


Cd 0

0 Cv

−CaM−1K −CaM−1C

 (3.12)

Dc =


0

0

CaM−1Bu

 (3.13)

The continuous state space model for the structural system in Eqs.(3.9) and (3.11) is
not practical for real-life application. In practice, the vibration signals are measured
at discrete time instants, so the conversion of the state space model to discrete time
is necessary. Using the Zero Order Hold (ZOH) assumption, which states that the
input is piecewise constant over the sampling period ∆t, the continuous time state-
space model is converted to the discrete-time state-space model:

xk+1 = Axk + Buk

yk = Cxk + Duk

(3.14)

where the relationship between the discrete and continuous parameters is as follows:

A = eAc∆t, B = (A − I)A−1
c Bc, C = Cc, D = Dc (3.15)

3.1.3 Transfer function model

Transfer function models are used primarily for describing the relationship between
the system measured inputs and the measured outputs. The following equation
describes the basic transfer function model [26]:

y(t) = G(q)u(t) + H(q)e(t) (3.16)

where y(t) is the system outputs vector, u(t) is the system inputs vector,e(t) is the
stochastic input from noise and prediction errors, G(q) is the transfer function of
the system and H(q) is the transfer function of the disturbances.
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The transfer function corresponds to the Laplace transform of the impulse response,
while the frequency response function corresponds to the Fourier transform of the
same impulse response function [27].

3.2 Classification of system identification methods

A large number of system identification methods exist and various classification
methods are employed [28]. The most general classification of the system identi-
fication methods is according to the analysis domain: time domain and frequency
domain. Time domain methods refer to the estimation methods applied to the
time histories of the output signals and include such methods as the Kalman filter,
recursive least squares, Bayesian inference, and stochastic modelling. Frequency
domain methods include the Fourier transform-based parameter estimation meth-
ods.

System identification can be applied in the time domain directly on the output
signal, or the data transformation to the frequency domain can be conducted first
before applying the system identification. Selecting domain for system identific-
ation depends on the problem at hand. For example, the time domain methods
might be suitable for output-only identification as they are optimal for dealing with
noise in the data and are not exposed to signal processing errors, such as leakage.
The frequency domain methods, on the other hand, are more suitable for averaging
out the noise from the signals with harmonic excitation [29].

Another type of classification is regarding the nature of system input and sep-
arates the system identification into three different classes: experimental modal
analysis (EMA), operational modal analysis (OMA), and combined experimental-
operational modal analysis (OMAX) [30]. The first type, EMA, involves evaluating
the data from the forced vibration tests (FVT). In EMA the structure is excited
by the measured dynamic forces and the corresponding response of the structure is
recorded, the modal parameters are then extracted from these input/output meas-
urements. The EMA approach can also be called a deterministic method since the
input force to the system is known. The second type is OMA, where the input
force is unknown and the assumption that the unmeasured loads are realisations
of a stationary stochastic process is made. The OMA method is also known as the
output-only method since only output is analysed. The OMA method is suitable
for large structures, such as buildings and bridges, where EMA is difficult to apply.
In OMA the environmental forces are also called ambient forces, which gave the
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name to the ambient vibration testing (AVT) method. A common assumption in
the OMA method is that stochastic input is a white noise process with zero mean
and finite variance. While the assumption is not always true, the OMA method
still can give valid results, provided the input forces are not drastically different
from the stationary white noise assumption. The third type is OMAX, where both
artificial and operational forces are included in the system identification model.

Based on the nature of the data extraction methods, the classification into the
parametric and non-parametric methods can be made [31]. In non-parametric
methods, the modal extraction is done directly from the data, without any specific
model fitting, while in parametric methods, a model is defined with an underlying
mathematical structure and model parameters are fitted into the model.

Furthermore, the following classifications can be made: (1) linear and nonlinear
models; (2) univariate model (single input-single output (SISO)) and multivariable
models (single input-multiple outputs (SIMO), multiple inputs-multiple outputs
(MIMO)); (3) deterministic and stochastic models; (4) discrete and continuous
time models, etc. [32, 33, 34].

The following sections describe the most common system identification and modal
analysis techniques as well as the corresponding damping estimation and model
updating. Finally, a summary of some existing applications of system identification
and modal analysis on tall timber buildings is presented.

3.3 Spectral estimation

Non-parametric methods can be used when little information about the signal is
available in advance [35]. Spectral estimation methods are non-parametric methods
based on the Fast Fourier Transform (FFT). Spectral estimation methods describe
the way the power of the signal is distributed over each frequency bin, known as
power spectral density (PSD). For a random zero-mean process, the power spec-
tral density Sxx(f) can be expressed using the Wiener-Khintchine relation as the
Fourier transform of the auto-correlation function Rxx(f) [36] at time instances t
and t+ τ , where τ is the time lag:

Sxx(f) =
∫ +∞

−∞
Rxx(f)e−i2πfτdτ

where Rxx(τ) = lim
T →∞

1
T

∫ T

0
x(t)x(t+ τ)dτ

(3.17)



3.4. Complex mode indicator function (CMIF) 21

The spectral estimation methods have some disadvantages including resolution and
statistical stability. Welch’s method is the modified periodogram where the original
data is split into overlapping n data segments of length T = N∆t, where N is the
block size for each FFT computation, with an overlap of D points and windowing
is applied to each segment. The smoothed PSD spectrum using Welch’s method is
expressed as follows [37]:

Sxx,wlc(f) = 2
nN∆t

n∑
i=1

∣∣∣Xi(f)
∣∣∣2

(3.18)

3.4 Complex mode indicator function (CMIF)

The frequency response function (FRF) matrix describes the input/output rela-
tionship of the structure at each spectral line. In modal analysis, the FRF, H(ω),
for linear time-invariant multi-degree-of-freedom system can be expressed as [38]:

H(ω) = Φ(λ2
r − ω2)−1ΦT (3.19)

where Φ is the mass-normalised eigenvector matrix, λr is the eigenvalue matrix.

Complex mode indicator is based on singular value decomposition (SVD) of the
FRF functions for identification of the modes of the structure [39]. The singular
value decomposition of the FRF at each spectral line is defined as:

H(ω) = U(ω)Σ(ω)V(ω)H (3.20)

where U(ω) is the [No ×Nr] left side of the unitary matrix, V(ω) is the [Nr ×Ni]
right side of the unitary matrix, Σ(ω) is the [Nr ×Nr] singular matrix, which is a
diagonal matrix,

{
.
}H is the Hermitian transpose (or complex conjugate transpose),

and H(ω) is the [No ×Ni] frequency response function. Ni is the number of input
(reference) points, No is the number of response points.

The peaks of singular values on the CMIF plot indicate the existence of modes
and the corresponding frequency locations give damped frequency values for these
modes.
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3.5 Peak picking

Peak picking is one of the common methods for the estimation of modal properties
from collected response data. This method assumes that at the vicinity of the
resonance peak of the FRF, the structural response is governed by a single vibration
mode and the contribution from other modes is negligible. In this case, the multi-
degree-of-freedom (MDOF) FRF of the structure can be treated as a single-degree-
of-freedom (SDOF) FRF. The SDOF dynamic model can then be used with curve
fitting for the extraction of modal parameters. This method can be applied together
with the CMIF method. Disadvantages of this method are that it cannot be applied
to closely-spaced modes, it requires good quality FRF data to produce accurate
results, and its damping estimates are not reliable [40].

3.6 Stochastic Subspace Identification

3.6.1 Stochastic state space model

In operational modal analysis, the structure is excited by immeasurable force. The
input uk in Eqn.(3.14) is not known and the measured output of the system yk

is generated only by the stochastic processes. Thus, the discrete-time stochastic
state-space model becomes as follows:

xk+1 = Axk + wk

yk = Cxk + vk

(3.21)

where wk is the process noise of dimension [2n× 1] due to disturbances and inac-
curacies in the model and vk is the measurement noise of dimension [l × 1] due to
sensor inaccuracies.

Since the input force is unknown, wk becomes the input in determination of the
order 2n of the unknown system and realisation of the state matrix [A] and ob-
servation matrix [C] from a large amount of the output measurements yk. Both
wk and vk are immeasurable and assumed to be zero mean Gaussian white noise
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processes with covariance matrices given by:

E


wp

vp

 (
wT

q vT
q

) =

 Q S

ST R

 δpq (3.22)

where E is the expected value operator, δpq is the Kronecker delta operator, p and
q are two arbitrary time instants. Estimating the matrices Q, R, and S is part of
the identification process.

3.6.2 Data-driven stochastic subspace identification

Stochastic subspace identification techniques are considered to be a powerful class
of identification methods for natural input modal analysis in the time domain [41].
This section describes the data-driven stochastic subspace identification method
(SSI-DATA).

The algorithm starts by sifting the original output data into a sequence of multi-
dimensional vectors. The system response is represented by the data matrix:

Y =
[
y0, y1, ..., yN−1

]T
(3.23)

where N is the number of data points. If 2i is the total number of block rows,
where i is a prescribed time lag, then j = N − 2i + 1 multi-dimensional vectors
from the data matrix can be obtained:

Yr =
[
yr−1, yr, ..., yr+2i−2

]T
, r = 1, 2, ..., j (3.24)

The data is then organised in a Block Hankel matrix of dimension [2li × j] with
Yr as column vectors:

H = 1√
j



y0 y1 ... yj−1

y1 y2 ... yj

... ... ... ...

y2i−1 y2i ... yj+2i−2


(3.25)
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where 1√
j

is the scale factor [42]. The Hankel matrix can be divided into the "past"
(the block Hankel matrix of the past outputs with the last i samples removed) and
the "future" (the block Hankel matrix of the future outputs with the first i samples
removed) parts with dimensions [li× j]:

H =

Hp

Hf

 (3.26)

The block Toeplitz [li× li] matrix is defined as follows:

T = Hf HT
p (3.27)

The block Toeplitz can be decomposed as a product of the extended observability
matrix Oi with dimensions [li×n0] and the reversed extended controllability matrix
Γi with dimensions [n0 × li], where n0 is the selected model order:

T = OiΓi =



C

CA

...

CAi−1


[
Ai−1G Ai−1G ... G

]
(3.28)

By applying the singular value decomposition (SVD) to the block Toeplitz matrix
its rank, which is equal to the number of nonzero singular values, can be obtained:

T = UΣVT =
[
U1 U2

] Σ1 0

0 0


VT

1

VT
2

 (3.29)

If zero singular values and corresponding singular vectors are omitted, Eqn.(3.29)
becomes:

T = OiΓi = U1Σ1VT
1 (3.30)
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where U1 of dimension [li×n0] contains the left singular vectors as columns and V1

of dimension [n0 × li] contains the right singular vectors as rows, Σ1 of dimension
[n0 ×n0] is the diagonal matrix containing singular values in decreasing order. The
matrices Oi and Γi are obtained as follows:

Oi = U1Σ1/2
1 I

Γi = T−1Σ1/2
1 VT

1

(3.31)

Matrix I plays the role of a similarity transformation applied to the state space
model.

The system matrices A and C can be obtained from Eqn.(3.31):

C = Oi(1 : l; 1 : n)

A = O+
i Oi

(3.32)

where Oi(1 : l; 1 : n) is the first l rows and n columns of Oi, Oi is Oi without the
last l rows, and Oi is Oi without the first l rows, + denotes the pseudo-inverse of
a matrix.

Once the system matrices A and C are estimated, the modal characteristics of
the system can be easily calculated by solving for eigenvalues and eigenvectors as
shown in Eqs.(3.33-3.38).

The eigenvalue decomposition of the system matrix A can be performed as follows:

A = ΨΛΨ−1 (3.33)

where Λ is the diagonal matrix with eigenvalues λk. The relationship between the
discrete and continuous time eigenvalues is as follows:

λc,i = ln(λk)
∆t (3.34)

where λc,i is the continuous time eigenvalue for mode i.

The modal properties, fundamental frequency and damping ratio, of the system,
can be derived as follows:

ωi = |λc,i| (3.35)
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fi = |λc,i|
2π (3.36)

ξi = −Re(λc,i)
|λc,i|

(3.37)

where Re denotes the real part of the complex eigenvalue. The mode shape vectors
are obtained as follows:

ϕi = C · ψi (3.38)

where ψi is the vector corresponding to the columns of Ψ.

One of the important parameters for the quantitative comparison of modal vectors
is the Modal Assurance Criterion (MAC) [43]. MAC is calculated as the normalised
scalar product of two sets of mode shape vectors ϕi and ϕj :

MAC(ϕi, ϕj) = |ϕT
i ϕj |2

(ϕT
i ϕi)(ϕT

j ϕj)
(3.39)

The MAC is used to evaluate the similarity between the two mode shapes. The
MAC values range between 0 (no consistent correspondence) and 1 (consistent
correspondence). It can also be used to assess the orthogonality of the modes in
the mode shape matrix.

The calculated poles (λc,i) from the SSI need to be evaluated through stabilisa-
tion criteria, which allows distinguishing between the physical and spurious poles.
In practice, it is better to over-estimate the model order and then eliminate the
spurious modes through the stabilisation criteria [44]. The common stability re-
quirements are as follows:

fp − fp+1

fp
∗ 100 < 1%

ξp − ξp+1

ξp
∗ 100 < 5%

MAC(ϕp, ϕp+1) > 95%

(3.40)

For a more detailed description of the underlying theory on stochastic state-space
model and subspace identification, the reader should refer to Rainieri and Fabbro-
cino [45], Van Overschee and De Moor [42].
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3.7 Random Decrement Technique

The random decrement technique (RDT) is based on the assumption that the total
response of the structure due to the random input consists of two parts: determ-
inistic part and random part [46]. Using the trigger value (threshold amplitude),
the signal is decomposed into a series of time segments. By averaging these time
segments, the random part is cancelled out and only the deterministic part is left.
This deterministic part is called the random decrement signature (RDS) and it con-
tains the free response of the structure. A brief theory is outlined here with more
detailed information found in the literature [47]. The random decrement function
can be expressed as follows:

αRDT (τ) = E
{

sgn[x(t)]x(t+ τ)|ẋ(t) = 0
}

(3.41)

where αRDT (τ) is the extracted random decrement function, E
{
x|C} is the expect-

ation of x given the triggering condition C, sgn[.] is the signum function, x(t) is
the measured response time series, τ is the length of the selected time series, and
ẋ(t) is the derivative of x(t).

It was demonstrated that the random decrement signature αRDT (τ) is proportional
to the autocorrelation function Rxx of the response x(t) provided stationary and
zero mean stochastic process:

αRDT = Rxx(τ)
Rxx(0)x0 (3.42)

where Rxx(τ) is the autocorrelation function of x(t) and Rxx(0) is the variance of
x(t).

Assuming that x(t) is ergodic, the expectation can be replaced with arithmetic
mean values of a sufficiently large number N of the response segments with peak
values i, and expressed as follows:

αRDT (τ) = 1
N

N∑
i=1

sgn[x(t)]xi(t+ τ)
∣∣
ẋ(ti)=0 (3.43)

Once the random decrement signature is obtained, the natural frequency and damp-
ing ratio can be obtained by approximating the RDS curve by free decay of oscil-
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lations as follows [48]:

αRDT (τ) = α(τ) +m(τ) = x0√
1 − ξ2

e−ω0ξτ cos(
√

1 − ξ2ω0τ − φ) +m(τ) (3.44)

where α(τ) is the free damped oscillation function, ω0 is a natural frequency, ξ is
a damping ratio, φ is phase angle, m(τ) is the correction function of the approx-
imation, which represents the filtered noise contribution after band-pass filtering
[49].

3.8 Variational mode decomposition

Variational mode decomposition is a signal-processing tool, which decomposes the
acceleration signal into a series of intrinsic mode functions (IMFs)- distinct modal
responses and the corresponding centre frequencies [50]. The VMD technique can
be used to extract the modes of interest from the non-stationary signals.

The response of the structure x(t) can be expressed as a sum of amplitude-modulated
and frequency-modulated components (IMFs) with a narrow frequency bandwidth:

x(t) =
K∑

k=1
uk(t) (3.45)

where uk(t) is the k-th IMF, K is the number of IMFs.

The bandwidth of each mode is then assessed by computing the analytic signal
using the Hilbert transform, shifting the frequency spectrum to the estimated centre
frequency, and calculating the square of the L2 norm of the signal gradient. Based
on the estimated bandwidth of each mode, the constrained variational problem is
constructed:

min{uk},{ωk} =
{∑

k

∥∥∥∥∂t

[(
δ(t) + j

πt

)
∗uk(t)

]
e−jωkt

∥∥∥∥2

2

}

s.t. x(t) =
K∑

k=1
uk(t)

(3.46)
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where uk(t) are the different modes, ωk are the corresponding center frequencies,
∥.∥2 is the L2 norm, ∂t is the derivative with respect to time t, δ(t) is the Dirac
function. This minimisation problem is then solved through Lagrangian multipliers
using the alternate direction method of multipliers as described in [50].

3.9 Model updating

Model updating can be implemented to validate the developed finite element model
based on the experimentally derived modal properties [51]. The process of model
updating is usually conducted as follows:

• Collecting the experimental data on structural behaviour.

• Developing the base model using the best engineering judgement.

• Comparing the prediction model and the actual data.

• Conducting sensitivity analysis to investigate and rank the impact of input
parameters of choice on the output properties of interest.

• Adjusting the model to better represent the behaviour by using realistic
ranges of parameters in the previous step.

• Validate the final model by re-analysing that the updated model accurately
reflects the actual behaviour of the structure.

A large number of model updating techniques can be found in the literature, and in
general, can be divided into deterministic and stochastic model updating. Determ-
inistic model updating involves making adjustments based on the deterministic
comparison between the model and the measured behaviour. An example of de-
terministic model updating is the gradient method, where the search direction is
defined by the gradient of the function. The genetic algorithm is an example of
stochastic model updating. The genetic algorithm starts with a set of potential
solutions to a problem and each of those sets is evaluated using a fitness function.
Solutions with the highest fitness function are selected for the next set of solutions
by combining the different sets. The process is repeated until a satisfactory solution
is found.
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3.10 Damping ratios estimation

In structural dynamics, damping refers to the ability of a structure to dissipate
energy and reduce the amplitude of vibrations in response to an external loading or
disturbance. Different damping models exist, such as viscous damping, structural
damping, and hysteretic damping. The most common damping model used in the
dynamic analysis is the viscous damping model due to its mathematical simplicity
[52]. In the viscous damping model, the damping force is proportional to the
velocity of motion and is in the opposite direction of motion. Viscous damping is
typically represented by a dashpot element.

While the viscous damping ratio is most commonly used in the modelling of
structural systems, such as bridges and buildings, the real damping behaviour
in buildings is actually amplitude-dependent [53, 48]. Unlike traditional velocity-
proportional viscous damping, amplitude-dependent damping is nonlinear and de-
pends on the amplitude of displacement or velocity.

3.10.1 Damping in wind-induced calculations

For calculation of the wind-induced response of the buildings, the standard proposes
the following equation for damping estimation [12]:

δ = δs + δa + δd (3.47)

where δ is the logarithmic decrement of total damping, δs is the logarithmic decre-
ment of structural damping, δa is the logarithmic decrement of aerodynamic damp-
ing, and δd is the logarithmic decrement of damping due to special devices, such
as tuned-mass dampers. The logarithmic decrement of damping is related to the
viscous damping ratio through the following expression:

δ = 2πξ (3.48)

Structural damping value for the tall timber buildings is not provided in the stand-
ard, therefore structural damping for timber bridges (δ = 0.06 − 0.12) is usually
used for the design of timber buildings, which corresponds to 1.0%-1.9%.
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3.10.2 Damping modelling

In the modal dynamic analysis using finite element software, damping can be intro-
duced both at the material/element level and at the building level. Damping can
be applied to a modal dynamic system in two forms: velocity-proportional viscous
damping or displacement-proportional structural damping.

Velocity proportional viscous damping can be applied to the model in two options:
Rayleigh damping and Modal damping. Rayleigh damping matrix C is defined by
a linear combination of the mass and stiffness matrices:

C = αM + βK (3.49)

where α and β are real scalars. For a single-degree-of-freedom system, the Rayleigh
damping is given as follows:

ξ = αω

2 + β

2ω (3.50)

Instead of providing the α and β coefficients, which govern the modal damping
ratio, it is possible to manually assign damping ratios for each mode. This ap-
proach is called the Modal damping approach, which has no physical basis and is a
purely mathematical concept. This approach is convenient for comparison with the
experimentally identified modal frequencies and damping ratios. For each mode n
damping matrix Cn is defined as follows:

Cn = 2ξnωnMn (3.51)

Structural damping in the modal dynamic analysis is applied as viscous-equivalent
damping. Application of structural damping can lead to non-linear equations of
motion due to dependence on displacement amplitude [54].

3.10.3 Experimental estimation of damping

The estimation of damping ratios from ambient vibration tests is subject to signific-
ant uncertainty due to the stochastic nature of output-only methods. The quality
of the estimated damping ratios depends significantly on the quality of measure-
ment data, and thus, the measurement noise and the processing techniques can
impact the quality of the damping estimates.

The FRF-based damping ratios from forced vibration tests using the half-power
bandwidth are also not reliable, since the method depends strongly on the resolu-
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tion of data.

The most reliable estimates of the damping ratio and its amplitude dependency can
be obtained through the free vibration test. In this test, the building is subjected
to forced vibration at a specified natural frequency until a steady-state response
is achieved and is followed by an abrupt stop to obtain a free decay response of
the structure. By curve fitting the entire response curve or using a cycle-by-cycle
curve fitting with a sinusoidal exponential decay function, the damping ratios and
the corresponding acceleration levels can be obtained.

For good estimates of damping based on the ambient vibrations, considerably long
measurement data is required. By using output-only techniques, the damping ratios
and their amplitude dependency can be investigated from long-term measurements.
The Random Decrement technique is a popular option for extracting amplitude-
dependent damping ratios.

3.11 Existing studies on dynamic identification and model-
ling of tall timber buildings

This section aims to provide an overview of some studies on dynamic identification
and the corresponding numerical modelling of tall timber buildings.

Multiple studies on dynamic identification using ambient vibration tests were con-
ducted on timber buildings. An ambient vibration testing campaign of a set of seven
to eight-storey CLT buildings was conducted [55, 56]. An amplitude-dependent
behaviour of damping ratios was demonstrated for all buildings. Additionally,
the lateral stiffness of the building was governed by the stiffness properties of the
connections and non-structural elements had a significant impact on the modal
properties of the building. Reynolds et al. conducted an ambient vibration testing
of two types of five-storey timber-concrete buildings: a timber frame building and
a CLT building [57]. Both buildings exhibited similar dynamic responses, which
could be attributed to the concrete core. Aloisio et al. investigated the dynamic
properties of an 8-storey CLT building using ambient vibrations and conducted
model updating using a simplified analytical model of the building [58]. Mugabo
et al. conducted ambient vibration testing of a four-storey CLT building and per-
formed a multi-stage FE model calibration which indicated that non-structural
elements impact the modal response of the building considerably [59]. Edskär con-
ducted a parametric FE modelling for comparison against the ambient vibration
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measurements of CLT and glulam frame buildings and assessed the acceleration
and comfort criteria of the buildings in accordance with ISO 10137 and Euroode
1-4 [60]. It was demonstrated that the Eurocode underestimated the acceleration
levels due to wind loading. Landel conducted vibration tests and modelling of
glulam connections with simple spring models [61].

Several modal identification studies using forced vibration tests were conducted
on multi-story timber buildings. One of the first full-scale studies on a multi-
story timber building was conducted by Ellis and Bourgard [62]. In this study, the
dynamic identification of a 6-storey timber framed building using ambient vibration
tests and forced vibration was conducted. The results showed that adding non-
structural elements, such as external cladding, staircases and plasterboards added
to the stiffness of the building under service-level vibrations. Similarly, a later
study by Steiger et al. on a 3-story light frame timber building indicated that
adding non-structural elements, such as internal and external walls to the structure
increases the natural frequencies of the building [63]. Additionally, this study
demonstrated an amplitude-dependent behaviour of damping ratios using forced
vibration tests. More lately, an FRF-based modal testing of a seven-storey CLT
building was conducted by Ao et al. [64]. Based on this experimental study, FE
model updating was performed by Kurent et al., which indicated the influence of
connections on modal properties of the building [25].
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4. Experimental and numerical framework

4.1 Experimental methods

Modal vibration testing is a common tool employed to obtain the dynamic proper-
ties of the structure. Various modal testing methods exist and the choice depends
on the type of structure, the required level of accuracy, and the testing environ-
ment. In this thesis, the ambient vibration tests and the forced vibration tests were
conducted.

4.1.1 Ambient vibration testing

Modal vibration test through ambient vibration measurements is a relatively easy
and convenient way of obtaining the modal properties of the building. While there
are certain limitations and drawbacks to this method, such as the requirement
of stationarity and uncertainties in the estimated dynamic properties, especially
in the damping ratios, it is still quite popular and successful in the field of civil
engineering structures.

The ambient vibrations measurement setup for instrumenting the timber buildings
in this thesis consisted of a set of high-sensitivity triaxial accelerometers, which
were wired to the data acquisition system. Accelerometers were attached to the
structural elements using metal plates and small screws, which were drilled directly
into the structure. In the glulam frame building, accelerometers were mounted on
the glulam beams as shown in Fig.4.1(a), and in the CLT buildings, accelerometers
were mounted on the CLT elements as shown in Fig.4.1(b).

Accelerometers were placed throughout the building to capture the global beha-
viour and at the locations with the highest response amplitudes expected. How-
ever, due to the buildings being fully operational and occupied by the residents,
the placements of the accelerometers were not always the most optimal ones. Nev-
ertheless, the response of the building was successfully captured with the available
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ambient measurement setups.

(a) Accelerometer mounting on a glulam beam (b) Accelerometer mounting on a CLT plate

Figure 4.1: Accelerometer mounting on timber elements

The obtained raw data from the field vibration tests were filtered with the Butter-
worth filter and downsampled to remove high-frequency components. The stochastic
subspace identification (SSI) technique was then applied to obtain the modal prop-
erties. The nonparametric PSD technique was applied to verify the results of the
SSI technique. Fig.4.2 shows an example of the stabilisation diagram obtained
from the SSI technique co-plotted with the PSD diagram for a signal. For the
investigation of amplitude dependency of damping from ambient vibration data,
the random decrement technique (RDT) was applied. For modal extraction from
long-term ambient vibration data, the variational mode decomposition (VMD) was
applied using the MATLAB Signal Processing Toolbox [65] in combination with
the output-only analysis techniques.

4.1.2 Forced vibration testing

The forced vibration tests (FVTs) were conducted using two methods: the electro-
dynamic shaker and the human-induced excitation.

Electrodynamic shaker-based tests

The electrodynamic shaker-based FVTs consisted of two synchronised electrodynamic
shakers with a horizontal mass reaction system of 1000 kg placed at the top floor
of the building (Fig.4.3). High-sensitivity accelerometers were distributed along
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Figure 4.2: Stabilisation diagram and power spectral density of a signal

the building and the data were acquired simultaneously from all accelerometers
by using precisely synchronised wireless data loggers (yellow boxes) as shown in
Fig.4.4.

Figure 4.3: Electrodynamic shaker-based FVT setup

Two tests were conducted using the electrodynamic shaker FVTs: the random
excitation test to obtain the frequency response functions (FRFs) and the shaker
shut down test to obtain the free decay response of the building. Both tests were
conducted in the x- and y-directions as shown in Fig.4.4. FRF averaging was
conducted with 100 blocks, 75% overlap Hanning windowing. The complex mode
indicator function (CMIF) was computed with the singular values of the estimated
FRFs to guide the choice of peaks. From the selected peaks the modal extraction
using polynomial function fitting was then conducted. The example FRF curves
from the top floor response of the building in the two directions are shown in
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Figure 4.4: Accelerometers placement in the building

Fig.4.5(a).

Curve fitting of the free decay response from the shaker shut down test was conduc-
ted using the exponential sinusoidal decay function to obtain the modal properties.
An example of free decay response and the corresponding curve fitting is shown
in Fig.4.5(b). Additionally, a cycle-by-cycle fitting of the free decay response was
conducted to investigate the amplitude-dependent behaviour of modal properties.

(a) FRF curves in x- and y-directions (b) Free decay response

Figure 4.5: Sample results from the electrodynamic shaker-based FVTs
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Human-induced excitation tests

Human-induced excitation tests were conducted to obtain the free decay response
of the building. The tests were conducted in both x- and y-direction using the
synchronised swaying of 4 people at the first two fundamental frequencies of the
building as shown in Fig.4.6(a). The synchronised swaying of only 4 people was
able to achieve levels of acceleration comparable to the electrodynamic shaker-
based FVTs indicating that the human-induced excitation tests can be a cheap
and easy alternative to the traditional FVTs requiring large equipment. Sample
free decay response and the corresponding curve fitting are shown in Fig.4.6(b).

(a) Test setup with 4 people

(b) Sample free decay response

Figure 4.6: Human-induced excitation tests

4.2 Numerical methods

Finite element modelling and analysis of the buildings was conducted in Abaqus
CAE [66]. The modelling of the buildings was conducted based on the best en-
gineering judgement. The actual mass and stiffness properties of the prefabricated
timber elements were used and relevant linear material models were applied. The
live loads in the buildings were calculated manually based on the site visits to rep-
licate the as-built mass properties. The stiffness of connections and non-structural
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elements were included in the model as well through several modelling approaches.

The analysis of the finite element model included the modal analysis to obtain the
natural frequencies and mode shapes of the buildings. Additionally, the steady-
state modal analysis was conducted to obtain the frequency response functions
(FRFs), when the comparison with the experimental FRFs was performed. Steady-
state modal analysis is the linear dynamic analysis using modal superposition.

The FE model updating and sensitivity analysis were conducted using the ISight
tool [67], which can be integrated with the Abaqus CAE.



5. Summary of the included papers

The work presented in this thesis is a collection of scientific papers which have been
published or submitted to international journals or conferences. The summary and
main findings of each paper are presented below.

5.1 Paper I

Tulebekova, S., Malo, K.A., and Rønnquist, A. (2023). Dynamic identification
and model calibration of connection stiffness in multi-storey cross-laminated timber
buildings. Journal of Building Engineering 72(2023) 106607.
https://doi.org/10.1016/j.jobe.2023.106607.

Paper I presents the dynamic identification of multi-storey CLT buildings and the
corresponding finite element model updating. First, full-scale ambient vibration
measurements were conducted on a total of 7 multi-storey CLT buildings ranging
from 9- to 13-storeys. The stochastic subspace identification technique was used
to identify the modal properties of the buildings. Second, two finite element mod-
elling approaches for modelling connections in multi-storey CLT buildings under
service-level ambient vibrations were proposed. In the first modelling approach,
which is also called a "detailed" approach, the stiffness of connections between the
CLT panels was modelled as a set of discrete connectors with specified stiffness
properties. In the second approach, which is called a "simplified" approach, the
stiffness of connections between the CLT panels was modelled with generalised 2D
shell elements, which stiffness properties are directly dependent on the connected
main elements through the reduction factors. To validate the proposed model-
ling approaches, the finite element model updating was conducted based on the
experimental modal properties. A close match was achieved for both modelling
approaches, indicating that the "simplified" modelling approach can be applied for
modelling multi-storey CLT buildings under service-level loading. Suggestions were
given regarding the prescribed stiffness values for each modelling approach.
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5.2 Paper II

Tulebekova, S., Malo, K.A., Rønnquist, A., and Nåvik, P. (2022). Modeling stiffness
of connections and non-structural elements for dynamic response of taller glulam
frame buildings. Engineering Structures 261(2022) 114209.
https://doi.org/10.1016/j.engstruct.2022.114209.

Paper II presents the finite element modelling approach for connections in tall
glulam frame buildings under service-level vibrations. In real life, the connec-
tions between the glulam frame members consist of a combination of dowels and
slotted-in steel plates. The stiffness of such connections in buildings is subject to
uncertainty since it is difficult to accurately quantify their value. To this end, the
modelling of connections using "connection-zones" was introduced in this paper.
The "connection-zones" are beam and shell elements with generalised linear section
behaviour, whose geometry properties are directly dependent on the connected
main elements. By assuming that the axial and rotational stiffnesses are linearly
dependent on the cross-sectional area and the second moment of inertia respect-
ively, the reduction factors to the geometrical properties of the "connection-zones"
can be introduced. Additionally, "connection-zones" were introduced at the ends
of non-structural elements (partitions and external walls) to evaluate the stiffness
contribution from non-structural elements to the global structure response. The
length of the "connection-zone" element is equal to either the height of the connec-
ted beam element or the thickness of the connected non-structural element.

To validate the proposed finite element model, the ambient vibration measurements
of an 18-story glue-laminated timber frame building Mjøstårnet were conducted.
Based on sensitivity analysis of the "connection-zones" the axial stiffness of the
glulam diagonals was shown to be the governing parameter, while the rotational
stiffness of the beams did not have a considerable impact on the modal response
of the timber building. Model updating of the finite element model on the ex-
perimental modal properties (natural frequencies and mode shapes) indicated a
semi-rigid behaviour with partial contributions from both axial diagonal stiffness
and rotational beam stiffness. The partial contribution of non-structural elements
stiffness was observed as well.
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5.3 Paper III

Tulebekova, S., Ao, W.K., Pavic, A., Malo, K.A., and Rønnquist, A. (2023). Iden-
tification of modal properties of a tall glue-laminated timber frame building under
long-term ambient vibrations and forced vibrations. Submitted for publication to a
peer-reviewed journal.

In Paper III, the modal identification in a tall glulam frame building Mjøstårnet
using long-term ambient vibrations and forced vibrations is presented. Firstly, a
combined operational modal analysis scheme for the modal identification of accel-
eration data from long-term ambient vibration tests (AVTs) was introduced. In
this scheme, the two modal identification techniques, Stochastic Subspace Identi-
fication (SSI) and Random Decrement Technique (RDT) were combined with the
variational mode decomposition (VMD) technique to decompose non-stationary
signals into underlying oscillatory components. Secondly, the forced vibration tests
(FVTs) using measured electrodynamic shakers excitation and unmeasured human
excitation were conducted. In the first part of the FVTs, two electrodynamic
shakers with 1-tonne reaction mass were used to conduct random excitation tests
to obtain the frequency response functions (FRFs) and shaker shut down tests to
obtain the free decay response of the building. In the second part of the FVTs, the
human-induced excitations were conducted using the synchronised movement of 4
people to obtain free decay response of the building. Successful implementation of
the human-induced vibrations with few people indicates that these tests can be an
efficient alternative to the traditional shaker-based tests.

Good agreement between the natural frequencies obtained from the long-term am-
bient vibration measurements and the forced vibration measurements was observed.
The amplitude-dependent behaviour of the damping ratios was observed in both
AVTs and FVTs, with a larger variation in the FVT-based results (0.5%-2.0% for
the first mode and 0.5%-3.0% for the second mode). Moreover, the two-stage model
updating of a linear FE model based on FRF curve measurements was conducted
and a good match of frequencies and damping ratios was achieved.
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5.4 Paper IV

Tulebekova, S., Malo, K.A., Rønnquist A., Nåvik, P. (2023). Investigation of long-
term modal properties of a tall glue-laminated timber frame building under envir-
onmental variations. Accepted to the World Conference on Timber Engineering
(WCTE2023), Oslo, Norway.

Paper IV investigates the long-term modal properties of an 18-storey glulam frame
building Mjøstårnet under environmental variations. The combined operational
modal analysis scheme based on the variational mode decomposition (VMD) and
Stochastic Subspace Identification (SSI) was used for modal identification. A total
of 18 months of full-scale ambient vibration measurements were recorded and ana-
lyzed with the proposed combined scheme. The corresponding mean outdoor tem-
perature and relative humidity data were obtained from the nearby weather station
and co-plotted with the identified natural frequencies and damping ratios. Based
on observation, the seasonal behaviour of natural frequencies was observed with an
average variation of ±0.02 Hz. Damping ratios did not exhibit seasonal variations
as opposed to natural frequencies and had relatively stable values. From co-plotted
figures, the natural frequencies had an inverse relationship with the mean temperat-
ure, indicating the high delay of response to temperature variation (6 months). On
the other hand, a positive relationship between the natural frequency and mean re-
lative humidity was observed, where natural frequencies increased with an increase
of the relative humidity with a delay of approximately 1-2 months.
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6.1 Concluding remarks

Based on the results of the research the following conclusions were made to answer
the objectives of the thesis:

• Acquire full-scale measurement data from tall timber buildings

An extensive measurement campaign was conducted on multiple timber build-
ings. All of the buildings were in fully operational condition and were fully
occupied. This testing condition was desirable since it represented the actu-
ally designed conditions, which could not be captured if the measurements
were conducted in an empty building. On the other hand, these testing con-
ditions posed some challenges, such as limited space available for placement
of the accelerometers and equipment, rigorous planning and constant com-
munication with the building manager, and flexibility to modify the testing
conditions in unforeseeable events. Nevertheless, the testing campaigns were
conducted successfully and good-quality measurement data was obtained.

Seven multi-storey CLT buildings were instrumented with ambient vibra-
tions measurements equipment to obtain modal properties. The buildings
were located in two different cities: Trondheim and Tromsø. The same am-
bient vibration measurement setup was used on all buildings: a set of four
accelerometers, cables and a data acquisition box. The measurements were
conducted at several elevation points and two accelerometers were placed at
the top level to capture any in-plane movement. For each building, a min-
imum of 10-h measurements were recorded and the modal properties were
successfully extracted.

A long-term ambient vibration measurement campaign was conducted on
an 18-storey glulam frame building. Three accelerometers were placed at
different elevations inside the evacuation staircase shaft, which was the only
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available place for the instrumentation. The acceleration measurement data
were continuously acquired and modal properties were successfully obtained.

A unique forced vibration testing campaign was conducted on an 18-storey
glulam frame building Mjøstårnet. The FRF-based tests were conducted and
good-quality FRFs were obtained, which demonstrates the feasibility of the
exercise. Additionally, the free vibration tests were conducted using an elec-
trodynamic shaker and human-induced excitation. The synchronised swaying
of only four people was able to achieve acceleration levels, comparable to the
electrodynamic shaker-based tests, which indicates that human-induced ex-
citation tests are an efficient alternative to the traditional shaker-based tests.

• Quantify natural frequency and damping of in-service tall timber
buildings

Modal properties were obtained from ambient vibration measurements using
output-only techniques.

For the 5 identical CLT buildings, the natural frequencies were within the 2%
variation range, which indicates the repeatability of the measurements. The
natural frequencies for the two CLT buildings in Tromsø were quite stable.
The identified damping ratios for the seven CLT buildings were in the 1%-2%
range.

The combined technique was used to process the long-term ambient vibration
data from Mjøstårnet. The SSI and RDT techniques were combined with the
VMD technique to overcome the non-stationarity of the data. The identified
modal properties from the combined technique were quite stable. Based
on the comparison of the results from the long-term AVTs and FVTs, the
natural frequencies were quite similar, demonstrating that AVTs can be used
for accurate estimation of natural frequencies. The damping ratios from the
free vibration tests exhibited amplitude-dependent behaviour, where damping
ratios varied in the range between 0.5%-3%. This finding has implications for
the serviceability design of tall timber buildings, where damping ratios play
an important role.

A study on the impact of environmental variations on the modal properties
of the Mjøstårnet was conducted. The study showed that damping ratios
are not affected by changes in outdoor temperature and relative humidity.
An inverse relationship between the identified natural frequencies and mean
outdoor temperature was observed, which indicates a high delay (approx.6
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months) between the variation of temperature and the corresponding vari-
ation of the natural frequencies. A positive trend between the natural fre-
quencies and the mean outdoor relative humidity was observed, where natural
frequencies increased with an increase of the relative humidity with a short
delay (approx.1-2 months).

• Develop and validate the representative finite element models of
tall timber buildings

Finite element models for the instrumented tall timber buildings were de-
veloped. A focus of the FE modelling was on the aspects with high uncer-
tainty based on the previous studies: the stiffness of connections and the
impact of non-structural elements. Additionally, the live load was manu-
ally calculated instead of using the Eurocode-prescribed values, which were
overestimating the actual live load in the building.

Two approaches for modelling CLT buildings were presented: the "detailed"
approach and the "simplified" approach. In the "detailed" approach, the con-
nections between the CLT panels were modelled with discrete connectors
with specified stiffness properties. Additionally, the building geometry was
modelled as detailed as possible: openings and secondary structural elements
were placed at their exact locations. In the "simplified" approach, the con-
nections between the CLT panels were modelled with 2D shell elements with
material properties of the CLT material and varying thickness, which is dir-
ectly related to the thickness of the connected panel through the reduction
factor. Additionally, the building geometry was generalised: a similar layout
and openings were used for all levels.

The glulam frame building Mjøstårnet was modelled with "connection-zone"
elements, which represented the stiffness of connections and non-structural
elements. "Connection-zones" are generalised elements with geometrical prop-
erties directly related to the connected main elements through the reduction
factors. This generalised approach allows for an efficient analysis of stiff-
ness contribution from the connections between the glulam elements without
manually assigning stiffness to each connection.

• Validate the predicted response with experimental measurements
The model updating was conducted on the FE models to validate the pre-
dicted response based on the experimental results.

The model updating of the two FE modelling approaches of the CLT build-
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ings resulted in a close match of natural frequencies and mode shapes. The
recommended stiffness values for both modelling approaches were given. This
indicated that the "simplified" approach can give accurate results and can be
a good alternative to the "detailed" modelling approach for developing the
prediction models of the CLT buildings under service level loading.

The results of the model updating of the FE model of the glulam frame build-
ing showed that the stiffness of connections has a significant impact on the
dynamic response of the building under service-level loading. In particular,
the axial stiffness of diagonals was the governing parameter, while the rota-
tional stiffness of the beams played a minor role in comparison. A semi-rigid
behaviour of connections was observed based on the results of the model up-
dating. The stiffness of non-structural elements, such as external walls and
internal partitions, had a partial contribution to the global modal response.

The conducted extensive experimental campaign contributes to the existing data-
base of the modal properties of tall timber buildings. Moreover, the findings of the
research significantly expand the limited knowledge of the damping properties of
tall timber buildings. The proposed finite element modelling approaches serve as
a useful guideline for practising engineers in the development of their prediction
models of tall timber building dynamic response under service loads.

6.2 Suggestions for future work

Future work on the dynamic identification and modelling of tall timber buildings
includes, but is not limited to, the following:

• Conducting forced vibration measurements using mechanical shakers or human-
induced excitations on a larger number of glulam frame buildings to invest-
igate the amplitude-dependent damping and extend the existing database of
the damping ratios in tall timber buildings.

• Instrument tall timber buildings with the anemometers together with the
ambient vibration measurement setup to evaluate the response of the building
based on the wind direction.

• Investigate the possible approaches for incorporating amplitude-dependent
damping into the FE models of tall timber buildings.
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• Conduct laboratory tests on stiffness and damping properties of connections
and incorporate the results into the global timber building models to evaluate
the modal response.

• Instrument the buildings with the indoor and outdoor climate sensors to-
gether with the accelerometers to further investigate the impact of environ-
mental variations on the modal properties of tall timber buildings.
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A B S T R A C T

This study presents the dynamic identification of cross-laminated timber (CLT) residentia
buildings and the corresponding finite element model calibration of connection stiffness in CLT
buildings. A total of 7 CLT buildings, ranging from 9-storeys to 13-storeys, were instrumented
with accelerometers and their dynamic properties (natural frequencies, mode shapes, and
damping ratios) were identified. For CLT buildings the resistance to lateral loads is concentrated
at the connections (screws, angles, brackets, etc.); thus, understanding the stiffness properties o
these connections is important. Therefore, the two modeling approaches for connection stiffnes
in multi-storey cross-laminated timber buildings were studied: the discrete connector approach
and the distributed stiffness approach. Connection stiffness properties in the two models were
then calibrated against the identified dynamic properties from ambient vibrations, and a close
match to experimental results was achieved. Based on this study the recommended values fo
connection stiffness parameters using both modeling approaches were proposed for developing
prediction models of multi-storey CLT buildings under serviceability level response.

1. Introduction

The use of timber as a structural material has been growing steadily in the field of residential construction [1]. In particular
cross-laminated timber (CLT) has been one of the fast-growing structural systems [2]. Most of the completed multi-storey CLT
buildings are constructed in the low-seismic regions [3]. While CLT buildings have sufficient capacity to resist vertical and horizonta
loads, there is an issue of wind-induced vibrations which can cause excessive accelerations leading to discomfort for occupants [4
7]. The amount of acceleration in the building is governed by mass, stiffness, and damping properties intrinsic to the structure
however, the values and distributions of the last two in CLT buildings are still not well known [6,8]. In service-level vibrations
the proper identification of dynamic properties, such as frequencies, mode shapes, and damping ratios, is an important first step
for assessing building response. However, the amount of research on ambient level dynamics of CLT buildings is still significantl
smaller compared to the research on response under seismic loading [9–13].

Since the introduction of CLT as an engineering material in the early 1990s, it has spread over Europe and started gainin
popularity in other parts of the world, such as the UK and North America [14]. The most common type of construction of CLT
buildings is called platform-type construction. Multi-storey CLT buildings with a platform-type of construction in the 6–12 store
range can be found across Europe and in North America [9,11,12,14]. In platform type of construction, the walls, floor and roo
assemblies are usually made with CLT panels. Fig. 1(a) illustrates the platform-type construction: where the CLT panels are ’stacked
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Fig. 1. CLT platform-type system and its application in the multi-storey building.

on top of each other and connected to each other with steel brackets and screws. Fig. 1(b) shows an example multi-storey platform
type CLT building with openings for doors and windows. In the platform-type CLT building, CLT panels are the main load-carryin
structural elements. In order to resist lateral loading, the hold-down brackets are utilized at the outer walls of the building to resis
the lateral loading. The CLT panels are pre-fabricated and are brought to the construction site in the ready form.

The fundamental importance of connections in the dynamic properties of CLT buildings has been shown in the previous studies
however, there is still limited knowledge of their behavior in the buildings [7,13,15,16]. In the building the prefabricated CLT
panels are used for floors, walls, and roofing. These CLT panels exhibit stiff plate behavior and most of the deformations due t
lateral loading take place in connections. Previous studies at both component and building levels showed that connections have
lower capacity compared to the CLT members themselves [12,17,18]. CLT connections are usually made of a combination of stee
brackets and angles, and various types of screws and nails. These steel connections resist loading in both axial and shear directions
and therefore it is important to investigate both [19]. The number of these steel elements can be quite large and for example
the number of screws in a CLT building can reach hundreds of thousands. A large amount of these connecting elements makes i
challenging to develop accurate prediction models for their behavior. When developing prediction finite element (FE) models, it i
common to neglect the effect of connections between the CLT panels and assume either rigid or pinned connection under low-leve
vibrations [11–13]. Connections in CLT panels are, however, extensively analyzed under seismic loading [17,20,21]. The common
approach to model CLT connections under seismic/collapse loading is by using discrete connector elements with specified stiffnes
properties [22–25]. Alternatively, the 2D models representing the connections between the CLT panels have been applied for seismi
analysis [26,27].

Within this context, the main objectives of this paper are: (i) to identify modal properties of multi-storey CLT buildings usin
ambient vibration measurements due to wind loading and provide statistical estimates of the natural frequencies and modal dampin
values (Buildings set I & II); (ii) to present two different approaches to modeling connections in CLT buildings under ambien
vibrations, validate their results by conducting model calibrating to the experimental modal parameters, and estimate the common
values for connection stiffness parameters for modeling of CLT buildings (Buildings set II).

2. Building set I: 9-storey CLT buildings in Trondheim

2.1. Buildings description

Five nominally identical CLT buildings were constructed as part of Moholt student village in Trondheim, Norway (Fig. 2). Th
buildings are 9-storeys tall with Y-shape floor plan, where the first storey is made of reinforced concrete and the top 8 storeys ar
made entirely of CLT panels. The basement floor of the building is made of reinforced concrete as well. The buildings were buil
with platform construction, where walls are interrupted at each level. The total height of each building is 27.7 m and the tota
area of each floor is 403 m2. The buildings serve as student housing and all floors have a typical plan view with 15 student room
and a common area in the middle as shown in Fig. 5. The timber floors are loaded in perpendicular to grain direction and ar
made of 140-mm CLT panels, which are covered with 40-mm concrete screed and 30-mm insulation. The concrete screed is no
designed as part of load carrying system and is assumed to act as an added mass on the CLT floor panels. An example of a detailed
floor/wall composition description can be found in Appendix A. The timber walls, which act as shear walls, are made of five differen
types of CLT panels with thickness varying from 80-mm (3 layers) to 160-mm (5 layers). Additionally, a few glue-laminated timbe
beams (glulam) were used in the common area to maximize the space. The glulam beams of strength grade GL30c (30 MPa bendin
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Fig. 2. Building layout at Moholt Student Village (right) and the view of Building 1 (left).

Table 1
Material properties for CLT [30].
𝜌 [kg/m3] 𝐸1 [MPa] 𝐸2 [MPa] 𝐸3 [MPa] 𝐺12 [MPa] 𝐺13 [MPa] 𝐺23 [MPa]

420 11 000 370 370 690 690 50

Table 2
Characteristic strength values for CLT [30].
𝑓𝑚,𝑘 [MPa] 𝑓𝑐,0,𝑘 [MPa] 𝑓𝑐,90,𝑘 [MPa] 𝑓𝑡,0,𝑘 [MPa] 𝑓𝑡,90,𝑘 [MPa] 𝑓𝑣,𝑘 [MPa]

24 21 2.5 14.5 0.12 4

strength) with width of 200 mm and height of 500 mm were used [28]. More detailed information on the layout of CLT wall panel
and glulam beams in the building can be found in Appendix B. C24 grade timber boards in accordance with EN 338 [29] were used
for manufacturing CLT panels. Tables 1 and 2 show the properties for CLT panels as specified by Stora Enso [30]. Indices 1, 2, and 3
in Table 1 indicated longitudinal (primary) direction, transverse (secondary) direction, and perpendicular to panel (normal) direction
respectively. In Table 2 𝑓𝑚,𝑘 indicates characteristic bending strength, 𝑓𝑐,0,𝑘 and 𝑓𝑐,90,𝑘 indicate compressive strength parallel and
perpendicular to grain respectively, 𝑓𝑡,0,𝑘 and 𝑓𝑡,90,𝑘 indicate tensile strength parallel and perpendicular to strength respectively, 𝑓𝑣,
indicate the characteristic shear strength. Angle steel brackets are used for connection between the CLT floors and walls as shown in
Fig. 3. The steel grade of S355 is used in angle brackets, corresponding to 355 MPa yield strength [31]. The average dimensions fo
steel brackets (one side) are 110 mm in width (W), 70 mm in length (L), and 3 mm in thickness. The screws of 5 mm in diamete
and 60 mm in length are used to attach the angle brackets to the CLT panels (Fig. 3(c)). Steel angle brackets are installed with
400 mm spacing.

2.2. Field measurements

A field measurement campaign was conducted on all five buildings from Fig. 2. The ambient vibration testing setup consisted o
4 triaxial accelerometers, a data acquisition center, and connecting cables. Triaxial accelerometers in the setup had high sensitivit
(2000 mV/g), a frequency range between 0 Hz and 1000 Hz, and a sampling rate of 400 Hz. At the time of testing, all building
have been in fully operational condition, therefore certain limitations were imposed on the testing to minimize the obstruction o
the occupants’ activities.

The staircase shaft was used for each building instrumentation and accelerometers were placed at three different levels: 4th
7th and 10th (Fig. 4(a)). Two accelerometers were installed at 10th level to detect any in-plane movement. Accelerometers wer
attached directly to CLT panels using small screws (Fig. 4(b)). For each building, continuous acceleration time series of minimum
12 h were recorded. The recorded data was filtered using an anti-aliasing filter to 20 Hz.

While the accelerometer setups inside the staircase were able to capture fundamental frequencies and damping ratios for all fiv
buildings, the in-plane (plane x-y) mode shapes were more difficult to visualize due to the irregular shape of the buildings. Therefore
in addition to the staircase accelerometer setup, the in-plane acceleration measurements were recorded in the common living are
as shown in Fig. 5. This setup was installed solely for the purpose of visualization of the in-plane mode shapes correspondin
to the natural frequencies and damping ratios, which were already identified using the staircase shaft setup. As shown in Fig. 5
the accelerometers were installed in the common living area of the 9th floor of the building at the farthest corners to obtain th
largest possible response of the building. The acceleration measurements in the common living area required much more preparation
and discussions with the building manager due to a significant disruption of the daily activities of the residents. Therefore, th
acceleration setup in the common living area was performed in one building only (building 1 from Fig. 2) and the assumption tha
the other four buildings have similar mode shapes was made.
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Fig. 3. Steel angle bracket for CLT panel connection.

Fig. 4. Acceleometer layout in Moholt buildings 1-5.
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Fig. 5. Plan view of accelerometer setup in the common area (dashed blue line) for mode shapes visualization in Moholt building 1.

2.3. Theoretical background on system identification

Measured data were processed using output-only measurement Stochastic Subspace Identification (SSI) method. SSI is an
operational modal analysis (OMA) method used for modal parameters estimation using output-only acceleration measurements [32]
The covariance-based stochastic subspace identification algorithm (Cov-SSI) was used in this study. A brief procedure of the method
is presented below, whereas a more extensive description can be found in the literature [33,34].

Discrete-time stochastic state-space model of a dynamic system is written as follows:

{𝑥𝑘+1} = [𝐴]{𝑥𝑘} + {𝑤𝑘} (1

{𝑦𝑘} = [𝐶]{𝑥𝑘} + {𝑣𝑘} (2

where {𝑥𝑘} and {𝑦𝑘} are state vector and measured output vector correspondingly, and {𝑤𝑘} and {𝑣𝑘} are system noise and
measurement noise, 𝑘 is a discrete time step corresponding to a sampling frequency. {𝑤𝑘} and {𝑣𝑘} are assumed as spatially whit
noise with zero mean. 𝐀 is a state matrix and 𝐂 is an output matrix.

Through eigenvalue decomposition of the system matrices 𝐀 and 𝐂 in the identified state space model, the discrete system pole
(𝜆𝑖) are obtained, and modal frequencies and damping ratios can be computed as follows:

𝑓𝑖 =
|𝜆𝑖|
2𝜋

𝜁𝑖 =
−𝑅𝑒(𝜆𝑖)
|𝜆𝑖|

(3

The SSI method requires the order of the model defined since the system order is not known. Thus, the stabilization matrix o
the specified order is constructed, which allows for distinguishing the true poles from the spurious poles. The poles containing th
physical system arise in the stabilization plot as aligned vertical dots by assigning the tolerance to frequency and damping values

2.4. Field measurement results

Three stable frequencies were detected from the stabilization diagram for building 1 as shown in Fig. 6. The power spectra
densities in both in-plane directions are plotted on top of the stabilization diagram to verify the results. The chosen stabilization
criteria were 1% for frequency and 5% for damping values. The frequency values for the first three modes are 2.02 Hz, 2.33 Hz
and 2.57 Hz respectively. Due to the irregularity of the building shape, all modes are a combination of translational and torsiona
mode. Fig. 7 shows the mode shapes from the in-plane experimental setup (Fig. 5): mode 1 at 2.02 Hz is a translational mode in th
𝑦-direction with a small torsional component, mode 2 at 2.33 Hz is a translational mode in the 𝑥-direction with a small torsiona
component, and mode 3 at 2.57 Hz is the combination of torsional and translational modes.

Likewise, measurement data from the remaining four buildings was analyzed and standard deviation values were calculated.
Each building had a minimum of 12 h of measurement data recorded, and the SSI analysis was performed on 1-h increment

for each building. Tables 3 and 4 show the summary of the mean fundamental frequencies and damping ratios obtained from
measurement data as well as standard deviations. The difference between the identified natural frequencies for the five building
ranges between 2%–5%. These variations in the identified natural frequencies for the five buildings show slight differences due t
inevitable imperfections and variations in design and materials at the time of construction [35,36].
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Fig. 6. Stabilization diagram (vertically aligned dots) and power spectral densities in two in-plane directions (curves) for Moholt-1 building.

Fig. 7. In-plane mode shapes for the Moholt-1 building.

Table 3
Frequency summary for the Moholt buildings [Hz].

Building no. 𝑓1 [Hz] 𝐶𝑂𝑉𝑓1 [%] 𝑓2 [Hz] 𝐶𝑂𝑉𝑓2 [%] 𝑓3 [Hz] 𝐶𝑂𝑉𝑓2 [%]

1 2.02 0.20 2.33 0.17 2.57 0.35
2 1.98 0.15 2.27 0.18 2.47 0.36
3 1.99 0.15 2.31 0.26 2.50 0.56
4 1.94 0.21 2.23 0.22 2.43 0.33
5 1.96 0.15 2.25 0.22 2.46 0.41

Mean 1.98 1.53 2.27 1.82 2.49 1.91

Table 4
Damping summary for Moholt buildings.

Building no. 𝜉1 [%] 𝐶𝑂𝑉𝜉1 [%] 𝜉2 [%] 𝐶𝑂𝑉𝜉2 [%] 𝜉3 [%] 𝐶𝑂𝑉𝜉3 [%]

1 1.35 8.89 1.54 11.04 1.79 11.17
2 1.52 9.21 1.55 12.26 1.84 14.13
3 1.42 11.27 1.65 15.76 1.86 13.44
4 1.53 11.76 1.72 11.05 1.81 12.15
5 1.37 10.22 1.41 9.93 1.70 12.94

Mean 1.44 5.8 1.57 6.7 1.80 3.08

2.5. Numerical modeling

A linear numerical model was developed and the modal analysis was conducted to compare against the experimental results
Since all of the buildings have modal results which are highly similar, only one numerical model was necessary. The numerica
model was developed in Abaqus CAE 2017 [37] and the assembly of the model is shown in Fig. 8. All area elements (CLT panels and
reinforced concrete base) were modeled with four-node shell elements with six degrees of freedom at each node (S4R element). Th
CLT floor panels are connected to each other using the overlap joints and self-tapping screws [38], which assures the rigid in-plan
behavior of the floor diaphragms. Composite shell structure was used to model CLT panels with orthotropic material propertie
as shown in Table 1. The properties in the composite shells are assigned layer by layer, varying from 3 layers to 5 layers, which
are perpendicular to the adjacent layer grain direction. Connections between the CLT panels were not taken into account and
rigid connection was assumed. Reinforced concrete floors and walls were modeled as shell elements with linear isotropic materia
properties. The normal strength reinforced concrete properties were used with an elastic modulus of 34 GPa, Poisson ratio of 0.2
and density of 2500 kg/m3. The foundation of the building is solid rock, and thus, fixed boundary conditions were assigned to th
model.
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Fig. 8. FE Model Assembly of the Moholt building (gray color indicates reinforced concrete material, brown color indicates CLT material).

Fig. 9. FE model mode shapes of the Moholt building.

Table 5
Comparison between the FE model and experimental results.

Mode no. Experimental 𝑓 [Hz] Numerical 𝑓 [Hz] MAC [%]

1 2.02 2.44 0.81
2 2.33 2.59 0.78
3 2.57 2.95 0.83

Structural elements with specified stiffness values are reinforced concrete floors and walls, and CLT floor panels and wal
panels with openings. The non-structural mass on each floor of the building was estimated by documenting all relevant element
(e.g. concrete screed, facade, insulation, furniture, technical equipment, etc.). This non-structural mass was applied on each floo
of the building as a uniform load of ∼230 kg/m2 smeared over the entire floor area.

A summary of FE natural frequencies and comparison with experimental results is shown in Table 5. As can be seen, the frequenc
values for the numerical model are higher than the experimental frequencies. The modal assurance criterion (MAC) values [39] ar
within the range of 80%. Fig. 9 shows the fundamental mode shapes of the building. All mode shapes have significant torsiona
components, which is similar to experimental mode shapes.

Based on the comparison of the natural frequencies in Table 5, the FE model has higher frequency values compared to th
experimental ones. The modal properties of the building depend on the distribution of mass and stiffness in the building [40]
Therefore, the discrepancy between the FE model and the experiments might be caused by uncertainties in mass and/or stiffnes
properties and their distribution in the FE model. Updating both mass and stiffness properties might result in an undetermined
system with infinite solutions [12]. In this study the best engineering judgement was made when estimating the mass propertie
of the building. On the other hand, the stiffness of the connections between the CLT panels is subject to significant uncertainty
Therefore, the stiffness properties of the connections were selected as uncertain parameters in this study. To further study th
effect of uncertainty in the stiffness properties of the connections, the two modeling approaches of connections between the CLT
panels were explored in the next section and their impact on the modal properties of the CLT buildings was investigated. The stud
on connections was conducted on a set of rectangular buildings for the sake of simplicity and to eliminate the effect of comple
geometry, which is the case in the Moholt buildings.
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Fig. 10. Aerial view of CLT Buildings in Tromsø [41].

3. Building set II: 10- and 13-storey CLT buildings in Tromsø

3.1. Buildings description

Dramsvegen Panorama is a student housing village consisting of multiple CLT buildings of different heights and is located in
Tromsø, Norway (Fig. 10). In the current study, the two highest buildings were included in the field measurement campaign
Buildings of interest are shown in Fig. 10 and are 10-storeys and 13-storeys high. The total height of the 10-storey building i
30 m and the in-plane dimensions are 25.7 m by 13.9 m. The lower three floors are made of reinforced concrete, and the highe
7 floors are made of CLT panels. The highest building in Dramsvegen Panorama is 13-storeys tall with the height of the buildin
being 39 m and a floor area of 25.3 m by 13.9 m. The two lowest floors are made of reinforced concrete, while the upper floor
are made of CLT panels. The platform construction type was used in both buildings, where walls are interrupted at each floor level
Both 10-storey and 13-storey buildings have similar floor plans and vary only in the number of floors. Fig. 12 shows the typica
floor plan in the buildings: 13 student rooms and the common living area in the middle. The timber floors are made of CLT panel
with thicknesses varying between 120 mm (3 layers) and 160 mm (5 layers). In the 10-storey building, all CLT floors are mad
with 150 mm thick panels (5 layers). In the 13-storey building, CLT floors are made with 120 mm thick panels, except for th
corridors, where 160 mm panels are used. The CLT wall panel thickness varies from 120 mm (3 layers) to 180 mm (7 layers). Th
floor composition is similar to the Moholt buildings and is presented in Appendix A. The CLT panels act as shear walls, which ar
kept in place with hold-down brackets. More detailed information on the layout and thickness of wall CLT panels in the buildin
can be found in Appendix C. Similar to Moholt buildings, the properties of CLT panels were specified by Stora Enso and are listed
in Table 1.

3.2. Field measurements

The measurement campaign on buildings in Tromsø was conducted in two stages. In the first stage, the ambient vibration
measurement setup was installed on the 10-storey building and was recording measurements continuously for one month. Afterward
the setup was moved to the 13-storey building and was recording measurements for two months. The same experimental setup a
the one described in the Moholt buildings testing was used: 4 triaxial accelerometers with a control box and connecting cables
Accelerometers were attached directly to CLT panels by using small screws as shown in Fig. 4(b). Fig. 11 shows the locations o
accelerometers in the setup for 13-storey building. The accelerometers were installed at three different levels (13th, 12th, and 7th)
to detect the relative floor movements. Two accelerometers were installed at the top floor of the building to detect any in-plan
movements (Fig. 12). Similarly, in the 10-storey building accelerometers were installed on the 10th, 9th, and 4th levels.

3.3. Field measurement results

The ambient vibrations measurement data was processed using the same output-only Cov-SSI technique described in the previou
section. Fig. 13 shows the stabilization diagram using 6-h long acceleration measurement recordings for 13-storey building with thre
stable frequencies- 1.30 Hz, 1.63 Hz, and 1.99 Hz. The power spectral densities are plotted on top of the stabilization diagram t
verify the obtained frequencies. Based on the power spectral density peaks in Fig. 13 (solid and dashed lines indicate 𝑥 and 𝑦 senso
directions respectively), the first two modes are in orthogonal directions, the third mode has a strong component in the 𝑦-direction
and a small component in the 𝑥-direction. Using acceleration data from sensors A1 and A2 the in-plane mode shapes were plotted
as shown in Fig. 14. The first two modes (1.30 Hz and 1.63 Hz) are translational modes in y- and 𝑥-direction respectively. The third
mode at 1.99 Hz is the torsional mode, but due to the lack of accelerometers, it was not possible to capture the exact shape of th
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Fig. 11. Elevation view of the 13-storey building.

Fig. 12. Typical floor plan of the 13-storey building.

Fig. 13. Stabilization diagram for the 13-storey building (vertically aligned dots) and power spectral densities in two in-plane directions (curves).

mode. Since 13-storey building and 10-storey building have almost identical in-plane geometry and vary only in the number of floors
resulting mode shapes and stabilization diagrams were quite similar, but frequency values were higher for the 10-storey building
The first two modes in 10-storey building are translational modes at 2.15 Hz and 2.45 Hz in y- and 𝑥-directions respectively, and
the third mode is the torsional mode at 2.91 Hz.

Tables 6 and 7 show the result summary from processed acceleration measurements using 1-h increments for modal frequenc
and damping values along with standard deviations.
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Fig. 14. Mode shapes for the 13-storey building.

Table 6
Frequency summary for the Tromsø buildings [Hz].

Building 𝑓1 𝜎𝑓1 𝑓2 𝜎𝑓2 𝑓3 𝜎𝑓3
13-storey 1.30 0.006 1.63 0.005 1.99 0.009
10-storey 2.15 0.006 2.45 0.010 2.91 0.010

Table 7
Damping summary for Tromsø buildings.

Building 𝜉1 [%] 𝜎𝜉1 𝜉2 [%] 𝜎𝜉2 𝜉3 [%] 𝜎𝜉3
13-storey 1.44 0.003 1.18 0.002 1.33 0.002
10-storey 1.37 0.003 1.57 0.001 1.55 0.002

3.4. Numerical modeling of connections

Two alternative approaches to model connections (e.g. shown in Fig. 3) in CLT buildings are presented:

• Modeling Type I (or ‘‘detailed’’ modeling): the connections between CLT panels are modeled as discrete connector element
with linear material properties (Fig. 15). Additionally, a detailed geometry of the building and actual CLT panel geometry wa
used in the ‘‘detailed’’ modeling approach. The discrete connector approach has been used extensively in seismic analysis
oriented research since it is convenient for non-linear analysis. However, the discrete connector approach with specified
stiffness properties can be quite cumbersome for large building models and very time-consuming for structural engineers
The FE model assembly for modeling type I is shown in Fig. 16(a).

• Modeling Type II (or ‘‘simplified’’ modeling): connections are modeled as ‘‘connection-zone’’ elements- 2D shell elements with
linear CLT material properties, but with reduced stiffness (Fig. 15). Additionally, the typical floor plan was used for each floor
as well as typical partitioning of the CLT panel geometry was used in the ‘‘simplified’’ modeling approach. This approach allow
for estimating the stiffness contribution from the connections between CLT panels without explicitly modeling those connectors
The ‘‘connection-zone’’ approach has been successfully applied previously for the modeling of glue-laminated timber (glulam
frame buildings [42,43]. The FE model assembly for modeling type I is shown in Fig. 16(b).

In both modeling types, the finite element model of was developed in Abaqus CAE 2017 [37]. CLT panels were modeled with
four-node shell elements with multi-layer material properties. For each layer, orthotropic material properties as given in Table 1
were assigned. The modeling of CLT panels, reinforced concrete floors, and foundation was similar to the numerical modeling o
the Moholt building. The following paragraphs will on the two modeling approaches for connections between the CLT panels in
greater detail.

Modeling type I
In modeling type I, connections between CLT panels are modeled with connector elements. These connector elements act a

springs with specified stiffness properties, which are directly related to the stiffness values of connected CLT plates. This approach
is more convenient instead of manipulating directly numerical values. Connectors have both axial and shear stiffness propertie
assigned separately as shown in Fig. 15. Expressions for axial and shear stiffness properties for the entire CLT plate are given in
Eqs. (4) and (5) [44]:

𝐷𝑎𝑥𝑖𝑎𝑙 = 𝐸0,𝑚𝑒𝑎𝑛 ∗ ℎ∥ (4

𝐷𝑠ℎ𝑒𝑎𝑟 = 0.75 ∗ 𝐺0,𝑚𝑒𝑎𝑛 ∗ ℎ𝐶𝐿𝑇 (5

where 𝐸0,𝑚𝑒𝑎𝑛 is the mean value of the modulus of elasticity timber in CLT, 𝐺0,𝑚𝑒𝑎𝑛 is the mean value of the shear modulus for timbe
in CLT, ℎ∥ is the thickness of boards parallel to the grain, and ℎ𝐶𝐿𝑇 is the thickness of the CLT panel.

The axial (𝑘𝑎𝑥𝑖𝑎𝑙) and shear (𝑘𝑠ℎ𝑒𝑎𝑟) stiffness of connector elements between the two panels are directly related to the connected
CLT panel properties and calculated as follows:

𝑘𝑎𝑥𝑖𝑎𝑙 = 𝐴𝑆𝑅 ∗
𝐸0,𝑚𝑒𝑎𝑛 ∗ 𝐿𝑝𝑎𝑛𝑒𝑙 ∗ ℎ∥

𝐻𝑝𝑎𝑛𝑒𝑙 ∗ 𝑛𝑐𝑜𝑛𝑛
(6
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Fig. 15. CLT connection modeling approaches.

Fig. 16. FE model assemblies comparison (gray color indicates reinforced concrete material, yellow color indicates CLT material).

𝑘𝑠ℎ𝑒𝑎𝑟 = 𝑆𝑆𝑅 ∗
0.75 ∗ 𝐺0,𝑚𝑒𝑎𝑛 ∗ 𝐿𝑝𝑎𝑛𝑒𝑙 ∗ ℎ𝐶𝐿𝑇

𝐻𝑝𝑎𝑛𝑒𝑙 ∗ 𝑛𝑐𝑜𝑛𝑛
(7

where 𝐿𝑝𝑎𝑛𝑒𝑙 is the total length of the CLT panel along the joint, ℎ𝐶𝐿𝑇 is the total thickness of the panel, ℎ∥ is the thickness o
lamellas parallel to the force, 𝐻𝑝𝑎𝑛𝑒𝑙 is the total height of the panel; 𝑛𝑐𝑜𝑛𝑛 is the number of connector elements between the tw
panels. The spacing of ≈300 mm was chosen because it is the largest spacing required to avoid stress concentration at the joints
Axial stiffness ratio (ASR) and shear stiffness ratio (SSR) are the axial and shear stiffness ratios of the connector respectively and
these scaling ratios are used for further model updating to compare against the experimental results.

The storey height is 3 m, the largest width of the panel in the building is 2.5 m, and connector spacing is 300 mm. Assuming CLT
properties from Table 1 and ASR = SSR = 1, the connector stiffness values for CLT sections of various thickness have estimated value
as shown in Table 8, where ℎ∥ and ℎ⟂ are the thickness of the layers parallel and perpendicular to the load direction, respectively
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Table 8
Stiffness properties per connector element.
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Thickness ℎ∥ [mm] ℎ⟂ [mm] Wall/floor [kN/mm] Wall/wall [kN/mm]

𝑘𝑎𝑥𝑖𝑎𝑙 𝑘𝑠ℎ𝑒𝑎𝑟 𝑘𝑎𝑥𝑖𝑎𝑙 𝑘𝑠ℎ𝑒𝑎𝑟
180 mm 120 60 122.2 8.6 72.0 10.1
160 mm 120 40 122.2 7.6 48.0 9.0
150 mm 110 40 112.0 7.1 48.0 8.4
140 mm 80 60 81.4 6.7 72.0 7.9
130 mm 100 30 101.8 6.2 36.0 6.7
120 mm 90 30 91.6 5.7 36.0 6.7

Table 9
Equivalent stiffness properties for ‘‘connection-zones’’.

Thickness Wall/floor [kN/mm] Wall/wall [kN/mm]

𝑘𝑎𝑥𝑖𝑎𝑙 𝑘𝑠ℎ𝑒𝑎𝑟 𝑘𝑎𝑥𝑖𝑎𝑙 𝑘𝑠ℎ𝑒𝑎𝑟
180 mm 3300.0 155.2 133.2 186.3
160 mm 2933.3 138.0 118.4 165.6
150 mm 2750.0 129.3 111.0 155.2
140 mm 256.6 120.7 103.6 144.9
130 mm 2383.3 112.1 96.2 134.5
120 mm 2200.0 103.5 88.8 124.2

Building geometry in modeling type I was made as detailed as possible as shown in Fig. 16(a): openings in walls and floors wer
placed at their exact locations, and secondary structural elements, such as steel columns were included in the model. The cutout
from the CLT panels were modeled according to the structural drawings.

Modeling type II
In modeling type II connections between CLT panels are modeled with ‘‘connection-zone’’ elements (Fig. 15). ‘‘Connection-zones

are 2D shell elements with orthotropic material properties of CLT panels and have varying thicknesses, which are related to th
connected CLT panel thickness through the reduction factor, 𝑘red. This reduction factor is equal to 𝑡𝑐𝑜𝑛𝑛−𝑧𝑜𝑛𝑒/𝑡𝑚𝑎𝑖𝑛, where 𝑡𝑚𝑎𝑖𝑛 is th
thickness of the CLT panel that is being connected. These ‘‘connection-zone’’ elements are tied at the endpoints to the adjacent main
elements at centerlines as shown in Fig. 15. Assuming that the stiffness properties of the shell element are directly related to it
thickness, the ‘‘connection-zone’’ stiffness can be varied from semi-rigid behavior (𝑘red < 1), to the rigid connection between th
panels (𝑘red = 1). The modulus of elasticity of the ‘‘connection-zone’’ in the vertical direction and the shear modulus in the horizonta
direction account for lateral deformation due to rocking and sliding of the CLT panel 15. The height of ‘‘connection-zone’’ is equa
to the average height of the CLT panel, 150 mm. Unlike CLT panels, which are modeled with layered properties, ‘‘connection-zone
elements are modeled with homogeneous properties. Material orientation in the ‘‘connection-zones’’ is the same as the orientation
of the outer layers of the CLT panels. Table 9 shows estimated equivalent axial and shear properties for ‘‘connection-zones’’ with
𝑘red = 0.1 for the CLT panel with the height of 3 m and length of 2.5 m.

3.5. Model calibrating

Since the knowledge of the exact values of stiffness contribution from connections in CLT under ambient vibrations is limited
the model calibrating was performed using connection stiffness values as parameters. The output of interest in model calibrating i
modal frequencies and modal assurance criterion (MAC) values [39] obtained from the experimental measurements. The objectiv
function, measuring the difference between the numerical and experimental values was calculated as follows:

𝐹𝑜𝑏𝑗 =
𝑛
∑

𝑖=1
𝛾𝑖

(𝑓𝑖,𝑒𝑥𝑝 − 𝑓𝑖,𝑛𝑢𝑚
𝑓𝑖,𝑒𝑥𝑝

)2

+
𝑛
∑

𝑖=1
𝜆𝑖

(

1 −𝑀𝐴𝐶 𝑖
)2 (8

where 𝐹𝑜𝑏𝑗 is an objective function, (∗)𝑖,𝑒𝑥𝑝 is the experimental output for mode 𝑖, (∗)𝑖,𝑛𝑢𝑚 is the numerical output for mode 𝑖, 𝛾𝑖 and
𝜆𝑖 are the weight factors, which are set to 1 for all values.

Before conducting the model calibrating, the two FE models were compared with rigid connections assigned. In modeling typ
II, a rigid connection is assumed when 𝑡𝑐𝑜𝑛𝑛−𝑧𝑜𝑛𝑒 = 𝑡𝑚𝑎𝑖𝑛. By comparing stiffness values from Tables 8 and 9, it can be seen that th
stiffness factors in modeling type I have to be increased in order to represent rigid behavior similar to modeling type II. Based on
calculations, a minimum factor ASR = SSR = 40 has been chosen to ensure rigid behavior. The results of the two models with rigid
connections are shown in Tables 10 and 11. As can be seen, the two modeling types have slightly different values for frequencies
Since the geometry in modeling type I is more detailed and includes more panels and openings, and the bottom floor with th
reduced area, it has lower stiffness compared to modeling type II, where simplified geometry and typical floor plan are used. Th
MAC values are quite similar and have high values, meaning they are similar to the experimental mode shapes. The frequency value
in both modeling types are higher compared to the experimental frequencies, meaning that the rigid connection assumption is to
stiff.
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Table 10
Comparison of results for two modeling types with rigid connections for the 13-storey building.
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Mode Experimental 𝑓 [Hz] Modeling type I Modeling type II

𝑓 [Hz] 𝑀𝐴𝐶 [%] 𝑓 [Hz] 𝑀𝐴𝐶 [%]

1 1.30 1.44 0.99 1.64 0.99
2 1.63 1.83 0.89 1.97 0.91
3 1.99 2.15 0.87 2.38 0.87

Table 11
Comparison of results for two modeling types with rigid connections for the 10-storey building.

Mode Experimental 𝑓 [Hz] Modeling type I Modeling type II

𝑓 [Hz] 𝑀𝐴𝐶 [%] 𝑓 [Hz] 𝑀𝐴𝐶 [%]

1 2.15 2.69 0.96 2.87 0.98
2 2.45 3.12 0.98 3.28 0.96
3 2.91 3.52 0.89 3.78 0.92

Table 12
Parameters for model updating.

Modeling Type Parameter Range

Type I 𝐴𝑆𝑅 1–40
𝑆𝑆𝑅 1–40

Type II 𝑡𝑤𝑎𝑙𝑙∕𝑓𝑙𝑜𝑜𝑟 0.01–1.00
𝑡𝑤𝑎𝑙𝑙∕𝑤𝑎𝑙𝑙 0.01–1.00

Table 13
Model updating results for the 13-storey building.

Mode Experimental 𝑓 [Hz] Modeling type I Modeling type II

𝑓 [Hz] 𝑀𝐴𝐶 [%] 𝑓 [Hz] 𝑀𝐴𝐶 [%]

1 1.30 1.30 0.99 1.39 0.99
2 1.63 1.66 0.89 1.58 0.92
3 1.99 1.95 0.87 1.94 0.87

Parameters for model updating are listed in Table 12. In both modeling types parameters are related to connection stiffnes
values. In modeling type I, ratios for axial and shear stiffness for connector elements, ASR and SSR respectively, are chosen a
parameters for model updating. The values for parameters ASR and SSR range from 1 to 40, where the latter value represents rigid
connection. In modeling type II, reduction factors for the thickness of the ‘‘connection-zones’’ are chosen as parameters for modelin
updating. These parameters are divided into two types: reduction factor for the thickness of ‘‘connection-zone’’ between CLT wal
and floor panels, 𝑡𝑤𝑎𝑙𝑙∕𝑓𝑙𝑜𝑜𝑟, and reduction factor for the thickness of ‘‘connection-zone’’ between CLT walls, 𝑡𝑤𝑎𝑙𝑙∕𝑓𝑙𝑜𝑜𝑟. The value
for these parameters range from the smallest stiffness contribution (𝑡 = 1%) to rigid connection (𝑡 = 100%).

3.6. Model updating results

Since in both modeling types only two parameters were selected for model updating, the entire domain was investigated
Optimization was conducted by discretizing the entire parameter domain and calculating the corresponding objective functions. In
modeling type I model updating was conducted by discretizing the domain with 0.1 step for parameters ASR and SSR. In modelin
type II model updating was conducted by discretizing the domain with 0.01 step for parameters 𝑡𝑤𝑎𝑙𝑙∕𝑓𝑙𝑜𝑜𝑟 and 𝑡𝑤𝑎𝑙𝑙∕𝑤𝑎𝑙𝑙.

Table 13 shows model updating results of both modeling types in comparison with the experimental results for the 13-store
building and Fig. 17 shows the contour plot for objective function with ‘X’ indicating the location of the function minimum. Both
modeling types have updated frequencies that are close to the experimental values, with modeling types I and II having final objectiv
function values of 0.131 and 0.132 respectively. The updated values for connection parameters are shown in Table 13. The last 4
columns of Table 14 show the corresponding stiffness values for connections per CLT panel (with the thickness of 160 mm as an
example). The final building mode shapes for both modeling types are shown in Figs. 18 and 19.

Table 15 shows the updated frequencies and MAC values of both modeling types in comparison with the experimental result
for the 10-storey building. Both modeling types achieved values similar to the experimental results, with modeling types I and
II having objective functions of 0.074 and 0.076 respectively. Fig. 20 shows the contour plot for the objective function with ‘X
indicating the minimum of the function. Compared to the contour plot for the 13-storey building (Fig. 17), the contour plot for th
10-storey building has a more pronounced location of minimum, and the 10-storey building has smaller objective function value
than 13-storey building (Fig. 20). The updated parameters with the corresponding stiffness values per CLT panel are shown in
Table 16. The mode shapes of the 10-storey building after model updating are shown in Figs. 21 and 22.
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Fig. 17. Contour plots for the objective functions for the 13-storey building.

Fig. 18. Modeling type I: mode shapes after model updating for the 13-storey building.

Fig. 19. Modeling type II: mode shapes after model updating for the 13-storey building.

Table 14
Parameters after model updating for the 13-storey building and corresponding connection stiffness values (per
CLT panel).

Modeling type Parameter Value Wall/floor [kN/mm] Wall/wall [kN/mm]

𝑘𝑎𝑥𝑖𝑎𝑙 𝑘𝑠ℎ𝑒𝑎𝑟 𝑘𝑎𝑥𝑖𝑎𝑙 𝑘𝑠ℎ𝑒𝑎𝑟
Type I 𝐴𝑆𝑅 4.8 5225 – 2508 –

𝑆𝑆𝑅 9.0 – 465.7 – 223.5

Type II 𝑡𝑤𝑎𝑙𝑙∕𝑓𝑙𝑜𝑜𝑟 0.1 2933 138 – –
𝑡𝑤𝑎𝑙𝑙∕𝑤𝑎𝑙𝑙 0.1 – – 118 165

Table 15
Model updating results for the 10-storey building.

Mode Experimental 𝑓 [Hz] Modeling type I Modeling type II

𝑓 [Hz] 𝑀𝐴𝐶 [%] 𝑓 [Hz] 𝑀𝐴𝐶 [%]

1 2.15 2.16 0.96 2.21 0.99
2 2.45 2.52 0.98 2.44 0.97
3 2.91 2.80 0.93 2.81 0.92



Journal of Building Engineering 72 (2023) 106607S. Tulebekova et al.

g
g

o
)
r
l
r
s

15

Fig. 20. Contour plots for the objective functions for the 10-storey building.

Fig. 21. Modeling type I: mode shapes after model updating for the 10-storey building.

Fig. 22. Modeling type II: mode shapes after model updating for the 10-storey building.

Table 16
Parameters after model updating for the 10-storey building and corresponding connection stiffness values (per
CLT panel).

Modeling type Parameter Value Wall/floor [kN/mm] Wall/wall [kN/mm]

𝑘𝑎𝑥𝑖𝑎𝑙 𝑘𝑠ℎ𝑒𝑎𝑟 𝑘𝑎𝑥𝑖𝑎𝑙 𝑘𝑠ℎ𝑒𝑎𝑟
Type I 𝐴𝑆𝑅 2.0 2200 – 1056 –

𝑆𝑆𝑅 3.5 – 181.1 – 86.9

Type II 𝑡𝑤𝑎𝑙𝑙∕𝑓𝑙𝑜𝑜𝑟 0.06 1760 82.8 – –
𝑡𝑤𝑎𝑙𝑙∕𝑤𝑎𝑙𝑙 0.1 – – 71 99.3

Stiffness values for the two modeling types in Tables 14 and 16 differ significantly as they should due to different modelin
approaches. In modeling type I the axial and shear stiffness are uncoupled and can be assigned independently, whereas, in modelin
type II, the axial and shear properties are coupled and dependent on the CLT material properties.

Since the model updating for two buildings yielded different parameter values for both modeling types, an attempt was made t
find common parameter values which would give close approximations for both buildings. Using the contour plots from Figs. 17(a
and 20(a) for modeling type I, the common values for parameters were found and the resulting objective functions were 0.159 fo
the 13-storey building and 0.102 for the 10-storey building, which is larger than the values for separate model updatings, but stil
gives a good approximation. Similarly, using contour plots from Figs. 17(b) and 20(b) for modeling type II, the common values fo
parameters were determined and the resulting objective functions were 0.137 and 0.098 for the 13-storey and 10-storey building
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Table 17
Model updating results for the 13-storey building using common parameter values.
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Mode Experimental 𝑓 [Hz] Modeling type I Modeling type II

𝑓 [Hz] 𝑀𝐴𝐶 [%] 𝑓 [Hz] 𝑀𝐴𝐶 [%]

1 1.30 1.24 0.99 1.35 0.99
2 1.63 1.54 0.89 1.52 0.92
3 1.99 1.79 0.87 1.86 0.87

Table 18
Model updating results for the 10-storey building using common parameter values.

Mode Experimental 𝑓 [Hz] Modeling type I Modeling type II

𝑓 [Hz] 𝑀𝐴𝐶 [%] 𝑓 [Hz] 𝑀𝐴𝐶 [%]

1 2.15 2.29 0.96 2.32 0.99
2 2.45 2.62 0.98 2.53 0.97
3 2.91 2.93 0.93 2.95 0.92

Table 19
Common parameter values for the two buildings after model updating (per CLT panel).

Modeling type Parameter Value Wall/floor [kN/mm] Wall/wall [kN/mm]

𝑘𝑎𝑥𝑖𝑎𝑙 𝑘𝑠ℎ𝑒𝑎𝑟 𝑘𝑎𝑥𝑖𝑎𝑙 𝑘𝑠ℎ𝑒𝑎𝑟
Type I 𝐴𝑆𝑅 4.0 4400 – 2112 –

𝑆𝑆𝑅 4.0 – 207 – 99.3

Type II 𝑡𝑤𝑎𝑙𝑙∕𝑓𝑙𝑜𝑜𝑟 0.08 2288 107.6 – –
𝑡𝑤𝑎𝑙𝑙∕𝑤𝑎𝑙𝑙 0.08 – – 92.3 129.1

respectively. The summary of the resulting frequencies and mode shapes are shown in Tables 17 and 18. The common paramete
values and the corresponding stiffness values are given in Table 19.

It is important to note that the current modeling approach was designed for serviceability level conditions and seismic loadin
was not considered in this study. The FE models were developed with linear material properties and as-built mass values wer
applied.

4. Conclusions and recommendations

A study on the dynamic identification of multi-storey CLT buildings and the corresponding model calibrating of connection
stiffness was presented. In building set I, experimental ambient vibration measurements were recorded for 5 similar 9-storey CLT
buildings and compared against the simplified finite element model. In building set II, the two modeling approaches for connection
stiffness between CLT panels were presented. The first approach is using the connector elements, which represent elastic spring
in axial and shear directions. A second approach is a simplified approach, where shell elements with CLT material properties and
reduced thickness are applied. Both approaches were applied to two multi-storey CLT buildings (10-storeys and 13-storeys) and
model updating using connection stiffness properties as parameters was conducted and compared against the experimental results

The following conclusions and recommendations are suggested after implementing the study:

• The experimental ambient vibrations measurements campaign achieved highly similar modal results for all 5 CLT buildings in
Moholt showing the repeatability of the measurements.

• Damping values obtained for 7 CLT buildings ranged between 1.0%–2.0% based on output-only analysis for ambient-leve
vibrations. The range was similar for 9-storey buildings as well as for 13-storey building.

• Modeling approach with discrete connector elements and detailed geometry achieved close estimates after model updating
Though model updating achieved different parameters for different buildings, the common parameter values were found, which
yielded close approximations for both buildings. The common parameter values are: 4.0 for both axial and shear stiffness rati
(𝐴𝑆𝑅 = 𝑆𝑆𝑅 = 4.0).

• Modeling approach with ‘‘connection-zones’’ and simplified geometry was able to achieve close estimates of the building moda
parameters. From the calibration study for both 10-storey and 13-storey building, it was shown that 0.08 is the value for both
wall/floor and wall/wall connection thickness (𝑡𝑤𝑎𝑙𝑙∕𝑓𝑙𝑜𝑜𝑟 = 𝑡𝑤𝑎𝑙𝑙∕𝑤𝑎𝑙𝑙 = 0.08), where close estimates were achieved for both
buildings.

The resulting parameter values for connection stiffness in CLT panels can serve as useful references for practicing engineers in
their prediction models for dynamic properties of multi-storey CLT buildings under serviceability level response. Specifically, th
distributed connection modeling approach with simplified geometry can be used as a good time-saving predictive model. It should
be mentioned that the modeling approach is not designed for seismic models where the nonlinear behavior of the connections take
place.
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Appendix A. Detailing of the structural elements in all CLT buildings

The detailing of the typical CLT floor/wall composition is presented below [mm]:
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Appendix B. Moholt building CLT panels layout
18

Typical layout of CLT panels in the Moholt buildings (the number after ‘‘CLT’’ indicates the thickness of the panel in [mm]):
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Location of glulam beams inside the Moholt building:
19
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Appendix C. Tromso building CLT panels layout

.

20

Typical layout of wall CLT panels in the Tromsø buildings (the number after ‘‘CLT’’ indicates the thickness of the panel in [mm])

10-storey building:
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13-storey building:
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A B S T R A C T

Currently, there is limited knowledge of the dynamic response of taller glue laminated (glulam) timber
buildings due to ambient vibrations. Based on previous studies, glulam frame connections, as well as non-
structural elements (external timber walls and internal plasterboard partitions) can have a significant impact
on the global stiffness properties, and there is a lack of knowledge in modeling and investigation of their
impact on the serviceability level building dynamics. In this paper, a numerical modeling approach with the
use of ‘‘connection-zones’’ suitable for analyzing the taller glulam timber frame buildings serviceability level
response is presented. The ‘‘connection-zones’’ are generalized beam and shell elements, whose geometry and
properties depend on the structural elements that are being connected. By introducing ‘‘connection-zones’’,
the stiffness in the connections can be estimated as modified stiffness with respect to the connected structural
elements. This approach allows for the assessment of the impact of both glulam connection stiffness and non-
structural element stiffness on the dynamic building response due to service loading. The results of ambient
vibration measurements of an 18-storey glulam timber frame building, currently the tallest timber building in
the world, are reported and used for validation of the developed numerical model with ‘‘connection-zones’’.
Based on model updating, the stiffness values for glulam connections are presented and the impact of non-
structural elements is assessed. The updating procedure showed that the axial stiffness of diagonal connections
is the governing parameter, while the rotational stiffness of the beam connections does not have a considerable
impact on the dynamic response of the glulam frame type of building. Based on modal updating, connections
exhibit a semi-rigid behavior. The impact of non-structural elements on the mode shapes of the building is
observed. The obtained values can serve as a practical reference for engineers in their prediction models of
taller glulam timber frame buildings serviceability level response.

1. Introduction

Rising awareness of the importance of sustainability in the general

The stiffness, mass, and damping properties and their distributions in
buildings are the factors that affect the vibration response of taller
glulam timber frame buildings. Estimation of stiffness in glulam timber
public has led professionals in structural engineering to incorporate the frame buildings can be challenging and depends on the structural
Available online 22 April 2022
0141-0296/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

use of environmentally friendly materials in their design. Therefore, the
focus on timber, which is known for its natural origin and negligible
carbon footprint compared to widely used steel and concrete, is under-
standable. Currently, timber as a structural material is being extensively
utilized in the construction of buildings [1].

In general, the lateral loading on taller glulam timber frame build-
ings is governed by wind-induced vibrations [2]. The intrinsic proper-
ties of wood, including low density and stiffness, make taller timber
buildings susceptible to horizontal excitation under wind loading [3].

∗ Corresponding author.
E-mail address: saule.tulebekova@ntnu.no (S. Tulebekova).

system used [4]. Experimental results from ambient vibration mea-
surements show that the eigenfrequencies obtained from the numerical
modeling can be systematically underestimated due to the assumption
of pinned connections in glulam timber frames [5,6].

The past studies on taller glulam timber frame buildings emphasize
the fundamental importance of connections in timber structures under
serviceability level dynamic loading [7]. In glulam timber frame build-
ings, the dowel-type connections make a considerable contribution to
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the structure stiffness [8]. The estimation of such connection stiffness
can, however, be challenging. In a number of studies, it has been
shown that the static dowel connection stiffness, which is calculated
in accordance with Eurocode 5 [9], is different from the stiffness
calculated from the in-service cyclic tests [8,10]. The common practice
in modeling the dynamic response of glulam timber frame buildings
is to assign pinned conditions to the connections between glulam
elements, [5,6,11,12].

The impact of non-structural elements on the serviceability level
response of tall buildings has been acknowledged in both steel and
reinforced concrete buildings [13]. The previous studies on ambient
vibration measurements of timber buildings suggested that contribu-
tion from the stiffness of non-structural elements, such as internal
plasterboard partition walls and exterior wall cladding (brickwork,
glass, and timber), affects the serviceability level dynamic response
of the building [14,15]. One study where operational modal testing
of a 6-storey timber frame building was performed, showed that the
addition of internal plasterboards had considerably stiffened the whole
building in the translational directions [16]. These studies indicate the
importance of assessment of the effect of non-structural elements on
the dynamic response of buildings.

The main objective of this paper is to present an alternative numer-
ical modeling approach for connections and non-structural elements
(internal plasterboard partition walls and external timber walls), which
can be used for the investigation of the serviceability level dynamic
response of taller glulam buildings. The information at hand for struc-
tural engineering of serviceability dynamics of buildings is basically
mean values of stiffness and mass of the individual components con-
stituting the building. The structural interactions of the components
are dependent on the layout and are usually much more uncertain
than the properties of the components. The current practice is to
either design the connections as pin elements or to assign a specified
stiffness value. The latter can be a cumbersome process since the
stiffness estimates depend on the connection layout, which may vary
from floor to floor. The ‘‘connection-zones’’ directly relate the stiffness
of connection to the stiffness of the glulam timber element that is
being connected. This approach allows for an automated numerical
investigation of the timber connections under ambient vibrations and a
better interpretation of the estimated connection stiffness. The paper is
written in the following order. First, the experimental results based on
ambient vibration measurements of an 18-storey glulam timber frame
building (Mjøstårnet, Norway) are presented. Then, in the numerical
modeling section, the ‘‘connection-zones’’ approach for modeling con-
nections in glulam and non-structural elements is presented, and overall
numerical modeling of the Mjøstårnet building is described. After that,
a parametric study is conducted to explore the effect of stiffness of
connections and non-structural elements on the dynamic response of
the building. Finally, a model updating study is conducted to obtain
the values for parameters of interest. The goal of this study is to present
values for stiffness of connections and non-structural elements (internal
plasterboard partitions and external timber walls) for practitioners to
use as a reference when developing numerical models of taller glulam
buildings for serviceability level vibration response prediction.

2. Ambient vibrations testing

2.1. Building description

The test building is named Mjøstårnet (the Mjosa Tower, Fig. 1)
and is located in Brumunddal, Norway. The total architectural height
of the building (including the truss work on the top) is 85.4 m and
the total height including the spire is 88.8 m. The plan dimensions are
36.3 m by 15.7 m, see also Fig. 5(b). The summary of the structural
system of the building is shown in Fig. 2. The load-carrying system
of the building consists entirely of timber: glue laminated timber (glu-
lam) beams, columns and diagonals. The strength grade for glulam is
Engineering Structures 261 (2022) 114209

L30c in accordance with EN 14080:2013 [17]. The average beam
ross-section is 400 mm by 500 mm, the corner column cross-section
s 600 mm by 1500 mm, and the average diagonal cross-section is
00 mm by 750 mm. The glulam truss members are interconnected
ith combinations of 10 mm thick slotted-in steel plates and 12 mm
iameter dowels [18]. The steel grade for plates is S355 in accordance
ith EN 10025-2, which corresponds to 355 MPa yield strength [19].
he steel grade for dowels is EN 1.4418 in accordance with EN 10088,
nd has a measured yield strength of 755 MPa [20]. Cross-laminated
imber (CLT) is used in the elevator and staircase shafts, but is not
esigned to be part of the horizontal load carrying system. The average
hickness of CLT panels is 200 mm. The CLT panels consist of 5 layers
f C24 spruce boards in accordance with EN 338 [21]. The first ten
loors are made of ‘‘Trä8’’ system — prefabricated timber decks, which
ere developed by Moelven [22]. ‘‘Trä8’’ system is composed of Kerto-
® structural laminated veneer lumber (Kerto-Q LVL [23]) beams and
top flange, which is topped with 36-mm thick acoustic panel and

0-mm thick concrete screed (Fig. 3). Stiffening elements made of
erto-S® structural laminated veneer lumber (Kerto-S LVL [23]) were
sed for stiffening in the perpendicular to span direction. The bottom
langes are made of glulam timber. The wooden decks average span
s 7.5 m, average width is 2.6 m and total thickness is 360 mm. The
pper six floors are made of 300 mm thick concrete slabs to increase
he self-weight of the structure in order to meet the serviceability
equirements. The facade of the building is comprised of prefabricated
ooden panels. The truss-type glulam pergola is built on top of the

tructure for architectural appearance. All structural timber elements
ave been provided by Moelven, a Scandinavian producer of structural
imber. The summary of material properties for structural timber are
hown in Table 1.

The building foundation consists of a set of circular steel piles which
re approximately 30 m long, have a diameter of 400 mm and thickness
f 12.5 mm. The pile head is a 2000-mm thick concrete slab at the
ase of the building. The piles are in contact with the bedrock at an
pproximate depth of 30 m. Above, the soil consists of sand, clay, and
oraine. Based on foundation conditions, the boundary conditions as
inned supports under the column ends above the concrete foundation
ere chosen for modeling.

Wind loading was determined to be the dominating load in the
esign combinations. The calculated wind speed was 22 m/s corre-
ponding to the static wind pressure of 1.12 kN/m2 in accordance with
N 1991-1-4 [9].

.2. Experimental setup

Experimental dynamic characterization of the Mjøstårnet building
as performed using ambient vibration measurements. Two different

etups have been used: setup on the roof and setup inside the building.
n both setups, a set of 3 triaxial accelerometers along with a data
cquisition system were used for experimental testing. In setup on the
oof, the accelerometers have been mounted on the pergola truss at
he top of the building as shown in Fig. 4. This setup allowed for
apturing the eigenfrequencies and in-plane movement, but did not
llow for determining the mode shapes along the height of the building.
herefore, the setup has been moved inside the building and the
ccelerometers have been placed at the different levels. In the second
etup, accelerometers were placed on 3 different floors, 10th, 16th,
nd 18th, aligned vertically in order to capture higher translational
ibration modes (Fig. 5(a)). The locations of the accelerometers were
ased on modal analysis results from the numerical model of the build-
ng. The accelerometers were attached with a magnet to a metal plate,
hich was mounted directly on the glulam beam by screws (Fig. 5(c)).
ince the experimental setup is being used for long-term measurements,
he placement of accelerometers was limited to locations that are not
bstructing the service of the building and are not accessible to the
ublic and residents. The building is in a fully operational mode, which
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Fig. 1. Mjøstårnet building (dimensions in m).
Fig. 2. Building structural system.

Table 1
Orthotropic material properties.

Material 𝜌 [kg∕m3] 𝐸1 [MPa] 𝐸2 [MPa] 𝐸3 [MPa] 𝐺12 [MPa] 𝐺13 [MPa] 𝐺23 [MPa]

Glulam GL30c 430 13 000 300 300 650 650 91.5
CLT, 5 layers 420 6 960 4 650 300 650 650 650

®
Kerto-Q LVL 510 10 500 2 200 130 820 430 22
Kerto-S® LVL 510 13 800 450 130 600 600 11
limited the options for placement of the setup significantly. As seen
from the building plan (Fig. 5(b)), the corners of the building, which
have the highest displacement, were not accessible to the general public
and the setup could not be installed there. After discussion with the
building maintenance company, the staircase for the fire escape, which
is used only for emergency cases, was chosen for mounting the setup.

Since the fire safety system requires that the space be isolated from the
rest of the building, it was not possible to extend the wiring system to
other locations on the same floor. The location of the accelerometers in
the fire staircase is shown on the plan view of the building (Fig. 5(b)).
The triaxial accelerometers have high sensitivity of 2000 mV/g and a
lower frequency range between 0 Hz and 1000 Hz [25]. The sampling
3
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Fig. 3. Graphical illustration of Trä8 floor system [24].

Fig. 4. Accelerometer setup on the roof.

rate for data was 400 Hz. The recorded data was resampled to 20 Hz
using an antialiasing filter in Matlab 2020b [26]. This experimental
setup has been running continuously since December 15, 2020, and
recording the measurements to a server (as of February 2022). Based
on the wind data from the nearest weather station, a 3 hr acceleration
time series from 5th April 2021 with a mean wind speed of 9.8 m/s
were chosen for further analysis.

2.3. Theoretical background

The data was analyzed using the operational modal analysis (OMA)
technique. The family of stochastic subspace identification (SSI) tech-
niques is a common approach to deal with output-only measurements
and is explained in detail in the literature [27]. In the SSI techniques,
a mathematical model with certain parameters adjusted to fit the raw
acceleration time series data is developed and calibrated. In this study,
the data-driven stochastic subspace identification technique (DD-SSI)
approach was used to obtain the modal frequencies, mode shapes,
and damping ratios [27,28]. In DD-SSI, the technique is performed
directly on the measured response data, without pre-processing it. In
SSI techniques, the dynamic system is assumed to be described by the
discrete stochastic state–space model as shown below:

{𝑧𝑘+1} = [𝐴]{𝑧𝑘} + {𝑤𝑘} (1)

{𝑦𝑘} = [𝐶]{𝑧𝑘} + {𝑣𝑘} (2)

where {𝑧𝑘+1} is a state–space vector, which holds the current state of
the system, {𝑦𝑘} is a measured output at a specified sampling rate,
{𝑤𝑘} and {𝑣𝑘} are system noise and measurement noise respectively,
𝑘 is a discrete time step, [𝐴] is a state matrix and [𝐶] is an output
matrix. The modal parameters are then extracted from the identified
matrices [𝐴] and [𝐶] [29]. The important task is to properly identify the
model with a reasonable number of parameters. This is performed in
the state–space model by choosing the model order, i.e. the dimension
of the A-matrix [28]. The state–space model of order 𝑖 is then used to
identify the eigenvalue 𝜇𝑖, from which the corresponding pole 𝜆𝑖 can
be obtained at a sampling period 𝑡𝑠. Hence, the modal frequency and
damping ratios, 𝑓𝑖 and 𝜁𝑖, can be calculated for each pole as follows:

𝜆𝑖 =
𝑙𝑛(𝜇𝑖)
𝑡𝑠

𝑓𝑖 =
𝐼𝑚(|𝜆𝑖|)

2𝜋
𝜁𝑖 =

𝐼𝑚(|𝜆𝑖|)
|𝜆𝑖|

(3)
Engineering Structures 261 (2022) 114209

The calculated poles are then plotted on the stabilization diagram
hich allows distinguishing between the spurious poles and true poles.
purious poles usually appear due to inaccuracies in measurements,
on-stationarity of data, etc. The procedure for determining the true
oles, i.e. the poles containing the eigenfrequency and eigenvalue of
he physical system, is through assigning the tolerance to the frequency
nd damping results. The true poles then appear on the stabilization
iagram as the aligned poles which are constant along the specific
requency. The DD-SSI method has been applied successfully on various
ivil engineering structures [29–31].

.4. Results

In this study, the stability criteria for frequency and damping were
% and 5% respectively and the chosen order number was 100. Fig. 6
hows the stabilization diagram of the combined signals from the
ccelerometers in the setup inside the building. The aligned vertical
ots show the identified stable frequencies (6 in total). In addition,
he power spectral densities in two orthogonal in-plane directions were
lotted as gray curves. The left vertical axis represents the model
rder and the right vertical axis represents the magnitude of the power
pectral density. The stabilization diagram from the accelerometer data
n the roof showed similar identified frequencies to the ones presented
n Fig. 6. The mode shapes from both setups can be seen in Fig. 7 and
ig. 8. The first two modes are translational modes in two orthogonal
irections: 1st translational mode at 0.493 Hz in the short direction
Fig. 1(b)), 2nd translational mode at 0.529 Hz in the long direction
Fig. 1(a)). The third mode is the torsional mode at 0.813 Hz as seen
rom Fig. 8. Mode 4 is the second bending mode at 1.918 Hz in the long
irection, and mode 5 is the second bending mode at 2.146 Hz in the
hort direction. The 6th stable frequency at 2.215 Hz is captured in a
ong direction, but the mode shape is not possible to determine due to
ts higher-order and lack of accelerometers. Damping factor values for
odes 1–6 are 1.5%, 2.3%, 2.2%, 1.2%, 1.7% and 2.0% respectively.

. Numerical modeling

A numerical model of the building was developed in Abaqus CAE
017 [32]. Fig. 9 shows the developed FE model of the building with
he mesh geometry. The sensitivity study on the mesh size showed
n insignificant impact on the output natural frequencies. Therefore,
larger mesh size was chosen to reduce the computational time and

acilitate the optimization process. In Fig. 9(a) the entire assembly
esh is shown, which includes external walls, glulam frame mem-

ers, CLT shafts, floor elements, and internal partitions. Fig. 9(b)
hows the glulam frame model without the external walls and in-
ernal partitions. ‘‘Connection-zones’’ are added as generalized beam
lements to represent connections between the glulam frame elements.
‘Connection-zones’’ are added as shell elements to represent connec-
ions between non-structural elements/CLT shaft and glulam frame, as
ell as connections between floor elements. The chart showing the

tages adding ‘‘connection-zones’’ in glulam timber frame elements and
on-structural elements is shown in Fig. 10. In the following sections,
ach part of the numerical model of the building is described in detail.

.1. Structural elements modeling

The glulam frame elements were modeled with one-dimensional
imoshenko elastic beam elements with an orthotropic material model.
oncrete floors were modeled as 4-node shell elements with the linear
lastic isotropic model. Architectural truss work, (Fig. 1), at the top of
he roof was modeled as added distributed mass on the roof slab. The
alconies at levels 12–17 were modeled as added masses on glulam
eams at the locations of balconies.

The prefabricated timber deck Trä8 is a composite structure and due
o its complexity, a single shell element representing the global defor-
ation model of the floor was chosen for analysis. For this purpose, a
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Fig. 5. Experimental setup.

Fig. 6. Stabilization diagram of the combined signals (vertically aligned dots) and power spectral densities in two orthogonal in-plane directions (gray lines).
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Table 2
Simplified timber deck model properties after optimization.
6

Model 𝐸1 [MPa] 𝐸2 [MPa] 𝐸3 [MPa] 𝐺12 [MPa] 𝐺13 [MPa] 𝐺23 [MPa] Objective function
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Optimized 4800 120 990

Fig. 7. Identified mode shapes from merged accelerometer data sets.

Fig. 8. Mode shapes from setup on the roof.

detailed model of the composite timber deck was developed in Abaqus
as shown in Fig. 11. The pressure load was applied in three orthogonal
directions and the resulting deflections were then used as objective
functions to optimize the elastic constants of an orthotropic shell
element, shear properties were kept the same. This shell element was
then used as a simplified model of the composite deck in the building
model to reduce computational time and facilitate model updating. The
resulting material properties after optimization are shown in Table 2
and the thickness of the shell element was 240 mm.

The material properties used for wooden elements in the numer-
ical modeling are given in Table 1. The concrete with a density of
2400 kg/m3, an elastic modulus of 34 GPa, and a Poisson ratio of 0.2
was used for modeling.

3.2. Modeling mass

Building structural system consists mainly of prefabricated timber
elements with known material and geometric properties. Thus, it is
assumed that it is possible to estimate the dead load distribution
accurately. Estimates of added mass, which include the mass of non-
structural elements and live load contribution were made. The added
mass was applied as a uniformly distributed load on the floor elements.
The mass estimates of external walls and internal partitions were taken
from the technical report of the Norwegian research organization [33].
The weight of the external wall is 1 kN/m2 and the weight of internal
partitions is 0.5 kN/m2. According to the Eurocode 1 [9], the specified
live load values shall be based on the occupation type of the floor
and a fraction of this live load shall be assigned as structural load
for serviceability limit state (SLS) (Table 3). However, these values
significantly overestimate the actual live load in the current building.
Based on the architectural layout of different occupational floors, the
actual live loads were investigated and calculated and results are shown
600 50 7.47e−6
600 50 5.71e−9

Table 3
Live load estimates.

Occupational type Actual load [kN∕m2] Code (SLS) [kN∕m2]

Office 0.16 0.9
Hotel 0.21 0.6
Apartment 0.33 0.6
Rooftop deck 0.16 1.2

n Table 3. The actual live load estimates were applied to the building
odel.

.3. Glulam frame connections

In engineering practice, it is common to assume a pinned connection
etween timber elements due to a lack of accurate information about
he connection [34]. In reality, the connection between the timber
lements is neither pinned, nor rigid, but rather semi-rigid, i.e. it
artially transfers the action. Therefore, it is convenient to directly
elate the stiffness properties of the connection to the main timber
lements. Manually calculating and assigning stiffness properties to
he connections and conducting sensitivity study on them can be a
umbersome task due to the large scale of the model and large variety
f cross-sections. Keeping that in mind, modeling of connections in this
tudy was performed by introducing the so-called ‘‘connection-zones’’.
he stiffness properties of these ‘‘connection-zones’’ are directly related
o the connected glulam elements, which facilitates the parametric
odeling process. These zones are separate elements with generalized
roperties which allow to arbitrarily assign cross-sectional area and mo-
ent of inertia. The approach of representing the axial stiffness of the

onnection with ‘‘connection-zones’’ was previously described in the
tudy by [4]. In this study, the axial and rotational stiffness are assumed
o be linearly dependent on cross-sectional area and the second moment
f inertia respectively. Thus, reduction factors can be introduced, which
ccount for the reduced cross-sectional area and reduced moment of
nertia in the connections. A dimensionless reduction factor equals the
atio between the reduced property of the ‘‘connection-zone’’ and the
onnected element, e.g. 𝑘𝑟𝑒𝑑,𝐴 = 𝐴𝑟𝑒𝑑∕𝐴𝑚𝑎𝑖𝑛 or 𝑘𝑟𝑒𝑑,𝐼 = 𝐼𝑟𝑒𝑑∕𝐼𝑚𝑎𝑖𝑛.

The glulam frame in the current study consists of a set of beams,
olumns, and diagonals, which are connected to each other with dowels
nd slotted-in steel plates (Fig. 12(a)). The ‘‘connection-zones’’ were
ssigned at the endpoints of beams and diagonals, (Fig. 12(b)). The
nds of ‘‘connection-zones’’ are tied to the connected elements at their
enterlines. The ‘‘main’’ element in this context is either the glulam
eam element which is connected to the column with the dowel con-
ection or the glulam diagonal element, which is connected to the
lulam column, and beam elements with the dowel connection. The
ength of ‘‘connection-zones’’ is assumed to be equal to the height of
he main element (beam or diagonal). The cross-sectional area and
oment of inertia are related to the connected structural element

hrough the reduction factor 𝑘𝑟𝑒𝑑 . Material properties of the connected
lulam section are assigned to the ‘‘connection-zone’’ element and the
ensity is modified according to the change in geometry to keep the
ass unaltered.

.4. Non-structural elements

External walls and internal partitions were modeled for the purpose
f investigating their contribution to the global dynamic behavior of the
uilding. External walls in the building of interest are composite and
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Fig. 9. Numerical model of the building with mesh geometry.
Fig. 10. Sequence of adding ‘‘connection-zones’’ to the building model.
Fig. 11. Model of the composite timber deck.

consist of several layers. The inner layer starts with the 13-mm gypsum
plasterboard, followed by the 198-mm isolation made of mineral wool
and 13-mm wind barrier made of gypsum plasterboard. The outer layer
consists of the external timber cladding followed by timber framing
work with 73-mm air gap. The external wall is attached to the Kerto-

External walls were modeled as simplified 4-node elastic shell el-
ements in order to investigate their stiffness contribution to the dy-
namics of the whole structure. Similar to the ‘‘connection-zones’’ in
glulam frames described earlier in this chapter, separate shell elements
were assigned also between the external wall and the glulam element to
represent the ‘‘connection-zone’’ (Fig. 13). The in-plane stiffness of the
7

Q timber panel with screws and angles. The Kerto-Q panel is in turn connection represented by the shell element is assumed to be directly
r
i

supported by the composite timber floor which transfers the load to
the load-carrying glulam beams.
elated to its thickness. The variation of stiffness in the shell connection
s performed by introducing the reduction factor, 𝑘𝑟𝑒𝑑 , which represents
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Fig. 12. Modeling of glulam frame with ‘‘connection-zone’’ beam elements.
8
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the main shell element, 𝑡𝑟𝑒𝑑∕𝑡𝑚𝑎𝑖𝑛. In this context, the ‘‘main shell’’ ele-
ment is an external wall element (or a partition wall element described
later in the section), which is connected to the adjacent structural
timber elements such as glulam frame and floors. The length of the shell
‘‘connection-zone’’ element is assigned to be equal to the thickness of
the external wall element. The ‘‘connection-zone’’ elements are tied to
the adjacent elements at the centerlines (Fig. 13).

Based on the composition of the external wall, only gypsum plas-
terboard can be considered as a material with stiffness contribution.
However, the numerical implementation of such small ‘‘connection-
zone’’ elements in comparison to their length is not feasible, since it
requires much finer mesh, which in turn leads to significantly increased
computational time. Thus, the lowest value for plasterboard thickness
in the numerical implementation was limited to 100 mm, which is
around 10 times higher than the actual single gypsum plasterboard
thickness. Since the thickness of the gypsum plasterboard in the nu-
merical model increased in comparison to actual thickness, the values
for the stiffness should be reduced accordingly to represent the actual
panel behavior. Therefore, FEM models of the external wall consisting
of double-layer 13-mm gypsum plasterboard and 100-mm plasterboard
were developed and an optimization study with a deflection as objec-
tive function was conducted. The elastic modulus of a single 13-mm
gypsum plasterboard was taken from the literature and is equal to 140
MPa [35], the shear modulus was taken as 70 MPa. Then, the optimiza-
tion study was conducted on the 100-mm plasterboard to determine
the stiffness properties of the panel with the objective function being
shear deflection values. Gypsum plasterboards were modeled with 4-
node elastic isotropic shell elements. The resulting elastic and shear
moduli of the 100-mm plasterboard corresponding to the double layer
gypsum plasterboard from the external wall after optimization were
36.4 MPa and 18.2 MPa respectively.

Internal partition walls in the building are made of two layers of
13-mm gypsum plasterboards on each side of the wall, separated by a
100-mm gap for steel framing studs. Internal partitions are structurally
connected to the floors elements. Similar to the external walls, the
in-plane stiffness contribution is assumed to come from the gypsum
plasterboards. Therefore, the modeling approach described in the pre-
vious paragraph was applied. The ‘‘connection-zone’’ elements were
introduced at the top and bottom of the partition wall elements at the
location where they are attached to the floor elements. The lower limit
Fig. 13. Modeling of the external wall with ‘‘connection-zone’’ shell elements.

or modeling the thickness of internal partition elements was 100 mm,
hich is around 2 times higher than the actual gypsum plasterboard

hickness. Thus, a similar optimization technique to the one used for
xternal walls was implemented. The resulting values of elastic and
hear moduli after optimization were 72.8 MPa and 36.4 MPa for an
sotropic model of the 100-mm gypsum plasterboard.

The elevator and staircase shafts in the building are made of CLT
anels stacked on top of each other. The shafts are not intended to carry
ny lateral load and were not considered as part of the load-carrying
ystem during the design process. The CLT panels are connected to the
loors at each level by means of steel brackets and screws. ‘‘Connection-
one’’ shell elements have been added between the CLT shaft elements
nd a sensitivity study has been conducted, where the thickness of
he ‘‘connection-zone’’ element was varied in the range 0.1–1.0 while
eeping all other parameters fixed. The change in the outputs of
nterest, i.e. eigenfrequencies and MAC values (explained in the further
ections) was negligible, with maximum change reaching 0.4%. Thus,
he study on the impact of the stiffness contribution from CLT shafts
as not included in the present parametric study. The fixed value for

he thickness of the ‘‘connection-zone’’ between the CLT shafts and floor
lements (𝑡𝐶𝐿𝑇 = 0.5) was used.
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4. Model updating

Sensitivity-based model updating based on ambient vibration data
has been proven to be effective in their application on real structures
in structural engineering [36]. The numerical model of the building
presented in this study was scripted in Python [37], and the properties
of interest were parametrized in order to investigate their sensitivity
and conduct model updating using the results from the experimental
setup.

4.1. Parameter selection

The dynamic modal response of the numerical model of the building
depends on both mass and stiffness properties. Optimization of both
mass and stiffness can lead to an underdetermined problem with an
infinite number of solutions as mentioned in [38]. The mass properties
are not investigated in the current study since it is assumed that density
and geometric properties of the prefabricated elements can be well
estimated in comparison to the connection stiffness properties. The
glulam bending modulus of elasticity (MOE) and density (𝜌) have a
coefficient of variance values (𝐶𝑂𝑉 ) of 0.13 and 0.1 respectively [39].
In addition, the actual live load estimates were calculated based on the
architectural drawings and site visits, and these values are applied to
the numerical model. The stiffness properties in the numerical model
include the stiffness of main load-carrying elements (glulam frame
and slabs), connections between those elements, and potentially non-
structural elements. The stiffness parameters of the timber structural
elements, such as Young’s modulus, are taken from the specification
of the manufacturer and the highly layered composition of the glulam
elements ensures the mean value properties of the wooden elements.
On the other hand, the stiffness of connections in timber lacks accurate
representation. The current practices on the prediction of connection
stiffness do not give accurate values for the stiffness of the connection.
Additionally, the effect of non-structural elements is generally excluded
but might contribute significantly in low-level dynamics. Therefore,
stiffness of connections in the glulam frame as well as connections in
the non-structural elements were chosen for parametric analysis.

Based on the results from the ambient vibration measurements, it
can be seen that the first two bending mode frequencies, as well as the
two second bending mode frequencies, are very close to each other.
This might be due to the fact that the span of diagonals, which are
part of the lateral load resisting system, is similar in both directions
(Fig. 5(a)). Therefore, the connection stiffness was studied separately
in two directions of the building plane in order to investigate their
effect on the dynamic response of the building. Table 4 shows the list
of parameters of interest. Each of those parameters is a ‘‘connection-
zone’’ element in the numerical model. ‘‘Long’’ and ‘‘short’’ subscripts
stand for ‘‘connection-zone’’ elements in the long and short direction
of the building respectively (Fig. 9(b)). 𝐼𝑠ℎ𝑜𝑟𝑡 and 𝐼𝑙𝑜𝑛𝑔 are moments
of inertia of the ‘‘connection-zone’’ elements at the end of a beam
element, where it is connected to the column. The range in values for
𝐼𝑠ℎ𝑜𝑟𝑡 and 𝐼𝑙𝑜𝑛𝑔 is given as a percentage of the main element and is
representative of reduction in the rotational stiffness of ‘‘connection-
zone’’ elements, 𝑘𝑟𝑒𝑑 . The range of values for 𝐴𝑙𝑜𝑛𝑔 and 𝐴𝑠ℎ𝑜𝑟𝑡 is given
as a percentage of the connected element and give the reduction in
axial stiffness of ‘‘connection-zone’’ elements, 𝑘𝑟𝑒𝑑 . Similarly, 𝐴𝑙𝑜𝑛𝑔 and
𝐴𝑠ℎ𝑜𝑟𝑡 represent the ‘‘connection-zone’’ in the truss diagonals at the
points where they are connected to the beams and columns (Fig. 9(b)).
A preliminary parameter study showed that the moment of inertia in
diagonals and axial stiffness of the beams have no significant effect on
the eigenfrequencies of the building. This is consistent with the truss-
type structural system of the building, where diagonals were designed
to carry the horizontal loads, which leads to insignificant axial stiffness
contribution from beams. Therefore, only moments of inertia of beam
connections and areas of the diagonal connections are studied in the
glulam frame.
Engineering Structures 261 (2022) 114209

The connections between the non-structural elements and the main
tructure are given in terms of the thickness of the connection (Table 4).
𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is the thickness of ‘‘connection-zone’’ elements which are lo-
ated at the top and bottom ends of the external wall panels where they
re connected to glulam beams. The range of values for 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is given
s a percentage of the thickness of the external wall and represents a
eduction in the in-plane stiffness of the ‘‘connection-zone’’ elements.
𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛 is the thickness of the ‘‘connection-zone’’ elements which are
ocated at the top and bottom ends of the partition wall elements, where
hey are connected to the floor elements. The range of values for 𝑡𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛
s given as a percentage of the thickness of the internal partition walls
nd represents a reduction in the in-plane stiffness of the ‘‘connection-
one’’ elements. Both 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 and 𝑡𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛 represent the reduction in
tiffness contribution to the main structure.

.2. Sensitivity analysis

Sensitivity analysis was performed to assess the effect of the pa-
ameters of interest on eigenfrequencies and modal assurance criterion
MAC, explained below) values. The range for each parameter was set
s a percentage value of the property of the main element, Table 4. The
owest value represents the negligible stiffness transfer, whereas the
ighest value represents the full stiffness transfer, i.e. rigid connection.
AC is the measure of the correlation between the two sets of modes

nd is calculated as shown below [40]:

𝐴𝐶(𝑟, 𝑞) =
|

|

|

{𝜑𝐴}𝑇𝑟 {𝜑𝑋}𝑞
|

|

|

2

(

{𝜑𝐴}𝑇𝑟 {𝜑𝐴}𝑟
)(

{𝜑𝑋}𝑇𝑟 {𝜑𝑋}𝑞
) (4)

here {𝜑𝑋}𝑞 is the experiment modal vector for mode 𝑞, {𝜑𝐴}𝑟 is
he analytical modal vector for mode 𝑟. MAC takes values between 0
no similarity between modes) and 1 (high similarity between modes).
hen several modes are compared, the result is a MAC matrix where

iagonal elements have values of 1 in ideal situation.
The Latin Hypercube Sampling (LHS) method was adopted for the

urrent sensitivity study. LHS is a Monte-Carlo type technique, which
llows for exploring the entire parameter range with minimized compu-
ational demand [41]. In LHS, the parameter design space is uniformly
ivided with the same number of divisions 𝑁 for all factors. The pa-
ameter levels are then randomly combined to create a Latin Hypercube
esign matrix with 𝑁 points. In this study, the sensitivity analysis with
HS was performed using the Design of Experiments (DOE) component
f ISight, a tool for automated simulations which can be integrated into
baqus CAE [42]. The number of samples, 𝑁=100 was selected for
nalysis and a uniform distribution was chosen for each parameter, 𝐾.
he 𝑁𝑥𝐾 matrix is generated from the randomly sampled values and
ased on this matrix simulations explore the sensitivities of the input
arameters and evaluate their significance by calculating the partial
ank correlation coefficients (𝑃𝑅𝐶𝐶). 𝑃𝑅𝐶𝐶 is the measure of the
inear relationship between the parameter of interest and the output.

Sensitivity analysis was performed on a total of 6 input parameters
ith respect to 9 outputs (5 natural frequencies and 4 MAC values).
he summary of the sensitivity study is shown in Fig. 14. For better
epresentations, the absolute values of partial rank correlation coeffi-
ients of each parameter were plotted both against eigenfrequencies
nd MAC values. Based on the sensitivity ranks for eigenfrequencies,
arameters 𝐴𝑙𝑜𝑛𝑔 and 𝐴𝑠ℎ𝑜𝑟𝑡 have the largest contributions to most
requencies (Fig. 14(a)). Parameter 𝐼𝑠ℎ𝑜𝑟𝑡 has a significant effect on
atural frequencies as well. Natural frequencies from mode 2, 4 and
have some contribution from 𝐼𝑙𝑜𝑛𝑔 , 𝑡𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛 and 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙. Most of the
AC values, Fig. 14(b), have the dominant contribution from 𝐴𝑠ℎ𝑜𝑟𝑡.
he first two MAC values are affected by 𝐴𝑙𝑜𝑛𝑔 , whereas the last two
AC values are affected by 𝐴𝑠ℎ𝑜𝑟𝑡 and 𝐼𝑠ℎ𝑜𝑟𝑡. Most of the MAC values

ave minor contributions from 𝐼𝑙𝑜𝑛𝑔 , 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 and 𝑡𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛. Mode 4 is
ffected considerably by 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙. Based on the results of the sensitivity
nalysis, all 6 parameters from Table 4 were chosen for model updating.
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Table 4
Parameters for sensitivity analysis and model updating.

‘‘Connection-zone’’
parameter

Description Range of 𝑘𝑟𝑒𝑑
[% of main element]

𝐼𝑠ℎ𝑜𝑟𝑡 Moment of inertia of beams in long direction 1–100
𝐼𝑙𝑜𝑛𝑔 Moment of inertia of beams in short direction 1–100
𝐴𝑠ℎ𝑜𝑟𝑡 Cross-sectional area of diagonals in short direction 1–100

𝐴𝑙𝑜𝑛𝑔 Cross-sectional area of diagonals in long direction 1–100
𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 Thickness of connection between external wall and beam 1–100

𝑡𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛 Thickness of connection between internal partition and floors 1–100

Fig. 14. Absolute partial rank correlation coefficients.
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The purpose of the model updating is to minimize the difference
between the numerical model and the experimental modal response.
The objective function for model updating included the modal pa-
rameters: 5 lowermost eigenfrequencies (𝑓1 − 𝑓5) and MAC values
for the 1st and 2nd bending modes in two translational directions
(𝑀𝐴𝐶1,𝑀𝐴𝐶2,𝑀𝐴𝐶4,𝑀𝐴𝐶5). MAC value for torsional mode (𝑀𝐴𝐶3)
was not included in model updating due to the lack of sensors to
accurately estimate the mode shape. The objective functions used in
the model updating are given as follows:

𝐹𝑓𝑟𝑒𝑞 =
𝑛
∑

𝑖=1
𝛾𝑖

(𝑓𝑖,𝑒𝑥𝑝 − 𝑓𝑖,𝑛𝑢𝑚
𝑓𝑖,𝑒𝑥𝑝

)2

(5)

𝐹𝑀𝐴𝐶 =
𝑛
∑

𝑖=1
𝛾𝑖
(

1 − 𝑑𝑖𝑎𝑔(𝑀𝐴𝐶(𝜙𝑖,𝑒𝑥𝑝, 𝜙𝑖,𝑛𝑢𝑚))
)

(6)

where 𝐹 is an objective function, (∗)𝑖,𝑒𝑥𝑝 is the experimental output
of mode 𝑖, (∗)𝑖,𝑛𝑢𝑚 is the numerical output of mode 𝑖, 𝜙 is the mode
shape vector, 𝛾𝑖 is the weight factor, which was set to 1 for 𝑓1 −𝑓3 and
𝑀𝐴𝐶1 − 𝑀𝐴𝐶2 values, the higher modes weight factors were set to
0.5. The higher weight factor was used for lower modes due to the fact,
that they are better identified in the OMA analysis and the mode shapes
have the simple cantilever form, while higher modes have a higher level
of uncertainty.

Model updating was performed using the ISight tool which can be
integrated into the Abaqus CAE, where the numerical model of the
building was created. The Multi-Island Genetic Algorithm was chosen
for optimization [43]. Genetic Algorithms (GAs) are optimization al-
gorithms based on natural selection and genetics concepts. GAs work
on the population of possible solutions, where each individual solution
is assessed based on the quality of the result (how far it is from the
target values). The mating pool is then generated from the high-quality
individual solutions, and parent combinations are selected from this
ions are generated, and periodically these pools exchange a portion of
heir population in a process called migration. In this study the number
f islands (mating pools) was set to 10, the sub-population size and the
umber of generations were set to 10, the rate of migration was set to
.01.

.4. Model updating results

Model updating has been performed using four different sets of
arameters. In Set 1, all of the parameters from Table 4 were used
or model updating. In Set 2, parameters 𝐼𝑠ℎ𝑜𝑟𝑡 and 𝐼𝑙𝑜𝑛𝑔 were com-
ined into one parameter 𝐼𝑏𝑒𝑎𝑚, and parameters 𝐴𝑠ℎ𝑜𝑟𝑡 and 𝐴𝑙𝑜𝑛𝑔 were
ombined into one parameter 𝐴𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙. Parameters 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 and 𝑡𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛
ere included into the second set as well. The purpose of generalizing

tiffness parameters into 𝐼𝑏𝑒𝑎𝑚 and 𝐴𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙 is to compare with the
esults of the first set updating and observe whether the generalized
xial and rotational stiffness parameters will be able to predict the
uilding dynamic response. Set 3 includes parameters 𝐼𝑠ℎ𝑜𝑟𝑡 and 𝐼𝑙𝑜𝑛𝑔 for
eam rotational stiffness and parameters 𝐴𝑠ℎ𝑜𝑟𝑡 and 𝐴𝑙𝑜𝑛𝑔 for diagonal
xial stiffness. Parameters 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 and 𝑡𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛 are excluded from model
pdating in Set 3. Set 4 includes only two parameters: 𝐼𝑏𝑒𝑎𝑚 and
𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙. Parameters 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 and 𝑡𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛 were kept constant and were
xcluded from model updating in Set 4.

The results of the FE model updating with Set 1 parameters are
hown in Tables 5 and 6. The range for parameters in model updating
as chosen the same as in the sensitivity analysis, confer Table 4.
pproximately 1000 iterations were performed in model updating to
xplore the entire design space. The initial values in Table 6 were
hosen to represent the starting assumption of pinned connections
n the glulam frame and negligible stiffness contribution from non-
tructural elements. Table 5 shows the natural frequencies and MAC
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Table 5
Comparison between experimental and numerical modal properties (Set 1).

Mode Initial model Updated model (Set 1) Experimental

𝑓 [Hz] Difference 𝑀𝐴𝐶 𝑓 [Hz] Difference 𝑀𝐴𝐶 𝑓 [Hz]

1 0.506 2.64% 0.82 0.511 3.65% 0.93 0.493
2 0.509 −3.78% 0.88 0.518 −2.08% 0.97 0.529
11

3 0.820 0.86% – 0.817 0.49% – 0.813
4 1.915 −0.16% 0.25 1.954 1.88% 0.85 1.918
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5 1.957 −8.81% 0.38

Table 6
𝑘𝑟𝑒𝑑 values for Set 1 after model updating.

Parameter Initial Updated

𝐼𝑠ℎ𝑜𝑟𝑡 1% 65.3%
𝐼𝑙𝑜𝑛𝑔 1% 92.7%
𝐴𝑠ℎ𝑜𝑟𝑡 100% 33.5%
𝐴𝑙𝑜𝑛𝑔 100% 68.3%
𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 1% 94.1%
𝑡𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛 1% 45.8%

values after model updating along with the initial model results and
experimental natural frequencies. It can be seen that while there is a
slight improvement in natural frequencies, MAC values have improved
significantly after model updating. In particular, considerable improve-
ment in mode shape prediction is observed for modes 1 and 2. The total
objective function improved from 0.647 to 0.071 after model updating,
resulting in an 89% decrease. The numerical mode shapes after model
updating are shown in Fig. 15.

The updated values of 𝐼𝑠ℎ𝑜𝑟𝑡 and 𝐼𝑙𝑜𝑛𝑔 increased considerably com-
pared to the initial values (Table 5). This means that the glulam
connections have considerable rotational stiffness contribution which is
different from the pin-condition assumption that was selected initially.
The value of 𝐼𝑙𝑜𝑛𝑔 updated to 92.7% of the main element, while the
updated value for 𝐼𝑠ℎ𝑜𝑟𝑡 is 65.3%. The values of 𝐴𝑠ℎ𝑜𝑟𝑡 and 𝐴𝑙𝑜𝑛𝑔 were
reduced in comparison with the initial values, which means that the
initial assumption of full axial load transfer in the connection was not
sufficient. Similarly to the moments of inertia, updated 𝐴𝑙𝑜𝑛𝑔 value is
larger than the updated 𝐴𝑠ℎ𝑜𝑟𝑡, 68.3% and 33.5% respectively ( Table 6).
The parameters 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 and 𝑡𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛, which represent the non-structural
elements contribution, increased significantly from their initial value.
Tables 7 and 8 show the summary of the model updating for Sets 1–4. In
comparison with the Initial Set, the objective function for Sets 1–4 was
lower after model updating. However, the objective function for Sets
2–4 was higher than for Set 1, which had an objective function value of
0.071. As seen from Table 7, the eigenfrequencies achieved after model
updating with Sets 1–4 were in good accordance with the experimental
results. Model updating with Sets 1–3 achieved acceptable MAC values.

5. Discussion

The discussion of the model updating results in this section is based
on the assumption that the structural masses, live loads, and structural
material stiffness properties were estimated with an acceptable level
of uncertainty. While the authors have used their best engineering
judgment in the calculation of structural masses and live loads, the
uncertainty related to these estimations can still be considerable. The
presented numerical modeling approach of the glulam building using
‘‘connection-zones’’ helps to generalize the connection properties mak-
ing it easier for practicing engineers to use the obtained results as a
reference for their prediction models.

5.1. Glulam connections

Dowelled glulam connections exhibit a nonlinear behavior even at
low excitation levels due to several factors including an initial slip of
dowels inside the drilled holes and inherent cracks and imperfections
72 −8.11% 0.97 2.146

f the applied timber material [4]. Therefore, the structural behavior of
he dowelled connections is subject to uncertainty. Several sensitivity
tudies have been done to explore the effect of both axial and rotational
tiffness of glulam frame connections on the vibration response of the
uilding [4,6]. The studies on the sensitivity of the rotational stiffness
howed a negligible difference between the pinned connections and
onnections with stiffness values based on Eurocode 5 calculations [6].
he Eurocode 5 calculations, however, lack the accurate representation
f the connection stiffness and underestimate the actual value based
n the sub-assembly experimental results [10]. On the other hand, the
igid connection scenario in the study by [6], showed a considerable
ncrease in fundamental frequencies of the building.

Model updating of parameters 𝐼𝑙𝑜𝑛𝑔 and 𝐼𝑠ℎ𝑜𝑟𝑡 in this study showed
hat the rotational stiffness in glulam connections is neither negligible,
or rigid, but rather exhibits a semi-rigid behavior. Similarly, the axial
tiffness parameters 𝐴𝑙𝑜𝑛𝑔 and 𝐴𝑠ℎ𝑜𝑟𝑡 have updated values which are
ess than the initial value of 100% of the main elements, meaning that
onnection is semi-rigid in the axial direction as well. The sensitivity
tudy by [4] showed that variation of axial stiffness in glulam truss has
n effect on the eigenfrequencies of the structure, which is consistent
ith the findings in this paper. As seen from Table 6, both 𝐴𝑙𝑜𝑛𝑔 and
𝑙𝑜𝑛𝑔 have updated values, which are consistently higher than the values
f 𝐴𝑠ℎ𝑜𝑟𝑡 and 𝐼𝑠ℎ𝑜𝑟𝑡 respectively. The model updating of glulam timber
rame connections implies that there exists significant variation in the
tiffness, which should be investigated further. The geometry of the
uilding might have a considerable impact on the updated stiffness
f the connections since it can be seen that the model updating with
eparate elements for long and short directions achieves better results
n comparison with other sets.

.2. Non-structural elements

The study explored the effect of the external wall and internal parti-
ion stiffness on the dynamic response of the building. By modifying the
onnection thickness parameters, 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 and 𝑡𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛, the contribution
f non-structural member stiffness was varied from negligible, 𝑡∗ = 1%,
o a full stiffness transfer, 𝑡∗ = 100%. Based on the sensitivity study, the
xternal partition stiffness contribution to the natural frequencies was
nsignificant since the load-bearing contribution consisted only of two
3-mm thick gypsum plasterboards and low stiffness. However, there
as a noticeable effect on the MAC values (Fig. 14(b)) for modes 1 and
(Fig. 15). After Set 1 model updating the value of 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was 94.1%

f the main shell element, whereas after Set 2 model updating the value
f 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was 88.6%. The actual connection between the external wall
nd main structure is, however, not very rigid based on the detailing
rawings. On the other hand, the stiffness contribution from non-
tructural elements might be considerable at low-level vibrations and
urther investigation is required on the topic. The internal partitions
ave a slightly higher stiffness contribution compared to external walls
ince they consist of the 2-ply double-sided gypsum plasterboard with
steel frame. Therefore, non-structural element parameters 𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 and

𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛 have contributions to mode shapes of the structure and should
e accounted for when performing modal analysis of the building.
he results of the model updating showed that under ambient vibra-
ions, the non-structural members have a considerable impact on the
AC values in the dynamic response of the timber building, which is

onsistent with the previous studies [14,15].
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Fig. 15. Numerical mode shapes after model updating with the first set.

Table 7
Comparison between experimental and numerical modal properties for all sets.

Mode Set 1 Set 2 Set 3 Set 4 Experim.

𝑓 [Hz] Change [%] MAC 𝑓 [Hz] Change [%] MAC 𝑓 [Hz] Change [%] MAC 𝑓 [Hz] Change [%] MAC 𝑓 [Hz]
1 0.511 3.6 0.93 0.510 3.4 0.88 0.513 4.0 0.93 0.507 2.8 0.73 0.493
2 0.518 −2.0 0.97 0.513 −3.0 0.93 0.519 −1.89 0.97 0.509 −3.7 0.79 0.529

3 0.817 0.4 – 0.826 1.6 – 0.817 0.4 – 0.821 0.98 – 0.813
4 1.954 1.8 0.85 1.961 2.24 0.81 1.966 2.5 0.84 1.954 1.88 0.70 1.918
5 1.972 −8.1 0.97 1.970 −8.2 0.93 1.979 −7.7 0.96 1.959 −8.71 0.85 2.146

6. Conclusions

This paper presents an approach to model connections in glulam
frame buildings. ‘‘Connection-zones’’ are introduced in the model and
represent the rotational and axial stiffness, in this case, of doweled con-
nections. This approach allows for the implementation of modeling of
the connection stiffness influence on the dynamic response of building

in a parametrized manner. The dynamic properties of the glulam timber
frame building have been achieved successfully using the proposed
approach for connections modeling. An ambient vibration procedure
and subsequent system identification of an instrumented 18-storey
glulam building identified 5 vibrational modes, which were used for
model validation and model updating. In summary, the axial stiffness
parameter has the largest impact on both fundamental frequencies and
12
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Table 8
𝑘𝑟𝑒𝑑 values for all sets after model updating.

Parameter Initial Set 1 Set2 Set 3 Set 4

𝐼𝑠ℎ𝑜𝑟𝑡 1% 65.3% 3.4% 83.1% 1.0%
𝐼𝑙𝑜𝑛𝑔 1% 92.7% 3.4% 51.0% 1.0%
𝐴𝑠ℎ𝑜𝑟𝑡 100% 33.5% 88.1% 34.0% 97.0%
𝐴𝑙𝑜𝑛𝑔 100% 68.3% 88.1% 94.9% 97.0%
𝑡𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 1% 94.1% 88.6% – –
𝑡𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛 1% 45.8% 82.6% – –

𝑂𝑏𝑗.𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 0.647 0.071 0.119 0.075 0.360

MAC values, whereas the rotational stiffness parameter has the least
impact. The non-structural parameters accounting for external walls
and internal partitions have a considerable effect on the MAC values
of the structure. The assumption of an accurately predicted mass was
adopted, which is the main limitation in the current study since there is
some uncertainty in relation to the mass estimates. A future study will
include the long-term monitoring of the building in order to evaluate
the dependence of the amplitude of the wind-induced vibrations. The
authors believe that the stiffness ratios for ‘‘connection-zones’’ in this
study can serve as a useful reference for practitioners designing glulam
timber frame buildings.
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INVESTIGATION OF LONG-TERM MODAL PROPERTIES OF A TALL 
GLUE-LAMINATED TIMBER FRAME BUILDING UNDER 
ENVIRONMENTAL VARIATIONS 

Saule Tulebekova1, Kjell Arne Malo2, Anders Rønnquist3, Petter Nåvik4 

ABSTRACT: Evaluation of long-term modal properties, such as natural frequencies and damping ratios, is important for 
tall timber buildings, which can be prone to environmental variations. However, in long-term operational modal analysis, 
the estimation of modal properties, especially damping ratios can be subject to significant uncertainty due to requirement 
of stationarity of the input data. Therefore, a combined variational mode analysis and data-driven stochastic subspace 
identification method was used for modal identification to reduce the potential errors related to the input data. The method 
was employed to investigate the long-term modal properties of an 18-story glulam frame building using ambient vibration 
data of 18 months. The observed natural frequencies exhibit seasonal behaviour with an average variation of  ±0.02 Hz. 
Damping ratios do not show a seasonal relationship as opposed to the natural frequencies. The identified natural 
frequencies tend to have an inverse relationship with the mean temperature, while a positive correlation between the 
natural frequencies and the relative humidity is observed.  

KEYWORDS: dynamic identification, ambient vibrations, tall timber building, VMD, SSI, modal properties. 

1 INTRODUCTION 567

Tall timber buildings are relatively new in the 
construction industry, and as a result, there is still much 
research being conducted to understand their dynamic 
response under different loads, including service loads 
[1]. In general, tall timber buildings tend to have a lower 
natural frequency compared to traditional steel and 
concrete buildings due to inherently low stiffness and 
mass properties. This means that they are more 
susceptible to vibrations caused by external forces such as 
wind or human activities, and this can affect their 
performance and occupant comfort [2]. Excessive 
vibrations during strong winds might lead to discomfort 
for building occupants, particularly on the higher floors, 
if the design is incorrect.  

Modal identification is a process used to determine the 
natural frequencies, damping ratios, and mode shapes of 
a structure. It is an important step in evaluating the 
dynamic response of a structure, as it provides 
information about the behaviour of the structure under 
different loading conditions.  

Different techniques and methods can be used for modal 
identification of structures. For example, the operational 
modal analysis (OMA) method, which relies on ambient 
vibrations induced by natural events, can be used to 
identify the dynamic properties of the structure under real-
life operating conditions. Other techniques such as impact 
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testing or shaking table tests can also be used to identify 
the dynamic properties, but they require significant 
planning and labour and can be quite costly. In 
comparison to other techniques, OMA is a cost-effective 
and relatively easy method, which is suitable for long-
term measurements. 

Data-driven stochastic subspace identification (SSI-
DATA) is an OMA technique used to extract dynamic 
models from ambient vibration data. SSI techniques 
involve constructing a mathematical model of the 
structure using the measured response data. This model 
can then be used to estimate the properties of the structural 
system. One of the limitations of ambient vibration 
techniques for modal identification, such as SSI, is the 
assumption of stationarity. This assumption requires that 
the ambient vibration signals remain constant over time, 
which is not always the case in practice. Non-stationarity 
can occur due to changes in the ambient conditions, such 
as wind or temperature, or due to changes in the dynamic 
behaviour of the structure itself. To overcome this issue, 
the variational mode decomposition (VMD) can be used, 
which decomposes the initial signal into a set of 
oscillatory components containing the modes of the 
structure.  

The modal identification of timber buildings presents 
some additional challenges that are unique to this type of 
construction. For example, timber structures are more 
susceptible to environmental factors such as temperature 

4 Petter Nåvik, NTNU Norwegian University of Science and 
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and humidity, which can cause changes in their material 
properties over time. In addition, timber buildings tend to 
have a more complex and variable behaviour compared to 
traditional steel and concrete structures, which can make 
their modal identification more challenging.  

Several studies investigating the effects of environmental 
variations on the dynamic properties of timber buildings 
are available [3,4]. However, no previous studies on the 
relation between the environmental factors and the 
dynamic response of tall glulam frame building were 
conducted. 

Considering these challenges, this paper investigates the 
modal properties of a tall glue-laminated timber (glulam) 
frame building under long-term ambient and operational 
variations using combined VMD/SSI technique. The 
effect of the variational environmental conditions on the 
identified dynamic properties is investigated using the 
meteorological data from the nearby weather station. 

2 FIELD MEASUREMENTS SETUP 
2.1 BUILDING DESCRIPTION 

Mjøstårnet is an 18-storey tall glulam (glue-laminated 
timber) frame building located in Brumunddal, Norway 
(Fig.1). As of March 2023, Mjøstårnet is considered the 
tallest residential timber building in the world [5]. The 
load-bearing system of the building consists entirely of 
structural timber elements. The building height is 88.8 
meters and the structural system consists of glulam trusses 
connected with slotted-in steel plates [6]. Cross-laminated 
timber (CLT) is used in the elevator and staircase shafts 
and the floors are made of prefabricated timber decks 
(floors 1-10) and concrete decks (floors 11-18). The 
concrete decks are added purely as additional mass due to 
occupational serviceability requirements. The pergola 
truss is mounted at the top of the building for architectural 
appearance.  

  

  (a) Building location             (b) The Mjøstårnet building view 
Fig.1. The Mjøstårnet building 

 

2.2 EXPERIMENTAL SETUP 
A long-term ambient vibration monitoring system was 
installed inside the building (Figs.2-4). The hardware in 
the system consists of three Kistler K-Beam® 
accelerometers, model 8395A2D0 [7], one CompactRIO 
controller by National Instruments, and connecting wires 
and cables. The accelerometers have sensitivity of 2000 
mV/g and the sampling rate for data was 400 Hz. The 
building has been in full operational condition, therefore, 
the placement options for the long-term monitoring setup 
were quite limited. After the discussion with the building 
manager, the setup was installed in the emergency 
staircase shaft. This staircase could only be accessed in 
emergency cases only, therefore, it was not obstructing 
the normal operations of the building. Prior to the current 
accelerometer setup, the accelerometers were installed at 
the roof of the building. Therefore, to ensure that the 
captured modes from the current setup were 
representative of the global structural behaviour, the 
identified modes were compared against their 
counterparts from the setup on the roof. More details 
regarding the comparison of the two setups can be found 
in [8]. 

 

Fig.2. Accelerometer setup inside the building. 

 
Fig.3. Plan view of accelerometer setup. 

 



 

Fig.4. Long-term monitoring setup with the control box. 

3 METHODOLOGY 
The combined VMD and SSI-DATA methodology is 
outlined in the Fig.5. First, the initial ambient vibration 
data is decomposed into a set of modal components using 
the VMD technique. These identified modal components 
are then evaluated using the spectral analysis and the 
modes containing the structural behaviour are selected for 
further analysis. Then, the SSI-DATA technique is 
applied separately on each structural mode and the 
corresponding natural frequencies and damping ratios are 
identified. The following sections present the 
methodology in more detail. 

 

Fig.5. Combined VMD/SSI-DATA methodology. 
 

3.1 VARIATIONAL MODE DECOMPOSITION 
(VMD) 

VMD is a signal decomposition method that aims to 
decompose a complex signal into a set of intrinsic mode 

functions (IMFs) or oscillatory components [9]. Each IMF 
represents a distinct oscillation mode in the signal, which 
is characterized by a particular frequency and amplitude 
modulation. The VMD algorithm is based on an 
optimization problem that seeks to minimize the total 
power of the signal subject to a set of constraints. The 
constraints ensure that the extracted IMFs are spatially 
and temporally localized and are well-separated in the 
frequency domain. A more detailed description of the 
technique can be found in [9].  The VMD algorithm can 
be briefly described as follows: 

• Obtain frequency spectrum of each mode by 
applying the Hilbert transform. 

• Shift the frequency spectrum of the mode to the 
estimated centre frequency using the 
exponential tune. 

• Solve the following minimisation problem to 
estimate the bandwidth of each mode using the 
Gaussian smoothness of the demodulated 
signal: 

min{𝑢𝑢𝑘𝑘},{𝜔𝜔𝑘𝑘} = ���𝜕𝜕𝑡𝑡 ��𝛿𝛿(𝑡𝑡) +
𝑗𝑗
𝜋𝜋𝜋𝜋
� ∗ 𝑢𝑢𝑘𝑘(𝑡𝑡)� 𝑒𝑒−𝑗𝑗𝜔𝜔𝑘𝑘𝑡𝑡�
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where 𝑢𝑢𝑘𝑘(𝑡𝑡) are the decomposed modes, 𝜔𝜔𝑘𝑘 are the 
corresponding central frequencies, ‖. ‖2 is the L2 norm, 
𝜕𝜕𝑡𝑡 is the derivative with respect to time, 𝛿𝛿(𝑡𝑡) is the Dirac 
delta function, 𝑥𝑥(𝑡𝑡) is the original signal. 

After application of the VMD the initial signal is 
decomposed into a set of modes compacted around the 
central frequency. The signals containing structural 
modes are then selected for further analysis. 

3.2 STOCHASTIC SUBSPACE 
IDENTIFICATION (SSI) 

Once the signals containing structural modes were 
identified, thee data-driven stochastic subspace 
identification (SSI-DATA) technique is applied on each 
signal separately. The procedure for the SSI-DATA 
method is explained in detail in [10-12], and a brief 
description of the method is presented here. In SSI-
DATA, the dynamic system is assumed to be described by 
the discrete state-space model: 

𝐱𝐱𝑘𝑘+1 = 𝐀𝐀𝐱𝐱𝑘𝑘 + 𝐰𝐰𝑘𝑘 (1)   
    

𝐲𝐲𝑘𝑘 = 𝐂𝐂𝐱𝐱𝑘𝑘 + 𝐯𝐯𝑘𝑘  (2)    

where x is a state space vector, which holds the current 
state of the system at time instant t, y is a measured output 
at a specified sampling rate, w and v are system noise and 
measurement noise, respectively, A is a state matrix, and 
C is an output matrix. 

The state-space model of order i is used to identify the 
eigenvalue µi, from which the corresponding pole λi can 



be obtained at a sampling period ts. Then, the frequency 
and damping values, ωi and ξi, can be calculated for each 
pole. The expressions for the calculation process of the 
values mentioned above are as follows: 

𝜆𝜆𝑖𝑖 = ln (𝜇𝜇𝑖𝑖) 𝑡𝑡𝑠𝑠⁄    (3) 
    
𝜔𝜔𝑖𝑖 = 𝐼𝐼𝐼𝐼(|𝜆𝜆𝑖𝑖|)   (4)  
   
𝜉𝜉𝑖𝑖 = −𝑅𝑅𝑅𝑅(𝜆𝜆𝑖𝑖) |𝜆𝜆𝑖𝑖|⁄  (5)    

Stabilization diagram is then plotted with the stability 
criteria for natural frequency and damping ratio of 1% and 
5% respectively, and the vertically aligned poles on the 
stabilization diagram indicate a stable frequency.  

4 RESULTS  
4.1 MODAL DECOMPOSITION 

The acceleration time series were processed separately in 
the x- and y-direction (see Fig.3 for coordinate reference). 
Acceleration time series were resampled to 8 Hz sampling 
rate and the band-pass filter between 0.2 Hz - 1.0 Hz was 
applied to remove the noise and response outside the 
range of interest. In total three fundamental frequencies 
were identified: mode 1 at 0.5 Hz (first bending in the x-
direction), mode 2 at 0.54 Hz (first bending in the y-
direction), and mode 3 at 0.84 Hz (torsion). Fig.6(top) 
shows the original acceleration time series containing 
noisy data in the x-direction with the corresponding 
Fourier spectrum, where the peaks at 0.5 Hz (mode 1, 
bending) and 0.84 Hz (mode 3, torsion) can be seen. 

Below the original data series are the two decomposed 
signals, which are called the intrinsic mode functions 
(IMFs) using VMD method, which show only one peak at 
their respective frequencies, indicating that the signals 
containing fundamental modes have been successfully 
separated. Similarly, Fig.7 shows the original acceleration 
time series containing noisy data in the y-direction (top) 
and its decomposed IMFs containing the fundamental 
modes along with the Fourier spectra indicating the 
fundamental frequencies in y-direction: mode 2 (bending) 
and mode 3 (torsion). These intrinsic mode functions 
containing the modes of interest were further processed 
using the SSI-DATA technique to identify the natural 
frequencies, damping ratios and mode shapes. Each 
mode-containing signal was processed separately. The 
methodology was applied continuously over the entire 
monitoring period (Jan.2021-Jun.2022) on 1-hr data 
segments to investigate the variation of the identified 
modal properties with time. 

 

Fig.6. Input signal in x-direction (top) and its decomposed 
intrinsic mode functions (IMFs) with the corresponding Fourier 

spectra. 

 

Fig.7. Input signal in y-direction (top) and its decomposed 
intrinsic mode functions (IMFs) with the corresponding Fourier 

spectra. 

4.2  LONG-TERM MODAL PROPERTIES 
The long-term monitoring records of the total of 18 
months (Jan.2021-Jun.2022) were processed using the 
combined VMD/SSI-DATA methodology. Fig.8 shows 
the variation of the identified natural frequencies with 
time and the corresponding statistical distributions using 
1-hour increments of the acceleration response for the first 
three modes of vibration. The torsional mode is plotted in 
both x- and y-direction. From observation, a seasonal 
pattern of natural frequencies can be observed. The 
highest values for natural frequencies are observed in the 
late winter (January-March), while the lowest values are 
observed in the late summer (July-September). The total 
natural frequency variation is ±0.015 Hz for mode 1, 
±0.02 Hz for mode 2, ±0.03 Hz for mode 3. A larger 
scatter of identified values can be observed for mode 3 in 



the x-direction compared to the y-direction which might 
be due to the accelerometer placement: location of 
accelerometers close to the centreline might not allow for 
a proper identification of the torsional mode in the x-
direction. 

Fig.9 shows the variation of the identified damping ratios 
with time and the corresponding statistical distribution 
using 1-hour increments of the acceleration response for 
the first 3 modes. Similarly, a larger scatter is observed 
for mode 3 in the x-direction compared to the y-direction. 
Unlike natural frequencies, no seasonal variation of 
damping ratios can be observed. The mean values for the 
identified damping ratios seem to be quite stable at values 
around 1% except for mode 3 in the x-direction, where a 
larger variation is observed. 

From Figs.8 and 9, it can be seen that the natural 
frequencies and damping ratios can be identified quite 
stably indicating the effectiveness of the combined 
VMD/SSI-DATA technique for extraction of long-term 
modal properties from ambient vibration data. 

 
4.3 EFFECT OF ENVIRONMENTAL 

CONDITIONS  
The meteorological data from the closest weather station 
was used to investigate the effect of the environmental 
conditions on the identified dynamic properties. The 
location of the weather station is approximately 10 km 
away from the building and the weather statistics for the 
monitoring period was obtained from the Norwegian 
Climate Service Centre [13]. The following 
environmental properties were selected for further 
analysis: mean air temperature (°C) and mean relative 
humidity (%). 

The building in this study is located in a region with 
humid continental climate with cold and dry winters and 
comfortably warm summers. The warmest month of the 
year is July with mean daily temperature of 17°C and the 
coldest month of the year is December with daily mean 
temperature of -4.5°C. 

Fig.10 shows the mean daily natural frequencies for the 
first 3 modes plotted together with the mean daily air 
temperature. The smoothed variations using 1-month 
averaging window are plotted to represent the trend of the 
parameters with time. From observation, for all natural 
frequencies the variation occurs in a similar seasonal 
manner. The highest frequencies are observed in the late 
winter and the lowest frequencies are observed in the late 
summer, with an exception of the first frequency, where 
the additional peak can be observed in the early summer 
period. For modes 2 and 3 (x- and y-direction) an inverse 
relationship is observed between the natural frequencies 
and the air temperature. The inverse relationship might be 
caused by the delay between the variational changes and 
the structural response. For mode 1, the inverse seasonal 
relationship can be observed in the winter, however, in 
summer the frequencies seem to have an increasing trend 
with increase of temperature.  

 
Fig.8. Variation of identified frequencies from 1-hour data 
segments over time (left) and the corresponding statistical 

distributions (right) for the first 3 modes of vibration. 

 
Fig.9. Variation of identified damping ratios from 1-hour data 

segments over time (left) and the corresponding statistical 
distributions (right) for the first 3 modes of vibration. 

 



 
Fig.10. Variation of identified frequencies (1-day mean) and 

temperature. 

 
Fig.11. Variation of identified damping ratios (1-day mean) 

and temperature. 

 
Fig.12. Variation of identified frequencies (1-day mean) and 

relative humidity. 

 
Fig.12. Variation of identified frequencies (1-day mean) and 

relative humidity. 



The variation of mean daily damping ratios is plotted 
together with the mean daily air temperature as shown in 
Fig.11. The 1-month smoothed plots are plotted on top of 
the variations to indicate the trend of parameters with 
time. No clear relationship is observed between the 
damping ratios and the seasonal temperature for all three 
modes of vibration. However, it can be observed that 
damping ratios are higher in the January-February period 
compared to the other months for all modes.  

Fig.12 shows the variation of the mean daily natural 
frequencies plotted together with the mean daily relative 
humidity. The thick smoothed plots (1- month averaging) 
indicate the trend of the parameters with time. All of the 
natural frequencies exhibit a positive trend with the 
relative humidity: with increase of mean relative humidity 
the natural frequencies increase as well. However, a small 
delay is observed, indicating that it takes time for the 
structural properties to respond to the change in relative 
humidity.  

Mean daily damping ratios are co-plotted together with 
the mean daily relative humidity in Fig.12. From 
observation no evident effect of the relative humidity on 
the damping ratios is observed. 

For a closer investigation of the effect of environmental 
conditions on the natural frequencies, 1-month variations 
of the parameters were co-plotted as shown in Fig.13 for 
July 2021. Each dot on the figure represents a 1-hour 
mean value of the parameter. From observation, the 
relationship between the natural frequency and 
temperature is not fully clear. A positive relationship 
between the natural frequency and the relative humidity is 
observed: increase in the relative humidity results in the 
gradual increase of the natural frequency with a delay. A 
similar positive trend between the 1st natural frequency 
and the relative humidity in Fig.13 was observed for the 
other two frequencies as well.  

 

Fig.13. 1-month period (July 2021) variation of identified 
frequencies co-plotted with mean temperature and mean 

relative humidity (each dot represents 1-hr segment). 

5 CONCLUSIONS 
This paper investigated identification of the long-term 
modal properties under variable environmental conditions 

of an 18-story glulam frame building in Norway. The 
combined VMD/SSI-DATA scheme was applied to the 
measured ambient vibration response. First, the original 
signal was decomposed with VMD technique into 
intrinsic mode functions containing the modes; then, the 
SSI-DATA technique was applied separately on each 
mode-containing signal to obtain natural frequencies and 
damping ratios. The identified modal properties were 
quite stable indicating that the combined methodology 
can be effectively used for dynamic properties extraction 
from the ambient vibration data of the tall glulam frame 
building. The identified natural frequencies for most 
modes exhibit a similar seasonal behaviour, where highest 
values for natural frequency are observed in the late 
winter and the lowest values are observed in the late 
summer. The identified damping ratios for all modes did 
not exhibit seasonal variations and have quite stable mean 
values. From co-plotting the identified frequencies and 
mean air temperatures, the inverse relationship can be 
observed for most modes. From co-plotting the natural 
frequencies and mean relative humidity, a clear positive 
trend is observed, where the increase in the relative 
humidity is followed by the increase of the natural 
frequency for all modes. A delay in response might be 
caused by the time required for the structural properties of 
timber to be affected by the environmental conditions. 
Thus, both temperature and relative humidity impact the 
natural frequencies: high delay (around 6 months) is 
observed for temperature variations and a low delay (1-2 
months) is observed for the relative humidity.  

It is important to note, that in this study analysis of the 
effect of environmental conditions on the natural 
frequencies and damping ratios has certain limitations. A 
longer period of observation is needed to establish a 
clearer relationship between the seasonal variations and 
the natural frequencies. Additionally, an on-site weather 
station measuring both the indoor and outdoor 
environmental conditions should be installed for a more 
accurate investigation of the effect of environmental 
conditions on the dynamic properties of the building. 
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