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Abstract: In this study, the vibration serviceability of multi-storey timber buildings is addressed.
The core of this study pertains to the preparation of a comprehensive finite element model to predict
modal properties for an accurate vibration serviceability checking. To that end, findings obtained
from studying three multi-storey timber buildings are summarized and discussed. Two of the
buildings (of seven and eight storeys) consist entirely of cross-laminated timber (CLT), while the
third is a five-storey hybrid CLT-concrete building. Thanks to the detailed finite element models and
modal testing results, one has the capability to conduct sensitivity analyses, classical and Bayesian
model updating, and uncertainty quantifications. With these methodologies, influential modelling
parameters as well as the sources of modelling error were identified. This allowed for conclusions to
be drawn about the in-plane shear stiffness of the constructed walls (whose higher value causes the
natural frequencies to increase by up to 25%), the soil deformability (which may cause the natural
frequencies to drop by up to 20%), and the perpendicular-to-the-grain deformation of floor slabs
(which may lead to an overestimation of a fundamental frequency by up to 8%).

Keywords: timber building; cross-laminated timber; modal testing; modal properties; finite element
modelling; model updating; vibration serviceability

1. Introduction

The structural design of multi-storey timber buildings is often governed by service-
ability criteria [1]. Understanding how to effectively meet serviceability criteria not only
enhances user comfort but also contributes to reduced material consumption and more
cost-effective design decisions. Several aspects are included in the consideration of ser-
viceability, such as vertical deflections, lateral drifts of the walls, floor vibrations, and
vibrations of the whole building [2]. The latter may cause a separation or cracking of the
exterior cladding, doors, windows, and damage to interior components, or simply induce
discomfort. For tall timber buildings, wind-induced vibrations of the building are often the
governing serviceability criterion [3,4]. They can also be the governing design criterion,
as shown for a 14-storey timber building and the Eurocode set of standards with national
annexes for Norway [5]. For even tall timber structures, an evaluation of serviceability
criteria for various conceptual designs, based on Canadian national codes, demonstrated
the suitability of a 30-storey timber building for residential use [6].

Comfort criteria are based on the human perception of vibrations [7]. It is essential
to recognize the substantial variability in individual physiological and psychological re-
sponses to identical motion levels. Different properties of motion (such as displacement,
velocity, acceleration, and its derivatives) may be considered [8], and accelerations are
generally used in the calculation of comfort criteria. Two standardized limit curves are
adopted by two ISO standards [9]. ISO 10137 [10] restricts 1-year peak accelerations de-
pending on the commercial or residential use of the building, and ISO 6897 [11] adopts
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5-year root–mean–square horizontal accelerations as a criterion. Both standards employ a
frequency-dependent curve, which requires the calculation of the natural frequencies of the
building. For buildings taller than 50 m, Eurocode 1 [12] proposes a simplified empirical
equation to calculate the fundamental frequency (in hertz) by

f = 46/h, (1)

where h is the height of the building (in meters). However, to accurately calculate modal
properties, an advanced modelling approach is indispensable. Illustrative examples of comfort
criteria calculations are shown for the case of cross-laminated timber (CLT) and glue-laminated
timber (GLT) buildings according to the Swedish [13] and UK regulations [14].

The accurate prediction of modal properties is an important goal for structural en-
gineers designing tall timber buildings. However, the desire for time-efficient solutions
requires simplified methods. The reliability of the simple Equation (1) is questionable when
aiming for accurate modal property predictions. Although its applicability is restricted to
buildings surpassing 50 m, wind-induced vibrations can emerge as the governing design
criterion even for structures of a considerably lower height [5]. A commonly adopted
approach to predicting modal properties is to develop a finite element (FE) model. In
the case of CLT buildings, the panels are modelled by shell elements. To streamline the
modelling of the layered structure of the CLT panels, simplified shell elements have been
proposed [15,16], although shell elements that explicitly model the layers of the panels can
be used as well [17,18].

To an FE model, choices about material properties and modelling assumptions need
to be made. Due to its non-homogeneous structure comprising cellulose, hemicellulose,
and lignin, each with distinct stiffness and density properties, timber, in particular, poses a
higher level of uncertainty in material properties compared to classical structural materials.
This inherent variability results in a wide range of material properties. For instance, the
density of Norway spruce with a moisture content of 12% is typically between 350 and
600 kg/m3, while the along-the-grain elastic modulus varies between 13.5 and 16.7 GPa [19].
The complexity amplifies when considering engineered timber products, such as the CLT
panels, where the uncertainty of stiffness parameters further escalates. The in-plane shear
modulus, arguably the most critical stiffness parameter for the CLT panels, varies widely
among European technical assessments (ETAs) of different manufacturers, ranging from
250 MPa to 500 MPa [20–22]. On the other hand, values of 650 MPa and 450 MPa are recom-
mended [23], depending on whether the narrow sides of the lamellae are glued together or
not. Besides the already considerable variability in material properties, the moisture content
emerges as another influential factor impacting timber properties [24]. Generally, strength
and stiffness decrease with the increasing moisture content [25]. However, when examining
the CLT panels, the relation between moisture content and shear stiffness is reversed [26].
The drying of the panels causes cracks in the lamellae and in the bond between lamellae, re-
sulting in reduced stiffness. Such uncertainty in material properties and stiffness translates
into a large uncertainty in the predicted modal properties of timber buildings.

Due to its fibrous structure, timber exhibits anisotropic stiffness properties, with
significantly higher stiffness along the direction of the fibres. The material properties are
commonly assumed to be transversely orthotropic. Despite the pronounced disparity in
stiffness between the radial and the tangential directions, engineering applications often
assume equal properties in these two directions. This assumption is primarily rooted in the
considerably higher stiffness along the grain. For Norway spruce, the stiffness in the radial
direction is approximately 1.5 times higher than in the tangential direction [19], while the
stiffness along the grain is 20 to 30 times higher [19]. Depending on the installation of
the floor slabs, a distinction is made between the platform frame and the balloon frame
types of construction (see Figure 1). The difference between the along-the-grain and the
perpendicular-to-the-grain material properties becomes an important factor in the platform
frame CLT buildings, where floor slabs are compressed in the perpendicular-to-the-grain
fashion. Due to the lower strength, inelastic deformation perpendicular to the grain
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is observed under high vertical loads [27]. While such loads do not lead to structural
failure [24], they may cause deformations significant enough to damage non-structural
elements such as plasterboard or façade. Considering the stiffness of the building in
the vertical direction, floor slabs have a substantial impact despite their small thickness
compared to the height of the walls. To illustrate this, four cases are presented in Figure 2.
In case (b), inserting a perpendicularly oriented interlayer between two walls reduces the
overall vertical stiffness compared to case (a). A simple example [28] demonstrated up
to 50 % reduction, assuming the commonly used dimensions for slab thickness and wall
height. When the floor slab width exceeds the wall thickness, as in case (c), the overall
vertical stiffness increases due to the stress dispersion under the wall [29]. Stress dispersion
angles of 45° and 15° in the direction parallel and perpendicular to the grain, respectively,
were proposed [24]. Conversely, a significant decrease in stiffness was observed after the
installation of a layer of vibroacoustic insulation under the walls [29], as illustrated in
case (d). Similarly, it was observed that a layer of vibroacoustic insulation decreases the
stiffness in shear testing as well [30].

Figure 1. Two types of structure frame: (a) platform and (b) balloon frame type.

Figure 2. Different cases of vertical compressive load transfer: (a) a case of along-the-grain compres-
sion only, (b) a case where the width of floor slab layer is equal to the wall thickness, (c) a case where
the width of floor slab layer is greater than the wall thickness, and (d) a case with a vibroacoustic
insulation layer under the wall.

Another important decision is how to model connections between the panels. In the
presence of seismic actions, the dynamic behaviour of a building is largely influenced by
these connections. Namely, to avoid a brittle failure, the CLT members are overdesigned
compared to the strength of the connections [31]. With the aim to better understand the
performance of the connections when subjected to seismic actions, monotonic and cyclic
tests were carried out on hold-downs and angle brackets [32,33], screwed lap joints [34,35],
and wall systems [36]. When subjected to shear loading, CLT walls typically exhibit three
types of deformation mechanisms: rocking, sliding, and in-plane deformations of the panel.
A monotonic test on the CLT wall connected to the CLT floor with angle brackets showed
that only from 20% to 35% of a lateral displacement at the failure was attributed to the
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in-plane deformation of the panel [27]. However, at smaller displacements, the contribution
of the panel deformation was higher. For example, at yield displacement, the in-plane
deformation of the panel accounted for up to 56% of the lateral displacement. Contributions
of different deformation mechanisms were not analysed for smaller amplitudes, so the
results cannot be extended to small amplitude vibration (such as is expected from wind
loading). Rocking is a leading failure mechanism in monotonic tests, especially for the
CLT panels with a small width-to-height ratio [27]. Nevertheless, when vertical loading
is considered, the rocking of the CLT panels occurs only after a certain threshold lateral
load [37]. Shaker dynamic testing and quick-release testing of a CLT and timber frame
structure revealed amplitude dependency of the stiffness of the structure. When the rocking
of the CLT panel is activated, the stiffness and the fundamental natural frequency drop
significantly [37]. It is not yet known whether the wind-induced vibrations exceed the
activation level of the rocking mechanism.

The models for predicting modal properties of timber buildings are uncertain due
to the presented underlying reasons connected to the varied material properties, joints,
and connections between timber members, and the effects of non-structural elements.
Despite the importance of vibration serviceability for timber buildings, there is a lack of
comprehensive research. The investigation presented in this paper is focused on assessing
the accuracy of the FE models based on the modal testing results, and it improves them
by employing advanced model updating techniques. The aim is to identify the important
effects that need to be taken into account for the accurate modelling of timber buildings.

The rest of this paper is organised in the following way. Section 2 provides an overview
of the relevant literature related to modal testing, modelling, and model updating of timber
buildings. In Section 3, the methodology for the FE modelling and model updating of
CLT buildings is introduced. Case studies of three CLT buildings are briefly presented in
Section 4, describing the buildings and their initial and updated FE models, together with
the serviceability verification. In Section 5, the results of the case studies are reported and
followed by a discussion in Section 6. Finally, conclusions are drawn in Section 7.

2. Modal Testing and Model Updating

Numerical models can be improved using the data from experimental tests with a
procedure called model updating. The research into model updating had already started in
the 1970s; however, the process was defined more formally in the 1990s [38,39]. Since then,
model updating has not only become a broad scientific topic [40] but has also developed
into mature technology applied in various industries [41]. As a scientific subfield, structural
health monitoring [42,43] employs model updating for damage detection, which is also
used in civil engineering applications [44]. For example, model updating was applied to
bridges [45–47], as well as a super tall building [48] and historical buildings [49].

One of the advanced techniques is probabilistic model updating, which is based on the
Bayesian inversion. By taking uncertainties and errors into account, the end result is not
a point estimate that minimises the objective function, as is the case with classical model
updating, but rather an updated probability distribution of the parameters. Such a proba-
bilistic framework offers a comprehensive solution that not only allows for the derivation of
a singular point estimate but also provides a confidence interval for the results [50]. Some
examples of applications in civil engineering are given in [51,52]. Bayesian model updat-
ing is often performed by stochastic methods. One such method is Markov chain Monte
Carlo (MCMC), which is an iterative sampling procedure to find the Bayesian posterior
distribution of the model parameters in the form of samples. Each iteration involves run-
ning an FE model with different values of the modelling parameters, leading to a high
computational burden, especially for complex (i.e., with a high-degree-of-freedom) FE
models. An improvement in computation time can be achieved by using a surrogate model
that approximates the solution of the FE model analysis. An approach that is well suited
to the probabilistic framework of the Bayesian updating is the generalised polynomial
chaos expansion (gPCE), which approximates the probabilistic output of the model with
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the help of a special set of polynomials that are orthogonal with respect to the underlying
prior probability measure. The polynomial chaos expansion was first introduced in [53] to
describe stochastic processes with Gaussian random variables with the help of Hermite
polynomials. The description was generalised in [54] to variables with other distributions
in the form of what is called generalised polynomial chaos expansion.

In general, experimental data used for model updating are any measured quantity that
can be quantifiably compared to the numerical model. For civil engineering applications,
it is modal properties that are most often used for comparison. However, other static or
dynamic quantities of interest can be used as well (such as deflections, strains, frequency re-
sponse functions, etc.). The vast majority of the published literature uses ambient vibration
testing (AVT) to experimentally estimate the natural frequencies, mode shapes, and modal
damping ratios. Due to the low energy of excitation (usually wind loading), the number of
modes measured with AVT is low, compared to the forced vibration testing (FVT), where
the building is usually excited by a shaker [55]. Higher quality data are usually expected
with FVT, as the inputs are controlled. However, due to technical challenges, AVT is often
the first choice for obtaining experimental data.

Over two decades ago, Ellis and Bougard [56] conducted tests on a six-storey light-
timber-framed building in a laboratory setting. The building consisted not only of a
load-bearing structure but also featured brick wall cladding, plasterboards, a staircase, and
roof tiles. They performed AVT and FVT testing in several construction phases. The study
showed a significant increase in the fundamental frequency after installing plasterboards
and a staircase, as well as an additional increase after masonry cladding was constructed.
Despite important findings, the study lacked FE modelling and the building featured a
standard timber rather than CLT.

A study by Steiger et al. [57] was conducted on a three-storey light-frame timber build-
ing sheathed with oriented strand boards (OSB) featuring timber–concrete composite slabs.
This study also observed a significant increase in natural frequencies after the installation of
the non-structural elements. Testing the building with AVT and FVT at varying amplitudes
revealed that the stiffening impact of non-structural elements diminished with higher
vibration amplitudes. Conversely, damping increases with a higher vibration amplitude.

Reynolds et al. [58] measured a seven-storey CLT building with AVT in two construc-
tion phases. Contrary to the previous findings, this study showed a decrease in natural
frequencies after the installation of non-structural elements. In addition to installing plaster-
boards and cladding, the second phase featured an additional layer of screed, which largely
contributed to the total mass of the building. Similarly to other studies, the installation of
non-structural elements significantly increased the damping.

A set of seven CLT buildings ranging from 9 to 13 storeys were tested with AVT by
Tulebekova et al. [59]. The buildings were modelled with full-scale FE models, exhibiting
natural frequencies that are 10% to 20% lower than what was measured. The updating of
the model identified a softening effect of the connections, both axially and shear. It should
be noted that all of those platform-frame buildings featured vibroacoustic insulation under
the CLT walls, which can reduce the stiffness by as much as 60% [30].

Larsson et al. [60] analysed a 9-storey CLT building during the 13-month construction,
performing AVT in seven different construction phases. They observed an increase in
natural frequencies after installing non-structural elements (such as a façade and plas-
terboards). The building was modelled in all seven measured states of construction; the
natural frequencies were significantly higher than those obtained from measurements.
Again, the vibroacoustic insulation was installed under the CLT walls, potentially reducing
the stiffness of the building.

The referenced case studies converge on the conclusion that non-structural elements,
such as facades and plasterboard, contribute to an increase in natural frequencies. The one
exception [58] that showed a decrease in natural frequencies combined the effect of adding,
not only plasterboards and façade cladding, but also screed, which significantly increased
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the mass of the building. A similar effect of non-structural elements that increase natural
frequencies can be found for classical reinforced concrete and steel structures [61–63].

It should be emphasised that natural frequencies of timber buildings are subject to a sig-
nificant seasonal variation, due to changes in the moisture content. The three-year monitor-
ing of a four-storey hybrid timber–concrete building was conducted by Larsson et al. [64].
A 10% variation in the fundamental natural frequency was observed, with the higher
moisture content yielding stiffening and a higher natural frequency.

Many more timber buildings have been examined. Leyder et al. [65] tested the top
two timber storeys of a four-storey building. It consisted of a post-tensioned timber frame
and timber–concrete composite floor. Mugabo et al. [66] tested a four-storey building with
a GLT framing system and CLT floors. Reynolds et al. [67] examined two five-storey timber
buildings with a concrete core. The two buildings were identical except for their structural
system, one featuring an OSB sheathed light timber frame; the other was a CLT building.
Tulebekova et al. [68] tested Mjøstårnet, currently the highest timber building in the world,
with the main structural system consisting of a GLT frame, but featuring also CLT and
laminated-veneer lumber (LVL). Aloisio et al. [69] reported results of AVT conducted on an
eight-storey CLT building. Several more studies were gathered in a state-of-the-art review
by Aloisio et al. [70].

From the above, it can be concluded that the majority of the research, related to the
investigation of dynamic properties of existing tall timber buildings, focused primarily on
measuring modal properties, and only some studies were also accompanied by FE models
of various complexity. In general, the research field lacks guidelines for the creation of
(refined and accurate) FE models of tall timber buildings, which should serve for checking
the vibration serviceability criteria. The basis for such guidelines may be achieved by a
comprehensive structural identification of a set of existing tall timber buildings. This would
enable an estimation of the nature and the level of importance of various effects (related to
different building components) on the dynamic properties of timber buildings. This study
reports on these effects for three CLT case studies.

To the best of the authors’ knowledge, the Bayesian finite element model updating
has not been applied for timber buildings, except for the cases presented in this work.
Furthermore, it seems that this work is the first attempt to identify the common features of
the findings obtained by updating the models of several timber buildings of the same type.

3. Materials and Methods

Although the models that can accurately predict modal properties are needed, a
balanced trade-off between accuracy and simplicity is still desired. To that end, modelling
assumptions that were taken into account in the present work are the following:

• Geometry of the building is modelled in detail, including the openings in the walls.
Only the small holes for ventilation, heating, plumbing, and electric installation are
neglected (of an area smaller than approximately 0.2 m2).

• Wall and floor CLT panels are modelled by shell finite elements with transversely
orthotropic layers.

• For the transversely orthotropic material model, mean material properties from ETAs
are used.

• The CLT panels are assumed to be rigidly connected with each other, i.e., connections
between the CLT panels are not modelled explicitly.

• The soil stiffness is modelled either by a set of discrete elastic springs or by an area-
distributed elastic support in the vertical direction.

• The mass of non-structural elements was uniformly distributed over the CLT panels
on which they are attached (i.e., it was distributed over either walls or floor slabs).

Constructing an FE model involves assembling a stiffness matrix K and mass matrix
M. An undamped modal analysis consists of solving a system of differential equations of
the form

Mẍ(t) + Kx(t) = 0, (2)
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which translates into identifying pairs of eigenfrequencies ωr and eigenvectors φr that
satisfy the eigenvalue problem (e.g., [71])(

K −ω2
r M
)

φr = 0. (3)

The set of modal properties obtained by the FE model is denoted by ωr,FE for the
eigenfrequency and by φr,FE for the eigenvector of mode r.

The next step is to perform modal testing and thus to obtain a set of experimental
modal properties. Let ωq,exp denote the eigenfrequency and φq,exp the eigenvector of mode
q. Due to the non-proportional damping of real structures, the modal identification typically
results in a complex eigensolution. Sometimes it is useful to realise eigenvectors, especially
for the visualisation and comparison of the modes. Ahmadian [72] showed that the realised
eigenvector φreal that correlates most with the original complex eigenvector φ is obtained
by taking the real part of an eigenvector that is rotated in the complex plane

φreal = Re{φ · eiα} (4)

for such angle α that
α = arg max

α
‖Re{φ · eiα}‖2. (5)

The correlation between the experimental and the FE eigenvectors can be quantified
using the modal assurance criterion (MAC), e.g., [73,74]. It may take complex eigenvectors
and is calculated as

MAC(φr,FE, φq,exp) =

∣∣∣φT
r,FEφ∗q,exp

∣∣∣2(
φT

r,FEφ∗r,FE

)(
φT

q,expφ∗q,exp

) , (6)

where φr,FE and φq,exp are a pair of eigenvectors to be compared and ∗ denotes the conju-
gation of a complex eigenvector. A MAC value of 1 suggests a perfect correlation between
the 2 eigenvectors, whereas a value of 0 suggests no similarity [74].

The model can be improved based on a measure of correlation with the experiments.
The model updating can be carried out. Two distinct approaches are available: the determin-
istic and the probabilistic approach. The deterministic approach is a classical optimisation
problem (e.g., [75–77]), and can be described as

min
θ

J(M(θ),D)

subject to gj(θ) = 0, j = 1, ..., Ng

hk(θ) ≤ 0, k = 1, ..., Nh,

(7)

where an objective function J is minimised by changing parameters of the model θ while
respecting constraints gj(θ) and hk(θ). The objective function is formulated in a way
that captures a distance between the model resultsM(θ) and the experimental data D.
Typically, some constraints define the upper and the lower bounds of parameter values,
and others restrict some model results to certain values. Applying Equation (7) changes the
model so that it provides results that are very close to the experimental data. When modal
properties are considered as a measure of correlations, a possible objective function can be
defined by the weighted mean squared differences

J(θ) = Γfreq

N

∑
r=1

(
ωr,FE(θ)−ωr,exp

ωr,exp

)2

+ ΓMAC

N

∑
r=1

(1−MACr(θ))
2, (8)

where Γfreq and ΓMAC are the weights of the two measures of distance, and MACr(θ) is
the MAC value of the r-th pair of the correlated modes. The objective function may be of
a different form or there may even be multiple objective functions. Once the problem is
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formulated this way, a wide array of classical optimisation methods is available (e.g., a
gradient method, particle swarm optimisation, and genetic algorithm) to find a minimum
of J.

In contrast to classical optimisation approaches, the probabilistic approach does not
seek to identify an optimal set of parameters, which is often just a local minimum. Instead, it
assesses the probability distribution of parameters taking specific values. This methodology
relies on Bayes’ theorem (e.g., [50,78]), expressed as

π(θ|D) = π(D|θ)π(θ)

π(D) , (9)

where prior π(θ) encapsulates the initial knowledge about parameter values reflecting the
engineer’s uncertainty in the values of the modelling parameters and the corresponding
probabilities based on engineering judgement.

The likelihood π(D|θ) incorporates experimental knowledge by evaluating how likely
is it to measure the experimental modal properties D given a certain “true” value of the
parameter θ.

The likelihood π(D|θ) incorporates experimental knowledge by evaluating how likely
is it to measure the experimental modal propertiesD, given a certain “true” value of param-
eter θ. The likelihood is computed from the probability distribution of the measurement
error, a function of the distance between the measured modal properties D, and the modal
properties computed by the modelM(θ). The evidence π(D) is a normalizing constant,
which ensures that the integral of the posterior distribution π(θ|D) over the parameter
space equals 1. Estimating the posterior distribution using a sampling technique such as
the Metropolis–Hastings algorithm (e.g., [79]) avoids calculating the evidence, as it cancels
out in the process.

4. Case Studies

The case studies pertain to three timber buildings, each entailing the measurement of
the modal properties, the prediction of the modal properties using the FE software ANSYS,
and the subsequent model updating. The process of model updating and the associated
analyses differed across the case studies, with each case presenting its own challenges.

4.1. Model Updating of a Seven-Storey CLT Building

The observed building is a seven-storey CLT building, located in Glasgow, Scotland
(see Figure 3a). It has an irregular T-shape with gross plan dimensions of 31 m× 28 m and
a height of 22 m. The load-bearing structure is of a platform frame type, and it features
large monolithic CLT panels. The façade consists of a thin cladding imitating a masonry
wall on timber battens. The internal walls are covered by plasterboards, and the building
also features some partition walls. No vibroacoustic insulation is installed under CLT walls.
A layer of screed is an important contribution to the total mass of the building.

An FRF-based modal testing [80] was performed by exciting the building with a
shaker positioned on the 6th floor. Accelerations were measured at 13 sensor locations
throughout the height of the building. Due to the inaccessibility of the apartments for the
measurements, the sensors were placed in the corridor in the centre of the building, which
resulted in spatial aliasing [81]. A single-input and multiple-output modal identification
(complex mode indicator function) was used to identify eight modes of vibration. Of those,
six could be matched with the FE model. However, the initial model was very poorly
correlated, especially the mode shapes, for which the MAC values were as low as 0.4 for the
third mode. The FMAC plot [82] in Figure 4a shows the matching of the initial FE model
with the measured modal properties.
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Figure 3. Photographs of the observed buildings: (a) a seven-storey CLT building, (b) a five-storey
hybrid timber-concrete building, and (c) an eight-storey CLT building.

Figure 4. Case study 1: FMAC plot of (a) the initial model and (b) the updated model.

To improve the initial model, the updating of six parameters was performed. The
objective function in the deterministic model updating combines the relative difference of
experimental and numerical natural frequencies and the MAC values for a measure of the
mode shape correlation. The updated model shows a vastly improved correlation with the
measured modal properties, which is shown in Figure 4b. The building, experimental setup,
modal identification, modelling, and model updating are presented in more detail in [28].

Additionally, the probabilistic model updating was carried out. It resulted in similar
conclusions regarding the most likely updated values. Furthermore, it offered a better
insight into the underlying uncertainties connected to the updated values. The Bayesian
inference was performed by the MCMC sampling of the posterior distribution. Unin-
formative prior distributions were adopted for the input parameters, and the likelihood
function was constructed based on the uncertainties of the experimentally obtained modal
properties. For the computational efficiency of stochastic analyses, a gPCE surrogate model
approximating eigenfrequencies and eigenvectors was developed. The main challenge
in constructing a surrogate model was the changing mode order, which was solved by
k-means clustering of the mode shapes. For details about the probabilistic framework and
the results of the probabilistic model updating, see [83].

4.2. Model Updating of a Five-Storey Hybrid Timber–Concrete Building

Secondly, a five-storey hybrid timber–concrete building in Cambridge, UK (see Figure 3b),
was studied. The basement and ground floor are made of reinforced concrete; the remaining
four storeys are from CLT. The prevalent type of construction is the platform frame; see
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Figure 1a. However, at certain locations, the wall continuity is applied at the floor level, which
avoids the transfer of vertical loads across the thickness of the floor slab. At these locations,
the floor slab is laterally connected to the wall, as in Figure 1b. The building also features
one panel of the lift shaft spanning over the top four storeys. No vibroacoustic insulation
is installed under any of the CLT walls. The building has a 14 m× 33 m gross plan, and the
overall height is 16 m. The external walls are made of monolithic CLT panels with a large
length-to-width ratio. The façade is made of a self-supported masonry wall that is connected
to the CLT load-bearing structure by horizontal ties. The majority of the mass comes from
the two concrete storeys, the masonry façade, and the screed installed on top of each floor
slab. Their stiffness effects are explored together with the effects of non-structural elements
(such as plasterboards, partition walls, and a roof) with model updating. To the already
high complexity of structural systems of the building, an uncertainty of the effect of the
adjacent abutting building is added. Even though the buildings are designed as structurally
independent, they share a foundation and are in contact over one wall.

FRF-based modal testing was conducted on the building, with excitation applied using
a mass shaker situated on the third floor. A better placement for the shaker would be on
the top floor, which was, however, inaccessible during the measurements. Accelerations
were measured in the 11 sensor locations, each equipped with two orthogonally oriented
accelerometers. The multiple-input and multiple-output modal identification successfully
captured three vibration modes. Although higher modes were observed, they could not
be reliably identified, probably due to the non-linearity of the contact with the adjacent
building. The mode shapes computed by the FE model exhibited a poor correlation with
the experiments. Notably, the MAC value of the first mode was lower than 0.5. The FMAC
plot in Figure 5a shows a matching of the initial FE model with measured modal properties.

In this case study, only deterministic model updating was conducted, but the under-
lying uncertainty was considered in a different way. The objective function included a
measure for natural frequency and mode shape matching with the experiments. Several
iterations were repeated with different sets of updating parameters, which resulted in a
higher confidence in the results and an estimation of the uncertainty for the updated pa-
rameter values. Altogether, six parameters were explored, three of which were observed to
be the most important for improving the model. The matching of the updated model with
the experiments is shown in Figure 5b. The procedure is explained in more detail in [84].

Figure 5. Case study 2: FMAC plot of (a) the initial model and (b) the updated model.

4.3. Model Updating of An Eight-Storey CLT Building

The third studied building was an eight-storey CLT building, located in Ås, Norway
(see Figure 3c). Large monolithic CLT panels are assembled in a platform frame type. It
has a rectangular shape of 15 m× 23 m, which are the gross dimensions in the plan, and
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a height of 27 m. The design of the building is very lightweight with thin wood cladding
and no screed, with some CLT walls being exposed. Other walls are covered with plaster-
boards. A large contribution to the total mass is due to the bathroom pods—prefabricated
modules that are installed on the load-bearing structure without any strength and stiffness
contribution per design; however, its as-built contribution is unknown.

In contrast with the previous case studies, only AVT measurements could be per-
formed on this building. Accelerations were measured at three sensor locations on the roof,
each measuring in two horizontal directions. Two 90 min signals were obtained and used
to identify four modes of vibration. The SSIcov modal identification was used. Figure 6a
shows a good matching of mode shapes of the initial model, while natural frequencies
deviate from the measurements up to 15%. A probabilistic model updating was performed
to improve the knowledge of five input parameters, for which an uninformative prior was
adopted. The likelihood function assumed a normally distributed unbiased error of natural
frequencies. Its variances were estimated by splitting the measured signal and carrying
out modal identification on the split intervals. A surrogate model for eigenfrequencies
was developed with the gPCE to improve the computational efficiency of stochastic anal-
yses. Details about the building, measurements, FE modelling, and model updating are
provided in [85].

Figure 6. Case study 3: FMAC plot of (a) the initial model and (b) the updated model.

4.4. Serviceability Check

For all three case studies, peak accelerations were verified according to Annex B of
Eurocode 1 and ISO 10137. Parameters used in the calculations, according to Eurocode 1,
are shown in Table 1. The values for the basic wind velocity are taken from the respective
national annexes. For the calculations, the first two bending modes were considered in all
three case studies. The natural frequencies were obtained from the experiments. The value
for damping was assumed based on the reports in the literature. For example, damping
ratios in some of the observed timber buildings [59,68,69,80], were identified to be between
1.2% and 2.3%, and, most commonly, between 1.5% and 2.0%. For hybrid timber buildings,
damping ratios were identified to be higher—between 1.5% and 3.0% [64], or even as high
as 4.0% [84]. In the case of long-term monitoring [64], a large variance was observed for the
identified damping ratio. Moreover, it may even be amplitude-dependent [86]. To that end,
the damping ratio was conservatively assumed to be 1.2%. Calculations according to EC
1991-1-4 assume damping in the form of the logarithmic decrement δ, which is connected
to the damping ratio ξ, as

δ =
2πξ√
1− ξ2

. (10)
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Table 1. Parameters for the calculation of peak along wind accelerations according to EC 1991-1-4
Annex B.

Parameter Case Study 1 Case Study 2 Case Study 3

Basic wind velocity vb 25.5 m/s 22.2 m/s 22 m/s
Terrain category 2 2 2
Height h 22 m 16 m 27 m
Mass of the building 1300 t 2000 t 1000 t
Equivalent mass me 59.1 t/m 125 t/m 37.0 t/m
Reduction factor for rounded corners ψr 1 1 1
Mode shape exponent ξ 1 1 1
The 1st natural frequency n1 2.85 Hz 4.48 Hz 1.88 Hz
The 2nd natural frequency n2 2.93 Hz 4.90 Hz 2.42 Hz
Logarithmic decrement d 0.075 0.075 0.075

The computed values of peak accelerations are compared to the maximum allowed
peak acceleration of ISO 10137; see Figure 7. The first case study just barely exceeds the
limit curve for residential buildings. For a higher value of the assumed damping ratio, the
design could satisfy the criteria of ISO 10137. The second case study is well below the curve
due to the lower height and higher mass. Interestingly, the second mode seems to have
significantly higher peak acceleration values. Finally, the calculated peak accelerations of
the third case study significantly exceed the proposed maximal values for the first mode.

Figure 7. Peak along wind accelerations calculated by EC 1991-1-4 Annex B compared with ISO 10137
comfort criterion.

5. Results

Finding the right parameters for model updating requires some level of investigation
work. The unique challenges of the three case studies led to the selection of different
parameter sets, consisting of three to six parameters. Generally, the more the measured
modes of vibration are included in the objective function (or the likelihood, in the case of the
probabilistic framework), the more parameters can be updated. Even though the parameter
sets were unique for each case study, some general trends can be observed. The two trends
that were the most pronounced are presented in this section. The parameters included in
their modelling were defined differently from case study to case study; however, they were
slightly adjusted for presentation purposes. The case studies should be consulted for their
exact definitions [28,84,85].

The first trend observed is that the shear stiffness of the walls is higher than anticipated
by the initial models. These models neglected the influence of non-structural elements at-
tached to the walls (such as façade, plasterboard, and partition walls) and used the in-plane
shear modulus stated by the manufacturers in their ETAs. The cause for the discrepancy
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between the updated and the initial models may stem from the material properties of the
CLT walls and/or the influence of the non-structural elements, encapsulated by the scaling
parameter kG. This parameter, which was defined to multiply the mean in-plane shear
modulus of CLT from the manufacturer’s ETA GCLT,mean, yields the corrected in-plane
shear modulus of the walls

Gwalls = kG · GCLT,mean, (11)

accounting for the effects of non-structural elements and the shear compliance of wall–floor
connections, as well as the conservatively estimated shear modulus of the CLT panels.
The updated parameter values of the three case studies are shown in Table 2, together
with the impact of the updated parameter value on the natural frequencies. The impact
of the parameter is computed as a relative change of the natural frequencies when the
parameter is changed from the initial value to the updated value, while the remaining
parameters take the updated value. It can be observed that the fundamental frequency
is underestimated by roughly 10% to 20%, when non-structural elements are neglected.
The effects on the second and third natural frequencies are similar. The updated values
of Gwalls are shown in Figure 8, where they are compared to the values of the in-plane
shear moduli stated by the manufacturers of the CLT panels in their ETAs. The values
of 650 MPa and 450 MPa that are proposed by Brandner et al. [23] for the CLT, with or
without the narrow edge bonding, respectively, are added to the plot as a reference. The
procedure for obtaining the updated values and respective confidence intervals varied
between the case studies. In the first and the third case studies, probabilistic model
udpating was used. The updated values refer to the estimate of the maximum a posteriori,
and the confidence intervals were obtained by taking the 5th and the 95th percentiles of
the posterior distribution. In the third case study, the stiffness of the external and internal
walls were separated into two parameters. The parameter corresponding to the external
walls (on the right) resulted in approximately 20% higher values. The second case study
was based on the deterministic model updating. Several iterations were repeated while
changing the modelling assumptions. The confidence interval reflected the uncertainty of
the model by changing the assumed mass of the building between 80% and 110% of the
initial estimate. The updated value refers to the solution of the iteration with the initial
building mass estimate. Details of the procedure are described in [84].

Table 2. The effect of the updated value of kG on natural frequencies.

Case Study Updated Parameter Value Impact of the Updated Parameter Value
kG f1 f2 f3

1 1.63 11.8% 12.1% 13.9%
2 1.94 9.5% 10.9% 7.4%
3 1.86 17.1% 23.7% 24.1%

The second trend that is evident is the lower vertical stiffness. The two main contribu-
tors are the foundation and the elastic modulus of vertical layers of the walls, which are
defined by parameters kfoundation and kE,vert, respectively. They have a similar influence
on the modal properties of the building; thus, the model updating may have difficulty
distinguishing between the two. The more the measured modes of vibration are avail-
able, the higher the chances of successfully distinguishing between these two parameters.
For example, case study 3 showed that only after introducing the fourth mode of vibra-
tion to the likelihood, the two parameters were able to be distinguished by the model
updating procedure.

Parameter kfoundation models the vertical stiffness of the foundation. In case study 1,
piles are modelled with discrete springs, where the kfoundation denotes the vertical stiffness
of one pile. In case studies 2 and 3, the foundation is modelled with elastic support,
where kfoundation denotes the distributed spring stiffness in the vertical direction. The
updated values are presented in Table 3, together with the impact on the first three natural
frequencies. It can be observed that the soil deformability in case studies 1 and 2 reduces
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natural frequencies compared to the rigid boundary condition by up to 20 %. On the other
hand, case study 3 shows that the assumption of a rigid foundation was suitable.

Figure 8. Scatter plot of posterior samples in P1–P4 parameter plane for iterations with 3 and 4 modes
included. The values of the in-plane shear modulus proposed by Brandner et al. [23] are shown as
a reference.

Table 3. The effect of the updated value of kfoundation on natural frequencies.

Case Study Updated Parameter Value Impact of the Updated Parameter Value
kfoundation f1 f2 f3

1 2.1× 108 N/m −6.2% −6.7% −5.9%
2 2.4× 108 N/m3 −9.9% −14.1% −18.2%
3 5.9× 109 N/m3 −0.6% −0.2% −0.3%

Parameter kE,vert models the effect of the wall–floor–wall joint in platform frame
buildings, where the perpendicular-to-the-grain stiffness of floor slabs plays an important
role. It is implemented so that the along-the-grain elastic modulus of vertical wall layers is
computed as

Ewalls,vert = kE,vert · E0,mean, (12)

where E0,mean denotes the mean along-the-grain elastic modulus of timber proposed by
the CLT manufacturers in their ETAs. The updated values and their impact on the natural
frequencies are presented in Table 4. Case study 2 did not include this parameter in model
updating due to the relatively small sensitivity of modal properties to this parameter. For
case studies 1 and 3, it can be observed that the fundamental frequency is overestimated by
roughly 6 % to 8 % when the effect of the wall–floor–wall joint is neglected.

Table 4. The effect of the updated value of kE,vert on natural frequencies.

Case Study Updated Parameter Value Impact of the Updated Parameter Value
kE,vert f1 f2 f3

1 0.60 −6.7% −5.8% −5.2%
2 / / / /
3 0.64 −7.6% −4.7% −4.2%

6. Discussion

The updated values presented in the previous section should not be directly general-
ized to the models of other buildings. They reflect the designs of particular buildings, which
may have different structural solutions. For this reason, the presented results are put in the
context of individual case studies. The description of their respective structural systems
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may provide an explanation of the updated parameter values. This can help modellers
consider the important effects and understand their uncertainties.

6.1. Features of Used FE Models

The basic features of the used FE models may be summarised as follows:

• All load-bearing walls were considered in the model.
• Only a small percentage of the (non-load bearing) partition walls were not included in

the model.
• The floors were modelled as deformable, i.e., an assumption of rigid diaphragms was

not applied.
• The soil deformability was taken into account by springs.
• The dead mass of the building was carefully estimated from the design documents.
• A fine mesh of shell FEs with transversely orthotropic layers was used, making the

discretization error small.
• Connections between CLT panels were not modelled explicitly.

The latter point might be considered a disadvantage of the used FE models, although
it is not yet clear whether the explicit modelling of connections provides any advantages
for the analysis of vibration serviceability.

6.2. Façade and Other Non-Structural Elements

Case study 1 resulted in an updated value of the in-plane shear stiffness of the CLT
walls that was 63% higher than in the initial model. A thin cladding imitating masonry
wall—acrylic brick slip—on timber battens (all together, approximately 5 cm thick) is used
as a façade system. Together with plasterboards and partition walls, they might contribute
to the significantly higher updated value. It is also possible that the stiffness of the CLT
alone is actually higher. Based on the observations of Brandner et al. [23] for panels
with narrow sides of lamellae glued together, this amounts to a shear modulus of up to
650 MPa. After inquiry, the manufacturers of the CLT panels stated that narrow sides are
glued together, but only for the ease of assembling in the manufacturing process. They
do not perform any quality control on these glued joints and thus the performance is not
guaranteed (which is reflected by not as high value in the ETA). Since the measurements
were carried out two years after the completion of the construction, some cracks in the
glued joints or the CLT panels might have already started to appear.

In contrast, the façade system in case study 2 is much stiffer. It consists of 100 mm
thick masonry cladding, which is a self-supported masonry wall. It is connected to the
CLT walls with horizontal ties that allow for a vertical differential movement. The study
showed that the masonry façade had to be modelled. Even when it was modelled as a
rigidly bonded layer to the CLT, the in-plane shear modulus of the CLT walls was updated
from 25% to 110%, which was a higher value than the one provided by the manufacturer
(500 MPa). When the masonry façade was neglected, the model updating resulted in almost
four times the value. The measurements on this building were carried out just before the
completion of the construction; thus, the state of the panels was likely to be very good
(with cracks not appearing yet).

Finally, the façade of case study 3 consisted of 2 cm thick timber cladding on timber
battens, which was connected to the CLT panels. Due to the simplistic design (not only
because of the thin façade but also because of many exposed internal CLT walls), it can
be expected that the contribution of non-structural elements should not be high. The
available documentation of the manufacturer (i.e., ETA) proposed 250 MPa for the in-plane
shear modulus. The model updating suggested that the most probable value was between
400 MPa and 450 MPa for internal walls and roughly 20% higher for external walls. The
measurements were carried out 10 years after the completed construction. During this
time it is likely that cracks have appeared, causing the stiffness of the panels to reduce.
Another difference between this building and those of case studies 1 and 2 is that it featured
vibroacoustic insulation under the internal walls, which very likely reduces the stiffness of
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the building [30]. A large standard deviation of the updated values of the shear modulus
makes it difficult to draw clear conclusions in this case study.

6.3. Connections

Steel connections were not modelled explicitly. In all three case studies, panels were
modelled as rigidly connected. However, the effect of steel connections was not overlooked.
It was assumed that the potentially lower stiffness of the building due to the connection
compliance would result in lower values of the updated in-plane shear modulus and thus
the effect could be discerned indirectly. Generally, higher updated values of the in-plane
shear moduli suggest that the connections do not significantly reduce the overall stiffness
of the building.

With only three case studies, this conclusion should not be generalized. A different
conclusion about the stiffness of wall–floor connections was, for example, reached by
Tulebekova et al. [59]. In the model updating of two CLT buildings, they found that the
shear stiffness of the connections should be modelled. The discrepancy between these
contrasting conclusions could be attributed to the fact that these two observed buildings
featured a layer of vibroacoustic insulation under the CLT walls, while the three buildings
presented in this paper did not. As pointed out by Azinović et al. [30], such a layer may
have a significant effect on the shear behaviour of the CLT wall systems.

In contrast with the findings of this paper, the seismic analysis is based on the ex-
pectation that connections govern the dynamic behaviour of the building, since the CLT
members are overdesigned to avoid brittle failure [31]. However, it should be pointed out
that in extreme load cases, the static friction force is exceeded, and the rocking of the panels
is expected. On the other hand, when the building is exposed to low amplitude loads (for
example, due to the wind), the friction force might not be exceeded and the connections are
not engaged. It was shown by Casagrande et al. [37] that at a certain threshold of the load
amplitude, panels started to rock, leading to an evident reduction in the natural frequency.

A distinction should also be made between different types of connections. For example,
in some joints, the static friction force is high due to high vertical loads (such as wall–floor–
wall joints in platform frame buildings). On the other hand, in joints where the static friction
force is low (such as the in-plane panel connection-nailed lap joint or the connection with
a steel plate), the stiffness of such connections could play an important role. In all three
observed buildings, walls were made from large monolithic panels rather than segmented
ones. Thus, no information on the in-plane wall–wall connection was acquired within any
of the three case studies.

6.4. Foundations

The soil deformability is another contributor to the modal properties and is very
unique for each building. As the main boundary condition, it can very markedly influence
the modal properties of the building. In case study 1, where the building is constructed
on soft clay and supported by piles, the model updating suggested that a slight vertical
softening of the boundary condition (compared to the assumption of a rigid foundation)
improves the agreement with the experiments. However, the elastic modulus of vertical
layers and vertical foundation stiffness affect the model very similarly and could not be
definitely pinpointed to the correct contributor. In case study 2, the foundation proved to
be one of the two most important parameters for improving the model. The soil beneath
the building consists of dense gravel and stiff clay. Finally, the model updating of case
study 3 showed that the foundation should be modelled as rigid. This was found when
four modes of the vibration were included in the model updating. In the case of updating
with only three modes, the effects of the elastic modulus of vertical layers and the vertical
foundation stiffness could not be distinguished.
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7. Conclusions

Based on the structural identification of two CLT and one hybrid CLT–concrete build-
ings (between five and eight storeys high), the following findings about the FE modelling
of CLT buildings for vibration serviceability were obtained:

• The initial (i.e., the best-engineering-judgement) FE models that were prepared by the
careful meshing of the geometry of the buildings with layered shell finite elements
estimate the fundamental natural frequencies reasonably well (with relative errors up
to 10%). They assume rigid connections between the CLT panels, fixed supports at the
level of the foundation, and neglect the non-structural elements (such as plasterboards
and thin facades).

• The model updating showed that different modelling errors are present in the initial
FE models and that their effects are cancelling out. Therefore, a good prediction of the
natural frequencies by the initial FE models is a fortunate coincidence.

• The model updating showed that the main sources of the modelling error are the shear
stiffness of the CLT walls, the soil deformability, and the perpendicular-to-the-grain
deformations of the floor slabs.

• By neglecting the non-structural elements and by using the in-plane shear modulus
from the manufacturer’s ETA, the shear stiffness of the walls is largely underestimated.

• The foundation and soil modelling may significantly reduce the stiffness of the build-
ing, causing the natural frequencies to drop by up to 20% compared to the assumption
of fixed supports. Similarly, the perpendicular-to-the-grain deformations of floor slabs
may also reduce the stiffness of the building, corresponding to a drop in the natural
frequencies by up to 8%.

• Modelling the wall–floor connections as rigid turned out to be suitable for the observed
case studies. However, in some cases (especially when a vibroacoustic insulation layer
is added under the CLT walls), this assumption may not be appropriate.

Furthermore, the following can be concluded about the model updating based on
modal testing for CLT buildings:

• The success of the procedure depends on the number of parameters that may be
identified, which is limited mainly by the amount and quality of the experimental
data. These may be improved by using FVT instead of AVT. The description of the
process of selection of the parameters for the model updating is omitted here for the
sake of clarity, but it is presented in detail in accompanying papers [28,84,85].

• The model updating is governed by the likelihood function (or by the objective
function in the case of the deterministic model updating). In the present work,
the likelihood and objective function use fundamental natural frequencies and the
mode shapes (from three to six), and the results improve by increasing the number
of eigenfrequencies [84].

• The consequence of such model updating is that the updated model has an excellent
predictive power for the dynamics predominated by the fundamental vibration modes.
It is very likely that the updated model has a better accuracy prediction also for the
higher vibration modes (that was studied and confirmed for the first case study). It
can be noted that in the case of wind-induced vibrations, the fundamental modes
(usually up to the third one) are of a key interest.

• The application of the probabilistic framework for the model updating avoids drawing
overconfident conclusions.
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Abbreviations
The following abbreviations are used in this manuscript:

AVT Ambient vibration testing
CLT Cross-laminated timber
ETA European technical assessment
FE Finite element
FVT Forced vibration testing
GLT Glue-laminated timber
gPCE Generalised polynomial chaos expansion
LVL Laminated-veneer lumber
MAC Modal-assurance criterion
MCMC Markov chain Monte Carlo
OSB Oriented strand boards
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