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A B S T R A C T

The serviceability of tall timber buildings due to wind-induced vibrations is often a governing design criterion.
However, accurate modelling of such buildings for their serviceability is a challenge, partly because certain
non-structural building elements (e.g. plasterboards, façade, screed) act structurally, and no guidelines exist
on how to effectively include them in the model. Model updating may be helpful in revealing their as-built
characteristics. This paper presents findings of a surrogate-based Bayesian model updating of a lightweight
eight-storey cross-laminated-timber building. In particular, the focus was on patterns and correlations between
mass distribution and modal characteristics, as well as the effects of joints, non-structural building elements,
and the foundation. Model updating utilised the results of ambient vibration testing, which is commonly used
in civil engineering for structural identification or health monitoring, however, it generally offers a relatively
low number of identified modes. To this end, the study investigates the sensitivity of the updating process to
the number of modes involved in the analysis.
1. Introduction

Timber as a structural material is becoming increasingly popu-
lar, which has highlighted some unique challenges, particularly vibra-
tion issues due to its lightweight nature [1]. Additionally, developing
high-rise timber buildings introduced complexities in managing wind-
induced vibrations [2]. Research on the dynamic response of timber
buildings started more than 20 years ago [3], focusing initially on
experimental investigations [4–7]. Early studies primarily concentrated
on timber-framed structures, which are prevalent in North America
housing [8–11]. The growing use of cross-laminated timber (CLT)
and engineered wood products, especially in seismic-prone areas [12],
fuelled research on the dynamic characterisation of mass-timber build-
ings. The characterisation spanned from the dynamic identification of
existing buildings or laboratory prototypes [13].

During the initial phase of research, spanning almost 20 years,
timber engineering progress has been relatively slow compared to other
engineering fields [14–17]. Initially, the main focus was on assessing
modal parameters through operational modal analysis or forced vibra-
tion tests [18]. Notably, the extensive ambient vibration testing (AVT)
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database compiled by Reynolds et al. [5,19] and Feldmann et al. [4],
represents a significant contribution in this field to date. In recent years,
Abrahamsen et al. [2] performed dynamic tests within the DynaTTB
research program to estimate damping for tall timber buildings. Larsson
et al. [20] conducted AVT to identify dynamic properties during the
construction of a nine-storey timber-concrete hybrid building. Further-
more, Medel-Vera [21] proposed predictive models for the fundamental
period of vibration in CLT buildings for seismic design. Numerous
studies in the past years have focused on numerical investigations
involving various structural systems, such as post-and-beams, CLT, etc.,
through case studies and parametric analyses [22–30].

In the past decade, the application of model updating in the field
of timber buildings has gained momentum, focusing on solving in-
verse problems where modal parameters are utilised to assess model
parameters. The evolution of model-updating applications in this field
has followed a similar trend observed in related disciplines. Initially,
early attempts relied on manual adjustment and hand-tuning for model
updating [31,32], where optimal parameters were determined through
a trial-and-error process. Subsequently, the proliferation of application
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user interfaces in commercial finite element software facilitated the
adoption of more rigorous model updating practices based on deter-
ministic or probabilistic approaches [33,34]. Deterministic approaches
emerged first and have witnessed numerous applications in the last five
years [35–38].

However, deterministic model updating has certain limitations com-
pared to probabilistic model updating. In general, deterministic model
updating cannot quantify uncertainty, consider measurement errors,
comprehensively explore the parameter space, account for model-form
uncertainty, and incorporate prior information [39,40]. Specifically,
deterministic model updating assumes fixed and deterministic updated
model parameters without providing a direct measure of uncertainty.
Conversely, it assumes error-free observed data, possibly leading to bi-
ased or inaccurate model updates. The limited exploration of parameter
space leads to estimating a single set of updated model parameters that
best fit the observed data, potentially overlooking alternative parame-
ter combinations. Notably, it also neglects epistemic uncertainty, as it
assumes a known and fixed mathematical form for the model, and does
not incorporate prior knowledge about parameter values.

Probabilistic model updating offers a robust framework for address-
ing the limitations mentioned in deterministic model updating within
structural engineering. Although there are numerous advantages to us-
ing probabilistic model updating, its application to timber buildings is
relatively limited. For instance, Leyder et al. [41] and Kurent et al. [42]
presented Bayesian updating approaches for timber structures. Leyder
et al. conducted a sensitivity analysis to identify critical model param-
eters and then estimated the posterior distribution of these parameters
using the BASIS implementation. In related work, Kurent et al. extended
their previous study [36] by developing a surrogate-based Bayesian
update of the model parameters. Bezabeh et al. [43,44] proposed a
probabilistic procedure to evaluate the serviceability performance of
tall mass-timber buildings. Considering uncertainty in timber engineer-
ing is crucial, necessitating the estimation of model parameters and
their relative uncertainties.

Additional research on Bayesian model updating of timber buildings
is highly desirable as it has the potential to provide crucial uncertainty
bounds for the model parameters in timber engineering. This would
enhance the understanding of the inherent variability and uncertainties
associated with timber structures, thereby enabling more accurate and
reliable assessments of their behaviour. It must be remarked that when
performing model updating using AVT, it is crucial to assume either
the mass or stiffness to have a well-posed inverse problem. Existing
literature has not adequately explored how mass uncertainty affects
modal properties. Furthermore, the effect of secondary elements, often
overlooked in model updating, is especially important in lightweight
structures.

This study focuses on the Bayesian model updating of an eight-
storey CLT structure in Ås, Norway. Previous research by Aloisio
et al. [35] and Ussher et al. [45] have investigated this building, but
their attempts focused on deterministic model updating without con-
sidering uncertainty in the estimates. By applying Bayesian inference
in the context of timber engineering, this study provides a better explo-
ration of this case study and addresses gaps in the existing literature.
Specifically, the research aims to identify patterns and correlations
between mass distribution and modal characteristics, offering practical
structural design and optimisation insights. Additionally, the study will
consider the effect of secondary elements on the outcomes of model
updating, explicitly examining the impact of parapets and lintels on
the dynamic behaviour of timber structures.

The study aims to characterise the sensitivity of the updating pro-
cess to the number of modes involved in the analysis, since, to the
authors’ knowledge, previous research did not explicitly examine the
relationship between the number of modes and the accuracy of the up-
dated model. The Bayesian model updating will lead to identifying the
as-built stiffness properties of the building with inherent uncertainties.
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Given the scarcity of examples of mid-rise buildings made entirely of
wood, as most tested timber buildings are hybrid [46–49], the chosen
case study serves as a valuable example of a fully CLT structure and has
the potential to become a benchmark case study due to the significant
interest it has generated from its investigation [45]. The data used in
this paper will be made available for further research extensions.

2. Building description

The case study is an eight-storey student residential building, lo-
cated in Ås, Norway. It has a total height of 27m (which does not
include one level of reinforced concrete basement). The rectangular
plan measures 23m × 15m, as shown in Fig. 1a. Its load-bearing struc-
ture, including the room-separating walls and lift shaft, consists of CLT
panels. The typical layout of the floors is shown in Fig. 1b. In each
storey, there are nine prefabricated bathroom pods (denoted as toilets
in the figure).

The building features large monolithic walls with high length-to-
height ratios, assembled using tie-downs, angle brackets, and self-
tapping screws. Under the room-separating walls, a 10mm soundproof-
ing resilient strip is installed. The external wall/floor/wall joint does
not feature the resilient strip. A typical cross-section of an external
wall/floor/wall joint is shown in Fig. 1c. The façade consists of 20mm
thick timber board cladding (see Fig. 1d) that is installed on 200mm
thick timber battens. On the indoor side, as shown in the illustrated
cross-section, a 25mm plasterboard covers the walls, however, some in-
door walls remain exposed. Floor slabs are covered with oriented strand
boards (OSB), which is a lightweight alternative for concrete screed.
They are installed on the impact sound insulation layer, and topped
with floor covering. The CLT panels that are used are manufactured by
Mayr-Melnhof. The majority are 5-layer panels, with the exception of
room-separating walls, which are 90mm thick 3-layer panels. The rest
of the walls have thicknesses from 100mm to 180mm and slabs between
180mm and 220mm. The building uses approximately 900m3 of timber
for load-bearing structure, which means roughly 0.1m3 for each m3 of
building’s volume.

3. Experiments

The AVT was performed in August 2022 under dry and clear
weather conditions with moderate winds. The nearby weather station
recorded a temperature of 26 °C and an average wind speed of 4m∕s at
the time of the measurements, with gusts of up to 9m∕s. The building
was in operation at the time of the experiments. The dynamic response
was measured in three locations on the roof as shown in Fig. 2a.
In each, three uniaxial sensors were used to measure accelerations
in three orthogonal directions (see Fig. 2b). However, due to the
low signal-to-noise ratio of accelerations in 𝑧 direction, those signals
were discarded. For the sensors, seismic ceramic shear piezoelectric
accelerometers (PCB model 393B12) were used. The sensors have a
sensitivity of approximately 10V∕g, a frequency range spanning from
0.15 to 1000Hz, and a measurement range of up to approximately
±5m∕s2. The accelerometers were connected to an HBM QuantumX
data acquisition unit (24-bit analogue-to-digital converter) from Hot-
tinger Brüel & Kjaer. Shielded polyurethane coaxial cables were used
to ensure accurate and reliable data transmission. Two measurements,
each lasting 90min, were carried out. The data was sampled at a rate of
200Hz, resulting in a total of 1,080,000 data points. The data was then
downsampled applying first an anti-aliasing filter and then decimating
the signal. Modal identification with SSIcov algorithm [50] available
through the pyOMA python module [51] was used to identify four
modes of vibration. The natural frequencies identified from analysing
each of the two 90min intervals are presented in Table 1. A stabilisation
diagram of one of the two 90min intervals is shown in Fig. 2c,

To explore the uncertainty of the experiments, both 90min signals
were windowed with a window length of 9min and 75% overlap,

obtaining 80 intervals. Similarly to the case of the 90min signal, SSicov
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Fig. 1. General information about the building: (a) dimensions, (b) a typical layout, (c) a typical cross-section, and (d) a photo from August 2022.
modal identification was conducted on each 9min interval to obtain
four modes of vibration. A typical stabilisation diagram for a 9min
interval is shown in Fig. 2d. Altogether, 80 sets of modal properties are
obtained from the windowed signal. The mean natural frequencies and
corresponding coefficients of variation (COV) are displayed in Table 1
and their distributions are presented by histograms in Fig. 2e. They
are approximated with a normal distribution (see blue lines in Fig. 2e)
using mean frequencies and COV from Table 1. The mean mode shapes
are visualised in Fig. 2f.

4. Numerical model

The initial FE model for computing natural frequencies and mode
shapes was prepared in Ansys software. The assumptions, material
properties and computed modal properties are described in Section 4.1.
A parametric study evaluating some modelling assumptions is pre-
sented in Section 4.2 and a process of obtaining a surrogate model is
shown in Section 4.3.
3

Table 1
Natural frequencies identified from modal analysis of 90min and 9min intervals.

Mode 90min intervals 9min intervals

1st interval 2nd interval mean st. deviation COV

1 1.881Hz 1.880Hz 1.882Hz 0.011Hz 0.58%
2 2.421Hz 2.421Hz 2.420Hz 0.010Hz 0.43%
3 2.687Hz 2.679Hz 2.683Hz 0.014Hz 0.53%
4 5.914Hz 5.899Hz 5.903Hz 0.038Hz 0.64%

4.1. The initial model

The building is a complex system composed of a load-bearing
structure and numerous non-structural components like façade, par-
tition walls, plasterboards, windows, and stairs. In a timber building
that weighs significantly less than an equivalent classical reinforced
concrete building, such non-structural elements contribute to the modal
properties and small amplitude dynamic response of the building, but
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Fig. 2. AVT of an eight-storey CLT building: (a) layout of the sensor locations on the roof, (b) a photo of typical sensor location, (c) stabilisation diagram of the first 90min
interval, (d) stabilisation diagram of a typical 9min interval, (e) histograms of the natural frequencies identified from the 80 windowed 9min intervals (blue lines show estimation
with normal distribution using mean and COV from Table 1), and (f) mode shapes identified from the first 90min interval. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
their contributions are hard to quantify. The model is simplified to
the load-bearing structure, however, the influence of the neglected ele-
ments is explored with model updating in Section 5. Multi-layered shell
elements (SHELL181 in Ansys) with an orthotropic material model for
timber were used. The material properties that were assumed are taken
from the European Technical Assessment (ETA) of the manufacturer
and are shown in Table 2. The geometry was discretised by mesh with
4

an approximate size of 0.3m, which resulted in almost 92 thousand
nodes.

The following modelling assumptions were adopted:

• Only the above-ground structure is modelled. One level of rein-
forced concrete basement is neglected.

• The foundation under the ground floor slab is assumed rigid.
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Table 2
Material properties of timber according to the ETA of the manufacturer
[52].
Material property Value

Elastic modulus along the grain 𝐸1 = 11 600MPa
Elastic modulus perpendicular to the grain 𝐸2 = 370MPa
In-plane shear modulus 𝐺12 = 250MPa
Transverse shear modulus 𝐺13 = 250MPa
Rolling shear modulus 𝐺23 = 50MPa

Fig. 3. Breakdown of the contributions to the total mass of the building.

• Connections between CLT panels are modelled as rigid.
• Floor slabs are modelled as deformable (i.e. the assumption of a

rigid diaphragm is not made).
• The stairs are neglected.
• Windows and doors are neglected and modelled as openings.
• The stiffness of modular bathroom pods that are prefabricated and

inserted in the CLT structure is neglected.
• Holes in floor slab smaller than 500mm in diameter are neglected.
• Non-structural elements (plasterboards, façade, OSB boards, and

similar) are neglected.
• The stiffness of the balconies is neglected.

Considering the mass of the building, elements that were neglected
from the perspective of stiffness (non-structural elements, balconies,
stairs, and modular bathroom pods) are included in the calculation. The
breakdown of different contributions to the total mass of the building
is Shown in Fig. 3. The majority of the mass is attributed to the CLT,
non-structural elements (façade, insulation, plasterboard, OSB boards,
suspended ceiling), and bathroom pods. Live load, balconies and the
additional weight on the roof account for less than 10%. The uncer-
tainty of the weight estimation of the mass is high, which is largely
contributed by poor documentation of bathroom pods. Typically, nine
such modular pods are installed per each storey.

The weight of CLT panels is applied directly to the panels by assum-
ing their density to be 𝜌 = 470 kg∕m3. The weight of the non-structural
elements is distributed over the panels on which they are attached.
For instance, plasterboards, thermal insulation, and façade cladding are
distributed over the CLT walls and OSB boards, floor covering, acoustic
insulation, and suspended ceiling are distributed over the CLT floor
slabs. Bathroom pods are distributed over the areas on the floor slabs
where they are installed. The weight of the balconies is smeared over
the external walls, and the live load which is estimated as 10 kg∕m2

is distributed uniformly over the floor slabs. Additional weight on the
roof is included to account for the ventilation and air conditioning
5

Table 3
Mass distribution simplification scenarios.

Scenario Description of the scenario

Initial Each CLT panel has an assigned mass based on its
thickness. The mass of each non-structural element is
distributed over the CLT panels to which it is attached.
The mass of bathroom pods is distributed over the areas
on the floor slabs where they are located.

M1 In each storey, the weight of the external walls with the
attached non-structural elements is summed and
uniformly distributed over the external walls. Separately,
the weight of the internal walls is summed and smeared
over the internal walls. The weight of the floor slabs with
the attached non-structural elements and bathroom pods
are uniformly distributed over the slabs.

M2 In each storey, the weight of all the walls with the
attached non-structural elements is summed and
uniformly distributed over them. The weight of the floor
slabs is distributed as in M1.

M3 The weight of the floor slabs is distributed as in M1. The
weight of all the walls with the attached non-structural
elements in each storey is summed and distributed over
the floor slabs. Half of the weight is distributed over the
slab below and the rest over the slab above.

M4 The total weight of the building is distributed uniformly
over all the walls and floors of the building.

installation. The total weight of the building is estimated at around
1.000 t, which, normalised to the building’s volume, is approximately
110 kg∕m3.

The modal properties obtained by the initial FE model are shown
in Fig. 4. The first two modes are bending in two main directions, the
third mode is torsion, and the fourth mode is second-order bending in
the weaker direction. The modal assurance criterion (MAC) matrix [53]
is shown in Fig. 5a. A fairly good correlation can be observed in the
diagonal terms, however, some level of spatial aliasing is recognised
and is reflected in the high correlation between the first and the fourth
modes. This may be easily justified by the placement of the sensors that
is limited to the roof of the building, which cannot distinguish between
the first-order bending and the second-order bending modes. Given that
the two modes are well-separated in frequency, experimental modes
can be easily matched with those of the FE model. The correlation
of mode shapes is often presented with an FMAC plot [54], which is
shown in Fig. 5b. The relative error of the 𝑖th natural frequency pair is
calculated by

err𝑖,freq =
𝑓𝑖,FE − 𝑓𝑖,exp

𝑓𝑖,exp
, (1)

where 𝑓𝑖,FE and 𝑓𝑖,exp denote the natural frequencies obtained by the
FE model and experiments, respectively.

4.2. Parametric study

In an attempt to shorten the modelling time, simplification of ge-
ometry or mass distribution might be made by the engineers. For this
reason, several simplification scenarios have been tried to assess their
effect on the natural frequencies. The simplification scenarios of mass
distribution are described in Table 3 and the simplification scenarios
regarding the modelling of geometry are presented in Table 4. In the
case of mass simplification scenarios, the total mass of the building
remains the same, while only its distribution changes. In the case of
geometry simplification scenarios, the models differ in the way how
the openings (windows and doors), parapets, and lintels are modelled.

See Figs. 6 and 7 for the effects of the mass and geometry sim-
plifications, respectively. The assumptions of the initial model are the
most accurate from the presented set of scenarios and therefore, its
natural frequencies are taken as a reference. It may be observed that
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Fig. 4. Modes of vibration of the initial FE model.
Fig. 5. Correlation of the experimental and FE modes presented by: (a) MAC matrix and (b) FMAC plot.
Table 4
Geometry simplification scenarios.

Scenario Description of the scenario

Initial All doors and windows are modelled as openings,
while parapets and lintels are included in the
model.

G1 All parapets below windows are neglected.

G2 All lintels above doors and windows are neglected.

G3 All lintels and parapets are neglected.

G4 Considering all windows on the external wall as
filled, doors are left as openings

G5 Considering all openings (doors and windows) as
filled.

by simplifying the distribution of the mass, the natural frequencies
did not change significantly. Even when the total mass of the building
was distributed over the whole building uniformly (scenario M4), the
natural frequencies changed less than by 1.5%. It should be noted,
however, that no substantial mass imbalances were present in the
design of the building. Any simplifications of mass distribution on other
buildings should be considered carefully.

On the other hand, when the geometry of the building is simplified,
natural frequencies are significantly influenced. Even as small simplifi-
cation as neglecting parapets under the windows (scenario G1), reduces
the first three natural frequencies up to 8.1%. Therefore, it is suggested
to be precise in the modelling of geometry.
6

4.3. Surrogate model

Stochastic analyses such as sensitivity analysis and Bayesian in-
version are time-consuming, therefore, the surrogate model was made
using generalised polynomial chaos (gPC) expansion. After the initial
screening of the parameters through one-at-a-time sensitivity analysis,
the five most important parameters were selected for model updating.
They are defined in Table 5.

Let 𝑷 be a random vector consisting of uncertain parameters 𝑃1,… ,
𝑃5. For each realisation 𝒑, modal properties can be computed by the FE
model. The computation of the first four natural frequencies is denoted
by forward operator , such that

𝒇 =
[

𝑓1, 𝑓2, 𝑓3, 𝑓4
]𝑇

= (𝒑). (2)

The order of the natural frequencies 𝑓1,… , 𝑓4 is not defined by their
increasing value, but rather by the mode they correspond to. What
appears to be a simple task of ordering the modes can unravel into
a complex problem [42] when  is deemed to be automatised. For
now, the order of the modes is considered to be the same as that of the
experimental modes. The procedure of the ordering is presented later
in this section.

Besides the natural frequencies, the FE model computes their re-
spective eigenvectors 𝝍1,… ,𝝍4 that are used for ordering the modes
correctly. Namely, changing parameter values may change the order of
the natural frequencies.
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Fig. 6. The effect of different mass distribution assumptions on the natural frequencies. The initial model is taken as a reference.
Fig. 7. The effect of different geometry modelling assumptions on the natural frequencies. The initial model is taken as a reference.
The FE model is replaced with a gPC-based surrogate model gPC,
that approximates the natural frequencies 𝒇 gPC in the form of multi-
variate polynomials of the input parameters

𝒇 = (𝒑) ≈ 𝒇 gPC = gPC(𝜽) =
𝑀
∑

𝑚=1
𝝊𝑚𝛷𝑚(𝜽), (3)

where 𝛷𝑚 are the orthogonal multivariate polynomials and 𝝊𝑚 ∈ R𝐿 are
the coefficients of the expansion corresponding to the 𝑚th polynomial.
For computational convenience, instead of directly using the random
variables of the input parameter for the expansion, they are mapped
to dimensionless reference random variables 𝜣 = [𝛩 ,𝛩 ,𝛩 ,𝛩 ,𝛩 ]𝑇 .
7

1 2 3 4 5
The map from the reference parameters to the input parameters

𝒑 =  (𝜽) (4)

is chosen such that the assumed uniform distribution is normalised
to the [−1, 1] interval for all of the random variables 𝜣. The joint
distribution of random vector 𝜽 may be computed as

𝜋(𝜽) =
5
∏

𝑖=1
𝜋(𝜃𝑖) =

{

0.55 for 𝜽 ∈ [−1, 1]5

0 otherwise,
(5)

assuming mutually independent random variables.
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Table 5
Definition of the uncertain parameters to be calibrated.
Name Range Parameter definition

𝑃1 0.5–1.5 Coefficient of vertical stiffness of the walls.
The reduction of the vertical stiffness is expected due to the effect of
perpendicular-to-the-grain deformation of floor slabs under the walls in platform
frame buildings [36]. The coefficient multiplies the elastic modulus along the fibres
of the vertical layers of the wall panels, such that 𝐸𝑤𝑎𝑙𝑙,𝑣𝑒𝑟𝑡 = 𝑃1 ⋅ 𝐸1.

𝑃2 1–3 Coefficient of the in-plane shear stiffness of the walls.
The value of the in-plane shear modulus is highly uncertain. Considering academic
literature on material properties of CLT [55], the value 𝐺12 = 250MPa as provided in
the ETA of the manufacturer might be largely underestimated. Namely, the in-plane
shear modulus is observed to be between 450MPa and 650MPa, depending on
whether the narrow sides of lamellae are glued or not. Furthermore, this coefficient
includes a possible contribution of non-structural elements to the higher stiffness of
the walls. The in-plane shear modulus of CLT walls is multiplied by this coefficient.
Thus, the shear modulus of internal walls is defined as 𝐺walls,in = 𝑃2 ⋅𝐺12 (see row 𝑃3
of this table for a definition of the shear modulus of the external walls).

𝑃3 1–1.5 Coefficient of the in-plane shear stiffness of the external walls.
The coefficient accounts for the contribution of the façade to the higher stiffness of
the external walls. Thus, the in-plane shear modulus of external walls is defined as
𝐺walls,ex = 𝑃2 ⋅ 𝑃3 ⋅ 𝐺12.

𝑃4 7–10 The stiffness of the springs modelling the foundation.
A distributed spring under the ground floor slab is newly implemented (compared to
the initial model that assumed a rigid foundation). Parameter 𝑃4 defines its stiffness
in the vertical direction, while the horizontal displacements of the ground floor
remain constrained. A wide range of values is allowed, with the upper boundary
being defined, such that the model behaves as a rigidly founded model. In order to
include different orders of magnitude evenly, parameter 𝑃4 is defined
logarithmically, namely, the vertical spring stiffness is calculated as 𝑘𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 = 10𝑃4 .

𝑃5 0.8–1.2 Coefficient of the total mass of the building.
For all the elements of the building, upper and lower estimates of the mass were
determined. The total mass of the building was thus estimated to be between the
80% and 120% of the initial estimate. Roughly half of the uncertainty is attributed
to the uncertainty of bathroom pods, which are poorly documented. The coefficient
𝑃5 is implemented as a multiplier of the total mass of the building.
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The gPC expansion from (3) uses a set of 𝑀 multivariate orthogonal
polynomials {𝛷𝑚}𝑀𝑚=1 for the approximation of 𝒇 . The orthogonality
of the polynomials with respect to the underlying probability space is
defined by

E[𝛷𝑚(𝜽)𝛷𝑛(𝜽)] = ∫R𝑁
𝛷𝑚(𝜽)𝛷𝑛(𝜽)𝜋(𝜽)d𝜽

= 0.55 ∫[−1,1]5
𝛷𝑚(𝜽)𝛷𝑛𝜋(𝜽)d𝜽 = 𝛾𝑚𝛿𝑚𝑛, (6)

where 𝜋(𝜽) is the joint probability distribution of the reference random
variables 𝜣, 𝛿𝑚𝑛 is the Kronecker delta, and 𝛾𝑚 is the squared norm of
the polynomials, that is

𝛾𝑚 = E[𝛷𝑚(𝜽)𝛷𝑚(𝜽)] = 0.55 ∫[−1,1]5
𝛷𝑚(𝜽)𝛷𝑚(𝜽)𝜋(𝜽)d𝜽. (7)

Depending on the type of distributions of random variables 𝛩𝑖, different
families of orthogonal polynomials are used. In this case, the Legen-
dre polynomials are used as they are orthogonal with respect to the
underlying probability measure defined by the uniformly distributed
𝜋𝛩.

The coefficients 𝝊𝑚 of the gPC expansion from (3) can be computed
y different techniques, e.g. interpolation, orthogonal projection, re-
ression (see e.g. [56]). In this case, coefficients were computed by
egression using 𝑄 = 10,000 quasi-Monte Carlo (QMC) sample points
enerated by the Halton sequence drawn from the uniform distribution
(𝜽). The sample points {𝜽𝑗}

𝑄
𝑗=1 were mapped to parameter vector 𝒑

or the computation of natural frequencies 𝒇 according to (2). Their
rdering was defined according to the MAC criterion, using the mode
hapes of the initial model as a reference. In contrast to the previous
esearch [42], mode shapes were easily clustered only by MAC value
or the majority of the sample points. Out of 10,000 sample points 𝜽𝑗 ,
were filtered out for not being able to connect the 4th mode, which

resumably switched order with the 5th mode and was therefore not
aved. The mode shapes of the remaining �̃� = 9, 991 sample points
8

were well distinguished with MAC values above 0.92 for the correlated
modes and MAC values below 0.41 for the uncorrelated modes. To
compute the coefficients, the error of the approximation 𝒇 gPC(𝜽𝑗 ) at a
sample point 𝜽𝑗 is defined as

𝒆(𝜽𝑗 ) = 𝒇 (𝜽𝑗 ) − 𝒇 gPC(𝜽𝑗 ) = 𝒇 (𝜽𝑗 ) −
𝑀
∑

𝑚=1
𝝊𝑚𝛷𝑚(𝜽𝑗 ). (8)

y regression, the coefficients are computed such that the mean squared
rror of the approximation at the chosen sample points

𝑘 =
�̃�
∑

𝑗=1
([𝒆(𝜽𝑗 )]𝑘)2 (9)

s minimised independently for each of the 𝑘 = 1,… , 4 natural fre-
uency.

To select the degree of polynomials 𝛷𝑚(𝜽), cross-validation was
erformed. One of the techniques for validation of the surrogate model
s a repeated random sub-sampling validation, where the set of �̃�
ample points is randomly divided between the training set and the
alidation set. The training set – 90% of the sample points – is used to
it a surrogate model and the validation set with 𝑉 sample points – the
emaining 10% of the sample points – is used to estimate the error. The
rocedure is repeated with 10 random splits. The relative error of the
PC approximation in the 𝑗th validation point 𝜽(𝑟,𝑗)𝑉 of the 𝑟th split was
stimated by

(𝑟,𝑗)
rel,𝑘 =

|𝑓 𝑟𝑡
𝑘 (𝜽(𝑟,𝑗)𝑉 ) − 𝑓𝑘(𝜽

(𝑟,𝑗)
𝑉 )|

|𝑓𝑘(𝜽
(𝑟,𝑗)
𝑉 )|

, (10)

here 𝑓𝑘 denotes the 𝑘th eigenfrequency computed by the FE model
nd 𝑓 𝑟𝑡

𝑘 is its gPC approximation of maximum total degree 𝑡 computed
from the training points of the 𝑟th split. The mean relative error 𝜖rel,𝑘
that is averaged over all the validation points of the 10 splits is shown

in Fig. 8.
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Fig. 8. Cross-validation of the surrogate model.

The curves of relative errors flatten at around 8th degree of ap-
proximation and due to the limited number of QMC sample points
start to increase at around 10th degree, therefore, the 8th degree is
taken for the final surrogate model. The average relative error for all 4
eigenfrequencies is lower than 10−4, while none of the validation points
exceeds the relative error of 10−3.

Global sensitivity analysis can also be inexpensively performed to
find the influence of varying the input parameters (individually or their
combination) on the variance of the quantity of interest. The Sobol’
indices are normally computed by Monte Carlo simulation, but with the
available gPC surrogate model, they can be computed analytically [57].
The main contribution comes from first-order sensitivity indices as
shown in Fig. 9. Smaller contributors and higher-order indices are
merged together under the label ‘‘other’’. It can be observed that
different modes are quite uniquely influenced by different parameters.
Generally, the uncertainty of the in-plane shear modulus of the walls
(parameters 𝑃2 and 𝑃3) contributes the most to the variance of the
natural frequencies. The vertical stiffness of the foundation (𝑃4) is very
influential in the first two modes (bending in weaker and stronger
directions). It should be noted that a large initial uncertainty was
assumed. The uncertainty of parameter 𝑃1 that simulates the effect
of perpendicular-to-the-grain slab deformations under the CLT walls
is moderately influential. Its largest contribution is observed in the
first natural frequency. Finally, the uncertainty of the total building
mass contributes to approximately a quarter of the variance of the
natural frequencies. It should be noted that such a large contribution
is attributed to the poor available documentation about the mass of
certain elements as discussed in Section 2 and Table 5.

5. Bayesian model updating

Bayesian inference allows for the possibility of updating the initial
model while taking into account the uncertainties associated with the
9

lack of knowledge about the model and the error of the experiments.
In contrast to the classical deterministic model updating, it provides an
estimate of confidence in the results through a probability distribution
of updated parameters. A theoretical background of the probabilistic
framework for model updating is presented in Section 5.1. The results
are presented in Section 5.2 and discussed in Section 5.3.

5.1. Framework

With a probabilistic identification, a conditional distribution of the
input random variables 𝜽 given a specific measured value 𝒇meas of the
measurable quantity 𝒇 is sought. The updated, posterior distribution of
the parameters according to Bayes’ theorem is

𝜋(𝜽|𝒇meas) =
𝜋(𝒇meas|𝜽)𝜋(𝜽)

∫𝛤𝜽 𝜋(𝒇meas|𝜽)𝜋(𝜽)𝑑𝜽
=

(𝜽)𝜋(𝜽)
𝜁

, (11)

where the numerator is the product of the likelihood and the prior
and the denominator – the evidence – is just the normalisation factor
assuring that the density function integrates to one. The likelihood
(𝜽) = 𝜋(𝒇meas|𝜽) of measuring a specific value of 𝒇meas given the
parameters 𝜽 is defined by the probability of the error 𝝐 = 𝒇meas−𝒇 gPC,
where the measured natural frequencies are mean values identified by
analysing the 9min intervals (see Table 1). The error 𝝐 includes errors
of the modelling and the measurements. It is assumed to be normally
distributed, i.e. 𝑬 ∼  (𝟎,𝜮), with mutually independent components.
Hence, the covariance matrix 𝜮 is diagonal with elements 𝛴𝑘𝑘 =
𝜎2𝑬,𝑘. Those are calculated using standard deviations of experimentally
identified natural frequencies listed in Tale 1. The likelihood is assumed
to be

(𝜽) = 2𝜋−2det(𝜮)−
1
2 𝑒−

1
2
(

𝒇meas−gPC(𝜽)
)𝑇𝜮−1(𝒇meas−gPC(𝜽)

)

. (12)

The prior 𝜋(𝜽) is assumed to be uniformly distributed as was defined in
(5).

5.2. Results

With likelihood and prior defined according to (5) and (12), respec-
tively, posterior distribution was sampled using Metropolis–Hastings
algorithm. Altogether, 100 simultaneous random walks were initiated.
After the burn-in period of 1,500 steps, each random walk consisted
of 10,000 steps. A total of 1,000,000 sample points were acquired and
analysed in Fig. 10. In diagonal plots, the histograms and the kernel
density estimations (KDE) of the posterior probability distributions are
shown. Pairwise comparisons are shown in off-diagonal scatter plots
to identify possible interactions between the parameters. A positive
correlation can be observed between 𝑃2 and 𝑃5, and between 𝑃1 and
𝑃5. This is an obvious interaction between stiffness parameters (𝑃1 and
𝑃2) and mass parameter 𝑃5, from which it can be deduced that reducing
the uncertainty of mass of the building would result in lower variability
of parameters 𝑃1 and 𝑃2 and thus more reliable conclusions. The model
updating results would benefit greatly from reducing the uncertainty of
the mass, which emanates from the lack of available documentation.
Fig. 9. Sobol’ indices of the input parameters: coefficient of vertical stiffness of the walls (𝑃1), coefficient of the in-plane shear stiffness of the walls (𝑃2), coefficient of the in-plane
shear stiffness of the external walls (𝑃3), the stiffness of the springs modelling the foundation (𝑃4), and coefficient of the total mass of the building (𝑃5). Smaller first-order and
higher-order contributors are merged under the label ‘‘other’’.
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Fig. 10. Pairwise scatter plots of posterior distribution sampled with MCMC are shown in off-diagonal plots. Diagonal plots show histograms of the parameter occurrences and
KDE of the posterior distribution for parameters: coefficient of vertical stiffness of the walls (𝑃1), coefficient of the in-plane shear stiffness of the walls (𝑃2), coefficient of the
in-plane shear stiffness of the external walls (𝑃3), the stiffness of the springs modelling the foundation (𝑃4), and coefficient of the total mass of the building (𝑃5).
Another correlation – this time negative – can be observed between
𝑃2 and 𝑃3. Both are factors contributing to the shear modulus of the
walls — 𝑃2 of all the walls and 𝑃3 only of the external walls. A
lower value of one parameter implies a higher value of the other.
Such definition of the parameters was selected due to computation
convenience, but a better presentation of the results is possible by
defining in-plane shear modulus of internal walls 𝐺walls,in = 𝑃2 ⋅ 𝐺12
as one derived parameter and external walls 𝐺walls,ex = 𝑃2 ⋅ 𝑃3 ⋅ 𝐺12 as
the other. Distributions of those two derived parameters and a scatter
plot are shown in Fig. 11.

The presented results are based on the Bayesian updating using
four natural frequencies in the likelihood, however, three additional
iterations were performed to observe the progression of the results due
to adding each of the four modes to the likelihood. Besides changing
the number of the natural frequencies in (2), the updating procedure
remained the same. Initially, only the first natural frequency was used
in the likelihood. Then, the second and the third modes were added,
and finally, Bayesian updating was performed with all four modes
included. The KDEs of posterior parameter distributions from the four
iterations of Bayesian updating are shown in Fig. 12.

A significant improvement in the reduced posterior uncertainty can
be observed when the fourth mode is added, mainly in parameters
𝑃1 and 𝑃4. The two parameters both influence the vertical stiffness
— 𝑃1 is connected to the elastic modulus of vertical CLT wall layers
and 𝑃4 to the vertical foundation stiffness. When the first three modes
are included in the updating, a negative interaction between the two
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parameters can be observed (see Fig. 13). A wide range of values
is allowed for both parameters. By including the fourth mode in the
updating, the effects of those two parameters are better distinguished.

The uncertainty quantification of the initial model (prior knowledge
of parameters) and the updated model (posterior distribution) is shown
in Fig. 14.

5.3. Discussion

Several observations can be made from the results of the updating.
First, the posterior distribution of parameter 𝑃1 suggests a reduction of
stiffness of vertical layers to 50%–75% of the initial value. This goes
in line with previous research [36], where a similar reduction was
observed. The justification for such a significant drop in stiffness is the
perpendicular-to-the-grain deformation of floor slabs under the walls.
This applies only to the platform-frame buildings. A more detailed
explanation of the effect is presented in [36].

Secondly, the in-plane shear modulus of CLT panels is observed to
be most likely between 300MPa and 500MPa for the internal walls and
about 20% higher for the external walls. In-plane shear modulus of
CLT is fairly uncertain material property, with expected values ranging
between 250MPa, which was provided by ETA [52], and 450MPa to
650MPa, which was suggested by [55] for CLT panels without or with
narrow sides glued together, respectively. But this value, even though it
is implemented as a material property of CLT, involves more effects. It
takes into account also the contribution of the non-structural elements
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Fig. 11. Posterior distribution of the in-plane shear modulus of (a) the internal walls 𝐺walls,in, (b) external walls 𝐺walls,ex, and (c) a scatter plot of samples projected in the 2D
parameter plane (𝐺walls,in and 𝐺walls,ex). In plots (a) and (b) a histogram is shown together with a KDE of the posterior distribution.
Fig. 12. KDEs of posterior parameter distributions when different sets of modes are included in the Bayesian updating.
(such as plasterboards and façade) or possible reduction of the stiffness
due to steel connections. With all those uncertainties, it may not be
possible to precisely pinpoint which effects and to what extent are
responsible for the updated value. However, due to the very simplistic
design of the building (thin cladding of the façade and many exposed
internal walls), the updated values are within a reasonable range.

Lastly, the vertical stiffness of the foundation is observed to be
higher than 109 N∕m∕m2. Considering the one-at-a-time sensitivity of
this parameter using the updated values of the other parameters (see
Fig. 15), the updated value suggests an almost fully constrained bound-
ary condition. Increasing the stiffness does not increase the natural
frequency any more.

Mass parameter 𝑃5 was included in the updating to account for its
uncertainty and not as much for learning about the actual mass. By
including it, the distributions of other stiffness parameters (especially
𝑃2 and 𝑃3) were wider and thus reflected a more realistic estimation
of confidence in the results. An important remark is that by reducing
the uncertainty of the mass of the building (which was not possible due
to unavailable documentation), the updating would result in narrower
posterior distributions of stiffness parameters leading to more reliable
conclusions. One should always strive to reduce such uncertainty when
performing model updating. Another possibility for improving the reli-
ability of the results is by obtaining more measurements. The study has
clearly shown an improvement of the results from adding more modes
of vibration to the likelihood function.

6. Conclusion

An eight-storey CLT building, located in Ås, Norway, was analysed
by AVT, obtaining four modes of vibration. A detailed FE model of the
building was assembled to compute its modal properties. The initial
model underestimated natural frequencies by up to 15% (perhaps due
to the in-plane shear modulus provided by ETA being very low).

A parametric study on the modelling of geometry and mass dis-
tribution was performed. With different assumptions of simplifying
11
Fig. 13. A scatter plot of posterior samples in 𝑃1–𝑃4 parameter plane for iterations
with 3 and 4 modes included.

geometry (such as removing parapets and lintels, or filling the open-
ings), modal properties were significantly altered. Therefore, when
considering similar timber buildings, it is suggested that the geometry is
precisely modelled. An accurate estimation of the building’s mass is also
important, while its distribution over each storey can be smeared. How-
ever, it needs to be emphasised that no substantial mass imbalances
were present in the design of this building.

The model was updated with a surrogate-based Bayesian infer-
ence using the measurements of all 4 modes of vibration. Several
case-specific conclusions were drawn:

• The vertical stiffness of the building is significantly lower than ini-
tially anticipated, most likely due to the effect of perpendicular-
to-the-grain deformations of CLT floor slabs under the walls.
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Fig. 14. Prior, posterior and measured frequencies.
Fig. 15. One-at-a-time sensitivity analysis for parameter 𝑃4 while other parameters are
set to the updated values. Natural frequencies are asymptotically approaching those of
the model with constrained foundations.

• The value of the in-plane shear modulus of CLT panels is very
uncertain. The updated value of the shear modulus of CLT panels
is most likely between 300MPa and 500MPa for internal walls
and about 20% higher for external walls. However, in addition to
the already uncertain in-plane shear modulus, the value includes
various other effects, such as non-structural elements, steel con-
nections, and possible cracks in the panels. Therefore, it is not
possible to pinpoint the responsible contributors.

• The foundation was found to be stiff. A constrained boundary
condition of the ground floor is a suitable assumption in the
observed case.

Those conclusions should not be directly replicated when modelling
other buildings, nevertheless, there is a potential for generalisation
after the set of similar case studies is expanded.

The model updating was repeated in three iterations while chang-
ing the number of modes that are included in the likelihood. The
results showed a significant improvement from increasing the number
of modes (especially after adding the fourth mode). In future attempts
to perform model updating when the aim is to identify modelling
parameters, an emphasis should be put on maximising the amount
of obtained experimental data. Another potential for improving the
reliability of the results (and thus achieving more precisely identified
parameters) is seen in reducing the uncertainty of the building’s mass.
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