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Abstract
For the development of sustainable building solutions, research on innovative structures
figures a key contribution. In Switzerland, recent developments pursue investigations on innovative structures in hardwood, as hardwood is available in large quantities, without a sustainable,
large-scale field of application. An implementation of hardwood in the building sector would
be optimal, as large cross sections are processed and its excellent strength and stiffness properties render it a competitive material. Within this context, a pilot building, displaying the
implementation of structural elements with hardwood, was designed and constructed at ETH
Zurich.
This research work aims at investigating the structural behaviour of the innovative structural
systems implemented in this prototype building, named “House of Natural Resources (HoNR)”.
The building functions as a living lab, i.e., it unites the dual functionality of a research building
and a regular office building. The main objective of this work is to extend the knowledge
basis on the structural behaviour of the innovative timber-hybrid structural systems and to lead
towards an exploitation of the full potential of the promising hardwood material. To investigate
the structural behaviour, forced vibration tests are performed, combined with an extensive
long-term monitoring campaign. The focus of this work is the development of data evaluation
methods to process the large amounts of acquired dynamic and long-term monitoring data.
First, a thorough background on existing data processing methods is provided. For the
evaluation of the forced vibration and operational dynamic data, these methods stem from the
domain of system identification and operational modal analysis methods. Furthermore, model
updating and optimal sensor placement methods are presented. Model updating techniques are
commonly implemented to update numerical models of the structure under investigation based
on the results from the forced or ambient vibration tests. Optimal sensor placement methods
are employed for the design of vibration test set-ups to determine the optimal positioning of a
limited number of dynamic response measurement sensors. For the evaluation of the long-term
monitoring data, structural health monitoring (SHM) methods are investigated. Additionally,
several application examples to timber and timber-hybrid structures are presented.
Subsequently, two data processing frameworks are developed. The first framework proposes
an automated modal analysis, aiming at the automated processing of a large number of forced
and ambient vibration test series. The framework implements three different system identification methods: a non-parametric method (nonpar), the poly-reference least squares complex
frequency domain method (pLSCF) and the stochastic subspace identification method (SSI). The
automated modal analysis procedure delivers the modal parameters of the structure. The framework implements an automated modal analysis method developed by Reynders et al. (2012) [187]
for the SSI method and is enhanced with adapted automated modal analysis procedures for the
pLSCF and nonpar methods within this thesis. Additionally, the developed framework proposes
a quantification of the uncertainty on the derived modal parameters, through a clustering-based
combination of the results from all tests conducted on the same specimen. The second frame-
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work implements prediction models for the development of an SHM platform, which is able to
automatically supervise the long-term performance of the monitored structural system.
Subsequently, the case-study building HoNR is described and results from the forced and
ambient vibration tests are presented together with the long-term monitoring data from the
construction phase and the first two and a half years of the operation phase. The data is
evaluated with the two proposed frameworks.
From the data evaluation, the following conclusions could be derived. The fundamental frequencies of the building at the different construction stages could be derived with high precision.
The precise quantification of damping ratios, however, was not possible. The predictive models,
developed for the key parameters, i.e., the tendon forces in the post-tensioned timber frame
and the fundamental frequency of the building, delivered promising results. The models predict
maximal tendon force losses of 30% for a service life of 50 years. This value is lower than the
design value, which was determined from small-scale laboratory tests prior to the construction
of the building.
Within this thesis, the knowledge basis on the structural behaviour of the innovative structural systems implemented in the HoNR could be significantly extended. An actionable framework is delivered for effectuating the validation of the innovative structural systems, implemented
in the HoNR in ETH Zurich, and fostering the adoption of novel data evaluation technologies
into engineering practice.
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Zusammenfassung
Die Forschung auf dem Gebiet innovativer Tragsysteme leistet einen wichtigen Beitrag für die
Entwicklung nachhaltiger Gebäudelösungen. In der Schweiz wird seit ein paar Jahren an Tragsystemen aus Laubholz geforscht, da diese Holzart in grossen Mengen verfügbar ist. Jedoch besteht
bisher kein umfangreiches, nachhaltiges Anwendungsgebiet. Der Bausektor würde ein optimales
Anwendungsgebiet bieten, da grosse Querschnittsmengen verarbeitet werden können und Hartolz hervorrangende Festigkeits- und Steifigkeitseigenschaften aufweist. In diesem Zusammenhang wurde an der ETH Zürich ein Prototypgebäude entworfen und gebaut, in dem der Einsatz
von Laubholzbauteilen aufgezeigt wird. Ziel dieser Forschungsarbeit ist es, das Tragverhalten
der innovativen Tragsysteme zu untersuchen, welche in diesem Prototypgebäude, dem “House
of Natural Resources” (HoNR), eingesetzt werden. Das Gebäude funktioniert als “Living lab”,
d.h. es vereint die Doppelfunktion eines Forschungsgebäudes und eines regulären Bürogebäudes.
Der Fokus dieses Projektes ist es, die Wissensbasis über das Tragverhalten der innovativen HolzHybrid-Konstruktionssysteme zu erweitern und das volle Potenzial des vielversprechenden Laubholzwerkstoffes aufzuzeigen. Zur Untersuchung des Tragverhaltens wurden Schwingungsversuche
durchgeführt, welche mit einer umfangreichen Langzeitbeobachtungskampagne kombiniert werden. Im Mittelpunkt dieser Arbeit stand die Entwicklung von Methoden zur automatisierten
Auswertung der Daten aus den Schwingungsversuchen und der Langzeitbeobachtungskampagne.
Zunächst wird in dieser Arbeit eine umfassende Übersicht über bestehende Datenverarbeitungsmethoden dargelegt. Für die Auswertung der Schwingungsversuche, welche während der
verschiedenen Bauetappen und der Betriebsphase des Gebäudes durchgeführt wurden, stammen
diese Methoden aus den Bereichen der Systemidentifikation und der operationellen Modalanalyse. Darüber hinaus werden Modell-Aktualisierungsmethoden und Methoden zur Bestimmung
der optimalen Sensorplatzierung vorgestellt. Modellaktualisierungsmethoden werden üblicherweise eingesetzt, um numerische Modelle der untersuchten Tragstruktur mit den Ergebnissen der
Schwingungsmessungen zu aktualisieren. Numerische Methoden zur Bestimmung der optimalen
Sensorpositionierung werden bei der Entwicklung von Versuchsaufbauten für Schwingungsmessungen eingesetzt, um die optimale Positionierung einer begrenzten Anzahl von Sensoren zur
möglichst genauen Messung des dynamischen Verhaltens zu bestimmen. Für die Auswertung
der Langzeit-Monitoring-Daten werden “Structural Health Monitoring (SHM)” Methoden untersucht. Zusätzlich werden einige bestehende Anwendungsbeispiele der vorgestellten Methoden
an Holz- und Holz-Hybrid-Konstruktionen vorgestellt.
Basierend auf den vorgestellten Methoden werden zwei eigene Vorgehensweisen zur Datenbearbeitung entwickelt. Die erste Methodik beinhaltet eine automatisierte Modalanalyse, welche
die automatisierte Auswertung einer grossen Anzahl von Schwingungsversuchsdaten ermöglicht.
Die Methodik beinhaltet drei verschiedene Systemidentifikationsmethoden: eine nicht-parametrische
Methode (nonpar), die “poly-reference least squares complex frequency domain (pLSCF)” Methode und die “stochastic subspace identification (SSI)” Methode. Das automatisierte Verfahren
zur Modalanalyse umfasst mehrere Clustering-Algorithmen, mit denen die modalen Eigen-
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schaften der Tragstruktur bestimmt werden. Das implementierte Vorgehen verwendet eine
von Reynders et al. (2012) [187] entwickelte automatisierte Modalanalysemethode für die SSIMethode und wird im Rahmen dieser Arbeit mit automatisierten Modalanalyseverfahren für
die pLSCF- und nonpar-Methoden erweitert. Darüber hinaus zielt die vorgeschlagene Methodik
darauf ab, die Unsicherheiten der hergeleiteten modalen Eigenschaften zu quantifizieren. Die
Unsicherheiten können zum einen durch Quantifizierung der Unsicherheiten einzelner Eigenschaften mittels der SSI-Methode hergeleitet werden, oder zum anderen durch die Kombination der Ergebnisse mehrerer Versuche an der gleichen Struktur bestimmt werden. Die zweite
Methodik, welche im Rahmen dieser Arbeit vorgeschlagen wird, beinhaltet Vorhersagemodelle
für die Entwicklung einer SHM-Plattform, welche das langfristige Verhalten der Tragstruktur
autonom überwacht.
Das Prototypgebäude HoNR wird näher beschrieben und die Ergebnisse der Schwingungsversuche, sowie die Langzeitüberwachungsmessdaten aus der Bauphase und von den ersten zweieinhalb Jahren der Betriebsphase werden dargestellt. Für die Datenauswertung werden die beiden
zuvor vorgestellten Methodiken implementiert.
Aus der Datenauswertung konnten folgende Schlussfolgerungen gezogen werden. Die Grundfrequenzen des Gebäudes in den verschiedenen Bauphasen konnten mit hoher Präzision bestimmt
werden. Die genaue Quantifizierung von Dämpfungswerten hingegen war mit den durchgeführten
Versuchen nicht möglich. Die für die wichtigsten Beobachtungsgrössen, d.h. für die Spannkräfte
im vorgespannten Holzrahmen und die Grundfrequenz des fertiggestellten Gebäudes, entwickelten Vorhersagemodelle liefern vielversprechende Ergebnisse. Die Langzeitprognose für die
Spannkraftverluste für eine Lebensdauer von 50 Jahren beträgt 30%. Dieser Wert ist niedriger als
der Bemessungswert, welcher vor dem Bau des Gebäudes mittels Daten aus kleinmassstäblichen
Laborversuchen ermittelt wurde.
Im Rahmen dieser Arbeit konnte die Wissensbasis über die im HoNR implementierten innovativen Tragsysteme deutlich erweitert werden. Darüber hinaus wurden zwei Methodiken
entwickelt, welche dazu beitragen die Funktionsweise der implementierten innovativen Tragsysteme zu validieren und des Weiteren dazu beitragen können den Einsatz neuartiger Datenbearbeitungsmethoden in der Baupraxis zu begünstigen.
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Chapter 1

Introduction
1.1

Motivation

For the development of sustainable building solutions, it is vital to pursue innovative ideas,
which can significantly reduce the impact of the construction sector on the environment.
In Swiss forestry, a major change from a purely profit-oriented mentality to a sustainable
environmentally friendly oriented forestry took place over the last decades. Therefore, Swiss
forests nowadays entail a large percentage of hardwood (32%, predominantly: beech wood
(18%)), whereas the timber industry focuses mostly on the processing of softwood (percentage
in forestry: 68%, predominantly spruce wood (44%) — percentages from 2017) [27]. Softwood
and softwood timber products are the most common building material in timber engineering,
due to their easy processing and low cost. This focus on softwood implementation is reflected in
the Swiss timber design code [220], which presents only minor information on design procedures
for hardwood structures. Hardwood forest products, on the other hand, are nowadays mainly
appropriated for the furniture industry and as a heating material. Over the last decade, notable efforts were made to promote a more sustainable use of hardwood with multiple sequential
implementation phases (cascade use). A possible implementation of hardwood products is the
construction sector, where large cross-sections are processed and the implementation time of the
material is maximised, as regular building service lives range from 50 to 100 years [111, 112].
Moreover, hardwood has excellent strength and stiffness properties and can thereby figure as a
competitive alternative to other building materials.
Despite the numerous advantages of hardwood, timber construction with hardwood faces several challenges. First, the knowledge basis on structural elements with hardwood is exceedingly
limited. Design values for hardwood are hardly available in Swiss building codes and hardwood is
significantly more expensive than the commonly implemented spruce wood. The higher material
price can be explained by the production process, which is more challenging, time- and energyconsuming. Additionally, the stem wood percentage is lower for hardwood (40-50%, compared
to a stem wood percentage of roughly 80% for softwood [111]). Despite extensive studies on
timber structures, wood remains a highly complex material with anisotropic and inhomogeneous
properties, and its mechanical and physical properties are influenced by several factors, such as
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load duration and moisture variations. The influence of indoor or outdoor climate variations
on the properties of timber is dependent on the timber species, i.e., available knowledge from
softwood structures cannot be directly transferred to hardwood structures. A further challenge
is the knowledge transfer from small-scale laboratory tests to the building scale. Indeed, laboratory tests often focus on single structural elements (e.g. small cross-sections, known boundary
and climate conditions), thereby, their applicability for predicting the structural behaviour of
an actual structure is limited. Furthermore, they are conducted under controlled environmental conditions and with a limited duration. Therefore, especially long-term effects, such as the
influence of changes in climate conditions on the structural behaviour are difficult to quantify.
As of today, long-term monitoring projects have been carried out on a number of structures,
however only few on timber buildings under operation and even fewer on timber buildings with
hardwood.
Recently, several pilot projects implementing hardwood either as a reinforcement in connections (e.g. Aquabasilea, Pratteln (2010) [176]; Tamedia building, Zurich (2012) [146]), or as
structural elements (columns and/or beams) (e.g. parking garage and ski school, Arosa (2010)
[114]; Neumatt-bridge, Burgdorf (2013) [184]) have been realised in Switzerland. These pilot
projects were possible due to the cooperation with several industrial partners, which were willing
to venture into the processing of hardwood material. The realisation of these projects was further supported by several recent research projects dealing with the development and analysis of
structural elements in hardwood [18, 52, 108, 113, 158, 241]. This thesis focuses on a case-study
building, where several innovative structural elements with hardwood were implemented. The
building functions as a demonstration object for the implementation of hardwood structures and
aims at extending the knowledge basis on the structural behaviour of hardwood elements and
thereby, favouring an exploitation of the full potential of this promising material.

1.2

Research objectives

The current research work aims at extending the knowledge basis on hardwood structures and
the long-term behaviour of timber structures in an actual building situation. The main objectives
of the project can be summarised as follows:
 promote the sustainable and reliable use of hardwood as a structural element
 extend the knowledge basis on hardwood as a building material
 extend the knowledge basis on the long-term behaviour of timber structures in general,
with focus on hardwood structures under service conditions
 extend the knowledge on the global structural behaviour of a timber-hybrid building
 develop adapted testing, monitoring and evaluation methodologies to extract the maximum
possible information from a building during construction and operation
 gather an extensive experimental database
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 set up a structural health monitoring framework
 develop analytical and numerical models of the structure
 verify and update models based on the experimental database
 facilitate the design of further innovative, sustainable, and reliable timber buildings

To achieve the above-mentioned goals, monitoring-based investigations are conducted on an
actual building during its construction and operation phases. The building, named “House of
Natural Resources (HoNR)”, is a pilot building for innovative timber structures implementing
hardwood. The building displays the adoption of hardwood in a full-scale building structure,
demonstrating its possibilities and advantages to practitioners, researchers and students, among
other, and thereby promoting its use. The building functions as a regular office building for the
laboratory of hydraulics, hydrology, and glaciology (VAW) of ETH Zurich and simultaneously
as a research building.
To extend the knowledge basis, extensive full-scale test series were conducted in the laboratory and on the construction site of the HoNR to investigate not only the structural behaviour
of the single structural elements, but also of the entire building. Furthermore, a comprehensive
long-term monitoring campaign is implemented in the building to assemble information during the construction and operation phases, aiming at the acquisition of a maximum amount
of information at a reasonable cost. The implemented monitoring set-up monitors the structure’s performance (health) throughout its life cycle and thereby functions as a structural health
monitoring (SHM) setup.
The current work presents and evaluates the experimental data gathered from the structure during the extensive testing series and during the first two years of its operational phase.
Therefore, an automated data evaluation framework is developed which aims at extracting a
maximum of information from the large amount of gathered data. The developed framework is
a general framework, which can be applied to a large variety of further dynamic vibration-based
investigations on structures.
To verify the extracted information from the experimental campaign, numerical models of
the structure during the different construction phases are developed. Within this context, a
model updating technique is applied, which aims at achieving a better fit between the model
and the experimental data via tuning of the model input parameters. Furthermore, optimal
sensor placement methods are investigated to improve the test set-ups during the vibration
tests, and for the dynamic monitoring during the operational phase. Additionally, predictive
life cycle performance assessment models are developed, as a basis for a fully automated SHM
platform.
Figure 1.1 presents a graphical overview of the experimental investigation phases and the
three parts of the research approach presented herein: First, the forced vibration tests and
ambient vibration tests, second the life cycle performance assessment and third, the numerical
modelling approach.
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Fig. 1.1: Overview of the research approach

The scope of this research project is to quantify the structural behaviour of a unique combination of several innovative structural timber systems, through advanced monitoring technologies
and forced vibration testing. The gained knowledge can be applied to further exploit the potential of these innovative structural systems. Furthermore, a fully automated modal analysis and
a life cycle performance assessment framework are proposed, which can be applied to further
SHM projects.
Thesis contributions
The main contributions of this thesis can be summarised as follows:
 Introduction of an enhanced automated modal analysis framework for input-output and
output-only dynamic vibration measurements.
 Introduction of an attempt to quantify the uncertainties in the resulting modal parameters.
 Assessment and demonstration of an approach to optimal sensor placement.
 Numerical models of the HoNR at different construction stages and updating of a structural
model to better describe the true system.
 Development of predictive models for the tendon forces and fundamental frequency, for
feeding a diagnostic system triggering an alarm in case of sudden abnormalities.
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1.3. Outline

 Interpretation of the measured heterogeneous information into qualitative and, more importantly quantitative, information on the building’s performance.

With the application of the proposed methods and tools spanning a variety of methods across
testing, deployment, identification, sensor placement, model updating and forecasting, this thesis
offers high promise for improving the way in which system identification and structural health
monitoring find application in practice.

1.3

Outline
Chapter 1: Introduction
Chapter 2: Background

Chapter 3: Proposed frameworks

Chapter 4: Application
4.1. The HoNR

2.1. System identification
and modal analysis

3.1. Forced and Ambient
vibration tests
3.2. System identification
and modal analysis
framework

4.2. Forced vibration tests
4.3. Operational modal
analysis

2.2. Model updating

4.4. Numerical models

2.3. Optimal sensor
placement

4.5. Application of optimal
sensor placement methods

2.4. Life cycle performance
assessment

3.3. Life cycle performance
assessment framework

4.6. Life cycle performance
assessment of the HoNR

Chapter 5: Conclusions and outlook

Fig. 1.2: Overview of the thesis

The following thesis is subdivided into five main chapters (cf. Figure 1.2). The first chapter
presents the motivation and objectives of this research project. The second chapter presents
a thorough background on current methodologies and several existing applications to timber
structures. The third chapter proposes two frameworks, one for dynamic, and one for static
long-term monitoring data analysis. These frameworks are applied to a case-study example,
the HoNR in Chapter 4. Chapter 5 summarises the main findings and suggests future research
points.
The three main chapters (Chapters 2–4) deal with different aspects of the four main topics
addressed in this thesis. The first main topic concerns forced and ambient vibration testing, and
the related data evaluation methods. Section 2.1 presents the associated background, Sections
3.1 and 3.2 provide details on testing procedures and propose an automated dynamic data
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evaluation framework, respectively. Sections 4.2 and 4.3 illustrate the application of the proposed
framework to dynamic testing and operational data from the HoNR.
The second main topic is the numerical modelling of the structures at different construction
stages. Section 4.4 introduces numerical models to represent the structural behaviour at the
different construction stages and compares them to the results from the forced vibration tests.
Additionally, an existing model updating procedure is presented in Section 2.2 and applied to a
selected numerical model at the end of Section 4.4.
Furthermore, the topic of optimal sensor placement for forced or ambient vibration test configurations is discussed. Section 2.3 provides the relevant background information and Section
4.5 illustrates the application of optimal sensor placement methods for a selected test configuration.
The fourth topic concerns the life cycle performance assessment of structures. Section 2.4
introduces common methods and their application to timber structures. In Section 3.3, an
adapted SHM framework is proposed for application to the monitoring data from the HoNR.
The application is presented in Section 4.6.

Chapter 2

Modal analysis and structural health
monitoring: existing methods and
applications to timber-hybrid
structures
This chapter presents an overview on existing tools within the fields of modal vibration testing
and analysis, and structural health monitoring (SHM).
The first section introduces tools for the evaluation of dynamic test data and presents application examples on timber structures. Dynamic vibration test results are often compared to
results from a numerical model. To fine-tune this numerical model with the knowledge gained
from the experiments, model-updating techniques can be implemented, which are introduced in
the second section of this chapter. Within the context of dynamic vibration testing, the optimal
positioning of response measurement sensors is a key issue, which can be resolved with optimal
sensor placement (OSP) methods (cf. Section 2.3). The final section of this chapter presents
life cycle performance assessment tools and several application examples on timber structures.

2.1

System identification and modal analysis methods

2.1.1

Introduction

Generally, the modal parameters (fundamental frequency, damping ratio and mode shapes) of
a structure are inferred from the measured structural response via implementation of system
identification and modal analysis techniques. System identification techniques generally assume
a linear, time-invariant dynamic system, described by the following differential equation:
Mv̈(t) + Cv v̇(t) + Kv(t) = F(t),

(2.1)

where M is the mass matrix, Cv is the linear-viscous damping matrix, and K is the stiffness
matrix. All three matrices are of dimension [n × n], where n designates the number of degrees
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of freedom (DOF). v (t) is the vector of displacement responses and F (t) is the vector of input
forces (both are of dimension [n × 1]). Equation (2.1) can be re-written in terms of the modal
coordinate vector ξ(t)[n × 1], by writing the response vector as v(t) = Φξ(t), where Φ[n × n] is
the mode shape matrix. The uncoupled system equations then take the following form:
ξ̈(t) + Cξ ξ̇(t) + Λξ ξ(t) = ΦT F(t),

(2.2)

where Λξ is a diagonal matrix with elements ωi2 , with ωi the ith modal circular frequency and
Cξ is a diagonal matrix (if classical damping is assumed) with elements 2ζi ωi , with ζi the ith
modal damping ratio. Both matrices have dimensions [n × n]. The columns of the mode shape
matrix Φ correspond to the mode shape vectors φi . In the following sections, the term “mode”
generally refers to a set of modal characteristics (frequency fi = ωi /(2π), damping ratio ζi and
mode shape vector φi ).
A main category of system identification algorithms rely on the state-space formulation of
the above equations, which is shortly introduced here in its discrete-time formulation:
x(t + 1) = Ax(t) + Bu(t)

(2.3)

y(t) = Cx(t) + Du(t),

(2.4)

where x(t) is the state vector, related to the vector of displacements and velocities as follows:
x(t) = [v(t) | v̇(t)]T .

(2.5)

The state vector is of dimension [2 × n], where 2n is the model order, u(t) is the [nu × 1] system
input at time t and y(t) is the [ny × 1] system output at time t. A [2n × 2n] is the state matrix,
B [2n × nu ] the input matrix, C [ny × 2n] the output matrix and D [ny × nu ] the feed-through
matrix (equals 0 if there is no direct feed-through). nu is the number of system inputs (e.g.,
the number of different input forces) and ny the number of system outputs (e.g., the number of
response measurement points).
If a discrete-time state-space model of a structure is provided or has been estimated at a
specific sampling frequency fs , the modal parameters of the system can easily be derived. First,
an eigenvalue decomposition of the system matrix A is performed:
A = ΨΛΨ−1

(2.6)

Λ is a diagonal matrix with the discrete-time eigenvalues λd,i on its diagonal. The discrete-time
eigenvalues can be converted to the continuous-time eigenvalues as follows:
λc,i = ln(λd,i ) · fs

(2.7)

The fundamental frequency and damping ratio of the system can be derived from the continuoustime eigenvalue:
wi = |λc,i |

(2.8)

2.1. System identification and modal analysis methods

fi =

|λc,i |
2π

ζi =

− Re(λc,i )
,
|λc,i |
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(2.9)

(2.10)

with Re denoting the real part of the complex eigenvalue. The corresponding mode shape vectors
can be computed as follows:
φi = C · ψi ,

(2.11)

where the vectors ψi correspond to the columns of Ψ. Thereby, the mode shape precision is
directly dependent on the number and positions of the measured system outputs.
An important parameter, related to the mode shapes is the modal assurance criterion (MAC).
The MAC-value between two mode shapes φi and φj is defined as follows [3]:
2

MAC(φi , φj ) =

φTi φj
,

φTi φi φTj φj

(2.12)

The MAC-value can be implemented to assess the similarity between two single mode shapes.
Additionally, a MAC-matrix is often derived to assess for example the orthogonality of the modes
within the mode shape matrix (e.g. Carne and Dohrmann (1995) [32]). The i, j-elements of the
MAC-matrix correspond to the MAC-values between the modes i and j.
The goal of modal vibration tests is to infer the modal parameters ωi , ζi and φi from the
modal vibration data. To this end, a model is sought that describes the relation between the
measured outputs of the system and the measured inputs. A basic formulation of this problem
statement for a single degree of freedom system (SDOF) is the transfer function model, which
is characterised by the following equation (cf. Ljung (1999) [134] and Figure 2.1):
y(t) = G(q)u(t) + H(q)e(t),

(2.13)

where y(t) is the vector of the system outputs at time t, u(t) the vector of the system inputs
at time t and e(t) is a white noise sequence, combining measurement errors and if present,
unknown inputs. G(q) is the transfer function of the system and H(q) is the transfer function
of the disturbance. Disturbances can be either unmeasured or unknown inputs, or measurement
noise. q is the backward shift operator.
If a system is excited with an impulse force at time t = t0 (i.e., a Dirac-delta pulse at time
t = t0 ), the system starts to oscillate freely. If the system’s damping ratio is below critical (which
is generally the case for civil engineering applications), the oscillation decays with time until the
system reaches its original stable position and shape. This decaying, free oscillation is commonly
referred to as the system’s impulse response function. The previously described transfer function
corresponds to the Laplace transform of the impulse response function, whereas the frequency

Chapter 2. Modal analysis and structural health monitoring: existing methods
10
and applications to timber-hybrid structures

e(t)
H(q)
y(t)

+

G(q)

u(t)

Fig. 2.1: Basic system model

response function (FRF) corresponds to the Fourier transform of the impulse response function.
In continuous-time the FRF is equal to the transfer function restricted to the imaginary-axis
[90].
The two main tasks, concerning the evaluation of vibration data, are first, the estimation of
representative models (commonly referred to as system identification) and second, the inference
of the modal properties of the structure (referred to as modal analysis). This process is illustrated
in Figure 2.2.

Data collection
& pre-processing

y(t)
u(t)

G(q)
Modal
System
identification System analysis
models

ωi, ζi,φi
Modes

Fig. 2.2: Basic principle of data evaluation

Over the last decades a myriad of system identification and modal analysis methods have been
developed for applications in a variety of engineering fields, ranging from aerospace applications
to civil structures. A comprehensive presentation of all these methods is beyond the scope of
this work. Therefore, only a selection of the most common methods is presented in the following
sections.

2.1.2

Classification schemes for data evaluation methods

For the myriad of system identification and modal analysis methods different classification
schemes are currently employed, which are shortly described here.
The first classification scheme is related to the nature of the system input and separates
all methods into three classes. The first class is named experimental modal analysis (EMA),
which refers to the evaluation of data from forced vibration tests (FVT). During these tests the
structure is excited by a measured input signal (u(t)) and the response (y(t)) of the structure
is recorded in several locations. EMA methods can additionally be referred to as deterministic
methods, since the input to the system is a known quantity. Furthermore, they are sometimes
referred to as input-output methods. The second type is called operational modal analysis
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(OMA). In OMA, the structure is excited through operational forces (e.g. wind loads for tall
buildings, or traffic loads for bridges). The operational forces are additionally referred to as
ambient forces, hence the name ambient vibration testing (AVT)). The ambient, or operational
forces are usually not measurable. Only the structure’s response (y(t)) is measured and serves
as data basis for the system identification and modal analysis procedure. OMA methods assume
a stochastic model for the unknown system input. A common assumption on the stochastic
input is a white noise process. A white noise process is a random process with equal intensity
at each frequency, meaning that its transform to the frequency domain is a constant. Digitally,
white noise is a series of uncorrelated random variables with zero mean and finite variance (in
the time domain). In practice, the unknown input commonly differs from a true white noise
process, however most OMA methods still deliver valid results, as long as the input forces do
not deviate significantly from the white noise assumption. OMA methods are often additionally referred to as output-only methods, as the input is not part of the data set. The third
type of methods is a combination of EMA and OMA, named operational modal analysis with
exogenous input (OMAX) [185]. In OMAX, the structure is excited with a forced vibration in
the presence of significant operational loads, where significant means that the exogenous and
operational forces are in a similar order of magnitude. The forced vibration and a stochastic
process representing the unmeasured operational forces are then both considered as a combined
deterministic-stochastic input to the structure.
In a similar context, data evaluation methods can be classified according to the consideration of the input into two groups: input-output and output-only methods. The input-output
methods encompass EMA and OMAX methods, whereas output-only methods designate the
same methods as OMA methods.
Another classification scheme accounts for the number of input and output channels that
are utilised for the system identification. Single input with single output (SISO) systems are
differentiated from single input with multiple outputs (SIMO) systems and from multiple input
with multiple outputs (MIMO) systems. As all these methods account for at least one input they
are part of the EMA methods. Most system identification methods were originally developed
for SISO systems (i.e., SDOF systems) and then later extended to account for multiple degrees
of freedom (i.e., multiple outputs) and inputs at multiple degrees of freedoms.
Furthermore, a common distinction is to differentiate non-parametric system identification
methods, that extract information purely from data, without fitting a specific model to the data,
and parametric methods, which assume a defined model structure with model parameters that
are then fitted such that the model optimally represents the data. This leads to the common
issue of under- or over-parametrization. Indeed, measured inputs and responses are commonly
disturbed by some unknown noise (e.g. measurement errors due to electric disturbances, resolution range of the sensors, the sampling process etc.) and an over-parametrised model tends to
fit the noise, leading to a disturbed representation of the system, where the noise is interpreted
as a part of the structural system. If the model is under-parametrised it is not able to represent
the full dynamics of the system. This means that there is a trade-off that needs to be considered
when selecting the model order, respectively, the number of model parameters.
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System identification methods can either be directly applied to the measured time domain
data, or the data can firstly be transformed to the frequency domain; therefore, the methods
are often categorised depending on their application to time or frequency domain data. In the
literature, a myriad of methods for both domains can be found.
In Reynders 2012 [185], system identification and their affiliated modal analysis methods are
classified according to their general principles of operation. The first bundle of methods relies on
the minimization of the prediction error (PE), for example by implementing linear least squares
(LS), maximum likelihood (ML) or Bayesian inference methods. The second type of methods is
based on the Instrumental Variable (IV) method, which builds matrices from data to eliminate
unobserved and unwanted dynamics [134]. Stochastic subspace identification methods (SSI) are
part of the IV methodology, as are system realization methods.
For further details on system identification and modal analysis methods, the reader can refer
to the following major works in the domain: system identification (Söderström and Stoica (2001)
[207], Ljung (1999) [134]), modal analysis (Fu and He (2001) [70]), operational modal analysis
(Brincker and Ventura (2015) [22]).
In the following section, some of the most common system identification and modal analysis
methods are shortly described with the main focus on the non-parametric peak picking and
frequency domain decomposition (FDD) methods, the parametric poly-reference least squares
complex frequency domain identification (pLSCF) method and stochastic subspace identification
(SSI) methods.

2.1.3

Non-parametric frequency domain methods

Empirical transfer function estimate (ETFE)
The empirical transfer function estimate (ETFE) is a basic formulation of a frequency domain
identification technique for a SISO (or SDOF) system. The input and output signal are transferred to the frequency domain with a fast Fourier transform (FFT). Under the assumption that
the noise is small compared to the input signal, the following equation holds:

Ĝ =

Ŷ
Û

,

(2.14)

where Ĝ is the estimate of the transfer function, Ŷ is the estimate of the Fourier transform of
the output and Û is the estimate of the Fourier transform of the input. The symbol ˆ is utilised
to designate an estimate instead of an exact representation. As the data length tends towards
infinity, the Fourier transform of the input and output tend to their exact values. To improve
this simple estimate of the transfer function several averaging, smoothing and or windowing
approaches have been proposed. Details on these can for example be found in Ljung (1999)
[134].
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Spectral estimation
A similar approach is followed in spectral estimation, which operates on the power spectral
density (PSD) of the data instead of the raw data [134]. This method was originally proposed
for a SISO system. Assuming that the noise e(t) and the input u(t) are uncorrelated, the
following equation can be derived:
Ĝ =

Sˆyu
Sˆu

(2.15)

The transfer function estimate Ĝ is equal to the estimate of the cross-power spectrum between
the input and the output (Sˆyu ) divided by the estimate of the power spectral density of the
input (Sˆu ). The estimation of the power-spectrum can be based on the periodogram or on the
covariances (refer to Ljung (1999) [134] and Stoica and Moses (1997) [216] for further details).
The latter is commonly referred to as the correlogram method. As for the Fourier transform
estimates, the spectral estimates tend to their exact value, as the length of data tends to infinity.
A widely known technique to improve the estimates of the spectral density estimated with
the periodogram method is known as the Welch’s method [244]. The Welch’s method reduces
the variance of the periodogram by dividing the time-domain data into overlapping segments,
multiplying the segments with a window function (e.g. a Hamming window) in the time domain,
and then computing a periodogram for each segment. The periodograms of the segments are
then averaged to produce an estimate of the power spectral density with reduced variance.
Complex mode indicator function (CMIF)
The complex mode indicator function (CMIF) is derived from a singular value decomposition
(SVD), or originally from an eigenvalue decomposition (EVD), of the FRF matrix for inputoutput systems. The singular value decomposition of the frequency response function matrix is
defined as follows:
G(ω) = U(ω)Σ(ω)V(ω)H ,

(2.16)

where H designates the Hermitian (complex conjugate) transpose. The singular value decomposition decomposes a real or complex [m × n] matrix into a left-sided [m × m] unitary matrix
U(ω), a diagonal matrix Σ(ω)[m × n], and a right-sided unitary matrix V(ω)[m × m]. The
diagonal entries of Σ are referred to as the singular values. The singular value decomposition is
performed for every frequency ω. In Equation (2.16), G(ω) is the frequency response function
matrix and not the transfer function, therefore, the circular frequency ω is written as the argument instead of the back-shift operator q. For notational simplicity the designation of estimates
with the symbol ˆ is omitted in the following explanations. Generally, all system identification
and modal analysis methods yield only estimates, as the data length is a finite quantity. The
CMIF is utilised, to localise peaks in the plot of the first singular values versus the frequencies,
which provide an indication of the existence of modes. The frequencies at the peaks correspond
to estimates of the damped natural frequencies of the system. Allemang and Brown (2006) [2]
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present a comprehensive overview on existing enhancements and variants of the CMIF function
method.
Peak picking
Generally, peak picking refers to an assembly of modal analysis methods, which aim at estimating
modal parameters from a specific curve in the frequency domain, which presents maxima at the
system’s frequencies. Thus, peak picking can for example be applied to the CMIF function.
Furthermore, modal parameters of the system can directly be derived with peak picking from
the estimated transfer or frequency response function (implementing the ETFE or spectral
estimation). Peak picking assumes that at resonance (at a peak) the response of the system
is dominated by a single mode, therefore the structural frequency and mode shape can be
derived by selecting the peaks of the transfer function and performing a modal decomposition.
Additionally, damping ratios can be estimated via the half-power bandwidth method in the
frequency domain.
This simple modal analysis technique unfortunately often leads to erroneous and inaccurate
results, and is not able to separate closely spaced modes [170, 185].
Frequency domain decomposition method (FDD)
The frequency domain decomposition method (FDD) enhances the previously described peak
picking method by introducing a decomposition of the power spectral density (PSD), which allows to separate the response into several SDOF systems [23]. Through this enhancement, close
modes can be identified, even in the case of strong noise contamination. As the FDD method
operates on the power spectral densities of the system outputs, an output-only (OMA) implementation is possible, assuming that the single unknown input follows a white noise distribution.
The power spectral density matrix of the system outputs y is related to the frequency
response function G as follows:
Syy (ω) = G∗ (ω)Sxx (ω)G(ω)T ,

(2.17)

where Syy (ω)[ny ×ny ] is the power spectral density matrix of the response (PSD) and Sxx (ω)[1×1]
is the power spectral density matrix of the input. G∗ (ω)[ny × 1] is the complex conjugate and
G(ω)T [ny × 1] the transpose of the FRF. Assuming a white noise distribution for the input, the
power spectral density matrix of the input reduces to a constant. Therefore, the power spectral
density of the system responses is directly related to the frequency response function. After the
estimation of the PSD of the system response, a singular value decomposition is performed:
Syy = UΣVH ,

(2.18)

and from the singular values, the modal parameters can be extracted via peak picking, assuming
that near a peak, the response is dominated by a single mode and therefore the singular value
and singular vector define the corresponding SDOF system. Peak regions corresponding to the
same SDOF are isolated from the spectrum by comparing the modal assurance criterion (MAC)

2.1. System identification and modal analysis methods

15

of neighbouring frequency lines. Damping ratios can be estimated via the half-power bandwidth
method in the frequency domain or via the logarithmic decrement method in the time domain
(taking the signal back to the time domain via an inverse Fourier transform of the equivalent
SDOF spectrum). FDD in combination with estimation of damping in the time domain is
commonly referred to as enhanced frequency domain decomposition method (EFDD) [21]. The
FDD and EFDD algorithms are able to accurately separate closely spaced modes if the modes
are orthogonal. As the FDD/EFDD algorithms rely on an approximate decomposition of the
spectrum, a certain bias is introduced [22].
The FDD method can be understood as an extension of the CMIF to output-only identification problems. It enables the identification of MIMO systems without having to investigate
ny · ny spectrums.

2.1.4

Parametric methods

In parametric system identification and modal analysis methods, a parametrised model structure
is assumed and the model parameters are estimated based on a fitting to the measured data.
Possible techniques to estimate the model parameters are for example minimising the prediction
error (e.g. the least squares, respectively the linear regression method (LSE)), maximising the
likelihood (known as maximum likelihood estimation (ML)), or instrumental variable methods
(IV).
In parametric system identification and modal analysis, a main factor is the selection of the
number of parameters. Often the number of model parameters is linked to the number of modes
of the system in the frequency band of interest. However, the exact number of modes in the
frequency range of interest might not be precisely known prior to the data analysis and the data
might be contaminated with a significant amount of noise. Therefore, most parametric methods
estimate models for a range of model orders, respectively, a number of model parameters. The
results from the models at different model orders are commonly represented in a stabilization
diagram (e.g. identified frequencies versus model order). It is assumed that structural modes are
stable throughout a large number of model orders, therefore they should form stable vertical lines
in the diagram, hence the name stabilization diagram. Numerically induced modes (e.g., due
to over-parametrisation), or modes due to measurement noise, on the other hand, are assumed
unstable and can therefore be visually distinguished from the structural modes.

Polynomial transfer function models
Instead of estimating the transfer function, or the frequency response function (FRF), directly
from the data (e.g. as with the ETFE method), a fractional polynomial model structure is
assumed for the transfer function, or the FRF. Widely known polynomial transfer function or
frequency response function models are, for example, auto-regressive models (AR(X)), autoregressive models with moving average (ARMA(X)) and Box-Jenkins (BJ) models [134].
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The AR(X) model relies on a simple parametrization of the system and noise transfer functions:
G(θ, q) =

BR (θ, q)
AR (θ, q)

(2.19)

H(θ, q) =

1
,
AR (θ, q)

(2.20)

where θ is the vector with the model parameters. The X in AR(X) stands for the input term
(from eXogenous, external input). If the inputs are unknown, BR (θ, q) = 1 and the equations
are further simplified.
The polynomial functions AR (θ, q) and BR (θ, q) are parametrised as follows for a SISO
system:
AR (θ, q) = 1 + a1 q −1 + ... + ana q −na ,

(2.21)

BR (θ, q) = b1 q −1 + ... + bnb q −nb ,

(2.22)

with a1 ,a2 ,...,ana and b1 ,b2 ,...,bnb designating the polynomial coefficients of the AR and X part
of the model, respectively. The polynomial coefficients can be estimated via a least squares
estimation (LSE), which minimises the prediction errors. na + 1, nb are the AR and X orders, respectively. The noise model of the AR(X) is significantly restricted, leading to a poor
representation of systems with noisy data.
In the ARMA(X) models, the noise model is further enhanced as follows (for a SISO system):

H(θ, q) =

CR (θ, q)
AR (θ, q)

(2.23)

, with AR (θ, q) and CR (θ, q) monic (i.e., the leading coefficient (non-zero coefficient of the
highest degree) is equal to 1). This enhancement leads to a non-linearity of the model in θ. The
parameters can no longer be estimated via LSE. However, an iterative pseudo-linear regression
can be implemented.
An even more general model structure is provided by the Box-Jenkins model [19], which
parametrises the system and disturbance transfer functions as follows:
G(θ, q) =

BR (θ, q)
FR (θ, q)

(2.24)

H(θ, q) =

CR (θ, q)
.
DR (θ, q)

(2.25)

The coefficients of the Box-Jenkins model can be estimated with a Gauss-Newton minimization strategy for the ML cost function [19, 175].
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For the extension to MIMO systems, AR(X), ARMA(X) and BJ models exist in commondenominator formulations, where all input-output pairs share the same denominator polynomial
(as presented above) and in right or left matrix fraction description formulations, where the
model consists of the ratio of two matrix polynomials [35]. The right matrix fraction description
(RMFD) model relies on the following model structure:
G(q) = BR (q)AR

−1

(q),

(2.26)

with
AR (q) = Iq n + AR n−1 q n−1 + ... + AR
0,

(2.27)

BR (q) = BR n q n + BR n−1 q n−1 + ... + BR 0 ,

(2.28)

where AR i are square matrix coefficients (nu ×nu ) and BR i are matrix coefficients of dimensions
(ny × nu ). The left matrix fraction description (LMFD) relies on a similar structure (for further
details refer to Cauberghe (2004) [35]).

Kalman filter methods
Kalman (1963) [99] firstly introduced the concept of system realization, referring to the estimation of a state-space model from impulse response data. Subsequently, Ho and Kalman (1966)
[87] proposed an algorithm to solve this identification for noise-free impulse response data. The
Ho-Kalman algorithm is nowadays widely employed in system identification and was further
developed by several researchers (e.g., the Observer/Kalman filter identification [97], extended
Kalman filter [141], unscented Kalman filter [37]). Furthermore, the algorithm was extended to
allow for joint input-state estimation, known as the augmented Kalman-filter [135, 138]. Kalman
filters are not the focus of this work; therefore, the interested reader can refer to the above-cited
publications for further details.

Random Decrement and Ibrahim Time Domain method
The Ibrahmim time domain method was one of the first MDOF, MIMO estimation methods. It
was derived by Ibrahim in the 1970’s [91, 92]. The method extracts modal parameter information
from impulse response functions via estimating the system matrices A of the state-space model.
The impulse response functions can be derived from random response data with the random
decrement technique, which is often implemented in conjunction with the Ibrahim time domain
method. Further information on the random decrement technique and the Ibrahim time domain
method can be found in the following references: Fu and He (2001) [70], Cauberghe (2004) [35],
Brincker and Ventura (2015) [22].
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Eigensystem realization methods
Another time-domain identification method, is the eigensystem realization method (ERA) developed in the 1980’s by Juang and Pappa (1985) [98] for impulse response data. This method
firstly introduces the idea of reference outputs, which can be utilised to combine set-ups with a
limited number of reference sensors that remain in the same position, and a number of roving
sensors, which switch positions between set-ups to cover a larger area, and thereby achieve a
higher mode shape resolution. The ERA method was further modified to start from correlations
of impulse response data instead of the raw time domain data (ERA/DC) [96, 98].
Poly-reference methods
Herein, two types of poly-reference methods are described, one is a time-domain version, named
the poly-reference Least Squares Complex Exponential (pLSCE) method, and the other is a
frequency-domain based method, named the poly-reference Least Squares Complex Frequency
domain method (pLSCF). The former one is based on the least squares exponential estimator
(LSCE) algorithm, which is a curve-fitting algorithm closely related to the prediction error
methods. Commonly the LSCE is implemented on impulse response function data [25]. The
pLSCF algorithm relies on the least squares complex frequency domain (LSCF) method, which
performs a weighted least squares fitting to FRFs [35].
The poly-reference least-squares exponential estimator is an extension of the LSCE to MIMO
systems, presented by Vold et al. (1982) [236]. The response from several input locations is
considered simultaneously, implementing the phase information between different locations to
separate closely spaced modes. A similar approach was implemented for the LSCF method,
leading to the poly-reference version (pLSCF) of the method, which is additionally known under
its commercial name PolyMax [78]. The pLSCF method fits a RMFD AR(X) model to nonparametric FRF data [185]. For details on RMFD and AR(X) models refer to the paragraph on
polynomial transfer function models in this section on Page 15.
The original pLSCF algorithm was further extended to take spectra, instead of FRFs, as
input for its application in operational modal analysis (unknown, respectively unmeasured inputs) [171]. As the pLSCF estimator is asymptotically biased, Cauberghe (2004) [35] proposed
a maximum likelihood estimator, which significantly improves the accuracy of the estimates.
Still, if unmeasured inputs and significant measurement noise are present, the identified system
does not converge, as the noise is not accurately modelled with the AR(X) model [185]. The
advantage of the pLSCF algorithm is that redundant poles, that occur due to over-modelling,
tend to have negative damping values. These can then easily be discarded from the stabilization
diagram. Therefore, the pLSCF method leads to extremely clear stabilization diagrams [34].
Subspace Identification methods
The term “subspace methods” refers to a family of methods that try to directly infer a statespace representation of a linear time-invariant system from the measurement data. They operate
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either on time-domain data [118, 134, 229, 233, 234], or on frequency domain data [145, 229,
230, 235]. Furthermore, data-driven variants are distinguished from covariance-driven variants,
which operate on correlations of the data instead of operating directly on the raw time domain
data.
Herein, the focus is on one type of a stochastic subspace identification (SSI) algorithm. For a
detailed description of the underlying theory, the reader can for example refer to Van Overschee
and De Moor (1996) [230].
Generally, subspace identification algorithms roughly follow the following steps for inputoutput identification [145]:
1. Organise the data in a block-Hankel matrix H with user-selected number of rows (2i):


h(1)
h(2)
... h(n − 2i + 1)


h(3)
... h(n − 2i + 2) 
 h(2)


..
..
..




.
.
.




H =  h(i)
(2.29)
h(i + 1) ...
h(n − i)



 h(i + 1) h(i + 2) ... h(n − i + 1) 


..
..
..


.
.
...
.


h(2i)
h(2i + 1) ...
h(n)
, with h(t) the matrix of data or correlation samples at sample time t (or FRF, PSD
data in the case of frequency-domain SSI), 2i the total number of block rows, n the total
number of data points and H the block-Hankel matrix with dimensions [2i × (n − 2i + 1)].
2. Calculate a singular value decomposition (SVD) of the block-Hankel matrix:
H = UΣVT

(2.30)

3. Select a model order nx and partition the SVD matrices (nx : Number of states, equals
twice the number of DOFs):
"
#"
#
T
Σ
0
V
1
1
UΣVT = [U1 U2 ]
,
(2.31)
0 Σ2
V2T
with Σ1 [nx × nx ].
4. Estimate the state matrix A:
 Define selectors J1 and J2 :

J1 = [Iny (2i−1) 0ny (2i−1)×ny ]

(2.32)

J2 = [0ny (2i−1)×ny Iny (2i−1) ],

(2.33)

with I the identity matrix.
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 Solve for A via least squares:

J1 U1 A = J2 U1

(2.34)

5. Estimate matrix C via:
 Define J3 (additional selector matrix):

J3 = [Iny 0ny ×ny (2i−1) ]

(2.35)

 Solve for C:

C = J3 U1

(2.36)

6. Estimate matrices B and D via least squares:
n

B, D = argmin
B,D

1X
y(t) − Du(t) − C(qI − A)−1 Bu(t)
n

2

(2.37)

t=1

After the system matrices A, B, C and D have been estimated, the modal characteristics
of the system can be easily derived by solving for the eigenvalues and eigenvectors of A (cf.
Equations (2.6)—(2.11)).
In literature, many variants of the above-mentioned steps can be found; for more detailed
descriptions and comparisons between the different existing subspace algorithms, the interested
reader can refer to the publications mentioned at the beginning of this section.
An important development for the SSI algorithms was the implementation of a referencebased version, which led to a significant increase in computational efficiency [168]. SSI algorithms
have the advantage that they are optimal in the statistical sense and provide an excellent tradeoff between accuracy and computational effort [185]. Recent research in the SSI-domain focuses
on methods to quantify the uncertainty bounds of the modal parameters, e.g., Reynders et al.
(2008) [189]. Two issues of SSI methods which have not yet been fully addressed are the optimal
selection of the model order range (nmin − nmax ) and the optimal selection of the number of
block rows i. Marrongelli (2017) [143] investigates for example the influence of i on the resulting
modal parameters and states that the influence is significant, especially for the damping ratios.
Bayesian ambient modal identification
A recent addition to identification methods is an approach based on Bayesian probability theory
[250]. The objective of Bayesian-based identification is to determine the posterior probability
density function of the modal parameters given the measured data and the modelling assumptions. Two advantages of this method are that firstly, no algorithmic parameter needs to be
selected and secondly not only the modal parameters, but also their uncertainties in form of the
posterior covariance matrix are derived.
However, solving this problem leads to a multi-dimensional numerical optimization problem,
which is challenging to solve efficiently. Au et al. (2011, 2012) [7–9] propose a method to tackle
this issue, named “fast Bayesian fft method for ambient modal identification”.
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Summary
In this section, some of the most common identification methods were presented. All these
methods have advantages and disadvantages in terms of computational efficiency, statistical
bias, or variance reduction. Therefore, a careful selection of the system identification and modal
analysis method is a vital step in dynamic data evaluation. This work implements and compares
the non-parametric frequency domain, the pLSCF and a subspace identification technique.

2.1.5

Uncertainty quantification in system identification and modal analysis

System identification and modal analysis methods only yield estimates of the modal characteristics of a structure for numerous reasons [189]. First, the number of data samples is finite,
and most methods are only asymptotically bias-free, meaning that the data length n should be
equal to infinity. In the case of output-only identification, additional uncertainty is introduced
by the unmeasured input, which can differ significantly from the assumed white noise process.
In input-output identification, unmeasured external disturbances might have the same effect.
Furthermore, there is commonly a non-negligible amount of measurement noise present in the
measurement set-up, which might strongly deviate from the commonly employed white noise
assumption. Another source of uncertainty might be the violation of the assumption of a linear and time-invariant structure. Real structures often exhibit non-linear behaviour (e.g. due
to friction between elements) and additionally non-stationary behaviour (e.g., changing material properties due to changing temperature and moisture conditions). Finally, the digital and
analogue filtering of the dynamic data can introduce additional spurious poles and can fail to
completely remove the influence of frequencies outside the frequency band of interest. Therefore,
the quantification of the uncertainty of the derived modal parameters is important.
Some of the above-mentioned error sources can be avoided by careful selection of data length,
sensitivity of sensors, testing environment (if feasible), filter properties, etc. Moreover, spurious
modes can be removed via careful investigation of the stabilization diagram and selection of
sufficiently high model orders. However, a certain amount of uncertainty still remains and
should, if possible, be quantified.
Next to the Bayesian identification method, where the uncertainty estimation of modal
parameters is inherent, several efforts were made to include uncertainty estimation of the modal
parameters into other identification methods.
In what follows, three types of uncertainty quantification are distinguished. Firstly, the
uncertainty in model parameters can simply be estimated from a large repetition of forced
vibration tests, or from a large number of ambient vibration data sets (if the structure can be
assumed stationary for the combined duration of the tests, necessary to gather the data sets).
Then, the uncertainty can be derived from the modal parameters samples (e.g., one sample for
each parameter per test) [22]. This type of uncertainty quantification is of course relatively
time-consuming and especially in the case of AVT, the stationarity of the structure might not
be guaranteed.
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Secondly, the uncertainty can be quantified from a single dataset, based on the application
of different identification methods or based on the statistical analysis of the derived modal
parameters over several model orders, or for different settings of algorithm parameters (e.g.,
such as the number of half the block rows i for subspace identification methods). Pridham et al.
(2005) [178] for example, identify 10 different models from a single data set (by adopting different
model orders and algorithm parameters) and then combine these 10 models for 24 different data
sets stemming from 24 tests, thereby generating a dataset of 240 samples on which they then
perform a statistical analysis. Verboven et al. (2003) [231] derive statistical properties from a
stabilization diagram by grouping all modes pertaining to a specific physical mode and analysing
their variance across several model orders. This type of uncertainty quantification is strongly
dependent on the specific algorithm and its inherent sensitivity to its parameters.
The third type of uncertainty quantification is based on a quantification of the fitting error
between the model and the data. To estimate the modal parameter covariance matrices, a
sensitivity analysis is conducted, by applying a small perturbation to the model input parameters
and then deriving how this perturbation affects the modal parameters. The perturbation method
assumes that the modal parameters are normally distributed. Reynders et al. (2008) [189]
applied the perturbation method to the covariance-based stochastic subspace method and Troyer
et al. (2009) [45] applied it to the least-squares complex frequency domain estimator, assuming
that the noise on the outputs is uncorrelated. In Reynders et al. (2016) [188], the SSI-based
uncertainty quantification is applied to two application examples, demonstrating that there is a
good agreement between the estimated and the sample uncertainty (from repeated tests).
Carden and Mita (2011) [31] shed a critical light on the existing perturbation methods,
demonstrating that the assumption of a normal distribution for the modal parameters is not always valid, especially for extremely low fundamental frequencies (<1 Hz) and short data records
(in relation to the low fundamental frequency). For damping ratios, the distribution strongly
deviates from a normal distribution. Therefore, they suggest that higher statistical moments
should be derived to quantify the non-normally distributed uncertainty in the modal parameters. Indeed, if the modal parameters are not normally distributed, the variance is insufficient
to describe their uncertainty. The accurate derivation of these higher statistical moments is
however not easily feasible. The linear perturbation method can lead to reasonable results if
the data record is long enough and the natural frequency of the structure is reasonably high
enough, and the required data length does not induce non-stationary effects [31].

2.1.6

Estimation of damping ratios

In system identification and modal analysis, the accurate estimation of damping ratios is a
challenging task. The main issue is that the damping ratios are often affected by the amplitude of
vibration, which leads to large error bounds on damping estimates. The amplitude-dependency
results from the several different forms of damping that can occur in an actual structure. Despite
its many origins and properties, damping is still often modelled as linear viscous damping, since
this leads to linear system equations.
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Damping mechanisms
According to Rainieri et al. (2010) [183], several damping mechanisms can be distinguished.
Damping can be inherent to the structural material (e.g., for concrete, or timber, but insignificant
for metals), damping can occur due to friction between joints (structural and non-structural), or
due to dissipation into the soil (soil-structure interaction). If large wind excitations are present,
e.g., for tall buildings or long-span bridges, aerodynamic damping might occur. Furthermore,
installed active or passive damping mechanisms can contribute to the damping of the structure.
The most common damping models are the viscous damping model, which assumes that
damping is proportional to the velocity and leads to linear equations of motion, or the hysteretic damping model, which is commonly implemented to describe material damping. Most
structures exhibit a combination of linear (damping which is not dependent on the amplitude of
vibration) and non-linear (damping which is dependent on the amplitude of vibration) damping
mechanisms. However, for simplicity reasons, in most cases, a linear equivalent viscous damping
model is assumed.
Experimental investigation of damping ratios
FVT and AVT techniques have been applied to estimate equivalent viscous damping ratios,
although the assumption of a linear damping model might not represent the actual structural
behaviour. The quality of the derived damping estimates is strongly dependent on the measurement noise, errors due to windowing (if implemented), and for AVT additionally on the lack of
knowledge of the system input force. The assumption of white noise excitation might be strongly
violated, leading to additional uncertainties in the damping ratio estimates. Furthermore, as
damping is an amplitude dependent phenomenon, there might be severe differences between
damping estimates derived from FVT and AVT procedures, due to the different excitation amplitudes.
To extract damping ratio estimates from dynamic data records, the half-power bandwidth
method can be applied in the frequency domain, or the logarithmic decrement technique can be
applied in the time domain (e.g., Reynders (2012) [185]). The half-power bandwidth method
is commonly known to yield unreliable results [170]. In the case of stochastic subspace identification, the damping ratios are directly derived from the state-space model (cf. Equation
(2.10)).
There is a consensus that considerably long data records are necessary to achieve accurate
damping estimates, however a quantification of how long the data records should be is often not
provided. Rainieri et al. (2010) [183] suggest a data record length 1000-2000 times longer than
the first natural period; Pridham and Wilson (2003) [177] suggest a data record with at least
4000 data points to estimate fundamental frequencies below 1 Hz and damping ratio’s below 1%
(for estimation with SSI methods). Brownjohn et al. (2017) [26] provide further guidelines for
optimal testing of long-span bridges with extremely low frequencies (around 1 Hz and lower).
They additionally present relationships between attainable coefficient of variation (COV) and
data record length, and signal to noise ratio (SNR), which is dependent on the sensor positioning
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and sensor sensitivity. The presented relationships were derived from Bayesian identification
methods.
Several authors investigated damping estimation with SSI methods [38, 140, 178]. They
discovered that damping estimates are dependent on the selected algorithm parameters and
that they are especially sensitive to the selection of i (the number of half the block rows).
Therefore, i needs to be selected in an optimal range [182]. Furthermore, Pridham and Wilson
(2005) [178] illustrate that the variability in damping estimates decreases as the modal rootmean-square (RMS) accelerations increase. The modal RMS is a measure for the amplitude of
the response. Magalhães et al. (2010) [140] and Cheynet et al. (2017) [38] compare damping
estimation from the FDD and SSI methods. Generally, they found out that, the bias is smaller
for the SSI method, and that the achieved accuracy is strongly dependent on the length of the
data record.

2.1.7

Automation of modal analysis

With the increasing popularity of continuous structural health monitoring projects, where, e.g.,
acceleration sensors are positioned on structures for several months or years, a large amount of
vibration data from the same set-up is generated, which needs to be evaluated in an efficient
way. The previously described identification methods still require a relatively large amount of
interaction by modal analysis specialists. To overcome this time-consuming process, recent research focuses on the automation of system identification and especially modal analysis methods.
Herein, a short summary of the developments from the last two decades is provided.

Automation of modal analysis for parametric system identification methods
Pappa et al. (1998) [167] proposed an automated modal identification for the eigensystem
realization method (ERA), based on a consistent-mode indicator, which is a parameter inherent
to the ERA method. A few years later, Verboven et al. (2002) [232] introduced an automation
for the modal analysis of systems identified with the pLSCF method. A stabilization diagram
is generated and the spurious modes are cleared out from the stabilization diagram via mode
validation criteria, to generate a clearer stabilization diagram, from which the physical poles can
more easily be derived. They proposed several validation criteria, which were based on mode
shape complexity (e.g., modal phase collinearity) and pole-zero pairs. In a second step, they
applied a fuzzy clustering algorithm to separate the remaining poles, respectively modes into
physical and computational modes. Clustering techniques are a common technique to group
similar modes into mode groups. Optimally, each mode group should include modes belonging
to a single physical mode at different model orders. Most subsequent works rely on a similar
strategy as the one proposed by Verboven et al. (2002) [232], i.e., with two main steps, firstly a
removal of certainly numerical modes from the stabilization diagram and secondly a grouping of
the remaining modes in the stabilization diagram to form mode groups for each physical mode.
The most important developments are summarised in what follows.
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Mode stabilization criteria

When analysing stabilization diagrams, the first topic is related to the identification of stable
modes in an automated way. Physical modes should be stable across multiple model orders,
whereas numerical modes tend to be unstable, i.e., they vary strongly for subsequent model
orders. A mode is stable if its modal characteristics (frequencies, damping ratios, and mode
shapes) remain similar for subsequent model orders. In most automation procedures, the identified modes at a model order n are therefore compared to the closest mode at model order n − 1.
If the characteristics of the mode are similar (measured based on some distance quantity, e.g.,
relative distance in frequency), the mode is classified as stable.
In the literature, different formulations of stabilization criteria can be found. Pridham et
al. (2005) [178] consider the difference in frequency and in damping ratio as criteria and define
fixed thresholds for both (e.g., difference in frequency below 1% and difference in damping below
5%). Auweraer and Peeters (2004) [228] and Peeters et al. (2005) [171] present the application
of stabilization criteria for the PolyMAX algorithm. They implement fixed thresholds on the
relative differences for eigenvalues, frequencies, and damping ratios. Andersen et al. (2007)
[4] add the difference in MAC-value (cf. Equation (2.12)) to the stabilization criteria and
numerically check for alignment of the modes within the stabilization diagram. Reynders et
al. (2012) [187] combine the difference in eigenvalue, frequency, damping ratio and MAC-value.
Instead of fixing static threshold values, they suggest the combination of these stabilization
criteria with additional validation criteria (cf. following section) in a feature vector and apply
a k-means clustering technique to separate possibly physical modes from certainly spurious
modes. Thereby, no fixed thresholds need to be defined. They additionally propose the difference
in modal transfer norm as a stabilization criterion. The modal transfer norm (MTN) was
introduced by Reynders and De Roeck (2008) [186] and is briefly explained in the following
section.
Ubertini et al. (2012) [226] extended the stabilization diagram to not only include modes
from different model orders, but additionally modes stemming from different settings of the
algorithm parameter i (half the number of block rows in the SSI algorithm). Identical modes
are identified from the set, based on their difference in terms of frequency, damping, and MACvalue with fixed thresholds. A mode is termed stable if it is similar to a relatively large number of
other modes. A different approach was followed by Schwochow and Jelicic (2015) [202], where a
pole-weighted MAC-matrix was introduced and implemented to separate physical from spurious
modes for data-driven SSI. Neu et al. (2017) [154] utilise a k-means clustering approach without
static thresholds on the stabilization criteria. They consider a stabilization feature vector with
the following components: difference in eigenvalue, difference in frequency, difference in damping,
MAC, and difference in mean phase deviation. The mean phase deviation is further explained
in Section 3.2. However, Neu et al. (2017) [154] do not add any additional validation criterion
to the feature vector.
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Further validation criteria for the elimination of numerical modes
In addition to the stabilization criteria, several other criteria can be defined, which do not
relate to the relative distance among modes at different model orders, to further clarify the
stabilization diagram. These criteria can therefore be referred to as single mode validation
criteria. Two common criteria are related to the damping ratios. First, damping ratios should
always be positive and second, the damping ratios should be in a physically reasonable range.
For proportionally damped civil engineering structures the upper bound of damping ratios can be
selected somewhere between 10 and 20%. The first criterion is especially effective in conjunction
with the pLSCF identification method, where numerical modes tend to have negative damping
ratios. Furthermore, it is common to check that the modes appear in complex conjugate pairs.
Modes that do not have a complex conjugate are certainly numerical modes.
An additional single mode validation criterion, the modal transfer norm (MTN), was introduced by Reynders and De Roeck (2008) [186]. The MTN provides a measure of the error for a
single mode, which is made when that mode information is removed from the full system model.
If only the modes with the highest MTN are retained in a stabilization diagram, the resulting
stabilization diagram is significantly clearer. Therefore, ensuring a high modal transfer norm
can be adopted as an additional clearing feature.
Additional features considered by several authors [28, 29, 187] are related to the mode shape
complexity. These criteria are founded on the assumption that if a structure is proportionally
damped, the mode shape components form a straight line in the complex plane. Exceptions
to this assumption are double modes, which can occur in double symmetric structures [187].
Reynders et al. (2012) [187] propose the implementation of the modal phase collinearity and
the mean phase deviation as quantifications of the mode shape complexity. They add these
two criteria to the feature vector, which additionally includes the modal transfer norm and the
previously mentioned stabilization criteria (difference in eigenvalue, frequency, damping ratio,
MAC, and MTN) and perform a k-means clustering on the entire vector to identify certainly
spurious modes, which are not stable and have high complexity. Since no fixed thresholds are
set, the criteria in the feature vector are referred to as soft validation criteria. Cabboi et al.
(2016) [29] implement mode shape complexity as a mode validation criterion, as well, however,
with a set-up dependent fixed threshold on the modal phase collinearity and the mean phase
deviation.
Neu et al. (2017) [154], on the other hand, refrain from utilising a fixed upper threshold on
the damping ratio and from implementing mode shape complexity as a mode validation criterion.
They argue that for some structures complex mode shapes and modes with high damping ratios
might be naturally present (e.g., structures subjected to large wind excitations or aero-elastic
applications). Furthermore, weakly excited modes (e.g., due to a low SNR), although physical,
might be involuntarily eliminated from the data set if features such as the MTN are implemented.
Furthermore, they discuss that a combined feature vector (with single mode validation and
stabilization criteria) might not be optimal, especially due to the strongly dissimilar statistical
distributions of these criteria. Therefore, they propose a novel feature vector including solely
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the distance in eigenvalue, frequency, damping ratio, and in mean phase deviation, and, the
MAC-value, which is then subjected to k-means clustering to separate physical from numerical
modes.

Automated extraction of physical modes from the cleared stabilization diagram
After the clearing of the stabilization diagram from most numerical modes, an automated mode
grouping can be applied to the remaining modes in the stabilization diagram. This automated
grouping is commonly achieved with a hierarchical clustering algorithm. Generally, the clustering
algorithm initiates with each mode in its own mode group. Then, similar modes are grouped
together gradually. The goal of the clustering is not only the grouping of physical modes into
mode groups pertaining to the same physical mode, but also the mode grouping of the remaining
numerical modes. As the physical modes are stable across a wide range of model orders, these
form clusters with a high number of elements, whereas the remaining numerical modes are not
stable and form clusters with a low number of elements. In a second processing step, this feature
can then be utilised to separate physical mode clusters from numerical ones.
As input to the clustering algorithm, a similarity measure, which quantifies the closeness of
two modes, needs to be defined. This similarity measure needs to be re-computed once a cluster
includes more than a single mode, and a maximum threshold for the similarity measure needs to
be defined. If the similarity measure between two modes, or between a mode and a mode cluster
is larger than the threshold value the mode is not added to the cluster, as it is too dissimilar
(i.e., it is not the same mode). Commonly, the similarity measure is defined as a combination
of the distance in frequency and the MAC-value [29, 139, 226], or the distance in eigenvalue
and the MAC-value [154, 187]. To re-evaluate the distance measure between clusters once a
cluster includes more than a single mode, either a single linkage (shortest distance between
single elements of each cluster) [139], or an average linkage (average distance, considering all
elements of each cluster) [29, 187, 226] approach can be implemented. Neu et al. (2017) [154]
studied the effect of both techniques and concluded that the average linkage outperforms the
single linkage technique in successfully grouping similar modes. For the maximum threshold of
the similarity measure, some authors propose a fixed threshold around 0.02 or 0.04 [139, 226],
whereas others propose a numerical derivation of a threshold value. The numerical derivation
is either based on the sample mean and sample standard deviation of the remaining possibly
physical modes [187], or on the square root of the median absolute deviation within clusters
[29], or on the 95th percentile of the distribution of the possibly physical modes [154]. After
the completion of the hierarchical clustering, Neu et al. (2017) [154] additionally propose the
elimination of all but one mode from each model order within each cluster (retaining the mode
which is closest to the cluster centre).
A different approach is followed by Scionti et al. (2005) [203]. They applied a fuzzy Cmeans clustering algorithm to the frequency versus damping stabilization diagram. In this
diagram, physical modes should be concentrated around a single dot, and the locations of these
concentrated dots can be found by the fuzzy clustering algorithm. This clustering type, however,
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relies on a good initialization. They selected the best member of each cluster (the one closest
to the identified cluster centroid) to represent the physical mode.
As mentioned previously, not all clusters obtained in the hierarchical clustering necessarily
correspond to a physical mode. The remaining noise modes are attributed to clusters, as well.
These need to be eliminated in a second processing step. Reynders et al. (2012) [187] suggest
a second k-means clustering step to separate clusters with a large number of elements from
clusters with a low number of elements without the necessity of defining a static threshold. Neu
et al. (2017) [154] define a 50% threshold based on the largest number of elements within a
cluster. All clusters with a number of elements below 50% of the number of elements from the
largest cluster are discarded. Devriendt et al. (2014) [48] propose a fuzzy clustering technique to
separate physical mode clusters from numerical mode clusters based on the standard deviation
in frequency, damping and MAC within each cluster, and the number of modes with a modal
phase collinearity value above 0.8 and with a mean phase deviation below 10°.
Some authors, additionally introduce an outlier removal step to discard extreme damping
and frequency values within the physical clusters [139, 154].

Selecting the final modes from the physical mode clusters
To select a representative mode from each cluster, several approaches are possible. First, the
average of frequency, and damping ratio, within each cluster can be calculated. The averaging
of mode shapes is, however, not possible. Therefore, another approach is to select mode at the
median of frequency or damping ratio. If mode shapes are of main interest, an inspection of the
MAC-matrix from all modes within the mode cluster can provide further insight. Ideally, the
MAC-matrix would correspond to a unity matrix (i.e., all modes are identical). Therefore, the
mode with the highest sum of the off-diagonal elements in the MAC-matrix can be selected as
the most representative mode shape from the mode group.

Automation of modal analysis for non-parametric system identification methods
The previously mentioned methods focus on the automation of modal parameter extraction from
a stabilization diagram. An automation for modal parameter extraction for non-parametric
methods was introduced by Brincker et al. (2007) [20]. It is based on a modal coherence factor,
which assumes that the mode shape vector at a noisy peak is uncorrelated to neighbouring points
and that thereby a distinction between physical and spurious peaks is possible. Furthermore,
the concept is based on a modal dominance parameter, which identifies regions in the spectrum,
which belong to the same mode via analysing the mode shape correlations with neighbouring
points. This analysis is conducted for the entire singular value spectrum, leading to a spectrum
with defined physical mode and noise mode regions. The final modes can then be selected from
the physical mode regions. Rainieri and Fabbrocino (2010) [181] extended this algorithm to avoid
the manual selection of thresholds for the modal coherence and modal dominance parameters,
based on statistical parameters related to the MAC-value at each frequency.
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Applications of experimental and operational modal analysis on timber
structures

This section presents some application examples of forced vibration (FVT) and ambient vibration
tests (AVT), and related experimental (EMA) and operational modal analysis (OMA) on timber
structures. The section is divided into three parts, according to the underlying structural system:
first tests on post-tensioned timber structures are presented, then tests on light-frame timber
buildings are described, and the third part focuses on massive timber buildings.
Vibration tests on post-tensioned timber buildings
Newcombe et al. (2010) [155] presented a series of tests conducted on a two-third scale, twostorey building with coupled post-tensioned timber walls in one direction and post-tensioned
(PT) timber frames in the opposite direction. They especially analysed the effect of adding a
thin concrete slab diaphragm, or a steel reinforcement to the frame, and concluded that the
diaphragm had only a small effect on the seismic behaviour and that the reinforcing steel bars
were only effective at large drifts.
Furthermore, on-site, dynamic FVT and AVT were conducted on the Nelson Marlborough
Institute of Technology Arts and Media building (NMIT), in New Zealand [88, 150, 246]. The
building implements coupled post-tensioned timber shear walls to carry horizontal loads. A
monitoring campaign was installed to gather ambient data from seismic and wind deformations
of the building. FVT were conducted at different construction stages and the influence of the
addition of non-structural elements and a concrete diaphragm were studied. An increase in
certain, but not all, modal frequencies was noticed after the addition of the concrete diaphragm.
Recently, shake table tests were conducted on a post-tensioned cross-laminated timber (CLT)
building in North America [72, 172]. The building has two storeys and implements a coupled
post-tensioned timber shear-wall. The rocking of the coupled shear walls could be observed
during the dynamic tests. These tests are part of a large research project investigating the
dynamic performance of post-tensioned timber buildings [1, 173].
Vibration tests on light-frame timber buildings
Light-frame timber buildings are a common building technique in North America and Japan
[58–62, 107, 133, 151, 198, 199]; and a large part of the building stock is located in areas of
moderate to high seismic activity. Therefore, a large number of experimental and operational
dynamic investigations were carried out to characterise their seismic performance.
First, a large amount of shake table tests was conducted on light-frame timber buildings.
The interested reader can refer to the following publications for further details: [58–62, 107, 133,
151, 198, 199].
During these shaking table tests, commonly studied effects were the effect of adding wall
finishing materials or the effect of seismic motion amplitude on the modal parameters. The
addition of wall finishing led to an improved seismic performance [60, 61]. Fischer et al. (2001)
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[62] observed a decrease in frequency for higher seismic amplitudes and additionally a significant
variation in damping over different amplitudes. Filiatrault et al. (2003) [58] investigated the
variation of equivalent viscous damping with building drift and found out that damping linearly
increases (due to early inelastic deformations of the wall finishing) and then stabilises at a fixed
value of 18%.
Additionally, forced vibration tests were conducted on a six-storey laboratory timber-frame
building [53]. The FVT were carried out at different construction stages to analyse the influence
of the addition of non-structural elements, such as the central staircase or a brick cladding on
the facade. The addition of non-structural elements was found to have a significant effect on
some of the structural modes, whereas for other modes the effect was small. In 2003, a large
investigation campaign on wood-frame buildings was conducted, involving FVT, AVT and shake
table tests on several building structures [30]. During the FVT, five houses were dynamically
excited, in-situ with a large shaker. AVT was carried out by analysing earthquake records from
several monitored buildings. Camelo (2003) [30] identified an amplitude dependency of modal
frequencies and damping ratios. A reduction in lateral stiffness was observed at stronger shaking
levels (i.e., a decrease in frequency with increasing amplitude). For modal damping ratios,
a strong amplitude dependency was observed with a significant increase at higher excitation
amplitudes. From the analysis of earthquake records (AVT), damping ratios above 10% critical
were identified. The damping ratios derived from the AVT were significantly larger than those
derived from identification of the lower-amplitude FVT.
Sutoyo (2009) [217] studied the hysteretic characteristics of wood frame structures under
seismic motion. A frequency decrease and damping increase were observed for higher motion
amplitudes. This might occur due to the non-linear behaviour of the structures under investigation, i.e., due to the non-linear effect of diaphragms, when submitted to multi-directional
ground motions. Sutoyo (2009) [217] concluded that the assumption of linear viscous damping
for light-frame timber buildings is not advisable.
The amplitude dependency of modal frequencies and damping ratios was additionally observed from FVT and AVT conducted on a 3-storey residential building in Switzerland, with
light-frame timber walls and a timber-concrete composite (TCC) slab [213, 214]. FVT were
carried out at two different construction stages with a large hydraulic actuator. Additionally,
a series of AVT were conducted. In this case, the AVT were measurements of the building’s
response under normal operational conditions, not subjected to any significant seismic motions,
i.e., the AVT had lower excitation amplitudes than the FVT. The researchers discovered that
the natural frequencies diminished with increasing displacement amplitudes, whereas the modal
damping ratios significantly increased with increasing displacement amplitudes. Therefore, the
low-amplitude AVT delivered an upper bound for the natural frequencies and significantly underestimated the actual damping ratios (up to 100% difference between damping from AVT
and FVT). The measured natural frequency was significantly higher than the one estimated by
the building designer, most certainly due to the effect of non-structural internal walls on the
building’s stiffness.
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Vibration tests on massive timber buildings
The invention of cross-laminated timber (CLT) elements opened up the possibility of so-called
“massive” timber constructions with timber walls ensuring the horizontal stiffness of the building. Dynamic investigations on the seismic performance of CLT buildings were conducted as
part of the SOFIE project [36]. A seven-storey CLT building was tested on a shaking table,
highlighting this construction type’s high stiffness, self-centring capability and ductile behaviour.
The amplitude-dependency of the modal parameters, however, was not studied.
Furthermore, AVT were carried out on multi-storey CLT buildings [191, 192]. Six to seven
storey buildings with CLT cores were investigated. Due to the lightweight structure, timber
“massive” buildings are susceptible to significant vibration response due to wind excitation and
the serviceability criteria are often the governing design criteria (e.g., to avoid discomfort to
the building occupants due to large vibrations). Reynolds et al. (2014, 2015) [191, 192] found
out that the lateral stiffness of the investigated CLT buildings is governed by the connection
behaviour of the between-panel joints for high amplitude excitations, whereas for low-amplitude
excitations the stiffness is governed by the friction between elements. The effect of non-structural
elements was studied via measurements at two different construction stages. The concrete floor
screed had a substantial effect on the modal properties, due to its added mass. Especially the
damping ratios were strongly affected by the addition of the non-structural elements. Furthermore, a significant amplitude-dependency of the damping ratios was observed, along with an
overall large variability in damping ratio estimates.
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2.2

Model updating

Model updating can be implemented to infer additional information from the experimentally
derived modal parameters. If an analytical or numerical model of the structure under investigation is available, the derived modal parameters can not only be implemented to verify and
validate the models, but also to improve the model’s accuracy by updating the model input
parameters. Herein, a possible model updating technique is briefly presented, followed by an
application example in Chapter 4. A Bayesian model updating technique is selected, where
an initial assumption of the uncertainties on the model parameters is updated based on the
information provided by the experimental data. Thereby, the model updating provides not
only information on the updated model input parameters, but also provides knowledge of their
uncertainty through the added information from the experimental results.
Bayesian model updating is a popular technique for the updating of large finite element
models, featuring several unknown model parameters [5, 13, 164, 204]. As material properties
tend to vary significantly for timber structures, the modelling of timber structures is particularly
suited for the application of Bayesian model updating. For a comprehensive description of the
technique, the reader can for example refer to Simoen et al. (2016) [204]. In short, the prior
distributions of the model input parameters θi are updated implementing Bayes’ theorem. The
resulting posterior distribution of the model parameters presents optimally reduced uncertainties
and indicates possibly shifted mean values due to the added experimental information.
The Bayes’ theorem of conditional probability states the following:
p(θ|d̄, M ) =

p(d̄|θ, M )p(θ|M )
,
p(d̄|M )

(2.38)

where θ is the vector of model input parameters, M stands for the selected model description and
d̄ stands for the experimental data. Then, p(θ|d̄, M ) is the posterior distribution of θ, p(θ|M ) is
the prior distribution of θ, p(d̄|θ, M ) is called the likelihood of observing d̄ when the model M is
parametrised by θ, and p(d̄|M ) is named the evidence of the model M . An analytical derivation
of the posterior distributions is generally not possible; therefore, the posterior distributions are
sampled with advanced Monte Carlo sampling techniques.

2.3
2.3.1

Optimal sensor placement (OSP)
Introduction

When designing a modal vibration test set-up, the positioning of the response measurement
sensors is a key task. The positioning of a limited number of sensors should deliver as much
information regarding the dynamic behaviour of the structure as possible. Therefore, the tradeoff between maximal information on the structure and the costs for the experimental set-up
(number of sensors and acquisition channels) should be carefully evaluated. A large variety of
methods have been developed, which aim at determining an optimal sensor configuration based
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on an a priori numerical model of the structure or, if available, based on results from dynamic
tests.
In Leyder et al. (2016, 2018) [119, 127] several optimal sensor placement (OSP) methods
were presented and applied to a PT frame case study. Herein, the three selected methods are
shortly reviewed for the sake of completeness.
The focus herein is on the modal kinetic energy method (MKE) [196], the effective independence method (EFI) [100] and the information entropy index method (IEI) [161]. For an
overview on other OSP methods, the interested reader can refer to the following publications:
Yi and Li (2012) [248], Li (2011) [131], Meo and Zumpano (2005) [147], Glassburn and Smith
(1994) [76].
In the following sections, the three selected OSP methods and the two OSP metrics to
evaluate the quality of the derived optimal sensor set-ups are presented. A set-up is referred to
as optimal if the sensor configuration provides the maximum possible information on the target
modes (either highest SNR, or mode shape resolution, or further user-specified requirements for
the dynamic results) with a given number of sensors. Indeed, the required information may be
specified differently depending on the application at hand and the focus of the planned modal
vibration tests.

2.3.2

OSP methods

In the following paragraphs, the fundamental background of the MKE, EFI, and IEI method
are shortly described. A linear dynamic system, as described by Equations (2.1) and (2.2) is
assumed.
Modal Kinetic Energy method (MKE)
The Modal Kinetic Energy (MKE) method aims at positioning the sensors in locations where
the kinetic energy is maximal, and where hence a high SNR can be obtained [100, 165, 196].
The sensor positions are ranked according to their kinetic energy contribution and the positions
/ DOFs with the highest contribution are selected as optimal positions.
The kinetic energy is calculated as follows:
MKEij = (LΦ)ij

n
X

Mis (LΦ)sj .

(2.39)

s=1

The index i corresponds to the DOFs, the index j to a specific mode and n denotes the total
number of DOFs (n = Nd , with nNd the number of model DOFs). The matrix L is a No × Nd
selection matrix, comprising only ones and zeros and mapping the model DOFs (Nd ) to the
measured DOFs (No ). Nd and No equal the number of model and measured DOFs, respectively.
For the full configuration, where every DOF is measured, the matrix L corresponds to an Nd ×Nd
identity matrix. If a configuration with No sensors is considered, the matrix L corresponds to the
identity matrix, with the Nd − No non-monitored rows set to zero. In the first calculation step,
the matrix L corresponds to the identity matrix (assumption that all DOFs are monitored), and
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then in the second step the L matrix is reformulated to retain only the DOFs with the highest
kinetic energy. The number of retained DOFs is equal to the number of available (uni-axial)
sensors. Equation (2.39) is formulated in terms of the selection matrix L for consistency with
the other OSP methods. An MKEij value is calculated for every DOF i in the model, and
multiple target modes are considered by adding up the kinetic energy at every DOF:
MKEi =

m
X

MKEij ,

(2.40)

j=1

where m is the total number of target modes. The DOFs are ranked according to their MKE
value and the DOFs with the highest values are retained as the optimal sensor configuration.
Effective Independence method (EFI)
The Effective Independence method (EFI) relies on the maximization of the linear independence
between the target mode shapes [100]. Further works, as reported in Kammer and Yao (1994)
[104] and Kammer (1996) [101], indicate that this method indeed enhances the observability of
the system and therefore allows for optimal identification in combination with system realization
methods. Furthermore, a modification of the method was proposed to consider the placement of
tri-axial sensors, instead of uni-axial sensors, taking into account the interaction between DOFs
at the same location [103]. The original algorithm of the method was a backward placement
algorithm, which assumes that every DOF is equipped with a sensor at the first iteration step.
Generally, the effective independence contribution of every DOF is analysed and the DOFs are
ranked according to their contribution. The DOFs with the lowest contribution are then iteratively removed. After every removal, the effective independence is recalculated. In Kammer
(2005) [102], a modification of the method was proposed, implementing a forward placement
algorithm instead of the previously employed backward placement approach to reduce computational costs. The forward placement algorithm initiates with a single sensor in the set and then
iteratively expands the set-up up to the final number of sensor positions. The paper by Heo et
al. (1997) [86] documents a variation of the traditional EFI-method based on the kinetic energy
matrix, called the energy optimization technique (EOT). The link between the traditional EFI
method to the MKE method is analysed in Li et al. (2007) [129]. They demonstrate that, the
first iteration step of the EFI is identical to the MKE, during the following iteration steps of
the EFI however, the mode shapes are re-orthonormalised, leading to different results.
For uni-axial sensors, the effective independence coefficient is calculated based on the eigenvalue decomposition of the Fisher Information Matrix (FIM) Q), which is in this case defined
as:
Q (L) = (LΦ)T (LΦ) ,

(2.41)

where L is the selection matrix, mapping the model DOFs to the measured DOFs. The eigenvalue equation to be solved is:
[Q(L) − λI]Ψ = 0,

(2.42)
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where λ and Ψ, are the eigenvalues and eigenvectors of Q, respectively, and I is the identity
matrix. The vector of the EFI coefficients for each DOF i is formulated as follows:
EFIi = [LΦΨ] ◦ [LΦΨ](Λ)−1 ,

(2.43)

where ◦ is the Hadamard product (element-wise multiplication). At first a full configuration is
assumed, where every DOF is monitored and L corresponds to the identity matrix (backward
placement algorithm). For uni-axial sensors, the sensors (DOFs) are ranked according to their
contribution to the effective independence (EFI coefficient) and the sensor with the lowest coefficient is removed from the set, by setting the corresponding row in the selection matrix L
to zero. For the following iterations, the FIM and the EFI coefficients are recalculated for the
remaining sensors after each deletion (Equations (2.41)-(2.43)). The sensors are sequentially
removed (by setting the corresponding rows in the L-matrix to zero) until the remaining set of
sensors corresponds to the final number of sensors to be implemented for the modal test set-up.
Information entropy index method (IEI)
A different approach to the OSP problem was proposed by Papadimitriou (2004) [161]. The
method adopts the information entropy index (IEI) as an evaluation metric and it can be implemented via either a forward or backward sequential placement algorithm. In these algorithms,
configurations with one sensor less (or one sensor more) are compared in terms of their information entropy. The configuration that minimises the information entropy is retained and
implemented to derive the configurations for the next iteration step. As the information entropy
is a measure of the uncertainty in the system parameters, this method can be implemented to
provide optimal sensor sets for parametric identification of structural systems. The EFI method
and the IEI method both rely on the FIM. Indeed, the FIM is an indicator of the information
incorporated in the system.
A minimal information entropy corresponds to a minimal uncertainty in the system parameters; hence, the idea is to find a sensor set that minimises the information entropy [161]. The
information entropy (IE) of a sensor configuration L is defined as follows:
1
1
IE (L, θ0 ) = Nθ ln(2π) − ln [det Q (L, θ0 )] ,
2
2

(2.44)

where θ0 is the optimal value of the parameter set θ and Nθ is the number of parameters.
Q (L, θ0 ) is the Nθ × Nθ FIM. For modal identification, the parameter set is defined as θ = ξ,
where ξ is the modal coordinate vector and the FIM can be evaluated according to Equation
(2.41).
The information entropy index is a normalised version of the information entropy, defined
as follows:
s
det Q (Lref , θ0 )
,
(2.45)
IEI(L, θ0 ) =
det Q (L, θ0 )
where Lref is a reference configuration. For the backward sequential placement algorithm
(BSSP), the full configuration is assumed as a reference (Lref with n DOFs monitored), and
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then all configurations with one sensor less (n − 1 sensors) are compared to the original full
configuration. The configuration with the lowest information entropy is retained to derive the
configurations with n − 2 sensors for the next iteration step. The iteration is continued until the
number of sensors remaining in the set equals the final number of sensors to be deployed for the
test set-up. The above procedure can be implemented for uni-axial, and for multi-axial sensors.
Information Entropy Index method (IEI) with prediction error correlation (CORPE)
One main issue with the above-mentioned methods (MKE, EFI, IEI) is the occurrence of closely
spaced sensor positions, if implemented on a densely meshed finite element model, as for example
demonstrated in Leyder et al. (2015) [121].
Papadimitriou and Lombaert (2012) [163] proposed an enhanced version of the IEI method,
taking the correlation of model errors between neighbouring DOFs into account, and thereby
alleviating the issue of sensor clustering in regions of significant modal contribution. A nondiagonal covariance matrix Σ is introduced, whose elements can be derived from a problem
dependent correlation model. A possible correlation model is the correlation based on the
physical distance between two candidate sensor positions:
Σij =

p
Σii Σjj exp(−δij /λcor ),

(2.46)

where δij is the spatial distance between the DOFs i and j, and λcor is a measure of the spatial
correlation length. Σij are the i, j elements of the matrix Σ. λcor is dependent on the expected
measurement and model error, and the characteristic wavelength of the contributing modes.
The introduced prediction error correlation can now be considered when calculating the FIM
Q (L, Σ):
Q (L, Σ) = (LΦ)T LΣLT

−1

(LΦ) .

(2.47)

The computation of the information entropy and the information entropy index remain identical
to the previous description except for the modified FIM matrix. Papadimitriou and Lombaert
(2012) [163] demonstrate that the introduction of the prediction error correlation matrix eliminates the issue of closely spaced sensor positions and hence tackles one of the fundamental issues
of commonly adopted OSP methods.
Effective Independence method (EFI) with prediction error correlation (COR-PE)
As the introduction of the prediction error correlation factor into the IEI method is able to tackle
the issue of sensor clustering, the question arises if this factor could be introduced into other OSP
methods, such as the EFI method. However, there is a fundamental difference between the BSSP
algorithm of the IEI method and the iteration steps performed in the EFI method. The BSSP
algorithm implemented with the IEI method compares different configurations with one sensor
less and subsequently retains the best configuration among the candidate configurations. The
procedure is based on a metric that compares the quality of different configurations. The EFI
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method, on the other hand, compares single DOF positions and removes the position with the
lowest contribution to the effective independence. Therefore, the prediction error correlation in
form of the Σ matrix cannot simply be introduced into the FIM calculation for the EFI method.
This would result in a mere scaling of the EFI factors without alleviating the issue of closely
spaced sensors.
Multi-axial sensors
The previous explanations focused on OSP methods for uni-axial sensors. Vibration test set-ups
commonly implement multi-axial sensors. This should be considered during the OSP procedure
to avoid sub-optimal set-ups. In the MKE method, multi-axial sensors could be considered
by comparing for example the sum of the modal kinetic energy of collocated DOF, instead of
comparing the modal kinetic energy of single DOFs. For the EFI method, a modification to the
original algorithm to incorporate multi-axial sensors was introduced by Kammer (2005) [102].
For the IEI method, e.g., tri-axial sensors can be considered by simply comparing configurations
where the three DOFs corresponding to one tri-axial sensor position are removed - backward
placement (or added - forward placement), instead of removing (or adding) a single DOF from
the configuration [161].
Optimality of OSP algorithms
The iterative algorithms of the EFI and the IEI method might not lead to the optimal solution,
as they might end up in a local minimum, instead of the aimed-for global minimum. One
solution to this issue would be to consider all possible configurations and to define a metric to
assess the quality of each configuration. Often however, the optimization is performed based
on a finite element model with a large number of DOFs, where the computation of all possible
configurations is too time-consuming. Genetic algorithms present a possible alternative to this
time-consuming approach and have been implemented in the OSP domain by several authors
[79, 195, 245, 247]. Nonetheless, the herein presented methods are commonly employed with
the justification that the derived configurations are good approximations of the true optimal
solution [161]. However, the resulting configurations should be interpreted with caution, due to
the possible sub-optimality.

2.3.3

OSP metrics

The above-mentioned methods rely each on a distinct metric, which is minimised / maximised
during the optimization process. In addition to these three metrics, a manifold of further metrics
have been implemented in OSP problems. In this context, Carne and Dohrmann (1995) [32]
established the MAC-matrix between the modes of the full model and the modes of the reduced
model as a metric. They tried to minimise the off-diagonal elements of the MAC-matrix, thereby
assuring the distinguishability of the target modes.
Meo and Zumpano (2005) [147], on the other hand, adopt the square error between interpolated mode shapes from the reduced model and the mode shapes of the full model for comparing
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the configurations obtained via different OSP methods. Furthermore, several metrics are based
on the maximization of the FIM, since the FIM relates to the information content of the measured response. Generally, the implementations either maximise the FIMs determinant, its trace
or its minimum singular value [248]. Yi and Li (2012) [248] present several other metrics to evaluate sensor configurations, such as the singular value decomposition ratio of the mode shape
matrix [69], a probability based damage detection criterion [63], a mean square error of the kriging response prediction [162], a criterion based on mutual information between sensor locations
[10, 225] and a representative least squares criterion, which is based on the estimation of modal
coordinates [130]. Another criterion, mentioned by several authors, is the visual representation
of mode shapes [130, 174].
Herein, two OSP metrics are investigated to assess the derived sensor configurations.
The first metric is the information entropy index, which was already presented along with
the information entropy index method (cf. Equation (2.45)). The IEI metric can additionally be
implemented to compare configurations derived from other optimal sensor placement methods.
The second metric relies on the MAC-value between the mode shapes derived from the
reduced set-up and the full mode shapes (e.g., from the numerical model with all DOFs) [147].
For details on the MAC-value, refer to Equation (2.12).
To evaluate a specific sensor configuration, it is assumed that the mode shape is perfectly
measured in each sensor location (in No positions) and that the mode shape components in the
unmeasured DOFs (Nd -No positions) have to be estimated, i.e., based on interpolation between
the known components. Then, the MAC-value between the full model mode shape (Nd elements)
and the interpolated mode shape (No elements measured and Nd -No elements interpolated) can
be evaluated. The MAC-value is an indicator for the ability of the selected sensor configuration
to provide information on the structural modes.

2.3.4

Implementation of OSP on timber structures

Only a limited number of works deal with the application of OSP methods on timber structures.
Castro-Triguero et al. (2014) [33] applied an adapted OSP method to a timber beam, accounting
for the uncertainty in the microstructure of the material. To deal with the arising elevated
computational cost, an approximation to the output of the model with a Bayesian emulator was
implemented. Omenzetter et al. (2011) [159] implemented a variation of the EFI method, namely
the EFI-DPR method, to a three-storey timber building in New Zealand (NMIT building), which
was subjected to a long-term monitoring campaign.

2.4

Life cycle performance assessment

Life cycle performance assessment is a part of Structural Health Monitoring (SHM) and can be
implemented to support the assurance of structural safety of a structure for its entire life span.
SHM can be utilised to verify design assumptions and to complement periodic inspection work.
SHM can be implemented for any type of structural system and material. Herein, the focus is on
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the implementation for timber and timber-hybrid structures. As timber is a natural material, its
mechanical properties are time-dependent and they vary with changing climate conditions. By
means of SHM, these time-dependent effects can be studied and their impact on the structural
performance of the structure can be quantified. The following section is divided into three parts,
the first focuses on the time-dependent material behaviour of timber, the second presents several
databased modelling techniques within the SHM context, and the third illustrates some existing
applications of SHM on timber structures.

2.4.1

Time-dependent behaviour of timber and timber-hybrid structures

In general, timber is a long-lasting material if the climate conditions are stable and moderate.
Several examples of long-lasting timber structures demonstrate this fact, such as for example
the Horyu-ji temple in Japan, completed in the year 607 [249]. Nonetheless, timber is vulnerable
to severe climate conditions, such as rapidly changing relative humidity, or strong UV-exposure.
Timber is a hygroscopic material, which absorbs water molecules from the environment up
to the fibre saturation point [156]. It reacts to changes in relative humidity with shrinkage
and swelling, which lead to reduced or expanded dimensions of the material. Additionally, the
material properties of timber are visco-elastic, even if the climate conditions are constant. This
phenomenon is known as pure creep. If timber is subjected to a constant load, the deformations
increase with time. The creep deformation is characterised with the creep factor ϕ. The creep
factor is dependent on the relative humidity conditions. It increases with increasing relative
humidity [156]. Moreover, if timber is subjected to relative humidity cycles, the pure creep is
superposed with shrinkage and swelling effects, leading to a decreased or increased creep factor.
This phenomenon is known as mechano-sorptive creep. If timber is subjected to a constant
deformation, the corresponding stresses decrease with time. This phenomenon is known as
stress-relaxation. For timber, stress-relaxation and creep are in the same order of magnitude.
The above-mentioned phenomena are additionally known as the rheological properties of timber.
Reinforced concrete, as well, exhibits shrinkage behaviour shortly after its initial casting.
Post-tension cables react with stress-relaxation and a significant thermal expansion due to temperature changes. For these reasons, timber-hybrid structures manifest a complex combination
of rheological phenomena. Therefore, predicting the life cycle performance of timber and timberhybrid structures is a challenging task.
During the design process of timber structures, the expected environmental conditions over
the structure’s entire life cycle should be carefully considered. Therefore, three service classes,
corresponding to different climates are distinguished. These are defined according to SIA265
[220] as follows: service class 1 corresponds to an indoor climate, where the elements are protected from weathering (average moisture content (MC) of 12%). Service class 2 incorporates
timber structures that are partly exposed to weathering (average MC between 12 and 20%) and
service class 3 stands for humid or underwater environmental conditions (average MC above
20%).
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Physical models that simulate the rheological behaviour of timber have been proposed by
many researchers. Important publications on the topic are for example: Clorius and Pedersen
(2003) [42], Häglund (2007) [81], Gereke (2009) [73], Fragiacomo et al. [66], Hassani et al.
2015 [84], Franke et al. (2016) [68]. They either propose advanced 3D rheological models,
which are sensitive enough to capture, e.g., the actual moisture content profile within the timber
element, or to account for plasticity phenomena affecting the creep response, or present extensive
experimental studies on the behaviour of timber under varying climate conditions. Herein, a
databased modelling technique is proposed, which, in contrast to the physics-based approach,
does not rely on detailed simulations of the complex physical processes and does not require an
extensive knowledge of the involved material properties.

2.4.2

Data-based modelling techniques of time-dependent structural behaviour

The motivation for the databased modelling approach stems from SHM. The idea of SHM is
to instrument a structure and observe the evolution of the structural behaviour with time.
Based on these observations databased models can be developed, which after an initial training
phase are able to predict physical quantities for the near future. The databased modelling
approach is fundamentally different from the physics-based modelling approach. The physicsbased modelling approach aims at a general formulation of physical phenomena valid for a
large number of applications. The databased modelling approach, on the other hand, is only
applicable to the specific application case, from which the training data set was taken. The
advantage of the databased modelling approach is that the model development does not require
a detailed knowledge of material properties, variability of material properties, etc. The databased
modelling approach is a black-box model, which only requires knowledge of the relevant system
input parameters and its output parameters (for input-output modelling), or only the system
output parameters (for output-only modelling). Those are ideally all measurable quantities (cf.
Figure 2.1 for an illustration of the basic system model).
Classical databased modelling techniques are ARX and ARMAX models. These model types
were already described in Section 2.1.4 on Page 15. ARX models have been implemented for a
large number of SHM applications (e.g., Harmanci et al. (2016) [82], Sohn et al. (2002) [208],
Peeters and De Roeck (2001) [169]). The ARX modelling technique delivers a model, which is
able to capture memory effects, i.e., the response at a certain instant in time depends on current
input values and past output values. This is a crucial feature, since timber structures strongly
react to changes in climate conditions with a certain delay (e.g., depending on the member size
[156]).
In addition to the ARX and ARMAX models, further model types have been implemented in
the SHM context. Deraemaeker et al. (2008) [47] propose a factor analysis to consider environmental effects, whereas Laory et al. 2011 [117] propose robust regression and moving principal
component analysis as modelling techniques. Spiridonakos et al. (2016) [210] implement a
combination of independent component analysis and polynomial chaos expansion.

2.4. Life cycle performance assessment

2.4.3

41

Life cycle performance assessment of timber structures

Subsequently, several applications of SHM projects on timber structures are described. The
first section presents SHM projects on timber bridges. Timber bridges are exposed to strongly
fluctuating climate conditions and therefore, their life cycle performance assessment is of major
concern. The second section presents monitoring projects on timber buildings.

Monitoring of timber bridges
A long-term monitoring campaign of four timber bridges was conducted in Switzerland [67].
The campaign focused on the investigation of the MC and corresponding dimensional changes.
The authors were able to confirm that the MC follows the cyclic relative humidity changes
with a delay and at a smaller amplitude. Furthermore, the changes in MC at different material
depths differ. The implemented monitoring system revealed an initial damage to one of the
bridges, which could be repaired prior to further damage. Koch et al. (2016) [109] present
another example of a MC monitoring set-up for weather-protected timber bridges. They present
preliminary results demonstrating that the MC of protected timber bridges is in an acceptable
range for ensuring a high durability of the structure.
Already in 1990, Ritter et al. (1990) [194] proposed a monitoring set-up for stress-laminated
timber bridges in the USA, monitoring not only MC, but also the rod forces and vertical creep
deformations. The project relied on manual periodic data acquisition. More recently, Beauregard (2012) [12] investigated vibration-based damage detection for timber bridges in Canada.
He tried to infer the health state of bridges based on a single set of measurements via a pattern recognition study among several bridges of similar construction type. Björngrim (2015)
[14] presents an extensive monitoring project on the Älvsbacka timber bridge in Sweden. Temperature, accelerations, displacements, MC, and cable forces were measured. He implements
principal component analysis to visualise groups among the monitored data quantities and to
study the interaction of the bridge’s dynamics with different climate conditions.

Monitoring of timber buildings
A recent study, by Gamper et al. (2012) [71], investigated 21 different buildings and halls in
timber, focusing on the effect of climate conditions on the moisture gradient in timber structures. Climate and MC measurements inside the timber members were conducted. The authors
identified a large range of climate conditions for the different buildings and illustrate that the
transition zones from indoor to outdoor climate are the most critical in terms of possible damage. Furthermore, a strong influence of direct sunlight was noticed. Moisture-induced stresses
were identified as critically high for severe changes in MC, e.g., due to a change of the operation type of the building. An investigation of the performance of CLT panels under extreme
climatic conditions (inside a swimming pool - possibly service class 3) was conducted by Jorge
et al. (2015) [95]. The authors were, however, able to demonstrate that the panels remained in

Chapter 2. Modal analysis and structural health monitoring: existing methods
42
and applications to timber-hybrid structures

service class 2 conditions, for which the implementation of CLT panels is certified. So far, their
implementation for service class 3 conditions is not yet certified.
Historical structures are a common application field for SHM investigations. Del Grosso et al.
(2004) [46] implemented fibre optical and conventional sensors inside the Villa Reale of Monza
in Italy. A special focus of the instrumentation was the structural performance assessment
of an 18 m long roof structure in timber. The monitoring system was implemented to assess
structural changes prior to and after a retrofitting operation. In Japan, the Goei-do (Founder’s
Hall), one of the largest timber structures in the world, was instrumented with accelerometers
[85]. The objective of the project was to monitor the changes in vibration characteristics due to
changing climate conditions. The seasonal dependency of the fundamental frequency was below
5%. On the other hand, a strong, however reversible, amplitude dependency of the fundamental
frequency was observed.
Moreover, innovative timber structures, with large spans, or a large number of storeys, or
novel structural systems were subjected to monitoring campaigns, as well. Lanata (2015) [116]
and Sorin et al. (2012) [209] present a monitoring project on a 3-storey timber structure with
wooden trusses and TCC slabs. The building presents a cantilevered span of 9 m. They observed
that the measured MC of the indoor members fulfils the requirements of service class 1, whereas
the outdoor members can be attributed to service class 2.
In Switzerland, the 80 m-spanning free-form timber-composite cupola of the elephant shelter at the Zoo in Zurich was instrumented with fibre optical strain sensors [82]. Output-only
principal component analysis and vector auto-regressive models were implemented to train a
databased model. In New Zealand, three post-tensioned timber buildings were instrumented
to investigate their long-term dynamic characteristics (NMIT building, Expan building and the
Trimble Navigation building) [205]. The monitoring set-ups involve acceleration measurements,
and measurements of the tendon forces. Due to the post-tensioning, the timber members reduce
in length, which has a subsequent effect on the level of the tendon force. For all three buildings,
post-tensioning losses were observed. The fundamental frequency, however, remained constant
despite the losses in post-tensioning force. The authors conclude that the post-tensioning losses
decrease the moment capacity of the joint, however, they increase the viscous damping of the
joint. This leads to an earlier activation of the implemented dampers.
In Canada, the structure of an 18-storey mass timber hybrid building was recently completed
(summer 2016) [56, 57]. A monitoring set-up was designed to determine the building’s damping
ratio, the MC inside the timber members and the floor-to-floor axial column shortening. Kaya et
al. (2017) [106] present data from ambient vibration tests conducted on one of the two concrete
cores of the 18-storey timber building.
Schmidt et al. (2017) [201] present a preliminary study within the framework of the SMARTCLT project. The project aims at establishing a holistic performance-monitoring protocol to
assess the performance of tall mass timber buildings, focusing on realizations with CLT.

Chapter 3

Proposed modal analysis and
structural health monitoring
frameworks
The following chapter is divided into three main sections. The first section discusses several
aspects of modal vibration testing. The second section proposes an automated modal analysis
framework to process large amounts of modal vibration test data. In the final section, a SHM
framework for the acquisition and evaluation of long-term monitoring data is presented.

3.1

Forced and ambient vibration testing

Modal vibration tests are a commonly employed tool to gain information on the dynamic properties of a structure. When faced with the design of a dynamic vibration test, the engineer has
to address two main design choices.
The first choice is related to the excitation of the structure, i.e., how to excite the structure
dynamically with sufficiently high force levels to capture accurate modal properties. In some
cases, the operational loads acting on the structure are already sufficient to dynamically excite
the structure (e.g., a train passing over a railway bridge, cars and trucks on a highway bridge,
or strong winds for exposed high-rise buildings). If this is the case, no additional excitation
of the structure is necessary, and so-called ambient vibration tests (AVT) in combination with
operational modal analysis (OMA) can be performed. In the absence of sufficiently strong
operational loads, or if the relation between the input force and the dynamic response is of
interest (e.g., interest in exact scaling of mode shapes through a driving point measurement),
then an artificial (“exogenous”) excitation should be designed. These tests are referred to as
forced vibration tests (FVT), or experimental modal analysis (EMA).
The second choice is related to the measurement of the dynamic response, i.e., which type
of sensors should be implemented and in which locations should these sensors be positioned, to
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allow for an accurate modal identification and a precise reconstruction of mode shapes. In the
following paragraphs, further considerations related to dynamic testing are described in detail.

3.1.1

Inverse problem formulation

In dynamic testing, a so-called “inverse” approach is followed. The “forward” approach is the
usual approach followed by a design engineer. In the design process of a new structure, the
engineer makes assumptions on the loads and then applies an analytical or numerical structural
model to design the structure to resist the design loads and to stay below the design deformation
or acceleration thresholds. In the “inverse” approach, the structure is given and a known (or
unknown in the case of OMA) excitation is applied to the structure. The structure’s response
(accelerations, velocities or deformations) is measured (together with the excitation in the case
of EMA) and a structural model is build based on the measurements. As this procedure derives
the structural models from measurements, whereas the “forward” approach starts from the
structural model, the latter one is referred to as the “inverse” approach. Figure 3.1 illustrates
the herein followed “inverse” approach. From a comparison between the model inferred in the
“inverse” approach and the structural model employed in the “forward” approach, discrepancies
between assumptions on the structural behaviour, material properties, design loads etc. and the
actual structural parameters can be identified.

Actual Structure
Dynamic
response
(measured)
Excitation
(ambient or forced)

Structural
model

System identification &
modal analysis

Matrices M, Cv, K
Parameters ωi, ζi, φi
Fig. 3.1: “Inverse” approach

3.1.2

Dynamic excitation

Herein, three types of commonly employed dynamic excitation techniques are described. The
first two (impulse and swept-sine) are implemented for forced vibration tests (FVT), combined
with EMA and the third one is based on ambient vibration measurements in an OMA context.
The positioning of the excitation is not discussed herein, since it is set-up specific.
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Impulse excitation
During impulse excitation, the structure is subjected to an impact excitation generated by an
impulse load (e.g., a single hit with a hammer). The free decay response of the structure is
measured. From the free decay signal, the modal properties of the structure can be inferred.
The applied force level can for example be measured via an integrated load cell in the impact
hammer. Depending on the hit location, the impulse excitation can excite the structure’s modal
properties in a broad frequency range. To ensure an excitation of all modes of interest, the
location of the hammer hit is commonly varied. To obtain mode-scaling factors for absolute
mode shape scaling, a driving point measurement should be performed, where the position
of the hit should be collocated with a response measurement sensor. Figure 3.2 presents an
impact hammer signal in the time domain, and the fast Fourier transform (FFT) of the signal,
demonstrating the excitation of a broad frequency band with nearly constant energy over the
entire frequency band.
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Fig. 3.2: Impulse excitation (time and frequency domain representation)

In addition to the conventional impact hammer testing, an approximate impulse excitation can be generated through walking and jumping on the structure. This type of excitation
generates several consecutive impulses.
Swept-sine excitation
A second type of commonly employed dynamic excitation is a swept-sine excitation. Swept-sine
excitation is usually produced by an electro-mechanical or a hydraulic shaker. The shaker produces a sinusoidal signal with a pre-defined starting frequency; then the frequency is gradually
increased during the sweep to a pre-defined maximum frequency. With this method, a strong
excitation in a specific frequency band can be achieved. The response of the structure is strongly
amplified in the frequency regions close to resonance. Figure 3.3 illustrates a swept-sine excitation signal in the time and frequency domain. From the frequency domain representation, it is
visible that, in this case, the frequency band between 25 and 60 Hz is excited. The swept-sine
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excitation is applied in several positions on the structure, with different settings of the sweep
frequencies to ensure an excitation of all modes of interest.
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Fig. 3.3: Swept-sine excitation (time and frequency domain representation)

Ambient excitation
As previously described, ambient excitation is an excitation through loads that occur during
normal operation of a structure. This excitation technique is most common for bridge structures, where passing vehicles excite the structure, or for buildings where large wind or seismic
excitations are expected.
The application described in Chapter 4 is a four-storey building, situated in a zone with low
seismicity. Therefore, available ambient loadings are for example high wind loads (e.g., storms),
movements of a large number of people inside the building, or nearby roadworks. Despite the
limited availability of significant ambient excitation, AVT present several advantages compared
to FVT tests. Indeed, FVT tests on a completed building present several challenges, such as
limited space for the positioning of an excitation mechanism, time constraints to avoid disturbing
the building occupants and strongly limited excitation levels to avoid damage to non-structural
elements. With AVT this issues can be avoided. Since no active excitation of the structure is
necessary, AVT data can be gathered continuously over a long period. However, not all this data
will be meaningful, as in times of low occupancy, low winds, etc. the quality of the data will be
limited. Furthermore, the continuous data logging requires large amounts of data storage space.
Therefore, a trigger-based activation of the dynamic response measurement is often installed.
For the application described in Chapter 4, two trigger systems are implemented to activate
the acquisition of dynamic data. The first trigger is based on a wind velocity measurement
and is activated as soon as the wind velocity reaches a certain threshold (defined as a strong
wind breeze according to the Beaufort scale). The second trigger is based on an acceleration
measurement in a location with high sensitivity to vibrations. As soon as the acceleration in
that location exceeds a certain threshold, the dynamic acquisition system is activated.
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For the analysis of ambient vibration data, output-only system identification and operational
modal analysis (OMA), methods are applied, as the input to the structure is unknown. Most
OMA methods make an assumption on the statistical characteristics of the unmeasured input.
Often, it is assumed that the unknown input follows a zero-mean Gaussian distribution with
a finite variance (white noise). If the input deviates strongly from this assumption, i.e., if the
input includes specific harmonics, these are reflected in the structure’s response and it is not
possible to differentiate between input and output harmonics. The input harmonics appear
as a structural mode and thereby lead to biased identification results. Therefore, the ambient
excitation should be as close as possible to a white noise process.

3.1.3

Dynamic response measurement

Dynamic response measurement can be conducted with several dynamic sensor types, measuring
either acceleration, velocity, displacements or strains. For each physical quantity, a large variety
of sensors for different frequency ranges, amplitude sensitivity ranges and costs exists. The
choice of the optimal sensor type is set-up dependent (e.g., depending on the frequency range
of interest and the expected amplitude of response). The set-ups of the application in Chapter
4 implement acceleration, tilt and strain sensors to capture the response of different physical
quantities and to investigate the advantages and disadvantages of the different sensor types.
Acceleration and tilt sensors
To capture the dynamic response, a dense network of micro-electro mechanical (MEMs) tri-axial
acceleration and biaxial tilt sensors is installed. MEMs sensors function with a tiny springmass system made of silicon. In the presence of accelerations, the spring-mass system starts
to oscillate and thereby induces a measurable change in electric capacity. The implemented
MEMs sensors are low-cost sensors and present therefore a relatively high noise level. In total,
40 acceleration and 24 tilt sensors are implemented. The sensors are positioned in locations
where high response amplitudes are expected according to engineering judgement. Details on
the positioning can be found in Chapter 4. For the forced vibration tests with a relatively high
force level, it was assumed that the SNR is high enough to capture the modal properties of the
structure under investigation with sufficient accuracy. As the operational forces are significantly
lower than the forced vibration excitation, OMA with the herein implemented low-cost MEMs
sensors is a challenging task. Therefore, a single additional tri-axial high-sensitivity sensor
was installed for one year during the operation phase of the finalised structure. The highsensitivity sensor is a force balance accelerometer. The force balance accelerometer incorporates
a suspended mass, whose position is monitored. In the presence of accelerations, the mass moves
and its displacements are recorded by a position detector. Then, the mass is re-positioned to its
original position with a force generator. The current of the force generator is the measurement
output signal, as it is proportional to the initial acceleration. With the measurement from the
high-sensitivity sensor, the quality of the OMA results obtained with the MEMs sensors can be
compared to the results from the high-sensitivity sensor.
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During the FVT tests, the acceleration and tilt measurement were started manually (shortly
prior to the impulse or swept-sine excitation) and stopped (after removal of the excitation).
The acquisition of AVT data from the MEMs sensors is triggered. A 10 minute long data file
is saved each time the trigger is activated, at a sampling rate of 250 Hz. The high sensitivity
acceleration sensor, on the other hand, continuously acquires acceleration data in three directions
at a sampling frequency of 200 Hz.

Fibre optical strain sensors
To capture dynamic strains, a fibre optical measurement system with fibre Bragg grating (FBG)
sensors was investigated. The FBGs incorporate fibres on which a fibre Bragg grating is inscribed. The inscribed grating creates a reflector, which reflects particular wavelengths and
transmits others. The reflector’s wavelengths are sensitive to strain and temperature, therefore
strain and temperature can be measured by monitoring the shift in the reflected wavelengths.
The FBG sensors were mainly installed for a static monitoring of the strain evolution within
the structure. However, several dynamic acquisitions were performed with a sampling frequency
of 100 Hz to study the dynamic performance of the implemented strain sensor system.

3.2

System identification and modal analysis framework

In the following section, an automated evaluation procedure for dynamic vibration test data
is proposed. Figure 3.4 presents the three main steps of the evaluation process: first a signal
processing step, second the identification of linear time-invariant system models that reproduce
the data as accurately as possible and third the modal analysis step of the identified systems,
which delivers the modal characteristics (frequencies, damping ratios and mode shapes). This
procedure is generally applicable to any type of excitation and sensor. To tackle a large amount of
data, especially in view of a continuous SHM application, a main requirement is the automation
of the entire evaluation procedure.
The system identification and modal analysis are conducted with the software package
MACEC [190]. The automation of the modal analysis, however, is not included in the software. Three system identification methods are investigated, first a non-parametric method,
second the pLSCF method and third stochastic and combined deterministic-stochastic subspace
methods. It was decided to implement multiple identification methods for the following reasons:
first, to compare the results from different methods, and second to analyse the trade-off between
simplicity, and fast computation, on the one hand, and the reduced bias, variability and higher
computational effort, on the other hand. Furthermore, the method’s performance when applied
to relatively noisy data is of special interest.
The automation of the modal analysis step for the non-parametric method is developed as
an original part of the proposed evaluation framework, whereas the automation for the modal
analysis of the pLSCF and SSI-data is based on the automation procedure proposed by Reynders
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et al. (2012) [187]. The specific implementation, with special focus on the automation of the
modal analysis step, is explained in more detail in the following paragraphs.
The dynamic data is divided into several subsets according to the investigated structural
system, the sensor type (acceleration, tilt, or strain) and the excitation technique (impulse,
swept-sine, ambient). Depending on the excitation technique, an input-output (known input)
or an output-only (unknown input) system identification and modal analysis are performed.
Output-only modal analysis techniques assume a white-noise input to the structure, which is
then explicitly added as an additional term to the model identification procedure. If an outputonly identification is carried out, the stochastic variants of the identification methods are implemented. If the input to the system is known (e.g., the shaker acceleration or the impact force
are measured), input-output variants of the methods are implemented, which are referred to as
deterministic, or deterministic-stochastic (combined) variants of the methods. Depending on
the sensor type and the positioning of sensors, the SNR may strongly differ. Therefore, several
parameters of the identification and modal analysis have to be adjusted for each sensor type and
sensor set-up. Herein, a general formulation of the procedure is provided, the set-up specific
details are documented in Chapter 4.
The proposed data evaluation framework can be divided into five parts, which are outlined in the following paragraphs. First, the general signal processing step is described. Then,
the automated modal analysis is illustrated for each of the three identification methods (nonparametric, pLSCF, SSI). Finally, a procedure to combine the evaluation results from several
data-sets stemming from the same structure is proposed.
Raw time-domain data

1) Signal
processing

2) System
identification
3) Modal
Analysis

Frequency, damping, mode shape
Fig. 3.4: Data processing: Basic flowchart
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3.2.1

Signal processing

The following processing steps are applied to the raw data:
 Truncation of the data (if necessary)
 Deletion of malfunctioning channels (if applicable)
 Removal of mean and linear trends (de-trending)
 Removal of electricity peaks in the frequency domain (f =50 Hz, 100 Hz, 150 Hz)
 Decimation to the frequency range of interest (down-sampling)

3.2.2

Automated estimation of modal parameters with a non-parametric
method

The implemented non-parametric method is an estimation of the frequency response function
in the frequency domain. Henceforth this method is referred to as the “nonpar” method.
System identification
The non-parametric estimation of the frequency response function (FRF) is carried out with the
H1 method for input-output data [55]. Since this method relies on an averaging procedure, the
data set is divided into several blocks of equal length, which include roughly 2000 data points
for impact excitation data and 5000 data points for shaker excitation data.
For output-only data, the positive power spectral density (PSD) is estimated (instead of
the frequency response function). For the estimation of the positive power spectral density, the
covariance-based (correlogram) method is implemented and the number of time lags is chosen
according to the following equation:
nlags = 2p ,

(3.1)

with 2p < n, where n is the number of data points and p is the highes possible power of 2, such
that the inequality is fulfilled.
The estimation of the FRF or PSD does not require any user interaction. Therefore, the
estimation of non-parametric models can easily be implemented for batch processing of a large
number of data files.
Automated modal analysis
For the modal analysis step related to the non-parametric identification method, first the complex mode indication function (CMIF) is computed, with the singular values of the estimated
FRF or the estimated PSD. The computation of the CMIF from the PSD is equal to the commonly known FDD method. The peaks of the singular values indicate a structural mode. The
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peaks have to be selected manually (peak picking). From the selected peaks, the modal characteristics can be derived. As non-parametric identification techniques are known to yield lowquality damping ratio estimates, the damping ratios are excluded from the set of the modal
characteristics [185].
Herein, an automated method to determine the peaks of the first singular value is proposed. First, all peaks above a certain threshold are identified with a peakfinder algorithm. The
threshold needs to be adapted for each sensor set-up and sensor type (initial manual tuning).
To avoid the selection of a large number of spurious peaks, the peaks are verified for their
validity with the modal phase collinearity factor (MPC) [166]. The MPCi value of a mode shape
φi is defined as follows:
Sxx = Re(φi )T Re(φi )

(3.2)

Syy = Im(φi )T Im(φi )

(3.3)

Sxy = Re(φi )T Im(φi )

(3.4)

µ=

Syy − Sxx
2Sxy

(3.5)

p
β = µ + sgn(Sxy ) (µ2 + 1)

(3.6)

τ = tan−1 (β)

(3.7)

λ1 = Sxx +

Sxy (2(µ2 + 1) sin(τ )2 − 1)
µ

(3.8)

λ2 = Syy −

Sxy (2(µ2 + 1) sin(τ )2 − 1)
µ

(3.9)



MPCi = 2 ×

2
λ1
− 0.5
,
λ1 + λ2

(3.10)

where Re and Im denote the real and imaginary operators for complex numbers, T is the matrix
transpose and sgn is the sign function. An MPC value of zero means that the mode shape
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components are not at all collinear in the complex plane, whereas an MPC value of one means,
that the components are perfectly collinear. If a structure is proportionally damped, the mode
shape components should form a straight line in the complex plane [187], therefore, their MPC
value should be close to one.
During the final validation step, only the peaks with an MPC value above 0.7 are kept in the
data set (for acceleration and tilt sensors). For FBG sensors, only peaks with an MPC above
0.5 are retained. Due to the low SNR from FBG sensors, the appearance of peaks with an MPC
value above 0.7 is rare, however the frequency values at the peaks with MPC values between 0.5
and 0.7 are in a reasonable range.
As mentioned in Chapter 2 on the automation of modal analysis methods (cf. Page 26),
there are several reasons for the appearance of complex modes, respectively modes with a low
MPC value [154]. Highly complex modes are often purely numerical modes; however, complex
modes can additionally stem from a weakly excited physical mode, respectively a mode buried
in noise due to a low SNR, as is the case for the FBG sensor data.
Furthermore, the selection process should yield only unique modes. Indeed, for some modes
there might be several closely spaced small peaks (especially in the case of noisy data). An
important tool to assess the similarity of two modes is the modal assurance criterion (MAC)
[3] (cf. Equation (2.12)). If two mode shapes are identical, their MAC-value equals one, and if
they are perfectly orthogonal their MAC-value equals zero. Therefore, all modes with a MACvalue above 0.95 at a nearly identical frequency are merged into a single mode by selecting the
mode with the highest MPC value among the identical modes. In the context of non-parametric
identification, the term mode only refers to a set of frequency and corresponding mode shape,
as the damping ratio estimate is deemed unreliable.
The proposed automated modal analysis method only requires the setting of an appropriate threshold for the first singular value above which peaks are selected with the peakfinder
algorithm. The thresholds are defined as follows:
 1.0·mean(SV1 ), for acceleration and tilt sensors (independent of the excitation technique),
 4.0 · mean(SV1 ), for FBG-impact data,
 5.0 · mean(SV1 ), for FBG-shaker data,

where SV1 is the vector of the first singular value at each frequency.
Figure 3.5 illustrates the peaks identified above the specified threshold (marked with black
stars). Furthermore, the selected peaks, after the merging of almost-identical modes, via the
MAC-value, and a check of the MPC threshold, are indicated with the vertical black lines. The
defined singular value threshold is higher for the FBG data, due to the higher noise content in
the signal. No ambient excitation data was gathered for the FBG sensors. Although perhaps,
not all peaks are captured with the setting of a static threshold for SV1 , the presented technique
allows for a fast and automated estimation of modal characteristics from the test data.
The non-parametric identification and modal analysis procedure can be summarised as follows:
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Fig. 3.5: Singular values of the CMIF (stars indicate candidate peaks selected with the peakfinder
algorithm and the final modes are marked with vertical lines)

1. Estimate an FRF (input-output) or a PSD (output-only) model from the data.
2. Compute the CMIF function (singular value decomposition of the FRF or PSD).
3. Find peaks of the first singular value (above the singular value threshold).
4. Eliminate peaks with an MPC value below 0.7 for acceleration and tilt sensors (below 0.5
for FBG sensors).
5. Merge peaks from identical modes (nearly identical frequency and MAC-value above 0.95).

3.2.3

Automated estimation of modal parameters with the poly-reference
least squares complex frequency domain method

System identification
As a second method, the poly-reference least-squares complex frequency domain (pLSCF) method
is implemented (cf. Section 2.1.4). As the pLSCF fits an RMFD model to a non-parametric
FRF (or PSD for output-only estimation), the FRF (or PSD) need to be estimated first. Their
estimation is identical to the estimation described for the nonpar method. Subsequently, the
RMFD model is identified for a large number of model orders, since the correct model order is
not known a priori. It is a common technique to over-specify the model order and to discard
spurious numerical frequencies occurring at high model orders in a second processing step. The
selected maximum model order varies with the excitation technique, sensor set-up and sensor
type (cf. Section 4.2 for details).
Automated modal analysis
The identified RMFD model at each model order is transformed into its equivalent state-space
model formulation and the modal parameters are derived (Equations (2.6)—(2.11)). The modal
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parameters are then represented in a stabilization diagram (most commonly frequency versus
model order), or in a frequency versus damping ratio diagram (cf. Figures 3.6(a) and 3.6(b)).
In the frequency versus model order diagram, the frequencies of the physical structure should
ideally form straight vertical lines. Frequencies on a straight vertical line are referred to as stable
frequencies. In the frequency versus damping diagram, the physical modes should ideally form
concentrated dots at a specific frequency and damping ratio (consistent estimation of damping).
However, the damping ratio’s often present a large scatter, as is noticeable in the diagram.
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Fig. 3.6: 3.6(a): pLSCF - Stabilization diagram (frequency versus model order, black squares: stable
modes (after application of hard validation criteria), grey squares: all modes) 3.6(b): pLSCF - Frequency
vs. damping ratio diagram (black circles: stable modes (after application of hard validation criteria),
grey circles: all modes)

The pLSCF method is known to produce extremely clear stabilization diagrams, as numerical
poles often present negative damping values. Therefore, they can easily be discarded from the
stabilization diagram. Indeed, few spurious modes (grey dots) appear in Figure 3.6(b), as
the modes with negative damping ratios are not visible in the frequency versus damping ratio
diagram. On the other hand, the pLSCF method struggles with the accurate representation of
noisy data due to the assumption of a strongly simplified noise model in the RMFD description.
As the developed framework is applied to low-cost MEMs sensors in Sections 4.2 and 4.3, this
might lead to erroneous results from the pLSCF method.
The automation of the modal analysis winds down to an automated interpretation of the
stabilization diagram. To eliminate as many numerical poles as possible, three hard validation
criteria are applied. These are equal to the hard validation criteria defined in Reynders et al.
(2012) [187]. For completeness, they are shortly repeated here:
 Positive damping ratios ζi > 0
 Realistic range for damping ratios (assumption of proportionally damped structures)
ζi < 20%
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 The complex conjugate of the mode i has to be present in the mode-set

In the following step, the remaining modes in the stabilization diagram are grouped into
mode groups, incorporating similar modes (ideally identical modes), based on a mode similarity
measure. The mode similarity measure di,j is defined according to Reynders et al. (2012) [187]:

di,j =

|λc,i − λc,j |
+ 1 − MAC(φi , φj ).
max(|λc,i | , |λc,j )|

(3.11)

The mode grouping is performed with a hierarchical clustering algorithm. The hierarchical
clustering algorithm initialises with a mode group for each mode and then iteratively combines
modes (or later mode groups) with the smallest distance di,j (similarity measure), where the
distance is re-computed based on the average properties of all group members, until all modes are
gathered in the same mode group. This procedure is illustrated in Figure 3.7(a). As a physical
mode is ideally identified only once at each model order, the maximum number of modes per
mode group can be limited to the number of different model orders. Furthermore, the goal is to
stop the clustering procedure at the step, where all physical modes have been attributed to their
corresponding physical mode group, and the numerical modes have been attributed to numerical
mode groups. The hierarchical clustering has to be stopped at a reasonable cut-off distance value
(e.g., mode clusters with distances larger than the cut-off distance are not grouped together any
˜
more). Reynders et al. (2012) [187] propose the following formulation for the cut-off distance d:

d˜ = µ(di,j ) + 2σ(di,j ),

(3.12)

where µ stands for the sample mean and σ for the sample standard deviation. di,j is the mode
distance between mode i at a certain model order from the closest mode j at one model order
below. The mode distance di,j is defined identically to the similarity measure defined for the
hierarchical clustering algorithm (Equation (3.11)). Due to the low number of spurious modes in
the pLSCF method (after application of the hard validation criteria), implementing the cut-off
˜ according to Equation (3.12), distributes the same mode across several mode clusters.
distance d,
˜ is iteratively increased by 10% from its initial value, according
Therefore, the cut-off distance (d)
to Equation (3.12), at each iteration until the final data set comprises only unique modes or
until the maximum number of modes in a mode group exceeds the number of model orders.
A mode group cannot include more modes than model orders, i.e., there is a boundary for the
lowest number of clusters. The uniqueness of the modes is determined via the MAC-value, which
should be below 0.8 (for a clearly different mode shape). After the completion of the clustering,
each mode cluster is checked for duplicate entries at the same model order. The presence of
more than one mode at the same model order might be an indication of mode splitting at high
model orders [154]. The duplicate mode is removed by keeping the mode with the highest MPC
value in the set.
In the next step, the mode groups with physical modes need to be separated from the
mode groups with numerical modes. It is assumed that the mode groups with a high number of
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Fig. 3.7: 3.7(a): pLSCF - dendogram: mode grouping with the hierarchical clustering algorithm and
initial cut-off distance (dashed horizontal line) 3.7(b): Result of the k-means clustering: black lines:
clusters with a high number of elements, grey lines: clusters with a low number of elements, which are
discarded

elements correspond to physical modes, as physical modes should be identified at a large number
of model orders, whereas those with a lower number of elements correspond to numerical modes.
As numerical modes tend to be unstable, the dissimilarity among numerical modes is higher.
A k-means clustering algorithm with k = 2 is implemented, which separates the mode groups
into two groups, one with the mode groups that have a high number of elements and one with
the mode groups that have a low number of elements. No manual threshold needs to be specified.
Figure 3.7(b) illustrates the result of the k-means clustering approach that separates the mode
cluster groups into groups with physical and spurious modes. After the k-means clustering
step, an outlier removal algorithm is applied to each physical mode cluster to discard possible
outliers in terms of frequency and damping from the cluster. The modified Thompson-Tau
outlier removal algorithm is implemented with a critical value of α = 0.01, as proposed by Neu
et al. 2017 [154]. Ideally, the outlier removal step would be unnecessary, as the hierarchical
clustering is supposed to group similar modes. Nonetheless, the appearance of severe outliers
(in terms of frequency) was noticed during the data processing, therefore an outlier removal step
was included to remove substantial outliers.
In the final step, a representative mode has to be selected from each physical mode cluster.
Several selection criteria are possible, such as the median of frequency, the median of damping
ratio, or the most representative mode shape (the mode shape with the highest sum of the
off-diagonal elements in the MAC-matrix), highest MPC value, etc. Herein, the selection based
on the highest MPC value is implemented. Figures 3.8(a) and 3.8(b) illustrate the remaining
modes after the discarding of clusters with a low number of elements and the outlier removal.
The vertical black lines represent the selected representative modes.
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Fig. 3.8: 3.8(a): pLSCF - Stabilization diagram (black squares: stable modes (after outlier removal),
black vertical lines: selected modes, grey squares: all modes) 3.8(b): pLSCF - Frequency versus damping
ratio diagram (black circles: stable modes (after outlier removal), black vertical lines: selected modes,
grey circles: all modes)

In a final check of the results, all modes with an MPC value below 0.7 (below 0.5 for FBGdata based modes) are discarded and modes with a MAC-value above 0.95 at an almost identical
frequency are merged into a single mode (keeping the mode with the highest MPC value). The
MPC-value threshold is lowered for the FBG sensors, since the number of sensors is quite limited
and the SNR is low. Therefore, modes with MPC values above 0.7 are rarely present in the
FBG dataset; however, the identified frequencies are still in a reasonable range. To allow for a
comparison of the modes identified from the FBG data with results from the other sensor types,
the threshold is lowered to 0.5, keeping in mind that the quality of the FBG-based modes might
be low.
The pLSCF identification and the corresponding automated modal analysis can be summarised as follows:
1. Estimate a nonparametric FRF (or PSD)
2. Fit an RMFD model to the nonparametric FRF (or PSD) for a large number of model
orders
3. Determine frequencies, damping ratios and mode shapes from the estimated models
4. Eliminate certain numerical modes based on the hard validation criteria
˜
5. Group similar modes with hierarchical clustering (iteration on the cut-off distance d)
6. Discard multiple modes at the same model order within the same cluster (retaining the
mode with the highest MPC value)
7. Discard clusters with a low number of elements with k-means clustering
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8. Frequency and damping outlier removal within each mode cluster (modified ThompsonTau algorithm)
9. Select a representative mode from the remaining mode groups (e.g., mode with the highest
MPC value)
10. Eliminate modes with an MPC value below the threshold (0.7 for acceleration and tilt, 0.5
for FBG sensors)
11. Merge non-unique modes (MAC-value above 0.95 and almost identical frequency)

3.2.4

Automated estimation of modal parameters with a subspace method

System identification
As a third identification method, stochastic subspace identification based on co-variances is
implemented (SSI-cov). For input-output data sets a combined deterministic-stochastic subspace
identification (CSI) based on data co-variances is performed [186]. For output-only data, the
SSI-cov is further enhanced, with an additional estimation of the uncertainty of the identified
modal parameters with the perturbation method [49, 189]. It is assumed that for the current
application, the fundamental frequencies and in relation to them the data length is sufficiently
high, so that the modal parameters approximately follow a normal distribution, leading to fairly
accurate estimates of the variances with the perturbation method (cf. Carden and Mita (2011)
[31] for a detailed discussion on related issues). In the following sections, the abbreviation SSI
generally refers to SSI-cov (output-only evaluation), or CSI (input-output evaluation).
For the application of the SSI algorithms, two choices need to be made. First, a sufficiently
high number of block rows has to be selected. Reynders and De Roeck (2008) [186] suggest the
following equation to determine the half number of block rows i:
i>

fs
2f0

(3.13)

, with f0 the lowest frequency of interest. Higher values of i can lead to a more accurate
identification, however, on the other hand, to increased computational time. Furthermore, too
high values of i, do not necessarily lead to more accurate identification [143].
The second choice concerns the range of model orders to investigate. For a noise-free structure, the model order is equal to two times the number of the structural modes within the
analysed frequency band. As the number of structural modes is not known a priori and measurement data incorporates measurement noise, two times the number of structural modes is
merely a lower bound:
nmin = 2nm ,

(3.14)

with nm the number of expected structural modes. The maximum model order, however, should
be selected significantly higher [28].
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The maximum model order can be selected based on the singular values obtained from the
singular value decomposition of the Hankel matrix. In the case of noise-free data, the number of
non-zero singular values equals the number of model orders, i.e., equals two times the number of
expected structural modes. For noisy data, some of the singular values, which are not singular
values of the system dynamics, are not equal to zero. The system order should therefore, be
chosen high enough so that the influence of the cut-off singular values on the dynamics of the
system is negligible, meaning that the cut-off singular values should be nearly zero. In Figure
3.9, the singular values are indicated for an impulse response data set. For the displayed data
set, a model order of 60 would probably be sufficiently high to represent the system dynamics.
The model order for the data evaluation presented in Sections 4.2 and 4.3 is selected based on
an inspection of the singular values.
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Fig. 3.9: Singular values of the Hankel-matrix (SSI)

For output-only data, the SSI with uncertainty estimation of the modal parameters is implemented [189]. The number of blocks in the uncertainty estimation process is set to its default
value (refer to Reynders et al. (2014) [190] for details).
Automated modal analysis
For each state-space model estimated with the SSI-cov, or CSI, the modal parameters can be
derived, according to Equations (2.6)—(2.11). The modal parameters are then presented in
a stabilization diagram (e.g., frequency vs. model order or frequency vs. damping ratio) (cf.
Figures 3.12(a) and 3.12(b)). As the stabilization diagram from the SSI method is less clear
than the one from the pLSCF method, additional validation criteria can be utilised to eliminate
spurious (numerical) modes. Reynders et al. (2012) [187] propose a selection of soft validation
criteria. These criteria are gathered in a “mode feature vector” on which a k-means clustering
algorithm is applied (with k=2, one group consisting of probably physical modes and the other
of certainly spurious modes). Each mode feature is bounded between two extreme values, where
one corresponds to the feature’s optimal value for a probable physical mode and the other to
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the feature’s value for a certainly spurious mode. The individual features are normalised such
that the lower extreme values equal zero and the upper equals one. The following features are
implemented herein:
 Mode stabilization criteria: These features compare modes at a specific model order to the
closest mode, where close refers to the relative distance in continuous-time eigenvalue, at
one model order below:

– Relative distance in continuous-time eigenvalue λc .
– Relative distance in frequency f .
– Relative distance in damping ratio ζ.
– Relative distance in modal transfer norm (MTN).
– MAC-value (MAC(φi , φj )).
The first four features aim at a minimal value for a perfectly stable mode (feature value
equals zero), whereas the MAC-value of perfectly stable modes should be close to one.
 Mode validation criteria: These features are single mode validation criteria and comprise
the following quantities:

– Modal phase collinearity (MPC)
– Mean phase deviation (MPD)
– Modal transfer norm (MTN)
For a physical mode the MPC value should be close to one, the MPD value close to zero
and the modal transfer norm should be as high as possible (i.e., close to one, as the feature
is normalised).
For the mode stabilization criteria, the relative distance between a feature at a certain model
order Zi to the same feature of the closest mode (in terms of the smallest distance in terms of
the continuous-time eigenvalue λc ) at one model order below Zj is defined as follows:
dist(Zi , Zj ) =

|Zi − Zj |
.
max (|Zi | , |Zj |)

(3.15)

The k-means clustering algorithm is initialised with two cluster centres, one corresponding to
the feature values of an ideal physical mode and the other to the festure values of a certainly
spurious mode.
The proposed features are equal to the soft validation criteria implemented by Reynders et
al. (2012) [187]. In what follows, a brief explanation of the mean phase deviation and the modal
transfer norm is provided; details on the MPC criterion can be found in the previous section on
automated non-parametric estimation (Section 3.2.2).
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The mean phase deviation The mean phase deviation is a measure of mode shape complexity and is thereby similar to the MPC value. The MPD is the mean deviation of the mode
shape components from the mean phase (MP), which is equal to a linear fit to the mode shape
components in the complex plane. The MPD can be calculated as follows [187]:
USVT = [Re(φi ) Im(φi )]

Pn

k=1 wk

MPDi =

(3.16)

ik )V22 −Im(φik )V12
arccos Re(φ√
2 +V 2 |φ |
V12
22 ik
Pn
,
w
k=1 k

(3.17)

where V12 and V22 are the components of the matrix V, which results from the singular value
decomposition of the real and complex part of the mode shape φi . n is equal to the number of
mode shape components (DOFs) and wk are weighting factors for each mode shape component,
which are chosen equal to |φik |.
The modal transfer norm The modal transfer norm quantifies the contribution of mode i to
the total response of the structure. The model transform norm was introduced by Reynders and
De Roeck (2008) [186] to clarify stabilization diagrams. For output-only stochastic identification
methods, the transfer norm is computed from the power spectral density of the outputs and in the
deterministic case, it is based on the FRF. In the case of acceleration outputs the deterministic
(superscript d) and stochastic (superscript s) modal transfer norm are defined as follows [187]:
MTNdi

MTNsi



T 
φi λci ldi
= max SVD
z − λdi





= max SVD

(3.18)

φi λci (gdi λci )T
φi λci (gdi λci )T
+
z − λdi
2λdi


,

(3.19)

where SVD stands for the singular value decomposition, ldi is the discrete-time modal participation vector, gdi is the discrete-time stochastic participation vector, z = exp (jωi Ts ) with
√
j = −1, Ts is the sampling period, and ωi is the circular frequency.
Numerical poles are assumed to have a low MTN-value especially due to pole-zero cancellations of spurious modes [187]. Therefore, a high MTN-value is a valid indicator of a physical
mode.
The herein implemented feature vector (FV) of the mode i has the following components and
values for a perfectly physical mode (PM):
FV dist(λc,i,j ) dist(fij ) dist(ζij ) dist(MTNij ) MAC(φi , φj ) MPCi MPDi MTNi
PM

0

0

0

0

1

1

0

1

,

(3.20)
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where index j designates the closest mode at one model order below in terms of the relative distance in terms of the continuous-time eigenvalue λc . For output-only identification the stochastic
variant of the modal transfer norm (MTNs ) is implemented and for input-output identification
the deterministic one (MTNd ). For OMAX, both the stochastic and deterministic MTN can be
implemented as a feature.
For EMA and OMA, the proposed feature vector incorporates eight components. Therefore,
a k-means clustering in an 8-dimensional space is performed with the squared Euclidean distance
measure to separate certainly numerical from possibly physical modes. Figures 3.10 and 3.11
illustrate the results from the k-means clustering for the stabilization and validation criteria in
two separate figures (for the sake of a clearer overview). The clustering, however, is performed
on all features at once. From the comparison of both figures, it is obvious that the stabilization
criteria (Figure 3.10) present a significantly different distribution from the validation criteria
(Figure 3.11). A similar observation was presented by Neu et al. (2017) [154]. The stabilization
criteria present a linear or exponential distribution from the optimal value towards the nonoptimal value, whereas the MPC and MPD present a widespread distribution. The modal
transfer norm presents mostly extremely low values. Therefore, the distribution is strongly
left-sided. In the presented case, the stabilization criteria outweigh the validation criteria, this
is however not always the case. The strongly deviating distributions of the different features
can lead to non-optimal results from the k-means clustering, e.g., true physical modes could be
falsely eliminated. This issue should be investigated further.
After removal of the certainly spurious modes identified with the k-means clustering, additional hard validation criteria are applied. These criteria are identical to the hard validation
criteria that were applied for the automated modal analysis with the pLSCF method (cf. Section
3.2.3). If output-only SSI with covariance estimation of the modal parameters is applied, an
additional hard validation criterion is added:
σ(ζi ) < 20%,

(3.21)

where σ stands for the standard deviation.
Figures 3.12(a) and 3.12(b) present the stabilization diagram prior to and after removal
of the spurious modes via the k-means clustering and the hard validation criteria. With the
clearing-out of numerical modes, a significantly clearer stabilization diagram is obtained.
Subsequently, hierarchical clustering is applied to group similar modes into mode clusters
(with removal of duplicate modes at the same model order), followed by a second k-means
clustering step to remove mode groups with a low number of elements. For the cut-off distance
of the hierarchical clustering step, d˜ (Equation 3.12) is implemented. For the SSI method, no
˜ the two steps are identical
iteration on d˜ is performed. Apart from omitting the iteration on d,
to the automation procedure for the pLSCF algorithm. As for the pLSCF method, a modified
Thompson-Tau outlier removal algorithm is applied after the hierarchical clustering and the
removal of clusters with a low number of elements. The selection step of the final modes and the
final validation step (MPC > 0.7 and mode uniqueness (merging of modes with MAC > 0.95
and almost identical frequency)) are identical to the steps proposed for the pLSCF method.
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Fig. 3.10: k-means clustering results (black circles: possibly physical modes, grey stars: certainly
spurious modes, dark grey (or red) squares: initial cluster centres for spurious modes, light grey (or
green) squares: initial cluster centres for physical modes; final cluster centres indicated with diamondshapes) and distributions (black: attributed physical modes, grey: attributed spurious modes) of the
stabilization criteria

The SSI identification and automated modal analysis can be summarised as follows:
1. Identify state-space models for a broad range of model orders (with CSI or SSI-cov)
2. Determine frequencies, damping ratios and mode shapes from the estimated models
3. Eliminate numerical modes based on soft validation criteria (k-means clustering)
4. Eliminate numerical modes based on hard validation criteria
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Fig. 3.11: k-means clustering results (black circles: possibly physical modes, grey stars: certainly
spurious modes, dark grey (or red) squares: initial cluster centres for spurious modes, light grey (or
green) squares: initial cluster centres for physical modes; final cluster centres indicated with diamondshapes) and distributions (black: attributed physical modes, grey: attributed spurious modes) of the
validation criteria

˜
5. Group similar modes via hierarchical clustering (fixed cut-off distance d)

6. Discard multiple modes at the same model order within the same cluster (retaining the
mode with the highest MPC value)

7. Discard clusters with a low number of elements with k-means clustering

8. Outlier removal (modified Thompson-Tau algorithm)

9. Select a representative mode from each remaining mode group (e.g., mode with the highest
MPC value)

10. Eliminate modes with an MPC value below the threshold (e.g., 0.7 for acceleration and
tilt, 0.5 for FBG sensors)

11. Merge non-unique modes (MAC-value above 0.95 and almost identical frequency)
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Fig. 3.12: 3.12(a): SSI - Stabilization diagram (grey squares: all modes, black squares: remaining modes
after validation criteria) 3.12(b): SSI - Identified frequencies vs. damping ratios (grey circles: all modes,
black circles: remaining modes after validation criteria)

3.2.5

Combination of modal parameters from several tests conducted on the
same structure

Introduction
The main goal of the combination of test data from several tests is to quantify the variability of
the identified modes and to ensure that every significant mode has been identified. Therefore,
the final selected modes from each test (impulse, swept-sine or ambient excitation) and for each
method (nonpar, pLSCF, SSI) are combined into one dataset. Figure 3.13 presents the resulting
“stabilization diagram”.
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Fig. 3.13: Combination of multiple data sets (impact hammer and shaker response data from acceleration
sensors)
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Determining global mode indices
To align modes identified by the three different identification methods and across multiple repeated tests, a hierarchical clustering is applied to group values pertaining to the same mode.
This procedure is identical to the hierarchical clustering applied to the stabilization diagram
in the evaluation of the single test results. The combination is conducted separately for each
sensor type. This has the advantage that the MAC-value can be implemented to check whether
modes are identical or not. The final physical modes from the three different methods are joint
together into a single data set, i.e., each mode may have been identified three times per test
(once with each method).
As input to the hierarchical clustering, a simplified distance measure based on the relative
distance in frequency and the distance in MAC-value between mode i and mode j is implemented:

di,j = dist(fi , fj ) + 1 − MAC(φi , φj )

(3.22)

The original distance between modes, as defined in Reynders et al. (2012) [187] cannot be
employed since it implements the relative distance in eigenvalue, which relies on the damping
ratio. The damping ratio, however, is not defined for the modes identified with the nonpar
method.
˜ for the hierarchical clustering, the standard deviation
To determine the cut-off distance (d)
of the frequencies from the modes attributed to the same cluster is analysed. d˜ is adjusted such
that the maximum standard deviation among all clusters is below 2 Hz. Figure 3.14 illustrates
the frequency standard deviations within each cluster for d˜ = 0.3. If the maximum standard
deviation is high, it is likely that different physical modes have been attributed to the same
mode cluster. If, on the other hand, the standard deviations are low, similar modes may have
been distributed to several clusters. The optimal d˜ is therefore derived iteratively via a manual
inspection of the standard deviations. This manual step needs to be conducted once for every
analysed structure, leading to a small manual effort.
Global mode indices are attributed to the identified mode sets according to the clustering
results. In this case, the hierarchical clustering step is not implemented to separate the data
into sets with physical and numerical modes, as all modes have already been identified as physical modes. The hierarchical clustering is purely employed to group identical modes together.
Therefore, the selected cut-off distance has a substantially different functionality here compared
to its function in the single data set processing. The clusters with a low number of modes might
belong to local modes, which are only excited for a certain number of load application points,
or excitation frequency bands.
Selection of final modes and outlier removal
For each mode group, a median absolute deviation outlier removal is performed based on solely
the frequency values. Frequencies that deviate more than five times from the scaled absolute
median of the modes within the mode group are removed from the group. Subsequently, the
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Fig. 3.14: Sensitivity analysis on the hierarchical clustering cut-off distance for d˜ = 0.3 (black circles:
standard deviations from the different mode clusters)

main modes are retained in the data set and prepared for visualization. A mode is quantified
as a main mode, if it has been identified at least once per applied excitation technique (first
condition) and if it has been identified from a large number of repeated tests (second condition).
A large number of tests is defined as follows:
nm,Excitation > 15% · ntot ,

(3.23)

where nm,Excitation is the number of identified modes per global mode and respective excitation
technique (results from all three identification methods summed up) and ntot is the total number
of conducted tests. In the case where only a single type of excitation was implemented, only
the second condition needs to be fulfilled. These two requirements are based on the assumption
that global structural modes should be excited and identifiable across several tests (e.g., varied
input locations) and excitation techniques.

Visualization of the main modes
For each main mode a results page is prepared, visualising the identified mode and its statistical
properties (cf. Sections 4.2 and 4.3).
First, the mode shape derived from the acceleration data is presented. From the selected
mode group, the most representative mode shape is selected by analysing the off-diagonal elements of the MAC-matrix of all modes in the mode group. The row with the highest sum of
off-diagonal elements is deemed most representative of the cluster’s mode shape. Furthermore,
the mean value of the off-diagonal elements is considered as an indicator for how much the
mode shape agrees within a cluster. If the mean value of the off-diagonal elements equals one,
the mode shapes agree perfectly, indicating a high identification quality of the identified mode
shape. If all modes in the cluster are identical, the MAC-matrix should present only values of
1.0 (diagonal and off-diagonal elements). This indicator is henceforth designated as MACquality :
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P
MACquality =

i6=j

MAC(φi , φj )

ny (ny − 1)

,

(3.24)

where ny is the number of mode shape components (number of outputs).
If the selected mode shape stems from an output-only identification with the SSI method, or
if there is a mode shape identified with output-only SSI φSSIcov present in the mode group the
x-times standard deviation of the mode shape is added to the mode shape representation. This
standard deviation was estimated for each data set with the perturbation method (cf. Section
2.1.5). x is a mere scaling factor which is adjusted for better visualization and depends on the
set-up. The mode shape from the output-only SSI, should however, be close to the mode with
the highest sum of off-diagonal values in the MAC-matrix φoptimal (i.e., MAC(φoptimal , φSSIcov ) >
0.95). If no such mode is present in the mode group, or if the shape identified from outputonly SSI differs strongly from the optimal shape, the optimal shape is plotted and the standard
deviation is not represented.
Second, all frequencies and damping ratios within the mode group are presented in two sideby side diagrams in a frequency / damping ratio versus COV representation. To better visualise
the variability within each mode group, a bootstrapping procedure is implemented to increase
the sample size. Bootstrapping is a statistical re-sampling method [50]. It draws a small number
of random samples from a larger given empirical set of samples and produces additional samples
through re-sampling. The resulting mean and COV of the bootstrapped samples are added to
the frequency / damping - COV diagram for each main mode. The bootstrapping is performed
separately for each excitation technique; thereby the results from different excitation techniques
can be represented with different grey shades.
Additionally, the mean and COV of the actual data (not bootstrapped) for the three identification methods are calculated separately and indicated in the same diagram to include a
comparison between the three different methods. Furthermore, a horizontal dashed line indicates the mean over all tests of the COV estimated for the modes identified with output-only
SSI with covariance estimation of the modal parameters. Thereby, the sample COV can be compared to the estimated COV. The frequency versus COV and damping versus COV diagrams
are presented separately for each sensor type, with however the same boundaries for each sensor
type. Thereby, the difference in variability between the sensor types can be visualised, as well.
The alignment of modes identified from different sensors is performed manually and is based
solely on the difference in frequency, as the mode shapes are different for each sensor type, due
to the different locations of the sensors.
Summary
The combination procedure for data from multiple tests can be summarised as follows:
1. Gather all selected final modes from each test (for each identification method)
2. Apply a hierarchical clustering to get the global mode indices (d˜ is tuned based on the
frequency standard deviation within clusters)
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3. Apply a scaled median absolute deviation outlier removal for each mode cluster
4. Retain the main modes (identified at least once per excitation technique) and a large
number of times with one of the excitation techniques
5. Select a representative mode shape based on the sum of the off-diagonal elements and if
possible add its standard deviation (output-only SSI-cov with covariance estimation of the
modal parameters)
6. Implement bootstrapping to increase the sample size per mode and visualise the final
modes in a frequency- and damping-COV diagram

3.3

Life cycle performance assessment framework

In addition to the evaluation framework for the automated processing of dynamic FVT and AVT
data, a framework for the assessment of the life cycle performance of structures is proposed.
The goal of this framework is to propose a monitoring set-up of relevant physical quantities,
which provide insight into the structure’s current health state. From the acquired monitoring
data, predictive models can be developed. In SHM it is common practice to develop 1-step ahead
predictive models, which predict the value for the time instant t + 1, based on the acquired data
up to the current time instant t. The purpose of these models is to identify deviations from
the normal, expected structural behaviour and to provide insight into the structure’s interaction
with its environment. In this way, structural deteriorations can be detected instantaneously.
Information on the current health status of a structure is an extremely valuable information
for the planning of interventions (e.g., planning for major repair works, or restrictions of use).
Moreover, health indicators can be developed, which categorise the structure’s state into several
categories, e.g., from perfectly healthy (green state), to still fulfilling structural requirements,
however with reduced safety margin (orange state), to the critical state, where the structure no
longer meets the requirements and an intermediate intervention is necessary (red state). For an
optimal supervision, the SHM set-up should already be implemented at the time of construction,
where the structure is still 100% healthy.
Furthermore, the predictive models can be implemented to predict the structure’s health at
the end of its service life (e.g., 50 years). The accuracy of these long-term predictions improves
continuously, as the acquired monitoring data records increase in size and include a larger number
of seasonal cycles, and operational situations.

3.3.1

Monitoring set-up

It is not possible to propose a general monitoring set-up that covers all relevant quantities of
each structure. Each monitoring set-up should be customised for the target structure, or at least
for a specific category of structures, to account for different climate conditions, different types of
operational loads, different performance requirements etc. In what follows, a series of commonly
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instrumented physical quantities are presented, focusing on indoor structural applications in
view of the case study presented in Chapter 4.
Measurements of structural performance
Deformations Deformation measurements provide a direct insight into the structure’s performance under different loading conditions. If the loading conditions are constant, a continuous
deformation monitoring can provide further insight into long-term effects, such as creep deformations. Deformation monitoring requires the installation of stable reference points, which should
ideally be disconnected from the structure, and measurement points (e.g., prisms); therefore,
its implementation is not always fasible. For outdoor structures GPS-based deformation monitoring provides an alternative to the classical deformation measurement techniques. Possible
classical measurement techniques are tachymetric measurements of 3D-displacements, or levelling of heights. Tachymetric measurements require a minimum number of four reference points
to determine the exact position of the tachymeter. The levelling technique, on the other hand,
delivers only measurements of the height relative to a reference height and has to be conducted
manually.
Strain measurements Strain measurements provide further insight into the stress state of a
structural element. Traditional strain gauges or fibre optical strain sensors can be implemented.
Fibre optical sensors offer the advantage that they are less sensitive to vibrations and high
temperatures, as traditional strain gauges [227]. Two types of fibre optical strain sensors exist,
the first are known as FBG sensors and their functionality is described in Section 3.1.3. The
second type is a distributed sensing solution, known as optical backscatter reflectometer from the
company “LUNA” [136]. With this technique, a spatial resolution of 20 mm can be achieved.
This technique has most recently been implemented for a series of geotechnical applications
[142]. Herein, this type is referred to as the LUNA sensor.
Dynamic vibration measurements The periodic or continuous gathering of ambient vibration data due to significant dynamic excitations can provide information on the health state of
the structure. Indeed, changes in modal characteristics of a structure are an important indicator of possible damage. Sensing solutions for dynamic response measurements are described in
Section 3.1.3.
Measurements specific to the structural system Depending on the structural system at
hand, further critical physical quantities should be monitored. For the case of post-tensioned
structures, for example it is valuable to monitor the tendon forces. These can for example be
measured with load cells positioned at the tendon anchorage.
For timber structures, the hygroscopic material behaviour is an important factor influencing
the durability of the structure. Therefore, monitoring the moisture content (MC) inside the
timber members presents an essential addition to the monitoring system. The MC can be
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measured via the electric resistance method, with insulated steel needles drilled into the timber
elements to a certain depth (measurement at the tip of the needle). Forsén and Tarvainen (2000)
[64] present a detailed overview of MC measurement techniques in timber.
Measurement of environmental conditions
For each project, the relevant environmental conditions should be identified. For structural applications, the most relevant environmental quantities are commonly the temperature and relative
humidity. These quantities can be measured with conventional climate sensors distributed along
the structure.

3.3.2

Structural Health Monitoring (SHM) modelling approach

The herein proposed modelling approach is developed considering the time-dependent and
climate-dependent behaviour of timber structures, as described in Chapter 2, Section 2.4. The
model framework assumes that the system under investigation is stationary. This implies that
the operational loads are on average constant. Furthermore, the climate conditions are assumed
stationary in the sense that there is no long-term increasing or decreasing trend, i.e., the seasonal
fluctuations evolve around a constant mean.
Moreover, the modelling approach assumes that the long-term behaviour of timber is composed of a pure creep component, a mechano-sorptive creep component and a shrinkage, or
swelling component. The model assumes that the pure creep component can be represented by
an exponential function of the following form [240]:
f (t) = 1 − a · tb ,

(3.25)

with a and b the parameters of the exponential function, which are derived from a least-squares
fit to the experimental data. The shrinkage and swelling components are directly related to the
fluctuations of the MC within the structural member. The MC reacts to changes in relative
humidity with reduced amplitude and a certain delay [67]. To capture this effect an ARX-type
model for multiple outputs is proposed with temperature and relative humidity as exogenous
inputs (cf. Chapter 2, Section 2.1.4 for details on ARX-type models). The ARX model for
MIMO systems can additionally be referred to as vector auto-regressive model (VAR) [82]. The
model order of the ARX model is chosen based on the Bayesian information criterion (BIC),
as defined in Ljung (1999) [134]. In contrast to other criteria, the BIC has the advantage that
it includes not only a term minimising the error, but also a penalty term for overly complex
models leading to a minimal model description that fits the data with sufficient accuracy.
For the 1-step ahead prediction, the exponential and ARX compounds of the model are
added:
m(t) = f (t) − a1 y(t − 1) − ... − ana y(t − na ) + b1 u(t − 1) + ... + bnb u(t − nb ),

(3.26)

where m(t) is the model prediction at the time instant t, based on the output data y up to the
time instant t − 1, on the input data u up to the time instant t − 1, and on the prediction of the
exponential function f (t).
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In this modelling approach, the mechano-sorptive creep component, i.e., the increase of
the creep factor due to relative humidity cycles, is not explicitly captured. Its effect can be
captured with a continuous updating of the exponential function model. However, the relative
humidity cycles are of low amplitude for indoor environments, such that the mechano-sorptive
creep component is expected to be small. Therefore, a continuous updating of the exponential
function model is not absolutely necessary.
In an initial step, the data set is divided into two sets, where the first set is implemented to
estimate the polynomial coefficients of the ARX model, and the second set is implemented to
validate the model. The exponential function is fitted to the entire set of available experimental
data. The error term e(t) = m(t) − y(t) is assumed independent identically distributed (idd),
following a normal distribution with zero mean and diagonal covariance matrix. The distribution
affiliation of the error term can be submitted to the Kolmogorov-Smirnov test [144], applied to
the normalised distribution with a 5% significance level to verify the assumption of a normal
distribution.
In the final modelling set-up, both the exponential function model and the ARX model
are updated continuously as new measurement data becomes available. The predictions of the
combined model can be compared to new measurement points, as soon as these become available.
With this technique, large abnormalities in the acquired data can be identified instantaneously.

Chapter 4

Application: the House of Natural
Resources
In the following chapter, the frameworks proposed in Chapter 3, and a selection of the methods
presented in Chapter 2 are applied to a case-study building, the House of Natural Resources
(HoNR). The first section of the chapter introduces the structural systems of the HoNR. The
second and third section demonstrate the application of the automated modal analysis framework to the data from the forced and ambient vibration test series, conducted on the building.
Section 4.4 introduces a series of numerical models simulating the structural behaviour of the
building’s structure at different construction stages and illustrates the application of Bayesian
model updating to refine model input parameters. The next section presents the results from
optimal sensor placement methods applied to the main structural system of the building. In the
final section, the long-term monitoring data and predictive SHM models are presented.

4.1
4.1.1

The House of Natural Resources
General information

In the following section, the HoNR, which functions as the case-study object of this research
work, is introduced. The HoNR is a pilot building in hardwood, constructed at the ETH campus
Hönggerberg in Zurich, Switzerland. It implements mainly European beech (fagus sylvatica) and
ash (fraxinus excelsior ) as hardwood species.
With the move of the laboratory of hydraulics, hydrology and glaciology (VAW) from the
ETH centre campus to ETH Hönggerberg in 2013, the need for an office building in close
proximity to their new laboratory arose. The designed office building has a ground area of
roughly 20 m by 20 m and is composed of four storeys. The two lower storeys were realised in
conventional reinforced concrete construction. They include an access ramp for the two adjacent
laboratory halls, rooms for technical installations and some offices on the second floor. The major
part of the offices and meeting rooms are located in the two upper storeys, which were realised
in timber-hybrid construction. The two lower storeys are referred to as floors A and B, whereas
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the two upper storeys are referred to as floors C and D, or first and second storey in timber.
The construction of the building started in autumn 2013. The major construction works were
finalised in autumn 2014 and the building was inaugurated on the 2nd of June 2015. Figure 4.1
presents a visualization of the building next to a picture of the finalised building.
The building was designed by mml Architekten and the timber construction was realised by
Häring & Co. AG. The timber elements were produced by Roth Burgdorf AG (timber frame),
neue Holzbau AG (ash lamellae), Fagus Suisse SA (beech CLT plate) and Pollmeier Massivholz GmbH & Co.KG (beech laminated veneer lumber (LVL) plates and lamellae). The
post-tensioning of the timber frame was carried out by Stahlton AG. Holcim (Schweiz) AG
provided the concrete for the C-storey TCC slab.
The current thesis focuses on the structural systems of the HoNR, dynamic testing series
and the implemented long-term monitoring setup. The HoNR, however, constitutes additionally
a platform for further research projects, such as, an adaptive solar facade system that optimises
energy harvesting and room shading [153, 218], and a wooden facade with extended durability
via an innovative protection mechanism against discolouration, UV radiation and weathering
[80].

(a)

(b)

Fig. 4.1: HoNR: 4.1(a) visualization (Source: mml Architekten), 4.1(b) realization

4.1.2

Design of the building

The building was designed according to the Swiss building codes SIA260, SIA261, SIA262,
SIA265 [220–223]. The ground area of the building is roughly 20 m by 20 m and the total height
of the building is around 14 m. Table 4.1 presents a summary of the implemented design loads
for the two upper storeys. The slab on the D-storey comprises two different slab systems; these
are therefore listed separately. The building is attributed to the seismic zone Z1 (agd = 0.6 m/s2 )
and the soil quality is attributed to class C. The building class is 1. For these specifications
and with a building height of 14m, the Swiss code estimates a fundamental period of 0.362 sec
(fundamental frequency of 2.8 Hz). Furthermore, a standard damping ratio of 5% is assumed.
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Tab. 4.1: Load assumptions for the two upper storeys of the HoNR (characteristic level)

Self-weight of the slab (C-storey)
Surcharge (C-storey)
Live load (C-storey: category office space)
Self-weight of the slab (D-storey - central slab)
Self-weight of the slab (D-storey - surrounding slabs)
Surcharge (D-storey)
Live load (D-storey: category roof)
Addition (facade, non-structural elements per storey)
Snow load
Wind load (horizontal)

4.2 kN/m2
1.7 kN/m2
3.0 kN/m2
0.9 kN/m2
2.2 kN/m2
2.2 kN/m2
0.4 kN/m2
0.5 kN/m2
1.0 kN/m2
0.7 kN/m2

Figures 4.2 and 4.3 present the floor plan of the first timber storey (C-storey) and a crosssection through the building. Each element of the timber frame is designated with a consistent
label, according to its location in the floor plan. Figures 4.4 and 4.5 present these labels.

4.1.3

Structural systems

This section focuses on the innovative structural systems implemented in the two upper storeys
of the HoNR building. In total, four novel structural systems, implementing hardwood, were
realised. First, a post-tensioned timber frame with columns in ash wood, second, a TCC slab
with beech LVL plates, third, a biaxial timber slab in beech wood and fourth, a hollow-core slab
system with beech webs and plates.
Post-tensioned timber frame
Implementation in the HoNR The main vertical and horizontal load-carrying structure
of the two upper storeys is a post-tensioned timber frame (PT frame), additionally known as
“flexframe” and developed by Wanninger (2015) [241]. The PT frame is a moment resisting
frame and functions as the sole horizontal load-carrying structure. The elevator shaft, the
staircase and the facade are statically decoupled.
Tab. 4.2: Materialisation and dimensions of the PT frame

Element
Column
Beam
Tendon

Material

Length [mm]

Glulam (ash)
Glulam (spruce (80%) & ash (20%))
4 steel strands

30 050—30 330
60 050—60 120
190 500

Height [mm]

Width [mm]

380
380
720
280
2
 = 600 mm

Table 4.2 presents the materials and dimensions of the frame and Figure 4.6 displays two
pictures from the construction process. The beams are hybrid beams with four bottom lamellae
in ash wood and the remaining lamellae in softwood (spruce, picea abies). The spruce lamellae
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Fig. 4.2: Floor plan of the C-storey (Source: mml Architekten)

were graded as GL24h [220] and the ash lamellae correspond to grading class D40 [54]. The
columns run through over the entire storey height and the beams were put in place in-between
the columns. Per storey, there are eight frames (four per direction) with three bays, forming a
rectangular grid. The span of the outer bays is 6.43 m and the span of the inner bay is 6.5 m
(from mid-column to mid-column).
On the C-storey, the column height is 3.22 m for the outer ring of columns, which were positioned on an 80 mm high concrete ring and 3.33 m for the inner columns, which were positioned
on the even floor. Therefore, the static height of the columns varies between 2.64 m for the
outer columns and 2.75 m for the inner columns (bottom timber column to beam mid-height).
On the D-storey, all columns have a total height of 3.05 m. Their static height is thereby 2.69 m
(bottom timber column to beam mid-height).
The connection between columns and beams is materialised with a straight tendon that
is inserted into a centred cavity at beam mid-height and runs horizontally along the entire
length of the building at approximately mid-height of the beam (cf. Figure 4.6(a)). As this
leads to geometrical issues at the frame intersections, the tendons were shifted downward in one
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Fig. 4.3: Cross-section of the building (Source: mml Architekten)

horizontal direction (−3.5 cm) and shifted upward in the other horizontal direction (+3.5 cm).
The tendons were introduced, during the construction process, into circular cavities, which were
precut into the columns and beams (cf. Figure 4.6). The tendons are classified as Y1770 4-06
[211].
After the introduction of the tendons, they were post-tensioned to roughly 700 kN, which
corresponds to a stress level of 3.5 MPa. This is equal to 35% of the characteristic compression
strength perpendicular to the grain in the ash column and to a stress level of 14% of the
characteristic compression strength parallel to the grain in the lower ash lamellae of the beam
and 16% of the characteristic compression strength parallel to the grain in the spruce lamellae.
This stress level would exceed the compression strength perpendicular to the grain of spruce
wood; therefore, it is essential that the columns are realised in hardwood.
The post-tensioned connection between the columns and beams works as a semi-rigid moment
connection, thereby delivering a stable frame system with a simple joint, where no additional
steel fasteners are necessary. In case of large horizontal loads, a gap opens between the beam and
the column, leading to a rocking behaviour of the beam on the column surface for alternating
load directions. After removal of the horizontal load, the post-tension cable favours a re-centring
behaviour of the structure. The transmission of shear forces between the beams and columns
functions via friction on the beam-column interface, which is sufficiently high due to the posttensioning. The lower lamellae of the beams are reinforced with ash wood due to the stress
concentrations in the joint. They were not reinforced to achieve an increase of the moment-
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Fig. 4.4: Labels of the structural elements on the C-storey (F[frame number],B[beam number]; C[column
number]; S[slab number]; arrows indicate the orientation of the main span)

capacity at mid-span. The chosen level of post-tensioning accounts for 30% losses in the tendon
force, which are the expected losses for a 50-year life span of the building. Nonetheless, the
anchorage of the tendon and the facade detail around the anchor zone were designed such that
the tendons can be re-tensioned, should the losses be larger than estimated. The post-tensioning
loads are transmitted via a massive steel plate to the timber cross-section (cf. Figure 4.7). Below
the beam-column joints, additional supports were glued to the columns to facilitate the mounting
of the frame. These supports have no static function.
The columns of the PT frame on the C-storey are fixed to the lower reinforced concrete slab
via a steel plate, which is connected to the reinforced concrete slab with glued-in rods. This
steel plate is fixed to the timber column via a dowelled connection with eight, 12 mm diameter,
dowels. For the design of the building, it was assumed that this connection acts as a pinned
joint. Sketches of the connection details can be found in Leyder et al. (2015) [123].

4.1. The House of Natural Resources

79

Fig. 4.5: Labels of the structural elements on the D-storey (F[frame number],B[beam number]; C[column
number]; S[slab number]; arrows indicate the orientation of the main span)

The connection between the columns of the C-storey frame and those of the D-storey frame
was realised with twelve glued-in-rods, fixed to a steel plate on each side. The two steel plates
were then welded together on the construction site, thereby achieving a rigid connection.
Recent developments on PT frames A state-of-the art on post-tensioned timber structures
can be found in Wanninger (2015) [241]. Herein, the focus is on recent developments (since 2015)
and the so far implemented modelling techniques (analytical and numerical).
The post-tensioned beam-column joint originates from the Precast Seismic Structural Systems (PRESSS) project [179], where it was implemented as a joint between pre-fabricated concrete elements. This type of joint was later on adapted to timber elements by Palermo et al.
(2005) [160] at the University of Canterbury, New Zealand. Since then, an extensive amount
of research has been conducted on post-tensioned timber structures in New Zealand. The post-

80

Chapter 4. Application: the House of Natural Resources

(a)

(b)

Fig. 4.6: Single column prior to the mounting of the beams (4.6(a)) and completed PT frame on the
C-storey (4.6(b))

tensioned joint has been applied in frame and wall structures with LVL, which are named
“Pres-Lam” structures.
The most recent developments include investigations on the lateral performance of posttensioned structures that were mainly designed for gravity loads [43, 206], i.e., the post-tensioning
cable follows a parabola and has a mid-span moment balancing function. A further issue of rocking post-tensioned timber walls, or the rocking of beams in PT frames, are the displacement
incompatibilities between the post-tensioned wall (or post-tensioned frame) and the slab. Due
to the rocking, an uplift occurs in the joint, which can cause severe damage to the slab system,
which is supposed to work as a diaphragm. To avoid this type of damage, several slab to wall
and slab to frame connection systems were extensively studied [149, 197].
Additionally, two new Pres-Lam buildings have been erected in New Zealand. One is the
Trimble Offices building, which figures Pres-Lam walls and frames with energy dissipaters [24].
This building is so far the largest Pres-Lam building (6000 m2 ). Additionaly, an extensive longterm monitoring system was implemented. Furthermore, the Kaikoura Civic Centre was finalised
in November 2016. The building is a 3-storey building realised entirely in timber with Pres-Lam
walls [180].
At ETH Zurich in Switzerland, post-tensioned timber structures are under investigation,
since 2010. Instead of steel reinforcements and dissipaters in the joint, the ETH system implements hardwood as a reinforcement of the column, where the stresses perpendicular to the grain
are largest. The implementation of hardwood reinforcement obviates the need for any further
steel elements in the joint, except for the post-tensioning cable.
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Fig. 4.7: Anchorage detail of the PT frame

Recent publications include the further extension of analytical and numerical models [157,
239], and investigations on moment-resisting connections with glued-in rods [158]. The idea
behind these is to develop a new type of column base connection, to increase the stiffness of
frame structure in view of multi-storey applications. The HoNR is the first realised flexframe
building.
Analytical and numerical models of PT frames In what follows, the focus is on models
for the PT frame with columns in hardwood and without the implementation of dissipation
devices.
From the tests on a single post-tensioned timber joint with ash reinforcement [238], a simple
analytical model to describe the joint behaviour was developed. This model assumes that the
beam is perfectly rigid (stiff foundation) and that the column is soft, as it is loaded perpendicular
to the grain (soft ground). The soft ground is modelled as a series of springs that bear only
compressive forces. The stiffness of these springs is the sole model parameter, additionally known
as the modulus of subgrade reaction c. This parameter is strongly dependent on the Young’s
modulus perpendicular to the grain of the material. The model equations are documented in
Wanninger and Frangi (2014) [238]. The analytical model distinguishes three model regimes
for successive load increase. The first regime is the regime prior to decompression, i.e., the
entire column section in the joint is under compression. The second regime is the regime after
decompression, where a gap opens between the beam and the column and the stresses in the
gap are equal to zero. In the third regime, the tip of the gap opening reaches the tendon and
the tendon starts to elongate. For an illustration of the different regimes, refer to Wanninger
and Frangi (2014) [238] (Figure 14). A comparison of the analytical model and the experimental
moment-rotation behaviour is displayed in Figure 4.8(a). During asymmetrical loading of the
joint (e.g., induced by a horizontal load on the frame), shear deformations occur in the column.
Therefore, the analytical model additionally proposes equations to estimate the rotation in the
joint due to shear.
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In a second step, the analytical model, which was originally derived and verified for a single
beam-column joint, was implemented to represent the behaviour of a three-bay PT frame [239].
A 1:1 three-bay frame was tested in the laboratory at ETH Zurich with varying column base
fixations and post-tension forces (cf. Section 4.2.1). Static pushover tests were conducted on
the frame [239], and dynamic modal vibration tests, which are discussed in Section 4.2.1.
Based on the experimental results from these tests, the analytical model was modified to
account for the different behaviour of the inner and outer beam-column joints. Figure 4.9
presents a schematic sketch of the numerical model with two different spring types to represent
the connection behaviour for inner (kin ) und outer (kout ) columns. For a horizontal pushover
load, the anchorage of the tendon force in the outer column ensures that the resulting horizontal
force remains at the same height (mid-height of the connection), whereas for the inner column
the resulting force moves upwards in one adjacent beam and downwards in the other adjacent
beam. Furthermore, the inner column has two beam-column connection interfaces, whereas the
outer column has only one, therefore the rotation due to compression can be divided by two
(assumption of a single rotational spring, cf. Figure 4.9). Figure 4.8(b) presents a comparison
between the adapted analytical model and the pushover test results. The analytical model is
not able to reproduce different levels of post-tensioning forces. For high post-tensioning forces
(600 kN) the analytical model is in good agreement with the test results. The model and the
test results present a linear behaviour up to a deformation of 20 mm. At larger deformations,
the system softens (due to the gap opening, which occurs due to the decompression in the
connection). This effect is captured with high accuracy by the analytical model. During the tests,
however, the third regime of tendon elongation could not be reached; therefore the softening
part of the curve is relatively short.
From the static pushover-curves, the period of the system was estimated by Wanninger
(2015) [241], according to Chopra and Goel (2002) [41]. The derived fundamental frequencies
are 8.6 Hz for a post-tension force P of 600 kN, and 7.8 Hz for P = 400 kN. These values are in
good agreement with the values obtained from the modal vibration tests (cf. Section 4.2.1).
In addition to the analytical model, several numerical models of the post-tensioned beamcolumn connection were developed. Wanninger (2015) [241] introduced a finite-element numerical model in OpenSees, which is able to model the reduced stiffness for lower tendon forces.
In Ogrizovic et al. (2016) [157], this numerical model is further pursued and referred to as the
2D model. The model implements plane-stress quadrilateral elements for the timber elements
and co-rotational truss elements to represent the tendon. Ogrizovic et al. (2016) [157] further
introduced a simplified, 1D model, where the columns and beams are modelled as simple beam
elements connected by rotational springs (cf. Figure 4.10(b)). Based on the physical concept of
the analytical model, this model distinguishes two types of springs, one a linear-elastic rotational
shear spring, placed in the column at the height of the lower surface of the beam and second, a
multi-linear elastic spring, placed at beam mid-height. The spring at beam mid-height represents
the pure rotation between the column and the beam (cf. Figure 4.10(b) for the moment-rotation
(M -θ) relationship of both springs). This model assumes that during the application of horizontal forces, the timber columns and beams remain elastic and that the non-linearity results solely

83

120

300

100

250

80

200
F [kN]

M [kN]

4.1. The House of Natural Resources

60
40

100
Model
Left
Right

20
0

150

0

2

4

[-]

(a)

6

P=600kN
P=500kN
P=400kN
model

50

8

10-3

0

0

20

40
u [mm]

60

80

(b)

Fig. 4.8: 4.8(a): Moment-rotation (M -θ) diagram from gravity tests on a beam-column joint (experimental results and analytical model) [238] 4.8(b): Pushover curves (horizontal load F versus deformation
u): comparison experimental resuts and analytical model [239]

Fig. 4.9: Schematic sketch of the analytical model from Wanninger and Frangi 2016 [239] (F: horizontal
pushover load, Ko : rotational spring stiffness of the outer columns, Ki : rotational spring stiffness of the
inner columns), G: shear modulus, subscript b: properties of the beams, subscript c : properties of the
columns

due to the gap opening in the connection, and, at large displacements, due to elongation of the
tendon. The simplified 1D model was validated against the more complex and independent 2D
model. Both models are in good agreement with the experimental data for P = 600 kN. As
the spring stiffness’ are derived from the analytical model, they depend only on the modulus of
subgrade reaction, i.e., the Young’s modulus perpendicular to the grain of the column) and not
on the level of the tendon force. For the 1D model, the dynamic behaviour of the frame was
analysed and a fundamental frequency of 7.8 Hz was derived (assuming densities of 750 kg/m3
for ash (column) and 500 kg/m3 for spruce (beam)).
Studies on the long-term behaviour of PT frames Several experimental and numerical
investigations on the long-term behaviour of PT frames have been carried out.
In New Zealand, post-tensioned LVL beam and frame specimens of the type Pres-lam with
a hollow-box cross-section were subjected to a one-year monitoring campaign [44]. The post-
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(a)

(b)

Fig. 4.10: 4.10(a): Sketch of the 2D numerical model in OpenSees [241] 4.10(b): Definition of the springs
for the 1D numerical model by Ogrizovic et al. (2016) [157] (M : bending moment, θ: rotation at the
beam-column interface, θGA : rotation due to shear in the column)

tensioning force in the beams dropped by 1.4% in 1 year, whereas the post-tension force in the
frame decreased by 7%. For the frame specimen 11% of the wood was loaded perpendicular to the
grain. The authors identified the percentage of wood that is loaded perpendicular to the grain
as the main explanation for the major difference in the post-tensioning drop between the beam
and frame specimens. Other observed key factors are creep, mechano-sorption, and relaxation
of the tendon and shrinkage/swelling of the timber sections. Fragiacomo and Davies (2011) [65]
proposed an analytical formula to account for creep, mechano-sorption, thermal and moisture
strains in wood, and to account for relaxation an thermal strains in the steel tendon. The
formula was validated with experimental results. This analytical approach was later modified
and extended by Giorgini et al. (2010) [74]. They additionally proposed a simplified design
procedure to predict post-tension losses for Pres-Lam structures. A recent publication presented
the experimental data from a four year monitoring campaign of two unbonded post-tensioned
LVL timber beams (type Pres-lam) in uncontrolled environmental conditions [77]. One of the
two beams was additionally loaded with gravity loads. The losses in the tendon forces after four
years were 3.4% for the unloaded beam and 4.5% for the loaded beam, whereas the unloaded
beam was originally post-tensioned to 750 kN and the loaded beam to 770 kN. The difference
in initial tendon force can explain the difference in loss, since all age-dependent effects are
aggravated by higher stress levels. An extrapolation of the losses to 50 years, estimated 11-13%
total losses.
Furthermore, a test series on the long-term behaviour of post-tensioned glued laminated
timber (glulam) beam and frame specimens (type flexframe) was carried out in both a controlled
and an uncontrolled environment [240, 241]. These tests enabled a first prediction of the longterm losses of a glulam post-tensioned connection with hardwood reinforcement (ca. 30% for a
service life of 50 years). This result was utilised to determine the initial post-tensioning force
for the HoNR.
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Timber-concrete composite slab with beech LVL and notched connection
Implementation in the HoNR The slab above the C-storey frame is a prototype of a
timber-concrete composite slab (TCC) with beech LVL plates, developed by Boccadoro (2016)
[18]. The slab section is composed of 40 mm thick beech LVL plates on the bottom and a 160 mm
thick concrete plate on top, connected via 15 mm deep, rectangular shear notches in the timber
plate (cf. Figure 4.11). The beech LVL plates act as reinforcement in the tension zone and
additionally as a formwork, whereas the concrete plate works in compression. The surface of
the beech plates remains as a visible timber ceiling. The beech LVL plates substitute a major
part of the lower rebars in the tension zone. Thereby, the amount of steel in the slab can be
significantly reduced, leading to a slab with reduced CO2 impact in comparison to a common
reinforced concrete slab.
The materials and dimensions of the slab are summarised in Table 4.3. The beech LVL
plates span 6.5 m in on direction and are 500 mm wide. Each 6.5 m by 6.5 m field is covered with
13 beech LVL plates, which are connected sideways with a tongue and groove connection. For
a more even load distribution on the PT frame, the span of the beech LVL plates is alternated
for each field (cf. Figures 4.11(b) and 4.4). The beech plates are “Baubuche Q” with 15%
perpendicular layers. Detailed properties of the “Baubuche Q” are documented in Blass and
Streib (2014) [16].
The concrete plate was cast in-situ as a continuous element. The implemented concrete
quality is C50/60 and the rebars are standard B500B bars (refer to SIA262 [222] for detailed
properties). The steel rebars of the composite slab were designed for the fire case, assuming that
the entire beech plate would char and hence the concrete plate should be able to carry the fire
load by itself. Therefore, four layers of rebars were installed. Rectangular notches in the beech
plate transmit the shear forces between the timber and concrete through compressive contact.
Therefore, the notches are concentrated in the support areas, where the shear forces are largest.
Some safety screws were added to ensure that there is no separation between the beech LVL
plates and the concrete.
Tab. 4.3: Materialisation and dimensions of the TCC slab

Element
Timber plate
Concrete plate
Upper rebars
Lower rebars

Material
Beech LVL
C50/60
B500B
B500B

Length [mm]
60 500
190 500
2 cross-layers
2 cross-layers

Height [mm]

Width [mm]

40
500
160
190 500
12@150 mm
8@150 mm

Background on TCC slabs with hardwood timber TCC slabs present several advantages
compared to pure timber slab systems and to pure reinforced concrete slabs. Due to the lighter
timber part, they are less heavy than pure reinforced concrete slabs and the amount of the
steel reinforcement can be reduced, thereby substituting part of the slab with a low-CO2 impact
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(a)

(b)

(c)

Fig. 4.11: TCC slab with beech LVL plates: 4.11(a) cross-section from a laboratory test specimen
[18], 4.11(b) beech LVL plates on the construction site of the HoNR, 4.11(c) TCC slab after concreting
(HoNR)

material. On the other hand, the issues of sound insulation, stiffness and vibration amplitude
are improved due to the mass and stiffness of the concrete layer, in comparison to a pure timber
slab. The focus herein, is on TCC slabs with hardwood (beech LVL).
First investigations on beech wood as a building material were conducted by Egner and
Kolb (1966) [51] and Kolb (1968) [110]. They investigated glulam girders of beech veneers
in static bending and fire tests. They found out that beech as a structural material exhibits
significantly higher strength properties than conventional softwood materials. Recently, the
commercial production of large-size beech LVL products for the implementation as plate-type
or beam-type structures was launched [16, 83]. This new type of beech LVL has exceptionally
high load-bearing capacity, combined with the homogenization effect of LVL.
TCC slabs with beech LVL were developed and thoroughly investigated by Boccadoro (2016)
[18]. A TCC with beech LVL slab prototype was developed and optimised via a series of
experimental and theoretical investigations. The slab of the HoNR is an implementation of this
prototype in an actual building.
Boccadoro (2016) [18] proposes a design procedure to achieve an optimal load-bearing behaviour, enabling a series of ductile failure mechanisms (cf. Figure 4.12). The governing failure
mechanism should be yielding of the timber in the notches (ductile failure of timber under compression). If the slab is optimally designed, compression failure in the concrete occurs after
yielding of the notches, and a brittle tensile-bending failure of the beech LVL plate is avoided.
The optimised layout of the notches (position, shape, depth) delivers a slab with a high stiffness
at service level, and a ductile and highly predictable structural behaviour. During the experimental investigations, a vertical gap opening between the timber and the concrete was observed,
once the timber in the notches started to yield. To avoid this vertical uplifting of the concrete
layer, vertical reinforcing bars were positioned in holes during the final experimental campaign.
In the HoNR prototype, the uplifting is prevented via the addition of vertical screws.
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Fig. 4.12: Design concept for TCC slabs made of beech LVL with a notched connection from Boccadoro
(2016) [18]

The prototype in the HoNR was implemented in spring 2014 and did not yet correspond
to the final optimal design proposed by Boccadoro (2016) [18]. In the HoNR slab, all notches
have identical size, whereas for the optimal design, their size should vary from small notches at
mid-span to wider notches at the support (refer to Figure 4.12), to ensure that all notches are
able to yield prior to the compression failure in the concrete. Furthermore, the investigations of
Boccadoro (2016) [18] focused on single span applications, whereas in the HoNR the concrete
plate is continuous over three spans. The implementation in the HoNR will provide additional
insight into the long-term behaviour of the prototype slab.
Further investigations on TCC slabs with beech LVL are currently being conducted with
the goal to obviate the need for temporary supports during concrete casting and to provide a
biaxial load distribution [113]. Therefore, possible load-bearing side connections of the beech
LVL plates are studied. Furthermore, the possibility of an implementation as a point supported
slab is investigated.

Investigations on the long-term behaviour of TCC slabs The long-term behaviour of
TCC slabs with softwood timber has been studied by several researchers. As both timber and
concrete exhibit age-dependent effects, such as creep, shrinkage and swelling of concrete, and
creep, mechano-sorptive creep, shrinkage and swelling of timber, the long-term behaviour of
composite slabs is complex and difficult to predict.
Blass et al. (1995) [17] investigated four types of TCC slabs with different timber-concrete
connectors and different timber materials (glued laminated timber and LVL). In 2002, results
from a testing period of seven years on these slabs were published [15]. The long-term increase
in deformation was compared to code predictions, which are based on a modification of the
Young’s modulus (division of the short-term modulus by (1 + ϕ), with ϕ the respective material
creep factor) [220, 222]. Blass and Romani (2002) [15] additionally proposed, a creep factor
for the connection stiffness, which they chose equal to the creep factor of timber. Indeed, the
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deformation increase according to the code predictions was up to 50% lower than the measured
increase in deformations.
Detailed investigations on the long-term behaviour of TCC slabs with board stacks were
conducted by Schänzlin (2003) [200]. From experimental investigations, a creep factor of 2.4
to 2.5 was determined for the composite slab. In addition, numerical investigations based on
the rheological models of timber, concrete and the connectors, and considering the flexibility of
the connection were conducted. These numerical investigations led to global creep factors for
the composite slab in the range of 1.5 to 4.5. Furthermore, a simplified analytical model was
proposed, which demonstrated that especially the interaction between the two materials has a
significant influence on the resulting global creep factor. Indeed, the difference in creep velocity
of concrete and timber leads to a redistribution of loads from the concrete to the timber, already
in an early phase of the loading cycle. Therefore, the critical periods to be investigated are not
only t = 0 and t = ∞, but also t = 3 − 7 years.
Glaser (2005) [75] investigated the long-term behaviour of TCC slabs with two novel types of
shear connectors (concrete polymer and pure concrete cams). He proposed a simplified calculation model that considers creep of timber and concrete, shrinkage and swelling of both materials
and the long-term behaviour of the connectors. Michelfelder (2006) [148] studied the long-term
behaviour of TCC slabs with board stacks with notches as connecting elements. She discovered
that the implementation of screws in the connection significantly reduces the time-dependent
deformations.
For the prototype slab implemented in the HoNR, no long-term investigations were conducted
prior to the construction. The slab was designed assuming creep factors ϕ = 0.8 for timber [220]
and ϕ = 2.1 for concrete [222]. The long-term behaviour of the connection was not considered
during the design, assuming that there is no slip between both materials for the serviceability
design state.

Biaxial timber slab
Implementation in the HoNR For the central 6.5 m by 6.5 m span on the D-storey a special
type of timber slab was implemented (cf. Figure 4.13). The slab is a pure timber slab and is
entirely composed of beech wood. The slab was positioned 1.3 m higher than the other slabs on
the D-storey, thereby making room for a window band below the roof. Table 4.4 summarises
the dimensions of the slab’s elements.
Tab. 4.4: Materialisation and dimensions of the biaxial timber slab

Element
CLT plate (5 layers)
Timber Posts
Lamellae

Material
Beech CLT
Beech LVL
Beech LVL

Length [mm]

Height [mm]

Width [mm]

60 500

120
160
40

60 500
140
140

140
60 500
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(a)

(b)

Fig. 4.13: Biaxial timber slab (4.13(a) cross-section without the lowest layer of lamellae, 4.13(b) completed slab

The slab is composed of a 120 mm thick, 5-ply beech CLT plate (with ply thickness’s:
20 mm—30 mm—20 mm—30 mm—20 mm), 160 mm high beech LVL glulam posts with square
dimensions of 140 mm by 140 mm, and 40 mm thick, 140 mm wide, beech LVL lamellae that run
crosswise over the entire span. Material properties for the beech LVL lamellae (Baubuche Q)
and the GL70 posts can be found in Blass and Streib (2014) [16]. Material properties of beech
solid timber can be found in SIA265 [220] (hardwood category D40). Refined properties for
beech CLT are still under investigation [52].
With the chosen materialisation, it is possible to obtain a biaxial load distribution within
the slab. Indeed, the CLT plate has two cross layers and additionally the reinforcing grid
with beech LVL lamellae leads to an increase in stiffness for both directions, thereby favouring
the bi-directional load distribution. The beech lamellae, thereby, act as a tie rod. For an
evenly distributed load, the structural behaviour is similar to an inverted bowstring beam. For
asymmetric loading, the structural behaviour is closer to a Vierendeel truss [242]. In the areas
close to the support, the square beech LVL glulam posts are elongated to a length of 993 mm to
act as a shear reinforcement. The joints between the CLT plate, posts and lamellae were glued
to form rigid connections. The CLT plate was delivered to the construction site as three separate
elements, which were then connected with a lap joint (with a fastener spacing of 182 mm). The
second direction of beech LVL lamellae was was mounted on the construction site. They were
glued to the slab from below, whereas the gluing pressure was achieved with a series of screws,
inserted from below.

Background on biaxial timber slabs A pure timber slab with a spruce CLT top-plate and
a lower grid of beech cross-wise lamellae was extensively studied in the laboratory of ETH Zurich
[224], [242]. A 1:1 scale test of a prototype slab was carried out.
The slab system was analysed in several master theses at ETH Zurich [6, 115, 237, 251]. The
first test series was conducted in spring 2011, the second in spring 2012. The test series proved
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that the developed slab system is extremely stiff. Additionally, it is able to carry loads more or
less equally in both directions, hence its name “biaxial timber slab”.
The prototype tested in the laboratory consisted of a spruce CLT plate, posts and support
reinforcements in spruce glulam, and a grid off cross-wise lamellae with solid timber boards in
beech wood. The slab was fixed to a prototype of a PT frame, with tendons post-tensioned to
350 kN. During the first testing series in 2011, static tests with deformation measurements were
performed. Four cylinders were implemented for the load application. These tests led to the
conclusion that 60% of the load is transferred in one direction and 40% in the other direction.
Furthermore, dynamic tests on the slab were performed without and with the beech lamellae
reinforcement. A weight was dropped on the slab and the vibrations of the slab were recorded
with seven accelerometers. The fundamental frequency was identified at 6.4 Hz and the damping
ratio at 1.8% without the tension grid of the beech lamellae. With the tension grid, these values
were increased to a frequency of 11.1 Hz and a damping ratio of 3.0%. Through the addition
of the lamellae, the stiffness could be increased by a factor of 3.8 and the frequency could be
brought above 7.5Hz, which is the critical frequency threshold for slabs in residential buildings
[243].
In 2012, additional tests were conducted on the same slab [115]. A 4% loss in stiffness was
observed due to the 1-year standing period. In this second testing series, the slab was tested
until ultimate load. To reach the ultimate failure of the slab, the lamellae in one direction had
to be cut through (due to the limited capacity of the hydraulic cylinders).

Design and modelling of the biaxial slab Arnet (2011) [6] developed numerical models
of the slab (with 1D-elements and 2D-elements) and conducted a parametric study. Based on
her investigations, a design procedure was developed. The slab can be designed as a Vierendeel
girder for asymmetric loads and as an inverted bowstring for uniform loads.
The slab, as implemented in the HoNR, was designed by Lampart (2012) [115] and Zimmermann (2014) [251]. The slab in the HoNR deviates from the original prototype mostly in
the materialisation. The spruce CLT plate was replaced by a CLT plate in beech wood and
the posts and lamellae were made of beech LVL. The new materials have significantly higher
strength and stiffness properties than the materials from the prototype tested in the laboratory,
therefore, it is expected that the slab system in the HoNR is significantly stiffer.

Studies on the long-term behaviour of the biaxial slab In 2011, a loaded long-term test
was conducted on the slab for a duration of 1 week. Increased deformations were observed, and a
strong dependency between the deformations and the relative humidity variations. Furthermore,
a stiffness loss of 4% was observed during the 1-year between the testing series in 2011 and the
one in 2012.
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Hollow-core timber-concrete composite slab with beech LVL
Implementation in the HoNR The remaining eight (6.5 m by 6.5 m) fields on the D-floor
are covered by a hollow-core TCC slab (cf. Figure 4.14). The structural system is an adaptation
of the conventional hollow-core slab produced by the company Häring Co. AG. Instead of
implementing spruce timber elements, the timber elements were made of beech LVL. The system
is a hollow-core slab with a 70 mm top-plate in prefabricated concrete (C30/37, cf. SIA262 [222]),
a bottom-plate of 40 mm thick beech LVL and webs of 80 mm width and a height of 240 mm in
beech LVL glulam (GL70, cf. Blass and Streib (2014) [16]). Table 4.5 summarises the materials
and dimensions of the slab. The connection between the concrete plate and the timber is
assured via diagonal fully threaded screws. This connection is named hb rapid connection and
was developed by Häring Co. AG. The lower 1.625 m wide beech LVL plates were glued to the
webs. The entire assembly was finalised in the workshop and the elements were then transported
to the construction site. Each 6.5m by 6.5m field is covered by four pre-fabricated elements.
Tab. 4.5: Materialisation and dimensions of the hollow-core TCC slab

Element

Material

Concrete plate
Timber webs
Timber plate

C30/37
Beech LVL
Beech LVL

(a)

Length [mm]

Height [mm]

Width [mm]

60 500
60 500
60 500

70
240
40

10 625
80
0
1 625

(b)

(c)

Fig. 4.14: Hollow-core TCC slab (4.14(a) Mounting of the hollow-core elements, 4.14(b) diagonal connection screw (Source: Häring Co. AG), 4.14(c) cross-section of the slab (Source: Häring Co. AG)

The system has a uni-axial load-carrying behaviour, therefore the span direction is alternated
between fields to guarantee a uniform load distribution on the PT frame (same direction as for
the beech plates of the C-storey slab (cf. Figure 4.5).
Experimental investigations on hollow-core TCC slabs with beech LVL The slab
implemented in the HoNR was investigated in a master thesis together with several other slab
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systems in a 4-point bending test [137] (cf. Figure 4.15(a)). A ductile behaviour of the slab
was observed, due to the ductile failure of the diagonal screws that connect the prefabricated
concrete plate and the webs. After the ductile failure of the connection, a further load increase
was possible (with a reduced stiffness) until a brittle failure in the webs was reached (cf. Figure
4.15(b)). The test results were compared to analytical model predictions derived with the γfactor design method for composite structures (refer to Richter et al. (2010) [193] for details
on this design method). The experimental results were in good agreement with the analytical
predictions up to the ductile failure of the connection. Furthermore, dynamic impulse tests
were conducted on the simply supported slab specimen. The first three fundamental frequencies
were derived from acceleration measurements in three points to 15.3, 42.4 and 65 Hz. The first
fundamental frequency is significantly above the design threshold for residential buildings of
7.5 Hz [243].
So far, no special investigations on the long-term behaviour of hollow-core TCC slabs with
beech LVL plates have been carried out.
600
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Fig. 4.15: 4.15(a): 4-point bending test of the hollow-core slab 4.15(b): Force—deformation curves
(with model comparison: continuous line: model with composite action (γ − factor = 0.13), dashed line:
model without composite action) [137]

Connection details between structural elements
In what follows, the connection details between the different structural elements is described.
The connection between structural elements plays a vital role for the dynamic performance of
the entire building.

Connection between the timber columns and the reinforced concrete slab of the
B-storey The timber columns of the C-storey PT frame are connected to the lower reinforced
concrete slab with glued-in rods and a steel plate (cf. Figure 4.16). The steel plate is slotted
into the bottom part of the timber column and works as a connecting element for the glued-in
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rods and the eight dowels (four per direction). For a technical drawing of this connection detail,
refer to Leyder et al. (2015) [123].

(a)

(b)

Fig. 4.16: Connection of the timber columns to the reinforced concrete slab (4.16(a) Steel plate for
corner column, 4.16(b) Dowel-connection (centre column)

TCC slab to PT frame The LVL plates are simply supported on the beams of the PT
frame. They were fixed to the beams with vertical screws (8 mm diameter, 100 mm length)
with a spacing of 130 mm. The entire slab is covered by a continuous concrete plate, which was
cast in-situ. To enable a gap opening between the column and the beam of the PT frame, a
10 mm gap, filled with Styrofoam, was introduced between the columns and the concrete plate
(cf. Figure 4.17).

(a)

(b)

Fig. 4.17: Connection of the TCC slab to the PT frame (4.17(a) Connection of the LVL plates to the
beams of the frame, 4.17(b) 10 mm gap between the column and the concrete plate (viewed from the top)

PT frame C-storey to PT frame D-storey The connection between the columns of the
C-storey PT frame and the D-storey PT frame is realised as a rigid moment connection, via
the insertion of twelve glued-in-rods in all lower and upper columns. The glued-in rods of each

94

Chapter 4. Application: the House of Natural Resources

column are fixed to a steel plate. The steel plates of the lower and upper columns were welded
together on the construction site (cf. Figure 4.18).

(a)

(b)

Fig. 4.18: Connection between the lower and upper column of the PT frame (4.18(a) steel plate with
rods and drilled holes in the lower column, 4.18(b) steel plate connection prepared for welding

Hollow-core slab to PT frame The prefabricated concrete plate of the hollow-core elements
is simply supported on the beams of the PT frame. The connection is realised via the insertion
of four inclined screws (cf. Figure 4.19(a)). The webs and the plate of the hollow-core elements
are not connected to the frame.

(a)

(b)

Fig. 4.19: 4.19(a) Connection of the top concrete plate of the hollow-core slab element to the beam
of the PT frame, 4.19(b) Connection of the biaxial slab CLT plate to the elevated timber frame of the
central span

Biaxial slab to PT frame The biaxial timber slab is not directly fixed to the PT frame, due
to the elevated position of the slab. The slab is connected to a rigid timber frame construction,
which is connected to the columns and beams of the PT frame. The CLT plate of the biaxial
slab is connected to the elevated frame via vertical screws with a spacing of 318 mm around its
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perimeter (cf. Figure 4.19(b)). The shear reinforcement supports of the biaxial slab and the
cross-wise lamellae are not connected directly to the elevated frame.

4.1.4

Non-structural details

As the focus of the HoNR prototype building is the investigation of the innovative structural
systems, major structural interactions with the non-structural elements should be avoided. In
the following section, the implemented non-structural elements are described, along with their
connection to the load-carrying structure.
The building’s facade for the two upper storeys is made of a steel frame, with large glazing
surfaces over the entire room height. The facade of the lower two storeys is a plastered facade.
Some of the glazing elements in the facade were realised as windows that can be opened by the
building users to ventilate the building. The glazing elements are supported on a steel frame,
which is anchored in the reinforced concrete slab and walls of the B-storey. Additionally, a
lateral fixation of the steel frame to the timber beams of the PT frame was realised. The lateral
fixation has elongated holes to avoid a vertical load transfer to the timber beam (cf. Figure
4.20(a)). In the PT frame tendon anchorage zones, the facade presents square metal covers,
to guarantee an access to the anchorage of the PT frame. In this way, the PT frame can be
re-tensioned, if necessary (cf. Figures 4.20(b) and 4.20(c)).

(a)

(b)

(c)

Fig. 4.20: 4.20(a) Fixation of the facade to the beams, 4.20(b) Square gap in the facade, 4.20(c) Metal
cover boxes for the tendon anchorages

The interior walls that separate the rooms are non-structural gypsum, masonry or glass
walls. To avoid a vertical load transfer from the slabs and beams to the non-structural walls, a
10 mm gap was introduced on top of each non-structural wall (cf. Figure 4.21).
The staircase is realised with prefabricated reinforced concrete elements. The mounting of
the staircase from the A- to B- and B- to C-storeys occurred prior to the start of the timber
construction. These staircase elements are connected to the concrete structure of the two lower
storeys and do therefore not affect the structural behaviour of the timber storeys. The final
staircase from the C- to the D-storey was installed after the finalization of the C-storey timber
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(a)

(b)

Fig. 4.21: 4.21(a) 10 mm gap between gypsum walls and hollow-core slab, 4.21(b) 10 mm gap between
masonry wall and post-tensioned timber beam

frame structure and the TCC slab. The staircase is vertically positioned on the TCC-slab.
However, a plastic membrane of ca. 10 mm thickness separates the two structural elements (cf.
Figure 4.22). Thereby, the vertical loads of the staircase are transmitted to the slab, whereas
a transmission of horizontal loads is prevented. From the D-storey to the roof, there is a light
folding stairway in timber, attached to the roof, which does not provide any additional horizontal
stiffness to the building. For fire safety reasons, all timber elements in the staircase area were
clad with gypsum boards. Both the staircase and the elevator shaft require openings in the
slab systems and thereby lead to some irregularities in the load distribution in that area of the
building (cf. Figure 4.2).

Fig. 4.22: Fixation of the staircase

The elevator shaft was cast in-situ after the TCC slab of the C-storey had already been
cast. The free surface of the TCC slab was employed as a formwork during the casting of the
elevator shaft. However, no connectors, or steel bars statically connect the elevator shaft and
the composite slab. Between the elevator shaft and the beams of the timber frame a 10 mm
gap was introduced with mineral wool. The prefabricated hollow-core slab elements for the
D-storey were positioned on steel brackets fixed to the elevator shaft (vertical load transfer). No
additional fasteners were employed to connect the slab elements to the elevator shaft. Figure
4.23 illustrates the above-mentioned connection details of the elevator shaft.
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(a)

(b)

(c)

Fig. 4.23: 4.23(a) Connection of the elevator shaft to the post-tensioned timber beam, 4.23(b) Connection of the elevator shaft to the TCC slab, 4.23(c) Connection of the elevator shaft to the hollow-core
slab (prior to the final positioning of the slab)

The roof is a conventional flat roof with a minimal inclination for water drainage. On top
of the hollow-core slab elements and the biaxial slab a waterproof membrane (moisture and
vapour barrier) was installed, followed by an insulation layer, a second waterproof membrane, a
protection and a reservoir fleece and finally an extensive vegetation layer (cf. Figure 4.24).

(a)

(b)

(c)

Fig. 4.24: Roof layup: 4.24(a) Waterproof membrane (moisture and vapour barrier) 4.24(b) insulation
layers and second waterproof membrane 4.24(c) finalised roof with extensive vegetation

The building is equipped with floor heating, which is covered with a cast underlay floor of
80 mm thickness. The building does not feature an automated ventilation system nor an air
cooling system. To regulate the inflow of fresh air, the room-high windows in the facade can be
opened via a horizontal sliding mechanism (providing ca. a 100 mm wide gap, which allows for
air circulation). Additionally, an external shading system was installed during the construction.
The external shading system is attached to the steel frame of the facade and is controllable
by the building user. This shading system was supplemented with an indoor shading system
on the North-West and South-West facades in spring 2016. Since summer 2016, an automated
night cooling system is active, which automatically opens all windows at night once the outdoor
temperature is below the indoor temperature. To avoid the formation of large cracks in the
timber during the first heating periods, six air humidifiers were installed in the building during
winters 2014/2015 and 2015/2016 (three humidifiers per timber storey).
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Construction of the building

Figure 1.1 in Chapter 1 presents an overview of the different construction steps. The construction started in September 2013 with the construction of the two lower storeys in conventional
reinforced concrete. The mounting of the PT frame on the first timber storey was conducted in
January 2014. The beech LVL plates of the TCC slab were mounted in February 2014, followed
by the casting of the concrete layer in March. The building was originally designed for two
storeys in timber, however, prior to the start of the construction it was decided to build only a
single storey in timber. The idea was to add the second storey at a later stage after the completion of the 3-storey building. However, the decision to add the second storey in timber followed
already in spring 2014; therefore, the construction of the PT frame on the D-storey started only
2 months after completion of the slab on the C-storey. The D-storey PT frame was mounted in
July 2014 and the slabs followed in October 2014. After the completion of the non-structural
elements and the finalisation of the indoor works, the building was inaugurated on the 2nd of
June 2015. The VAW moved into the HoNR in July 2015. Since then, the building has been in
operation.
The building is equipped with a dense monitoring system, which was implemented gradually
as the construction progressed. After each main construction step, a series of forced vibration
tests was carried out (cf. Section 4.2).
Construction of the C-storey PT frame
The first construction step for the timber frame was the positioning and gluing of the glued-in
rods that connect the column bases to the reinforced concrete slab. Subsequently, the timber
columns were positioned on-site. The beams were lifted up and vertically lowered onto the
mounting supports on the columns. Then, the post-tensioning cables were introduced into the
cavities in the columns and beams. Finally, the frame was post-tensioned with a conventional
hydraulic press (at the end of January 2014). Acceleration, tilt and FBG sensors were installed
and the first FVT testing series took place (Phase I).
Construction of the TCC slab
In February 2014, the beech LVL plates were positioned on top of the beams of the PT frame.
The 500 mm wide plates were delivered to the construction site as single elements and the notch
and groove connection had to be realised on-site. The rectangular notches for the connection
with the concrete plate were milled in the workshop. To support the LVL plates during the
casting of the concrete plate, a grid of four by four temporary supports was positioned below
each 6.5 m by 6.5 m field. The beams of the PT frame were not additionally supported. No
pre-camber was applied to the slab. Then, the lower and upper rebars, stirrups and the screws
to prevent vertical uplift were added. Furthermore, six FBG strain sensors were embedded
into the slab. The concrete was cast on the 25th of March 2014. After a curing period of 20
days, the temporary supports were removed on the 14th of April. The construction process is
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similar to the one for conventional reinforced concrete slabs; however, the formwork is part of
the structural system and remains as a visible ceiling. After removal of the temporary supports,
the acceleration sensors were reorganised and the modal vibration testing Phase II took place.

Construction of the D-storey PT frame
The construction of the D-storey PT frame was carried out in July 2014. The process was
similar to the one for the C-storey PT frame, except for the column base connection. First,
twelve holes were drilled into the top of the C-storey frame column. Then, a steel plate with
twelve glued-in rods was inserted. The D-storey columns were delivered to the construction
site with the steel base-plate and the twelve glued-in rods already mounted. The columns and
beams were positioned on the construction site and after the post-tensioning, the two steel
plates were welded together, creating a rigid connection between the lower and upper PT frame.
Furthermore, an additional rigid frame was positioned on top of the central span of the frame.
This top-up frame allowed the positioning of windows below the slab to provide daylight for the
central meeting room. Acceleration and tilt sensors were added to the D-storey PT frame and
FVT Phase III was carried out.

Construction of the slabs on the D-storey
The slabs on the D-storey were added in October 2014. First, the hollow-core elements were
positioned in the eight external fields. The hollow-core elements were finalised in the workshop,
and then delivered delivered to the construction site. On site, they only had to be fixed to the
PT frame beams with diagonal screws. Then, the biaxial slab was delivered in three parts, which
were connected on-site with a lap joint (with adhesive and screws). The three parts included
the top beech CLT plate, the beech LVL posts and the beech LVL lamellae spanning in one
direction. The cross-wise lamellae had to be mounted on the construction site. The lamellae
were glued from below and additionally fixed with some vertical screws to provide some gluing
pressure. After the finalization of both slab types, the final FVT phase took place (Phase IV).

Construction of non-structural elements
The construction of the non-structural elements progressed in parallel to the construction of the
structure. The staircase from the C- to the D-storey was added in May 2014 and the elevator
shaft was cast in August and September 2014. The installation of the non-structural walls and
the facade started in September 2014 and was completed in January 2015. In December 2014,
the underlay floor was cast on-site thereby constituting the final significant load addition to the
structural system. The floor heating was installed shortly prior to the casting of the underlay
floors. For the first couple of weeks, the floor heating was operated in a special regime to support
the drying process of the underlay floor. In February 2015, the floor heating started its normal
operation with thermostats in each office.
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Climate phases
For the following sections, three main climate phases are distinguished: 1st the construction
phase (January 2014 - October 2014), 2nd a transition phase (starting after the installation of
the biaxial slab on the 22nd of October 2014) and 3rd the operational phase (starting on the
day of the opening ceremony (2nd of June 2015) (cf. Table 4.49 on Page 201). The transition
phase covers the period in which the main structural elements were already finalised, while the
climate was changing gradually from outdoor conditions to indoor conditions (mounting of the
facade, activation of the heating). The end of the transition phase is defined with the start of
the building occupancy, as the building users play an important role in the regulation of the
indoor climate.
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4.2

Forced vibration tests in the laboratory and at different
construction stages

To study the contribution of each structural element to the overall structural behaviour of the
building, dynamic tests were performed at several construction stages. The goal of the dynamic
tests is to quantify the complete modal characteristics (frequencies, damping ratios, and mode
shapes) of the structure and to analyse the contribution of the different structural elements. Four
testing phases were performed, with each testing phase scheduled after the addition of a main
structural element (cf. Table 4.6). All four testing phases took place after the two lower storeys
in conventional reinforced concrete construction had already been completed. Additionally, a
full-scale pre-testing phase was conducted on a single three-bay PT frame in the laboratory
(referred to as testing Phase 0).
Tab. 4.6: FVT phases

4.2.1

Phase

Description

0
I
II
III
IV

PT frame in the laboratory
PT frame (C-storey), hereafter PT1
PT1 and timber-concrete composite slab (TCC)
PT1, TCC and PT frame (D-storey) (PT2)
PT1, TCC, PT2, and slabs on the D-storey (completed structure)

Phase 0: PT frame in the laboratory

Herein, a short summary of the tests conducted on a full-scale specimen of a three-bay PT frame
in the laboratory is presented. These tests are referred to as “2D” tests, as the frame was only
loaded in-plane. Further details on these tests can be found in the corresponding test report
[128] and publications [120, 122, 123].
Specimen and test set-up
The full-scale laboratory test was carried out to determine the lateral stiffness of a single twodimensional timber frame (cf. Figure 4.25). Dynamic forced vibration tests and static pushover
tests were conducted.
The timber frame consisted of three bays with a span of 6.5 m. The glued-laminated timber
beams comprised cross-sections of 720 mm x 280 mm (height x width) and were made of spruce
(picea abies), with the exception of a minor reinforcement of the four bottom lamellae near
the connection to the columns in ash (fraxinus excelsior ). The columns were glued-laminated
columns in ash wood with dimensions of 3560 mm x 380 mm x 380 mm (height x length x
width). The tendon was straight and ran horizontally at mid-beam height, at a column height
of 2750 mm. The masses of the specimen’s elements were measured, and the following average
densities were derived: ash 797 kg/m3 and spruce 430 kg/m3 .
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Fig. 4.25: Laboratory test set-up: Full-scale frame specimen on the strong floor

Two different column support types were analysed: firstly a pinned connection, and secondly
a fixed (semi-rigid) connection (cf. Figures 4.26(a) and 4.26(b)). The bottom of the timber
columns was connected to a steel base-plate via eight dowels (four per direction). This steel
base-plate was then connected to a steel beam with two different types of connections. For
the first support type, the connection between the steel base-plate and the steel beam was
constructed as a pinned joint (with a greased cylinder rotating in a round cavity) (cf. Figure
4.26(a)). For the second support type, a semi-rigid joint was created, by blocking the rotation of
the pin with two additional supports (Figure 4.26(b)). In what follows, the second support type
is referred to as “fixed”. The lower steel beam was connected to the strong floor via a fully rigid
connection. The semi-rigid joint is supposed to better approximate the fixation implemented in
the building, where the columns are fixed with glued-in rods to the reinforced concrete slab.
When designing timber structures, the dowel-type connection, as realised here between the
timber columns and the steel base-plate, is usually considered as a pinned connection. During
the low-amplitude vibration tests however, the behaviour of the dowel-type connection is a
priori unclear, since their might be a significant amount of friction hindering the rotations in the
connection at lower amplitudes. This implies an additional uncertainty as to the static height of
the column (pin in the dowelled connection hcol = 2750 mm − 64 mm = 2686 mm or pin between
the steel base-plate and the steel beam hcol = 2750 mm + 100 mm = 2850 mm) (cf. Figure 4.75
on Page 189). In Section 4.4.6, this issue is analysed further.
Additionally, the post-tension force of the tendon could be adjusted manually. To study the
influence of the level of post-tensioning force on the connection behaviour, three different tendon
forces were applied: 400, 500, and 650 kN. These forces correspond to initial stress levels of 1.98,
2.48, and 3.22 MPa at the beam-column interface. 650 kN was the highest value reachable with
the implemented hydraulic pump system, and 400 kN was selected as the lower threshold, where
the beam-column connection is still functional.
This led to six different structural systems, which were investigated (cf. Table 4.7).
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Tab. 4.7: Six structural systems of the laboratory PT frame

(a)

Structure

Support

1
2
3
4
5
6

fixed
pinned
fixed
pinned
fixed
pinned

Tendon force [kN]
400
400
500
500
650
650

(b)

Fig. 4.26: Detail of the column – bottom support: 4.26(a): pinned support 4.26(b): fixed (semi-rigid)
support [128]

Instrumentation
Drawings of the exact positioning of the sensors are documented in Leyder et al. (2017) [128].
For the sake of completeness, the instrumentation is briefly described in what follows. The
laboratory frame was equipped with eleven tri-axial MEMs accelerometers, eight of which were
placed on the columns and the remaining three were positioned at the mid-spans of the three
beams. At each column, one accelerometer was placed at the height of the beam axis and one at
mid-height of the column. The acceleration sensors recorded only in-plane accelerations, leading
to 22 recorded acceleration signals. It was assumed that the frame behaves as a two-dimensional
system and that out-of-plane movements are negligibly small.
Additionally, twelve biaxial MEMs tiltmeters were positioned on the frame. They were
positioned in proximity to the beam-column joint (e.g., on top of the column and on top of the
two adjacent beams). Furthermore, four FBG sensors were positioned on the frame. Detailed
illustrations of the sensor set-ups can be found in Leyder et al. (2017) [128].
The acceleration and tilt signals were recorded with a dynamic data acquisition system at
a sampling rate of 2’000 Hz (with a 500 Hz low-pass filter for impulse excitation and a 200 Hz
low-pass filter for swept-sine excitation). During signal processing, the data was down-sampled
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to 400 Hz. The FBG signals were recorded at a sampling frequency of 1’000 Hz without an initial
low-pass filter. For the impulse excitation, the test duration was roughly 20 to 30 seconds. The
data was then truncated to 0.5 seconds prior to the hit and 15 seconds after the hit. The cut-off
values were deduced from a visual inspection of the free decay, ascertaining that the part of the
signal that was cut off included no structural vibrations, but only measurement noise. For the
swept-sine excitation, the test duration was roughly 1 to 2 minutes (depending on the sweep
velocity and the frequency range). The tests always included a full up- and downward sweep
cycle, and the free-decay part of the signal after the shaker was turned off. Table 4.8 presents
an overview over the signal processing parameters, such as test duration and sampling period
for the down-sampled data. The parameters were derived for the shortest data sample, as it is
the most critical in terms of frequency resolution.
The implemented MEMs accelerometers and tiltmeters are low-cost sensors and the FBG
sensors were not specifically designed for dynamic data acquisition. On the other hand, a strong
excitation of the lightweight timber frame was possible in the laboratory. As low-cost sensors
may experience issues with strong noise contamination, a quantification of the uncertainty in the
resulting modal parameters is of vital importance. To compare the quality of the results obtained
from the three different sensor types, the data from each sensor type is analysed separately with
the evaluation framework proposed in Section 3.2.
Tab. 4.8: Signal processing parameters after down-sampling (Phase 0)

Sampling frequency
Nyquist frequency
Data sampling rate
Minimum duration
Minimum number of data points
Minimum frequency resolution

[Hz]
[Hz]
[sec]
[sec]
[-]
[Hz]

Accel. & Tilt.

FBG

400
200
0.0025
15.5
6’200
0.065

333.3
166.7
0.0030
15.5
5’166
0.065

Dynamic excitation
Two types of dynamic tests were carried out, namely, dynamic shaker tests with a small electromechanical shaker with a maximum dynamic force of 177 N, and dynamic impulse response tests
with an impact hammer (maximum measurable force of 20 kN). The shaker was positioned in two
locations (at two different beam mid-spans) and excited the frame with a swept-sine excitation in
horizontal and vertical direction. The impulse excitation was applied in seven different locations
(located at column mid-height, top of the column, beam mid- and quarter-spans) in horizontal
and vertical direction. The impulse was applied through manual hitting with an impact hammer,
therefore, the amplitude of the impact varied from test to test. The acceleration of the shaker
was measured with an additional MEMs accelerometer fixed to the moving coil of the shaker
and the impulse force was measured via a load cell integrated inside the impact hammer.
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Table 4.9 presents an overview of the different excitation techniques and directions.
Tab. 4.9: Number of dynamic tests per excitation type and direction (Phase 0) (v: vertical, h: horizontal
direction, ID: identification number)

Structure ID

Impact
v
h

Shaker
v
h

1
2
3
4
5
6

6
8
8
8
6
10

4
4
4
4
4
4

4
4
4
4
4
4

4
4
4
4
4
4

Total
18
20
20
20
18
22

Experimental analysis
The automated data evaluation framework described in Section 3.2 is applied to the forced
vibration test data. The evaluation is conducted separately for each sensor type and for each
excitation type.
For the shaker tests, the measurement of the acceleration at the tip of the moving coil of the
shaker is considered as input signal for the acceleration and tiltmeter signals. During the impact
tests, the applied force was measured, however, several issues occurred with the impact hammer
amplifier; thus, hindering the acquisition of reasonable input data. Since the impact hammer
produces a broadband frequency excitation, it is expected that an output-only identification
leads only to marginal errors. Furthermore, this has the advantage that the output-only variant
of the SSI method can be implemented, which is able to estimate the uncertainty in the modal
parameters. For these reasons, all impact hammer tests are evaluated as output-only tests.
Since the FBG signals are acquired with a different data acquisition unit (DAQ), a timesynchronization procedure would have been necessary prior to the data sampling. Since this
was unfortunately not feasible, the swept-sine and impulse response data of the FBG sensors
are analysed with output-only techniques, taking into account that this might lead to erroneous
results, especially for the swept-sine response.
As the nonpar and pLSCF identification methods rely on an estimation of the FRF (or the
PSD), an averaging procedure of the data is necessary. Through this averaging the frequency
resolution is in the worst case (i.e., for the shorter record of the impulse response tests) reduced
to 0.081 Hz for FBG data and to 0.098 Hz for acceleration and tilt data.
For the evaluation of the acceleration signals, the originally measured sensor set-up is reduced
to fourteen signals at positions where strong movements are expected. Figure 4.27 presents the
reduced set-up. For the tilt sensors, only the in-plane rotations are considered for the analysis
(twelve signals), whereas for the FBG sensors the four sensor signals are analysed.
The signal to noise ratio (SNR) is a quantitative measure, which provides an insight on how
large the structural information in a signal is relative to the measurement noise. To calculate
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the SNR from a measured signal y, an estimate of the noise r needs to be available. Then,
the SNR is defined as the ratio of the power of both signals. Herein, the SNR is computed as
follows:
P 2
y
SNR = P 2
(4.1)
r
As a measurement of the noise at the same time as the relevant signal is not available,
two parts from different time slots are cut out from the measured signal and compared. The
pure noise part is selected at the end of the data set, assuming that the structural free-decay
has disappeared into the noise floor at that time instant (for both shaker and impact data).
The signal part is selected from the time of the hit until 1 second after the hit for impulse
response data and at 1/4 of the total measured signal for the shaker data (assuming that this
area encloses some resonance phenomena). These boundaries are arbitrarily fixed for all tests.
The presented SNR is therefore only a rough estimate of the order of magnitude of the SNR.
The provided values are mean values over all channels from the specific sensor type and are
additionally averaged over all conducted tests.
The SNR for the recorded acceleration signals is roughly 25 dB for impulse excitation and
30 dB for swept-sine excitation (close to resonance). For the tilt sensors, the SNRs are in a
similar range. For the FBG sensors the SNRs are significantly lower. They are in the range of
2 dB for impulse response measurements and 4 dB for swept-sine measurements. This significant
difference indicates that the identification results from the FBG signals are probable to present
significantly higher uncertainty than the results from the acceleration and tilt sensors.
x
y
A11x

A13x&y

A22x&y

A14x

A23x

A31x&y
A32x

3.0m

A24x

A21x

A12x

6.5m

6.5m

A33x

6.5m

Fig. 4.27: Reduced set-up of acceleration sensors for the experimental analysis (the arrows indicate the
direction of the measured signal) (Phase 0)

The data is analysed with three different system identification and corresponding modal
analysis methods. For the nonpar method, no algorithm parameters need to be defined except
the sample length for the averaging process, which is automatically defined based on the number
of data points (cf. Equation (3.1)). For the pLSCF and the SSI algorithms, the model order range
needs to be specified. Additionally, the number of half the block rows (i) needs to specified for the
SSI algorithm. For the laboratory tests, the chosen model orders and i-values are documented
in Table 4.10. The model orders for the pLSCF identification are dependent on the number of
output signals (ny ).
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During the combination of modes from all conducted tests, a main mode is defined such that
it has to be identified at least once per excitation technique and at least three times from a single
excitation technique. The cut-off distance for the hierarchical clustering step for the combination
of results from multiple tests is set to 0.4. This value was fixed based on an investigation of the
standard deviations of the frequencies within each cluster.
Tab. 4.10: Algorithm parameters (Phase 0) (IO: input-output, O: output-only, i: Half the number of
block rows)

Excitation
Impact
Impact
Impact
Shaker
Shaker
Shaker

Evaluation

Sensor

System orders (pLSCF)

System orders (SSI)

O
O
O
IO
IO
O

Acceleration
Tilt
FBG
Acceleration
Tilt
FBG

14:14:420
10:10:100
4:4:80
2:2:100
2:2:50
4:4:80

12:2:100
2:2:60
2:2:100
2:2:100
2:2:50
2:2:100

i
30
20
30
30
20
30

Results and Discussion
The results of the data evaluation are presented separately for each main mode. The results
from all conducted tests are combined according to the procedure descrribed in Section 3.2.5.
Herein, two exemplary modes from the structural system 1 (fixed support and tendon force of
400 kN) are presented. The mode summary page displays the mode shape of the mode which
stems from the identification performed on the acceleration data with the ten times standard
deviation bound as a dashed line. The factor ten is selected purely for visualisation purposes.
The standard deviation is the estimated standard deviation from the SSI identification with
uncertainty estimation of the modal parameters (only available for output-only identification,
i.e., for impact hammer data). The table on the mode page indicates the number of times a
specific mode has been identified with each identification method for the different sensor types
across all conducted tests. Furthermore, the MACquality indicator is displayed for each sensor
type (cf. Equation (3.24)). A high MACquality indicator (close to 1.0) means that the mode
shapes of the same mode agree perfectly within the final mode group. The final mode group
includes every identification instance of that particular mode across all conducted tests and
all three methods. Furthermore, the resulting frequencies and damping ratios are presented
in a diagram versus their COV. The results from the shaker tests are presented in black and
those from impact hammer tests in grey. In addition to the sample COV (obtained via the
bootstrapping procedure), the mean-value of the estimated COV from the SSI method with
uncertainty estimation is presented as a dashed horizontal line.
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System 1 - Mode 1

Sensor MACquality Nnonpar NpLSCF NSSI

0

Accel.
Tilt
FBG

-2
-4
0

6.5

13

0.97
0.99
0.71

8
9
7

10
6
-

11
13
7

19.5

x[m]
Accel-Frequency

Accel-Damping

14

0.08

12

0.07
10
COV [-]

COV [-]

0.06
0.05
0.04

8
6

0.03
4
0.02
2

0.01
0

0
8

8.5

9
Mean [Hz]

9.5

2

Tilt-Frequency

6

8
10
Mean [%]

12

14

16

18

14

16

18

14

16

18

Tilt-Damping

12
10
COV [-]

0.06
COV [-]

4

14

0.08

0.04

8
6
4

0.02
2
0

0
8

8.5

9
Mean [Hz]

9.5

2

FBG-Frequency

4

6

8
10
Mean [%]

12

FBG-Damping

14

0.08

12

0.07
10
COV [-]

0.06
COV [-]

y[m]

Mode Shape 1, f=9.6, =1.8%

0.05
0.04

8
6

0.03
4
0.02
2

0.01
0

0
8

8.5

9
Mean [Hz]

9.5

2

4

6

8
10
Mean [%]

12

Shaker (all)

Shaker (nonpar)

Shaker (pLSCF)

Shaker (SSIcov)

Impact (all)

Impact (nonpar)

Impact (pLSCF)

Impact (SSIcov)

Impact - Estimated COV (SSIcov)
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System 1 - Mode 11

y[m]

Mode Shape 11, f=103.9, =1.2%

Sensor MACquality Nnonpar NpLSCF NSSI

0

Accel.
Tilt
FBG

-2
-4
0

6.5

13

0.8
0.87
-

6
1
-

7
-

9
7
-

19.5

x[m]
Accel-Frequency

Accel-Damping

0.04
1.6
0.035
1.4
1.2

0.025

COV [-]

COV [-]

0.03

0.02

1
0.8

0.015

0.6

0.01

0.4
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Influence of the sensor type From the two presented modes, it is obvious that the results
from the FBG dataset present a significantly larger scatter. This is in agreement with the
significantly lower SNRs for the FBG sensors. Accelerometers and tiltmeters deliver similar
results in terms of absolute values and COV for both frequencies and damping ratios. Therefore,
the focus is shifted towards the analysis of acceleration data for the following testing phases.
Indeed, the FBG sensors have significant issues with the SNR and the derivation of mode shapes
is significantly more straightforward from acceleration sensors, than from tiltmeter sensors.
Comparison of the six structural systems In what follows, the effect of the bottom
support (pinned or fixed) and the levels of tendon force (400 kN, 500 kN, 650 kN) on the dynamic
characteristics of the structure are analysed. For the following explanations and figures, only
the results from the acceleration sensors are considered.
Figure 4.28 presents the MAC-matrices of the mode shapes obtained for the six structural
systems. For each system the mode shapes are nearly perfectly orthogonal to each other, i.e.,
the maximum mean of the off-diagonal elements is 0.08, whereas, the optimal value would be
zero. This indicates a good quality of the derived modal properties.
For the comparison of the structural systems, seven representative modes are chosen. Figures
4.29 and 4.30 present the mode shapes of the seven selected modes, complemented with a
comparison of their frequency values. For the first mode (pure translational mode), a clear
influence of the column support is visible, whereas no clear influence of the tendon force is
identifiable. A small tendency is visible, however, if the two-times standard deviation boundary
(2σ, dashed lines) is considered, the tendency is negligibly small. This is in contradiction
with the fundamental frequencies derived from the pushover tests (cf. Section 4.1.3), which
suggested an influence of the post-tensioning force (f = 8.6 Hz for P = 600 kN and f = 7.8 Hz
for P = 400 kN). This discrepancy can be explained with the significantly different load levels
during the forced vibration and pushover tests. The larger load levels during the pushover
tests lead to an increased activation of the post-tensioned beam-column joint and thereby to a
stronger activation of the tendon. Therefore, the level of the tendon force has a higher impact
for larger load levels and deformations.
For the 2nd and 3rd mode (beam modes) an influence of the support is present, although less
significant than for the first mode. Furthermore, there seems to be a decrease in frequency for
higher tendon forces. However, this tendency is less pronounced than the two times standard
deviation confidence bound, therefore, this decrease should be interpreted with care. For modes
4, 5 and 6, an influence of the support type is visible. For mode 6, there is additionally a
noticeable influence of the tendon force with an increase in tendon force leading to a higher
frequency value. The reason for this might be a stiffer system due to the higher post-tensioning
force, as observed for the pushover tests. However, this should then be visible for the other
modes, as well. Therefore, the reason for this increase, is unclear. For mode 7 (mostly bending
of the 3rd column), no influence of the support type nor of the tendon force level is present.
Overall, the modes present higher frequencies for the fixed support, even if the modes are
not column-related, whereas the increase in tendon force only has a significant effect on mode 6.
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Another observation can be made based on the mode shapes. Mode shapes 2 and 3 are similar;
however, a different beam exhibits the highest amount of bending. This indicates that the
stiffness and mass of the three beams is presumably not identical. This inhomogeneity probably
exists for the columns as well, and explains the appearance of local column bending effects, such
as in modes 4, 5 and 7.
Comparison to a simplified analytical model Furthermore, a simplified SDOF analytical
model is developed. The mass of the SDOF system corresponds to the total mass of the three
beams and half the mass of the four columns (ca. 2300 kg). The stiffness of the columns is
approximated according to Chopra (2007) [40], for three different assumptions: first, assuming
that the beam is completely rigid, second that the beam has no stiffness and third that the beam
has an intermediate stiffness, incorporated by considering the ratio of the beam and column
stiffness (neglecting the effect of shear deformations). All three assumptions neglect the effect of
the post-tensioned joint, i.e., a rigid beam-column joint is assumed. The static height is assumed
equal to 2.75 m (height from the bottom of the column to the tendon). Table 4.11 presents the
results for the fundamental frequency (f1 ) from the model, for a fixed column support and a
pinned column support at the bottom. The frequency values range between 8.46 Hz and 23.9 Hz.
Tab. 4.11: Analytical model — results for different beam stiffness’s EIb (Phase 0)

Model ID

Support

Beam stiffness (EIb )

1
2
3
4
5
6

fixed
fixed
fixed
pinned
pinned
pinned

0
∞
intermediate
0
∞
intermediate

f1 [Hz]
16.9
23.9
22.0
8.46
12.0
11.0

From the comparison with the experimentally derived fundamental frequencies (around
8.5 Hz for a pinned support and 9.5 Hz for a semi-rigid support), the designated “rigid” support
is not a perfectly rigid connection, since, according to the analytical model, the fundamental
frequency should be doubled due to the change from pinned to fixed support, whereas the measured increase is roughly 1 Hz. For the pinned support, the frequency should realistically lie
somewhere between the model assuming no stiffness of the beams and the intermediate stiffness
ratio between the columns and beams, since the post-tensioned joint is not a perfectly rigid joint.
However, the experimental frequency is closer to the model frequency from the “no stiffness”
assumption. Evidently, the SDOF model is a simplified model and serves mostly to verify the
order of magnitude of the fundamental frequency. For a more detailed investigation, a numerical
model of the structure is developed (cf. Section 4.4).
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Fig. 4.28: MAC-matrices and mean of the off-diagonal elements (mean off-diag) of the 6 structural
systems for Phase 0 (a mean off-diagonal value close to zero indicates orthogonal mode shapes) [128]
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Fig. 4.29: Comparison of the main frequencies 1-4 from the 6 systems (results from acceleration sensors)
(black: semi-rigid support, grey: pinned support; continuous line: mean-values, dashed lines: 2-times
standard deviation (±2σ) bound)
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Fig. 4.30: Comparison of the main frequencies 5-7 from the 6 systems (acceleration sensors) (black:
semi-rigid support, grey: pinned support; continuous line: mean-values, dashed lines: ±2σ bound)
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4.2.2

Phase I: C-storey PT frame on the construction site

Testing Phase I took place one week after the PT frame on the C-storey had been erected
and post-tensioned, i.e., at the end of January 2014. In what follows, a short summary of the
testing campaign and the main results are presented. Further details on the testing series are
documented in the corresponding test report [126].

Specimen and test set-up
The PT frame of the first timber storey in the HoNR was described in detail in Section 4.1.3.
The frame material and dimensions are similar to the 2D frame tested in the laboratory
during testing Phase 0. The main difference is the extension from a single frame to a grid of
four by four frames. A further difference concerns the reinforcement of the four lower boards in
ash wood, which was extended over the entire length of the beam for the frames in the HoNR.
Furthermore, the bottom support of the columns is different. In the HoNR, the columns are
fixed with steel dowels to a steel base-plate and the base-plate is fixed to the concrete structure
of the lower storey via four glued-in rods (cf. Figure 4.16).
Apart from these differences, the dimensions and material of the beams and columns are
identical to those from the laboratory tests. A measurement of the mass of the specimen was
not possible on the construction site. However, average material densities can be extracted
from literature: C24 strength grade spruce boards 380 kg/m3 [220] and D40 strength grade ash
boards 550 kg/m3 [54]. These values are lower than the measured densities for Phase 0. This
indicates that there is a signficant uncertainty on the actual material densities for the frame on
the construction site.

Instrumentation
The response of the structure was recorded by a dense network of twenty tri-axial MEMs accelerometers (cf. Figure 4.31). All accelerometers were placed on top of the timber frame and
oriented in the same direction. For some sensors, only the horizontal accelerations were measured, due to limited space on the DAQ. The acceleration signals were recorded with a sampling
frequency of 2000 Hz.
In addition to the acceleration sensors, a number of tilt and strain sensors were installed
on the C-storey PT frame. The evaluation of these records is presented in the corresponding
test report [126] and are not detailed herein. For the data evaluation, the acceleration sensor
set-up was reduced to eight signals (horizontal accelerations recorded by A11, A22, A54 and
A34, according to Figure 4.31).
During data processing, the data was down-sampled to a sampling frequency of 200 Hz. For
the impulse excitation, the data was truncated to 0.5 seconds prior to the hit and 15 seconds
after the hit, as for testing Phase 0. For the swept-sine excitation, the test duration was similar
to testing Phase 0 and the free decay part of the signal, which was measured after the shaker
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Fig. 4.31: Testing Phase I: accelerometer set-up

was turned off, was kept in the data set. Table 4.12 presents an overview of the signal processing
parameters for the down-sampled data.

Dynamic excitation
As for the laboratory tests, two types of dynamic tests were carried out: first, swept-sine excitation tests, implementing the same electro-mechanical shaker as in the laboratory and second,
impulse excitation tests with an impact hammer. During the swept-sine tests, the structure was
subjected to lateral and vertical dynamic excitations over varying frequency ranges. The shaker
was fixed to four different beam mid-span locations and was operated at its maximum possible
amplitude. The impact excitation was applied horizontally in nine different locations along the
frame, always roughly at mid-height of the beam cross-section. Furthermore, the impact was
applied vertically at beam mid-span or column locations. Table 4.13 presents an overview of the
swept-sine and impulse excitation tests.
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Tab. 4.12: Signal processing parameters after down-sampling (Phase I)

Acceleration
Sampling frequency
Nyquist frequency
Data sampling rate
Minimum duration
Minimum number of data points
Minimum frequency resolution

[Hz]
[Hz]
[sec]
[sec]
[-]
[Hz]

200
100
0.005
15.5
3’100
0.065

Tab. 4.13: Number of dynamic tests per excitation type and direction — Phase I (x, y: horizontal, z:
vertical direction)

x

Impact
y

z

16

8

14

x

Shaker
y

Total
z

9

7

8

38 + 25 = 63

Experimental analysis
As for testing Phase 0, the data evaluation framework from Section 3.2 is applied to the measured
acceleration data for each excitation type separately.
To measure the shaker input, an accelerometer was placed on top of the tip of the moving
coil of the shaker. For the impulse response tests, the output-only variants of the identification
methods are implemented, assuming that the impulse excites a broadband of frequencies.
The average SNR is around 20 dB for swept-sine response data and around 30 dB for impact data. For the shaker response data, the SNR is strongly dependent on the selected time
window, and related frequency band. If the selected window is close to a resonance frequency
of the structure, the signal is strongly amplified, whereas in other regions there might be no
amplification at all. Therefore, the SNR values have a large variability.
The specified model order ranges for the pLSCF and the SSI method are documented in
Table 4.14.
Tab. 4.14: Algorithm parameters (Phase I) (i: Half the number of block rows)

Excitation Evaluation
Impact
Shaker

O
IO

Sensor
Acceleration
Acceleration

System orders (pLSCF) System orders (SSI)
8:8:240
2:2:100

12:2:100
2:2:100

i
30
30

The PT frame on the construction site of the HoNR is a double symmetric structure, therefore, there could be a double mode. A double mode, or double modes, are two modes at an
identical frequency, however, with differing, symmetrical mode shapes. For double modes, the
components of the mode shape do not lie on a straight line in the complex plane, i.e., their
modal phase collinearity (MPC) might be different from one. However, as there is some vari-
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ability in the structural properties of timber, and the height of the tendon is not identical for
both directions, the occurrence of truly symmetrical modes is unlikely. Therefore, the evaluation
framework is not specifically adapted for the double symmetric case, i.e., a MPC of one is still
considered as optimal. During the clearing of the stabilization diagram, the MPC is only one
criterion out of the eight components of the feature vector, therefore, low MPC values are not
automatically removed from the set if they have near to physical mode properties for most of the
other criteria. During the final mode-clearing step, where an MPC value above 0.7 is required,
however, a double symmetric mode might be accidentally removed.
In the mode combination step, a main mode is defined such that it has to be identified at
least once per excitation technique and at least 10 times from a single excitation technique. The
cut-off distance for the hierarchical clustering operation is set to 0.3.
Results and Discussion
Figure 4.32 presents the combination of the identified frequencies from the 63 data sets. In the
figure, several “stable” modes, which were identified from a large number of sets, are visible.
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Fig. 4.32: Testing Phase I: Selected frequencies from all data sets (O: output-only identification and
modal analysis, IO: input-output identification and modal analysis)

The four main modes are presented on the following pages. The first mode appears as a
local translational movement of the left-sided frame. In addition to the selected mode shape,
the two times standard deviation bound of the deformed shape is illustrated with dashed lines.
The second mode is a diagonal translational mode; the third and fourth modes are straight
upwards and sideways translational modes. The third and fourth mode should appear at identical
frequencies for a perfectly double-symmetric structure. They are, however, roughly 0.5 Hz apart.
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Therefore, the PT frame is not a perfectly double symmetric structure and therefore, there is no
issue with double modes. Overall, the variability of the mode shapes is larger than for testing
Phase 0. It has to be noted that, in testing Phase 0, the mode shapes were presented with the
10 times standard deviation bound, whereas here the two times standard deviation bound is
illustrated.
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Phase I - Mode 1

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

6
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8
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Phase I - Mode 2

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

7
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Phase I - Mode 3

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
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Total
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Phase I - Mode 4

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
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Figure 4.33 additionally presents the MAC-matrix of the final selection of modes. There are
no double modes; however, the mode shapes are not perfectly orthogonal (mean of off-diagonal
values of 0.15).

Fig. 4.33: MAC-matrix and mean value of the off-diagonal MAC-values of the main modes (Phase I)

Comparison to a simplified analytical model The PT frame is approximated as a single
degree of freedom (SDOF) system. The mass of the SDOF system corresponds to the mass of
the 24 beams and half the mass of the 16 columns (ca. 160 000 kg).
The stiffness of the columns is approximated according to the same assumptions as for Phase
0. All three assumptions neglect the effect of the non-rigid post-tensioned joint. Furthermore,
it is assumed that the connection with glued-in rods to the concrete structure functions as a
rigid, respectively fixed joint. Table 4.15 presents the results for the fundamental frequency for
a fixed support. The frequency values range between 12.7 Hz and 18.0 Hz.
Tab. 4.15: Analytical model — results for different beam stiffness’s (Phase I)

Model ID

Support

Beam stiffness (EIb )

1
2
3

fixed
fixed
fixed

0
∞
intermediate

f1 [Hz]
12.7
18.0
16.5

The analytical frequencies are in good agreement with the experimental frequencies of modes
1 to 4 (11.4 Hz - 14.0 Hz).

4.2.3

Phase II: C-storey PT frame and composite slab

The second testing phase took place in May 2014, after the removal of the temporary supports
below the composite slab.
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Specimen and test set-up
In addition to the PT frame, the specimen now includes the TCC slab diaphragm. The slab
was presented in Section 4.1.3.
Instrumentation
To capture the vibration modes of the slab, the accelerometers were distributed differently from
testing Phase I. In total, 18 of the tri-axial MEMs accelerometers were implemented (cf. Figure
4.34). Several accelerometers were positioned at mid-height of the columns. These sensor
positions are indicated as a second dot beside the actual column in Figure 4.34. Due to the
slab on top of the frame, not all accelerometers could be oriented in the same direction. The
accelerometers were therefore, fixed to the columns from the side and to the slabs and beams
from below. The accelerometers in the higher positions on the columns were positioned below
the post-tensioning anchorage plate. The orientation of the sensors is illustrated with the local
coordinate systems next to the sensors. The signals were re-oriented to the global coordinate
system (indicated in the lower left corner in Figure 4.34) in post-processing.
Since the composite slab adds mostly mass to the system and the horizontal stiffness is
increased (diaphragm action), the fundamental frequencies are expected to be significantly lower
than those from testing Phase I. Therefore, the sampling frequency was reduced to 10 000 Hz and
the data was down-sampled to 100 Hz. The data evaluation implements a reduced amount of
acceleration signals (horizontal accelerations recorded by A13, A22, A33, and A54 in Figure
4.34).
For the impulse response tests, a signal length of 15 seconds after the impact hit is considered.
For the swept-sine excitation, the test duration is identical to the previous testing phase and
the free decay part of the signal is kept in the data set. Table 4.16 presents an overview of the
signal processing parameters for the down-sampled data (for the shortest data length).
Tab. 4.16: Signal processing parameters after down-sampling (Phase II)

Accel.
Sampling frequency
Nyquist frequency
Data sampling rate
Minimum duration
Minimum number of data points
Minimum frequency resolution

[Hz]
[Hz]
[sec]
[sec]
[-]
[Hz]

100
50
0.01
15.5
10 550
0.065

Dynamic excitation
The structure was excited with four different excitation techniques. The same impact hammer
as for the two previous testing phases was utilised. Furthermore, a normal larger hammer was
implemented. A different type of electro-mechanical shaker was implemented with a higher force
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Fig. 4.34: Testing Phase II: accelerometer set-up

range. The moving mass of the new shaker was 9.1 kg and the maximum reachable force 1 kN.
The maximum force is reachable for frequencies above 10 Hz. Below 10 Hz the shaker’s capacity
is limited by the maximum possible movement of the coil. As the expected global frequencies of
the structure are below 10 Hz, the shaker could not be operated at maximum force for all tested
frequency ranges.
Additionally, random excitation tests were carried out via jumping and rhythmic walking on
the composite slab. All four excitation techniques were applied at various locations to ensure
an activation of the main structural modes. Table 4.17 presents an overview of the conducted
tests.

Tab. 4.17: Number of dynamic tests per excitation type and direction — Phase II (x, y: horizontal, z:
vertical direction, J&W: Jumping and Walking)

Impact hammer
x
y
z

Normal hammer
x
y
z

6

6

6

18

6

18

x

Shaker
y

z

18

18

18

J&W Total
z
38

152
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Experimental analysis
As for testing Phase I, the data evaluation framework from Section 3.2 is applied to the measured
acceleration data. The shaker data is evaluated as input-output data, whereas the impact and
normal hammer data, and the jumping and walking data are evaluated as output-only data. The
shaker input acceleration was measured with an accelerometer placed at the tip of the moving
coil of the shaker.
The average SNR is around 6 dB for swept-sine response data and around 13 dB for impulse
response data. The SNRs are significantly lower than for the previous testing series. This
is mainly due to the significantly higher mass of the composite slab. In fact, the SNRs of
testing Phase II are in a critical range, where the identification of reliable modal data may be
compromised. Nevertheless, the measured signals are investigated and a special focus is set on
the quantification of the uncertainty in the modal parameters.
In contrast to Phase I, the model order is increased to 40 for pLSCF identification and to
150 for SSI-identification (with i = 40) for the output-only identification, after an inspection
of the singular values from the Hankel matrix. For the input-output shaker data the model
orders are identical to those from Phase I. Table 4.18 summarises the implemented identification
parameters.
Tab. 4.18: Algorithm parameters (Phase II) (i: Half the number of block rows)

Excitation
Hammer, J&W
Shaker

Evaluation

Sensor

O
IO

Acceleration
Acceleration

System orders (pLSCF) System orders (SSI)
8:8:320
2:2:100

12:2:150
2:2:100

i
40
30

The structure is no longer double symmetric, as the composite slab presents a hole at the
location of the staircase and elevator shaft.
In the mode combination step, a main mode is defined such that it has to be identified
at least once per evaluation type (input-output or output-only) and at least 20 times from a
single evaluation type. The hierarchical clustering cut-off distance is set to 0.25 based on an
investigation of the standard deviations of the frequencies within each cluster.
Results and Discussion
Figure 4.35 presents the combination of the resulting frequencies from all data sets. Modal
parameters could be identified from 149 data sets in total. This number is lower than the
number of tests, as for some tests no modal parameters could be identified. A couple of modes
are visible that are identified in a large number of tests (2 to 3 modes below 5 Hz, one around
15 Hz, 2 to 3 modes in the range between 20 and 40 Hz, and a mode around 65 Hz and one
around 80 Hz).
Four selected modes are presented on the following pages. Compared to the previous testing
phases, the mode shape variability has significantly increased, therefore the 0.2 times standard
deviation bound is presented as a dashed line. Mode 1 and mode 2 have a similar mode shape,
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Fig. 4.35: Testing Phase II: Selected frequencies from all data sets

except for the displacement of the lower left corner, which performs a horizontal translation for
mode 1 and a diagonal translation for mode 2. This indicates that the two modes are indeed
two different modes. Due to the large variability, the interpretation of the mode shapes is not
straightforward. Modes 1 and 2 are translational modes in x-direction, and mode 3 is quite
similar to the first two modes. However, the frequency of mode 3 is roughly 1 Hz higher than
for modes 1 and 2. Furthermore, mode 13 is presented, which is the mode with the highest
identification rate (180 times from all tests and the three identification methods). Mode 13
indicates a rotational movement.
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Phase II - Mode 1

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

10
21
31

0.90

3
3

16
16

10
40
50

Frequency

0.05

Damping

2

0.04

0.03

COV [-]

COV [-]

1.5

0.02

1

0.5
0.01

0
3.8

0
3.85

3.9

3.95
Mean [Hz]

4
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4.1

0.5

1

1.5

2
Mean [%]

2.5

3

Shaker (all)

Shaker (nonpar)

Shaker (pLSCF)

Shaker (SSIcov)

Impact (all)

Impact (nonpar)

Impact (pLSCF)

Impact (SSIcov)

Impact - Estimated COV (SSIcov)

Shape (top view)

Shape (cross-section at sensors A11 and A22)

19.5
3

z[m]

y[m]
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6.5

0
-3
-6

0

0

6.5

13

x[m]

19.5

0

6.5

13

x[m]

19.5

3.5
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Phase II - Mode 2

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

6
35
41

0.87

7
7

16
16

6
58
64

Frequency

0.03

Damping

2

0.025
1.5
COV [-]

COV [-]

0.02
0.015

1

0.01
0.5
0.005
0

0
4

4.05

4.1
Mean [Hz]

4.15

4.2

0.5

1

1.5
Mean [%]

2

2.5

Shaker (all)

Shaker (nonpar)

Shaker (pLSCF)

Shaker (SSIcov)

Impact (all)

Impact (nonpar)

Impact (pLSCF)

Impact (SSIcov)

Impact - Estimated COV (SSIcov)

Shape (top view)

Shape (cross-section at sensors A11 and A22)
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3
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0
-3
-6

0

0

6.5
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Phase II - Mode 3

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

14
78
92

0.96

3
25
28

2
58
60

19
161
180

Damping

Frequency

0.03

2

0.025

1.5
COV [-]

COV [-]

0.02
0.015

1

0.01
0.5
0.005
0
4.9

0
4.95

5
Mean [Hz]
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0
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2
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3
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Shape (top view)

Shape (cross-section at sensors A11 and A22)

19.5
3

z[m]

y[m]
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6.5

0
-3
-6

0

0

6.5
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x[m]
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0

6.5
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Phase II - Mode 13

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

46
46

0.89

2
57
59

2
126
128

Frequency

0.01

Damping

1

0.008

0.8

0.006

0.6

COV [-]

COV [-]

23
23

0.004

0.002

0.4

0.2

0
62.6

0
62.8

63

63.2 63.4 63.6
Mean [Hz]

63.8
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0.5

1
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In addition to the higher standard deviations, the MACquality indicators are lower; a second indicator for the limited quality in mode shape identification. The COVs of the identified
frequencies are roughly twice as high as for the previous testing phase. Furthermore, the identification rate is substantially lower for shaker data. Indeed, the shaker is not able to operate
at maximum force for the first three fundamental frequencies, which are significantly below the
10 Hz threshold.
Figure 4.36 additionally presents the MAC-matrix of the final selection of modes. There
are no double modes; however, the mode shapes are not perfectly orthogonal (mean of the offdiagonal values is equal to 0.32). This value is significantly higher than in the previous testing
phases.

Fig. 4.36: MAC-matrix and mean of the off-diagonal values of the main modes (Phase II)

Comparison to a simplified analytical model A SDOF analytical model of the structure
is presented. The model is identical to the analytical model from Phase I, except for the additional mass of the composite slab. The total mass of the SDOF system equals 1800 000 kg. The
composite slab additionally adds stiffness to the structure (diaphragm action), which justifies
the assumption of an infinite beam stiffness for the model.
Nonetheless, the stiffness of the columns is approximated according to the same assumptions
as for Phase I. Table 4.19 presents the analytical frequencies, which range between 3.8 Hz and
5.4 Hz. The analytical and experimental frequencies are in a similar range. However, the experimental frequencies are lower than the analytical frequencies with infinite beam stiffness, which
is the most plausible assumption, due to the diaphragm action of the composite slab.
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Tab. 4.19: Analytical model — results for different beam stiffness’s (Phase II)

4.2.4

Model ID

Support

Beam stiffness (EIb )

1
2
3

fixed
fixed
fixed

0
∞
intermediate

f1 [Hz]
3.8
5.4
4.9

Phase III: 2-storey PT frame and composite slab on the C-storey frame

The third testing phase took place after the addition of the D-storey PT frame in July 2014.
Additionally, a second testing series was conducted in September 2014, prior to the addition of
further structural elements, but after the installation of the elevator shaft. The staircase from
the C- to the D-storey had already been installed prior to the conduction of testing Phase II.
The objective of this second testing series was to investigate a possible influence of the elevator
shaft on the stiffness of the building. As both testing series correspond to an identical state of
the main structural components, both are attributed to testing Phase III. The elevator shaft is
located right next to the staircase, as illustrated in Figure 4.2.
Specimen and test set-up
On top of the specimen from testing Phase II, a 3D PT frame, almost identical to the frame
on the lower storey was constructed. The columns of the upper frame were connected to the
columns on the lower storey with a rigid connection. The materials and dimensions of the
D-storey frame are identical to those of the lower storey frame, except for the column height,
which is 3.05 m for the D-storey frame. Additionally, a top-up frame was positioned on top of
the central spans of the PT frame. The top-up frame is composed of rigidly connected spruce
posts and beams and is 1.35 m high.
Instrumentation
The structure was instrumented with 19 additional accelerometers, placed on the D-storey frame
(cf. Figure 4.37). The set-up of the accelerometers on the lower timber storey was kept identical
to the set-up from testing Phase II. On the upper storey, several accelerometers were positioned
at mid-height of the columns. Those are indicated as a dot beside the actual column position
in Figure 4.37. The sensors on the beams were fixed from below and those on the columns were
attached from the side. The different orientations were then corrected in the post-processing of
the experimental data.
The sampling frequency was equal to 10 000 Hz and the data was down-sampled to 100 Hz.
Herein, the data evaluation focuses on a reduced acceleration sensor set-up with 16 signals
(horizontal accelerations recorded by A13, A22, A33, and A54 in Figure 4.34 and horizontal
accelerations recorded by A62, A73, A93, and A103 in Figure 4.37).
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y
z

x

Fig. 4.37: Testing Phase III: accelerometer set-up on the D-storey

The impulse-response data length was chosen identical to the previous testing phases (15
seconds after the hit). Table 4.20 presents an overview of the signal processing parameters for
the down-sampled data. The shortest data length was considered, as it leads to the coarsest
resolution.
Tab. 4.20: Signal processing parameters after down-sampling (Phase III)

Accel.
Sampling frequency
Nyquist frequency
Data sampling rate
Minimum duration
Minimum number of data points
Minimum frequency resolution

[Hz]
[Hz]
[sec]
[sec]
[-]
[Hz]

100
50
0.01
15.5
10 550
0.065

Dynamic excitation
The structure was excited with impulse and swept-sine excitation. The same impact hammer
as for the previous testing phases was utilised. The impulse was applied to the lower and
upper frame structures. The swept-sine was applied with the shaker from testing Phase II.
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The shaker was positioned at mid-span of several beams of the upper frame. In September
2014, impulse-response and some ambient excitation measurements were conducted. During the
ambient tests, no excitation was applied to the structure, except for the acting wind forces and
on-going construction works. Table 4.21 presents an overview of the conducted tests.
Tab. 4.21: Number of dynamic tests per excitation type and direction — Phase III (x, y: horizontal, z:
vertical direction)

Date
July 2014
September 2014

Impact hammer
x
y
z
10
8

10
9

18
9

x

Shaker
y

z

Ambient
-

8
-

8
-

8
-

3

Total
38 + 24 = 62
26 + 3 = 29

Experimental analysis
The data evaluation framework from Section 3.2 is applied to the measured acceleration data.
The shaker data is evaluated as input-output data, whereas the impact and ambient data are
evaluated as output-only data.
The maximum SNR from all 16 channels, averaged over all experiments is roughly 25 dB
for the impulse-response tests, whereas the minimum SNR from all 16 channels, averaged over
all experiments is close to 0 dB. This highlights that the impulse-response tests are not able to
create a meaningful excitation for all 16 channels, as the sensors are positioned on the top and
lower frame, the excitation is, however, only applied either to the lower or the upper frame. For
the shaker tests, the maximum SNR is 28 dB and the minimum 0 dB, i.e., the shaker tests are
likewise not able to activate all 16 channels simultaneously. The maximum SNRs are in a similar
range as for testing Phases 0 and I, although only for a part of the channels. The reason for
this limited activation is the high mass of the composite slab, which hinders a proper excitation
of the sensors on the lower storey, if the excitation is positioned on the D-storey frame. On
the other hand, the mass on the upper storey frame is low and a dynamic excitation of those
channels is easily feasible.
The identification algorithm parameters are kept identical to those from the previous testing
phase for the input-output evaluation of the shaker data. For the evaluation of the output-only
data, the maximum model order is reduced for the SSI method, as the inspection of the singular
values of the Hankel matrix indicated that a value of 100 is sufficient. Table 4.22 summarises
the implemented algorithm parameters.
Tab. 4.22: Algorithm parameters (Phase III)

Excitation
Impact
Shaker

Evaluation

Sensor

System orders (pLSCF)

System orders (SSI)

O
IO

Acceleration
Acceleration

16:16:640
2:2:100

2:2:100
2:2:100

i
40
30
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In the mode combination step, the two testing series from July and September 2014 are
distinguished. For the first testing series (July 2014), a main mode is defined such that it has to
be identified at least 6 times from a single excitation technique. Due to a severe malfunctioning
of some sensors during the shaker tests, only the first six shaker tests led to reasonable results
and are included in the comparison step. Therefore, the requirement that a mode has to be
identified at least once per excitation technique is dropped. The hierarchical clustering cut-off
distance is set to 0.25 based on the standard deviations of the frequencies within each cluster.
For the second testing series (September 2014) only impulse-response and a small number
of ambient tests were carried out, therefore, the requirement that a mode has to be identified
at least once per identification technique is dropped. A main mode is defined as a mode that
is identified at least 4 times and the cut-off distance in the hierarchical clustering step is set to
0.4, based on the inspection of the standard deviations of the frequencies within each cluster.
Results and Discussion
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Test Nr. [-]

25
O (nonpar)
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O (SSI)
IO (nonpar)
IO (pLSCF)
IO (SSI)
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40

60

80
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Frequency [Hz]

Fig. 4.38: Testing Phase III: Selected frequencies from all data sets

In this section, mainly the modes from the first testing series are presented. The second
testing series was carried out to rule out possible structural interactions with the elevator shaft.
Figure 4.38 presents the combination of the resulting frequencies from all data sets from the first
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testing series (July 2014). Modal parameters could be identified from 40 data sets. In Figure
4.38, a global mode around 5 Hz, one around 15 Hz and one around 75 Hz are visible.
Modes 1, 2, 4, and 19 are selected for detailed presentation herein. A full documentation of
all modes is provided in Leyder et al. (2018) [126]. For the mode shapes, the displacements of
the lower storey are displayed in dark grey and those of the upper storey in black, whereas light
grey represents the un-deformed position of both storeys. The mode shape variability is large;
therefore, the 0.1-times standard deviation bound is illustrated as a dashed line. The variability
is only displayed if an estimate from the SSI-cov method with covariance estimation is available.
The standard deviation is largest for mode 2. Mode 1 is mostly a translational movement of
the lower PT frame, mode 2 is mostly a translational movement of the upper frame and mode
4 is a translational mode of the upper frame in orthogonal direction. Mode 19 is the mode with
the highest identification rate (49 times) and its shape is almost identical to the mode shape
of mode 2. However, mode 2 occurs at a frequency of 10.3 Hz and mode 19 at a frequency of
75.8 Hz. Mode 1 occurs roughly at 4.5 Hz and is thereby in a similar range as the fundamental
frequency from Phase II. The translational movement of the composite slab mode occurred at
frequencies of 4, 4.1, and 5.1 Hz.
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Phase III - Mode 1

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

9
9

0.92

4
4

13
13

26
26

Damping

Frequency

0.02

1.2
1

COV [-]

COV [-]

0.015
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0.6
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Phase III - Mode 2

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

8
8

0.98

8
8

8
8

24
24

Frequency

0.01

Damping

0.7
0.6

0.008

0.006

COV [-]

COV [-]

0.5

0.004

0.4
0.3
0.2

0.002
0.1
0
10.2

10.22

10.24
10.26
Mean [Hz]

10.28

0
0.5
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0.6
0.65
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0.7
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Phase III - Mode 4

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

10
10

0.89

9
9

22
22

Frequency

0.01

Damping

1

0.008

0.8

0.006

0.6

COV [-]

COV [-]

3
3

0.004

0.002

0.4

0.2

0
11.3

0
11.35

11.4
Mean [Hz]

11.45

11.5
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1.5
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Phase III - Mode 19

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

16
16

0.93

8
8

25
25

49
49

Damping

Frequency

0.01

0.8
0.008

0.7

COV [-]

COV [-]

0.6
0.006

0.004

0.5
0.4
0.3
0.2

0.002

0.1
0
75.5

0
75.6

75.7
75.8
Mean [Hz]
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The MACquality indicators are reasonably high (above > 0.9 for modes 1,2, and 19 and 0.89
for mode 4). The COVs of the identified frequencies are in a similar range as the COVs from
testing Phase I, and thereby, nearly twice as low as those from testing Phase II.
Figure 4.39 additionally presents the MAC-matrix of the final selection of modes. There are
no obvious double modes; however, the mode shapes are not perfectly orthogonal (mean of the
off-diagonal values is equal to 0.12). This value is significantly lower than for Phase II.

Fig. 4.39: MAC-matrix and mean of the off-diagonal MAC-values of the main modes (Phase III)

Influence of the elevator shaft To study the influence of the addition of the elevator shaft,
a second testing series with 29 impulse response tests was conducted in September 2014. The
position of the elevator shaft is right next to the staircase, as displayed in Figure 4.2. In
Table 4.23, the modal parameters from the second test series are compared to those from the
first series. It appears that despite the non-explicit connection of the elevator shaft to the loadcarrying structure, the modal properties are affected. Especially the first fundamental frequency,
which involves mostly a movement of the C-storey slab, is affected. The comparison of mode
shapes in terms of the MAC-value from the first and second testing series indicates that the
mode shapes are affected as well. This impact of the elevator shaft on the structural behaviour
is not optimal, as it hinders conclusions on the structural behaviour of the pure structure.
Tab. 4.23: Comparison frequencies (with 2σ standard deviation, evaluated from multiple data sets) —
prior to and after the installation of the elevator shaft (Phase III)

Mode ID
1
2
4
19

July 2014
4.5 Hz
10.3 Hz
11.4 Hz
75.8 Hz

±
±
±
±

0.05
0.03
0.08
0.34

September 2014
6.88 Hz
11.1 Hz
12.0 Hz
76.4 Hz

±
±
±
±

0.21
0.29
0.15
0.21

MAC
0.74
0.59
0.79
0.87
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Comparison to a simplified analytical model A 2-DOF analytical model of the structure
is developed. The mass and stiffness of the first DOF are identical to the analytical model
from Phase II. Additionally, a second mass, composed of the mass of the beams and half the
mass of the columns from the D-storey is added. The column height and horizontal stiffness are
assumed identical for both storeys. The lower mass of the 2-DOF system equals 1800 000 kg, and
the upper mass equals 160 000 kg.
Table 4.24 presents the resulting fundamental frequencies for the three assumptions of the
beam stiffness’. The fundamental frequency is in the range of 3.6 to 5.1 Hz, which is in good
agreement with the first experimental frequency. The second frequency from the analytical
model is in the range of 13.3 to 18.8 Hz, which is higher than the experimentally determined
frequency.
Tab. 4.24: Analytical model — results for different beam stiffness’s (Phase III)

4.2.5

Model ID

Support

Beam stiffness (EIb )

1
2
3

fixed
fixed
fixed

0
∞
intermediate

f1 [Hz]

f2 [Hz]

3.6
5.1
4.7

13.3
18.8
17.3

Phase IV: Completed structure without non-structural elements

The fourth testing phase was conducted in October 2014, directly after the mounting of the slabs
on the D-storey. This testing phase was designed to analyse the structural behaviour of the pure
structure, however, due to a dense construction schedule, parts of the facade had already been
installed prior to the completion of the slabs on the D-storey. The facade elements, however,
were not yet connected to the timber frame. Furthermore, some interior masonry walls, and the
elevator shaft and the staircases were already in place prior to testing Phase IV.
Specimen and test set-up
The specimen of testing Phase IV includes the entire structure of the HoNR, as described in
Section 4.1.3. In addition to the lower storey in conventional reinforced concrete structure, the
specimen incorporates a 2-storey PT frame, a TCC slab on top of the C-storey frame and a
hollow-core slab, and a biaxial slab on top of the D-storey PT frame.
Instrumentation
The same acceleration sensors as in testing Phase III were implemented, i.e., 38 tri-axial MEMs
sensors were in operation. The set-up on the C-storey was identical to the set-up from testing
Phases II and III. The set-up on the D-storey was adjusted to include measurement points on
the slabs. Figure 4.40 presents the novel positioning of the acceleration sensors on the D-storey.
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The sampling frequency was equal to 10 000 Hz. The data was later down-sampled to 100 Hz.
The data evaluation focuses on a reduced acceleration sensor set-up with 16 signals (horizontal
accelerations recorded by A13, A22, A33, and A54 in Figure 4.34 and horizontal accelerations
recorded by A62, A73, A93, and A103 in Figure 4.40).

y
z

x

Fig. 4.40: Testing Phase IV: accelerometer set-up (D-storey)

The impulse-response and swept-sine data lengths are identical to the previous testing phases.
Furthermore, the signal processing parameters are identical (cf. Table 4.20).

Dynamic excitation
The structure was excited with impulse, swept-sine and random excitation. The same impact
hammer as for the previous testing phases was utilised and in addition, a large normal hammer
was implemented (identical to the normal hammer from testing Phase II). The impulse excitation
was applied to the lower and upper frame structure, and to the upper and lower slabs. The
swept-sine was applied with the same shaker as in testing phases II and III. The shaker was
positioned at mid-span of beams and slabs of the upper-level frame and slab structures. The
random excitation was applied by jumping and walking on the upper and lower slab with different
speeds, number of persons etc. Table 4.25 presents an overview of the conducted tests.
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Tab. 4.25: Number of dynamic tests per excitation type and direction — Phase IV (x, y: horizontal, z:
vertical direction, J&W: Jumping and Walking)

Impact hammer
x
y
z

Normal hammer
x
y
z

12

12

12

26

12

26

x

Shaker
y

z

J&W
z

12

12

12

62

Total
50 + 50 + 36 + 62 = 198

Experimental analysis
The data evaluation framework from Section 3.2 is applied to the measured acceleration data.
The shaker data is evaluated as input-output data, whereas the impact hammer, normal hammer,
and random response data are evaluated as output-only data.
The SNR averaged over all experiments ranges from 0.6 dB to 20 dB for the output-only
data (sensor with the lowest and the highest SNR). This is in a similar range as for the previous
testing phase, despite the added mass of the slabs on the D-storey. For the shaker tests, on the
other hand, the SNR averaged over all tests ranges from 0 dB to 6 dB from the channel with the
lowest to the one with the highest SNR. The SNRs of the shaker tests are significantly lower
than those from the previous testing phase.
For the output-only evaluation, the identification algorithm parameters are kept identical to
those from the previous testing phase. For the input-output shaker data, the maximum model
order and the number of block rows in the Hankel matrix are increased based on an inspection of the singular values from the Hankel matrix. Table 4.26 summarises the implemented
identification parameters.
Tab. 4.26: Algorithm parameters (Phase IV) (i: Half the number of block rows)

Excitation
Hammer, J&W
Shaker

Evaluation

Sensor

O
IO

Acceleration
Acceleration

System orders (pLSCF) System orders (SSI)
16:16:640
2:2:150

2:2:100
2:2:150

i
40
40

For the mode combination step, the cut-off distance of the hierarchical clustering is set to
0.25, based on an investigation of the standard deviation of the frequencies within the clusters.
For testing Phase IV, a main mode is defined as a mode that is identified at least 20 times for
one of the two evaluation types (input-output or output-only).
Results and Discussion
Figure 4.41 presents the combination of the resulting frequencies from all data sets. Modal
parameters are identified from 180 data sets (148 output-only and 32 input-output). From the
visual inspection of the combined frequencies, 3 to 4 main modes appear in the 0 to 20 Hz range.
Above 20 Hz no clear main modes are visible.
On the following pages, the first four modes are presented. All four modes were identified
more than 60 times. For the mode shapes, the 0.2-times standard deviation is plotted (dashed
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Fig. 4.41: Testing Phase IV: Selected frequencies from all data sets

lines). The displacements of the lower storey are displayed in dark grey and those of the
upper storey are displayed in black. The first mode is a mixed mode with a translation in
x-direction (horizontal to the right) plus a counter-clockwise rotation of both storeys. The
standard deviation is small compared to the higher modes; therefore, it is not visible in the
mode shape plot. The second mode is a mixed mode of a translation in y-direction (horizontally
upwards) plus a clockwise rotation of both storeys. The third mode is a diagonal (to the right
and upwards) translation of both storeys and presents the highest uncertainty bound amongst
the four mode shapes. The fourth mode is a pure translation in y-direction (upwards) of the
D-storey, with a small translation of the lower storey to the right.
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Phase IV - Mode 1

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

11
24
35

0.94

10
10

1
16
17

12
50
62

Frequency

0.02

1.5
COV [-]

0.015
COV [-]

Damping

2

0.01

0.005

1

0.5

0
2.9

0
2.95

3
Mean [Hz]

3.05

3.1

0

0.5

1
Mean [%]

1.5

Shaker (all)

Shaker (nonpar)

Shaker (pLSCF)

Shaker (SSIcov)

Impact (all)

Impact (nonpar)

Impact (pLSCF)

Impact (SSIcov)

Impact - Estimated COV (SSIcov)

Shape (cross-section at sensors A11 and A22)

Shape (top view)
19.5

6
3

z[m]

y[m]

13

0

6.5
-3

0

-6

0

6.5

13

x[m]

19.5

0

6.5

13

x[m]

19.5

2
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Phase IV - Mode 2

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

19
24
43

0.92

1
10
11

1
35
36

21
69
90

Frequency

0.03

Damping

0.025

1.5

COV [-]

COV [-]

0.02
0.015

1

0.01
0.5
0.005
0
4.8

0
4.85

4.9

4.95
Mean [Hz]

5

5.05

5.1

0.5

1

1.5
Mean [%]

2

2.5

Shaker (all)

Shaker (nonpar)

Shaker (pLSCF)

Shaker (SSIcov)

Impact (all)

Impact (nonpar)

Impact (pLSCF)

Impact (SSIcov)

Impact - Estimated COV (SSIcov)

Shape (cross-section at sensors A11 and A22)

Shape (top view)
19.5

6
3

z[m]

y[m]

13

0

6.5
-3

0

-6

0

6.5

13

x[m]

19.5

0

6.5

13

x[m]

19.5
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Phase IV - Mode 3

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

8
17
25

0.84

4
6
10

2
49
51

14
72
86

Frequency

0.05

Damping
3
2.5
2

0.03

COV [-]

COV [-]

0.04

0.02

1.5
1

0.01

0.5

0
11.2

0
11.3

11.4

11.5
11.6
Mean [Hz]

11.7

11.8

0.5

1

1.5

2
2.5
Mean [%]

3

3.5

Shaker (all)

Shaker (nonpar)

Shaker (pLSCF)

Shaker (SSIcov)

Impact (all)

Impact (nonpar)

Impact (pLSCF)
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Impact - Estimated COV (SSIcov)

Shape (cross-section at sensors A11 and A22)

Shape (top view)
19.5

6
3

z[m]

y[m]
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0

6.5
-3

0

-6

0

6.5
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x[m]
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0

6.5

13

x[m]
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Phase IV - Mode 4

Excitation MACquality Nnonpar NpLSCF NSSIcov Ntot
Shaker
Impact
Total

9
6
15

0.89

11
3
14

1
48
49

21
57
78

Frequency

0.03

Damping

2.5

0.025

2

COV [-]

COV [-]

0.02
0.015

1.5

1

0.01
0.5

0.005
0
13.7

13.8

13.9

14
14.1
Mean [Hz]

14.2

0
0.5

14.3

1

1.5
Mean [%]

2

2.5

Shaker (all)

Shaker (nonpar)

Shaker (pLSCF)

Shaker (SSIcov)

Impact (all)

Impact (nonpar)

Impact (pLSCF)

Impact (SSIcov)

Impact - Estimated COV (SSIcov)

Shape (cross-section at sensors A11 and A22)

Shape (top view)
19.5

6
3

z[m]

y[m]

13

0

6.5
-3

0

-6

0

6.5
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x[m]
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0
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13
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19.5
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The first two modes are around 3 and 5 Hz, whereas the third and fourth are around 11.5
and 14 Hz. These ranges are similar to those of the first fundamental modes from testing Phase
III. The MACquality values are reasonably high, with the lowest value for mode 3 (0.84), which
is the mode with the highest standard deviation of the mode shape. The COV values for the
frequencies and damping ratios are in a similar range as those from testing Phase II. They are
significantly higher than those from testing Phases I and III.
Figure 4.42 additionally presents the MAC-matrix of the main modes. There are no double
modes, and the mode shapes are almost perfectly orthogonal to each other (mean-value of the
off-diagonal values equals 0.07).

Fig. 4.42: MAC-matrix and mean of the off-diagonal MAC-values of the main modes (Phase IV)

Comparison to a simplified analytical model The experimental data is compared to a
simple 2-DOF analytical model. The model is identical to the model from the previous phase,
except for the mass of the second DOF, which is increased due to the added mass of the slabs
on the D-storey. The lower mass of the 2-DOF system equals 1800 000 kg and the upper mass
now equals 1010 000 kg.
The stiffness of the structure is approximated according to the same assumptions as for
the previous phases with identical material properties and geometry. Table 4.27 presents the
resulting two fundamental frequencies.
The first frequency is in the range of 2.8 to 4.0 Hz, which is in good agreement with the first
experimental frequency. The second frequency from the analytical model is in the range of 6.8
to 9.6 Hz. No experimental modes are identified within that range. Possible reasons for this
deviation might be, the simplified definition of the static height of the columns (same column
height for both storeys), influence of non-structural elements, and uncertainties in the assumed
slab masses (densities based on literature values). These assumptions could be verified with a
parametric study, and a model updating procedure, as described in Section 4.4.6. On the other
hand, the second mode might not have been properly excited during the experimental testing
campaign.
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Tab. 4.27: Analytical model — results for different beam stiffness’s (Phase IV)

4.2.6

Model ID

Support

Beam stiffness (EIb )

1
2
3

fixed
fixed
fixed

0
∞
intermediate

f1 [Hz]

f2 [Hz]

2.8
4.0
3.7

6.8
9.6
8.8

Summary and comparison of testing Phases 0-IV

The number of conducted tests varies significantly among testing phases. For testing Phase
0, six different structural systems were investigated and 118 data sets were generated (sweptsine and impulse excitation with an impact hammer). During the first testing phase on the
construction site (Phase I), 62 impulse and swept-sine excitation tests were conducted. In the
second testing phase, a significantly higher number of tests were carried out (149). Indeed, the
uncomplicated and easy dynamic excitation of the slab structure via walking and jumping on
the slabs facilitated the generation of a large data set. From testing Phase III, 40 data sets
were generated prior to the installation of the elevator shaft, and 29 data sets were generated
thereafter. For the final testing phase (Phase IV), 180 tests were carried out aiming at excitation
of the lower and upper timber storeys. In the following paragraphs, the main findings from all
FVT phases are discussed.
Bootstrapped sample covariance versus estimated covariance from the SSIcov method
The sample covariance is a measure of the variability of the modal parameters across several tests,
whereas the estimated covariance from the SSIcov method is a measure of the uncertainty of
the identification of modal parameters from a single data set. Both values provide an indication
of the uncertainty of the finally selected modal parameters.
Generally, the estimated covariance from the SSI method is in the same order of magnitude
as the sample covariance for the modal frequencies and damping ratios. For the damping ratios,
the estimated covariance is in some cases larger than the sample covariance (up to twice as
large). Overall, the COV of damping ratio estimates is at least one order of magnitude larger
than for frequency estimates.
The sample and estimated COVs of damping ratios are critically high. The displayed damping ratios should therefore be interpreted with caution. For an accurate estimation of damping
ratios further investigations should be conducted.
Influence of the vibration amplitude
Furthermore, the impact of the vibration amplitude on the modal parameters is investigated.
Therefore, the signal strength, in this case the RMS value of a selected acceleration signal is
plotted against the frequency and damping ratio of the first mode for testing Phases 0, I, III,
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and IV and of the third mode for testing Phase II. The phenomenon of amplitude dependency
of modal parameters, especially for light-frame timber buildings has been observed by several
researchers [30, 214, 217]. In these works, higher vibration amplitudes led to a decrease in modal
frequency and an increase in modal damping ratio.
Figures 4.43, 4.44, 4.45, 4.46, 4.47 present the RMS of the sensor A11 in x-direction (for
testing Phases 0 and I) and of the sensor A12 in x-direction for the other testing phases. The
selected signal corresponds to the same column corner position and orientation for all testing
phases on the construction site. From the presented figures, no significant amplitude dependency
is visible for any of the testing phases. However, a small amplitude dependency, lower than the
scatter of the results, cannot be excluded. For some of the testing phases, the frequencies
identified from the nonpar method form a straight horizontal line, due to the limited frequency
resolution of the nonpar method. As no amplitude dependency is observed, it can be concluded
that the tested structural systems remained in the linear range during the forced vibration tests
and that thereby the application of linear system identification is valid.

10

5

9.8

4

Damping [%]

Frequency [Hz]

The comparison of the modal parameters to the RMS of a single acceleration signal is strictly
speaking not a correct representation of the vibration amplitude exciting the specific mode
under consideration, as the signal incorporates the superposition of the vibration response from
all modes. Furthermore, the range of observed RMS values is limited due to the low-amplitude
character of the conducted vibration tests. Additionally, the RMS decreases from testing Phase 0
to testing Phase IV. Therefore, the significance of the above statement is limited. For a conclusive
statement, a larger range of RMS values and excitation amplitudes should be investigated.
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Fig. 4.43: Frequency and damping of the first mode vs. RMS for system 1 from Phase 0 and 2σ standard
deviation bound (dashed lines)

Influence of the excitation type
For the following discussion, the impact results include all output-only results, i.e., impulseresponse, response to jumping and walking, and ambient response. The focus is on the compar-
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Fig. 4.44: Frequency and damping of the first mode vs. RMS and 2σ standard deviation bound (dashed
lines) for Phase I
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Fig. 4.45: Frequency and damping of the third mode vs. RMS and 2σ standard deviation bound (dashed
lines) for Phase II

ison of the output-only results to the input-output results from the shaker tests. Furthermore,
the below discussion excludes the results from testing Phase III, as no modal parameters were
identified from swept-sine tests for testing Phase III.
Generally, there is a clear difference between the modal parameters derived from the impulse
response and the swept-sine response data. First, the identification rate is significantly lower for
the shaker tests. The identification rate refers to how often a fundamental mode is identified out
of the number of conducted tests. A possible reason for the reduced identification rate might
be that the swept-sine tests mainly excite modes within the excitation frequency band, which is
bounded for each test.
Additionally, the identified frequencies from the shaker tests are often 1–5% lower than those
identified from impact hammer tests. The question arises, if this difference might be explained
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Fig. 4.46: Frequency and damping of the first mode vs. RMS and 2σ standard deviation bound (dashed
lines) for Phase III
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Fig. 4.47: Frequency and damping of the first mode vs. RMS and 2σ standard deviation bound (dashed
lines) for Phase IV

by the addition of the shaker mass to the structure. For testing Phases 0 and I, the shaker
mass was 20 kg, whereas the mass of the three beams plus half of the weight of the columns was
2300 kg (dynamic mass for testing Phase 0). The shaker mass thereby corresponds to 0.8% of
the total mass. If the shaker mass is compared to the mass of a single beam (ca. 620 kg), the
shaker produces a 3.2% mass addition. The shaker mass might therefore affect local bending
modes, but is not probable to significantly affect global modes of the structure. With the switch
to a larger shaker for testing Phase II, the shaker mass was increased to 100 kg, however, the
specimen’s mass with the TCC slab is 160’000 kg. For testing Phase III, where the shaker was
positioned on the D-storey PT frame, the shaker mass corresponds to roughly 4.3% of the entire
D-storey frame’s mass, i.e., the influence of the shaker mass on global modes is small for testing
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Phase III as well. Another, more probable explanation for the difference in frequency might be
the different evaluation framework, i.e., input-output versus output-only processing.
The sample COV of the frequency results is in a similar range for both excitation techniques.
For the damping ratios, no clear difference between both excitation techniques is visible in terms
of the absolute values. However, the COV of damping ratios is often significantly lower for shaker
data than for impact hammer data. A possible explanation for this could be the longer data
records of the shaker tests. The shaker data records are roughly 60 to 120 seconds long, whereas
those of the impulse-response data are only 15 seconds long. Long enough data records are
a prerequisite for the accurate estimation of damping ratios [94, 132, 183]. Nonetheless, the
difference in data record length is quite significant, compared to a low improvement in damping
ratio accuracy.
Influence of the identification method
Generally, all three evaluation methods deliver consistent results in terms of modal frequencies
(mean value and COV). Concerning the number of modes identified from each method, the
pLSCF method tends to identify modes less often than the two other methods. The SSIcov
and nonpar method identify a similar number of modes. In terms of damping ratios, the ratios
estimated with the SSIcov method can be twice as high as the damping ratios estimated from
the pLSCF method. This discrepancy is partly responsible for the high COV values of damping
ratios. A reason for this discrepancy might be the poor noise model of the pLSCF method
(drawback of the pLSCF method, cf. Reynders et al. (2012) [185] for more details).
Comparison of the resulting modes
Figure 4.48 presents the evolution of the first fundamental frequency and damping ratio throughout the testing phases, together with the 2-times standard deviation bound. The standard deviation is derived from the bootstrapping process, and thereby it represents the bootstrapped
sample standard deviation. For the laboratory tests, the frequencies and damping ratios from
all six structural systems are plotted on a straight vertical line. For testing Phase III, only the
modal results from the first testing series are included in the diagram.
From the 2D frame (laboratory) to the 3D frame (construction site), the frequency is increased significantly. A possible explanation for this increase might be the three-dimensional
behaviour of the frame-grid. The grid is able to redistribute loads to adjacent frames and therefore, its overall stiffness to mass ratio is higher than the stiffness to mass ratio of the single 2D
frame. Another explanation might be the support of the frame on the construction site. The
frame is connected to the lower reinforced concrete structure with glued-in rods, a connection
that has higher rigidity than the semi-rigid connection tested in the laboratory. Furthermore,
the tendons on the construction site were pre-stressed to 700 kN. This pre-stressing amount is
higher than the amounts investigated in the laboratory (400, 500, and 650 kN).
From testing Phase I to testing Phase II, the mass of the slab leads to a significant drop of
the fundamental frequency. With the addition of a second storey timber frame, the fundamental
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frequency is increased, as the amount of added stiffness is higher than the amount of added
mass. For the final testing phase, there is another drop in the fundamental frequency due to
the addition of the 2nd storey slab systems, which do generate additional stiffness (diaphragm
action), but mostly add mass to the structure. The standard deviation of the frequencies does
not change significantly throughout the testing phases.
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Fig. 4.48: Comparison of the fundamental modal parameters from the different testing phases (left
figure: fundamental frequencies, right figure: damping ratios, dashed line: 2-times standard deviation
bound)

The damping ratios are nearly constant throughout the testing phases. Their variability
is high for all testing phases with a peak at the second testing phase. Considering this high
variability, it is not possible to determine damping ratios with reasonable accuracy from the
conducted modal vibration tests. It can be stated that the damping ratio of the structure is
between 0 and 5%.

4.3
4.3.1

Operational modal analysis on the finalised building
Instrumentation and data evaluation

Since the opening of the HoNR building in June 2015, operational modal analysis tests were
conducted on the completed building. This phase is referred to as testing Phase V. The goal
of the OMA tests is to quantify changes in modal properties due to changing environmental
conditions, creep of the structural materials, and due to the post-tension losses.
In what follows, the resulting modal properties from a selection of the gathered OMA data are
presented. The selected data set includes dynamic data from the sixteen MEMs sensors that were
evaluated in testing Phase IV, and additionally dynamic data from a high sensitivity seismometer
(EPI force-balance accelerometer). The tri-axial seismometer is positioned on column C9 on the
D-storey (cf. Figure 4.5), below the lower edge of the beam. The MEMs sensor set-up on the
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lower storey is identical to the one from testing Phase II (cf. Figure 4.34) and the set-up on the
upper storey is identical to the one from testing Phase IV (cf. Figure 4.40).
Herein, the operational period from June 2015 until February 2018 is investigated. The
seismometer was installed in the building in March 2017. From the seismometer data, one 10minute file is selected for each day since its operation. The file includes data at noon (from
12:00 to 12:10). The seismometer data is sampled at 200 Hz. From the MEMs sensors, three
10-minute long data sets per month are selected. In contrast to the continuously operating
seismometer, the MEMs sensors are not acquiring data continuously. The dynamic acquisition
of the MEMs sensors is activated by large wind velocities, or if the recorded accelerations are
above a specified threshold, or manually for specific events (e.g., construction works in close
proximity to the building). The sampling frequency for the MEMs acquisition was adjusted
several times since June 2015; currently it is set at 250 Hz.
It is assumed that the operational loads (wind, construction works, etc.) generate a broadband excitation, which can be approximated by a white noise process. Therefore, output-only
evaluation techniques are applied. All data sets are down-sampled to 100 Hz prior to the evaluation with the framework presented in Section 3.2. Table 4.28 presents the signal processing
parameters after down-sampling.
Tab. 4.28: Signal processing parameters after down-sampling (Phase V)

Accel.
Sampling frequency
Nyquist frequency
Data sampling rate
Minimum duration
Minimum number of data points
Minimum frequency resolution

[Hz]
[Hz]
[sec]
[sec]
[-]
[Hz]

100
50
0.01
600
6’000
0.0167

For both sensor types, the identification parameters are set to identical values, as displayed
in Table 4.29.
Tab. 4.29: Algorithm parameters (Phase V) (i: Half the number of block rows)

Excitation
Ambient
Ambient

Evaluation

Sensor type

System orders (pLSCF)

System orders (SSI)

O
O

MEMs
Seismometer

16:16:960
3:3:180

2:2:100
2:2:100

i
40
40

The implemented evaluation framework is identical to the framework implemented for testing
phases 0-IV, except for the final combination step. This step is in this case left out, as the timedependent evolution of the modal parameters is of interest.
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Results and Discussion

Evaluation of the seismometer data
As the seismometer was installed in March 2017, the observation period is eleven months long.
Due to some issue with the data acquisition, the data presents some major gaps from October
to December 2017. Figure 4.49 presents the evolution of the three fundamental frequencies
identified with the three different identification methods. The first mode is around 4.25 Hz, and
the second and third modes are closely spaced at 5.4 Hz and 5.7 Hz. The modes are separated
with a k-means clustering technique (k = 3) into three subsets, corresponding to the three
modes. The number of identified frequencies is lowest for the pLSCF method. Furthermore,
the variability of the pLSCF frequencies is lowest. The nonpar and SSIcov method identify a
similar large number of frequencies, whereas the variability is higher for the nonpar method.
For the first three modes, the estimated covariances from the SSIcov method are in the range of
0.001-0.06 (5 and 95% fractile). For the observed period, all three frequencies remain constant.
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Fig. 4.49: Fundamental frequencies identified from the seismometer data (black: mode 1, light grey:
mode 2, dark grey: mode 3)

Figure 4.50 illustrates the corresponding damping ratios for the three modes in three separate plots. The damping ratios vary between 0 and 5% for all 3 modes. The damping ratios
identified from the pLSCF method are significantly lower than those identified from the SSIcov
method. The reason for this difference is so far unclear. During the processing of the FVT data
(testing Phases 0-IV), an explanation for this discrepancy is the noisy measurement data, and
the completely dissimilar noise models of the pLSCF and SSIcov method. The seismometer,
however, has a significantly lower noise level; therefore, there might be an additional, so far
unclear, reason for the discrepancy.
Generally, the variability of the identified damping ratios is extremely large, hindering the
determination of any evolutionary trends. The estimated damping covariance from the SSIcov
method is in the range of 0.5-2.0 (5 and 95% fractile). As only a single seismometer is positioned
in the building, no mode shapes can be derived.
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Fig. 4.50: Damping ratios identified from the seismometer data for the first three modes (black circles:
pLSCF, grey squares: SSI-cov)

Evaluation of the MEMs data
The evaluation of the MEMs data is presented in Figure 4.51. As for the seismometer, a kmeans clustering is implemented to separate the first three fundamental modes. For the MEMs
data, the pLSCF method does not identify any modes. This is a first indicator of the high
noise content in the measured signals. The variability of the three modes is large. For a major
part of the data sets no modes are identified, leading to a sparse set of results. Nonetheless, a
first mode around 4.25 Hz appears, followed by a second and third mode at 5.0 Hz and 6.25 Hz.
The majority of the identified modes stem from the nonpar method and present a large scatter,
especially for modes 2 and 3. The estimated covariance for the modes identified from the SSIcov
method is in the range of 0.004-0.13 (5 and 95% fractile). This range is twice as high than the
range of the results from the seismometer data. This indicates that the estimated covariance
provides valuable insight on the data quality.
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Fig. 4.51: Fundamental frequencies identified from the MEMs data (black: mode 1, light grey: mode 2,
dark grey: mode 3)
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As damping ratios are only identified from the SSIcov method, the number of data points
is low (cf. Figure 4.52). The mean value for the first two modes is around 5%. For the third
mode, the scatter ranges from 2 to 14%. The estimated covariance from the SSIcov method for
the damping ratios is in the range of 0.2-2.4 (5 and 9.5% fractile).
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Fig. 4.52: Damping ratios identified from the MEMs data for the first three modes

To study the mode shapes of the finalised building, all modal data points identified from
the SSIcov method are selected. Figure 4.53 displays the MAC-value among all data points
and a selected mode shape of the first mode. The selected mode shape is the mode shape with
the highest sum of off-diagonal values in the MAC-matrix. Figures 4.54 and 4.55 present the
MAC-matrix and mode shapes for the second and third mode, respectively.
Mode Shape 1, f=4.4, =3.1%
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Fig. 4.53: First mode (Phase V, MEMs data): 4.54(a): MAC-value of all identified modes from the
SSIcov method 4.54(b): Top view of the mode shape 4.54(c): Cross-section view of the mode shape
(dashed lines: 0.2-times standard deviation bound, light grey: B-storey, dark grey: C-storey, black:
D-storey)

The first mode presents a counter-clockwise rotation of both timber storeys, whereas the
third mode presents a clock-wise rotation of both timber storeys. In the first mode, both floors
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are in sync, whereas for the third mode there is a certain delay between both floors. The second
mode corresponds to a diagonal translation of both storeys.
Cross-section at sensors A11 and A22

Mode Shape 2, f=5.4, =3.2%

6

13

z[m]

y[m]

19.5

6.5

3
0
-3
-6

0
0

(a)

6.5

x[m]

13

0

19.5

(b)

6.5

x[m]

13

19.5

(c)

Fig. 4.54: Second mode (Phase V, MEMs data): 4.54(a): MAC-value of all identified modes from the
SSIcov method 4.54(b): Top view of the mode shape 4.54(c): Cross-section view of the mode shape
(dashed lines: 0.2-times standard deviation bound, light grey: B-storey, dark grey: C-storey, black:
D-storey)

Cross-section at sensors A11 and A22

Mode Shape 3, f=5.7, =3.1%
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Fig. 4.55: Third mode (Phase V, MEMs data): 4.55(a): MAC-value of all identified modes from the
SSIcov method 4.55(b): Top view of the mode shape 4.55(c): Cross-section view of the mode shape
(dashed lines: 0.2-times standard deviation bound, light grey: B-storey, dark grey: C-storey, black:
D-storey)

Comparison to testing Phase IV
The mode shapes of modes 1 and 3 are similar to the mode shapes of modes 1 and 2 from
testing Phase IV. Table 4.30 presents a comparison between both testing phases. For mode 1,
the visual inspection of the mode shape does not agree with the low MAC-value. Indeed, a closer
investigation of both shapes, especially in the cross-section view, illustrates that there is a major
difference between both shapes. For the third mode (Phase V), on the other hand, the MACvalue signals a mode shape correspondence. The third frequency has significantly increased from
Phase IV to Phase V. The first frequency has significantly increased and the mode shape has
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Tab. 4.30: Comparison of testing Phase IV and Phase V (MEMs)

Mode # Phase IV

Mode # Phase V

fIV
[Hz]

fV
[Hz]

MAC(φIV , φV )
[-]

1
2

1
3

2.96
4.91

4.29
5.99

0.02
0.76

changed significantly. These changes may be due to the addition of non-structural elements,
such as the full fixation of the steel frame of the facade, the completion of internal walls and the
addition of the underlay floor, and the completed roof-structure. Indeed, the underlay flooring
and the finalised roof (extensive vegetation) add significant mass to the structure. However, the
increase in the fundamental frequencies indicates that there must have been some significant
stiffness addition, as well (e.g., fixations of the facade, or non-structural internal walls that add
stiffness). Another explanation might be the change in environmental climate (e.g., different
temperature and relative humidity). The effect of changes in the environmental climate is
further studied in Section 4.6.
Comparison between seismometer and MEMs sensor results
Figures 4.56 and 4.57 present the full evolution of the frequencies and damping ratios. For the
sake of clarity, the data points from the three identification methods are no longer distinguished.
The first two fundamental modes are in good agreement for both sensors. The third mode,
derived from the MEMs sensor data, is higher and presents a significantly larger scatter. In
general, the variability is significantly larger for the MEMs sensors. Concerning the damping
ratios, there is a significant discrepancy in terms of the number of data points and the variability
of the results. Due to the low number of damping ratio data points from the MEMs sensors, the
evolution of damping ratios cannot be analysed properly. The seismometer data set indicates a
significantly lower damping ratio for both identification methods (SSIcov and pLSCF) than the
MEMs sensors.
Comparison of all testing phases (0-V)
Furthermore, the first modal frequency and damping ratio identified from OMA (testing Phase
V) are added to the comparison of testing Phases 0-IV (cf. Figure 4.58).
The fundamental frequency is significantly increased from testing Phase IV to testing Phase
V (finalised building). Furthermore, there is an increase in damping ratio. The figure presents
two separate damping ratios for the finalised building (Phase V), the higher one stems from the
evaluation of the MEMs sensor data and the lower one from the evaluation of the seismometer
data.
Figure 4.59 additionally presents the evolution of the sample COV along the testing phases.
For the MEMs sensor data, the COV of the frequencies increases gradually from testing Phase
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Fig. 4.56: Modal frequencies from the MEMs (black) and seismometer data (grey)
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Fig. 4.57: Damping ratios from the MEMs (black) and seismometer data (grey) (results from the pLSCF
and SSI method are combined)

0 to testing Phase V. For Phase V, the COV of the frequencies from the seismometer data is
significantly lower, than the COV from the MEMs sensor data. The uncertainty in damping
ratios gradually increases from testing Phase 0 to Phase IV. For Phase V, however, the uncertainty is reduced. This fact is most probably due to the longer data record, utilised in Phase V.
In Phase V, the data records incorporate 10 minutes of data, whereas, in the FVT phases, the
data records are 30 seconds to 2 minutes long. For the first mode in Phase V, the COV of the
damping ratios from the MEMs sensor and the seismometer data are in a similar range. The
MEMs sensor data delivers damping ratios only with the SSI method, whereas the seismometer data includes results from the SSI and the pLSCF method. The pLSCF and SSI method
are not consistent in terms of damping ratios, therefore, the COV of damping ratios from the
seismometer data is higher than expected.
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Fig. 4.58: Comparison of the fundamental modal parameters from the different testing and OMA
phases (left figure: fundamental frequencies, right figure: damping ratios, dashed line: 2-times standard
deviation bound, left figure: fundamental frequencies, right figure: damping ratios)

The influence of environmental factors on the OMA results is further investigated in Section
4.6. Unfortunately, the longer observation period of the MEMs sensors presents significant
uncertainties; therefore, the focus is on the shorter observation period of the seismometer sensor
to investigate the influence of temperature, relative humidity, and tendon force level on the
evolution of the fundamental frequencies.
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Fig. 4.59: Comparison of the COV of the fundamental modal parameters from the different testing and
OMA phases (left figure: COV of the frequencies, right figure: COV of the damping ratios)
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Fig. 4.60: Illustration of the numerical model for the 2D laboratory frame (Phase 0)

4.4

Numerical models of the different construction phases

A series of numerical models is developed to predict the building’s modal characteristics throughout the different FVT testing phases. The developed models are presented in the subsequent
paragraphs, followed by an example of model updating for the 2D frame tested in the laboratory.

4.4.1

Numerical model of the 2D laboratory frame (Phase 0)

A main objective of the numerical model is to form a basis for the model updating procedure,
which requires a high number of model runs. Therefore, the calculation time of the model is
of primary concern. Two model implementations are developed, one with the finite element
software SAP2000 and the other based on a finite element routine programmed in Matlab. A
sketch of the static system, implemented in the numerical model, is displayed in Figure 4.60.
Numerical model in SAP2000
For the numerical model in SAP2000, several simplifications are made. The beam cross-section
is considered as homogeneous with spruce material properties. An isotropic constitutive law
is employed. The reinforcement of the beam with ash wood in the connection area is thereby
neglected. The columns are modelled with an isotropic ash material. Each beam and column
is modelled as a single “beam-element”, which is then discretised for the analysis. The posttensioning cable is not explicitly modelled. Instead, the beam-column joint is modelled as a
rotational spring at the ends of the beams.
As the experimentally determined modal parameters do not present any amplitude dependency, a linear structural behaviour is assumed. The opening of the gap between the columns
and beams is not activated and the bi-linear spring, described in Section 4.1.3, can be considered
as linear. The rotational stiffness of the springs is different at the two outer (kout ) and the two
inner (kin ) columns. Indeed, the connection stiffness is different for the outer columns due to the
anchorage load, whose position is fixed. The stiffness of both springs was derived with pushover
tests [215]. The spring stiffness does not depend on the post-tensioning force; therefore, the
effect of varying tendon forces is not captured with the model.
Two cases are investigated, one with fixed, and one with pinned column supports at the
bottom. The actual support behaviour is not clear, as the dowelled connection between the
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Tab. 4.31: Overview of the model parameters (2D PT frame — Phase 0)

Laboratory frame
Elastic modulus of ash Eash
Elastic modulus of spruce Espruce
Rotational spring stiffness kin
Rotational spring stiffness kout
Weight ash ρash
Weight spruce ρspruce
Column dimensions (height × width × length)
Beam dimensions (height × width × length)
Max mesh length
Number of nodes
Analysis type
DOFs n (total)

13 kN/mm2
11 kN/mm2
200 000 kNm/rad
300 000 kNm/rad
7.97 kN/m3
4.3 kN/m3
2.75 m × 0.38 m × 0.38 m
0.72 m × 0.28 m × 6.5 m
0.5 m
64
linear, 2D (ux , uy , θz )
192

timber column and the slotted-in steel plate is supposed to act as a pinned joint, but bears
some rotational resistance. Additionally, the slotted-in steel plate is fixed to the strong floor
via a pinned joint for half of the experiments and via a semi-rigid connection for the other half
of the experiments. Therefore, the two extreme cases (pinned and fixed) are investigated. The
column height is assumed equal to 2.75 m, which is the distance between the bottom of the
timber column and the height of the tendon. The exact location of the pin is not investigated
further.
Table 4.31 provides an overview of the model input parameters. The values of the elastic
modulus of the timber elements are taken from the literature [54, 220]. The specific weight is
deduced from mass measurements of the beams and columns. The measured weights are significantly higher than the values indicated in the literature (5.5 kN/m3 for ash wood and 3.8 kN/m3
for spruce wood). Hence, the weight constitutes a main source of uncertainty, especially for the
modelling of the timber structures from the construction site, where a measurement of the mass
was not possible.
A linear modal analysis without damping is performed to obtain the modal frequencies and
mode shapes. Table 4.32 presents the un-damped frequencies of the first twelve mode shapes
for the cases with pinned and fixed supports. The support type has a significant influence,
especially on the first, the fifth and higher frequencies. The first frequency is twice as high for
the fixed support than for the pinned support.
Figure 4.61 illustrates the evolution of the modal participating mass ratios, which increases
as the number of considered modes is increased. The ratios are presented for all types of DOFs
(horizontal (ux ) and vertical (uy ) displacements, and rotations (θz )), separately. In terms of the
horizontal displacements, the first mode contributes significantly, whereas the subsequent modes
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Tab. 4.32: Modal frequencies from SAP2000 for the 2D frame with pinned and fixed supports (Phase
0)

1
2
3
4
5
6
7
8
9
10
11
12

Pinned

Fixed

8.66
41.8
43.0
44.3
89.7
103.2
107.0
112.7
135.3
141.4
149.2
151.0

18.8
42.5
43.6
44.5
108.6
138.1
142.3
142.8
147.6
150.3
165.9
171.3

are less relevant. The vertical displacements are mainly affected by the fourth mode and the
rotations mainly by the third and the fourth mode. For the dynamic design of the 2D frame,
mainly the horizontal stiffness and displacements are of interest. Therefore, the first mode is
definitely the most important mode. Indeed, the first mode would suffice to approximately
characterise the dynamic behaviour of the entire frame. However, as the rotational behaviour of
the beam-column joint is of special interest within this study, higher modes can provide further
insight. Therefore, they are considered further in this study.
The first eight mode shapes obtained from the SAP2000 model with the pinned supports are
presented in Figure 4.62. The mode shapes from the pinned and fixed supports are alike, except
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Fig. 4.61: Modal participating mass ratios (Phase 0)
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Fig. 4.62: Eight first mode shapes from the SAP2000 model (Phase 0) (black lines: original shape, grey
lines: deformed shape

for the curvature of the columns in proximity to the supports. Therefore, the mode shapes
with the fixed supports are not illustrated herein. The first mode is a translational mode; the
following three modes are beam deflection modes, and modes 5 to 7 are column-bending modes.
Mode 8 is a mixed column-beam mode, where the beams form full waves (2 wave crests).
The SAP2000 model is a good starting point to get prior insight into the dynamic behaviour of
the structure. However, for model updating the model is less suited as calls to the software from
external sources (e.g., Matlab) are prone to errors and computationally expensive. Therefore, a
second model is implemented in Matlab.
Numerical model in Matlab
The second numerical model was presented in Leyder et al. (2017) [125]. Herein, the model is
briefly reviewed for the sake of completeness.
The developed model assumes a linear rotational spring in the beam-column joint and linearelastic material properties. The beams and columns are divided into several linear-elastic elements and the spring is implemented in the beam element, which is located adjacent to the
column. For simplicity, the distinction between inner and outer column springs is omitted in
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this implementation of the model. The uniform rotational spring stiffness for all beam-column
connections is now designated with krot . The conventional element stiffness matrix for a six
degree of freedom element is modified as follows to account for a left-sided spring:



Kel,rot

EA
l


 0


 0

=
− EA
 l

 0


0

0

0

− EA
l

0

12EI EI+krot l
l3 4EI+krot l
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4EI
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4EI 3EI+krot l
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(4.2)
where E is the elastic modulus, A is the cross-sectional area, l is the length of the element, and
I is the moment of inertia of the element. For a right-sided spring, the formulation is similar.
The modified stiffness matrices are implemented for the beam elements adjacent to the columns.
The material and geometric properties are the same as for the SAP2000 model (cf. Table
4.31). Only the the mesh size, number of nodes and DOFs are different. Each element is
divided into 14 parts, which leads to the indicated number of nodes and DOFs. The value for
the rotational spring in the joint is chosen as a mean value between the stiffness of the outer
column and the inner columns (krot = 250 000 kNm/rad). The following linear equation is solved
to evaluate the frequencies and mode shapes:
Mv̈(t) + Kv(t) = 0.

(4.3)

Analogue to the SAP2000 model, the column supports are modelled either pinned or fixed.
Table 4.33 presents the resulting frequencies for both support types. The type of support has
a significant influence on the frequencies. For example, the first fundamental frequency is twice
as high for the fixed support compared to the pinned support.
The mode shapes are almost identical to those from the SAP2000 model (cf. Figure 4.62)
and are therefore not further discussed herein.
Comparison to experimental results
From comparing Figure 4.62 to Figures 4.29 and 4.30, it is obvious that not all 12 modes from
the numerical model were identified in the modal vibration tests. A direct comparison is only
possible for mode 1 (translational frame mode), mode 4 (main vertical beam mode) and mode
8 (translational column mode). In the following explanations, the mode numbering is always in
reference to the model mode numbers.
Tables 4.34 and 4.35 summarise the comparison for the cases with pinned and fixed supports,
respectively. The experimental frequency values (fexp ) are indicated as a range, covering the
frequencies identified from all three systems, defined according to Table 4.7, plus the two times
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Tab. 4.33: Modal frequencies for the 2D frame with pinned and fixed supports (Phase 0 — Matlab
model)

1
2
3
4
5
6
7
8

Pinned

Fixed

8.77
42.7
44.1
46.3
90.9
106.0
112.7
118.4

19.2
43.6
44.8
46.5
110.0
146.4
150.6
151.8

standard deviation band illustrated in Figures 4.29 and 4.30. In addition to the comparison of the
frequencies, the tables present the MAC-value between the model implemented in SAP2000 and
the model implemented in Matlab. The maximum and minimum MAC-value from a comparison
of the experimental data (from the three structural systems with the same support type) with
both model implementations are presented. For the calculation of the MAC-value, the final,
selected mode shape, according to Section 4.2.1, is utilised. The mode shapes from the models
are reduced to the measured DOFs. Thereby, the wave crests in the beams for mode 8 disappear
and do not affect the comparison. Mode shapes with two wave crests cannot be captured with
the implemented experimental sensor set-up, as the sensors were only positioned at midspan of
the beams.
For the case of pinned supports, the frequencies of both models and the experimental data
are in good agreement for modes 1 and 4. For mode 8, there is a deviation in the frequencies.
The same conclusion is valid for the MAC-value, which is high for modes 1 and 4, but only
around 0.4 for mode 8. In the experimental mode 8, there is a large lateral deflection of one of
the columns, probably due to some local effect. Therefore, the agreement of the mode shape is
poor for mode 8.
For the case of fixed supports, the frequencies deviate significantly. This is a clear indicator
that the supports in the experimental set-up were not fully rigid. The mode shapes, however,
are in good agreement. For a better approximation of the semi-rigid supports, a rotational
spring could be introduced into the model and tuned to fit with the experimental data. Since,
the support in the laboratory set-up is different from the connection on the construction site,
this investigation is not as relevant and therefore omitted herein.
In terms of the mode shapes, both model types are in good agreement. However, there
are some minor differences in the frequencies (especially for the higher modes). One reason for
this discrepancy could be the implementation of a uniform rotational stiffness in the Matlab
implementation in contrast to the differentiation for inner and outer columns in the SAP2000
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Tab. 4.34: Comparison for Phase 0 (pinned support) (Mat: modal parameters from the Matlab model,
SAP: modal parameters from the SAP2000 model, Exp: experimentally determined modal parameters)

Mode ID fSAP fMat
Model Exp. [Hz] [Hz]
1
4
8

1
3
7

fExp
[Hz]

MAC(φSAP , φMat ) MACmin (φModel , φExp ) MACmax (φModel , φExp )
[-]
[-]
[-]

8.66 8.77 8.45-8.64
44.3 46.3 38.5-42.3
113 118 103-105

1.00
0.99
0.99

1.00
0.73
0.34

1.00
0.80
0.46

Tab. 4.35: Comparison for Phase 0 (fixed support)

Mode ID fSAP fMat
Model Exp. [Hz] [Hz]
1
4
8

1
3
7

fExp
[Hz]

MAC(φSAP , φMat ) MACmin (φModel , φExp ) MACmax (φModel , φExp )
[-]
[-]
[-]

18.8 19.2 9.41-9.71
44.5 46.5 42.0-46.0
143 152 102-105

1.00
0.98
1.00

0.97
0.53
0.49

0.98
0.77
0.53

implementation. The SAP2000 implementation agrees better with the experimental data, which
suggests that the differentiation better approximates the actual dynamic behaviour of the frame.

4.4.2

Numerical model of the 3D PT frame (Phase I)

In what follows, the successive build-up of the model of the HoNR is described, starting from
the 3D PT frame on the C-storey. All subsequent models are developed with SAP2000, as the
SAP2000 model provides the better fit for the laboratory frame and its implementation is more
user friendly. The two lower storeys in reinforced concrete are not included in the model, as
they have a significantly higher horizontal stiffness and mass compared to the two upper storeys
in timber. The modelling approach assumes that the two lower storeys function as a foundation
and do not influence the dynamic behaviour of the two upper storeys.
For the PT frame on the C-storey, a three-dimensional model is developed and implemented
in SAP2000, which is referred to as the 3D frame model (cf. Figure 4.63). The different
rotational stiffness of the beam-column connection at the inner and outer columns is considered
in the same way as for the SAP2000 model of the laboratory frame. Furthermore, the connection
between the column and the beam is represented by a linear spring, i.e., a possible softening
of the connection due to gap opening at large deformations is not considered in the numerical
model. Moreover, not only in-plane rotational springs are introduced in the beam-column joints,
but also out-of-plane rotational springs. The stiffness of the out-of-plane springs is analytically
approximated from the in-plane spring stiffness, as follows:
kperpendicular = kparallel ×

Ib,perpendicular
,
Ib,parallel

(4.4)
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Fig. 4.63: Model of the 3D PT frame (Phase I)

where kperpendicular is the out-of-plane rotational stiffness, kparallel the in-plane rotational stiffness,
Ib,perpendicular the out-of-plane and Ib,parallel the in-plane moment of inertia of the beam crosssection.
The static height of the frame is set equal to 2.75 m, which corresponds to the static height
of the inner ring of columns. The fact that the outer columns have a shorter static height due
to their positioning on an elevated concrete ring is neglected.
As a measurement of the beam and column masses was not possible, literature values are
assumed for the specific weight and elastic modulus of the ash and spruce wood [54, 220]. The
beams are modelled as homogeneous cross-sections with spruce material, neglecting the four
bottom lamellae in ash wood, which run over the entire length of the beam. An isotropic
constitutive law is employed. In the model, all spans are 6.5 m long, neglecting the fact that the
outer spans are shorter (6.43 m) in the actual structure. The bottom support of the columns
is modelled as a fully rigid connection, assuming that the pin in the dowelled connection is not
activated for the low-amplitude vibration tests and that the connection with glued-in rods of the
steel plate at the bottom of the column to the concrete storey is fully rigid. Table 4.36 provides
an overview of the model input parameters.
The timber beams and columns are modelled as beam elements, assuming a linear-elastic
material behaviour and neglecting shear deformations. A linear modal analysis without damping
is performed to obtain the modal frequencies and mode shapes.
Figure 4.64 displays the modal participating mass ratios for the first 24 modes. The vertical
displacements (uz ), and the rotations relative to both horizontal axes (θx ,θy ) do not significantly
contribute to the modal response of the first 24 modes. Therefore, their contribution is not visible
in the diagram. For the horizontal (ux ) and vertical (uy ) displacements, and the rotations around
the z-axis (θz ) reasonably high participation ratios are reached from mode five onward.
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Tab. 4.36: Overview of the model parameters (3D PT frame — Phase I)

3D PT frame
Elastic modulus of ash Eash
13 kN/mm2
Elastic modulus of spruce Espruce
11 kN/mm2
Rotational spring stiffness kin,parallel
200 000 kNm/rad
Rotational spring stiffness kin,perpendicular
30 025 kNm/rad
Rotational spring stiffness kout,parallel
300 000 kNm/rad
Rotational spring stiffness kout,perpendicular
40 535 kNm/rad
Weight ash ρash
5.5 kN/m3
Weight spruce ρspruce
3.8 kN/m3
Column dimensions (height × width × length)
2.75 m × 0.38 m × 0.38 m
Beam dimensions (height × width × length)
0.72 m × 0.28 m × 6.5 m
Max mesh length
0.5 m
Number of nodes
412
Analysis type
linear, 3D (ux , uy , uz , θx , θy , θz )
DOFs n (total)
2472

Figure 4.65 presents the first five mode shapes of the 3D PT frame, reduced to the sensor
positions considered in the experimental analysis (four corner sensors). The first and second
mode occur at an identical frequency, and present a horizontal translation in x or y direction,
respectively. The third mode is a rotational mode, the fourth a shearing mode, and the fifth is
another translational mode with the two inner frames moving out-of-phase from the two outer
frames. This behaviour is not visible in the figure, since only the corner points of the 3D frame
are illustrated.
Comparison to experimental results
Modes 1 and 2 (model numbering) are compared to modes 2 and 3 (experimental numbering),
based on an investigation of the MAC-values between model and experimental mode shapes.
Table 4.37 presents the comparison for both modes, including the sample two times standard
deviation bound (±2σ) for the experimentally derived frequencies. Unfortunately, neither a pure
rotational, nor a pure shear mode are identified from the experimental data.
The comparison demonstrates that the frequencies are in the same order of magnitude for
both modes. The model of the 3D frame is perfectly double symmetric and therefore, the first two
translational modes occur at exactly the same frequency. The real structure on the construction
site is not perfectly double-symmetric (e.g., due to variations in the material properties and due
to the eccentricity of the post-tensioning cable). Therefore, the first two experimental modes
do not occur at the same frequency. The model and experimental mode shapes are in good
agreement.
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Fig. 4.64: Modal participating mass ratios (Phase I)
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Fig. 4.65: First five mode shapes of the 3D frame from the SAP2000 model (Phase I) (B-storey: light
grey, C-storey: black)
Tab. 4.37: Comparison for Phase I

Mode ID
SAP
Exp.
1
2

2
3

fSAP
[Hz]

fExp
[Hz]

MAC(φSAP , φExp )
[-]

12.3
12.3

12.0 ± 0.08
13.5 ± 0.13

0.83
0.72
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Fig. 4.66: Model of the 3D PT frame with the TCC slab (Phase II)

4.4.3

Numerical model of the 3D PT frame with the composite slab (Phase
II)

To model the 3D PT frame with the TCC slab, several simplifications are made. First, the
openings for the staircase and elevator shaft are neglected in the model. The slab is modelled
as a continuous thin plate element with a linear-elastic isotropic material behaviour. Shear
deformations are neglected and a linear modal analysis is performed.
The focus of the current investigations is the global behaviour of the frame–slab combination.
Therefore, the weight of the slab and its function as a diaphragm are the governing factors.
Its vertical stiffness is of secondary importance. Therefore, a representative slab thickness is
selected, which incorporates the weight of the beech LVL plates. A concrete material C50/60,
with properties according to SIA262 [222], is assumed for the entire slab. Furthermore, the
static height of the columns is adjusted to the distance from the bottom of the column to the
centre of mass of the slab (3.1 m). The connection between the slab and the frame is modelled
as a fully rigid connection. Table 4.38 summarises the new model input parameters. Figure 4.66
illustrates the model in SAP2000. To achieve a rigid connection between the beams and the
slab, the slab edge nodes and beam nodes share the same positions.
Figure 4.67 displays the modal participating mass ratios. The first three modes are sufficient
to describe the structural behaviour of the 3D frame with the slab. The contribution of the
displacements in vertical direction (uz ), and the rotations relative to both horizontal axes (θx
and θy ) is too small that they are not visible in the diagram.
With the addition of the slab, the fundamental frequencies decrease significantly compared
to Phase I. The first three modes are two translational modes in the main horizontal directions
and a rotational mode (cf. Figure 4.68). These three modes involve a movement of the entire
slab, whereas higher modes involve only partial movements of the slab and are, therefore, less
important to characterise the dynamic behaviour of the structure.
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Tab. 4.38: Overview of the additional model input parameters (Phase II) — cf. Table 4.36 for PT frame
parameters

3D PT frame and slab
Elastic modulus of the slab Eslab
Specific weight of the slab ρslab
Slab dimensions (height × width × length)
Static height of the PT columns
Mesh of the slab
Number of nodes (total)
Analysis type
DOFs n (total)

37 kN/mm2
25 kN/m3
0.172 m × 19.5 m × 19.5 m
3.1 m
Mesh based on beam nodes
427
linear, 3D (ux , uy , uz , θx , θy , θz )
20 562
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Fig. 4.67: Modal participating mass ratios (Phase II)
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Fig. 4.68: First three mode shapes of the 3D frame with slab from the SAP2000 model (Phase II)
(B-storey: light grey, C-storey: black)
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Tab. 4.39: Comparison for Phase II

Mode ID
SAP
Exp.
1
2
3

1
2
3

fSAP
[Hz]

fExp
[Hz]

MAC(φSAP , φExp )
[-]

3.8
3.8
4.3

4.0 ± 0.012
4.1 ± 0.011
5.1 ± 0.008

0.76
-

Tab. 4.40: Overview of the model input parameters (Phase III) — refer to Table 4.38 for model input
parameters of the TCC slab and to Table 4.36 for model input parameters of the 3D PT frame

2-storey PT frame and slab on the C-storey
Static height of the PT frame columns (C-storey)
Static height of the PT frame columns (D-storey)
Number of nodes (total)
Analysis type
DOFs n (total)

3.1 m
2.87 m
807
linear, 3D (ux , uy , uz , θx , θy , θz )
40 842

Comparison to experimental results
Due to the high uncertainty of the mode shape identification in Phase II, an unambiguous
attribution of experimental to model modes is not possible. According to the MAC-values, the
first model mode is close to the first experimental mode. For model modes 2 and 3, no associated
experimental mode shape could be found. In Table 4.39, the comparison is presented for the first
mode, and for the second and third mode, however, purely based on frequency correspondence
for the latter two. For the experimental data the sample two-times standard deviation bound
(±2σ) is indicated, as well.

4.4.4

Numerical model of the 2-storey PT frame with the composite slab on
the C-storey frame (Phase III)

The numerical model for testing Phase III is illustrated in Figure 4.69). The upper-storey
PT frame is identical to the PT frame on the lower storey, except for the static height of the
columns. Table 4.40 presents the updated model input parameters. The static height of the
upper columns equals 2.87 m (from mid-height of the TCC slab to mid-height of the beams of
the upper frame). The static height of the lower frame equals 3.1 m, as for the model of Phase
II. The connection between the lower and upper columns is modelled as a rigid connection. For
simplicity, the timber frame for the roof windows on top of the central span is not included in
the model. During the FVT, two testing phases were carried out, one prior to the installation
of the elevator shaft and one afterwards. The elevator shaft is not included in the model.
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Fig. 4.69: Model of the 2-storey 3D PT frame with slab on the C-storey PT frame (Phase III)

A linear modal analysis is performed with SAP2000 and the modal participating mass ratios
are derived. The resulting modal participating mass ratios are illustrated in Figure 4.70. The
first three modes involve a major part of the building mass. Hence, they would be sufficient to
accurately describe the dynamic behaviour of the two-storey model. As the mass of the D-storey
PT frame is significantly lower than the mass of the C-storey slab, the dynamic behaviour of the
upper storey frame does not significantly influence the global dynamic behaviour. Nonetheless,
the modes associated with the D-storey PT frame (modes 4, 5 and 6) are additionally presented
in Figure 4.71.
The first two mode shapes are translational modes of both storeys combined with a small
diagonal movement. The third mode is a pure rotational mode of both storeys in-phase. The
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Fig. 4.70: Modal participating mass ratios (Phase III)
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Fig. 4.71: First six mode shapes of the two-storey 3D frame with slab on the C-storey from the SAP2000
model (Phase III) (B-storey: light grey, C-storey: dark grey, D-storey: black)
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Tab. 4.41: Comparison for Phase III

Mode ID
SAP
Exp.
3
5
6

1
2
4

fSAP
[Hz]

fExp
[Hz]

MAC(φSAP , φExp )
[-]

4.1
11.8
12.4

4.5 ± 0.05
10.3 ± 0.03
11.4 ± 0.08

0.49
0.52
0.45

fourth, fifth, and sixth mode involve mostly movements of the upper storey frame. Modes 4 and
5 are translational modes in x- and y-direction and mode 6 is a shearing mode along the frame’s
diagonal.
Comparison to experimental results
The model results are compared to the results from the first testing series, which was conducted
directly after the construction of the D-storey PT frame and prior to the installation of the
elevator shaft.
Table 4.41 presents the comparison. For the experimental frequency the ±2σ bound is
indicated. The MAC-values are around 0.5, indicating a poor mode shape correspondence. The
mode IDs are aligned according to the highest associated MAC-value. The first experimental
mode corresponds best with the third mode from the SAP2000 model. This would however
imply that the first two fundamental modes are not identified in the experiments. Except for
the missing modes, the frequencies from the experiments and the SAP2000 model are in good
agreement.

4.4.5

Numerical Model of the completed structure (Phase IV (and V))

For the numerical model of the completed structure, the slabs are added to the two-storey PT
frame model from Phase III. Two slab types are distinguished (hollow-core TCC slab and biaxial
timber slab). Both slabs are modelled as homogeneous cross-sections and the constitutive law
is isotropic. As the global structural behaviour is of interest, the focus is set on the accurate
representation of the weight of the slabs. The slabs vertical stiffness is of secondary importance.
For the timber slab in the central span, a plate with a thickness of 161 mm (including the
weight of the lower lamellae, the posts and the shear reinforcement beams) and a specific weight
of 800 kg/m3 for beech material [16] is implemented. For the hollow-core slabs, a homogeneous
concrete plate with an adjusted thickness of 95 mm and an elastic modulus of 32 kN/mm2 is
assumed [222].
The static height of the columns on the upper storey is adjusted such that the column height
corresponds to the distance from mid-height of the lower slab to the mid-height of the hollowcore slab. The derived static height is 3.25 m. The model does not include any non-structural
components. Table 4.42 summarises the model input parameters for the completed structure.
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3.25m

Fig. 4.72: Model of the completed structure (Phases IV, V)

Tab. 4.42: Overview of the additional model input parameters (Phases IV, V)

Completed structure (HoNR)
Elastic modulus biaxial slab Ebiax,slab
11.8 kN/mm2
Specific weight biaxial slab ρbiax,slab
8 kN/m3
Dimensions biaxial slab (height × width × length)
0.161 m × 6.5 m × 6.5 m
Elastic modulus hollow-core slab Ehollow,slab
32 kN/mm2
Specific weight hollow-core slab ρhollow,slab
25 kN/m3
Dimensions hollow-core slab (height × width × length)
0.095 m × 6.5 m × 6.5 m
Static height PT columns (C-storey)
3.1 m
Static height PT columns (D-storey)
3.25 m
Meshing of slabs
Mesh area based on points on area edges
Number of nodes (total)
821
Analysis type
linear, 3D (ux , uy , uz , θx , θy , θz )
DOFs n (total)
40 926
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Fig. 4.73: Modal participating mass ratios (Phase IV, V)

A linear modal analysis is performed in SAP2000 and the modal results are computed. Figure
4.73 presents the modal participating mass ratios for an increasing number of considered modes.
The first three modes are able to explain a major part of the displacements ux and uy , and the
rotations θz . With the addition of modes 4 to 6, the out-of-phase dynamic behaviour of the two
slabs can be fully described. Therefore, the first six modes are illustrated in Figure 4.74.
The first two modes are pure translational modes of both storeys in the same direction and
the third mode is a common rotation. Modes 4 and 5 are out-of-phase translational modes and
mode 6 is a counter rotational movement of the two storeys.
Comparison to experimental results
To compare the model results to the experimental results from Phase IV, the MAC-values
among the mode shapes are investigated to correlate the mode IDs. The experimental modes
were illustrated in Section 4.2.5. Table 4.43 presents the comparison. For the experimental
frequencies the sample ±2σ bound is indicated. The MAC-values are below 0.4, indicating
that the mode shapes are not in good agreement. Except for the first mode, the difference in
frequencies is significant. According to the MAC-value, the experimental modes 1 and 2 both
correspond best with numerical mode 1. Indeed, the numerical model is based on a number
of assumptions and simplifications that may cause these discrepancies. On the other hand, the
discrepancies can stem from identification errors, due to a high noise content in the experimental
data. The model could be further refined to better approximate the experimental data. A
possible model refinement technique based on optimal tuning of the model input parameters is
applied in the following section.
Table 4.44 compares the numerical model to the experimental data from testing Phase V.
For the comparison, the MEMs-based modal parameters, derived from the SSIcov method, were
selected. The MEMs-based modal parameters have the advantage that they include information
on the mode shapes, although they are of lower quality than the parameters derived from the
seismometer data. The indicated experimental frequency is a mean value of the frequency
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Fig. 4.74: First six mode shapes of the completed structure (Phase IV, V) (B-storey: light grey, C-storey:
dark grey, D-storey: black)

Tab. 4.43: Comparison of the numerical model and the experimental results (Phase IV)

Mode ID
SAP
Exp.
1
1
6

1
2
3

fSAP
[Hz]

fExp
[Hz]

MAC(φSAP , φExp )
[-]

2.57
2.57
7.02

2.96 ± 0.09
4.91 ± 0.12
11.4 ± 0.6

0.20
0.34
0.37
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Tab. 4.44: Comparison of the numerical model and the experimental results (Phase V)

Mode ID
SAP
Exp.
2
1
1

1
2
3

fSAP
[Hz]

fExp
[Hz]

MAC(φSAP , φExp )
[-]

2.57
2.57
2.57

4.29 ± 0.17
5.37 ± 0.38
6.00 ± 0.46

0.42
0.50
0.43

samples derived with the SSI-cov method. Time-dependent effects are thereby disregarded.
Additionally, the sample ±2σ bound is indicated. The mode shape was selected based on the
highest sum of the off-diagonal elements in the MAC-matrix.
The alignment of experimental and numerical modes is performed based on the highest
MAC-value (closest mode shape). It results that the experimental mode 1 is associated with the
second numerical mode, the second experimental mode with the first numerical mode, and the
third experimental mode with the first numerical mode. The MAC-values range between 0.4 and
0.5. The frequencies differ significantly. Indeed, the experimental frequencies are higher than
those of the numerical model. This indicates a significant contribution of the non-structural
components to the horizontal stiffness of the building, especially, since the numerical model
neglects the mass of the underlay floor.
Indeed, the numerical model is not able to properly represent the dynamic behaviour of the
actual building. A refinement of the model, including asymmetrical details, such as the elevator
shaft and staircase, and the addition of further non-structural components (e.g., internal walls),
would lead to a better approximation of the behaviour of the actual building. The development
of such a detailed model is however beyond the scope of this work. The presented models are
primarily developed to get an insight on expected frequency ranges for the design of the FVT
and to get further insight into the behaviour of the post-tensioned joint. The behaviour of the
post-tensioned joint can be studied best with the 2D frame model. Therefore, the numerical
model of the 2D frame is further investigated in the following section.

4.4.6

Model updating of the 2D PT frame model (Phase 0)

In the following section, Bayesian model updating is illustrated for the laboratory 2D frame
model. The 2D frame is selected as an example as the number of model parameters is assessable
and the results from the FVT are of high quality. For the subsequent testing phases, the number
of candidate model parameters for the model updating increases significantly. This would request
an equal increase in modal information to update the models. However, the quality and amount
of modal information decreases throughout the testing phases, thereby, complicating a reasonable
model updating. Additionally, the computational time increases drastically as the complexity of
the model increases. For the finalised building, high quality modal information (frequency and
damping ratios) are available from the high sensitivity seismic sensor. However, no mode shape
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Tab. 4.45: Comparison of the experimental results and the a priori model (pinned support, P = 400 kN)

Mode ID
Model
Exp.
1
4
8

1
3
7

fModel,prior
[Hz]

fExp
[Hz]

MAC(φModel,prior , φExp )
[-]

8.68
46.3
117

8.55
42.0
104

0.999
0.818
0.598

information is available. Furthermore, the model of the final structure does not include any
non-structural components, which do however contribute significantly to the dynamic behaviour
of the building.
The Matlab-based implementation of the 2D frame model is selected for the model updating,
due to its shorter computational time. Furthermore, the model with the pinned supports is
selected, due to the better agreement with the experimental modal results. The model updating
is performed with the experimental results from the structural system number two (pinned
support and a post-tension force of 400 kN). Table 4.45 summarises the a priori values of the
model and the experimental frequencies, and the MAC-value between the a priori model and
the experimental mode shapes. For the numerical model, the input parameters correspond to
the mean values indicated in Table 4.46.
Sensitivity analysis
First, a parameter sensitivity analysis is carried out to select the model input parameters for the
updating procedure. Since the mass of the laboratory frame was measured, the material density
is assumed constant and is not considered as a model input parameter. Instead, the modulus of
elasticity of the column (Eash ) and the beam (Espruce ), the stiffness of the rotational spring in
the beam-column joint (krot ), and the location of the pin (respectively the static height of the
column hcol ) are considered as candidate model input parameters.
As mentioned in Section 4.2.1, the behaviour of the column support is not straightforward in
the experimental set-up. The pin could either be activated in the dowelled connection between
the slotted-in steel plate and the timber column or in the connection between the slotted-in steel
plate and the lower steel beam (hcol = 2686 mm, or hcol = 2850 mm) (cf. Figure 4.75).
To derive an approximation of the sensitivity matrix, each parameter is perturbed by 2% of
its initial value. The sensitivity matrix and its respective scaling are obtained according to the
procedure described by Mottershead et al. (2011) [152]. The sensitivity of the modal frequencies
1, 4, and 8 of the structure is investigated (mode numbering according to the numerical model
results).
Figure 4.76 illustrates the normalised sensitivity matrix. The model output is mostly sensitive to the column height, followed by a high sensitivity of the beam frequency (f4 ) to the
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Fig. 4.75: Pinned support at the bottom of the column
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Fig. 4.76: Visualisation of the sensitivity matrix

elastic modulus of spruce, and then a high sensitivity of the translational mode 1 and the column mode 8 to the elastic modulus of ash. The parameter with the lowest sensitivity is the
rotational spring stiffness of the beam-column joint, indicating that the level of post-tensioning
has only a small influence on the dynamic behaviour. Nonetheless, all candidate model input
parameters are kept in the set for the updating procedure, as the rotational spring stiffness of
the beam-column joint is of particular interest for the modelling of the PT frame.
Prior probability density functions
For each model input parameter, a prior probability density function (PDF) is assumed. For the
elastic modulus of timber, the JCSS probabilistic model code (2006) [93] proposes a lognormal
distribution. Herein, a relatively wide parameter range is allowed, by setting the COV to
0.2, instead of the recommended 0.13. For the column height, a strictly bounded uniform
distribution is assumed, which permits the pin to be located either at its lower or upper end.
Another variant would be to implement a pure switching between the two extremal values.
This was however not investigated herein. For the rotational stiffness krot , no prior information
on possible distributions is available. Therefore, a gamma distribution with a COV of 0.6 is
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Tab. 4.46: Prior distributions of the model input parameters

Parameter
θ1
θ2
θ3
θ4

= hcol
= Espruce
= Eash
= krot

Distribution
Uniform, bounded
Lognormal
Lognormal
Gamma

[20 686 mm, 20 850 mm]

Mean

COV [-]

20 768 mm

0.02
0.2
0.2
0.6

11 kN/mm2
13 kN/mm2
250 000 kNm/rad

assumed, according to the maximum entropy principle for strictly positive values with finite
variance [204]. The mean value for the rotational stiffness is the mean of the inner and outer
rotational spring stiffness, as indicated in Table 4.31. Table 4.46 presents an overview of the
selected prior distributions, and the corresponding mean values and COVs.
Likelihood function
For the likelihood function an uncorrelated zero-mean Gaussian model is assumed for the total
prediction error:
p(d̄|θ, M ) = L(θ|d̄) = exp(−1/2 · eT Σ−1
e e),

(4.5)

where e is the total prediction error and Σe is a diagonal covariance matrix with a COV of
15%. The total prediction error includes the modelling and measurement error. The error term
ei equals (fdata,i − fmodel,i )/(fdata,i ) for the frequencies and the diagonal covariance term equals
0.152 diag[(fdata,i /fdata,i )2 ]. The error term ei equals 1 − MAC(φdata,i , φmodel,i ) for the mode
shapes and the diagonal covariance term equals 0.152 diag[MAC(φdata,i , φmodel,i )2 ]. The error
term is normalised to attribute identical weight to all three frequencies and mode shapes.
This simple probabilistic model is employed, since no detailed information on the nature of
the modelling and measurement error is available. The chosen uncorrelated zero-mean Gaussian
model is supported by the maximum entropy principle [204].
From the SSIcov identification method and from the evaluation of multiple data sets, error
bounds on the modal parameters would be available. However, these do not provide information
on the distribution of the measurement error. Even if these error bounds would be considered,
detailed information on the modelling error would still be missing.
Posterior PDF
For the sampling of the posterior distributions, an existing Bayesian updating implementation
from the Computational Science & Engineering Laboratory at ETH Zurich, termed BASIS, is
applied [39].
Figure 4.77 displays the histograms of the samples drawn from the posterior distributions for
the four model input parameters in comparison to their prior distributions. The histogram of

191

4.4. Numerical models of the different construction phases

7

10-3

10-4

2.5

6
2

PDF [-]

PDF [-]

5
4
3

1.5

1

2
0.5
1
0
2650

0
2700

2750

2800

2850

2000

2900

4000

2.5

6000

8000 10000 12000 14000 16000

E spruce [N/mm2]

h col [mm]

10-4

10-5

4

Posterior
Prior

3.5
2
2.5

1.5

PDF [-]

PDF [-]

3

1

2
1.5
1

0.5

0.5
0
0.5

1

1.5

2
2

E ash [N/mm ]

2.5
4

10

0
0

2

4

6

k rot [kNm/rad]

Fig. 4.77: Histograms of the posterior and prior PDFs

8

10
104

192

Chapter 4. Application: the House of Natural Resources

the posterior samples of the static column height (θ1 ) exhibits no clear difference to the initially
assumed distribution. Although the model output is most sensitive to changes in the static
height, the narrow parameter band does not allow the parameter to take significant effect on
the model output. It is thereby not possible to further reduce the uncertainty on the static
height, since its COV is already significantly lower (2%) than the COVs of the other model
input parameters.
For the elastic modulus of spruce (θ2 ), the posterior distribution has a lower spread than
the prior distribution (cf. Table 4.47). In addition, there is a small shift towards a lower mean
value. When comparing the a priori and posterior distribution of θ3 (elastic modulus of ash),
a shift towards a lower mean value is noticeable, as well. Furthermore, there is some reduction
of the uncertainty of the elastic modulus of ash (cf. COV value in Table 4.47). In terms of
the rotational stiffness in the joint, the posterior samples indicate a shift of the mean value to
a higher value, and the uncertainty on the parameter is significantly reduced, despite the low
sensitivity of the model output to the rotational stiffness. Still, the rotational stiffness remains
the model input parameter with the highest uncertainty.
Tab. 4.47: Comparison of the prior distributions and the posterior distributions of the model parameters

Parameter

Prior mean

θ1
θ2
θ3
θ4

20 768 mm

= hcol
= Espruce
= Eash
= krot

110 000 N/mm2
130 000 N/mm2
250 000 kNm/rad

Prior COV [-]

Posterior mean

Posterior COV [-]

0.02
0.2
0.2
0.60

20 771 mm

0.02
0.18
0.17
0.44

100 460 N/mm2
110 840 N/mm2
260 820 kNm/rad

Table 4.48 compares an evaluation of the numerical model with the posterior mean values
to the model with the prior mean values and to the experimental data. For the frequencies, the
fit between the experimental data and the model is improved with the updated model input
parameters. In terms of the MAC-value, however, the improvement between the prior to the
updated model is not significant. The mode shapes from the experimental data present several
irregularities, such that a better fit of the model to the experimental data might not be feasible,
regardless of the selected model parameter values.
Tab. 4.48: Comparison between the a priori model, the updated model, and the experimental data

fdata [Hz]
8.55
42.0
104

fModel,prior [Hz]

fModel,updated [Hz]

MACprior [-]

MACupdated [-]

8.68
46.3
117

8.51
45.7
113

0.999
0.818
0.598

0.999
0.823
0.599
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With the Bayesian model updating, it is possible to reduce the uncertainty on the modulus
of elasticity of the column and beam material, and to identify shifts in the mean values. The
updating was performed on a small data set (three frequencies and three mode shapes) and,
therefore, the information gain is limited. Furthermore, the updating procedure was applied to
only one of the six structural systems. An application to all systems might deliver further insight
into the model input parameters, such as the correlation between the rotational spring stiffness
and the amplitude of the tendon force. For model updating of the models with a fixed support,
a rotational spring should be included at the support of the columns to take into account the
semi-rigid behaviour of this connection.
For the application of the model updating procedure to further data sets (e.g., experimental
results from the tests on the construction site), the number of candidate model parameters
increases significantly. Indeed, the experimental investigations revealed for example that the 3D
PT frame is not perfectly double-symmetric, probably due to the different tendon heights in the
two directions of the frame. Therefore, the stiffness of each single beam and column element
should be modelled individually. This would lead to a large number of model input parameters
to be updated and would thereby require comprehensive experimental modal data (frequencies,
mode shapes etc.), which unfortunately is not available.

4.5

Application of OSP methods and metrics

As mentioned in Section 2.3), the objective of OSP methods is to maximise the information
gained from the structure, while keeping the amount of necessary sensors to a minimum. For the
forced vibration and ambient vibration tests presented in Sections 4.2 and 4.3, the sensor set-ups
were derived based on engineering judgement, as the forced vibration tests were conducted prior
to the investigations on OSP methods. Nonetheless, the application of these methods can provide
further insight into the performance of the structural systems, and can be implemented to assist
with the design of further structural health monitoring projects. The following investigations
were presented in Leyder et al. (2018) [127].
Three different and commonly implemented OSP methods are investigated and their performance is evaluated with two different metrics. The implemented methods are the effective
independence method (EFI), the modal kinetic energy method (MKE) and the information
entropy index (IEI) method. The enhanced IEI method, which resolves the problem of close
positioning of sensors, is implemented and compared to the original IEI method. In terms of
the adopted metrics, two different options are investigated, namely, the information entropy
index (IEI) and the Modal Assurance Criterion (MAC). For the quantification of the trade-offs
amongst the selected metrics, a Pareto Front scheme is proposed. Further background on the
implemented OSP methods and metrics was described in Section 2.3.
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Fig. 4.78: Resulting configuration (MKE method, No = 6)

4.5.1

OSP case study: 2D PT frame (Phase 0)

The described application focuses on the optimal positioning of uni-axial acceleration sensors to
capture the dynamic response of a specified number of target modes. As a basis for the OSP
investigations, an a priori numerical model of the structure is implemented. The fictive number
of available sensors is varied, to determine at which number of sensors the increase in information
gain from the structure due to the addition of further sensors is no longer pronounced. Thereby,
the number of necessary sensors can be derived.
As an application case study, the PT frame tested in the laboratory is selected. The target
mode shapes are taken from the SAP2000 model of the 2D laboratory frame for a pinned support
(cf. Section 4.4 and Figure 4.62). The first five modes are selected as target modes.

4.5.2

Resulting sensor configurations

The resulting configurations are presented for six uni-axial acceleration sensors (No = 6). Six
is the minimum number of sensors that has to be positioned to identify five target modes m
(No > m). The addition of further sensors is discussed further onward.
Figure 4.78 presents the resulting configuration from the MKE method. The sensor positions
and orientations are indicated with arrows. All six sensors are positioned along the height of the
two outer columns, as the column deformations are dominant in the selected five target modes.
However, this configuration is unlikely to capture modes 2-4 (cf. Figure 4.62).
The resulting configuration for No = 6 from the EFI method is illustrated in Figure 4.79. In
contrast to the MKE method, four sensors are positioned on the beams and two on the columns.
The reason for this is that the EFI tries to maximise the linear independence of mode shapes.
Therefore, the sensors are positioned such that every mode of the five modes can be captured.
At mid-span of the middle beam, two vertical sensors are positioned extremely close to one
another. These sensors will most probably deliver similar information.
Figure 4.80 displays the obtained configurations from the IEI method for different values
of the prediction error correlation factor λcor . For λcor = 0.001, the assumed prediction error
correlation is almost equal to zero, and therefore the resulting configuration presents two collocated sensors at the mid-span of the beam. If λcor is increased to 0.5, 1.0, 1.5 the issue of the
collocated sensors is resolved. A value of λcor = 1.5 roughly corresponds to 3-times the mesh
size in the numerical model (maximum mesh size of 0.5 m), which relates to a strong correlation
between up to three neighbouring sensor positions. For the configuration with λcor = 1.5, there
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Fig. 4.80: Resulting configurations for different values of λcor (IEI method, No = 6)

are two closely spaced sensors at mid-span, however with opposite orientation. Indeed, the chosen correlation model only introduces a prediction error correlation amongst sensors oriented
in the same direction, as only those will provide similar information. The highest value of λcor
leads to the most even distribution of the sensors along the structure. λcor can be increased up
to the point where there is a strong correlation amongst all sensors in the set-up, at which point
the introduction of the correlation looses its effect. For the current set-up, a strong correlation
up to three neighbouring sensors is deemed reasonable.

4.5.3

Evaluation of the derived configurations in terms of the IEI metric

In this section, the previously presented configurations are evaluated in terms of the information
entropy index (IEI) metric. The IEI metric should favour results from the IEI method, as the
IEI method aims at minimising the IEI metric. The denominator of the IEI is dependent on the
selected value of λcor . Therefore, the configurations with different values of λcor cannot directly
be compared by means of the IEI metric. For the comparison, the configurations of six sensors
are extended to configurations with up to 28 sensors.
Figure 4.81 presents the resulting IEI metric for the three OSP methods, whereas for the IEI
method the prediction error correlation is omitted (λcor = 0.001). There are only two visible
lines in the figure, as the IEI metrics of the EFI method and the IEI method with λcor = 0.001
are identical, independently of the number of sensors. Both methods are not only identical in
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Fig. 4.82: IEI metric for the IEI method (for different values of λcor )

terms of the IEI metric, but also in terms of the actual configuration. The MKE method, on
the other hand, strongly deviates from the other two methods. Indeed, despite the increasing
number of sensors, and the eventual positioning of sensors on the beam elements (starting at a
total number of sensors of 9), the MKE method does not reach the same IEI as the other two
methods.
In Figure 4.82, the IEI metric is displayed for configurations derived from the IEI method
with different prediction error correlation factors (λcor ). As mentioned previously, the IEI metric
is dependent on λcor , therefore, a comparison based on the actual index-value does not make
any sense. However, conclusions on the trend are possible. The decrease in information entropy
with increasing number of sensors is steeper for lower values of λcor . Furthermore, the trend
does not present any sudden jumps, indicating that the sensors are evenly distributed over the
structure regardless of the total number DOFs to be instrumented.
In conclusion, the EFI and IEI significantly outperform the MKE method in terms of the IEI
metric. The IEI method, furthermore, presents the advantage of alleviating the issue of sensor
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clustering. On the other hand, the IEI method is by far the most computationally expensive of
the three methods. It is roughly 100 times slower than the two other methods.

4.5.4

Evaluation of the derived configurations in terms of the MAC metric

In the following section, the configurations are compared based on the MAC metric. The MAC
metric compares the “correct” mode shape from the numerical model with an interpolated
mode shape. The interpolated mode shape assumes “correct” mode shape components in the
sensor positions. The remaining elements of the mode shape are derived from an interpolation.
Piecewise cubic and spline interpolations are implemented. The interpolation is based on two
assumptions. The first assumption is that the columns do not exhibit any vertical movement
and the second assumption states that if only a single horizontal sensor is placed on a beam,
the beam behaves as a rigid body in horizontal direction. For the following considerations, only
configurations with λcor = 1.5 are considered (IEI method).
In Figure 4.83 the evolution of the MAC-metric relative to an increasing number of sensors is
presented for the five target modes. The first translational mode is captured perfectly with the
MKE set-up from 16 monitored DOFs (sensors) onward. The IEI method delivers reasonable
results (MAC > 0.7) starting from a minimum of seven monitored DOFs. The EFI method, on
the other hand, never reaches a MAC-value above 0.7, since it fails to place sensors on the two
inner columns and therefore their deflection is not captured accurately. The beam deflection
modes (modes 2-4) are captured with high accuracy by the configurations from the EFI and
IEI method, already for configurations with only six sensors. The MKE method, on the other
hand, does not provide configurations that capture modes 2 and 4 with reasonably high MACvalues. The third mode is captured with high accuracy from 10 instrumented DOFs onward
with the MKE method. For the fifth mode (column bending), the situation is similar as for
the first mode. All three methods present reasonably high MAC-values, the MKE from eight
instrumented DOFs onward, the IEI from 14 monitored DOFs onward, and the EFI from 20
monitored DOFs onward. If for example a requirement on the sensor configuration would be to
ensure a MAC > 0.8 for all five modes, the configuration from the IEI method with 18 monitored
DOFs and λcor = 1.5 should be implemented. In the example above, the effect of measurement
noise or possible sensor failures are not considered.

4.5.5

Comparison of the two metrics with a Pareto front approach

The presented results indicate that the evaluation of different OSP configurations is strongly
dependent on the employed metric. Depending on the pursuit of the OSP design, i.e., either
maximising the measured energy content or enhancing mode shape visualisation, a different
metric should be implemented. If the goal is to determine an optimal configuration relative to
several metrics, the arising trade-off has to be considered carefully. One way to approach this
issue is to derive a Pareto optimality. The Pareto optimality criterion provides configurations
that provide best values for both metrics, i.e., ensuring that there is no configuration that
performs better in terms of one of the two metrics without performing less accurately in terms of
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Fig. 4.84: Pareto plot for the IEI and MAC metric (top figure: full-view, bottom figure: zoom-in)

the other metric. To visualise the configurations on the Pareto front for the IEI and MAC metric,
20 000 random configurations are generated for each total number of DOFs to be instrumented
(No ranging from 6 to 28). To generate a single MAC-metric for all five modes, the root-mean
square (RMS) of the five MAC-values is implemented. The random configurations are added to
the set of configurations derived from the three OSP methods. The evaluation of the two metrics
for all configurations is displayed in Figure 4.84, along with the Pareto front. The Pareto front
presents configurations that fulfil the Pareto optimality. Optimal configurations maximise the
RMS of the MAC-value and minimise the IEI. In addition to the full Pareto plot, a zoom-in on
the Pareto front is displayed.
The configurations from the MKE method are farthest away from the Pareto front, i.e.,
the configurations are not optimal in terms of both metrics. The IEI method with λcor = 1.5
outperforms the EFI method in terms of both metrics. The IEI-configuration with 28 sensors
is the configuration that results in the best IEI metric value. However, the highest RMS of the
five MAC-values is obtained from random configurations. Indeed, several randomly generated
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Fig. 4.85: Comparison of the OSP configurations to the implemented configurations

configurations figure on the Pareto front. This means, that in terms of the MAC metric, the
three OSP methods do not necessarily deliver the best configurations.

Evaluation of the implemented set-up
The implemented full configuration (22 signals), and the reduced configuration implemented for
the modal analysis (14 signals, as indicated in Figure 4.27) are evaluated in terms of the two
metrics and compared to the OSP configurations.
Figure 4.85 displays a comparison of the implemented configurations (full and reduced) to
the OSP configurations, and to the randomly generated configurations with the same number
of measured DOFs No . In both cases, the implemented configuration delivers the highest RMS
(MAC), whereas the configuration derived from the IEI method delivers the lowest IEI metric.
Indeed, the implemented set-up focused on maximising the mode shape visualisation. If max-
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imising the entropy index had been the focus, the IEI method would have delivered better-suited
configurations.

4.6
4.6.1

Assessment of the life cycle performance
Introduction

The HoNR building is equipped with a dense monitoring system to capture and predict the
buildings life cycle performance. The monitoring was initiated during the construction phase
and is still running. Early results of the monitoring system were presented in Leyder et al.
(2015) [124]. Herein, extended results are reported upon, including two and half years of data
from the operation phase of the building.
Additionally, an online-monitoring platform was developed by Steffen and Mesaric (2017)
[212]. The online-monitoring platform presents the measurement data on an online website.
The data diagrams are automatically updated with the newest data on a daily basis. The
platform additionally incorporates a warning system, which generates an email alert in case of a
malfunctioning of the data transfer. The goal is to extend this warning system to alert if certain
indicators on the structural health state of the building exceed their predefined thresholds.
These indicators can be derived from a comparison of the real-time measurement data with the
predictive models, presented in Section 4.6.3. For the evaluation of the monitoring results, the
building’s environmental climate regime is separated into three parts (cf. Table 4.49).
The following section is structured in two parts. First, the monitoring data is presented
and second predictive models are developed for selected physical quantities. For the model
development, only the experimental data from the operational phase is implemented to ascertain
that the model input data (e.g., temperature, or relative humidity) are approximately stationary.
Tab. 4.49: Climate phases

Construction phase
Transition phase
Operation phase

4.6.2

Start date

End date

Climate

20.01.2014
22.10.2014
02.06.2015

21.10.2014
01.06.2015
-

Outdoor
Intermediate
Indoor

Monitoring results

Table 4.50 presents an overview of the instrumented physical quantities. Detailed monitoring
set-up plans are documented in the test report [126].
Temperature and relative humidity
During the construction period, a single climate station was installed on the construction site
to monitor the temperature and relative humidity. The assumption was that the climate is
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Quantity

Structure

T&RH
T&RH
T&RH
Moisture content
Moisture content
Moisture content
Tendon forces
Tendon forces
Deformations
Deformations
Deformations
Deformations
Deformations
Local strains (FBG)
Local temperatures (FBG)
Distributed strains (LUNA)
Distributed strains (LUNA)
Modal parameters

Construction site
Operation phase (C)
Operation phase (D)
PT frame (C)
PT frame (D)
Biaxial slab (D)
PT frame (C)
PT frame (D)
PT frame (C)
PT frame (D)
TCC (C)
Hollow-core slab (D)
Biaxial slab (D)
PT frame (C)
PT frame (C)
PT frame (C)
PT frame (D)
Entire structure

# sensors
1
6
6
21
20
15
8
8
15
17
11
3
5
20
8
2
2
n.a.

Operation since
January 2014-January
February
February
January
July
October
January
July
March
October
March
January
January
January
January
January
July
January

2015
2015
2015
2014
2014
2014
2014
2014
2014
2014
2014
2015
2015
2014
2014
2014
2014
2014

Tab. 4.50: Overview of the monitored quantities (T&RH: Temperature and relative humidity, (C):
C-storey, (D): D-storey)

approximately uniform throughout the entire construction site, since the airflow is not hindered
by any internal walls or the facade.
In February 2015, 12 combined sensors (temperature and relative humidity) were installed in
six rooms on the C-storey and six rooms on the D-storey. The indoor climate can be controlled
by the office occupants through opening of the windows and the activation of the shading
system. Therefore, the climate might vary substantially from room to room. The climate
station, which was in operation during the construction phase, was moved to the rooftop to
monitor the outdoor climate conditions. The station additionally measures wind velocity and
direction. The wind velocity is implemented to trigger the dynamic data acquisition system of
the installed acceleration and tilt sensors (MEMs).
Figure 4.86 presents the daily averages of the temperature and relative humidity. The indoor
temperature and relative humidity curves correspond to an average value from the six sensors
positioned on each storey. The variability amongst the measurements on the same storey is low
compared to the difference between the C- and D-storey.
Both quantities indicate a clear change of the climate from outdoor to indoor conditions.
While the outdoor climate is characterised by large cycles (temperatures ranging from 0°C to
30°C and relative humidity from 20% to 80%), the indoor climate presents cycles with significantly lower amplitudes (temperatures ranging from 20°C to 30°C and relative humidity from
30% to 60%). In winter, the temperatures never drop below 22°C and the relative humidity
drops to 30% due to the heating system. During the first two winters (winters 2014/2015 and
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Fig. 4.86: Climate measurements: 4.86(a): Temperatures, 4.86(b): Relative humidities

2015/2016), six air humidifiers were installed inside the building to prevent the timber elements
from drying out too fast. A fast drying process increases the risk of large shrinkage cracks.
Despite the indoor climate conditions, temperature and relative humidity still present noticeable seasonal cycles, which affect the long-term behaviour of the structural systems.

Moisture content of timber
The moisture content (MC) of timber strongly influences its mechanical properties and provides
an important contribution to the understanding of the life cycle performance of timber structures.
Twenty measurement points were installed in the PT frame on each floor. The measurement
points are located in the columns (ash) and in the beams (spruce and ash) at a cross-section
depth of 6 cm.
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Fig. 4.87: Average MC in the PT frame (dotted lines: 2σ standard deviation bound)

Additionally, the MC is recorded in the beech CLT plate of the biaxial slab. In the 5-ply,
120 mm thick CLT plate, insulated steel needles were installed at five different depths (middepth of each ply, i.e., depths d of 10 mm, 35 mm, 60 mm, 85 mm, 110 mm). The five depths are
monitored in three different locations.
Figure 4.87 presents the average MC measurement for the C- and D-storey PT frame. The
two-times standard deviation bound indicates a significant variability of the data, especially
during the construction and transition phase. Significant variability is common for MC measurements as discussed by Forsén and Tarvainen (2000) [64]. Nonetheless, the measurements
provide the following insights.
There is a noticeable difference between the initial MC of the C-storey frame, mounted in
winter and the D-storey frame mounted in summer. This difference can be explained by the
exposure to a different outdoor climate at the time of installation. At the beginning of the
operation phase, the average MC was around 12% for both storeys. Over the last two and a half
years, this value has decreased to 10%. The mean-value and the two-times standard deviation
bound are below 12% since the last two and a half years, thereby indicating service class 1
conditions (refer to SIA265 [220] for a definition of the service classes). Furthermore, the MC
presents minor seasonal variations with higher values in summer and lower values in winter. The
higher values in summer agree with the higher values of the average relative humidity.
In Figure 4.88, the MC from the three different locations in the biaxial slab is displayed.
The measurement points closest to the surface (d = 10 mm) exhibit the largest variability. The
measurement points further away from the surface present MC values in a similar range. The top
surface of the CLT plate is covered with a moisture and vapour barrier, therefore, the moisture
exchange only occurs via the indoor surface. The initial MC was around 9% and has decreased
to ca. 8% over the last three years.
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Fig. 4.88: MC in the biaxial slab at five different depths d from the indoor surface

Tendon force measurements
The PT frame is the main load-carrying system for horizontal and vertical loads inside the
building. Therefore, the post-tension force in the tendons is an essential parameter for the
stiffness of the building. Post-tensioning of timber is a novel technology, and the knowledge of
the long-term behaviour is limited. The post-tensioning creates large stresses perpendicular to
the grain in the column area, which can lead to large creep deformations. Furthermore, the
changes in timber MC lead to shrinkage and swelling of the cross-sections, which can lead to
additional stresses in the joint.
Therefore, a load cell was mounted at the anchorage of each of the 16 tendons, which continually records the tendon force in each three-bay frame. The load cells were installed prior to
the post-tensioning process of the frame.
Figure 4.89 presents the evolution of the tendon forces. For the graph, the forces are normalised with the respective initial post-tensioning value. The initial post-tensioning force was
roughly 700 kN for both storeys. The C-storey load cells were installed in January 2014 and a
calibration was performed in March 2014 (second drop in Figure 4.89). At the end of February
2018, the maximum tendon force loss corresponds to 14%.
Losses of the post-tensioning force are expected due to the following phenomena. In timber,
long-term rheological effects, such as creep, mechano-sorptive creep and relaxation commonly
occur. Creep of timber depends on the permanent loads applied [156] and therefore, in posttensioned timber frames, it significantly depends upon the tendon force. As creep deformations
take place, the post-tensioning force is consequently reduced due to shortening of the timber
section. The phenomenon of post-tensioning loss is thereby a mixture of creep (increase in
deformation in the timber elements under constant stress) and stress relaxation (decrease in
stress under constant deformation), since the stresses are not constant over time, nor is the
deformation. The effect of creep in timber is by orders of magnitude more significant than
the stress relaxation in the steel tendon, therefore, tendon relaxation is negligible. However,
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Fig. 4.89: Tendon forces (PT frame C- and D-storey)

the creep rate of timber is significantly influenced by cyclic humidity variations; a phenomenon
which is known as mechano-sorptive creep [156]. As demonstrated in Figure 4.86(b), cyclic
relative humidity variations are present in the HoNR, therefore, mechano-sorptive creep is likely
to influence the tendon force losses.
The C-storey tendon forces present a consistent drop from January 2014 until July 2014.
This drop is followed by a stabilization phase. This phenomenon is repeated with subsequent
drops from July 2015 to January 2016, July 2016 to January 2017, and from July 2017 to
January 2018. Each drop is followed by a corresponding stabilisation phase. The drop phases
correspond to phases with decreasing relative humidity and the plateaus correspond to phases
with increasing relative humidity.
On the D-storey, the initial behaviour is different. First, the tendon forces increase until
January 2015 and then they exhibit a substantial decrease until July 2015, followed by a further
decrease, although less substantial, until July 2016. From July 2016 to January 2017, there is
a short plateau followed by a moderate decrease until July 2017. From July 2017 to February
2018, the tendon forces present a minor increase. Interestingly, the plateau and decrease phases
are shifted by a couple of months between the C and the D-storey. One explanation for this shift
might be the different environmental conditions at the time of the mounting (winter / summer)
and the different initial MCs. Furthermore, there might be an influence of the vertical load.
The C-storey PT frame is subjected too nearly twice as high loads than the D-storey frame (cf.
Table 4.1).
Table 4.51 compares the post-tensioning losses in the HoNR to the measured & extrapolated
post-tensioning losses from the small-scale laboratory specimens in the uncontrolled environment, conducted by Wanninger (2015) [241]. In the laboratory test, different specimen sizes
were tested, with beam dimensions of 1050×120×240 mm (length×width×depth) and column
dimensions of 600×120×100/160/240 mm (length×width×depth). In the laboratory tests, the
contribution of pure creep and mechano-sorptive creep could be analysed separately, from addi-
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Laboratory test

Building C-storey

Building D-storey

8.0%
8.5%
14%
20%

3.0%
7.0%
11%
25%

4.0%
7.0%
12%
28%

1 year
2 years
10 years
50 years

Tab. 4.51: Comparison of the PT losses in an uncontrolled environment in the laboratory and an
uncontrolled environment in the HoNR (values for 1 and 2 years: measured, values for 10 and 50 years:
predicted). The laboratory test values stem from Wanninger (2015) [241] p.103.

tional measurements conducted in a controlled environment (constant temperature and relative
humidity). This separation is not possible for the measurement data from the HoNR.
In the laboratory tests, a significant increase of the post-tensioning forces was observed for
increasing relative humidity phases. This increase is not present for the tendon forces measured
in the HoNR, except for the first few months on the D-storey. Instead, the increasing posttensioning phase is replaced by a flat plateau. The laboratory tests were conducted without
gravity loads on the specimens. These vertical loads, however, are present in the building.
The C-storey PT frame is loaded vertically since March 2014 and the D-storey PT frame since
October 2014. This probably prevents an increase in the tendon forces.
Table 4.51 indicates that after one year, the losses in the building are significantly lower
than the losses observed for the laboratory specimens. This is expected, since the laboratory
specimens have smaller cross-sections and therefore react stronger to climate changes. After two
years, the losses in the building have significantly increased, whereas those in the laboratory
have not manifested such behaviour. This discrepancy can be attributed to the change of the
environmental conditions in the HoNR building from the construction to the operational phase.
An exponential function, as defined in Equation (3.25) is fitted to the operational part of
the post-tension data from the HoNR building. Based on this exponential function, predictions
for the losses in 10 and 50 years are made (cf. Table 4.51). The long-term losses predicted from
the laboratory data and those predicted from the building data are in a similar range. The
extrapolations are below the design value of 30% losses.
Deformation measurements
Furthermore, a classical deformation measurement campaign was set up by the institute of
geodesy and photogrammetry from ETH Zurich.
During the construction phase, a fixed total station was installed on the C-storey to monitor the deformations of the TCC slab at hourly intervals. Additionally, levelling measurements
were performed, starting from a fixed reference point in close proximity to the building. The
reference point’s coordinates were determined relative to the national coordinate system. Therefore, the levelling results present deformations relative to the national coordinate system and
incorporate not only deformations of the structural members, but additionally settlements of
the entire building. After the construction phase, the fixed total station had to be removed.
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Fig. 4.90: Deformations of the beam mid-spans of the PT frame

Nonetheless, the tachymetric measurement campaign was continued with periodic measurements
every month. During the construction phase, the tachymetric measurements implemented three
reference points positioned on the concrete ring on the C-storey floor for the measurements with
the total station. During the operation phase, these three reference points were replaced by
reference points on the bottom of several timber columns.
Details on the measurement campaign are documented in two technical reports [11, 105]. A
detailed evaluation of the data is presented in Leyder et al. (2018) [126]. Herein, a summary of
the main findings is presented for each structural element.
PT frame — C- and D-storey On both storeys, the measurement points on the PT frames
were positioned at the beam mid-spans. Figure 4.90 presents the average values of all measurement points per storey. This averaging assumes that the load is distributed nearly equally onto
the beams of the PT frame due to the alternation of the span direction of the slabs. This assumption is of course not entirely valid, especially for the uni-axial slab system of the hollow-core
slab. A detailed evaluation of all measurement points is incorporated in Leyder et al. (2018)
[126].
Figure 4.90 distinguishes between tachymeter and levelling measurements to take into account their different referencing methodology. The levelling measurements are in reference to
the national coordinate system, whereas the tachymeter measurements are in reference to the
reference points inside the building, positioned on the PT frame columns (operation phase), or
the concrete ring (construction phase). This fact leads to a difference of roughly 2 to 3 mm for
the mid-span beam deformations. During the construction phase, the tachymetric measurements
illustrate the initial creep deformation after the concrete casting, followed by a second significant
increase in deformation after the temporary supports were removed underneath the TCC slab.
Since the start of the operation phase, the deformations are constant and significantly lower
than the deformation threshold value of l/500 according to SIA260 [221], where l is the length
of the span (6.5 m).
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Fig. 4.91: Deformations of the TCC slab and predicted long-term deformations due to permanent loads
for the assumptions of a single-span and a 3-bay-span system

TCC slab The measurement points on the TCC slab were positioned at the nine mid-span
points of the slab. The points were measured either with the tachymetric or with the levelling
technique. Figure 4.91 presents the average value of all measurement points from the tachymetric
and levelling measurements. Additionally, the expected long-term deformation due to permanent
loads is presented as a straight line, assuming a single span system and a 3-bay span system for
the load bearing behaviour of the TCC slab. Details on the derivation of this deformation are
documented in Leyder et al. (2018) [126].
The difference between the levelling and the tachymetric deformations is ca. 5 mm. As for
the measurements on the PT frame, this difference might stem from settlements of the building.
However, it is unclear why the difference is 2 mm higher than for the PT frame mid-spans. Since
the start of the operation phase, the deformations of the TCC slab have increased by roughly
20%. The TCC slab was designed for a long-term stiffness reduction of 56%, with a creep factor
of ϕ = 0.8 for the beech LVL plates and ϕ = 2.1 for the concrete plate. The measured increase
in deformations is still below this value.
Both measurement techniques deliver deformations higher than the long-term predictions
with the 3-bay-span system. The deformations measured by the tachymeter are still lower than
the predictions, assuming a single-span system.
Figure 4.92 presents a zoom-in on the deformations during the construction phase. During
the construction phase, the levelling and tachymetric measurement deliver similar results. The
two loading phases of the concrete casting and the subsequent removal of the temporary supports
are visible. The figure additionally includes analytical predictions of the short-term deformations
due to concrete casting, support removal and the expected long-term deformations (cf. Leyder
et al. (2018) [126] for details). The initial deformations due to the concrete casting and those
due to the support removal are in a similar range. The slab exhibits a noticeable increase in
deformations after both loading steps due to a significant initial creep.
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Fig. 4.92: Deformations of the TCC slab during the construction phase and the predicted long-term
deformations due to permanent loads for the assumptions of a single-span and a 3-bay-span system

The deformations of the slab due to the concrete casting are significantly higher than the
analytical prediction. The reason for these high initial deformations is unclear. The LVL plates
were supported by a temporary support system with a span of 1.63 m without explicit precamber.
Nonetheless, some precamber might have been present, as the beech LVL plates are extremely
flexible elements. A precamber would falsify the initial value of the measurements and thereby
lead to too high deformation measurement values.
Hollow-core slab The deformation measurements on the hollow-core slab started only after
the completion of the entire roof structure, i.e., all permanent loads were already present when
the measurements started. Therefore, the deformations provide only insight on the long-term
evolution. The measurement points were positioned on three mid-span points (S3, S7 and S8,
according to Figure 4.5) of the hollow-core slab and were measured with the levelling technique.
Figure 4.93 displays the measured vertical deformations.
The measurement series was discontinued at the end of the transition phase and then relaunched at the end of 2015. Therefore, the continuity between the transition and operation
phase should be interpreted with caution. Additionally, the diagram presents deformation predictions from an analytical model, documented in Lüthy (2015) [137]. The predictions of the
long-term deformations due to permanent load, and the additional short-term deformations due
to snow load are indicated. The measurements and the predictions are in a similar range, assuming that the continuity of the data is acceptable. Since the start of the operation phase,
the deformations exhibit a cyclic behaviour, which might be explained by a significant influence
of the indoor climate cycles on the deformations. The deformations exhibit an increase from
July to January (for 2016 and 2017) and a decrease from January to July (2017 and 2018).
Another reason for this cyclic behaviour could be a cyclic behaviour of the weight on the roof.
As the roof presents an extensive vegetation layer, its weight is submitted to changes due to
rainy, dry or snow fall periods. Since the start of the operation phase, the deformations have
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Fig. 4.93: Deformations of the hollow-core slab from levelling measurements and analytical predictions
of the long-term deformations due to permanent load and due to added short-term load

increased by roughly 50%. This increase includes possible settlements of the entire building, as
the deformations stem from levelling measurements.
Biaxial slab The deformation measurements on the biaxial slab started during the transition
phase, after the entire roof structure had already been completed. Therefore, the measurements
represent only the long-term behaviour of the deformations. Five measurement points were
positioned on the lower surface of the CLT plate, one at mid-span, and four in the quarterspans. The deformations of the biaxial slab were measured with the tachymeter, and with a 3D
laserscan method [89]. During the transition phase, hourly measurements were performed. For
the operation phase, the measurements were replaced with periodic measurements every month.
Figure 4.94 presents the deformations from the tachymeter measurements and the 3D laserscan. The 3D laserscan measures the entire slab surface. For the graph however, the surface measurements are discretised and present the deformations at the same locations as the tachymeter
measurements. Both measurement techniques deliver similar results, with lower deformations
for the 3D laserscan. The tachymeter measurements implement the columns of the PT frame
as reference points, whereas the 3D laserscan determines the deformations in reference to a
baseline surface which was derived from the first baseline measurement (at the end of December
2015). Two measurement epochs were excluded from the 3D laserscan graph, as those epochs
presented RMS error values above 3 mm. The graphs additionally include predictions from analytical calculations for the long-term deformations due to permanent load and for the short-term
deformations due to snow load [251]. For both measurement techniques, the deformations exceed
the predictions. Furthermore, the measurements present a cyclic behaviour.
To study this cyclic behaviour, the deformations recorded at the beginning of the measurement epoch (hourly tachymetric measurements) are correlated to the temperature and relative
humidity measurements inside the room of the slab. No correlation with temperature is identified (correlation factor of -0.13), however, a significant correlation (correlation factor of -0.7)
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Fig. 4.94: Vertical deformations of the biaxial slab and predictions for the long-term deformations due to
permanent and short-term load: 4.94(a): tachymetric measurements 4.94(b) 3D laserscan measurements
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phase) — Correlation factor of -0.7

with the relative humidity measurements is observable. This correlation is represented in Figure 4.95. An increase in relative humidity leads to an increase in deformations. This can be
explained by swelling of the CLT plate or by changes in the roof load (e.g., increase in weight
of the extensive vegetation due to high exterior relative humidity).
The deformation measurements will be continued in the future and will provide further
insight into the life cycle performance of the PT frame and the slab systems. A significant cyclic
behaviour occurs for the slabs on the D-storey. So far, it is unclear whether this behaviour stems
from changes in the roof’s weight or from dimensional changes (swelling / shrinkage). The cyclic
behaviour is not observable in the measurements of the beam deformations of the PT frame on
the D-storey.
MC measurements are available for the beech CLT plate of the biaxial slab. From December 2016 to February 2017, the deformations from the mid-span point, measured with the
tachymeter, reduced from -11.4 mm to -7.7 mm. During that period, the average MC changed
from 8% to 7.8%. For an average moisture decrease of 0.2% (∆MC), the shrinkage deformation
(xα ) can be calculated as follows:
xα = α90 /100 · (∆MC) · h,

(4.6)

where h is the thickness of the CLT plate (120 mm) and α90 = 0.3 is the shrinkage rate of
beech solid timber perpendicular to the grain, according to SIA265/1 [219]. With these factors,
a shrinkage deformation of 0.07 mm results, which is significantly lower than the measured
deformation (3.7 mm). Therefore, swelling and shrinkage alone cannot be responsible for the
cyclic behaviour, indicating that the roof load must exhibit some cyclic changes.
Optical strain measurements
Local optical strain measurements (FBG) The C-storey PT frame is equipped with 20
FBG sensors. The FBG sensors are positioned on the columns (8 sensors) and on the beams in
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Fig. 4.96: Comparison of the FBG temperatures to the temperatures from the conventional temperature
sensors

close proximity to the columns (12 sensors). The FBG sensors are only installed on the C-storey,
along frames 4 and 5 according to Figure 4.4. The measurement length of each sensor is 400 mm,
i.e., each sensor provides an average strain over 400 mm. The sensors were positioned on the
outer side of the beams, close to the facade. As the optical measurement technology is sensitive
to temperature changes, additional 8 temperature sensors were positioned at each monitored
column. A floor plan with the detailed sensor positioning is presented in Leyder et al. (2018)
[126].
Figure 4.96 compares the FBG temperatures with the conventional temperature measurements. During the construction phase, the FBG temperatures are lower than those measured
from the climate station. During the operation phase, the FBG sensors present similar temperature in the summer, but significantly lower temperatures in the winter. This difference
can be explained by the close proximity of the FBG sensors to the glass facade, whereas the
conventional sensors are positioned on the inner side of the beams.
Figure 4.97 presents the strains measured from the sensors positioned on the PT frame
columns. The column sensors are located at the height of the post-tensioning cable and measure
an average strain over the entire width of the column. The post-tensioning process is visible as
an initial vertical peak. After the peak, the sensors were re-calibrated to zero to better visualise
their long-term evolution. The figure additionally displays the calculated compression strain
caused by post-tensioning the column to P0 =700 kN, assuming an even stress distribution over
the entire beam cross-section (Ab ). For the columns, the post-tensioning acts perpendicular to
the grain. The strain is calculated as follows:

=

P0
,
E90 Ab

(4.7)

with E90 = 860 MPa for ash (category D40 [54]). The calculated strain is in good agreement
with the measured initial strains prior to the calibration. The strains first present an increase
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Fig. 4.97: FBG strains in the columns

in compressive strains, followed by a subsequent decrease. Additionally, the long-term strain
evolution presents some variability, which might be caused by environmental changes. The
figure distinguishes centre columns, which are located between two beams, and corner columns.
The corner columns present lower strains than the centre columns. At the corner columns the
post-tensioning stresses are transmitted to the column via the anchorage steel plate, which has
wider dimensions than the beams, therefore the strain distribution is different.
Figure 4.98 illustrates the FBG strains measured in the beams. The sensors were positioned
in close proximity to the columns at the height of the post-tensioning cable (mid-height of the
beams). After the post-tensioning, the sensors were re-calibrated to zero to better capture the
long-term strain evolution.
The graph additionally displays the compression strain calculated with Equation (4.7), with
E0 = 110 000 MPa (SIA265 [220]) for spruce instead of E90 for ash. The initial peak due to
the post-tensioning process significantly exceeds the predicted compression stress. The reason
for this is unclear. After the initial peak, the strains in the beams present significantly lower
variability than those in the columns. The long-term trend, however, is similar to the long-term
trend of the strains in the columns. Furthermore, the graph distinguishes between sensors on
beams close to the corner columns (referred to as corner beams), and sensors which are close to
centre columns, which are situated between two beams. The sensors close to the corner columns
exhibit lower strains.
Distributed optical strain measurement (LUNA) In addition to the FBG sensors, a distributed optical fibre sensor is installed. On each storey, two fibre optical cables were positioned.
The cables run along the entire length of the 3-bay frame. On the C- and D-storey, the cables
run along frames 4 and 5 according to Figures 4.4 and 4.5. The cables were glued into a notch,
carved along the side of the beams and located 67 mm above the bottom edge of the beam.
From the distributed sensing technology, strain measurements can be performed every 20 mm
along the entire length of the cable. As the columns are wider than the beams, the cable had to
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Fig. 4.98: FBG strains in the beams

be mounted with a curve at the transition from beam to column. This transition unfortunately
led to significant discontinuities in the data.
To visualise the data, the transition parts between the beams and the columns, and the part
of the cable along the column are discarded, as they do not include any valuable data. Then, a
moving average filter is applied to the data, to smooth out the spatial variability.
Figures 4.99 and 4.100 present the strains along the frame length. The temporal variation
is presented with different grey shades. For the second cable (cable along frame 4) on the Cstorey, the optical fibre was damaged during the construction process; therefore, the entire data
series is only available for the first beam. In addition to the measurement data, the calculated
compressive strain at the time of the post-tensioning is presented. The measurements and the
prediction are in good agreement. The initial profiles are nearly flat, corresponding to the
loading stage with only the post-tensioning force. As the construction of the building progresses
(e.g., installation of the TCC slab on the C-storey frame), the profile changes towards a parabolic
profile, which is affine to the theoretical deformation distribution for a 3-bay frame. According to
the measurements, the strains remain negative, indicating that the major part of the cross-section
remains under compression. The negative strains close to the columns should be interpreted with
caution, as they might be influenced by the discontinuity due to the curvature of the optical
cable.
Figure 4.101 additionally presents the evolution over time of the strains at mid-span and the
evolution of the average over all strains within a beam. Both quantities follow a similar trend,
with a small decrease of the strains during the construction phase, followed by a steady increase
during the transition and operation phase.
Comparison between local and distributed strain measurements Figure 4.102 presents
the strain evolution of the average strain from the two distributed strain sensors on the C-storey
against the average strain from the 12 FBG sensors positioned on the beams. The LUNA cable is
positioned 67 mm above the bottom edge of the beam, whereas the FBG sensors are positioned at

217

4.6. Assessment of the life cycle performance

0.2
0

Strain [10-3]

-0.2
23.01.2014
13.09.2017
PT Strain (analytical)

-0.4
-0.6
-0.8
-1
0.38

3.41

6.43

9.87
Distance [m]

12.93

16.47

20.01

(a)

0.2
0

Strain [10-3]

-0.2
23.01.2014
13.09.2017
PT Strain (analytical)

-0.4
-0.6
-0.8
-1
0.38

3.41

6.43

9.87
Distance [m]

12.93

16.47

20.01

(b)

Fig. 4.99: LUNA strains over the length of the frame on the C-storey 4.99(a): cable along frame 5 on
the C-storey, according to Figure 4.4 4.99(b): cable along frame 4, according to Figure 4.4
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Fig. 4.100: LUNA strains over the length of the frame on the D-storey 4.100(a): cable along frame 4,
according to Figure 4.5 4.100(b): cable along frame 5, according to Figure 4.5
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Fig. 4.101: LUNA strains over time 4.101(a): mid-span points 4.101(b): averaged strains from an entire
beam
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Fig. 4.102: Comparison of LUNA and FBG strains including the 2σ-standard deviation bound with
dotted lines

beam mid-height (380 mm from the bottom edge of the beam). Furthermore, the LUNA sensor
represents an average over the strains further away from the beam-column connection area
(positive moment area), whereas the FBG sensors are located close to the connection (negative
moment area). Therefore, the possible conclusions from the comparison are limited. During
the construction phase, the strain evolution and the standard deviation of both sensing systems
and their standard deviation is similar. In the transition and operation phase, however, large
differences start to appear. The standard deviation of the FBG sensors significantly exceeds
the standard deviation of the LUNA sensors and the drop in strains is significantly larger. The
larger drop in strain might be explained due to the different location of the sensors, i.e., the
close location of the FBG sensors to the connection. There is, however, no explanation for the
increase in standard deviation. The FBG sensors are fixed to the beams via steel brackets,
which are fixed to the timber beams with screws. It is possible that the differences stem from a
loosening of these connections due to shrinkage and swelling of the timber beam.
Dynamic vibration measurements
As presented in Section 4.3, a dense network of dynamic sensors is installed inside the building.
The results from the OMA on the HoNR can additionally be considered in the SHM context to
evaluate changes in dynamical properties and relate these to potential changes in stiffness, posttension force, etc. A detailed evaluation of the dynamic vibration measurements was presented
in Section 4.3.

4.6.3

Application of the proposed SHM framework

In what follows, the framework introduced in Chapter 3, Section 3.3 is applied to three selected
measurement signals to illustrate the procedure. The procedure is identical for all physical
quantities. The training data set should ideally be continuous with frequent measurements.
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The climate conditions are selected as input data. They are averaged to a daily mean value
for the C-storey and the D-storey, separately. As output quantities, the tendon forces on the
C- and D-storey, and the fundamental frequency identified from the measurements with the
seismometer are selected.
Data pre-processing
The models are developed for daily mean values, i.e., the sampling period Ts equals one day. For
the tendon forces, the data since the start of operation (2nd June 2015) until the 28th February
2018 is selected. For the frequency, the selected period stretches from the 24th March 2017 until
the 28th February 2018, in accordance with the availability of the seismometer measurements.
The input and output data is pre-processed by applying a Chebyshev Type II filter with a cut-off
frequency of 1/2.1 [1/days] for the tendon forces and a cut-off frequency of 1/4 [1/days] for the
fundamental frequency. Furthermore, data gaps of a few days are filled via linear interpolation.
Subsequently, the data is divided into two segments, where the first segment is implemented
to train the model and the second segment is implemented to validate the model. In the presence
of large data gaps (several consecutive days), these periods are excluded from the training and
validation data set.
Tendon forces
To model the long-term evolution of the PT forces, the building’s climate is selected as input
to the model. The buildings’ climate is in this case characterised by four physical quantities:
an average value of the six temperature values on the C-storey, an average value of the six
temperature values on the D-storey, an average value of the six relative humidity values on the
C-storey, and an average value of the six relative humidity values on the D-storey. For each
storey, the eight tendon forces are averaged, as well.
Correlations between model inputs and outputs Table 4.52 presents the linear correlation factors between the model inputs and outputs. The first two lines of the table present the
linear correlation factor for the original input-output data pairs. The two last lines additionally
present the linear correlation factors after the exponential model f (t) is fitted to the data and
subtracted from the data. Figure 4.103 displays the fitted exponential model, and the residuals
after the subtraction. By subtracting the exponential function from the data, the correlation
amongst model inputs and outputs is significantly increased, especially for the relative humidity.
This presents an improved starting point for the development of the ARX model.
Interestingly, the correlation factor with temperatures has opposite sign for the tendon forces
on the C- and D-storey. As discussed previously, the tendon forces on the C- and D-storey display
a fundamentally different seasonal behaviour, especially in the initial phase. This is possibly due
to the different season at the time of mounting and post-tensioning. As the phase shift decreases
for the more recent monitoring data, it is expected that it will eventually disappear and that
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Fig. 4.103: Exponential function model 4.103(a): Comparison of the fitted function and the experimental
data 4.103(b): Remaining residuals after subtracting the exponential function

the tendon forces from both storeys will then present similar correlation factors. Therefore, the
predictive ARX model should be continuously updated as new data becomes available.
Tab. 4.52: Linear correlation factors between model inputs and outputs (PT losses)

PT
PT
PT
PT

(C) (original)
(D) (original)
(C) (f (t) subtracted)
(D) (f (t) subtracted)

Temp. (C)

Temp. (D)

RH (C)

RH (D)

0.40
0.25
0.51
-0.32

0.46
0.32
0.54
-0.28

0.20
0.13
0.65
0.25

0.07
0.02
0.63
0.32

Thus far, it can be concluded that an increase in relative humidity leads to an increase
in post-tension force (positive correlation factor). This can be explained by a swelling of the
timber sections, which then push against the tendon anchorage. Then, this leads to an increase
in tendon force.

Model predictions - tendon force C-storey In the following step, an ARX model is estimated based on the input and output data with the exponential function model f (t) subtracted.
To select the optimal order of the ARX model the Bayesian information criterion (BIC) is evaluated for model orders ranging from 1 to 30. Figure 4.104 presents the evolution of the BIC
criterion.
A model order of 3 is selected. For the ARX model, a model order of 3 means, a polynomial
order of 3 for the autoregressive polynomial and for the four exogenous input polynomials
(na = nb,1 = nb,2 = nb,3 = nb,4 = 3), i.e., the ARX model includes 15 parameters to be
estimated.
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Fig. 4.104: BIC for different model orders of the ARX model (Tendon forces C-storey)
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Fig. 4.106: Histogram of the errors and fitted normal distribution: 4.106(a) Estimation data-set,
4.106(b) Validation data-set

Figure 4.105 compares the model predictions (ARX model and exponential model added)
to the experimental data, and reports the resulting 1-step ahead prediction error between the
model and the experimental data for the estimation and validation data sets. The developed
model is in good agreement with the experimental data. The error between the model and the
data is in the range of ±0.5 kN. The horizontal dashed lines in the error plot correspond to an
arbitrarily defined boundary, which is in this case set to 4 times the standard deviation of the
error from the estimation data set. This boundary might for example be implemented to check
for significant outliers and to trigger an alarm system.
Figure 4.106 plots the distribution of the 1-step ahead prediction error. The fitted normal
distribution to the histogram indicates that the error distribution is close to a normal distribution. In addition, the distribution affiliation is submitted to the Kolmogorov-Smirnov test,
applied to the normalised distribution with a 5% significance level [144]. For the estimation
and the validation data sets the null hypothesis is not rejected, i.e., the error’s distribution is
indeed close to a normal distribution. This is necessary for the ARX model to deliver reasonable
results.

Model predictions - tendon forces D-storey For the D-storey tendon forces, the same
procedure as for the C-storey data is implemented. A model order of 5 is selected for the
ARX model based on an investigation of the BIC. Figure 4.107 presents the comparison of
the developed model and the experimental data. The model is in good agreement with the
experimental data and the 1-step ahead prediction error is in a similar range as for the C-storey.
The distribution affiliation of the prediction error is confirmed to be close to normal with the
Kolmogorov-Smirnov test.
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Fig. 4.107: Comparison of the estimated model and the experimental data for the tendon forces on the
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Fundamental frequency
A similar procedure is followed for the fundamental frequency identified from the seismometer.
The seismometer data incorporates only 9 months of data. The fundamental frequency does not
present an exponential decay; therefore, no exponential function is fitted to the data prior to
the estimation of the ARX model.
Correlations between selected model inputs and outputs Table 4.53 presents the linear
correlation factors between the first three fundamental frequencies and the climate data. The
climate data includes the same physical quantities as for the model of the tendon forces. For the
first fundamental frequency, the correlation factor is below 0.4 for all climate data, indicating
that there is only a limited correlation.
Tab. 4.53: Linear correlation factors between model inputs and outputs (modal frequencies)

f1
f2
f3

Temp. (C)

Temp. (D)

RH (C)

RH (D)

0.36
-0.53
0.23

0.40
-0.49
0.21

0.32
-0.35
0.03

0.29
-0.36
0.05

Model predictions - fundamental frequency Based on the BIC, a model order of 5 is
selected for the ARX model. Figure 4.108 presents the comparison between the developed
model and the experimental data. The model is in good agreement with the experimental data
and the 1-step ahead prediction error is in the range of ±0.01 Hz. The error is lower for the
estimation data set than for the validation data set. The displayed boundary is set to 4 times the
standard deviation of the error from the estimation data set (dashed horizontal lines in Figure
4.108). The distribution affiliation of the prediction error could be confirmed as close to normal
for the estimation and validation data set.

4.6.4

Discussion

The development of predictive models is illustrated for three selected signals. It is favourable
to select output quantities where daily mean values are available. If the signals are captured
less frequently (e.g., every 2 weeks for the MC, or every month for the deformations), the input
quantities have to be down-sampled to the output data sampling frequency. Thereby, a major
part of the time-dependent effect gets lost. If for example the MC inside the timber members
reacts with a one-week delay to changes in relative humidity, this effect cannot be reproduced if
the sampling frequency is reduced to every two weeks. Furthermore, it is important to train the
models on continuous data. Long data gaps lead to the estimation of erroneous models, even if
the data gaps are filled via interpolation. In the case of large data gaps, which are filled with
interpolation, the model error no longer follows a normal distribution, i.e., the main assumption
of ARX models is violated.
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For each measured signal, an initial predictive model has to be developed manually. These
models can then be updated automatically as new measurement data becomes available. Furthermore, the 1-step ahead model predictions can be compared to the new measurement data.
This comparison can be implemented to trigger an alarm system, if the two values deviate
significantly.

Chapter 5

Conclusions and Outlook
5.1

Conclusions

This thesis introduces two newly developed data evaluation frameworks. The first framework is
proposed for the evaluation of large quantities of forced and ambient vibration test data. The
framework incorporates three system identification and automated modal analysis methods.
The framework additionally includes a method to combine and assess the results from multiple
tests. The second framework is proposed for the evaluation and assessment of static long-term
monitoring data. This framework enables long-term predictions of the structural behaviour
and the activation of an alarm trigger system, if the measurements strongly deviate from the
predictions. Furthermore, this thesis presents the results from six different dynamic testing
phases, and static monitoring data from the construction phase and two years of the operation
phase. The design of the different data acquisition systems figured a key part of this work along
with the development of the data evaluation frameworks.
Main contributions
The main contributions of this thesis can be summarised as follows:
 Automated modal analysis framework for input-output and output-only dynamic vibration
measurements, including three different system identification methods.
 Addition of uncertainty quantification to the automated modal analysis framework (sample
uncertainty, based on the evaluation of multiple data sets).
 Application of optimal sensor placement methods for further optimization of modal analysis testing set-ups.
 Development of numerical models of the structure at different construction stages.
 Application of a model updating technique to a structural model to infer further knowledge
on the model input parameters.
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 Framework for the development of predictive models for monitored static quantities (e.g.,
tendon force losses, fundamental frequency). The developed predictive models can be
implemented to trigger an alarm system in case of sudden misfits between the models and
measurements.
 Interpretation of the measured data quantities and assessment of the building’s overall
performance.

In the following paragraphs, the main findings from this thesis are summarised, sorted according to the four main topics defined in Chapter 1, Section 1.3. Limitations of the presented
work and recommendations for further research are discussed in Section 5.2.
Vibration tests and modal analysis
An automated modal analysis framework was proposed, based on the methodology proposed by
Reynders et al. (2012) [187] for the system identification method SSI-cov. Within this work,
automated modal analysis procedures for the nonpar and pLSCF method were added to the
already existing framework. The framework additionally incorporates the quantification of the
uncertainty inherent to the modal parameters for output-only data [189] and a newly proposed
quantification of the uncertainty based on the combination of the results from multiple data
sets. Five forced vibration testing series were carried out at different construction stages of
the HoNR and ambient dynamic data was gathered during the operation phase of the building.
The dynamic data was evaluated with the proposed framework. From the data evaluation the
following conclusions can be drawn:
 The modal frequency of the finalised building is around 4.2 Hz (Phase V). The fundamental
frequency evolved from 8.5 Hz (pinned support) / 9.5 Hz (semi-rigid support) for Phase
0, to 11.4 Hz for Phase I and then to 4.0 Hz (Phase II), 4.5 Hz (Phase III) and 3.0 Hz
(Phase IV). The uncertainty on the fundamental frequencies is low for all testing Phases
(cf. Figure 4.58).
 The damping ratios of the fundamental mode range from 1 to 6% for the different testing
phases (cf. Figure 4.58). The standard deviation on damping ratios is significantly larger
than for the frequencies. Therefore, reliable statements on damping ratios are not possible
with the acquired dynamic vibration data. The uncertainty on damping ratios is extremely
high even for the evaluation of the high sensitivity seismometer data (cf. Figure 4.50).
 Fundamental mode shapes were identifiable from all testing phases. However, their uncertainty increased significantly towards the later testing phases. The MACquality -index
ranges from 0.97 (Phase 0) to 0.84 (Phase V).
 For testing Phase V (OMA), the MEMs sensors did not provide data of sufficient quality.
The seismometer sensor was able to provide reasonable results for the frequencies. The
reliable estimation of damping ratios, however, was not possible with both sensor types.
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Numerical models and model updating
Numerical models with SAP2000 were developed for all testing phases. For testing Phase 0, two
implementations were generated, one in Matlab and the other one in SAP2000. The numerical
models were compared to the results from the experimental testing campaign and based on
the comparison the model input parameters were fine-tuned for testing Phase 0 via a Bayesian
updating procedure. The numerical models were developed within the scope of this thesis, the
Bayesian updating, however, was performed with an implementation from the Computational
Science & Engineering Laboratory from ETH Zurich [39]. From the comparison of the experimental data to the numerical models, the following conclusions result:
 For higher modes, the mode order from the numerical model and those from the experimental data are often not identical. One reasons for this is the presence of local modes
in the experimental data, which are not reproducible with the models. Therefore, the
alignment between experimental and numerical modes is a challenging task. However, the
fundamental mode was usually the first mode from the numerical model and from the
experimental data.
 Concerning the modal frequencies, a good agreement was achieved for the specimen with
the pinned support from the laboratory-testing phase (Phase 0). For the specimen with the
semi-rigid support the frequencies were not in good agreement, as the semi-rigid support
was modelled as a fixed support in the numerical model. For the subsequent testing phases,
the experimental frequency of the first mode was generally in good agreement with the first
frequency of the numerical model. Only for the finalised building, a higher discrepancy
was observed for the fundamental mode, as the numerical model did not include the effect
of non-structural elements. The model fit significantly declines for higher modes.
 For the first couple of testing series, the experimental and numerical mode shapes of the
first mode are in good agreement (MAC=1.0 for Phase 0, MAC=0.83 for Phase I and
MAC=0.76 for Phase II). For the subsequent testing phases, the MAC-values decreased
further to 0.2 for Phase IV. This decrease may be due to two reasons. First, the SNR
diminished for the later testing phases and second, the modelling process involved a higher
number of uncertainties, e.g., an increasing number of different material parameters, and
the omission to model the non-structural elements, which were gradually added to the
structure.
 The numerical models rely on a linear modal analysis, i.e., damping is not considered in
the model implementation. Therefore, a comparison is not possible for damping ratios.
 The information on the model input parameters could be enhanced through the implementation of Bayesian model updating. With the updated model input parameters, the
model fit could be improved for the frequencies, however not for the mode shapes.
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Optimal sensor placement
Three classical optimal sensor placement methods were investigated: the modal kinetic energy
method (MKE), the effective independence method (EFI) and the information entropy index
method (IEI). For the IEI method, an implementation with a prediction error correlation factor
was implemented, which is able to resolve the issue of closely spaced sensor positioning for
densely meshed finite element models. This thesis presents the application of these methods
to the test set-up of the PT frame in the laboratory. Two metrics are proposed to evvaluate
the resulting sensor configurations, the information entropy index (IEI), and the RMS of the
MAC-value. Instead of evaluating the configurations in terms of a single metric, this work
proposes to derive a Pareto optimality for multiple metrics. From the optimal sensor placement
investigations, the following conclusions can be derived:
 The resulting configurations from the IEI method without the prediction correlation factor
are identical to the configurations from the EFI method.
 The IEI method with prediction error correlation factor is able to tackle the issue of closely
spaced sensors for the 2D frame sensor set-up.
 The configurations from the EFI method outperform the MKE method in terms of the IEI
metric, regardless of the number of sensors.
 The IEI method delivers the best configurations in terms of the IEI metric. The best RMS
of the MAC-value is achieved by randomly derived configurations. Thus, the optimality
of the configurations, which are iteratively derived with the three classical OSP methods,
is not guaranteed.
 The implemented acceleration sensor configuration delivered the best RMS of the MACvalue, compared to the configurations derived with the OSP methods, but the implemented
configuration does not deliver the best IEI metric. The best IEI metric is obtained with
the configuration obtained from the IEI method.

Life cycle performance assessment
This thesis dealt with the design and installation of a dense monitoring system in the HoNR.
The implemented set-up includes measurements of temperature, relative humidity, tendon forces,
moisture content, deformations, and strains. Additionally, modal parameters are derived from
the periodic vibration measurements during the operation phase of the building. This thesis presents monitoring data from the construction phase and from the first two years of the
operation phase. To study the monitoring data, a structural health monitoring framework is
proposed, herein. The application of this framework is demonstrated for the tendon forces of
the two timber storeys and to the fundamental frequency of the building. Concerning the life
cycle performance of the HoNR, the following findings can be summarised:
 The building climate changed significantly from the construction to the operation phase.

5.2. Outlook
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 The moisture content measurements indicate a continuous drying out of the timber elements. The initial moisture content was significantly higher for the C-storey PT frame,
than for the D-storey frame. Currently, the MC in all timber elements complies with the
service class 1 requirements.
 The maximum tendon force loss is equal to 14% at the end of February 2018. Exponential
extrapolations indicate tendon losses of roughly 30% after 50 years of operation. These
predictions are in good agreement with the predictions from the small-scale laboratory
experiments and the design assumptions. The tendon forces on the C- and D-storey react
differently to the seasonal variations. This phenomenon will be further investigated in the
future.
 The mid-beam deformations in the PT frame are stable since the beginning of the operation phase. The vertical deformations of the timber-concrete slab still present a small
amount of creep and no significant seasonal effects are visible. The vertical deformations
of the hollow-core and biaxial slab still present an increasing trend and strong seasonal
fluctuations. These seasonal fluctuations of the deformation are most probably due to a
seasonal variation of the roof load. To confirm this assumption, measurements of the roof
load should be implemented. The measured long-term deformations exceed the analytical
predictions for the TCC and the biaxial slab by a small amount.
 The FBG strains present significantly higher variability than the strains measured with the
distributed optical sensor set-up (LUNA). Therefore, the interpretation of the strains from
the FBGs is challenging. The initial strains at the time of post-tensioning are captured
with good accuracy with the LUNA system. Additionally, the bending strains in the
beams could be visualised. At the height of the sensing cable, the beams are still under
compression. The long-term strain evaluation indicates creep deformations, which have
not yet fully stabilised. This is, however, in contradiction to the observations based on the
deformation measurements.
 The predictive models developed for the tendon forces are able to reproduce the measured
signal of the validation data set with high accuracy. The model error is ±0.5 kN. The
developed models are thereby ready for implementation within an alarm triggering system.
 The model developed for the fundamental frequency exhibits a larger error for the validation data set than for the estimation data set. Still the model is able to predict the
evaluation of the fundamental frequency with high accuracy.

5.2

Outlook

In the following section, the limitations of the herein presented research are discussed, followed
by recommendations for future research work on the addressed topics.

234

Chapter 5. Conclusions and Outlook

Vibration tests and modal analysis
The initial design of the dynamic vibration test set-up involved a large number of low-cost
MEMs sensors. For the laboratory tests and the early testing phases on the construction site,
these set-ups delivered data with reasonably high quality. However, the data quality was significantly lower for the subsequent testing phases due to the increased mass of the specimen.
Furthermore, the widespread distribution of MEMs sensors along the structure required long
cable lengths. The long cables added to the noise floor of the sensors, leading to extremely
high noise floors. Therefore, the evaluation of the dynamic data from the later testing phases
presents high uncertainties, especially concerning the mode shapes and damping ratios. For the
operation phase, the attainable SNR was further reduced due to the additional stiffness provided
by the non-structural elements. The presented dynamic results from these testing phases with
low SNR should be interpreted with care.
To avoid similar problems for future set-ups, a clear guideline should be developed relating
sensor sensitivities to attainable vibration levels for the operation case. In the literature, there
are some guidelines, which provide minimum signal to noise level indications (e.g., Brincker and
Ventura (2015) [22]). It is, however, still a challenging task to determine achievable SNR prior
to the actual testing, due to a large number of inherent uncertainties, such as the effect of cable
lengths on the sensor sensitivity, the increase in stiffness of the building due to non-structural
elements, etc. In post-processing, the data quality can be assessed through the estimation of
COVs on the modal parameters, as demonstrated within this work. Nonetheless, it would be a
valuable addition to the design process of vibration test set-ups to have enhanced quantitative
insight on achievable data quality prior to the conduction of the tests. This could perhaps be
achieved via the development of a comprehensive database with measured vibration levels from
different building types and noise levels measured within realised sensor set-ups.
The implemented vibration test set-up was not able to provide reliable damping ratios. The
longest record that was investigated was 10 minutes long. Studies with longer data record
lengths might provide further insight into the dependency of damping COV versus data record
length. A quantification of achievable COVs for damping ratios as a function of record duration,
noise floor of the sensors and achievable signal amplitude would provide a valuable addition for
modal vibration tests aiming at an accurate estimation of damping ratios.
The amplitude dependency of the modal parameters figures another issue, which could not
be investigated with the acquired data sets. A rough investigation was carried out for the forced
vibration tests. This investigation could be extended to the operational modal analysis phase.
However, to assess the full picture, high amplitude vibrational tests would have to be performed.
The presented evaluation focused on the derivation of global modal parameters from a reduced set of acceleration sensors. The set of sensors could be extended to include vertical
vibrations of the slabs. The vibration response of the slabs could provide further insight into
the slab’s actual stiffness and serve as a valuable basis to update the existing analytical models.
The proposed automated modal analysis framework can be further improved through the
investigation of the following aspects:
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 The proposed framework implements fixed algorithm parameter values for the system
identification step. A sensitivity study on the algorithm parameters, such as half the
number of block rows i, the model order range (nmin ,nmax ), the number of time lags for
the nonpar estimation (nlags ), etc., might provide further insight into the consistency of
the framework.
 The automated modal analysis part of the framework operates with a fixed selection of soft
and hard validation criteria, and fixed thresholds for MPC and MAC values. A sensitivity
study on these relevant parameters should be conducted (e.g., different combinations of
feature vectors, different thresholds for MPC and MAC values).
 The automated modal analysis for the pLSCF method iteratively determines the cut-off
distance in the hierarchical clustering step. For the pLSCF method, the main part of
the spurious modes are eliminated via the hard validation criteria prior to the hierarchical
clustering step (negative damping ratios). Therefore, the defined cut-off criterion performs
accurately, even for a large variety of data quality, as obtained from the different testing
phases in this project. For extremely noisy data (e.g., MEMs sensor data from Phase V),
the pLSCF algorithm does often not deliver any modes, as all modes are eliminated via
the hard validation criteria. Nonetheless, a more thorough investigation of the robustness
of the proposed algorithm when dealing with different data fidelities would be beneficial.
 For the automated modal analysis of the SSI method, the cut-off distance is derived based
on statistical properties of the initial modes in the stabilization diagram. Thereby, the
cut-off distance automatically adjusts to different data qualities. For the case of extremely
noisy data, the cut-off distance will be quite high, and thereby a proper distinction between
physical and numerical modes is difficult. To treat extremely noisy data, advanced preprocessing (e.g., noise filtering), and enhanced identification and modal analysis techniques
should be investigated.
 The framework would profit from an addition of uncertainty estimation on the modal
parameters to the nonpar and pLSCF methods, and to the input-output SSI method. In
this context, a more detailed investigation of the uncertainty on modal parameters would
be valuable, to quantify the limitations of the perturbation method, as indicated by Carden
and Mita (2011) [31].

Numerical models and model updating
The presented numerical models aimed at a simple and fast reproduction of the dynamic behaviour of the different structural systems. Several details were simplified and could be modelled
more precisely:
 The composite slabs were modelled such that they represented the accurate weight of
the slab elements, assuming that their in-plane stiffness is sufficiently high for diaphragm
action. To additionally incorporate predictions of the vertical slab vibrations, the slabs
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could be modelled as composite elements, or with an equivalent material with the corresponding stiffness properties. Furthermore, the slabs were modelled with isotropic material
properties. The anisotropy of the timber material could be taken into account.
 The current models assume an identical elastic modulus for all columns and beams. The
influence of local variations of the elastic modulus on the appearance of local modes could
be investigated.
 The models assume either pinned or full-rigid connections between the structural elements,
except for the post-tensioned beam-column joint. However, generally connections are never
fully rigid. For example, the support for the 2D laboratory frame, and the support for the
PT frame on the construction site could be replaced by semi-rigid connections, calibrated
based on the experimental data.
 The models do not include the weight or stiffness addition of non-structural elements.
Furthermore, the openings in the slabs for the staircase and the elevator shaft were not
incorporated in the model. The addition of these aspects could further enhance the numerical model.

The Bayesian model updating procedure was demonstrated for the numerical model of the
2D PT frame. The updating was performed assuming a homogeneous distribution of the elastic modulus. Theoretically, the stiffness of each element could be added to the parameter set.
Thereby, local mode shapes could be reproduced by the model. Additionally, the sample uncertainty, or the uncertainty determined with the SSI method, of the modal parameters could
be considered during the updating procedure. Data points with high uncertainty could be attributed a different weight than those with low uncertainty.
Furthermore, the model updating could be extended to further testing phases. However, as
the number of modal parameters identified with high accuracy is limited, the number of possible
model input parameters for the updating is limited as well. The number of candidate parameters
for the model updating, on the other hand, increases for the further testing phases.
Optimal sensor placement
The optimal sensor placement methods were applied for uni-axial sensors only. To thoroughly
investigate the advantages and disadvantages of the three implemented OSP methods, the evaluation should be extended to multi-axial sensors.
Furthermore, the investigations were based on mode shapes derived from a finite element
model. Thereby, the possible influence of measurement noise, which might vary from sensor to
sensor, and the influence of possible sensor defects is not considered. To include such effects,
the OSP methods could be applied to mode shapes derived from actual measurement data
from a set-up. This set-up could then be iteratively improved. Furthermore, considerations of
robustness of a set-up could be added to the OSP methods, to deal with the eventuality of a
sensor failure, or with the presence of high measurement noise.
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The Pareto optimality was derived based on two selected metrics. To generate a more
complete picture, the investigations could be extended to include a multitude of OSP metrics.

Life cycle performance assessment
The installed monitoring set-up delivers further insight into the long-term structural behaviour.
However, the unmeasured varying roof load complicates the comprehension of the deformation
behaviour of the slabs on the D-storey. Therefore, a measurement of the roof load would be a
valuable addition to the monitoring set-up.
The knowledge gained from the deformation measurements could be used to updated the
existing analytical models of the static behaviour of the slabs. The slabs on the D-storey still
present an increasing deformation trend. This trend should be further analysed, by gathering
further deformation measurement data, a more detailed investigation of the variation of the
roof load and a careful investigation of the consequences of a cyclic loading on the long-term
deformation behaviour of the two innovative slab systems on the D-storey.
Another possible improvement of the monitoring set-up concerns the dynamic data acquisition. The seismometer delivers high quality dynamic data for the operational phase; however,
the operational loads are too low to generate sufficient dynamic activation for the MEMs sensor
set-up. To generate sufficient dynamic activation, an automated periodic dynamic excitation
could be installed (e.g., an automated impulse generation by a drop-weight mechanism).
The predictive models were developed for two and a half years of operational data. This
duration is estimated sufficient to train reliable models for the supervision of the building’s
structural health. However, the ability of the developed models to trigger an alarm in case of
actual damage could not be tested, as no damage occurred in the structure. Furthermore, it
cannot be ascertained that every type of damage is measurable with the installed monitoring
set-up. To test these functionalities, several types of artificial damage could be introduced to the
structure, which is of course not possible prior to the end of the service life of the structure. The
predictive models were developed in view of a continuous model updating and the installation
of an automated alarm trigger system. This system still needs to be implemented and enhanced
with an automated quality control to avoid the frequent triggering of false alarms.
A threshold-based outlier detection method was suggested, e.g., a threshold equal to the
four-times standard deviation bound of the error derived from the estimation data-set. This
outlier detection method could be further enhanced to minimise the activation of false alarms
and to provide information on the severity of the damage.
To model the time-dependent behaviour of the structure an exponential function was fitted
to the data, assuming an exponential decay. This assumption should be validated with further
data. Additionally, a different type of predictive model could be implemented, e.g., an autoregressive integrated moving average (ARIMA) model, which is able to model processes with a
non-stationary mean.
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The outlook suggests several open research questions, whose investigation can lead to further
improvement of the proposed methods and can further maximise the extraction of information
from the gathered experimental data-base. With the henceforth conducted investigations, the
knowledge basis on the implemented innovative structural systems in hardwood could already
be significantly extended. They will hopefully lead to an increased application of innovative
structural systems in hardwood within the construction sector.
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Ambient Vibration Tests

BIC

Bayesian Information Criterion

BJ

Box-Jenkins

BSSP

Backward Sequential Placement Algorithm

CLT

Cross-Laminated Timber

CMIF

Complex Mode Indicator Function

COR-PE

Prediction Error CORrelation

COV

Coefficient Of Variation

CSI

Combined deterministic-stochastic Subspace Identification

DAQ

Data AcQuisition unit

DOF

Degree Of Freedom

EFDD

Enhanced Frequency Domain Decomposition

EFI

EFfective Independence

EMA

Experimental Modal Analysis

EOT

Energy Optimization Technique

ERA

Eigensystem Realization Algorithm

ERA/DC

Eigensystem Realization Algorithm based on Data Correlations

ETFE

Empirical Transfer Function Estimate

Exp.

stemming from the evaluation of experimental data

FBG

Fibre Bragg Grating

FDD

Frequency Domain Decomposition

FFT

Fast Fourier Transform
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FIM

Fisher Information Matrix

FRF

Frequency Response Function

FSSP

Forward Sequential Placement Algorithm

FV

Feature Vector

FVT

Forced Vibration Tests

HoNR

House of Natural Resources

IBK

Institute of Structural Engineering, ETH Zurich (Institut für Baustatik und
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ID

Identification number

idd

independent identically distributed

IE

Information Entropy

IEI

Information Entropy Index

IO

input-output

IV

Instrumental Variables

LMFD

Left Matrix Fraction Description

LS

linear Least Squares

LSCE

Least Squares Complex Exponential

LSCF

Least Squares Complex Frequency domain

LVL

Laminated Veneer Lumber

MAC

Modal Assurance Criterion

MACquality

Mode shape quality criterion

Mat

stemming from a numerical model in Matlab

MC

Moisture Content

MDOF

Multiple Degrees Of Freedom

MEMs

MicroElectroMechanical accelerometer

MIMO

Multiple Inputs, Multiple Outputs

MKE

Modal Kinetic Energy

ML

Maximum Likelihood

MP

Mean Phase

MPC

Modal Phase Collinearity

MPD

Mean Phase Deviation

Nomenclature
MTNd

Deterministic Modal Transfer Norm

MTNs

Stochastic Modal Transfer Norm

nonpar

Non-parametric modal analysis

O

output-only

OMA

Operational Modal Analysis

OMAX

Operational Modal Analysis with eXogenous input

OSP

Optimal Sensor Placement

PDF

Probability Density Function

PE

Prediction Error

pLSCE

Poly-reference Least Squares Complex Exponential

pLSCF
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PM

Physical Mode

PSD

Power Spectral Density

PT

Post-Tensioning

PT frame

Post-tensioned timber frame

AR(X)

AutoRegressive (with eXogenous input)

ARIMA

AutoRegressive Integrated Moving Average

ARMA(X)

AutoRegressive with Moving Average (with eXogenous input)

RMFD

Right Matrix Fraction Description

RMS

Root-Mean-Square

SAP

stemming from a numerical model in SAP2000

SDOF

Single Degree Of Freedom

SHM
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SIMO

Single Input, Multiple Outputs
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Single Input, Single Output (SDOF)

SNR

Signal to Noise Ratio

SSI

Stochastic Subspace Identification

SSI-cov

Covariance-based Stochastic Subspace Identification

SV1

Vector of the first singular values

SVD

Singular Value Decomposition

TCC

Timber-Concrete Composite
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Vector Auto-Regressive

VAW

Laboratory of hydraulics, hydrology and glaciology, ETH Zurich (VersuchsAnstalt
für Wasserbau, Hydrologie und Glaziologie)

Upper-case roman letters
A

State / System matrix [n × n]

A

Cross-sectional area
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Cross-sectional area of the beam

Ac

Cross-sectional area of the column

AR

Autoregressive polynomial in AR, AR(X), ARMA(X) models etc.

B
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BR

Exogenous polynomial in AR(X), ARMA(X) models etc.

C

Output matrix [ny × 2n]

CR

Polynomial in ARMA(X), BJ models

Cv

Damping matrix

Cξ

Damping matrix (diagonalised, in modal coordinates)

D

Feedthrough matrix [ny × nu ]

E

Elastic modulus

E0

Elastic modulus parallel to the grain

E90

Elastic modulus perpendicular to the grain

Eash

Elastic modulus of ash

Ebiax,slab

Elastic modulus of the biaxial timber slab

Ehollow,slab

Elastic modulus of the hollow-core TCC slab

Eslab

Elastic modulus of the slab

Espruce

Elastic modulus of spruce

F

Load

F (t)

Input force vector at time t

FR

Polynomial in BJ models

Ĝ

Estimate of the transfer function / frequency response function

G(q)

Transfer function of the system

H

Block-Hankel matrix
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H(q)

Transfer function of the disturbance

I

Identity matrix

I

Moment of inertia

Ib

Moment of inertia of the beam

Ib,parallel

In-plane moment of inertia of the beam cross-section

Ib,perpendicular

Out-of-plane moment of inertia of the beam cross-section

Ji

Selector matrix

K

Stiffness matrix

L

No × Nd selection matrix, mapping the measured DOFs No to the model DOFs
Nd

Lref

Reference configuration matrix (e.g., the full configuration)

M

Mass matrix

M

Bending moment, Model description

Mij

Element i, j from the mass matrix

Nd

Number of model DOFs

No

Number of measured DOFs

Nθ

Number of model parameters

P

Post-tension force

P0

Initial post-tension force at time t = 0

Q

Fisher information matrix

S

Spectral density matrix

Ts

Sampling period

U

Left unitary matrix from the singular value decomposition

Û

Estimate of the Fourier transform of the input u(t)

V

Right unitary matrix from the singular value decomposition

Ŷ

Estimate of the Fourier transform of the output y(t)

Z

Mode stabilization, or validation feature

Lower-case roman letters
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for polynomial transfer function models

c

Modulus of subgrade reaction

d

Depth

d¯

Experimental data

d˜

Cut-off distance for the hierarchical clustering algorithm

di,j

Distance between modes (or mode groups) i and j

e(t)

White noise sequence at time t

e(t)

Error term at time instant t

f

Frequency

f (t)

Exponential function at time instant t

f0

Lowest frequency of interest

fexp

Experimental frequency values

fi

Frequency of mode i

fs

Sampling frequency

fSAP

Frequency values from the SAP2000 model

gd,i

Discrete-time stochastic participation vector

h(t)

Data, correlation, FRF or PSD matrix of input-output data at time t

h

Thickness, Height

hcol

Static height of the column

i

Half the number of block rows in the Block-Hankel matrix H

kin

Rotational stiffness at inner column

kout

Rotational stiffness at outer column

krot

Rotational stiffness (identical value at inner and outer column)

kxx,parallel

In-plane rotational stiffness (xx = in, at inner column or xx = out, at outer
column)

kxx,perpendicular Out-of-plane rotational stiffness (xx = in, at inner column or xx = out, at outer
column)
l

Length, Length of the span

ld,i

Discrete-time modal participation vector

m

Number of target modes
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m(t)

Model prediction at time instant t

n

Number of degrees of freedom (DOF), Number of data samples

na

Number of polynomial coefficients of the auto-regressive polynomial AR (θ, q)

nb

Number of polynomial coefficients of the eXogenous polynomial BR (θ, q)

ni

Number of mode shape components

nlags

Number of time lags

nm

Number of modes

nmax

Maximum model order

nm,Excitation

Number of modes per excitation technique and mode group

nmin

Minimum model order

ntot

Total number of tests

nu

Number of system inputs

nx

Number of model orders / states

ny

Number of system outputs

p

Probability distribution

q

Back-shift operator

r(t)

Noise signal at time instant t

t

Time

u(t)

System inputs at time t

ui

Displacement in direction i

v (t)

Displacement response vector

wn

Weighting factor

x(t)

State vector of the system at time t

xα

Shrinkage deformation

y(t)

System outputs at time t

Upper-case greek letters
Σ

Diagonal matrix from the singular value decomposition, with the singular values
as diagonal entries, or covariance matrix

Σi,j

Element i,j of the covariance matrix

Λ

Matrix of eigenvalues
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Φ

Mode shape matrix (matrix of eigenvectors)

Ψ

Matrix of eigenvectors

Lower-case greek letters
α90

Shrinkage rate perpendicular to the grain

γ

Factor to quantify the amount of composite action in composite structures (γ =
1.0: full composite action, γ = 0: no composite action)

δij

Spatial distance between senor positions i and j



Strain

ζi

Damping ratio of mode i

θ

Model input parameters, rotation

θi

Rotation relative to axis i

θo

Optimal value of the parameter set θ

θrot

Rotation due to moment in the connection

λc,i

Continuous-time eigenvalue of mode i

λcor

Spatial correlation length

λd,i

Discrete-time eigenvalue of mode i

µ

Mean value

ξ(t)

Modal coordinate vector

ρash

Density of ash

ρbiax,slab

Density of the biaxial timber slab

ρhollow,slab

Density of the hollow-core TCC slab

ρslab

Density of the slab

ρspruce

Density of spruce

σ

Standard deviation

ϕ

Creep factor

φi

Mode shape of mode i

ψi

Eigenvector of mode i

ωi

Modal circular frequency of mode i
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Söderström, T. and Stoica, P. System Identification. Ed. by M. Grimble. Series in Systems
and Control Engineering. Prentice Hall International, 2001.

[208]

Sohn, H., Worden, K., and Farrar, C.R. “Statistical damage classification under changing
environmental and operational conditions”. Journal of Intelligent Material Systems and
Structures 13.9 (2002), pp. 561–574.

[209]

Sorin, E., Lanata, F., and Boudaud, C. “Behaviour of timber structures under variable
environment through long-term monitoirng”. World Conference on Timber Engineering
(WCTE 2016). Vienna, Austria, 2016.

[210]

Spiridonakos, M.D., Chatzi, E.N., and Sudret, B. “Polynomial chaos expansion models
for the monitoring of structures under operational variability”. ASCE-ASME Journal
of Risk and Uncertainty in Engineering Systems, Part A: Civil Engineering 2.3 (2016),
B4016003.

[211]

Stahlton AG. Vorspanntechnik. In German. http://www.stahlton.ch. 2017.

[212]

Steffen, C. and Mesaric, R. “Gestaltung einer Online-Plattform zur Überwachung des
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