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Abstract  
 
This ÓÔÕÄÙȭÓ ÍÁÉÎ ÏÂÊÅÃÔÉÖÅ ×ÁÓ to investigate the dynamic response of the 
ancient masonry stone tower Slottsfjelltårnet located in the oldest city of 
Norway, Tønsberg. The study takes in use several fields in the process for the 
extraction of the dynamic response of the tower and the calibration of it in a finite 
element software.  
 
The emphasis on finding the dynamic response of heritage structures using 
nondestructive tests and without hindering the daily operations paved the way to 
use operational modal analysis, which allows for attaining the dynamic 
characteristics without interfering with the daily activities of the structure. 
 
The study was carried out with the initial scanning and mapping on the inside and 
outside of the tower with the use of 3D laser scanners. This data was used to 
model the structure in the building information modeling software, Autodesk 
Revit. The model was in turn imported into the finite element software Diana 
FEA, which was used for analysis and later calibration. 
 
Secondly, the core part of the study took in use ambient vibration testing and 
operational modal analysis to extract the dynamic characteristics of the tower in 
operational conditions. Accelerometers were placed on the structure which gave 
readings that were then processed, which sequentially gave the dynamic 
behavior of the tower. 
 
The third and final part of the study included both the modeling of the structure 
and the results from the operational modal analysis and ambient vibration testing 
in order to calibrate the finite element model, according to the extracted data. 
The process was performed on two different models with the use of soil-structure 
interaction and without it, where the different methods were modeled and 
evaluated. Results were then compared, where the material properties and other 
aspects were presented for comparison.  
 
The procedure of operational modal analysis, with ambient vibration testing and 
modeling of the structure using 3D laser scanners is assessed towards available 
literature. Furthermore, previous studies and theory concerning the main aspects 
of the study are also presented. 
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Sammendrag  
 
Hovedformålet med denne studien var å undersøke den dynamiske responsen til 
det gamle mursteintårnet Slottsfjelltårnet som ligger i den eldste byen Norge, 
Tønsberg. Studien tar i bruk flere felt i prosessen for finne den dynamiske 
responsen til tårnet og kalibrering av den i et analyseprogram som benytter 
elementmetoden. 
 
Vektleggingen av å finne den dynamiske responsen til historiske konstruksjoner 
gjennom bruk av ikke-destruktiv testing og uten å hindre den daglige driften, 
banet vei for å bruke operasjonell modal analyse, som gjør det mulig å finne den 
dynamiske responsen uten å forhindre de normale driftsforholdene til 
konstruksjonen. 
 
Studien ble utført med den innledende skanning og kartlegging på innsiden og 
utsiden av tårnet med bruk av 3D laserskannere. Disse dataene ble brukt til å 
modellere tårnet i bygningsinformasjonsmodellering-programvaren, Autodesk 
Revit. Modellen ble videre importert til elementmetode-programmet, Diana FEA 
som ble videre brukt til analyse, og senere kalibrering. 
 
Hoveddelen av studien tok i bruk operasjonell modal analyse for å finne ut den 
dynamiske responsen til tårnet under normale driftsforhold. Akselerometer ble 
plassert på tårnet som ga avlesninger, som deretter ble behandlet og videre ga 
den dynamiske responsen til tårnet. 
 
Den tredje og siste delen av studien inkluderte både modelleringen av tårnet og 
operasjonell modal analyse for å kalibrere elementmetode-modellen, i henhold 
til de ekstraherte dataene. Prosessen ble utført på to forskjellige modeller ved 
bruk av jordstrukturinteraksjon og uten den, der de forskjellige metodene ble 
modellert og evaluert. Resultatene ble deretter sammenlignet, der 
materialegenskapene og andre aspekter ble presentert for sammenligning. 
 
Prosedyren med operasjonell modal analyse, vibrasjonslesing og modellering av 
konstruksjonen gjennom bruk av 3D laser skannere, blir vurdert i forhold til 
tilgjengelig litteratur. Videre presenteres tidligere studier og teori om 
hovedaspektene ved studien. 
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Problem Statement  
 
The problem statement of this thesis is to use the of operational modal analysis 
(OMA) and ambient vibration testing (AVT) on the stone masonry tower 
Ȱ3ÌÏÔÔÓÆÊÅÌÌtårnetȱ (English: Castle Hill Tower) located in the oldest city of Norway, 
Tønsberg [1]. In addition to modeling a finite element (FE) model of the same 
tower, calibrated through the data collected from the implementation of OMA 
and AVT.  
 
The purpose of the thesis will be to achieve the dynamic characteristics based on 
OMA with the use of sensors (accelerometers) without hindering the daily 
operations of the tower. Furthermore, a FE model is made using the FE software 
Diana FEA [2] and 3D laser scanners. The resulting outcome is to provide an 
optimal FE model which will accurately represent the dynamic behavior of the 
tower and be further used in future analysis of it. 
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Chapter 1:  Introduction  
 
The cultural, religious, and collective history of human evolution is reflected 
through our heritage structures. These structures range from cathedrals and 
mosques to old bell towers and museums. While they are old, the importance of 
them for architectural and engineering history is essential to preserve for future 
generations. In addition, many of these structures have huge cultural and 
religious importance not only for history purposes but also for tourism, as they 
serve as a direct economic contribution for many countries.  
 
The degradation of heritage structures through natural hazards is uncontrollable 
however, the emphasis to prolong the life of these structures through monitoring 
and planned interventions is of utmost importance for the preservation of them. 
The development of software and hardware to serve as a tool for the preservation 
of heritage structures through the means of monitoring has over the few years 
progressed [3]. The use of ambient vibration testing (AVT) and operational modal 
analysis (OMA) has made it easier both to find the dynamic response of 
vulnerable structures, but also the continuous monitoring of them to prevent 
failure in the design integrity. 
 

1.1 Objectives  
 
The main objective of this research is to evaluate and investigate the use of OMA 
and AVT on the historical masonry Slottsfjell tower and acquire the dynamic 
response of it. This information will be used to produce different FE models based 
on material from previous studies and information obtained from the tower itself.  
 
FE software will be used to evaluate different numerical models and assess them 
towards the acquired AVT data. Furthermore, the use of 3D laser scanners for the 
purpose of modelling historical structures is evaluated, discussed, and 
implemented in the research. 
 
The secondary objectives of the research are to conduct a literature review on the 
different aspects of the study, related to the masonry material, numerical 
modeling of masonry, in addition to signal processing and OMA, among others. 
Moreover, the material models available to assess masonry and material 
properties will be reviewed, evaluated, and compared with the use of FE software. 
Different aspects such as the soil and foundation will also be presented and 
compared. 
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1.2 Thesis Procedure  
 
Figure 1 shows a flowchart of how this thesis is going to be approached with the 
use of the OMA, FE model and 3D laser scanners.  
 

 

Figure 1 Flowchart - thesis procedure 

 
The thesis is divided in four main stages, as shown in the flowchart above, and 
presented in the text under. 
 

I. FE model with the use of laser scanner 
A FE model is modelled, where the dynamic characteristics of the tower 
are extracted. To achieve accurate geometry of the tower, 3D laser 
scanners are used in the mapping of it. 
 

II. Ambient Vibration Testing 
The use of accelerometers and AVT is implemented to determine the 
dynamic characteristics of the tower, under normal daily operations of it.  

 
III. Comparing analytical and experimental results 

The analytical and experimental data achieved from the FE model and the 
AVT respectively, are compared and evaluated. 
 

IV. Updating FE model 
The difference between the analytical and experimental data is compared 
and evaluated. If the desired precision is not there, then the FE model is 
updated manually. The procedure is from point (III) executed as many 
times as necessary until the wanted precision is achieved and the model is 
optimal. 
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1.3 Thesis Structure  
 
This thesis contains eight chapters and four appendixes. Short descriptions of 
each chapter are given as follows: 
 
Chapter 1 Introduction :  
  
The first chapter gives an introduction on the thesis procedure and overview of 
the work that is to be presented. In addition, the structure of the thesis is 
explained. 
 
Chapter 2 Background:  
 
The second chapter gives a theoretical basis of OMA and structural dynamics, in 
relation to dynamic response of systems. Signal processing for the purpose of 
extracting the modal parameters is also explained. Furthermore, the chapter also 
includes theory about masonry as a material, and numerical modeling of it, in 
addition to a general basis of the use of 3D laser scanners. Lastly the chapter also 
includes general background of previous studies in the different fields that are 
explained.  
 
 
Chapter 3: Case study 
 
The third chapter gives an overview of the case study that is the basis of  
this thesis, with background information about the tower itself.  
 
Chapter 4: Geometrical Survey 
 
The fourth chapter includes the geometrical survey of the tower, where an initial 
visual inspection is given. The chapter explains the process of 3D laser scanning 
and mapping of the tower for the purpose of modelling. Finally, it also gives the 
basis for the modelling of it and the process of converting the point cloud data to 
the final geometry. 
 
Chapter 5: Numerical Modelling  
 
The fifth chapter consists of the process of taking the geometrical model and 
converting it into a numerical model for FE analysis. The chapter includes an 
overview and specifics of the procedure used to alter the model and finally 
perform modal analysis on it. In addition to presenting the final discretized 
model, it also shows the results for the initial modal analysis performed on the 
numerical model, as well as gravitational analysis for verification of it.  
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Chapter 6: AVT 
 
The sixth chapter gives the basis of the AVT on the tower, where the procedure is 
presented as well as the results. The chapter includes the strategy used for the 
testing and theoretical background for the decisions made in relation to the 
placement and number of sensors, in addition to the time interval for the 
readings.   
   
Chapter 7: FE Model Calibration 
 
The seventh chapter considers all the previous chapters for the basis and 
procedure of calibrating and updating the FE models. The method used for the 
updating of the models, as well as theoretical background is presented. Finally, 
the results of the modal analysis for the calibrated models is presented for both 
linear and nonlinear material models. 
    
Chapter 8: Conclusion and Future Work 
 
The final chapter concludes with final remarks of the work presented, in addition 
to future works.  
 
Appendixes 
 
A  
Appendix A gives an overview of the sensor specifications 
 
B  
Appendix B presents the results from the initial and second AVT readings 
 
C  
Appendix C gives an overview of the software used in the processing of the raw 
AVT data 
 
D  
Appendix D presents photos taken during the AVT readings and 3D laser scanning 
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Chapter 2:  Background  
 

2.1 Modal Analysis  
 
The assessment of the dynamic response of civil structures is done with the use 
of modal analysis. There are several methods of performing structural dynamic 
testing on a given structure, to achieve the dynamic characteristics. These 
different methods can be divided into two main groups; 1) Forced-, and 2) AVT 
[4].  
 
Modal analysis allows for attaining the modal shapes, natural frequencies and 
damping ratios of a given structure [5]. These elements can then be used to 
formulate a mathematical model for its dynamic behavior [6].  
 

2.2 Operational Modal Analysis 
 
The assessment of the dynamic response of historical structures has emphasized 
the need for this to be done in such a manner, which does not rely on physical 
tests on the structure itself. As historical structures are important to the local and 
national history and heritage of individual areas, the conservation of these 
structures is utmost important. Knowing the seismic vulnerability of these 
structure will help to maintain them for future generations. Necessary measures 
can be taken to reinforce vulnerable areas and help the preservation of them. 
 
As explained in the previous section there are two main methods for the 
extraction of the dynamic response of structures. While the first method requires 
the modal parameter identification to be carried out based on both input and 
output measurement data, the second method will only base it on the out-put 
data, which is the case of the OMA. Figure 2 shows a general flowchart of the 
approach of the OMA.  
 

 

Figure 2 OMA approach 
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The development of hardware and software in the fields of AVT and OMA has 
over the last years strengthen the use of them, when dealing with heritage 
structures. While the use of them has made it easier regarding these structures, 
there are also a lot of key point of interest that distinguishes the different 
approaches to the methods. These differences in the approaches and methods 
used when implementing OMA and AVT range from the intention of the use 
(health monitoring, repair & retrofitting, seismic assessment) to the methods of 
extraction of modal parameters. Other important factors are sensor placement, 
damage identification of the structure and the execution of the AVT. All of the 
above mentioned factors are to be discussed in this thesis, however readers are 
advised to look at more comprehensive reviews such as [3].  
 
In summary OMA can be explained as a method of analyzing the modal properties 
of a certain system under normal operational conditions [7]. Sensors are used to 
register output data of the structure based on the operational excitation. This 
excitation comes from the different actions which the structures are exposed to. 
The actions have different sources under normal operating conditions such as 
wind, human walking, waves or traffic. These actions contribute to subjecting the 
structure to what we call ambient vibrations, which are then measured with the 
use of sensors.  
 
OMA has been implemented and used in a diverse set of studies of different 
structures to determine the dynamic characteristics. Most of the studies carried 
out in Norway, have applied OMA on bridges. This has shown to be of most 
interest in relation to resonance effects on them.  
 
One study was carried out for the under-construction cantilever Dolmsundet 
Bridge, where two accelerometers where used [8]. The accelerometers were 
placed on the cantilever of the bridge deck, thus changing in the four stages of 
the bridgeȭÓ ÃÏÎÓÔÒÕÃÔÉÏÎȢ 4ÈÅ ÒÅÓÕÌÔ ÏÆ ÔÈÅ ÓÔÕÄÙ ×ÁÓ ÔÈÅ ÅØÔÒÁÃÔÉÏn of the natural 
frequencies in the different construction phases with the use of Cov-SSI method. 
Another study was carried out for the proposed ferry free project on the E39 of 
the Norwegian west coast, where several methods of OMA where implemented 
through the use of MATLAB [9]. The methods were verified on two simple shear 
frames, where the dynamic characteristics were already known, based on 
previous studies. The methods were then implemented on the Hardanger Bridge, 
where actual measurement data was available. The results of the studies showed 
that the different methods gave good estimates, while the more advanced ones 
had somewhat higher precision, than the others. The study concluded that the 
Cov-SSI method was the best one, for the estimation of the dynamic 
characteristics. 
 
Additionally, a study was done on the monitoring of the Bergsøysund Bridge, an 
end supported floating pontoon bridge [10]. The monitoring system consisted of 
a total of 14 accelerometers and was carried out successfully, where the system 
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identification was achieved. As also presented in [8, 9], the best method for the 
estimation of the natural frequencies, damping ratios and mode shapes was Cov-
SSI.  
 
Other implementations of OMA on structures in Norway have also been carried 
out. One case is a study for where the dynamic identification on a steel 
pantograph was done using OMA. The pantograph that was assessed was similar 
to ordinary pantographs used for the transfer of electric power from the catenary 
system to the ÔÒÁÉÎȭÓ ÍÏÔÏÒÓ. In this case, an FE model was modeled, which was 
compared and adjusted to the OMA experimental data, in order to achieve an 
accurate representation of the structure itself [11]. The study showed that the 
model that was calibrated with the data from the AVT, behaved in a similar 
manner to a physical model.  
 
One of the main problems with the OMA when it comes to the data, is the 
maintenance of the data acquisition system. Furthermore other factors that need 
to be taken into account when using OMA are the planning, setting up and 
performing of the measurements in a fast and smooth fashion, as these in many 
cases cannot be redone [12]  .  
 

2.2.1 Transfer Path  
 
The excitation on the structure is usually assumed to be approximately Gaussian 
white noise [13]. This white noise covers the frequency range of the modal 
characteristics of the structure, as it is distributed over a wide frequency range [7]. 
Figure 3 shows the conceptual transfer path of OMA, where the input includes a 
loading filter which can be explained as: 
 
 The assumed white noise is not always white, and therefore we consider these 
Ȱcolored loadsȱ as the output of an imaginary loading filter which is loaded by 
white noise.  
 

 

Figure 3 Conceptual transfer path of OMA 

 
The loading filter does not alter the properties of the structural system, however 
the system that is to be identified needs to be estimated for the whole approach. 
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Therefore, when considering both the loading system and the structural system 
there will be ÓÔÒÕÃÔÕÒÁÌ ÁÎÄ ÌÏÁÄÉÎÇ ȰÍÏÄÅÓȱȢ 
 
Some of the assumptions that are made with the use of the OMA are [14]:  
 
- The response of the system is equal to the input for a given combination of 

inputs. 
- The structural dynamics of a system do not change over time, and therefore 

the system is not time dependent. 
- The sensor layout is properly chosen to measure the response, and not place 

in node points.  
 

2.2.2 Classic Modal Analysis 
 
As explained above, the identification of the modal properties can be done 
through several different processes. While OMA does not rely on knowing the 
input, the actual excitation is therefore uncontrollable and unforeseeable. This is 
not the case for the classical experimental modal analysis (EMA). The EMA 
method uses physical properties of experimental measurements (controlled 
input that is measured) of the system/structure to correlate the dynamic 
characteristics of a mathematical model [7].  
 
The use of sensors and no interference with the operation of a structure is a key 
factor for why OMA is specifically suitable for structures with historical value, as 
it allows for attaining dynamic characteristics without doing any destructive tests 
on the structure itself. Classical modal analysis such as EMA is however not 
suitable for historical structures, because of the required input measurement [15].  
 
The main advantages of the OMA compared to the EMA are [16]: 
 

a) Because the input is not measured, the procedure is cheaper and faster. 
b) The procedure does not interfere with normal operation of the given 

structure. 
c) The resulting response that is measured gives a good representation of 

the actual operating conditions of the given structure.  
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2.3 Structural Dynamics  
 
The following chapter will give an introduction and overview of the fundamental 
concepts of structural dynamics for multi degree of freedom (MDOF) systems, 
and the damping of them. In addition, main aspects that are important for 
understanding the modal properties of different structures and systems, in 
relation to frequency and excitation is described. 
 

2.3.1 Multiple degree of freedom system  
 
Describing a MDOF system in matrix form can be done through the following 
formula: 

 
 
ὓ  Ľὸ ὅ  ώ ὸ ὑ  ώὸ ὼὸ  

 
(1) 

 
Where, [M], [C], and [K] are the mass, damping, and stiffness matrices. Ľὸ, 
ώὸ and ὼὸ  are the vectors of acceleration, velocity, and displacement, 
respectively, while ὼὸ  is the force vector. 
 

Free response of an undamped system 
 
If we consider a system where there are no external forces acting on it, in addition 
to very small damping forces, that can be neglected, then we are looking at a free 
response of an undamped system. In that case, the following can be considered: 
x(t) = 0 and C = 0. 
 
Based on the damping of the system, the response of it changes. This is an 
important attribute when considering modal analysis in both FEM and 
experimental data. The effect of the damping is illustrated in figure 4 under, 
where the free response of undamped system is shown in green.  
 

 

Figure 4 Damping influence on a system [17] 
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2.3.2 Natural Frequency  
 
The natural frequency of a structure is the frequency for which the structure 
vibrates when it is disturbed (impacted by any action). For each structure or 
object there could be many natural frequencies. The number of degrees of 
freedom for a certain system is equal to the number of natural frequencies this 
system has. 
 

2.3.3 Damping Radio  
 
The damping ratio of a structure is a parameter explaining how a systemȭs 
oscillations decay, after being disturbed. A system where there is no damping will 
therefore keep moving, without stopping.  
 

2.3.4 Resonance  
 
When the natural frequency of a structure is amplified, the structure will be 
exposed to resonance. This is done when the structure is impacted by an external 
action which is equal to the natural frequency. The resonance phenomena can be 
compared to a person on a swing that amplifies the swings height for each trust 
when exerting this force at the right time.  
 

2.3.5 Period  
 
The relation between frequency (Hz) and period (s) is given with the following 
formula: 
 

 Ὢ
ρ

Ὕ
 (2) 

 
As presented in the formula above; the two properties frequency and period are 
inversely proportional to each other. In short, period is the time (in seconds) to 
complete one cycle of vibration and frequency (in hertz) is the number of 
completed cycles in one second, figure 5 illustrates this in a graph.  
 

 

Figure 5 General periodic function [7] 
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2.3.6 Mod e Shapes   
 
The mode shapes for a given structure is the pattern of vibration for which the 
structure vibrates for a certain frequency. For different frequencies, these mode 
shapes change. Using modal analysis will make it possible to find these mode 
shapes and the corresponding frequencies.  
 
Figure 6 presented a cantilever beam where the expected mode shapes are 
shown. As seen in the figure, the first two mode shapes are bending shapes, while 
the third is a double bending. Usually it is expected that the first mode shapes are 
simple ones, with the more complex ones such as torsional and double bending 
appearing in a higher frequency.  
 
Of course, it is difficult to predict a natural frequency for a system without 
analyzing it with either modal analysis using sensors or with the use of modal 
analysis in a FE software. For systems that are much more complex than the one 
presented in the figure under, where there are a vast number of beams, columns 
and different material, the use of modal analysis is a necessary tool for extracting 
the mode shapes and the corresponding frequencies. 
 

 

Figure 6 Modal shapes for a cantilever beam 
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2.4 Signal Processing  and Modal Parameter Extraction  
 
Understanding signals and the processing of them is important when dealing with 
modal analysis. This section is therefore going to give an overview of signal 
processing techniques through Fourier, in addition to modal parameter 
extraction. 
 
One of the fundamentals to the signal processing in modal analysis is the Fourier 
transform, and it is one of the key milestones in the development in the 
technology of it. [6] Without the presents of the Fourier transform, the 
performing of modal analysis would not be possible.  
 

2.4.1 Periodic Function  
 
A periodic function can be defined by a function with the fundamental period T. 
In that case the following equation is true for any given periodic function: 
 
 Ὢὸ Ὕ Ὢὸ (3) 

 

2.4.2 Fourier Series 
 
Fourier series is a representation of a periodic function, given as the sum of 
infinite harmonically related sinusoids. With the formula given under, it is possible 
to compute any given periodic function. 
 

 Ὣὸ ὥ ὥÃÏÓ
ςὲ“ὸ

Ὕ
ὦÓÉÎ

ςὲ“ὸ

Ὕ
 (4) 

 

2.4.3 Fourier Transform  
 
As mentioned above, with the use of the Fourier Series it is possible to express a 
given signal in terms of the frequencies that make the sum of it. The Fourier 
Transform can be used to decompose functions, the formula is shown under and 
is given as a continuous function: 
 

 ὢὪ ὸὩ
ɀς“ὭὪὸὨὸ (5) 

 

2.4.4 Discrete Fourier Transform  
 
The formula given for the Fourier transform is given from -Њ to Њ, however in 
practice this will not be the case, as there will be a given time interval that is 
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analyzed. While the Fourier Transform formula does not analyze a finite time 
interval, we use the Discrete Fourier Transform (DFT), which is shown under: 

 ὢὯ Ὡ
ɀ
ςʌÉὯὲ

ὔ  (6) 

where  Ὢȟὲ Ὢ 

As it is not possible to look at frequency and time continuously, the formula allows 
for calculating a summation of the frequency coefficient of a finite time interval. 
Figure 7, shows the DFT applied on a function, where the result is a set of discrete 
points that are summed according to the formula of the DFT. 
 

 

Figure 7 Discrete Fourier transform [18] 

 
The results of using the DFT and summing up all the parts is the following complex 
number, as given under: 
 
 ὢ ὃ ὄ  (7) 

 
This number can in the next step be plotted into a complex plane, while using the 
real and imaginary part of the number as coordinates. The numbers will together 
give information of both the magnitude and the angle of a vector, which in turn 
will give the necessary values to know the amplitude and phase shift of the 
sinusoid. Without going further into detail of the theorem, the idea of the Fourier 
transform is that a signal can be split into individual constituent frequencies.  
 
A given periodic signal contains the sum of the elements at all frequencies [6]. 
Each of the frequencies will have a given power which together will give the total 
power of the signal.  
 

2.4.5 Discrete -Time Fourier Transform 
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The Discrete-Time Fourier Transform is another form of Fourier analysis which is 
used for analyzing discrete data of a continuous function. The formula is given 
under. 

 

 

ὢὪ Ὡ
ɀ
ςʌÉὯὲ

ὔ  

 

(8) 

2.4.6 Fast Fourier Transform  
 
In modal analysis the Fourier analysis can be used to compute the ÓÙÓÔÅÍȭÓ 
frequency response function, which in turn can be used to compute the modal 
parameters [19]. This is done using the Fast Fourier Transform (FFT). 
 
The FFT has made huge changes in the computational techniques used in both 
filter simulation and spectral analysis, but also other related fields. The method is 
now widely used and is a technique for computing the DFT (see over) of a time 
series, rather effectively [20]. While the possibility for this to be done was also 
present before the application of FFT, it became more effective and cost efficient 
with the implementation of it.  
 
While the method is not going to be explained in detail in this thesis, the use of it 
is based on calculating the coefficients of the DFT iteratively and thus saving a lot 
ÏÆ ÃÏÍÐÕÔÁÔÉÏÎ ÔÉÍÅȢ 2ÅÁÄÅÒÓ ÁÒÅ ÁÄÖÉÓÅÄ ÔÏ ÒÅÁÄ #ÏÏÌÅÙ ÁÎÄ 4ÕËÅÙȭÓ ÉÎÉÔÉÁÌ 
publication of the algorithm for a more in depth explanation of the method [21].   
 

2.4.7 Summary of Fourier  
 
A summary of the different Fourier transforms is presented in table 1. The 
distinction between the different transforms are that of the time duration, which 
can be divided into finite and infinite in addition to continuous or discrete 
functions.  
 

Table 1 Fourier Summary 

 Time interval 
 Finite Infinite 

Continuous Fourier Series (FS) Fourier Transform (FT) 

Discrete 
Discrete Fourier Transform 

(DFT) 
Discrete-Time Fourier Transform 

(DTFT) 
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2.4.8 Modal Parameter Extraction  
 
While the previous chapters have laid the foundation for the signal processing, 
the following paragraphs will explain the techniques that can be used to extract 
the modal parameters for AVT.   
 
As there are many methods available, this thesis is only going to give an overview 
of the most common ones. Readers are advised to look for more specific literature 
for detailed insight in each of the methods. 
 
Before going into detail on the different modal parameter extraction methods, 
there is one key aspect that needs to be explained. This is the concept of time 
domain and frequency domain. When talking about waves and frequencies it is 
normal to talk about wave amplitude given over time, also known as the time 
domain. However, it is also possible to talk about it in the frequency domain. In 
that case the wave amplitude is given over the frequency. 
 
Both domains have their up and downsides. When looking specifically at the time-
domain, one important characteristic is that the modes that are present in each 
signal, are also present at any time, figure 8 illustrates this. This is one of the 
drawbacks of the time domain, on the other side one of the benefits is that it is 
easier to obtain bias-free data, in comparison to the frequency domain. 
 
Apart from this, when looking at the frequency domain and the use of it in modal 
parameter extraction, each mode has a small frequency band where it dominates, 
this can be seen in figure 8 as well. Thus, the frequency domain has an advantage 
in that the decomposition can be considered simply by looking at different 
frequency bands where the individual modes dominate. This gives the frequency 
domain the characteristic of natural modal decomposition, therefore making it 
much easier to distinguish each mode. 
 

 

Figure 8 Frequency domain and  time domain visualization [22] 
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Frequency Domain Met hod  

Peak Picking (PP) Method  
 
The peak picking (PP) or Basic Frequency Domain (BFD) method is one of the 
easiest methods used in modal analysis for output only measurements. The 
method is based upon that the frequency response function (FRF) reaches a 
ȰÐÅÁËȱ ÏÒ ÁÎ ÅØÔÒÅÍÅ ÁÒÏÕÎÄ ÔÈÅ ÎÁÔÕÒÁÌ ÆÒÅÑÕÅÎÃÙ, as also illustrated in figure 8. 
 
The way the method is implemented is using the DFT where the measured time 
histories are converted to spectra. The natural frequencies are then determined 
as the spikes in the power spectral density (PSD) plot [23].  While the method 
allows for a fast implementation, it also has disadvantages in that the method is 
exposed to a subjective selection of natural frequencies. Furthermore, it lacks 
accuracy in the estimates of the deflected shapes of structures. The method́s 
precision is also dependent on the frequency resolution of the spectral density 
and therefore the method only gives an estimate. Moreover the method is also 
influenced by noise [7].  
 
The method can be classified as a SDOF method for OMA. With the use of the 
method, an assumption is made upon the resonance, that only one mode is 
dominant [14].   
 

Time Domain Method  

Stochastic Subspace Identification (SSI) Method  
 
The Stochastic Subspace Identification method (SSI) is an output only method 
suitable for modal parameter identification in OMA. The method is compared to 
the PP method more complex. 
 
The SSI method is used in the time domain, where there are a vast number of 
algorithms available. This allows the method to be implemented directly, without 
the use of spectra such as the PP method. The algorithms used will always 
produce a (sub-optimal) outcome, as a result of the algorithms being non-
iterative and never ending in a local minima [24].  
 
We divide the SSI method into two main types: the correlation driven SSI, and the 
data driven SSI. The correlation driven SSI also denoted Cov-SSI considers the 
problem of identifying the stochastic state space model, from the output data of 
the AVT. The data driven SSI, also called DD-SSI does on the other hand rely on 
linear algebra tools and mathematical framework in order to identify the state 
space matrices from the acquired raw data.  
 
As this thesis is only going to give an overview of the method, readers are advised 
to read more detailed papers accessible to get a detailed explanation, such as [23] 
and [24]. 
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2.5 Masonry   
 
When looking at OMA implementation on historical masonry tower, there are a 
lot of studies available. Several studies have been implemented in Italy [5, 25]. 
These studies were carried out on historical bell towers, where there were used 
accelerometers to achieve the dynamic characteristics, successfully. 
Furthermore, both studies also developed FE models Abaqus software to predict 
the dynamic behavior. Modal analysis was performed on the FE models and tuned 
according to the results extracted from the ambient vibration measurements 
from the sensors, which resulted in a FE model that acted as predicted from the 
AVT data.  
 
Studies have also been carried out for continuous monitoring of structures. A 
study in Italy assessed a stone tower in Perugia, for damage identification [26]. 
Other studies in Italy focus on the same thing, such as a two-part study carried 
out for historical masonry structures with continuous monitoring for the two 
towers; Gabbia and San Pierto, located in Mantua and Perugia respectably [27]. 
The study showed that with little number of accelerometers, it was possible to 
achieve the dynamic characteristics and perform damage detection on the 
structure.  
 
Other studies have also been carried out in Portugal [28], this study specifically 
looked at two case studies. One of which was a clock tower built in the 16. century 
situated in the northeastern parts of Portugal. The other study was also carried 
out on a 16. century structure, which was a church located in the capital of Lisbon. 
Both structures were historical masonry constructions, where the dynamic 
characteristics were achieved with the use of sensors.  
 
Similar studies have also been implemented on historical minaret in Turkey [29]. 
Where the results of AVT on the structure was used to update and optimize a FE 
model. The final FE model compared to the initial one, resulted in deviation from 
the experimental data to be reduced on average from 27 to 5 %. 
 
In the available papers and literature, there are certainly many papers where OMA 
has been implemented. The method has been implemented for different 
structure types, and there are many papers concerning historical structures, and 
more specifically historical masonry.  
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2.5.1 Overview  
 
Masonry is a composite material made up of units of different types, which are 
separated with a cement paste (or no paste in certain cases), see figure 9.  
 

 

Figure 9 Masonry material 

 
Historically masonry has been used in a wide range of structures, ranging from 
bridges to towers, churches, and mosques. It is therefore often present in 
historical structures such as the one assessed in this thesis. 
 
Masonry is a heterogeneous material with anisotropic properties, because of its 
structure. The joints in masonry structures are usually the weak points of them 
and most cracks appear in these areas [30]. In addition because of the irregular 
stone sizes in many stone masonry structures, the mechanical properties will 
show variation [31].  
 

2.5.2 Damage on Masonry Structures  
 
The main damage on masonry structures are usually connected to cracks, 
material degradation and deformations as well as foundation settlements [28]. 
Other damages present in masonry structures are related to spalling of the 
material, where brick simply is missing. Furthermore, the cracks can be of 
different character, depending on the actions the structure is subjected to.  
 
Corner damage occurs because of poor wall-to-wall connections, while shear 
cracking usually happens in opening because of insufficient lateral strength [32]. 
Overall, in order to identify and document the full material health in masonry but 
also structures of other materials, both visual and testing (destructive or non-
destructive) needs to be implemented.  
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2.6 Numerical Modeling  
 
As explained in the previous section there are many studies carried out for the 
combined research of OMA and FE model calibration. Many of these studies are 
interesting regarding the importance of numerical modeling for the assessment 
of dynamic response of structure. While performing OMA will help achieve the 
dynamic characteristics, the numerical modeling will allow for implementing this 
knowledge of the structures and performing different analyzes on them based on 
that. The upcoming sections gives the basis of FEM and numerical modelling of 
masonry.  
 

2.6.1 FEM 
 
The FEM has developed into an essential technology in modeling and simulation 
present in a large amount of field. The method was initially implemented to solve 
problems related to structural analysis, but has since been used for thermal 
analysis and fluid flow analysis among other things.[33]  
 
The FEM is a numerical method where the approximated solution is obtained by 
dividing the problem domain into small number of elements, and from there 
applying physical principle laws of these elements. When assessing specific 
structural analysis cases, the solving of problems can be very complicated when 
solving the main differential equations (dependent on geometry, material, 
boundary, loading conditions etc.) through the use of analytical means, therefore 
an approximation via FEM is an easier and less time-consuming option.  
 
Computational modeling through the use of FEM can be divided into these steps 
[33]:  
 

I. Geometrical modeling of the structure  
II. Meshing (discretization) of the geometry  
III. Specifying material properties 
IV. Specifying boundary and initial conditions, as well as loading conditions 

 

2.6.2 Modeling of Masonry  
 
As the masonry material is not homogeneous, there are two key points that need 
to be considered when modeling masonry structures, regarding the structural 
behavior. These are: a) the behavior of the masonry units and b) behavior of the 
joint material [34].  
 
We split the modeling of masonry structures into two main categories according 
to these two key points mentioned above, which are; micro modeling and macro 
modeling [34]. These two different categories are distinctive in that the micro 
modeling considers the presence of vertical and horizontal mortar joints, and in 
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addition to that the material is anisotropic. While the macro modeling does not 
take this into account [35]. 
 
In general, when modelling historical structures such as the one assessed in this 
thesis, there are some issues that are present that needs to be evaluated [25]: 
 

- Excessive simplifications of the modelling should be avoided. 
- The FE models that are used without the validation of experimental data. 
- There are a lot of uncertainties connected to the structural models even 

when all available data is collected. 
- The connection between the results of local test and the quantitative 

parameters that are used to build a structural model are an open issue with 
no complete correlation.  
 

While there are uncertainties connected to the modeling of historical structures, 
there are also a lot of different ways of modeling them. Depending on the 
intention of the modeling and the level of detail, these methods change. The next 
paragraphs will present the different ways of modeling masonry.  
 
The two methods mentioned above can also include another intermediate 
approach, making it a total of 3 different approaches of refinement that can be 
taken when modeling masonry, as shown in figure 10 [34, 36]: These three 
methods take into account the complexity of the masonry structures in different 
scales. Depending on the scale of the structure that is to be modeled and the 
intention with the modeling, each of these methods has their benefits.  
 

 

Figure 10 One, two- and three-phase modeling 

i. One-phase material Ȱ-ÁÃÒÏ ÍÏÄÅÌÉÎÇȱ 
As seen in figure 10 i) in this method of refinement the material is modeled 
in continuum. There is no direct distinction between the different parts 
and therefore the material will act as a homogenous unit. Because there is 
no distinction of the different units, the method is not good for detailed 
stress analysis. However, it can be suitable for modeling of bigger masonry 
structures. 
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ii. Two-phase material Ȱ3ÉÍÐÌÉÆÉÅÄ ÍÉÃÒÏ-ÍÏÄÅÌÉÎÇȱ 
The two-phase material method of refinement takes a bigger step into the 
micro modeling of the structure of masonry as seen in figure 10 ii). In this 
method, the different units are split in a way that considers the size of the 
brick units and the paste size. The method allows for a simplification of 
the complexity of the masonry material, while being more complex than 
the previous mentioned one-phase material method. When it comes to 
the interface between the different units, it is equal to the one phase 
material method in that the thickness of the joints is taken as zero. The 
method is applicable in a wide range of structures because of the allowed 
reduction in simplicity compared to the three-phase material method.  
 

iii. Three-phase material Ȱ$ÅÔÁÉÌÅÄ ÍÉÃÒÏ-ÍÏÄÅÌÉÎÇȱ 
In this method the masonry material is modeled with continuous joints, 
while the bricks are modeled discontinuously as shown in figure 10 iii). The 
method allows for far more accurate results of the FEM model, but the 
complexity of the method also reduces the use of it because of 
computational effort needed to implement it. Micro-modeling requires 
that it includes all the failure mechanisms of material, cracking of joints, 
sliding over one head or bed joint, cracking of the units and crushing. [36] 

 
The three presented methods of refinement can be seen as the three main 
different methods of modeling of masonry. The flowchart shown in figure 11 
displays the diverse methods that can be taken when performing numerical 
modeling of masonry structures. This thesis will not go in depth on the methods 
in that level of detail, however a lot of literature is available that compare and 
investigate the different approaches available. [30, 34] 
 

 

Figure 11 Approaches for numerical modeling of masonry structures 

On the above-mentioned basis, a more simplified approach can be taken when 
looking at different modeling possibilities for numerical modeling of masonry 
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structures. The intention of the modeling is the most important part of the 
approach that is selected, and the modeling approach needs to suit the purpose 
of it in order to get the wanted result. 
 

Soil-Structure Interaction  
 
An important aspect when modelling different structures directly on the soil is the 
interaction the soil has to the structure, and the behavior is causes. The soil-
structure interaction (SSI) has been an essential part in earthquake engineering 
and has gained a lot of attention internationally in the last decades. The reason 
being the importance of It, when investigating the dynamic response of 
structures.  
 
Using SSI has shown that when considering two identical structures, the response 
of that given structure differs a lot. For example considering a structure supported 
by a flexible soil, appose to a rigid base will give different response on the 
structure [37].  
 
The application of SSI on numerical models, and how it differs from no SSI 
consideration is shown in figure 12. The two different approaches taken to define 
the supports of the structure differs in that the implementation of SSI takes into 
consideration the soil and the interaction of it with the structure itself. Whereas 
the numerical models without the application of SSI will not consider the 
interaction of the soil with the structure.  
 

 

Figure 12 Numerical models with and without SSI implementation 

 
As seen in the figure, the structure where SSI is not considered will neither 
consider the mechanical properties of the soil, but also not consider the interface 
between it and the structure. Therefore, the numerical model will be much 
simpler, but the response of it will also be altered as explained above.  
Furthermore, the application of SSI has become much easier with the use of 
modern FE ÍÏÄÅÌÌÉÎÇ ÓÏÆÔ×ÁÒÅȭÓ ÓÕÃÈ ÁÓ $ÉÁÎÁ, where the interface interaction 
between the soil and the structure is defined effortlessly. This implementation 
will be explained in chapter 5 of the thesis.  
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Figure 13 Visualization of SSI implementation 

 
As explained above the interface of the structure and soil is the basis for the SSI 
method. Figure 13 shows the implementation of it on a given structure, where the 
FE model of the structure and the soil is defined with an interface in between 
them. The implementation of the method changes according to how the 
composition is, where the relation of the structure relative to the soil and vice 
versa can be different depending on each structure. The figure above is therefore 
only a simple sketch of the SSI implementation.  
 
While the SSI method simply focuses on the interaction between the soil and the 
structure, in recent years the Structure-soil-structure interaction (SSSI) has 
gotten a lot of research attention [37]. The effects the structures have on each 
other based on the soil, can be assessed with the method using interfaces. This 
more complex interaction method is compared to SSI more important in a city 
scale point of view, where there is a dense structure presence.  
 
The use of SSI in numerical modelling was for some time considered only 
beneficial in relation to the assessment of seismic vulnerability of structures. 
However, it has shown to lead to a larger than expected factor of safety and thus 
actually making it unsafe to use without the full knowledge of it [38]. The use of 
it , and the implementation for assessment of dynamic response is therefore 
important to examine and recognize thoroughly before implementing it.  
 
Moreover, the difficulty of the implementation of SSI and the required input of it  
can make it difficult to fully execute. For this purpose, different methods and 
models have when proposed for structures with basement levels. [39] One of the 
applicable models with the implementation of basement levels, where the SSI 
effects had been neglected showed results close to the model with the 
consideration of SSI effects. [40] Thus, the application of simpler approaches is 
possible when considering the dynamic response.  
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2.7 3D Laser Scanning  
 
When it comes to introduction of laser scanners in geometrical modeling of FE 
models, there are several studies that are interesting. The implementation of 
laser scanners used to present a semi-automatic procedure was the basis of a 
study performed in Italy [41].  The procedure presented converted the point 
clouds to three-dimensional geometry, that in turn could be imported into FE 
software. The study showed that the method and the corresponding procedure 
resulted in an effective and less time-consuming way for modeling the geometry 
of complex buildings, such as historical structures. 
 
Laser scanners provide as an effective tool in visualizing different structures, 
which is especially important for more complex structures. The direct integration 
of laser scanners into FE software is however difficult to achieve, this particular 
issue is addressed in [42]. The paper describes the use of BIM (Building 
Information Modeling) models derived from point clouds for use in simulations in 
FE analysis. While most commÅÒÃÉÁÌ ")- ÓÏÆÔ×ÁÒÅȭÓȟ ÓÕÃÈ ÁÓ 2ÅÖÉÔ [43] and 
ArchiCAD [44] are usually used for managing and modeling of new buildings, they 
can also be utilized for other use cases. The paper presents how these kinds of 
ÓÏÆÔ×ÁÒÅȭÓ ÃÁÎ ÂÅ ÕÓÅÄȟ ÅÖÅÎ ÔÈÏÕÇÈ ÔÈÅÙ ÁÒÅ ÓÏÍÅ×ÈÁÔ ÌÁÃËÉÎÇ ÉÎ ÔÈÅ ÁÓÐÅÃÔ ÏÆ 
use in existing complex structures. The case-study presented in the paper is 
evaluated with different available literature for the conversion of points to 
geometrical model for use in FE analysis.  
 
The implementation of laser scanner in the use of FE models have been used in 
other studies, such as the case of the historic bridge modelling, where the context 
of the study was structural dynamics [45]. The study that was carried out had in 
addition to laser scanning, also penetration radar for presentation of the 
geometry in use for the FE modeling. The resulting FE model was used in 
performing modal analysis. After analyzing the results achieved in this analysis it 
was seen that the extracted data from the analysis were good, when compared 
to other studies on similar structures.  
 
While the direct conversion of point cloud into 3D geometry with high accuracy is 
shown to be difficult to achieve, there are studies carried out in this field. One 
study carried out in this arena, with the intention of using point-based 
voxelization for the conversion showed a good interpretation for the use in 
computational modeling [46].  The study was implemented with high degree of 
automation, however only for two-dimensional representation of solids. The 
study concluded with three key points for further evaluation to be used more 
widely: a) better shape detection of openings b) better distinction of real 
openings and c) higher level of automation, and emphasis on the expansion for 
full three-dimensional modeling.  
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The automatic implementation for point cloud conversion to a geometric model, 
which can be used in FE analysis is particularly important in more complex 
geometry. In these types of structures, a lot of time can be saved if the process is 
automatic, as well as it can eliminate human error. In [47] a methodology for the 
estimation of arches and vaults is presented, based on the symmetry of sections 
obtained along the vaults guideline. The acquired point clouds from the 3D laser 
scanners is accurately processed by statistical nonparametric methods, based on 
local bivariate kernel smoothers. The methods presented allows for an estimation 
of the cross sections of the arches, without the need of establishing parametric 
shape.  
 
The implementation of 3D laser scanning for the purpose of FE analysis is also 
present in different types of available studies. While there are a vast amount of 
studies concerning these aspects, there are limitations in FE model calibration 
from OMA with the use of laser scanners on historical masonry towers, such as 
the one assessed in this thesis. This thesis is in that sense giving a quite broad and 
detailed specter of study, including all these aspects mentioned. 
 

2.7.1 Overview  
 
3D laser scanners allow for scanning and mapping 3D geometry such as buildings 
or objects for the purpose of importing this data into modelling ÓÏÆÔ×ÁÒÅȭÓ. The 
use case of them is wide, as they can be used from illustrating the interior of a 
room, to more advanced deformation measurement of civil structures. 
Furthermore, there are a vast number of different 3D laser scanners available, 
from simpler terrestrial scanners to more advanced drones.  
 
While the basis of the scanners is the same, the purpose of the use is different. 
For example, as mention in the previous section the data from the scanners can 
be used for automatic or semiautomatic conversion to 3D geometry, however this 
is still not fully developed. A more traditional way of using the scanners, is to take 
the point clouds from the measurement and use this as a template for the 
modelling.  
 
Figure 14 shows a general overview of how terrestrial laser scanning is used to 
scan the 3D geometry of a structure. For the scans to be stitched together, each 
scan point needs to have shared points in between each order. These shared 
points are recognized by the software that is used to merge the scans into one 
model. The method and how the implementation of terrestrial 3D laser scanning 
is explained in depth in chapter 4, where an overview of the point clouds and the 
procedure is illustrated.  
 
 



| Background |  
___________________________________________________________________ 

 

 26 

 

Figure 14 Terrestrial 3D laser scanning 

 
Some key aspects that are important when working with terrestrial laser scanners 
are: 

- The laser scanner needs to be calibrated for each scan point. 
- More scans will give a denser grid of shared points and thus making it 

easier to merge the scans with a higher precision. 
-  The scanner will give a 360-degree scan but will have blank point at the 

base of the scanner, which needs to be considered. 
 

It is important to choose the locations of the scans in relative to the size of the 
object that is to be scanned. A denser grid of scans is expected for interior of a 
house, opposed to scanning of a large tower. 
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Chapter 3:  Case study  
 

3.1 Overview  
 
The Slottsfjell tower is located on a hill near the center of the city of Tønsberg in 
the southeastern parts of Norway, around 100 km south of the capital Oslo, see 
figure 15.  
 
According to the Slottsfjell Museum, who have had the responsibility for the daily 
operation and dissemination of the Slottsfjell tower from the 1. of January 2012, 
they state the following on their official website: 
 

The tower itself dates from 1888 but symbolizes the Slottsfjell area's 
connection to the Middle Ages. The tower is centrally located in the ruin park 
from what was once one of the largest medieval castles in the Nordic region 
[22].  

 

     

Figure 15 Slottsfjell tower situated in Norway 

 
The tower is to the people living in the surrounding areas the key identification of 
the city of Tønsberg, and the county. The Slottsfjell tower is because of its high 
position, visible from large parts of the city. Figure 16 shows the Slottsfjell tower 
on top of the Slottsfjell hill, from the north-west side and south side.  
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Figure 16 Slottsfjell tower 

 
The structure of the Slottsfjell tower is a typical medieval stone construction and 
does not distinguish itself much from the typical square shape of these kind of 
towers, as seen in figure 16 [48]. The tower has a total of four levels, where the 
final level is at the roof of the tower.  
 
The Slottsfjell tower has a huge historical value to both the city of Tønsberg, but 
also the to the county of Vestfold and Telemark, ÂÅÃÁÕÓÅ ÏÆ ÔÈÅ ÒÅÇÉÏÎȭÓ 
identification with the Viking Age. One example of this is the Oseberg skip, which 
was a ship from the Viking Age. The discovery is the most magnificent burial site 
from the Viking era in Norway [49].  
 
Furthermore, the tower itself is not older than 150 years, as it was built to 
celebrate 1000 years since the city of Tønsberg was founded in 871. The text 871 
ɀ 1871 is also scripted on to the northside of the tower above the main entrance, 
with the corresponding text ȰMay the city that on the hill stand, flourish a thousand 
new yearsȢȱ 
 




























































































































