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Abstract

ThsOOOAUB O | AET to invedidhtd the dydamicresidnseof the
ancient masonry stone toweSlottsfjelltarnet located in the oldest city of
Norway, Tegnsberg. Ae study takes in wsseveral fieldsn the procesdor the
extraction of thedynamicresponseof the towerand the calibration of iin afinite
element software

The emphasis on finding the dynamresponseof heritage structures using
nondestructive testand without hindering thedaily operationspaved the way to
use operational modal analysi which allows for attaining the dynamic
characteristicsvithout interfering with the dailyactivities of thestructure.

The study was carried ouwith the initial scannng and mappng on the inside and
outside of the towerwith the use of3D laser scanners. Thdata was used to
model the structurein the building information modeling software, Autodesk

Revit. The model was in tunmported into the finite element software Diana

FEA which was usedor analysisandlater calibration

Secondly, he core part of the study 6ok in useambient vibration testingand
operational modal analysit extract thedynamiccharacteristicof the towerin
operational conditionsAccelerometersvere placed on the structure which gave
readings that were then processedwhich sequentiallygave the dynamic
behavior of the tower

The thirdand finalpart of thestudy included both thenodelingof the structure
andthe results from theoperational modal analys@ndambient vibration testing

in order to calibrate thdinite elementmodel, according to the extracted data
The processvasperformed on two different models with the use of setructure
interaction andwithout it, where the different methodswere modeled and
evaluated.Resultsverethen compared, where the material properties and other
aspectswerepresented for compason.

Theprocedureof operational modal analysjsvith ambient vibration testingand

modeling of the structureusing3Dlaser scanners isssessedowards available
literature. Furthermore previous studiesindtheory concerningthe mainaspects
of the studyarealso presented.
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Sammendrag

Hovedormalet med denne studien var a undersgke den dynamiskponsertil

det gamle mursteintarnet Slottsfjelltdrnet som ligger i den eldste byen Norge,
Tensberg. Studien tar i bruk flere felt i prosessim finne den dynamiske
responsentil tarnet og kalibrering av dei et analyseprogram som benytter
elementmetoden.

Vektleggingen av a finne den dynamiskesponsertil historiskekonstruksjoner
giennom bruk avikke-destruktiv tesing og uten & hindre den daglige driften,
banet vei for & bruke operasjonell modalalys®, somgjegr det mulig &inne den
dynamiske responsen uten & forhindre de normale driftsforholdene til
konstruksjonen

Studien ble utfart med den innledende skanning kaytlegging pa innsiden og
utsiden av tarnet med bruk a8D laserskannere. Disse dataene ble brukt til &
modellere tarnet i bygningsinformasjonsmodelleringgrogramvaren, Autodesk
Revit. Modellen blevidereimportert til elementmetodeprogrammet, Diana FEA
somble viderebrukt til analyse, og senere kalibrering.

Hoveddelen av studieriok i bruk operasjonell modal analys®r afinne ut den
dynamiskeresponserntil tarnet undernormale driftsforhold. Akselerometerble
plassert paarnet som ga avlesningeisom deretter ble behandledg viderega
den dynamiskeesponsertil tarnet.

Den tredje og siste delen av studien inkluderte bade modellexmay tarnet og
operasjonell modal analysfer a kalibrereelementmetodemodellen, i henhold

til de ekstraherte dataeneProsessen ble utfgrt pa to forskjellige modellezd
bruk av jordstrukturinteraksjon og uten den, der de forskjellige metodéte
modellert og evaluert. Resultatene ble deretter sammenlignet, der
materialegenskapene og andre aster ble presentert for sammenligning.

Prosedyrenmed operasjon# modalanalyse,vibrasjonslesingpg modellering av
konstruksjonengjennom bruk av3D laser skannere, blir vurderi forhold til
tilgjengelig litteratur. Videre presenteres tidligere studier og teori om
hovedaspektene ved studien.
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Problem Satement

The problem statement of this thesis tousethe of operational modal analysis
(OMA) and ambient vibration testing AVT) on the stone masonry tower
031 I Gainéx@mndlishiCastle HilTowen located in the oldest city of Norway,
Tensberg[1]. In addition to modeling dinite element(FE) model of the same
tower, calibrated through the data collected from thenplementation of OMA
and AVT

Thepurpose of the thesis will b achieve the dynamic characteristitgsed on
OMA with the use of sensorgacceleometers) without hindering the dday
operations of the towe. Furthermore aFEmodel is madeausingthe FEsoftware
Diana FEA[2] and 3D laser scannersThe resultingoutcome is to providean
optimal FE modelhich will accuratelyepresent the dynamidehaviorof the
tower andbe further used irfuture analysiof it.

Xl
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Chapter 1: Introduction

The cultural,religious, and collective history of human evolution is reflected
through our heritage structures. These structureange from cathedrals and
mosques to old bell towers anduseums.While they are oldthe importance of
them for architectural and engineering historyassentialto preserve for future
generatiors. In addition, many of these structures have hugeultural and
religiousimportance notonly for history purposesut also for tourismasthey
serve as a direct economiontribution for many countries.

The degradation ofheritagestructuresthrough natural hazardss uncontrollable
however, the emphasigo prolong the life of thesstructuresthrough monitoring
andplanned interventionss of utmost importance fothe preservation of them.
The tevelopment of software and hardware to serve as a tool for the preservation
of heritage structureghrough the means of monitoringpas over the few years
progressed3]. The use ombient vibration testing AVT) andoperational modal
analysis OMA) has made it easier both to findhe dynamic response of
vulnerable structuresput also thecontinuousmonitoring of them to prevent
failure in the design integrity.

1.1 Objectives

The main objective of thisesearch is to evaluate and investigate the use of OMA
and AVTon the historical masonry Slottsfjetower and acquirethe dynamic
response oft. Thisinformation will be used to produaddifferent FE modetbased
onmaterial from previoustudies and information obtained from the tower itself.

FE softwarewill be used to evaluate different numeriqalodels andassess them
towards the acquired AVT dat&urthermore,the use of3Dlaser scanners for the
purpose of moelling historical structures is evaluateddiscussed, and
implemented in the research.

The secondary objectives of the reseasie to conduct a literature review on the
different aspects of the study, related to the masonry material, numerical
modeling d masonry,in addition to signal processing ar@dMA, among others.
Moreover, the material models available to assessmasonry and material
propertieswill bereviewed evaluated and compared with the use of FE software.
Different aspects such as the soihda foundationwill also bepresentedand
compared.
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1.2 ThesisProcedure

Figurelshowsa flowchartof how this thesis is going to kapproachedwith the
use of theOMA, FEmodel and3Dlaser scanners.

—— Update FE model < No
™ Y '/( Analytical k.
g | & 1 / nalytical
£ % FE model > dynamic |
k] £ '\ characteristics /
= .. L Optimal FE
E i model achived
i Laser scan
< Acceptable difference .
= between analytical and '
'8 l—) experimental method !
= 1 e
E g Joe | J;.‘..Yes §
= ﬁ ) i K B ' N | o
© | E Ambient vibration 4 : 3 |
a;-l_ g testing with the use OMA o Exg::;nr:irétal 3
> s '
© |4 of Szgsﬁéfu?g the \ characteristics /

Figurel Flowchart thesisprocedure

The thesis is divided in four magtages as shown in the flowchambove and
presented in the text under.

I.  FE modelwith the use of laser scanner
A FE model is modelled, where the dynamic characteristics ofttieer
are extracted. To achieve accurate geometry of ttever, 3D laser
scanners are used the mapping ofit.

[I.  Ambient Vibration Testing
The use ofaccelerometers andAVT is implemented to determine the
dynamic characteristics of theower, under normal daily operationsf it.

[ll.  Comparing analytical and experimental results
The analytical and experimental data achieved from the FE model and the
AVTrespectively are comparedand evaluated.

IV. Updating FE model
The difference between the analytical and experimental data is compared
and evaluated. If the desired precision is tio¢re, then the FE model is
updated manually. The procedure is from poirii)(executedas many
times as necessary until the wanted precision is achieratithe model is
optimal.
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1.3 ThesisSructure

This thesis contains eight chapters and four apperdi Short descriptions of
each chapter are given as follows:

Chapter lintroduction:

The first chapter gives amtroduction on thethesis procedure and overview of
the work that is to be presented. In addition, the structure of the thesis is
explained.

Chapter2 Background:

The secondhaptergives a heoretical basisof OMA and structural dynamicsin
relation to dynamic response of systentSignal processingfor the purpose of
extracting the modal parametens also explained-urthermore, the chapter also
includes theoryabout masonryas a materigl and numerical modeling of,iin
addition toa general basis of the use 8Dlaser scannerd.astly the chapter also
includes general background of previous studies in the difiefeslds that are
explained.

Chapter3: Case study

The third chaptegivesan overview of the case study that is the basis of
thisthesis, with background information about thewer itself.

Chapter4: Geometrical Survey

The fourth chapteincludes the geometrical survey of the tower, whereiaitial
visual inspection is givermhe chapter explains the process 3D laser scanning
and mapping of the tower for the purpose of modelling. Finally, it also gives the
basis for themodelling of itand the process afonverting the point cloud data to
the final geometry.

Chapter5: Numerical Modelling

The fifth chapterconsists of the process a@king the geometrical model and
converting it into a numerical model for FE analysis. The chaptdudes an
overview and specifics of the procedure usedaiter the model and finally
perform modal analysis on it. In addition to presentitige final discretized
model, it alsoshowsthe results for the initial modal analysis performed on the
numerical model, as well as gravitahal analysis for verification of it.
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Chapter 6:AVT

Thesixth chapter gives the basis of t#é/Ton thetower, where the procedure is
presented as wellsathe results. The chapter includes thgategy used for the
testing and theoretical backgroundfor the decisions made in relation tthe
placement and number of sensqrén addition to the time interval for the
readings.

Chapter 7: FE Model Calibr&bn

The seventh chapterconsidersall the previous chapter for the basis and
procedure of calibrating and updating the FE models. Tiethod 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 nonlineamaterial models.

Chapter 8: Conclusion andruture Work

The final chapteconcludes with finatemarks of the work presentedin addition
to future works

Appendixes

A
AppendixA gives an overview of the sensgpecifications

B
Appendix B presents the results from the initial and second A&dings

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 readings3idldser scanning
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Chapter 2. Background

2.1 Modal Analysis

The assessent 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 inttwo main groups; 1) Forcedand 2)AVT

[4].

Modal analysis allows faattaining the modal shapes, natural frequencies and
damping ratios of a given structurfs]. These elments can then be used to
formulate a mathematical model for its dynamic behavj6i.

2.2 Operational Modal Analysis

The assessment of the dynamic response of historical structures habasiged

the need for this to be done in such a mann&hich 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 areasthe conservation of these
structures is utmost important.Knowing the seismic vulnerability of these
structure will help tamaintainthem for future generations. Necessary measures
can be taken to reinforce vulnerabdeeas anchelp the preservation of tbm.

As explained in the previous section there are two main methods for the
extraction of the dynamic response of structgréVhile the first methodequires

the modal parameter identificatiorto be carried out based on both input and
output measurement dta, the second method will only base it on the euit
data, which is the case dhe OMA. Figure2 shows a general flowchart of the
approach of the OMA.
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The development ohardware andsoftwarein the fields of AVT and OMA Isa
over the lastyears strengthen the use of themwhen dealing with heritage
structures.While the use of them has made it easiegardingthese structures,
there are also a lot of key point afterest that distinguishes the different
approaches to the methosl These differences in thapproaches and methods
used when implementing OMA and AVange fromthe intention of theuse
(health montoring, repair & retrofitting, seismiassessmentto the methods of
extraction of modal parameters. Other importaféctors are sensor placement,
damage identificationof the structureand theexecution of the AVT. All of the
above mentioned factors areotbediscussedn this thesis, however readers are
advised to look at more comprehensive reviews sucfBas

In summary OMA can be explained as a method of analyzing the modal properties
of a certain system under normaperational conditiong7]. Sensors are used to
register output dat 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 walkingwavesor 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 checteristics. Most of the studies carried
out in Norway, have applied OMA on bridgekis has shown to be of most
interestin relation toresonance effects on them

One study was carried out for the undeonstruction cantileverDolmsundet
Bridge wheretwo accelerometers where usef8]. The accelerometers were
placed on the cantilever of the bridg#eck thus changg in the four stages of
frequencies in the different construction phases with the use of-S8V 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 oMATLABI[9]. The methods were verified on twedmpleshear
frames where the dynamic characteristics were alreatmown, based on
previous studiesThe methods were then implemented dahe Hardanger Bridge,
where actual measurement data was available. The results of the studies showed
that the different methodsgavegood estimates, while the more advanced ones
had somewhat higher precisiomhan the others.The study concludedhat the
Cov-SSI method was the best one, for the estimation of the dynamic
characteristics.

Additionally, a study was done on the monitoring of tBergsgysund Bridgean
end supported floating pontoon bridgd0]. The monitoring system consisted of
a total of 14 accelerometers and was carried sutcessfully where the system
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identification was achieved. As also presented8n9], 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 caseis a study for where the dynamic identification on steel
pantograph was don@singOMA. The pantograpithat was assessed was similar
to ordinary pantographs usefr the transfer of electric power from theatenary
compared andadjusted to the OMA experimental data, in order to achieve an
accurate representation of the structure itsglf1] The study showed that the
model that was calibrated with the data from th&VT, behaved in a similar
manner to a physical mode

One of the main problems with the OMA when it comes to the dasathe
maintenance of the data acquisition systefurthermore other factors that need

to be taken into account when usif@MA are the planning, setting up and
performing of the measurements in a fast and smooth fashion, as these in many
cases cannot be redorjé2] .

2.2.1 Transfer Path

Theexcitation on the structurés usually assumed to bapproximatelyGaussian
white noise[13] This white noisecovers the frequency range dhe modal
characteristis of the structure, as iis distributed over a wide frequency rang@.

Figure 3showsthe conceptual transfer path ocDMA, wherethe input includes a
loading filter whichcan be explained as

Theassumed white noise is not always white, and therefore we consider these
zolored load® as the aitput of an imaginary loading filter which is loaded by
white noise.

System to be identified by OMA

> ; » —_ >
i Loading filter < Structural system
> ' r o o E—
White noise Unknown Measured
input forces responses

Figure3 Conceptial transfer pathof OMA

The loading filter does not altehe properties of the structural system, however
the system that is to be identifiedeedsto be estimated for the wholeapproach
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Therefore, wherconsideringboth the loading system and the structural system

there wilbeOOOOAODOOAT AT A 1T AAET C Oi T AAOG6 S8
Some of the assumptions that are made with theeuwf the OMA ar§l4]:

- The response of the system is equalth® 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 abovethe identification of the modal propertiegsan bedone
through several different processedthile OMA does notely on knowing the
input, the actualexcitation isthereforeuncontrollableand unforeseeald. This is
not the case for the classicaixperimental modal analysis (EMAThe EMA
method uses physical properties ofexperimental measurementgcontrolled
input that is measured)of the system/structure to correlate the dynamic
characteristics of a mathematical modgl].

The use of sensom@nd no interference with theperation of a structures a key
factor for why OMA is specifically suitable for structures with historical value, as
it allows for attaining dynamic charactstics without doing any destructive tests
on the structure itself.Classical modal analysis such as EMA is however not
suitable for historical structure®ecause of the required input measuremgh5b).

The main advantages of the OM#fBmpared to the EMA argl6]:

a) Because the input is not measurgtie procedure is cheaper and faster

b) The procedure does not interfer&ith 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 antroduction and overview of the fundamental
concepts of structural dynamics for multi degree of freedom (MDOF) systems
and the damping ofthem. In addition, main aspects that are important for
understanding the modal properties of different structures dasystems, in
relation to frequency and excitation is described.

2.3.1 Multiple degree of freedom system

Describing a MDOF system in matri@rin can be done through the following
formula:

0O Lo 0 wo L WO wo 1)

Where, [M], [C], and [K]are the mass, damping, and stiffness matricds0 ,
wo and wo are the vectors of acceleration, velocity, and displacement,
respectively while @w 0 is the fore 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 neglectdten we are looking at a free
response of an undamped system. In that case, the following can be considered:
x(t)=0and C=0.

Based on the damping of the systerthe 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 figdrender,
where the freearesponse of undamped system is shown in green.
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Figured Damping influence amsystem[17]



o)
| Background| ol 4’6).

2.3.2 Natural Fequency

The natural frequency of a structure is tifequencyfor which the structure
vibrates when itis disturbed (impacted by any actionfor each structure or
object there could bemany naturalfrequencies The number of degrees of
freedomfor a certainsystem is equal to the number of natural frequendies
system has.

2.3.3 Damping Radio

The damping ratio of astructure is a parameter explaininghow a systent
oscillations decayafter beingdisturbed.A system where there is mamping will
therefore keep movingwithout stopping.

2.3.4 Resonance

When the natural frequency of a structure is amplifigde structure will be
exposed to resonance. This is domken thestructureis impacted by an external
action which is equal to the natural frequendyje resonance phenomena cae
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 givenwith the following
formula:

"Q 2

p
o
Aspresented in the formula abovéhe two properties frequency and periate
inverselyproportional to each otherln short, period is the timén secondsjo

complete one cycleof vibration and frequency(in hertz) is the number of
completedcycles in onesecond figure 5illustrates thisin a graph.

A V(1)

Figureb Generalperiodicfunction[7]
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2.3.6 Mod e Shapes

The male shapes for a given structure is theattern of vibration for which the
structurevibratesfor a certain frequency. For differefittquenciesthese mode
shapes changeUsing modal analysis withake it possible to find these mode
shapesand the corresponding frequenae

Figure 6 presented a cantilever beam here the expected mode shapes are
shown. As seen in the figurthe 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 oneswith 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 eithemodal analysisausing sensors or with the use of modal
analysis in a FE softwarEor systems that are much more complex than the one
presented in the figure undewhere there are a vast number of beams, columns
and different materialthe use omodal analysis is a necessaoypl for extracting
the mode shapes and the corresponding frequencies.

Mode shape and
natural frequencies

/l == . Mode shape 1
A

/{ _ Mode shape 2
ﬂ —q‘-‘_\‘\\

/l -~ Mode shape 3
ﬂ -~ -

Figuret Modal shapefor acantilever beam
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2.4 Signal Processing and Modal Parameter Extraction
Understanding signals and the processing of them isontgnt when dealing with
modal analysis. This section is therefore going to give an overview of signal
processing techniquesthrough Fourier, in addition to modal parameter
extraction.

One of the fundamentals to the signal processing in maalysis is the Fourier
transform, and it is one of the key milestones; the development in the

technology of it. [6] Without the presents of the Fourier transfornthe
performing of modal analysis would not be possible

2.4.1 Periodic Function

A periodic function can be defined lafunction with the fundamental period .T
In that case the following equation is trdier any given periodic functian

Q0 Y Q0 (€))
2.4.2 Fourier Series
Fourier series is representation of a periodic functigngiven as the sum of

infinite harmonically related sinusogiWith the formula given undetrt is possible
to compute any given periodic function

) RO
0o O wmiv OOBRL—" (@)

2.4.3 Fourier Transform
As mentioned abovewith the use of the FourieBeriesit is possible to express a
given signal in terms of the frequencies that make the sum oTlie Fourer

Transformcanbe used to decompostinctions, theformula is shown undeand
IS given as aontinuousfunction:

&0 o'fS OB 5)

2.4.4 Discrete Fourier Transform

The formulagiven for the Fourietransformis givenfrom -Hbto Hb, howeverin
practice this will not be the caseas there will be a given timmterval that is
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analyzed While the Fourier Transform formula does not analyze a finite time
interval, we use theDiscreteFourierTransform(DFT), which is shown under

CAEQE
HQ &5 6)

where— "B Q

Asit is not possible tdook at frequency and time continuousihe formula allows
for calculating a summation of thigequency coefficient of a finitéime interval
Figure 7, showsthe DFT appliedn afunction, wherethe result is a set of discrete
pointsthat are summedaccording to the formula of the DFT.

l“. - .I".H-. - ..-hﬁhﬂl - .Fh
- -

Figure7 Discretdrouriertransform[18]

The results of using the DREhd summing ugllthe partsis the followingcomplex
number, as given under:

w 0 0 (7)

This numbeican in thenext step be plotted int@ complex plane, while using the
real and imaginary part of the number as coordinates. The numidrsogether
give information of both the magnitude and the angh¢ a vector which in turn
will give the necessary valuge know the amplitude and Ipase shiftof the
sinusoid Without goingfurther into detail of the theorem the idea of thd~ourier
transform is thata signalcan besplitinto individualconstituent frequencies

A given periodic signal contasrthe sum ofthe elements at all frequencig$].

Each of the fregencies 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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TheDiscrete-Time Fourier Transfrm is another form of Fourier analysis which is
usedfor analyzing discrete data of a continuous @tion. The formula is given
under.

CAEQE
&0 &5 ®)

2.4.6 Fast Fourier Transform

In modal analysis the Fourier analysian beused to compute theOUOOAIT 6 O
frequency response functigrwhich in turn can be used wmpute the modal
parameters[19]. This is don@isingthe Fast Fourier Transforifi-FT)

The FFT has made huge changes in the computational techniques used in both
filter simulation and spectranalysis, but also other related fiedldThe 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 befoe the application of FFT, it becameore 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 tus saving a lot

I £ Al i DOOAOCEIT OEi A8 2AAAAO0O0 AOA AAOEOAA
publication of the algorithnfor a morein depthexplanation of the method21].

2.4.7 Summary of Fourier

A summary of thedifferent Fourier transbrms is presented intable 1. The
distinction between the differentransformsarethat of the time duration, which
can be divided intdfinite and infnite in addition to continuous or discrete
functions.

Tablel FourielSummary
Time interval
Finite Infinite
_Continuous | Fourier Series (FS) Fourier Transform (FT)
Discrete Discrete Fourier Transforrm Discrete Time Fourier Transform
(DFT) (DTFT)

14
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2.4.8 Modal Parameter Extraction

While the previous chapters have laid the foundation for gnal processing,
the following paragraphs will explaithe techniques that can be used to extract
the modal parametergor AVT.

As there are many methods availah 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 parametextraction methods,
there is one key aspect that needs to be expdinThis is the concept of time
domain and frequency domainhen talking about waves and frequencies it is
normal to talk about wave amplitude given over time, also known as the time
domain. Howeve, it is also possible to talk about it in the frequency domain. In
that case the wave amplitude is given over the frequency.

Both domainshave their up and downside®/hen looking specifically at theme-
domain, oneimportant characteristids that the modes that are presenn each
signal are also present at any timéigure 8 illustratesthis. This is one of the
drawbacks of the time domain, on the other side one of the benefithas it is
easier to obtairbiasfree datg in comparison to the fregency domain

Apart from this when looking at the frequency domain and the use of it in modal
parameter extractioneach mode has a small frequency band where it dominates,
this can be seen ifigure 8 as well Thus, the frequency domain has advantage

in that the decompositioncan be consideregimply by looking atdifferent
frequency bandwhere theindividualmodes dominate Thisgives the frequency
domainthe characteristic ohatural modal decompositiontherefore making it
much easier to distinguish each mode.

/ frequency

time

Figure8 Frequency domaimnd time domairvisualizatior22]
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Frequency Domain Method
Peak Picking (PP) Method

The peak picking (PR)r Basic Frequency Domain (BFgthod is one of the
easiest methods used in modal analy$ts output only measurementsThe
method is based upon that the frequency response function (FRe&j}hes a
OPAAESG 10 Al A@OOAIT A /feddisOiilubtrateEfiurdSA OO OAT A

Theway the method is implemented usingthe DFTwhere the measured time
histories are convertg to spectra. The natural frequenciase then determined
as thespikes inthe power spectral density (PSD) pl¢23]. While the method
allows for a fast implementation, #lsohas disadvantages in that the methasl
expoxed to a subjective selection of natural frequencid¢sirthermore, it lacks
accuracy in the estimates of theeflected shape®f structures.The methods
precision is also dependent on tlieequencyresolution ofthe spectral density
and thereforethe method only gives an estimatéMoreover the method is also
influenced by noisé7].

The method can be classified as a SDOF method for OWi#h the use of the
method, an assumption is made upon thiesonance that only onemode is
dominant[14].

Time Domain Method
Stochastic Subspace Identification (SSI)  Method

The Stochastic Subspace Identificatiomethod (SSI) is rmoutput only method
suitable formodal parameter identification in OMAThe method is compared to
the PP method more complex

The SSI methods used in the time domain, where there are a vast number of
algorithms availableThis allows the method to be implementelitectly, without

the use of spectra such as the PP methddhe algorithmsused will always
produce a (suiptimal) outcome, as a malt of the algorithms being non
iterative and neverending in a local minimg24].

Wedividethe S3method into twomain types: the correlation driven SSI, and the
data driven SSIThe correlation driven SSlso denoted Coz&SIconsidersthe
problem of identifying thestochastic state space model, from the output data of
the AVT. The data driven SSI, also called {33ldoeson the other handely on
linear algebra tools and mathematical fraawork 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,asj2B]
and[24].

1€



o)
| Background| ol 4’6).

2.5 Masonry

When looking at OMA implementation on historical masonoyver, there area

lot of studies availableSeveral studies have been implemented in Itfy 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 mod@lbaqus software tgredict

the dynamic behsior. 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
AVTdata.

Studies have also been cad out for continuous monitoring of structures. A
study in Italy assessed a stone tower in Perufpadamage identification[26].
Other studies in Italy focus on the same thing, such as apa study carried
out for historical masonry structures with continuous monitoring forettwo
towers; Gabbia and San Pierto, located in Mantua and Perugia resped@&fly
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 outPiartugal[28], this studyspecifically
lookedat 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 capit&ladri.

Both structures were historical masonryconstructions where the dynamic
characteristics were achieved with the use of sensors.

Similar studies hee also been implemented on historical minaret in Turk2g].
Where the results oAVTon the structure was used to update and optimize a FE
model. The final FE model cqrared to the initial one, resulted in deviation from
the experimental data to be reduced on average from 27 to 5 %.

In the available papers ariterature, there are certainly many papers where OMA
has been implemented. The method has been implemented different
structure types, and there are many papers concerning historical structures, and
more specifically historical masonry.

1
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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 past(or no paste in certain cases), $iegire 9.

Brick unit .
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Figure9 Masonrymaterial

Historically masonry has been used in a wide range of structures, ranging fro
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 heterogesousmaterial with anisotropicproperties, because of its
structure. The joints in masonry structures are usually the weaikits of them

and most cracks appear in these arga6]. In addition because of the irregu
stone sizes in many stone masonry structures, the mechanical properties will
show variation31]

2.5.2 Damage on Masonry Structures

The main damage on masonry structures are usually connected to cracks,
material degradationand deformations as well afbundation settlements[28].
Other damage presentin masonry structures are related to spalling of the
material, wherebrick simplyis missing Furthermore, the cracks can be of
different character depending on the actionthe structure is subjected to.

Corner damageoccurs becase of poor watto-wall connections while shear
crackingusually happens in opening becauseardufficient lateral strengtiH32].

Overall, in order to identify and document ttiell materialhealth inmasonry but
also structuresof other materials, bth visual andtesting (destructive or non
destructive) needs to be implemented.

1€
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2.6 Numerical Modeling

As explained in the previous section there amany studies carried out for the
combined research of OMA and FE model calibration. Many of these studies are
interestingregardingthe importance ofnumerical modeling for the assessment

of dynamic response of structure. While performing OMA will helpiadhthe
dynamic characteristicghe numerical modeling will allow for implementing this
knowledge of the structures and performing differeamalyzeson thembased on

that. The upcoming sections gives the basis of FEM and numerical modelling of
masonry.

2.6.1 FEM

The FEMhasdevelopedinto an essential technology in modeling and simulation
present in a large amount of fiel@dhe methodwas initiallyimplementedto solve
problems related to structural analysibut hassince been used forthermal
analysisandfluid flow analysismong other thing9g.33]

The FEM is a numerical method where the approximatsolutionis obtained by
dividing the problem domairinto small number ofelements, and from there
applying physical principle laws of these elemen®When assessing specific
structural analysigasesthe solving of problemsan be very complicated when
solving the main differential equations(dependent on geometry, material
boundary, loading conditionsetc.) through the use of analytical meantherefore
an approximation via FEM isi@asier and less timeonsuming option.

Computationalmodeling through the use of FEM can thwided into these steps
[33]

I.  Geometrical modeling of the structure
[I.  Meshing (discretization) of the geometry
lll.  Specifyingmaterial properties
IV. Specifyingboundaryand initialconditions, as well as loadirgpnditions

2.6.2 Modeling of Masonry

As themasonrymaterial is not homogeeous, there aretwo key mints that need
to be considered when modeling masonry structuresgardingthe structural
behavior. These are: a) the behavafrthe masonry units and b) behavior of the
joint material [34].

We split the modeling of masag structures into twanain categories according

to these two key points mentioned above, which are; micro modeling and macro
modeling [34]. These two differentategories are distinctive in that the micro
modeling considersthe presence of vertical and horizontal mortar joinend in
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addition to that the material is anisotropic. Mile the macro modehg does not
take this into accounf35].

In general, imen modelling historial structures such athe ore assessed in this
thesis,there are some issues that are presémit needs to be evaluate[®5]:

- Excessive simipications of the modellingshould 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 betweenhie 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 theodeling of historical structures,
there are also a lot of ifferent ways of modeling them. Depending on the
intention of the modeling and the level of detail, these methods charigenext
paragraphswill present the different ways of modeling masonry.

The two methods mentioned above can also include anotheteimediate
approach, making it a total a3 different approaches of refinement that can be
taken when modeling masonry, as shown 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 methodias their benefits.

Macro modeling Simplified micro-modeling Detailed micro-modeling

—————— = ]

S

i) ii) iii)
Figurel0One two- andthreephasemodeling

i. Onephase materia® AAOT 11 AAl ET C6
As seen ifigure 10i) in this method of refinement the material is modeled
in continuum. There is no direclistinction 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. Howevet dan be suitable for modeling of biggenasonry
structures.

20
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Two-phase materiaD3 Ei D1 EJEEAA]T EEZOI

The two-phase material method of refinement takes a bigger step into the
micro modeling of the structure of masongs seen in figure 10.iin this
method, the different units are splin a way thatonsiderghe size of the
brick units and the paste size. The method allows for a simplification of
the complexity of the masonry materialvhile being more complex than
the previous mentioned onghase 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 ththreephase material method.

Threephase materiaD$ A OAE HAAA ATEEA OJ 6

In this method the masonry material is modeled with continuous joints,
while the bricks are modeled discontinuously as shamfingure 10 iii) The
method allows for far more aurate results of the FEM model, but the
complexity of the method also reduces the use of it because of
computational effortneeded to implement it. Micrenodeling requires
that it includes all the failure mechanisms ahaterial, cacking of joints,
sliding over one head or bed joint, cracking of the units and crush8t]

The three presented methods of refinement can be seen as the three main
different methods of modeling of masonrylhe flowchartshown infigure 11
displays the diverse methods that can be taken whgsrforming numerical
modeling of masonry structures. Thikesis will not go in depth on the methods

in that level of detailhowevera lot of literature is available that compare and
investigatethe different approaches availabl¢30, 34]

( Approaches for numerical 1
modeling of masonry structures

h 4 i
. Simplified micro- Detailed micro-
acremaeling modeling modeling
Continuum FE Discontinuum FE Dicontinuum FE | |Dicrete Element Dicrete Limit LA EITEER] Boundary
r contact
macromodels macromodels models models Analysis models dynamics Element Method

Discontinuous
Deformation Analysis
(DDA)

Combined
FDEM

Particle Flow
Code (PFC)

Distinct Element
Method (DEM)

Figurel1Approaches farumericaimodelirg ofmasonrystructures

On the abovementioned basis, a more simplified approach can be taken when
looking at different modeling possibilities for numerical modeling of masonry

21
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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 netdsuit the purpose
of it in order to get the wanted result.

SoilSructure Interaction

An important aspect when modelling different structures directly on the soil is the
interaction the soilhas to the structureand the behavior is cause$he soi
structure interaction (SShasbeen an essential part irearthquakeengineering
and has gained a lot of attentiorinternationally in the last decade3he reason
being the importance of It, when nvestigating the dynamic response of
structures

Using SShas shown that when considerinig/o identical structures, the response
of that given structuraliffersa lot. For example considering a structigepported
by aflexible soil appose to a rigicbase will give different response on the
structure[37]

The application of SSI on numerical modeland how it differsfrom no SSI
consideration is shown in figure 1Phe two different approaches taken to define
the supports of the structuréiffers in thatthe implementation of SSI takes into
consideration the soil and thmteraction 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.

/ Without SSI SSI (Soil s(mcluvelnleraclloh

Constrained in x, y and z direction

Constrained in x, y and z direction

using supports directly on structure using soil structure interaction

\_ A

Figurel2Numerical models with and without $8plemeration

As seen in the figurethe structure where SSI is not considered will neither
considerthe mechanical properties of the soil, but also not consider the interface
between it and the structure. Therefore, the numerical model will be much
simpler, butthe response of it will also kwteredas explained above.

Furthermore, he application of SSI has lseme much easiemwith the use of
modernFEl T AAT T ET ¢ O1 £0 x, el dhé int&rfadaitieradtion $ EAT A
between thesoil and thestructure isdefined effortlessly. Thismplementation

will be explainedn chapter 5 of the thesis.
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|
Structure

Interface

Soil

Figurel3Visualization o§Slimplementation

As explained above the interface of tisructureand soil ighe basis for theSSI
method. Figurel3shows the implementation of it on a given structure, where the
FE model of the structure and theoil is defined with an interface in between
them. The implementation of the method changes according to how the
compositionis, where therelation of the structure relative to the soil and \de
versacan be different depending on each structufignefigure above is therefore
only a simple sketch of the Staiplementation.

While the SSI method simply focuses on th&eraction ketween the soil and the
structure, in recent years thétructure-soilstructure interaction (SSSI) has
gotten a lot of research attentioi37] The effects the structures have on each
other based on the soil, can be assessed with the metisidginterfaces.This
more complex interaction methods compared to SSI more important ia city
scale point of view, where there is a derssructure presence.

The use of SSI in numerical modelling was for some time considered only
beneficial in relation tathe assessment ofeismic vulnerability of structures.
However,it has shown to lead ta larger than expected factor of safety and thus
actually making itunsafeto use without the full knowledgef it [38]. The use of

it, and the implementation for assessmermif dynamic response is therefe
important to examineandrecognize thoroughlypeforeimplementing it.

Moreover, tedifficulty of the implementationof SSland therequired input ofit
can make it difficult to fully execute For thispurpose,different methods and
models have whennoposed for structures with basement leve]89] One of the
applicable modelsvith the implementation ofbasement levelswhere the SSI
effects had been neglectedshowed resultsclose to the model with the
consideration of SStffects. [40] Thus, the application of simpler approaches is
possible when considering thdynamic response.
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2.7 3D Laser Scanning

When it comes to introduction of laser scanners in geometrical modelingeof F
models, there areseveralstudies that are interesting. The implementation of
laser scanners used to present a seautomatic procedure was the basis of a
study performed in Italy{41]. The procedure presented converted the point
clouds to threedimensional geometry, that in turn could be imported into FE
software. The study showed that the method and the corresponding procedure
resulted in an effectivand less timeconsuming 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 isaddressed 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 coddfmOAEAT ") - O1 AOx48Ad Oh OOAE
ArchiCAD44] are usually used for managg and modeling of new buildings, they

can also be utilized for other use cases. The paper presents how these kinds of

Ol £FOxAOAG6O0 AAT AA OOAAnh AOGAT OET OCE OEAU .
use in existing complex structures. The catedy presenéd 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 oéthistoric bridge modelling, where the context

of the study was structural dynami¢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 is @halysis 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 inBgeometry with high accuracy is
shown to be difficult to achieve, therere studies carried out in this field. One
study carried out in this arena, with the intention of usimpint-based
voxelization for the conversion showed a good interpretation for the use in
computational modeling46]. The study was implemented with high degree of
automation, however only fotwo-dimensional representatiorof solids. The
study concluded with three key pointer further evaluationto be used more
widely: a) better shape detection of openingb) better distinction of real
openingsand g higher level of automation, and emphasis on the expansion for
full three-dimensional modeling.
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The automatic implementatiorior point cloud conversion to a geometric model,
which can be used in FE analysis is particularly imgtrtin 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 humarmae. In[47]a methodology for the
estimation of arches and vaults is presented, based on the symmetry of sections
obtained alg the vaults guideline. The acquired point clouds from Bidaser
scanners is accurately processed by statistical nonparametric methods, based on
localbivariate kernel smoothersThe methods presented allows for an estimation

of the cross sections ohe arches, without the need of establishing parametric
shape.

The implementation of3D 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 aspegtthere 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 alidse aspects mentioned.

2.7.1 Overview

3Dlaser scanners allow f@canning and mappin§Dgeometry such as buildirgy

or objecs for the purpose of importing this data into modellir@| £O0xHOA S O
use case of them is wide, as they can be used from illustrakiagnterior of a

room, to more advanced deformation measurement of civil structures
Furthermore, there are a vast number of differeBD laser scanners available,
from simplerterrestrial scanners to more advanced drones.

While the basis of the scanners is the same, the purpose of thésudifferent.
Forexample,as mention in the previous section the data from the scanners can
be used foautomatic or semiautomatic conversion 8bgeometry, however this

is still not fully developed. A more traditional wafusing the scannerss totake

the point clouds from the measurement and use this asemplate for the
modelling.

Figure14 shows a general overview of how terrestrial laseanning is used to
scan the3Dgeometry 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 terrestréidlaser scanning

is explained in depth in chapter 4, where an overview of the point clouds and the
procedure is illustrated.
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Shared point Shared point
between scan between scan
position 1 and 2 position 2 and 3

Scan position 1 Scan position 3

Scan position 2

Figurel4TerrestriaBDlaser 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 withhggher precision
- The scanner will give a 3@legree 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,opposel to scanning of a large tower.
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Chapter 3. Case study

3.1 Overview

The Slottsfgll tower is located on a hill near the center of the city of Tansberg 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 tlesponsibility for the daily
operation and dissemination of the Slottsfjell towé&om the 1. of January 2012
they state the following on their official website

The tower itself dates from 1888 bwyimbolizes the Slottsfiell 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
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Figurel5Silottsfjelltowersituated in Norway

The tower is to the people living in the surrounding areas the key identification of
the city of Tgnsberg and the countyThe Slottsfjell tower is because of its high
position, veiblefrom large parts othe city. Figure16 showsthe Slottsfjelltower
ontop of the Slottsfjell hill, from the northhwestsideandsouth side.
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Figurel6Slottsfjelltower

The structure of the Slottsfjell towasa typical medieval stone construction and
does not distinguish itself much from the typical square shape of these kind of
towers, as seen ifigure 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 hugdastorical value to both the city of Tensbergut

also the to the county of Vestfold and TelemarR AAAOOA 1T £ OEA
identification with the Viking Age. One example of this is the Oseberg skip, which
was a ship from the Viking Age. Thescovery igshe most magnificent burial site

from the Viking era in Norwal49].

Furthermore, the tower itself is notolder than 150 yea as it was built to
celebrate 1000 years since the city of Tagnsberg was found&d1The text871

Z 1871is also scripted on to the northside of the towadsove the main entrance
with the correspondingext May thecity that on tre hill standflourish a thousand
newyears8 0
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