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ABSTRACT

DEVELOPMENT OF STRUCTURAL HEALTH MO NITORING AND
ARTIFICIAL INTELLIGE NCE BASED DAMAGE DETECTION AND
EARLY WARNING SYSTEM FOR TRUSS LIKE IN-WATER
STRUCTURES

Kara Serap
Master of SciencgeCivil Engineering
SupervisorProf. Dr.Ahmet Turer

SeptembeR019 129pages

Continuously growing industry necessitates substantial amount of energy which is
frequently harvested iwater regions. Electricity, gas, and oil collected offshore areas
generally require platforms constructed in seas and oceans. Inspection of offshore
platforms is hard and it is difficult to detect damage in early stages of these structures
that perform in harsh salty water environments, which might cause catastrophic
failures if unattended. Damage identification of these structures is a challengmg iss
Structural damage detection at its earlier stage would prevent possible collapses,
economic losses, and environmental disasters. Structural Health Monitoring (SHM)
approach for early damage detection and warning for-tikesgower structures in
wateris investigated in this thesis study. This thesis targeted to set rules about damage
detection and warning system using simple and sophisticated methods (Artificial
Intelligencei Al) for tower like structures. Wave loading, stored mass changes, and
dama@d members are considered in the developed monitoring system, which is
verified by tests on a small scale laboratory model. Finite Element Model (FEM) of
the lab model is calibrated using static and dynamic test results. Damage scenarios are

generated usmma VBA based program through Application Programming Interface



(API) to generate analytical structural response of damage scenarios. An artificial
intelligence (Al) based monitoring system is developed using a large number of
analytically simulated damagad mass change scenarios. The trained ANN is tested
using FEM generated structural response that are not used during training. Total of 22
damage scenarios are also implemented on the physical lab model and tests are
conducted to obtain dynamic and stagiroperties which are then fed into the trained
ANN s to see if damage locations can be identified. A Graphical User Interface (GUI)

is also developed to show the current health status of the structure including specific
details such as natural vibratiaeduencies, current mass in the tank, displacements,
etc. A damage level warning system is also implemented on the GUI to alarm for any

detected damage.

Keywords: Artificial Neural Network, Damage Detection, Structural Health

Monitoring, Tower, Truss
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SU K¢CKNDEKK MAKAS TKPK YAPILAR K¢KN YAPI
VE YAPAY ZEKA TABANLI HASAR TESPKTK VE
SKSTEMLERKNKN GELKKTKRKLMESK

Kara Serap
Yuksek LisansKnk aat M¢hendi sl iji
Tez Da nRd BraAhmet Tlrer

Eylul 2019 129sayfa

Surekli buytyen endustriyel aktiviteler icin gerekli olan yiksek derecede enerji

I htiyace, su alténda kalan Db°A-gék edenidz
bdlgelerinden elde edilecek elektrik, gaz ve petrol genellikle denizlerde ve
okyanusl arda inka edilecek platformlaréeén
tuzlu ortamlarda bulunabut ¢r yapél areé nbudeyeepé&lnar da ol
hasar | ar &n rdurve éstenmeyensbpyiik felaketlese neden olabilir. Bu
nedenl erden dol ayé hasar tespitd.i bu yapeéel
her hangi bir hasar én, egkemo ntieks poviesele pd | aar sé
felaketleri 6nleyebilir. Butez al ék mas énda, sudaki makas |
ol ukan hasarl ar i -in erken hasar tespit]
yakl akéeme el e al énméxt eéer . Bu tez, kule b,
(Yapay ZekaYZ) kullanarak hasa t espi t ve wuyar ek osyinmsatyeemi
ama-|l amaktadeéer . Dal ga y¢ke, depol anan kg
geliktirilen 1 zI| eme sildiglledicekh birelabataguwag n ¢ | myg,
model i nde t Eizksel bbatatulammadelinminr sonlu elemanlar modeli
stati k ve dinami k deney slHasual asémaar Wyaira
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tabanl @rbgram tar af é Madpany odekkaya ull mpalk &r bir
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CHAPTER 1

INTRODUCTION

1.1. Objective and Scope

The primary goal of this thesis is to develop a Structural Health Monitoring (SHM)
approachfor early damage detection and warning for trliles tower structures in

water. It is called as trusbke tower structuredecause the jointare rigid and it

causes the behavior similar to both truss aftdme structures One of the most
important types of these tower structures is the oil and natural gas extraction facilities
located in sem oceas, or lakes. Differentitan theones on land, towers-wvater are
exposed to various challenges such as salty water, continuous and cyclic loads coming
from waves, changing mass and natural vibration frequencies because of storage, etc.
Collapse or damage to-uwmater oil platformshave multiple adverse econonaad

natual disasters. Preventive measures and dachetgetionat early stages have vital

role for these important structures. This thesis targeted to set rules about damage
detection and warning system using simple and sophisticated methods (Artificial

Intelligencei Al) for tower like structures. The main objectives are listed below:

1) Investigate typesf the offshore towerand forces acting on truss like tower
structures especially the ones in water.

2) Develop a testing program for damage response and changegicnand
dynamic properties of lab model.

3) Constructa realistic 3D finite element model (FEM) of the lab tower to
simulate damage and compare against avaiatgerimentdata.

4) Generate a VBA based program utilizing API to generate multiple scenarios
to be used for the training and testing of artificial neural netwAMN) for

damagealetection



5) Design a user friendly interface for early damage detection.

The stages of the thesis to reaadsthobjectives are summarized below in the form of

scope:

1) Conduct literature survey on types ofvimter towers andeview basic wave
theory.

2) Design a 1/75 scale lab specimen and construct a realist&EBD

3) Construct a lab specimen with the same characteristibeasalytical model.

4) Test lab specimen statlga and dynamically to obtain natural vibration
frequencies and stiffness.

5) Update nominal FEM to replicatbe experimental properties as closely as
possible by changing material, connectivity, mass, and support stiffness
properties.

6) Write a VBA based APtode to repeatedly run SAP2000 to generat2Qd
damage and mass change scenarios, which will be thersulssequentlyo
calibrate ANN

7) Test the trained ANN using FEM generated damage scenarios that were not
used during training.

8) Conduct 22 damage sceiws on the physical lab model and repeat tests to
obtain dynamic and static properties.

9) Use trained ANN to guess damage locations of the damage induced lab model
using test data as input.

10)Generate simplistic damage detection methods using available regptal
data and test their significance.

1.2.Truss Like Structures with Emphasis on InWater Towers

In this chapter, firstly basic descriptions about offshore structures and types of
offshore platforms are givehen main forces applied on the offsh@teucturesand
the method used are defined. Final section gives brief informabioat ANNs Type

of the ANNs andits usefor damage detection will also be covered.



Oil was discovered in the mitdth century by obtained from coal gas, and then crude

oil was discovered from the first oil well in 1859. In the beginning, the demand for
petroleum was met from land. However, the demand of oil has increased significantly
day after day. To meet this growing need, studies were started to enable the use of
petroleum in the shallow waters near the shore in the middle of the 20th century.

Today, the eveincreasing need for oil and gas exploration is met through platforms
built into open and deep waters. There are various types of offshore structures
depending on theharacteristics of the regions they are built (depth of water and other

environmental factors).
1.2.1.Types of Offshore Structures

According to the behaviors and geometries of offshore structures, they are divided into

three groupgFigurel.1).

Fixed Platforms Compliant Structures Floating Structures

“ Steel Template Structures |  Compliant Tower |  Floating Production
Systems
1 Guyed Tower \ J
Concrete Gravity Structure -
_ Floating Production,
Tension Leg Platform ~| Storage and offloading
Systems

Articulated Tower

Figure 1.1. Classification ofOffshoreStructures

Steel Template StructuresThey can be used in water depths up to 500 meters. They
are fixed with tubular steel members supported by pipe piles to the sea bed.



Concrete Gravity Structures: They are generally preferred in the areas winere

installation of piless neededThey carbe used in water depths up to 350 meters.

The typical examples mentioned above are givedfignrel1.2.

Deck

q RN
Flare Boom :}j -\3\

Quarters

Conicrete Shell
Columns

Cocnrete Base for
Storage

Figure 1.2. Examples of &el TemplateStructure and Concrete Gravityr&ture

Compliant Tower: They are used in deep waters. They resist strong lateral forces
causinglarge deflections. They are used generally in water depths between 300 and

600 meters.

Guyed Tower: They are similar to the compliant towers. Differently from compliant
towers, theyare connected to the seabed with guy wires by means of piles or anchors.

These wires prevent the lateral displacement of the top significantly and minimize.



The typicalexamplef compliant tower and guyed toware given inFigurel.3.

Guy Wires

|

&
i
X
?z-
X
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|2

Figure 1.3. Examples ofCompliant Tower and GuyedoWwer
Tension Leg Platform: They are generally used in water depths betwe@d0land
1,200 meters. Mini Tension Leg Platform (MilLP) and SPAR Platform are two

main types of the tension leg platforms.

Articulated Tower: Instead of the wires of tension leg platforms, they hawmnarete
block or driven pile at the foundation. They are suitable for intermediate water depths

between 150 m and 500 m. This type of structure is givEigurel.4.

Figure 1.4. Articulated Tower Model



In addition to these models, other offshore platforms used for production, storage and

discharge are available. Apart from the fixed types, they have also floating models.

These types are shownhingurel.5.

Platform
(FP)
Compliant
Tower
(CT)
Tension Leg
Platform
{TLP)

Mini-Tension
Leg Platform
(Mini-TLP)

\/ i
SPAR  Floating Production ™~
Platform -~ Systems
(SP) (FPS)

Storage &
Offloading
(FPSO)

Figure 1.5. General Classification of Offshordafforms

1.2.2.Loads Acting on Offshore Structures

The most important forces that affect offshore structures are the forces created by wind

and waves.

In order to calculate the wave forces, it is firstly necessary to obtain the wave profile.

Since the definition of a real wave profile is very complex dificult, sinusoidal

waves are usuallysed



The basic parameters to define a wave profile are wave height, wave period and depth

of water.

When the mentioned parameters are obtained, other parameters which are not
available can be calculated by meafhwvarious relations. Wave type classification

can be determined by using the ratio of the depth of the water (d) to the wave length
(L) and multiplyn g wi t h t he wall)eThencutenib esed f¢r khis 2 °
classification are shown ihablel.1.

Tablel.1. WaveClassification

d/L kd=(2"/L)d Wave Type
0<d/L<0.05 0<kd<0.T Shallow Water Wave
0.05<d/L<0.50 0.1" <kd<”’ Intermediate Depth Wave
d/L>0.50 kd>" DeepWater Wave

Waves are classified into three groups: shallow water sydaatermediate depth
waves and deep water waves. For deep water waves, wave height and wave length are
the main parameters to determine the type of wleger depth has no effect tme
classification. After the decision of wave type, wave length, wave celerity and
velocity equabns of water particle in horizontal and vertical directions can be

calculated using the formulasTable1.2.

Tablel.2. WaveEquations

Deep Water Intermediate Depth Shallow Water
dLd 0.5 0.0157< d/,< 0.5 dL,d 0.0157
Water Celerity C —T £4 O A i%’f‘ CA 8
D (q¢] .
C, ~:GRA .
Wave Length L E4 —4 OA I—E 4 CA 8
cp cp .
) ) ) WA
Horizontal Particle Velocity u a*A*Q  *cos(kx-At) a*A* *cos(kx-At) TQQAI Qw Ko
Vertical Particle Velocity | w a*A*Q  *sin(kx-At) a*A* *sin(kx-At) ak(1+- OETQ® Ao




The forces are calculated using the Morison approach after the wave profile is

obtained. The Morison approach calculates the total force as the sum of the drag force

that used acceleration parameter anditieetia force that used velocity parameter.

After the determination of the wave theory t
wave theory etc.), e and G coefficients are selected according to the theory and

forces are calculated.

The Morison equatiofor forces on a unit length of thin cylindrical member is given
below:

F=Rh+k

where

Fo=1/2Cp}D U?

Fi="/4Cwm}t D?dU/dt

F : Totalwaveforce

F : Inertiaforce

Fp : Dragforce

D : Diameter otylindrical member
T D#uds i ty of
U : Fluid velocity

dU/dt : Fluidacceleration

Cwm, Co : Inertia anddrag coefficients respectively

Marine growth is a important problem for submerged members. Its main effect is to
increase the wave forces on the members by increasing exposed areas and drag

coefficient due to higher surface roughness. This effect is taken into consideration in



design through appropriatecreases in the diameters and masses of the submerged

members.
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Morison equation.

1.3. Artificial Neural Networks

Artificial neural network is a programming technique that uses a large number of cells

that mimic the functions of the human brain and functional connections between these

19902: 2007 Petr ol
steel o fal$oschlaulates the tvaveu forceuwitte s 0

cells. The functions on the created netwdflg(re 1.6) are optimized by changing

the variables on the neurons that symbolize each cell. Using the input and output data

obtained, ANN is trained and it is tried to redtice error between the outputs of the

ANN and the outputs that should have. When this error level goes down to the

minimum level, ANN training is accepted as complete.

Input Signals

Input Layer
(distribution)

Hidden Layers
(processing)

Output Layer
(processing)

sjeubig indino

Figure 1.6. General \tew of ANN Structure (Priddy, K.L. and Keller P.E., 2005)
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1.3.1.Types of ANN

Generally, ANNs are classified with respect to the mathematical operatidreet of

required parameterSome of the most used types are listed below:

-Feedforward Neural Network: It is the simpest type. In this type, the data moves
only from the input layers directly through any hidden layers to output layer without

loops.

-Radial Basis Function (RBF):Radial basis functions consider the distance of a point
with respect to the center. This netk consists of two layers. In the first layer, the
properties are combined with the Radial Basis Function in the inner layer and after
that output of these properties are taken into consideration while computing the same

output in the next timstep thats basically a memory.

There are alswariousartificial networks types. @neralregressiomeuralnetworks
(GRNN), recurrent neural networks, convolutional neural networks, Boltzmann
machine networks, and Hopfield networkee some of the other artificiaeural

networks.
1.3.2.Usage of ANN for Early Damage Detection

ANNs are commonly used for complex systems that are difficult to classify using
linear programming. Neural Networks have the capability to mimic human brain
working mechanism and best at noisy aadhplex problems. Early damage detection
requires continuous monitoring of a structural system and give a warning if a damage
is detected so that the damage will not propagate to other members and cause a
complete collapse. A monitoring system is not adegjta damage detection since a
simple threshold check is not applicable to complex systems. Currently, instrumenting
each and every member and connection on a complex tower like structure in water is
assumed to be not feasible and unlikely to happen.efdrer a more complicated
monitoring and decision making system is deemed to be necessary to capture

structural response and assess if any damage has occurred. This work planned to be a
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good match for ANN and has been the main focus of this thesis. A eeA&IN were

formed and different transfer functions available in MATLAB (logsig, tansig, etc)

were tested to give the best training performance. Usage offéiNiimage detection

in the literature exists by 1) using statistical approach applying Rogetblué s poi nt
estimate method, which was verified using Monte Carlo simulation and 2) using
probabilistic approach of Bayesd Theorem

tradeoff between true and false positives.

1.4.Literature Survey
1.4.1.Structural Health Monitoring

There are many different approachies damage detection. Structural health
monitoringis an important approach used in dgeaetection studies.

Nichols (2003) studied an empirical damage detection model that benefits from the
advantages of the environmental excitations affecting offshore structures. The study
shows that this technique is unsuitable with basic modal approach due to the ocean
wave chta based on predictions and low frequency nature of the waves. The main
purposes of the study are to increase the system response of thémiitald
predictable excitations, &how phase space modelling caughig result and to write

an algorithm whib shows the changes of the parameters. This study is also supported
by a numerical example. However, the empirical formulas used to find damage
location and damage type have some insufficiency and it is an ineffectual technique

than the ANN damage deteationethod that is the main subject of this thesis.

Mangal et al. (1999) used neural networks to develop an automatiseanonitoring
system for offshore structures. A scaled model has createdRERh The data
obtained from this analytical model aremgared with the data measured. Responses

in transient time domain are converted to the responses in frequency domain using

discrete Fourier transform. The six impulse and relaxation testsleaneonducted
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for different masses to investigate the effefcthnass change. These testewlthat
different masses causery small changes in natural frequencies of the modellaad a

it is observed that the change is very high in damaged cases compared to the less
damaged condition. It is stated that the expertalenesults are consistent with the
analytical model data obtained by FEM and these results can be used for neural
network trainings. However, only dynamic effects were considered in this study. The
dynamic properties of the structures are related to migtraass but also rigidity in
offshore structures, and it is not always possible to distinguish dynamic readings due
to the mass or rigidity effestbecause they can ocairthe same time. In this thesis,

by adding static loading and displacement measemnésnin addition to dynamic
parameters, the effects of mass changes due to oil storage on the platform are taken

into consideration by separating them from the damage effects.

Mei et al. (2014) investigated the parametric and nonparametric methods that use
vibration data to solve the disadvantages (local insensitivity to local damage, failure
to record signals at low frequencies, etc.) of vibrabased SHM methods. A non
parametric method was proposed by using time series analysis for damage detection.
Auto-Regressive Moving Average model with Exogeneous Inputs (ARMAX) was
used as the time series analysis model. The location and the severity of the damage
were estimated by taking advantage of the changes in the physical parameters. The
accuracy of this mabd has been studied on two different types of models. Apart
from the location and amount of damage, the method also differentiates between mass
and stiffness changes. Changes in mass and rigidity can be determined separately.
Statistical methods for stctural health monitoring have also been studied. However,

it is stated that the theoretical approach should be confirmed by tests.

Vanik et al. (2000) used Bayes theorem for SHM. It is stated that the method should
be tested for complex structures. It@sidered that the structure model used in this

thesis is chosen very complex compared to the other models in the literature.
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1.4.2.Calibration / Model Updating

Hu et al. (2006) have developed a method that establishes a relationship between the
finite elememmodel and the measured data. Massstiffdessmatrices were updated

with CrossModel CrossMode (CMCM) method using the limited number of modal
frequencies. The method has two important advantegepared tmther methods:

(1) iterations are not reqeid, so it does not require many calculations. (2) measured
modes and analytical modes do not require matching or scaling. The most important
limitation of the method is that it needs all mode shapes of structure and it is necessary
to obtain the missingnode shapes using the measured mode shapes (modal
expansion). The accuracy of the method was investigated with two numerical samples.
Only analytical data was used in this article. However, both analytical and

experimental data are used in this thesis.

Wang et al. (2015) carried out experimental studies by ubieagMCMmethod and
the offshore @tform as a modelt is stated that CMCM method is suitable for the

use of structural monitoring of offshore structures.

Elshafey et al. (2009) exanad the dynmnic responses afcaled jacket type offshore
structure both theoretically and experimentally and compared these results with each
other. The experiments were conducted in both air and water. The reaction force in
the foundation was calculated using urefatmation measurements and compared
with analytical model. Acceleration and deformations were measured for different
masses scenarios. Finally, it was observed that acceleration and unit deformations
were affected by small changes in mass. Finite elemedel data and experimental

results were foundtbe compatible with each other

Elshafey et al. (2010) developed a simple metmet random decrement method to
estimatedamping ratios and natural frequenciesoti€horeplatforms. The method

also calctates roughly the reaction forces and bending moment on the ground. In this
study, ground reactions were calculated approximatetyi less than5% error.

Although it is thought to be useful in calculating the forces that the waves will form
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on the structre, is not used for damage assessment. It is thought that it should be part

of the structural analysis and it is planned to be integrated into this thesis study.

Sun et al. (2006) performed a shaking table test by scaling a real offshore model. They
have eétermined the dynamic responses in this test using both unit deformation gauges
and various FBG (Fiber Bragg Grating) sensors and investigated whether FBG sensors
can be used for this purpose. At the end of the test, the results were consistent with

each dher.
1.4.3.Damage Detection

Abdo and Hori (2002) studied to develop a method of damage detesingnotation

of the mode shapess an indicatorA plate was used as an analytical model and the
damages of plate were modeled by releasing some nodes. Thdainthge location

and the extent of the damage were tried to be determined. Although this method has
been shown to work, it has some weaknesBes example a simple model and
analytically simulated data were used. Because of thamay not work on real

measured data and for more complex structures.

Similarly, Yan et al. (2006) proposed a damage detection method using simple grid
and finite element model. A graphical method based on the prediction that damage
locally causes a deiction in rigidityhas been studieth the study conducted on the
analytical model of a composite structure, 2249 elements were used in the
conventional system, 1212 elements were used and the location and size of the damage
were determined, but againlgtimited to analyical modeling and simulatiofn this

thesis study, the method proposed is prepared using both analytical and experimental

data.

Friswell and Penny (1997) reported that damage assessment studies should be

performed on both the simulatanalytical and actual data.

Salehi et al. (2010) proposed a method that uses both the actual and relative parts of

the frequency response functions (FRF) measured for damage detection parallel to the
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Friswell and PennyOds sha Gapged $moatmng Mdthod t h e
(GSM) method, they found that there were changes when compared to undamaged
and damaged FRFs. In this study 88@x25.5 mm size analytical and 8@bx50

mm dimensions of the actual ruler was used. In this thesis study, dantaggode

method was carried out on a complex laboratory model similar to the real structure
because it is suitable to show the method in such a simple structure. It is estimated that
the study on the simple ruler will not be very successful in the hyper stenplex

structures with multiple degrees of freedom.

Yoon et al. (2005) studied to determine the variability of structural rigidity. The one
dimensional (1D) gapped smoothing method was expanded intalitaensional

space (2D). Sudden changes in theant of curvature were scanned and damage
assessment studies was performed. Statistical methods were used in this study. Both
analytical and experimental plate models were used. As a result, the local rigidity
changes, which are small in size accordinthéosize of the structure, can be found in

all homogenous structures by this method. However, only damage on the edge regions
can be detected with this method and a simple model has been used as in the previous

studies. The model in this thesis will bes# to the real structure.

Gawronski and Sawicki (2000) tried to determine damage on laboratory truss structure
by using modal and sensor directions. However, an excessive number of sensors were
used in their study and more sensors were put into the refjitle damage. In this

thesis, fewer sensors were used.

Yang (2009) has developed a method that uses the matrix disassembly technique to
determine the damage location and the vectors were used to calculate the amount of

the damage.

Yang and Liu (2007) desloped an algorithm to detection of damage location used
modal residual force as a criterion. The method assumes that the measured eigenvalue
dimension and the analytical eigenvalue dimension are the same and that the damage

only causes loss of rigidity.
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Yang and Liu (2007) accepted the modal force errgrd@fined for each mode as a

criterion If bj is zero, it is assumed that there is no damage to the member otherwise,

that is, bj is different from zero and the member is damaged. Yang (2009) developed

anew algorithmusing this criterion. The loss of rigidity was defined with the diagonal

matrix (U) consisting of a stiffness connec!H
parameters previously defined by Yang and Liu (2007). At the end of the algorithm,

an equation emerges that the product of the diagonal matrix consisting of element

rigidity damage parameters and a vectgy fighction of the damaged state eigenvalue

vector is equal to another vector (ej) function of the damaged state parameters and the

finite element model (undamaged case). If ej is zero, it is understood that the element

is not affected by damage, and if it is any value other than zero, it is damaged. In order

to determine the damage extent, tedbg el ement
the division of ej to dj. The method was studied on a truss model consisting of 23

members. Two scenarios have been tried: (1) damage condition of a single member

(2) damage condition of the two members. The study showed that the method works

in both cases (in single or multiple damage cases). The method is remarkable because

it uses only the matrixector and matrbscalar products for damage location detection

and the division technique for the damage extent.

Shi et al. (1998) tried to determineettocation of damage by benefitting from the

change of the modal strain energy for both damaged and undamaged cases.

Another method using the change of the modal strain energy was studied by Hu et al.
(2006). CrossModal Strain Energy (CMSE) method wasedsto determine the
damage extent for multiple damaged members. In the method, the mass was assumed
as the same for both damaged and undamaged conditions andtafivieame model

was used for research. The methods generally accept the same massegjetidand
undamaged situations, but the masses of offshore oil platforms change constantly, not
fixed. In this thesis, this change is taken into consideration.
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Wang (2011, 2013) worked on estimating the damage severity of single or multiple
damaged membegrnd developed the IMSE (Iterative Modal Strain Energy) method.
After the damage location was determined by any method, the IMSE method estimated
the severity of damage by using modal frequencies that can be measured reliably with
a single sensor insteanf the mode shapes of the damaged structure. The major
advantages of the method are that a minimum number of modal frequencies are
sufficient and using of modal frequency which is more reliable than the mode shape.
It is assumed that the damage will onhange in the stiffness matrix, while the mass

will remain the same. The eigenvalue and the eigenvector of the undamaged structure
and the eigenvalue of the damaged structure are taken as known, and the damaged
stiffness matrix and eigenvector as the unkmoBased on the eigeamnalysis of the
undamaged structure, the deformation energy equation, then the damage magnitude
equation and eigenvectors of damaged case are obtained. After this stage, eigenvectors
of the damaged modealre found by taking the damageverity is O for the first
iteration. In subsequent iterations, new damage magnitude values andestmn
values are found and then iterations are continued until the difference between the two
iterations is reached to the desired tolerance rangeurAerncal example was
conducted on a cantilever beam model with dimensions of 2.8x5.0 cm with a 2 m span
length. The first three frequencies were used and two different scenarios were tried in
the example. In addition, results were obtained by 1000 Monte Slenulations and

these results were compared with the other test results using a similar beam model and
it was observed that they were consistent and accurate with each other. The IMSE
method which was studied in 2010 was improved and in this casesiused to
determine not only severity of damage but also both the damage location of the
offshore platforms different from the previous study. The IMSE method has been
studied to find the location and amount of damage in {tmeensional frame
structureswith incomplete or limited modal data. It was aimed to calculate the
location and amount of the damage by using single algorithm unlike from the other
studies related the damage detection. The study has significant advantages: (1) the
ability to use thencomplete mode shapes in the algorithm without the need to use
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model reduction and modal expansion methods to complete the missing data. (2) no

need for full mode shape. However, mode shapes are proposed to be used in the

method while determining the laoan of the damage instead of frequencies which are

less susceptible than mode shapes. Because of that, the full mode shapes are suggested

in order to improve the accuracy of the results. Themdtle shape was obtained by

using the SDUP (Slave Degree lefeedom lterative Updating Procedure) method,

instead of using conventional model reduction or modal expansion techniques. SDUP

is a method for completing slave DoF mode shapes using measured degrees of

freedoms (DoF). (3) The first few modal frequenciessaifficient and do not need to

be matched to the mode shapes. The most important disadvantage is that the damage

only results in loss of stiffness, assuming the mass remains constant. Therefore, it is

stated that there may be practical problems forttinetsires whose mass is constantly

changing. The amount of damage was calculated using the IMSE method, but unlike

the previous one, the damage locations arebtined by using another new method.

This new method i s bas eudldanage sceramrioicalsesa t hat
different combinations of frequency changes in the measurements of the damaged
structureo. The combination of two different
damage for each scenario (i.e. each member) is calculated anentems assumed

to be damaged where the difference of the two severity of damage is minimum. The
effectiveness of the method was investigated for different scenarios on a numerical

sample. Damage detection methods have also been studied for offshdugestruc

Li et al. (2008) studied the damage detection of offshore jdggetplatforms in the

case of limited or incomplete modal data are available. They focused on detection of
damage using the first few modal parameters. Gmussel crossnode (CMCM)

method was used. The main advantages of this method are that only a few modes in
the damaged case are sufficient and no matching or scaling between the measured and
analytical modes is required. However, full mode is required to use the method. The
method ceates a matrix of linear equations, including unknown correction factors

necessary to correct the selected stiffness and massaubes. In this study,
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matrices including damaged and undamaged mass and stiffness matrices were
obtained from the free vibtion damping dynamic equation. Masses in damaged and
undamaged cases are accepted as the same and this is a significant disadvantage of the
method. In order to use this method in case of missing data, model reduction or modal
expansion techniques are dsésuyan or SEREP (System Equivalent Reduction
Expansion Process) methods were used to obtain the transformation matrix (T)
required to obtain fulbrder coordinates in the main model. It was investigated which
method was more successful. A test model isting of 36 steel elements was
damaged by reducing rigidity at various ratios to any three elements and the method
was studied on this model. It was ascertained that iterative (repetitive) Guyan model
reduction method gives the best results in the studitificial neural network method

was used in another study on damage detection in offshore platforms.

Elshafey et al. (2010) used random decrement signature and neural network methods
for damage detection in offshore oil platforms. Neural networks vea@ to calculate

the damage state function. The change in bearing conditions in the 1:30 scale model,
similar to real one, was noticed by using a limited number of vibragading
sensors. However, the growth of marine organisms (mussels, algae, ethg on
structure and the additional mass of oil, natural gas, etc. collected on the platform has
not been evaluated in the study. This deficiency has been taken into consideration in
this study proposed and more close to reality and holistic study was Imadeition

to the support conditions, changes in structural elements were investigated in our
study. Moreover, in the available studies, structural measurement information related
to the first undamaged form of the structure is needed, while the pralymina

measurements in our study will not be needed.

Kim and Stubbs (1995) previously studied a similar study. Only the analytical model
for offshore platforms and ABAQUS were used. At the end of the study, some results
were obtained but it was stated that this study should be tested on real structures. In
this study, damage detection method was carried out on a realistic laboratory model.

In parallel with this study and the support letter from TPAO, the accuracy and
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feasibility of the method can be investigated using real offshore platform

measurements in énext studies.

Viero and Roitman (1999) conducted damage assessment studies on two different
smallscale hydreelastic offshore platform models. Inside of the pipe elements were
filled with mercury to keep their rigidity low while increasing the masshef t
elements. The location and magnitude of the damage were attempted to be found using
MAC (Modal Assurance Criterion), COMAC (Coordinate Modal Assurance
Criterion), MSF (Modal Scale Factor), RD (Relative Difference) and modal vectors.

In this study, the arameters related to the marine creatures did not participate in the
evaluation and be ignored, but it is estimated that their effect on damping rate will be
great. Ruotolo et al. using novelty detection and SVD (single value decomposition)
based techniqueto create NASTRAN models for steel offshore platforms. In some

of the simulations performed for five working conditions and four different damage
cases, damages were detected but for some of them were not. In the study, it was stated
that the novelty mébd could give outputs that would provide inputs to artificial
neural networks and also stated that there was a need for undamaged model knowledge
for the SVD technique. There are also damage detection studies using statistical

methods.

Arangio and Beck2012) benefited from statistical methods for assessing damage to
the bridge. A statistical method was developed uBiagesian statistics and neural
networks method together. In the first step of the method consisting of two phases, the
neural network modevas trained for the undamaged structure and then the damage
estimate was made using the prediction errors in the new data that obtained for
different damage situations. In the second step, it was tried to determine which element
was damaged and the ambohthe damage. It is noted that the method can also be
used in complex structures (long bridges, offshore structures, etc.). The other
important advantage is that there is no need for infeomabout the structural model.
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Hills and Courtney (2010) delped a general damage assessment study using
nonlinear effects of fatigue damage. The bicoherence function of measured structural
acceleration for early damage detection of offshore structures was used. It was stated
that bicoherence analysis was commonlsed for the detection of ndmear
components from the answers in the bilinear system. In this study, it was used to
understand the effect of fatigue damage caused by environmental vibrations of an
element in a simulated offshore platform model. A ofshore platform was modeled

and worked with loads originating from the natural environment instead of any
external stimulus. The studies indicated that damage detection is sensitive only to
rigidity changes even if very small but it is not affected bgdl@hanges, system

damping and sea conditions.

Brincker et al. also studied on a statistical method. The ARMA-(sglessing
moving average) model was used to obtain damage in offshore structures. The change

in the obtained modal parameters \masepteds a damage indicator.

To sum up, this thesis has some significant advantages when compared with the other

studies:

1) The model used was chosen very complex compared to the other models in
studies in the literature. The model is close to the real structures

2) The methods generally accept the same masses of undamaged and damaged
cases, but the masses of offshore platforms change constantly due to the
storage oil in the tank. This was taken into consideration in this thesis.

3) Static loading and displacement mesmments in addition to dynamic
parameters (naturalbration frequencies) were used.

4) Support conditions were investigated.

5) Calculation of forces that the waves form on the structures was explained and
it was integrated into the method.

6) The method was stuetl using both analytical and experimental data.
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CHAPTER 2

ANALYTICAL MODEL

2.1.Development ofa Realistic Finite Element Model

A steel template offshore structure which has 175 m height was used as a model when
considering general types for offshore structures in shallow water. Preliminary
dimensioning is done using AUTOCAD and a model is scaled by 1:75 and this model
was used foboth analytical analyses and laboratory studies. The model const§s of
vertical members, @horizontal members and 16 diagonal members. In the middle
part of the model, 2 horizontal diagonal members are fixed to prevent the stability
problems. Modelgeneral andplan views are shown iRigure 2.1 and Figure 2.2

respectively

The SAP2000 prograniComputers and Structure8015) was usd for the finite
elementanalysesAn analyti@al model that is compatible with AUTOCAD drawings

was created before the physical experiments were performed. Before this model was
calibrated, analyses of 10,000 damage scenarios randomly generated, and damage
detection method was investigated, which was intended to be developed using the

obtainedanalyseslata andrainedartificial neural networks.
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Figure 2.1. General View of the Model
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(a) (b) (c)

Figure 2.2. Planes \ew of theModel (a) inY-Z, (b) in X-Z, and(c) mid-X-Y

2.2. Automated Generation of Random Damage States

Initial planning for damage considered possibility of rusting (section loss) and
cracking (fatigue)Buckling failure is out of the scope of this study, but it can be taken
into consideration for fulscale structuregContinuous and cyclic loading of waves

might generate fatigue problem especially at connections where stresses might be
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concentrated andalty sea water is a primary concern for rustiige rusting of
structural members is a slow progress and mostly concentrated at a region generating
section loss. Hypothetically, section loss at a concentrated location is investigated
using simple trussralogy. If a member of length L and area of A loses cross section
by U amount,U being between 0 and 1he remaining cross section i(1A U).
Assuming length of the rusted portiorbias a fraction of length L, thengmemaining
healthy lengthis(d-b) . The stiffness beftereducesslecti on | ©
section would have stiffness of HA- U/(Lb); the healthy pawould have stiffness

of EA/[L(1-b ). The two members connected in series requires the same force acting
on both of them. The tal deformation is the sum of deformations of the damaged and
undamaged members. Assuming a force of F acting on both of the members, the
deformations are/fEEA/[L (1-b } andF/{EA(1- U/(Lb ). The stiffness of the overall
member composed of damaged andamaged parts would be F divided by total
deformation. The effective stiffness equation is obtained as

ke=F/[ F{EA/L(1-b ) + FI{ EA(1- U/(Lb }]
and simplified to be
ke=(EA/L)/[V(1-b } b (1/0)]

The effective stiffnesskf) as compared to the undamaged stiffness shows minimal

changes as seen frohable2.1. The rusted length up to 5% of the length and section

loss up to B% of the original area changes stiffness by only 5% to 10% of the original
stiffness. Considering that one of the memb
impact on the global stiffness and vibration frequencies of the tested structure, it was

deemeda be ineffective to model rusting damage. Similarly, cracking of a section

would also have negligible effect on the overall stiffness of a member and the tested

structure; because, damaged section area (cracked section area to the total area ratio)

Uwould have no effect if damaged section length to total length fgtie £ero, which

is the actual case when a crack is formiétkerefore, generation of a crack cannot be

theoretically detected unless the crack propagates to the total cross section causing a
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totally cracked (detached) member. The member might transfer compressive force and
zero tensile force after a total crack is formed; however, this nonlinear condition has
been left out of the scope of this thesis. The simulations are based on eitheber mem

is fully functional or totally lost. Furthermore, the damage scenarios considered
removal of a single member rather than two or more members at the same time. The
reason for such an assumption is due to the fact that monitoring will be continuously

dore and the very first damage will be promptly detected and alarm will be sent out.

Table2.1. Effective Stiffnessf a Membexke) With Respedo U ba n d

h

| 0.00% 2.50% 5.00% 7.50%10.00%12.50%15.00%17.50%20.00%22.50%25.00%27.50%30.00%32.50%35.00%37.50%40.00%42.50%45.00%47.50%50.00%
0.00% [ 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.00Q)
0.20% | 0.996 0.996 0.996 0.996 0.996 0.996 0.996 0.996 0.996 0.995 0.995 0.995 0.995 0.995 0.995 0.995 0.995 0.995 0.994 0.994 0.994
0.40% | 0.992 0.992 0.992 0.992 0.992 0.991 0991 0.991 0991 0.991 0991 0.991 0.990 0.990 0.990 0.990 0.989 0.989 0.989 0.988 0.984
0.60% | 0.988 0.988 0.988 0.988 0.987 0.987 0.987 0.987 0.987 0.986 0.986 0.986 0.986 0.985 0.985 0.985 0.984 0.984 0.983 0.983 0.98%
0.80% | 0.984 0.984 0.984 0.984 0.983 0.983 0.983 0.983 0.982 0.982 0.982 0.981 0.981 0.980 0.980 0.980 0.979 0.978 0.978 0.977 0.977
1.00% | 0.980 0.980 0.980 0.980 0.979 0.979 0.979 0.978 0.978 0.978 0.977 0.977 0976 0.976 0.975 0.975 0.974 0.973 0972 0.972 0.971
1.20% | 0.976 0.976 0.976 0.975 0975 0.975 0.974 0.974 0974 0.973 0973 0.972 0972 0.971 0970 0.970 0.969 0.968 0.967 0.966 0.965
1.40% | 0973 0.972 0.972 0.972 0971 0.971 0970 0.970 0.969 0.969 0.968 0.968 0.967 0.966 0.965 0.965 0.964 0.963 0.962 0.961 0.96(}
1.60% | 0.969 0.968 0.968 0.968 0.967 0.967 0.966 0.966 0.965 0.964 0.964 0.963 0.962 0.962 0.961 0.960 0.959 0.958 0.957 0.955 0.954
1.80% | 0.965 0.965 0.964 0.964 0.963 0.963 0.962 0.961 0.961 0.960 0.959 0.959 0.958 0.957 0.956 0.955 0.954 0.953 0.951 0495q 0.94

2.00% | 0.961 0.961 0.960 0.960 0.959 0.959 0.958 0.957 0.957 0.956 0955 0.954 0.953 0.952 0.951 0.9500 0.949 0.948 0.946 00945 0.943
2.20% | 0.957 0.957 0.956 0.956 0.955 0.955 0.954 0.953 0.952 0.952 0.95] 0.950 00949 0.948 0.947 0.945 0.944 0943 0.941 00939 0.939
2.40% | 0.954 0.953 0.953 0.952 0.951 0.951 0.950 0.949 0948 0.947 0.946 0.945 0.944 0.943 0.942 0.941 0.939 0.938 0.936 0.934 0.93]
2.60% | 0.950 0.949 0.949 0.948 0.947 0.947 0.946 0.945 0.944 0.943 0942 0.941 0.940 0.939 0.937 0.936 0.935 0.933 0.931 0.929 0.927
2.80% | 0.946 0.946 0.945 0.944 0.943 0.943 0.942 0.941 0.940 0.939 0.938 0.937 0.936 0.934 0.933 0.931 0.930 0.928 0.926 0.924 0.92%
3.00% | 0.943 0.942 0.941 0.940 0.940 0.939 0.938 0.937 0.936 0.935 0.934 0.933 0.931 0.930 0.928 0.927 0.925 0.923 0.921 0.919 0.917
3.20% | 0.939 0.938 0.937 0.937 0936 0.935 0.934 0.933 0932 0.931 0930 0.928 0.927 0.926 0.924 0.922 0.920 0.919 0.916 0.914 0.913
3.40% | 0935 0.935 0.934 0.933 0932 0.931 0930 0.929 0.928 0.927 0925 0.924 0923 0.921 0920 0.918 0916 0.914 0.912 0.909 0.90
3.60% | 0.932 0.931 0.930 0.929 0.928 0.927 0.926 0.925 0.924 0.923 0.921 0.920 0.918 0.917 0.915 0.913 0.911 0.909 0.907 0.904 0.901
3.80% | 0.928 0.927 0.926 0.925 0.924 0.923 0.922 0.921 0.920 0.919 0.917 0.916 0.914 0.913 0.911 0.909 0.907 0.904 0.90:
4.00% | 0.924 0.924 0.923 0.922 0.921 0.920 0.919 0.917 0.916 0915 0.913 0.912 0.910 0.908 0.906 0.904 0.90.
4.20% | 0.921 0.920 0.919 0.918 0.917 0.916 0.915 0.913 0.912 0.911 0.909 0.908 0.906 0.904 0.902
4.40% | 0.917 0.916 0.915 0.914 0.913 0912 0.911 0.910 0.908 0.907 0.905 0.904
4.60% | 0.914 0.913 0912 0911 0.910 0.908 0.907 0.906 0.904 0.903
4.80% | 0.910 0.909 0.908 0.907 0.906 0.905 0.903 0.902
5.00% | 0.907 0.906 0.905 0.904 0.902 0.90:

0.895 0.893 0.890 0.887
0.893 0.891 0.888 0.885 0.887
0.896 0.894 0.891 0.889 0.886 0.884 0.880 0.877
0.896 0.894 0.892 0.889 0.887 0.885 0.882 0.879 0.876 0.872
0.895 0.893 0.892 0.890 0.888 0.885 0.883 0.880 0.878 0.874 0.871 0.86§

A code was written tautomaticallycreate 10,000 damage scenarios uBxael VBA
and SAP2000 API (Application Program Interface). The code dodsllineing steps

in the given order

1) The code firsautomaticallyrunsthe SAP2000 program amdlevant model
file containing theoriginal modé through Excel VBA.

2) It randomlyselects one of the elements previously label&b8 membersn
the model and assigns the coefficient of section area, torsamubhinoment of
inertia values of this element to 0 and assumes that the element is completely
damaged.

3) Modal analgis performedfor the generated damaged condition and the

calculated moddlequencies are printed adata table for the first six modes.
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Furthermoretotal of 500 Newton loads appliedon two upper corner nodes

and in each horizoat direction separatgl(Figure 2.3). Displacements and

rotations at the corner joints of the platform above the structure due to these

loads arealsoadded to the data table for each directibhese displacements

and rotation are used for damage detection as well.

4) The damagedanemberis restored and the code repeats the stiessribed

above by assigning another randomiémagednemberagain.

Fx

Fx

|

N
4PN

N

;

x

"

Fy

Figure 2.3. Configuration ofApplied Forces in x and y Directions

Thus, the frequencies of the first six modes, the displacement and rotation values due

to the force applied separately in both directions for thedD0¢damage scenarios are

obtained by repeating steps 2 to 4 and used as input data for the Artificial Neural

Network (ANN) based damage detection method developed in this study.
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In thesecond stage of the studiesnewseries ofanalytical moded werecreated by
considering the mass changes in the oil platform above the structure and using this
model, 10,00@lifferentdamage scenarios weteeated which had random damaged
members together with random mass assignmeatthermore, additional 200 cases
were generated where there are no damaged members but the platform mass is

randomly changing.
2.3.ANN Training

Various ANN training sets were tested and success rates were all very high for the
analytical datavalidation cleck that is overtraining has been controlled for all ANNSs.
Minimum success rate for all ANNs using FEM data was accepted asi®@%e sets
aresummarized below under headings and further details are given in the following

section.

Input data must be norimeed in order to be used in ANN technique. Since only
analytical model data were used, differences were obtained by subtracting the
frequencies, displacemenénd rotations obtained from the analysis of each damaged
scenariofrom the frequency, displacemt, and rotation values of the undamaged
condition These differences were normalized and made ready to teetartificial

neural networlas a parameter between 0 and 1.

Normalization formula—— X B(X-Xmin)/Xmax-Xmin

An encoding of Gand 1 was used for tlggoups O indicating damaged member does

not belong to a group and 1 indicates the damaged member belongs to that group

A) 10,000 damage scenari@sthout platform mass. This set is repetitive damage
scenarios of 58 members and ANN gaw00% success probably by
memorizing the data. The output of this primitive network was not showing

which member has the damage but rather categorizing the damaged member
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being in one of the groupy) vertical,2) horizontal and3) diagonal(Table

2.2). Figure2.4 shows the Typ& ANN. Validation check that is overtraining

has been controlled for all ANNSs.

Type A and B based ANNSs used the output damaged members of the model in
three groups ashown inTable2.2. The grouping was made as:

1) Vertical members

2) Horizontal members

3) Diagonal members

Table2.2 First Grouping of Member IDs as Used for Output in ANN Training

Vertical Horizontal Diagonal
Members ID | Members ID | Members ID
1 21 41
2 22 42
3 23 43
4 24 44
5 25 45
6 26 46
7 27 47
8 28 48
9 29 49
10 30 50
11 31 51
12 32 52
13 33 53
14 34 54
15 35 55
16 36 56
17 37 57
18 38 58
19 39
20 40
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INPUT OuUTPUT

(Channels) (Channels)

| Vertical Member
i —»

5 —» —  » Horizontal Member
5 — ANN

b —» —# | Diagonal Member
X —  »

Figure 2.4. First Used ANN $stem(Type-A)

f1: first mode frequency

f2: second mode frequency

f3: third mode frequency

f4: fourth mode frequency

f5: fifth mode frequency

f6: sixth mode frequency

dx: Displacement due to 500 N forapplied in X direction
r_x: Rotation due to 500 N force applied in X direction

dy: Displacement due to 500 N force applied in Y direction

r_y: Rotation due to 500 N force applied in Y direction
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Example data set of Typ® input and outputs are givdrelow(Table2.3).

Table2.3. Example Input and Output Data Set for ANN Fpé€raining

Scenario No. 1 2 3 4 5 6 7 8 9 10
Damaged Member ID 22 6 36 34 6 31 58 41 11 27
norm f1 0.55371| 0.01876| 0.66115| 0.46504 0.055| 0.56667| 0.52355| 0.83238| 0.33314| 0.90558
norm f2 0.33988| 0.09542| 0.49469| 0.20582| 0.18267| 0.36041| 0.29545| 0.96579| 0.5741| 0.86049
norm f3 0.85233| 0.61537| 0.84112| 0.78034| 0.64463| 0.84476| 0.84494| 0.22967| 0.71059| 0.94234
norm f4 0.67227| 0.59484| 0.38499| 0.32481| 0.62204| 0.56246| 0.65753 0.3874 0.5467| 0.44803
norm f5 0.4907| 0.42074| 0.13488| 0.02093| 0.46379| 0.51542| 0.47737 0.9662| 0.31523| 0.65886
nput norm f6 0.49544| 0.10221| 0.15967| 0.09189| 0.17638| 0.51427| 0.4515| 0.7807| 0.51687| 0.2269
norm dx 0.00056| 0.71353| 0.00068| 0.00071| 0.71353| 0.00019| 0.00011| 0.00122| 0.47973| 0.00206
norm r_x 0.49475| 0.8161| 0.49667| 0.49414| 0.8161| 0.49522| 0.49544| 0.51187| 0.15588| 0.49502
norm dy 0.00010 1| 0.00041| 0.00064 1| 0.00014| 1.8E-06| 0.04393( 0.81088| 0.00057
normr_y 0.49406| 0.06836| 0.49411| 0.49291| 0.06836 0.4931| 0.49363| 0.61612| 5.28E-15| 0.49304
Vetical Member 0 1 0 0 1 0 0 0 1 0
Output |Horizontal Member 1 0 1 1 0 1 0 0 0 1
Diagonal Member 0 0 0 0 0 0 0 1 0 0

By adding thevarying mass effect to the scenarios, 10,000 scenarios were renewed

after TypeA and the analyses were repeated with an additional 200 scenarios for

different masses without damage. Damage detection studies were repeated according

to the output groups prswsly formed and successful results were obtained.

In this way, the network was able to find these output values correctly in trainings

using feedforward and logsigmoid threshold function (which values between 0 and

1 for layer outputs). Upon the sucsksg results of this training, the changes in the

mass were also used in the determination study and ANN trainings were repeated. In

the TypeA ANN model, the mass change was added as an additional input parameter

and the TypeB ANN system was generated.

B) 10,200 damage scenariasth randomly changing platform mass. ANN based

grouping
group (vertical, diagonalhorizontal) (Table 2.2) eventhough the mass is

damage

changingFigure2.5 shows the Typ& ANN.
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INPUT QUTPUT

(Channels) (Channels)

3 E— . .

Vertical Member
ff —»
£ ’ — » Horizontal Member
fi ——» ANN
& > —» | Diagonal Member
ITX ——p»

Figure 2.5. ANN SystemincludingMass ange(Type-B)

f1: first mode frequency

f2: second mode frequency

f3: third mode frequency

f4: fourth mode frequency

f5: fifth mode frequency

f6: sixth mode frequency

dx: Displacement due to 500fbirce applied in X direction
r_x: Rotation due to 500 N force applied in X direction

dy: Displacement due to 500 N force applied in Y direction
r_y: Rotation due to 500 N force applied in Y direction

mass: Mass of oil platform when filled with various gentages
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The TypeB ANN based on 11 input parameters have also been successful in the
damage detection studies to identify one of the three groups (vertical, horizontal,

diagonal) finding the type of damaged member.

TypeB based ANNs alsased the outputadnaged members of the model in three

groups similar as TypA shown inTable2.2.

C) The newgeneration ANN has been improved to have three stages, which are
1) type (verticalhorizontal, verticatliagonal,and horizontal diagonp{Table
2.4, Figure2.6), 2) layer indicating each floor (1, 2, 3, 4 from bottom towards
top) (Table2.5, Figure2.7, andFigure 2.8), and3) plane of damage (North,
West, South, Easgnd mddle horizontal plane)Table 2.6, Figure 2.9, and
Figure2.10). The ANN generations aftdrype-A have all used 0,200 data
points with changing mass including this offdwe outputs of these three
independent ANN were combined to pinpoint the location of damaged

member Sucess rate for this systemif0%.

The first groupgType-C1) was formed to indicate the type of the element:

INPUT QUTPUT
(Channels) (Channels)
1,

— ‘ Vertical Member ‘

s ‘ Horizontal Member ‘

ANN
& — ¥ ——» | Vertical Diagonal Member
r —»p
4 —» — ‘ Horizontal Diagonal Member ‘

mass >

Figure 2.6. TypeC1 ANN
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These groups mentioned above stiewn inTable2.4.

Table2.4. TypeC1 ANN for System with 3 Network Training

Vertical Horizontal I;/izgl:):r?;l |-I|Doigzoorr]1t::
Member ID | Member ID e 5 | Gerver (5
1 21 41 57
2 22 42 58
3 23 43
4 24 44
S 25 45
6 26 46
7 27 47
8 28 48
9 29 49
11 31 51
12 32 52
13 33 53
14 34 54
15 35 55
16 36 56

17 37
18 38
19 39
20 40

The second group (Typ&2) wasformed to show which floor the element belongs to:

INPUT OuUTPUT
(Channels) (Channels)
f1 >
22—

i —
£1 — 15t Layer
5 —»

— 5 | 2« Layer

4’ &)
f6 ANN
dx > —» | 3dLayer
Ir¥ —p
d —» — » | 4% Layer
ry e

mass ——————»

Figure2.7. TypeC2 ANN
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Table2.5. TypeC2 ANN for System with 3 Network Training

1st 2nd 3rd 4th
Layer Layer Layer Layer
1 9 13 17
2 10 14 18
3 11 15 19
4 12 16 20
5 25 29 33
6 26 30 34
7 27 31 35
8 28 32 36
21 42 43 37
22 46 a7 38
23 50 51 39
24 54 55 40
41 57 44
45 58 48
49 52
53 56

Layergroupings of members are also available omtbdel plan Figure2.8).

4 Layer

3 Layer

20d Layer

15t Layer

40 37 38
-
" S
of < S o ¥
36 33
w“ I d > )
32 29
- A
= A Y
28 25
= S

)

Y5

35

vl

75

71

o\

a

W\

Y9

o

31
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Figure 2.8. LayerPlan of theModelUsedType-C2
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The third grougType-C3) was formed to determine which plane of the structure the

element is located:

INPUT OUTPUT
(Channels) (Channels)
-,

2 5
— » | North Plane

3 —»

? ’ | SouthPlane
I—

f6 ’ ANN — » | WestPlane
dy ——»

Ix —» ——» | East Plane

11
I

— | Middle Plane

Figure 2.9. Type C3ANN

Table2.6. TypeC3 ANN for System with 3 Network Training

North South West East Middle
Plane Plane Plane Plane Plane
3 1 4 2 57
7 5 8 6 58
11 9 12 10
15 13 16 14
19 17 20 18
24 22 21 23
28 26 25 27
32 30 29 31
54 46 42 50
53 45 41 49
55 47 43 51
36 34 33 35
56 48 44 52
40 38 37 39
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Plane groupings of members are also available omthael plan Figure2.10).

w
[¥3

Figure 2.10. PlanePlan of the MbdelUsedType-C3

Example data set of Tyge input and outputs agiven below Table2.7).

Table2.7. Input and Output Sample Containing 3 Staged ANN Trainings {CType

Scenario No. 1] 2 3 4 5 6) 7] 8| 9 104
Damaged Member ID 20| 40 14 22| 32 50| 30| 42 36| 39
norm f1 0.7332 0.5212 0.3843 0.7982 0.8277 0.4429 0.49394 0.6383: 0.6000! 0.9706:

norm 2 0.53681 0.2906! 0.33544 0.70209 0.74454 0.2789% 0.2508| 0.7112, 0.4051! 0.9691

norm f3 0.8011 0.8423¢  0.6336: 0.9345! 0.94372  0.16403  0.8282%  0.3938 0.8225! 0.8772.

norm f4 0.5269 0.6563 0.0811 0.8221. 0.8447 0.45822 0.6425! 0.4562! 0.3657: 0.4811:

norm f5 0.2041. 0.4645! 0.41512 0.72962 0.5802%  0.46824 0.28405 0.7512. 0.0903: 0.5061

Input  [norm 6 0.4738 0.44797  0.4194 0.8137 0.84447  0.43601  0.4032 0.8084! 0.1411 0.2735!
norm dx 0.140971 0.0034 0.1616. 0.0005! 0.00027 0.00161 0.00014 0.0012! 0.00068 0.0021

normr_x 0.7472 0.50224 0.73354 0.49474 0.4957 0.5192 0.4950: 0.4731. 0.4966 0.4966:

norm dy 0.0035 0.0001. 0.47682  0.0001 0.0007' 0.08511  0.00017  0.1057: 0.0004: 0.001.1f

normr_y 0.45977 0.4928 0.0342 0.4940 0.4931 0.29307 0.4939% 0.7273 0.4941. 0.4905¢

norm mass 0.3703 0.8233. 0.6780: 0.2652 0.2202 0.84492 0.8970 0.2556! 0.63234 0.0228

Vertical 1] 0| 1] 0 0] 0] 0] 0] 0] [
Horizontal 0] 1 0) 1 1 0] 1 0| 1 1

Diagonal 0| 0| 0 0] 0] 1] 0] 1] 0] 0f

Middle Diagonal [y 0| 0 0 0 0] 0) 0] 0] 0f

1. Layer 0l 0l 0 1] 0 0 0] 0] 0] [y
2. Layer 0| 0| 0 0] 0] 1] 0] 1] 0] 0f
Output |3. Layer 0| 0] 1] 0 1] 0] 1 0] 0] [
4. Layer 1] 1] 0 0 0 0 0| 0| 1] il
North Plane 0| 1 0] 0] 1 0] 0] 0| 1 [y
South Plane 0] 0] 0] 1 0] 0] 1 0| 0| 0
West Plane 1 0] 0] 0) 0) 0] 0] 1] [ 0
East Plane 0| 0| 1] 0] 0] 1] 0] 0] 0] il
Middle Plane 0| 0| 0 0 0 0) 0) 0| 0| 0f
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Type C based Artificial Neurdletwork model was slightly improved to have four
groups (TypeC1l) instead of three by separating the horizontal diagonal member as
shown in Figure 2.6. Furthermore, second (F@# and third level (Typ€3) ANNs

were added to actually pinpoint the damagezinber. Similar to previous networks,
damaged member groups from each level (C1, C2, and C3) are identified by outputs

of either O or 1.

D) Staged independent ANNs were planned to be combined into ANN by
changing the output channels to member IBgyre2.11). If a member is
damaged the output of corresponding channel would give 1 while all the others
were zero. There are 58 members and 58 output chaiimdllgf the channels
give zero output, this network is assumed to indicate that there are no damaged

members.

One of the last taynewANNs were TypeD with 58 member outputi this grouping,

it was studied directly on the detection of the dgpd elerant In TypeD, an output
channelwas created for eacbne of the 58 elementsThe damaged member is
determined by an output of 1 from its dedicated channel while all the other channels

were zeros indicating no damage.

INPUT OUTPUT
(Channels) (Channels)
fl
> — 1. member
2 »
3 —— s | 2. member
M ——>
5 —> ——» | 3. member
—
f6 ANN
dy —»
rx ——»
dy ——»
ry ———» » | 58. member
mass ———»

Figure2.11. Type-D ANN with 58 Output Ghannels
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E) Single ANN defined in (D) above was found to be indirect to identify the
undamaged case and another set was tried by giving a dedicated output channel
for the undamaged scenario. In tivay, ANN would indicate from a channel
that the system is healthy. There are 58 members and 59 output channels in
TypeE (Figure2.12). In this way, ifall of the members are healthy, the ANN

is supposed to give 1 for the undamaged channel #59.

The last ANN modelin addition to the 58roup system, a separateannel #59
was created for the undamaged stdtall members. When channel 59 gives an
output of 1, this indicates that all members arelamagedOn the contrary,
channel 59 giving a zero output indicatedaaaged stat&/hen channel 59 is 0,
one of the other 58 channels must be 1. This criteriontislefined within ANN

but is a simple external setheck of the ANN Typd= and superior to other types.
Thus, a new element identification metheih selfchecking was obtained that
consiss of 59 channelsThis grouping system has also been very sssfabwith

97% success ratelTherefore, it was decided to use the ANN system with 59

groups.

INPUT OUTPUT
(Channels) (Channels)

f1
> — 1. member

2 —
3 —
1 —

5 —> —» | 3. member
f6e ———*

— » | 2. member

ANN
dy ——»
rxs — p
d — » — » | 58. member
ry —» _—

#59-undamage

Figure 2.12. Type-E ANN with 59 Output Gannels
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2.4.Results

The studies conducted using different ANN types (A to E) were made to decide which
type to be used for damage detecti@nce TypeE was selected as the best option, a
physical lab model with 1:75 scale was constructed in the structures laboratory and
nominal analytical model was calibrated to closely mimic the actual physical model.
The ANN data generation is repeated foj200 cases using the calibrated FEM and
the network TypeE was trained using that dal2amage detection success rate of 97%
was obtaed usingthe calibrated analytical model damage simulatiesults by
correctly identifyingd70 of the 1000 damaged and undamatggdageasedata(with

changing platform mas#fat was not used during the ANN training process.
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CHAPTER 3

EXPERIMENTAL MODEL A ND TESTING STUDIES

3.1.Lab Model Construction

The analytical model created in the 1:75 scale was built in the laboratotye/ghme

scale. PVC pipewere used fothe physical model of the structurestead ofsteel

which is commonly used in full size applicatioifieplastic material has lower elastic
modulus and would yield higher deformations as well as larger vibration frequencies.
Since the tower model will be submerged in water at later stages of the study, plastic
was also thought to be better against rusting.

The materialproperties of PVC pip&ere obtained using simple bending tests and
verified against available generic data about the mat@haise results are also used

for the nominal FEM. The calibration was conducted after static and dynamic tests
wereconducted on the physical model because of the uncertainties coming from the

connections. Metal plates, bolts, and clamps were used during the construction.

For the connection of PVC pipes, it wiagtially considered that the pipes are melted
and bondedo each other or using a special adhesigpoxy glue as an alternative;
however all of these methods were tested and found to be not a laiqustachThe

pipes werdater decided tobe connectedsing steel platedolts,and clamps. This
establishedstronger bond than the other methddktes with2 mm thick stainless
steelwerecut by CNC laser cutting method in accordance with the plan designed to
be specific to each connection point showifrigure2.2. The plates we welded to

the clamps and used to connect the horizontal and diagonal meRibere3.1 shows

the connection plates in detail. The final state of connection plates is available in

Figure3.2.
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Figure 3.1. Cutting Plan of Connectionl&es

Figure 3.2. Ready toUseConnectiorPlatesafter Cutting and Vélding
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Two «5Smm diameterbolts were used at each joint to mount the horizontal and

diagonal membersiolesof «6 mmdiametemwere formed for the bolts. The fasteners

are combined with clamps that are welded toplages Figure3.3).

Figure 3.3. Joining of Connection Plates to theeMbers

Vertical members were formed by using PVC pipes with a diametet®Mmm for

the lower two layers and PVC pipes with a diameter3# mm for the upper two
layers. PVC pipes with a diameter &5 mm were used for horizontal and diagonal
members. Thepperdeck(platform)of the physical model was desgghwith 11 mm

thick steel plate for rigidity and extra mass. The variable mass on the top of the tower
is established using a 10 It tank at the top of the platform rigidly connected to the
platform. The tank is filled up with varying levels of water to simulate the extsa ma
and slushing effecConstructiorsteps of the model can beenin Figure3.4, Figure

3.5, andFigure3.6.

Figure 3.4 Vertical Members and PVC Pipes Used as Horizontal and Diagoeaildérs
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Figure 3.5. Welding Process of Connectiotakes

Figure 3.6. Stages oPhysicalModel Construction
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The modekupportsvere fixed with three steel plates weighing approximately 16 kg
eachfor a total of 48 kg/support for improved stabilijowever, it was seen that these
weights were insufficient in static tensile tests, and heavier masses were placed in

order to prevent theupport from liftingup (Figure3.7).

Figure 3.7. Lifting of the Feet and~ixing with Additional Weight

Calibration studies have begun after the completion of the physical model. It was
aimed to develop the most appropriate analytical mddedt step inthe calibration

stagewas conductinghe material tests

A simple experiment was carried outdetermine the elasticity modulbg fixing the

PVC pipe with a diameter of 25 mm to the table in the form of cantilever beam. The
load- displacement graph was obtained by measuring the displacement caused by the
sandbag of various weights attached tcethhe of the cantilever beam and the elasticity
module was calculated using ttieflectionformula. The frequency for the first mode

of the beam was also determined and the modulus of elasticity was calculated by the

formula used to find the frequency oktbantilever beams.

Displacements were different from linear analysis calculations because the test
apparatus permitted the lardisplacementsHjgure3.8) andthe fixed end of the beam

was not as rigid as desired (permitted some rotation). Also read errors that may be
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made in the measurements. These can change the results. However, these effects cause
the elastic modulus lower than the expected value so this study helped to find the
minimum limit of the modulus of elasticity. Because this information was later used
during the calibration phase. In the event of the possibility of w$astic movement

of the plastic material under a constant hanged load, dynamic measurements have been
made and it was found that the modulus of elasticity was obtained relatively larger

with the dynamic data.

Figure 3.8. Test Apparatus foCalculating the Modulus of&sticity

In the experiment, displacements caused by the load created by hanging various
weight bags at the end of the cantilever beam were measured. The test results were
tabulated Table3.1) and deflectiodoad graph was obtained using these data. Beam
properties, the outer diameter and inner diameter of the PVC pipe used, the unit mass
of and the first mode frequency obtained by vibrating, calculatmuent of hertia

were tabulated to be used in the dynamic formUéble3.2).
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Table3.1. AppliedLoads in theExperiment and DisplacemenaMes

Load Applied Deflection

(N) (mm)
0.59 18
0.7 21
1.9 45
2.26 49
3.14 70
2.4 70
3.92 89
4.12 90
5.45 118
8.09 170

Table3.2. Properties of thd8eam l$ed in theExperiment

Inner diameter of the beam | 15.4 mm
Outerdiameter of the beam | 25.5 mm
Length of the beam 1 m
Unit mass of the beam 0.28 kg/m
The first mode frequency | 1.205 1/s
Moment of inertia 17994.46 | mnt

The graphin Figure 3.9 were drawn by using the values givenTiable 3.1. The
relationship between load and displacement was obtained as y = 0.04B88% As
a result of this study, modulus of elasticitalculdaed with displacement formulas,

was obtained as 904 MPa based on the measurement
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Figure 3.9. Load-DisplacemenGraph

Displacement formula for cantilever beam:

?

/., A

Figure 3.10. Cantilever Ream
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=P L%/3El » E2B3Ip

P/mpis the slope of the graph Figure3.9.

fl=1/2

. displacement ( mm)

P: load (N)

L, I: length of beam

E: modulus of elasticity (N/mf

m: mass/length (kg/m)

I: moment of inertia (1)

¥: angul ar frequency (rad/ s)
f: natural vibration frequency (1/s)
E=(0.0488100F)/(3*17994.46 = 904 N/mn?

For the modulus of elasticity, additional calculations were made based not only on the
measurement of the deflection, but also on the measurement of the vibration frequency
of the pipe. In this way, the average value of E value was calculated as 994 MPa from

the displacement and vibration measurements.

¥1= 2~ 208=7.57 rad/s

E =4/3.62¢ (mlY)

E = (7.57/3.52¢(0.28*1.97%/1.799*10%) = 1084 N/mn?

Emean= (1084+904)/2 994 Nmm?
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One of the steps to create a realistic nominal model is to defete/ely more rigid
parts at the connections.eical membersre stiffer by the connection plates at
locations where members are joined togetRagid zone factor was defined ingh
regions where the connection plate was located in each vertical member in the
analytical model. The moments of inertia of the horizontal and diagonal mendyers
10 times increasedor the region in contact with the connection plates during
calibration. In addition, the weight and mass of the connection plates, baitd,
clampswere defined in the analytical modelancordance with the reality. Theper
deck (platform) of the modeis defined as a single shell at the beginnmyg it was
changed tdine meshed member composgidmany small shellso better model the
rotational inertiaof the FEM. Support restraintsere also improved by modeling
spring coefficients at the ends to better simulate s support conditionsThe
difference betweerht initial appearance of the analytical maaied the final version

obtained after the modifications to calibrate can be seEigure3.11.

Figure 3.11. Initial andCalibrated \érsion of theAnalytical Model
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Naturalvibration frequencies of the model before calibration and after calibration are

given inTable3.3.

Table3.3. Natural Vibration Frequencies of Uncalibrated, Calibrateahd Lab Model

Natural Vibration Frequencies (cyc/sec)

Uncalibrated Model Calibration Model Physical Model
fl 17.69 10.49 10.36
f2 20.23 12.29 12.13
f3 29.41 25.30 25.32
f4 46.09 35.63 -
f5 49.98 39.76 -
f6 65.01 51.20 -

3.2.Similitude of the Model

Reduceescale models are generally used as experimental laboratory models because
experiments conducted on figdtale models may not give economical end practical
solutions. Similitude is a concept used in engineering models to build the relationships
between the fullscale and reducestale model properties. In this study, reduseale

with 1/75 model was used as a test moditerial properties arghown inTable3.4.
{ pvc= unit mass of pipe obtained by weighing / section area of pipe with @25 mm

8 x
8 z¢ 8 8 2

" pvc=

} pvc = 863 kg/ni

Table3.4. Material Properties

Material Steel PVC pipe
(Full-Scale Model) (ReduceScale Lab Model)
Density,” 7850 kg/ni 863 kg/n?
Modulus of 200 GPa 1 GPa
Elasticity, E
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Q ¢p —= ¢p

_r

where

f: frequency (cyc/sec)

k: stiffness (N/m)

m: mass (kg)

E: modulus of elasticit{GPa)
A: section area (R)

": density (kg/m)

V: volume ()

z

freducescale: 5 ffull -scale

freducescale= 16 full-scale

If same naterial were used in the lab model:

freducescale: ffuII -scale

freducescale: 75 ffuII -scale

Therefore, PVC pipe was selected as lab model material to reduce the difference

between the lab model and real large structural model dynamic properties.
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3.3.Conducted Tests on the Lab Model for 22 Damage States

In order to investigate th&uccess andpplicability of the ANNwhich was trained
using calibrated FEM results, similar input parameters were obtained from the lab
model. The lab model was modified by removing members to simulate damage
conditions and mass on the platform was changed by additey wp tol0 liters.
Dynamic and static testgere carried out on thealibratedphysical model foa total

of 22 different scenarioStatic experiments were made tbe original (undamaged)
modeland used for all undamaged scenarios even with varjiagses sinceass
change would not affed¢he static testresults.Two 50 kNload cells were used for
static testing together witha total of 4 linear variable differential transformers
(LVDTs); two of them placed in the-direction and other two placed inthe y
direction A data acquisition system with a total of thteaxial accelerometers were
usedwo in the upper deck and one in the middle laleobtain dynamidata Figure

3.12).

Figure 3.12. Static and Dynamic Testinggipment
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Static experiments were carried out in both directions. Since tlsentestcarried out
with a small scale physical model, it was sufficient to apply foscpulling the rope
connected to the load celor staticloadingtests. The experiments were repeated
three times as loading and unloading in both directions, antidsgdhcement graphs
were created. With these experiments, the displacement and rotatipwitlataare
used as input in ANN damage detection methaae obtained. Experimental rotation
results wergyreatlydifferentwhencomparedvith theanalytical model datpossibly
because oéccentrically applied loadingroperty of PVC materiayneven voids at

bolt connectionsetc.). Therefore, only displacements were taken as inputs.

"
L LVDT 16
)10 %eta &
! e ¢ )
:
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x1.y1)

LVDT 14
P2

y4 LO=245cm

VDT 15

P3

\L/

,,10=32.0 cm

T18 I 320m
xByB)

P4

3

Figure 3.13 LVDT Layout Han at theDeck
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The loaddisplacements graphs were drawn using static experiment readings for each
undamaged and damaged case scendrlosse were given iRigure3.14 7 Figure
3.25below:
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Figure 3.14. HorizontalDisplacement Applied LoadGraphs in x and y IBections Respectivelyor
No Mass- No Damage @se
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Horizontal Displacement-Load Graph in y Direction
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Figure 3.15. Horizontal Dsplacement Applied Load Gaphs in x and Yirections Respectivelyfor
3 kg Deck Mass and 32 MemberHasDamaged
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Horizontal Displacement-Load Graph in x Direction
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Figure 3.16. Horizontal Dsplacement Applied Load Gaphs in x and Yirections Respectivelyfor
3 kg Deck Mass and 55Member Has Bmaged
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Horizontal Displacement-Load Graph in x Direction
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Figure 3.17. Horizontal Dsplacement Applied Load Graphs in x and yifgctions Respectivelyfor

3 kg Deck Mass and 49Member Has Damaged
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Horizontal Displacement-Load Graph in x Direction
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Figure 3.18. Horizontal Dsplacement Applied Load Graphs in x and yifgctions Respectivelyfor

4 kg Deck Mass and 49Member HaDamaged
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Horizontal Displacement-Load Graph in x Direction
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Figure 3.19. HorizontalDisplacement Applied Load Graphs in x and yifgctions Respectivelyfor

4 kg Deck Mass and 5% Member Has Damaged
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Horizontal Displacement-Load Graph in x Direction
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Figure 3.20. Horizontal Dsplacement Applied Load Gaphs in x and Yirections Respectivelyfor
5 kg Deck Mass and 52 Member Has Damaged
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Horizontal Displacement-Load Graph in x Direction
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Figure 3.21. Horizontal Dsplacement Applied Load Graphs in x and yiflgctions Respectivelyfor
5 kg Deck Mass an@1st Member Has Damaged
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Horizontal Displacement-Load Graphin x Direction
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Figure 3.22. Horizontal Dsplacement Applied Load Graphs in x and yiflgctions Respectivelyfor

6 kg Deck Mass an@7" Member Has Damaged
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Horizontal Displacement-Load Graphin x Direction
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Figure 3.23. HorizontalDisplacement Applied Load Graphs in x and yifgctions Respectivelyfor
6 kg Deck Mass and @ Member Has Damaged
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Figure 3.24. HorizontalDisplacement Applied Load Gaphs in x and irections Respectivelyor

7 kg Deck Mass andl6" Member Has Damaged
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