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ABSTRACT 

 

DEVELOPMENT OF STRUCTURAL HEALTH MO NITORING AND 

ARTIFICIAL INTELLIGE NCE BASED DAMAGE DET ECTION AND 

EARLY WARNING SYSTEM  FOR TRUSS LIKE IN -WATER 

STRUCTURES 

 

Kara, Serap 

Master of Science, Civil Engineering 

Supervisor: Prof. Dr. Ahmet Türer 

  

 

September 2019, 129 pages 

 

Continuously growing industry necessitates substantial amount of energy which is 

frequently harvested in-water 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 challenging issue. 

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 truss-like tower structures in 

water is investigated in this thesis study. This thesis targeted to set rules about damage 

detection and warning system using simple and sophisticated methods (Artificial 

Intelligence ï AI) for tower like structures. Wave loading, stored mass changes, and 

damaged 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 using a VBA based program through Application Programming Interface 
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(API) to generate analytical structural response of damage scenarios. An artificial 

intelligence (AI) based monitoring system is developed using a large number of 

analytically simulated damage and 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 static properties which are then fed into the trained 

ANNs 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 vibration frequencies, 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  

 



 

 

 

vii  

 

ÖZ 

 

SU Ķ¢ĶNDEKĶ MAKAS TĶPĶ YAPILAR Ķ¢ĶN YAPISAL SAĴLIK ĶZLEME 

VE YAPAY ZEKA TABANLI HASAR TESPĶTĶ VE ERKEN UYARI 

SĶSTEMLERĶNĶN GELĶķTĶRĶLMESĶ 

 

Kara, Serap 

Yüksek Lisans, Ķnĸaat M¿hendisliĵi 

Tez Danēĸmanē: Prof. Dr. Ahmet Türer 

  

 

Eylül 2019, 129 sayfa 

 

Sürekli büyüyen endüstriyel aktiviteler için gerekli olan yüksek derecede enerji 

ihtiyacē, su altēnda kalan bºlgelere de uzanēlmasēnē gerekli kēlmēĸtēr. A­ēk deniz 

bölgelerinden elde edilecek elektrik, gaz ve petrol genellikle denizlerde ve 

okyanuslarda inĸa edilecek platformlarēn kullanēlmasēnē gerektirir. Sert koĸullar ve 

tuzlu ortamlarda bulunan bu t¿r yapēlarēn denetimi ve bu yapēlarda oluĸabilecek 

hasarlarēn erken tespiti zordur ve istenmeyen büyük felaketlere neden olabilir. Bu 

nedenlerden dolayē hasar tespiti bu yapēlar i­in zorlu bir problemdir. Yapēda oluĸacak 

herhangi bir hasarēn erken tespiti olasē kazalarē, ekonomik kayēplarē ve çevresel 

felaketleri önleyebilir. Bu tez ­alēĸmasēnda, sudaki makas benzeri kule yapēlarēnda 

oluĸan hasarlar i­in erken hasar tespiti ve ikaz i­in Yapēsal Saĵlēk Ķzleme (YSĶ) 

yaklaĸēmē ele alēnmēĸtēr. Bu tez, kule benzeri yapēlar i­in basit ve sofistike yºntemler 

(Yapay Zeka -YZ) kullanarak hasar tespit ve uyarē sistemi ile ilgili kurallar koymayē 

ama­lamaktadēr. Dalga y¿k¿, depolanan k¿tledeki deĵiĸiklikler ve hasarlē elemanlar 

geliĸtirilen izleme sisteminde d¿ĸ¿n¿lm¿ĸ ve sistem küçük ölçekli bir laboratuvar 

modelinde test edilmiĸtir. Fiziksel laboratuvar modelinin sonlu elemanlar modeli 

statik ve dinamik deney sonu­larēna gºre kalibre edilmiĸtir. Hasar senaryolarē ve 

senaryolarēn analitik yapēsal tepkisi Uygulama Programlama Ara Yüzü kullanan VBA 
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tabanlē bir program tarafēndan oluĸturulmuĸtur. Yapay zekaya dayalē bir izleme 

sistemi analitik olarak sim¿le edilmiĸ ­ok sayēda hasar ve k¿tle deĵiĸim senaryosu 

kullanēlarak geliĸtirilmiĸtir.  Eĵitilen YSA, eĵitim sērasēnda kullanēlmayan ve sonlu 

elemanlar metodu ile elde edilen hasar senaryolarē kullanēlarak test edilmiĸtir. 22 hasar 

senaryosu fiziksel laboratuvar modelinde de uygulanmēĸ ve her senaryoya ait dinamik 

ve statik ºzellikleri elde etmek i­in testler tekrarlanmēĸtēr. Elde edilen sonuçlar, 

eĵitilen her bir YSA için girdi olarak kullanēlmēĸ ve fiziksel laboratuvar modelinde 

oluĸan hasarlarēn yerlerini tahmin etmek i­in kullanēlmēĸtēr. Yapēnēn mevcut haldeki 

yapēsal saĵlēk izlemeleri (doĵal salēnēm frekanslarē, depolanan mevcut k¿tle ve 

deplasman vb.) i­in kullanēcē ara y¿z¿ geliĸtirilmiĸtir. Tespit edilen hasar olduĵunda 

uyarē vermesi i­in kullanēcē ara y¿z¿nde hasar seviyesi alarm sistemi uygulanmēĸtēr. 

 

 

Anahtar Kelimeler: Hasar Tespiti, Kule, Makas, Yapay Sinir Aĵē, Yapēsal Saĵlēk 

Ķzleme 
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CHAPTER 1  

 

1. INTRODUCTION  

 

1.1. Objective and Scope 

The primary goal of this thesis is to develop a Structural Health Monitoring (SHM) 

approach for early damage detection and warning for truss-like tower structures in 

water.  It is called as truss-like tower structures because the joints are rigid and it 

causes the behavior similar to both truss and frame structures. One of the most 

important types of these tower structures is the oil and natural gas extraction facilities 

located in seas, oceans, or lakes. Different than the ones on land, towers in-water 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 in-water oil platforms have multiple adverse economic and 

natural disasters. Preventive measures and damage detection at 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 

Intelligence ï AI) for tower like structures. The main objectives are listed below: 

1) Investigate types of the offshore towers and forces acting on truss like tower 

structures especially the ones in water. 

2) Develop a testing program for damage response and changes in static and 

dynamic properties of lab model. 

3) Construct a realistic 3D finite element model (FEM) of the lab tower to 

simulate damage and compare against available experiment data. 

4) Generate a VBA based program utilizing API to generate multiple scenarios 

to be used for the training and testing of artificial neural network (ANN) for 

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

The stages of the thesis to reach these objectives are summarized below in the form of 

scope: 

1) Conduct literature survey on types of in-water towers and review basic wave 

theory. 

2) Design a 1/75 scale lab specimen and construct a realistic 3D-FEM. 

3) Construct a lab specimen with the same characteristics as the analytical model. 

4) Test lab specimen statically and dynamically to obtain natural vibration 

frequencies and stiffness. 

5) Update nominal FEM to replicate the experimental properties as closely as 

possible by changing material, connectivity, mass, and support stiffness 

properties. 

6) Write a VBA based API code to repeatedly run SAP2000 to generate 10,200 

damage and mass change scenarios, which will be then used subsequently to 

calibrate ANN. 

7) Test the trained ANN using FEM generated damage scenarios that were not 

used during training. 

8) Conduct 22 damage scenarios 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 experimental 

data and test their significance. 

1.2. Truss Like Structures with Emphasis on In-Water Towers 

In this chapter, firstly basic descriptions about offshore structures and types of 

offshore platforms are given. Then, main forces applied on the offshore structures and 

the method used are defined. Final section gives brief information about ANNs. Type 

of the ANNs and its use for damage detection will also be covered. 
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Oil was discovered in the mid-19th 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 ever-increasing 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 the characteristics 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 groups (Figure 1.1). 

 

 

Figure 1.1. Classification of Offshore Structures 

 

Steel Template Structures: They 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.  
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Concrete Gravity Structures: They are generally preferred in the areas where no 

installation of piles is needed. They can be used in water depths up to 350 meters. 

The typical examples mentioned above are given in Figure 1.2. 

 

Figure 1.2. Examples of Steel Template Structure and Concrete Gravity Structure 

 

Compliant Tower:  They are used in deep waters. They resist strong lateral forces 

causing large 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, they are 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. 
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The typical examples of compliant tower and guyed tower are given in Figure 1.3. 

 

Figure 1.3. Examples of Compliant Tower and Guyed Tower 

Tension Leg Platform: They are generally used in water depths between 1,000 and 

1,200 meters. Mini Tension Leg Platform (Mini-TLP) and SPAR Platform are two 

main types of the tension leg platforms. 

Articulated Tower:  Instead of the wires of tension leg platforms, they have a concrete 

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 given in Figure 1.4. 

 

Figure 1.4. Articulated Tower Model 
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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 shown in Figure 1.5. 

 

Figure 1.5. General Classification of Offshore Platforms 

 

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 and difficult, sinusoidal 

waves are usually used.  
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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 means of various relations. Wave type classification 

can be determined by using the ratio of the depth of the water (d) to the wave length 

(L) and multiplying with the wave number (k= 2ˊ/L). The criteria used for this 

classification are shown in Table 1.1. 

Table 1.1. Wave Classification 

 

d/L  
 

kd=(2 /́L)d 
 

Wave Type 

 

0<d/L<0.05 
 

0<kd<0.1́  
 

Shall ow Water Wave 
 

0.05<d/L<0.50 
 

0.1 ́  <kd< ́  
 

Intermediate Depth Wave 
 

d/L>0.50 
 

kd>  ́
 

Deep Water Wave 

 

Waves are classified into three groups: shallow water waves, intermediate depth 

waves and deep water waves. For deep water waves, wave height and wave length are 

the main parameters to determine the type of wave. Water depth has no effect on the 

classification.  After the decision of wave type, wave length, wave celerity and 

velocity equations of water particle in horizontal and vertical directions can be 

calculated using the formulas in Table 1.2. 

Table 1.2. Wave Equations 

 

Deep Water

d/Lo Ó 0.5

Intermediate Depth

0.0157< d/Lo < 0.5

Shallow Water

d/Lo Ò 0.0157

Water Celerity C

Wave Length L

Horizontal Particle Velocity u

Vertical Particle Velocity w
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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 and the inertia force that used velocity parameter. 

After the determination of the wave theory that will be used (Linear Theory, Stokeôs 

wave theory etc.), CM and CD coefficients are selected according to the theory and 

forces are calculated. 

The Morison equation for forces on a unit length of thin cylindrical member is given 

below: 

F = FI + FD     

where                                                                                           

FD = 1/2 CD ɟf D U2 

FI = /́4 CM ɟf D
2 dU/dt  

F : Total wave force 

FI : Inertia force 

FD : Drag force 

D : Diameter of cylindrical member 

ɟf : Density of fluid 

U : Fluid velocity 

dU/dt : Fluid acceleration 

CM, CD : Inertia and drag coefficients respectively 

 

Marine growth is an 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 
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design through appropriate increases in the diameters and masses of the submerged 

members.  

Standards of ñAPI RP-2A-WSDò and ñISO 19902:2007 Petroleum and natural gas 

industries ð Fixed steel offshore structuresò also calculates the wave force with 

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 

cells. The functions on the created network (Figure 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 reduce the 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. 

 

 

Figure 1.6. General View 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 operations and set of 

required parameters. Some of the most used types are listed below: 

-Feedforward Neural Network: It is the simplest 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 network 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 time-step that is basically a memory. 

There are also various artificial networks types. General regression neural networks 

(GRNN), recurrent neural networks, convolutional neural networks, Boltzmann 

machine networks, and Hopfield networks are some of the other artificial neural 

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 and complex 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 adequate for 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. Therefore, 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 series of ANN were 

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

were tested to give the best training performance. Usage of ANN for damage detection 

in the literature exists by 1) using statistical approach applying Rosenbluethôs point 

estimate method, which was verified using Monte Carlo simulation and 2) using 

probabilistic approach of Bayesô Theorem to obtain operating characteristic curves to 

trade-off between true and false positives. 

 

1.4. Literature Survey 

1.4.1. Structural Health  Monitoring  

There are many different approaches for damage detection.  Structural health 

monitoring is an important approach used in damage detection 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 data based on predictions and low frequency nature of the waves. The main 

purposes of the study are to increase the system response of the band-limited 

predictable excitations, to show phase space modelling causing this result and to write 

an algorithm which 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 detection method that is the main subject of this thesis. 

Mangal et al. (1999) used neural networks to develop an automatic, on-line monitoring 

system for offshore structures. A scaled model has created with FEM. The data 

obtained from this analytical model are compared 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 tests have been conducted 
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for different masses to investigate the effect of mass change. These tests show that 

different masses cause very small changes in natural frequencies of the model and also 

it is observed that the change is very high in damaged cases compared to the less 

damaged condition. It is stated that the experimental results 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 not only mass but also rigidity in 

offshore structures, and it is not always possible to distinguish dynamic readings due 

to the mass or rigidity effects because they can occur at the same time. In this thesis, 

by adding static loading and displacement measurements in 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 vibration-based 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 method 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 structural 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 is considered 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 element model and the measured data. Mass and stiffness matrices were updated 

with Cross-Model Cross-Mode (CMCM) method using the limited number of modal 

frequencies. The method has two important advantages compared to other methods: 

(1) iterations are not required, 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 missing mode 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 using the CMCM method and 

the offshore platform as a model. It is stated that CMCM method is suitable for the 

use of structural monitoring of offshore structures. 

Elshafey et al. (2009) examined the dynamic responses of scaled 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 unit deformation 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 element model data and experimental 

results were found to be compatible with each other.  

Elshafey et al. (2010) developed a simple method used random decrement method to 

estimate damping ratios and natural frequencies of offshore platforms. The method 

also calculates roughly the reaction forces and bending moment on the ground. In this 

study, ground reactions were calculated approximately with less than 5% error. 

Although it is thought to be useful in calculating the forces that the waves will form 
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on the structure, 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 determined 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 other. 

1.4.3. Damage Detection 

Abdo and Hori (2002) studied to develop a method of damage detection using rotation 

of the mode shapes as an indicator. A plate was used as an analytical model and the 

damages of plate were modeled by releasing some nodes. Then, the damage location 

and the extent of the damage were tried to be determined. Although this method has 

been shown to work, it has some weaknesses. For example, a simple model and 

analytically simulated data were used. Because of that, it may 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 reduction in rigidity has been studied. In 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 again only limited to analytical modeling and simulation. In 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 simulated analytical 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 Pennyôs suggestion. In the study using the Gapped Smoothing Method 

(GSM) method, they found that there were changes when compared to undamaged 

and damaged FRFs. In this study 900x6.5x25.5 mm size analytical and 800x25x50 

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

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 static complex 

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 into two-dimensional 

space (2D). Sudden changes in the amount 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 according to the size 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 be close 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 region of the 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) developed 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 error (bj) defined 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 

a new algorithm using this criterion. The loss of rigidity was defined with the diagonal 

matrix (Ŭ) consisting of a stiffness connectivity matrix and element rigidity damage 

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 vector (dj) function 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, the element damage parameters (Ŭ) are calculated by 

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 matrix-vector and matrix-scalar products for damage location detection 

and the division technique for the damage extent. 

Shi et al. (1998) tried to determine the location 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). Cross-Modal Strain Energy (CMSE) method was used to determine the 

damage extent for multiple damaged members. In the method, the mass was assumed 

as the same for both damaged and undamaged conditions and a five-story frame model 

was used for research. The methods generally accept the same masses of damaged and 

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 members and 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 instead of 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 only change 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 unknown. Based on the eigen-analysis 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 model are found by taking the damage severity is 0 for the first 

iteration. In subsequent iterations, new damage magnitude values and eigen-vector 

values are found and then iterations are continued until the difference between the two 

iterations is reached to the desired tolerance range. A numerical 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 Carlo simulations 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 case, it was used 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 three-dimensional frame 

structures with 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 the incomplete 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 location 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. The full-mode shape was obtained by 

using the SDUP (Slave Degree of Freedom Iterative 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 frequencies are sufficient 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 for the structures whose mass is constantly 

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

the previous one, the damage locations are re- obtained by using another new method. 

This new method is based on the idea that ñonly the actual damage scenario causes 

different combinations of frequency changes in the measurements of the damaged 

structureò. The combination of two different frequency changes and the severity of 

damage for each scenario (i.e. each member) is calculated and the member is 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 offshore structures.  

Li et al. (2008) studied the damage detection of offshore jacket-type platforms in the 

case of limited or incomplete modal data are available. They focused on detection of 

damage using the first few modal parameters. Cross-model cross-mode (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 creates a matrix of linear equations, including unknown correction factors 

necessary to correct the selected stiffness and mass sub-matrices. In this study, 
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matrices including damaged and undamaged mass and stiffness matrices were 

obtained from the free vibration 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 used. Guyan or SEREP (System Equivalent Reduction 

Expansion Process) methods were used to obtain the transformation matrix (T) 

required to obtain full-order coordinates in the main model. It was investigated which 

method was more successful. A test model consisting 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 studies. Artificial 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 were used 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 vibration-reading 

sensors. However, the growth of marine organisms (mussels, algae, etc.) on the 

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 made. In addition 

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 preliminary 

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 the next studies. 

Viero and Roitman (1999) conducted damage assessment studies on two different 

small-scale hydro-elastic offshore platform models. Inside of the pipe elements were 

filled with mercury to keep their rigidity low while increasing the mass of the 

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 parameters 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 techniques to 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 method 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 Beck (2012) benefited from statistical methods for assessing damage to 

the bridge. A statistical method was developed using Bayesian statistics and neural 

networks method together. In the first step of the method consisting of two phases, the 

neural network model was 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 amount of the 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 information about the structural model. 
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Hills and Courtney (2010) developed 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 commonly used for the detection of non-linear 

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 real offshore 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 by load changes, system 

damping and sea conditions.  

Brincker et al. also studied on a statistical method. The ARMA (self-regressing 

moving average) model was used to obtain damage in offshore structures. The change 

in the obtained modal parameters was accepted as 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 measurements in addition to dynamic 

parameters (natural vibration 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 studied using both analytical and experimental data. 
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CHAPTER 2  

 

2. ANALYTICAL MODEL  

 

2.1. Development of a 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 for both analytical analyses and laboratory studies. The model consists of 20 

vertical members, 20 horizontal members and 16 diagonal members. In the middle 

part of the model, 2 horizontal diagonal members are fixed to prevent the stability 

problems. Model general and plan views are shown in Figure 2.1 and Figure 2.2 

respectively. 

The SAP2000 program (Computers and Structures, 2015) was used for the finite 

element analyses. An analytical 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 

obtained analyses data and trained artificial neural networks. 
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Figure 2.1. General View of the Model 
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Figure 2.2. Planes View of the Model (a) in Y-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 full-scale structures. Continuous and cyclic loading of waves 

might generate fatigue problem especially at connections where stresses might be 
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concentrated and salty sea water is a primary concern for rusting. The 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 truss analogy. If a member of length L and area of A loses cross section 

by Ŭ amount, Ŭ being between 0 and 1, the remaining cross section is A(1- Ŭ). 

Assuming length of the rusted portion is ɓ as a fraction of length L, then the remaining 

healthy length is L(1- ɓ). The stiffness before section loss is EA/L while the reduced 

section would have stiffness of EA/(1- Ŭ)/(Lɓ); the healthy part would have stiffness 

of EA/[L(1-ɓ)]. The two members connected in series requires the same force acting 

on both of them. The total 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 F/{EA/[L (1-ɓ)]}  and F/{EA(1- Ŭ)/(Lɓ)} . The stiffness of the overall 

member composed of damaged and undamaged parts would be F divided by total 

deformation. The effective stiffness equation is obtained as  

ke=F/[ F/{EA/L(1-ɓ)}  + F/{ EA(1- Ŭ)/(Lɓ)} ] 

and simplified to be  

ke=(EA/L)/[1/(1- ɓ)+ ɓ /(1- Ŭ)]  

The effective stiffness (ke) as compared to the undamaged stiffness shows minimal 

changes as seen from Table 2.1. The rusted length up to 5% of the length and section 

loss up to 50% of the original area changes stiffness by only 5% to 10% of the original 

stiffness. Considering that one of the memberôs stiffness change will have minimal 

impact on the global stiffness and vibration frequencies of the tested structure, it was 

deemed to 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) 

Ŭ would have no effect if damaged section length to total length ratio (ɓ) is zero, which 

is the actual case when a crack is formed. Therefore, 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 either a member 

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 

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

Table 2.1. Effective Stiffness of a Member (ke) With Respect to Ŭ and ɓ 

 

A code was written to automatically create 10,000 damage scenarios using Excel VBA 

and SAP2000 API (Application Program Interface). The code does the following steps 

in the given order: 

1) The code first automatically runs the SAP2000 program and relevant model 

file containing the original model through Excel VBA. 

2) It randomly selects one of the elements previously labeled out 58 members in 

the model and assigns the coefficient of section area, torsional, and moment of 

inertia values of this element to 0 and assumes that the element is completely 

damaged. 

3) Modal analysis performed for the generated damaged condition and the 

calculated modal frequencies are printed in a data table for the first six modes. 

ʲ 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 1.000

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 0.991 0.991 0.991 0.991 0.991 0.991 0.990 0.990 0.990 0.990 0.989 0.989 0.989 0.988 0.988

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 0.982

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 0.976 0.976 0.975 0.975 0.974 0.973 0.972 0.972 0.971

1.20% 0.976 0.976 0.976 0.975 0.975 0.975 0.974 0.974 0.974 0.973 0.973 0.972 0.972 0.971 0.970 0.970 0.969 0.968 0.967 0.966 0.965

1.40% 0.973 0.972 0.972 0.972 0.971 0.971 0.970 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 0.960

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 0.950 0.948

2.00% 0.961 0.961 0.960 0.960 0.959 0.959 0.958 0.957 0.957 0.956 0.955 0.954 0.953 0.952 0.951 0.950 0.949 0.948 0.946 0.945 0.943

2.20% 0.957 0.957 0.956 0.956 0.955 0.955 0.954 0.953 0.952 0.952 0.951 0.950 0.949 0.948 0.947 0.945 0.944 0.943 0.941 0.939 0.938

2.40% 0.954 0.953 0.953 0.952 0.951 0.951 0.950 0.949 0.948 0.947 0.946 0.945 0.944 0.943 0.942 0.941 0.939 0.938 0.936 0.934 0.932

2.60% 0.950 0.949 0.949 0.948 0.947 0.947 0.946 0.945 0.944 0.943 0.942 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 0.922

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 0.936 0.935 0.934 0.933 0.932 0.931 0.930 0.928 0.927 0.926 0.924 0.922 0.920 0.919 0.916 0.914 0.912

3.40% 0.935 0.935 0.934 0.933 0.932 0.931 0.930 0.929 0.928 0.927 0.925 0.924 0.923 0.921 0.920 0.918 0.916 0.914 0.912 0.909 0.906

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 0.902 0.899 0.896

4.00% 0.924 0.924 0.923 0.922 0.921 0.920 0.919 0.917 0.916 0.915 0.913 0.912 0.910 0.908 0.906 0.904 0.902 0.900 0.897 0.895 0.892

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 0.900 0.898 0.895 0.893 0.890 0.887

4.40% 0.917 0.916 0.915 0.914 0.913 0.912 0.911 0.910 0.908 0.907 0.905 0.904 0.902 0.900 0.898 0.896 0.893 0.891 0.888 0.885 0.882

4.60% 0.914 0.913 0.912 0.911 0.910 0.908 0.907 0.906 0.904 0.903 0.901 0.900 0.898 0.896 0.894 0.891 0.889 0.886 0.884 0.880 0.877

4.80% 0.910 0.909 0.908 0.907 0.906 0.905 0.903 0.902 0.901 0.899 0.897 0.896 0.894 0.892 0.889 0.887 0.885 0.882 0.879 0.876 0.872
5.00% 0.907 0.906 0.905 0.904 0.902 0.901 0.900 0.898 0.897 0.895 0.893 0.892 0.890 0.888 0.885 0.883 0.880 0.878 0.874 0.871 0.868

ʰ
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Furthermore, total of 500 Newton load is applied on two upper corner nodes 

and in each horizontal direction separately (Figure 2.3). Displacements and 

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

loads are also added to the data table for each direction. These displacements 

and rotation are used for damage detection as well.  

4) The damaged member is restored and the code repeats the steps described 

above by assigning another randomly damaged member again. 

 

Figure 2.3. Configuration of Applied 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 the 10,000 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 the second stage of the studies, a new series of analytical models were created by 

considering the mass changes in the oil platform above the structure and using this 

model, 10,000 different damage scenarios were created which had random damaged 

members together with random mass assignments. Furthermore, 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 data. Validation check that is overtraining has been controlled for all ANNs. 

Minimum success rate for all ANNs using FEM data was accepted as 90%. These sets 

are summarized below under headings and further details are given in the following 

section. 

Input data must be normalized in order to be used in ANN technique. Since only 

analytical model data were used, differences were obtained by subtracting the 

frequencies, displacements, and rotations obtained from the analysis of each damaged 

scenario from the frequency, displacement, and rotation values of the undamaged 

condition. These differences were normalized and made ready to enter the artificial 

neural network as a parameter between 0 and 1. 

 

Normalization formula                    xô=(x-xmin)/xmax-xmin 

 

An encoding of 0 and 1 was used for the groups, 0 indicating damaged member does 

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

A) 10,000 damage scenarios without platform mass. This set is repetitive damage 

scenarios of 58 members and ANN gave 100% 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 groups: 1) vertical, 2) horizontal, and 3) diagonal (Table 

2.2). Figure 2.4 shows the Type-A ANN. Validation check that is overtraining 

has been controlled for all ANNs. 

Type A and B based ANNs used the output damaged members of the model in 

three groups as shown in Table 2.2. The grouping was made as: 

1) Vertical members 

2) Horizontal members 

3) Diagonal members 

 

Table 2.2 First Grouping of Member IDs as Used for Output in ANN Training 

Vertical 

Members ID 

Horizontal 

Members ID 

Diagonal 

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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Figure 2.4. First Used ANN System (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 force 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 
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Example data set of Type-A input and outputs are given below (Table 2.3). 

Table 2.3. Example Input and Output Data Set for ANN Type-A Training 

 

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

after Type-A 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 previously formed and successful results were obtained. 

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

using feed-forward and log-sigmoid threshold function (which values between 0 and 

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

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

the Type-A ANN model, the mass change was added as an additional input parameter 

and the Type-B ANN system was generated. 

 

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

damage grouping network could successfully identify the damaged memberôs 

group (vertical, diagonal, horizontal) (Table 2.2) even though the mass is 

changing. Figure 2.5 shows the Type-B ANN. 
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Figure 2.5. ANN System Including Mass Change (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 500 N force 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 percentages 
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The Type-B 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. 

Type-B based ANNs also used the output damaged members of the model in three 

groups similar as Type-A shown in Table 2.2.  

C) The new generation ANN has been improved to have three stages, which are 

1) type (vertical, horizontal, vertical diagonal, and horizontal diagonal) (Table 

2.4, Figure 2.6), 2) layer indicating each floor (1, 2, 3, 4 from bottom towards 

top) (Table 2.5, Figure 2.7, and Figure 2.8), and 3) plane of damage (North, 

West, South, East, and middle horizontal plane) (Table 2.6, Figure 2.9, and 

Figure 2.10). The ANN generations after Type-A have all used 10,200 data 

points with changing mass including this one. The outputs of these three 

independent ANN were combined to pinpoint the location of damaged 

member. Success rate for this system is 100%. 

 

The first group (Type-C1) was formed to indicate the type of the element: 

 

Figure 2.6. Type-C1 ANN 
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These groups mentioned above are shown in Table 2.4. 

Table 2.4. Type-C1 ANN for System with 3 Network Training 

 

The second group (Type-C2) was formed to show which floor the element belongs to: 

 

Figure 2.7. Type-C2 ANN 

Vertical 

Member ID

Horizontal 

Member ID

Vertical 

Diagonal 

Member ID

Horizontal 

Diagonal 

Member ID

1 21 41 57

2 22 42 58

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

18 38

19 39

20 40
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Table 2.5. Type-C2 ANN for System with 3 Network Training 

 

Layer groupings of members are also available on the model plan (Figure 2.8). 

 

Figure 2.8. Layer Plan of the Model Used Type-C2 

1st

Layer 

2nd

Layer 

3rd

Layer 

4th

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 47 38

23 50 51 39

24 54 55 40

41 57 44

45 58 48

49 52

53 56



 

 

 

37 

 

The third group (Type-C3) was formed to determine which plane of the structure the 

element is located: 

 

Figure 2.9. Type-C3 ANN 

 

Table 2.6. Type-C3 ANN for System with 3 Network Training 

 

 

North 

Plane

South 

Plane

West 

Plane

East 

Plane

Middle 

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 on the model plan (Figure 2.10). 

 

Figure 2.10. Plane Plan of the Model Used Type-C3  

Example data set of Type-C input and outputs are given below (Table 2.7). 

Table 2.7. Input and Output Sample Containing 3 Staged ANN Trainings (Type-C) 

 

1 2 3 4 5 6 7 8 9 10

20 40 14 22 32 50 30 42 36 35

norm f1 0.73328 0.52128 0.38436 0.79823 0.82779 0.44296 0.49394 0.63833 0.60006 0.97062

norm f2 0.53687 0.29069 0.33545 0.70205 0.74455 0.27895 0.25080 0.71121 0.40515 0.96919

norm f3 0.80119 0.84236 0.63361 0.93453 0.94372 0.16405 0.82825 0.39389 0.82259 0.87721

norm f4 0.52698 0.65638 0.08116 0.82218 0.84476 0.45822 0.64259 0.45629 0.36573 0.48113

norm f5 0.20418 0.46453 0.41512 0.72962 0.58025 0.46824 0.28405 0.75121 0.09031 0.50613

norm f6 0.47386 0.44797 0.41940 0.81376 0.84447 0.43601 0.40326 0.80845 0.14112 0.27359

norm dx 0.14097 0.00349 0.16163 0.00056 0.00027 0.00160 0.00014 0.00129 0.00068 0.00219

norm r_x 0.74728 0.50224 0.73354 0.49475 0.49570 0.51929 0.49503 0.47312 0.49667 0.49664

norm dy 0.00351 0.00013 0.47682 0.00010 0.00079 0.08511 0.00017 0.10575 0.00041 0.00116

norm r_y 0.45972 0.49280 0.03426 0.49406 0.49318 0.29307 0.49395 0.72738 0.49411 0.49056

norm mass 0.37039 0.82333 0.67803 0.26529 0.22028 0.84492 0.89703 0.25565 0.63234 0.02280

Vertical 1 0 1 0 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 0

Middle Diagonal 0 0 0 0 0 0 0 0 0 0

1. Layer 0 0 0 1 0 0 0 0 0 0

2. Layer 0 0 0 0 0 1 0 1 0 0

3. Layer 0 0 1 0 1 0 1 0 0 0

4. Layer 1 1 0 0 0 0 0 0 1 1

North Plane 0 1 0 0 1 0 0 0 1 0

South Plane 0 0 0 1 0 0 1 0 0 0

West Plane 1 0 0 0 0 0 0 1 0 0

East Plane 0 0 1 0 0 1 0 0 0 1

Middle Plane 0 0 0 0 0 0 0 0 0 0

Damaged Member ID

Scenario No.

Input

Output
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Type C based Artificial Neural Network model was slightly improved to have four 

groups (Type-C1) instead of three by separating the horizontal diagonal member as 

shown in Figure 2.6. Furthermore, second (Type-C2) and third level (Type-C3) ANNs 

were added to actually pinpoint the damaged member. Similar to previous networks, 

damaged member groups from each level (C1, C2, and C3) are identified by outputs 

of either 0 or 1. 

D) Staged independent ANNs were planned to be combined into ANN by 

changing the output channels to member IDs (Figure 2.11). 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 channels; if all of the channels 

give zero output, this network is assumed to indicate that there are no damaged 

members. 

One of the last two new ANNs were Type-D with 58 member outputs. In this grouping, 

it was studied directly on the detection of the damaged element. In Type-D, an output 

channel was created for each one of the 58 elements. The damaged member is 

determined by an output of 1 from its dedicated channel while all the other channels 

were zeros indicating no damage.  

 

Figure 2.11. Type-D ANN with 58 Output Channels 
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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 this way, ANN would indicate from a channel 

that the system is healthy. There are 58 members and 59 output channels in 

Type-E (Figure 2.12). In this way, if all of the members are healthy, the ANN 

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

The last ANN model, in addition to the 58-group system, a separate channel #59 

was created for the undamaged state of all members. When channel 59 gives an 

output of 1, this indicates that all members are undamaged. On the contrary, 

channel 59 giving a zero output indicates a damaged state. When channel 59 is 0, 

one of the other 58 channels must be 1. This criterion is not defined within ANN 

but is a simple external self-check of the ANN Type-E and superior to other types. 

Thus, a new element identification method with self-checking was obtained that 

consists of 59 channels. This grouping system has also been very successful with 

97% success rate. Therefore, it was decided to use the ANN system with 59 

groups. 

 

Figure 2.12. Type-E ANN with 59 Output Channels 
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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 detection.  Once Type-E 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 for 10,200 cases using the calibrated FEM and 

the network Type-E was trained using that data. Damage detection success rate of 97% 

was obtained using the calibrated analytical model damage simulation results by 

correctly identifying 970 of the 1000 damaged and undamaged damage case data (with 

changing platform mass) that was not used during the ANN training process.  
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CHAPTER 3  

 

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 laboratory with the same 

scale. PVC pipes were used for the physical model of the structure instead of steel 

which is commonly used in full size applications. The plastic 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 material properties of PVC pipe were obtained using simple bending tests and 

verified against available generic data about the material. These results are also used 

for the nominal FEM. The calibration was conducted after static and dynamic tests 

were conducted 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 was initially considered that the pipes are melted 

and bonded to each other or using a special adhesive / epoxy glue as an alternative; 

however, all of these methods were tested and found to be not a robust approach. The 

pipes were later decided to be connected using steel plates, bolts, and clamps. This 

established stronger bond than the other methods. Plates with 2 mm thick stainless 

steel were cut by CNC laser cutting method in accordance with the plan designed to 

be specific to each connection point shown in Figure 2.2. The plates were welded to 

the clamps and used to connect the horizontal and diagonal members. Figure 3.1 shows 

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

Figure 3.2. 
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Figure 3.1. Cutting Plan of Connection Plates 

    

  

Figure 3.2. Ready to Use Connection Plates after Cutting and Welding 
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Two ◖5mm diameter bolts were used at each joint to mount the horizontal and 

diagonal members. Holes of ◖6 mm diameter were formed for the bolts. The fasteners 

are combined with clamps that are welded to the plates (Figure 3.3). 

      

Figure 3.3. Joining of Connection Plates to the Members 

Vertical members were formed by using PVC pipes with a diameter of ◖40 mm for 

the lower two layers and PVC pipes with a diameter of ◖32 mm for the upper two 

layers. PVC pipes with a diameter of ◖25 mm were used for horizontal and diagonal 

members. The upper deck (platform) of the physical model was designed with 11 mm 

thick steel plate for rigidity and extra mass. The variable mass on the top of the tower 

is established using a 10 lt 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 extra mass 

and slushing effect. Construction steps of the model can be seen in Figure 3.4, Figure 

3.5, and Figure 3.6. 

    

Figure 3.4 Vertical Members and PVC Pipes Used as Horizontal and Diagonal Members 



 

 

 

46 

 

  

Figure 3.5. Welding Process of Connection Plates 

 

   

Figure 3.6. Stages of Physical Model Construction 
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The model supports were fixed with three steel plates weighing approximately 16 kg 

each for a total of 48 kg/support for improved stability. However, it was seen that these 

weights were insufficient in static tensile tests, and heavier masses were placed in 

order to prevent the support from lifting up (Figure 3.7). 

     

Figure 3.7. Lifting of the Feet and Fixing with Additional Weight 

 

Calibration studies have begun after the completion of the physical model. It was 

aimed to develop the most appropriate analytical model. First step in the calibration 

stage was conducting the material tests.  

 

A simple experiment was carried out to determine the elasticity modulus by 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 to the end of the cantilever beam and the elasticity 

module was calculated using the deflection formula. 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 of the cantilever beams. 

 

Displacements were different from linear analysis calculations because the test 

apparatus permitted the large displacements (Figure 3.8) and the 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 visco-elastic 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 for Calculating the Modulus of Elasticity 

 

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 (Table 3.1) and deflection-load 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, calculated moment of inertia 

were tabulated to be used in the dynamic formula (Table 3.2). 
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Table 3.1. Applied Loads in the Experiment and Displacement Values 

Load Applied 

(N) 

Deflection 

(mm) 

0.59 18 

0.79 21 

1.91 45 

2.26 49 

3.14 70 

2.94 70 

3.92 89 

4.12 90 

5.45 118 

8.09 170 

 

Table 3.2. Properties of the Beam Used in the Experiment 

Inner diameter of the beam 15.4 mm 

Outer diameter 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 mm4 

 

The graph in Figure 3.9 were drawn by using the values given in Table 3.1. The 

relationship between load and displacement was obtained as y = 0.0488 * x-0.289. As 

a result of this study, modulus of elasticity, calculated with displacement formulas, 

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

 

Displacement formula for cantilever beam: 

 

Figure 3.10. Cantilever Beam 
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ȹ=PL3/3EI                                 E=PL3/3Iȹ   

P/ȹ is the slope of the graph in Figure 3.9. 

ɤ1= 3.52    

f1= ɤ1/2  ́

ȹ: displacement (mm) 

P: load (N) 

L, l: length of beam 

E: modulus of elasticity (N/mm2) 

m: mass/length (kg/m) 

I: moment of inertia (m4) 

ɤ: angular frequency (rad/s) 

f: natural vibration frequency (1/s) 

E=(0.0488*10003)/(3*17994.46) = 904 N/mm2 

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. 

ɤ1=2ˊ*1.205=7.57 rad/s 

E = (ɤ1/3.52)2* (ml4/I) 

E = (7.57/3.52)2*(0.28*1.974/1.799*10-8) = 1084 N/mm2 

Emean = (1084+904)/2 = 994 N/mm2 
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One of the steps to create a realistic nominal model is to define relatively more rigid 

parts at the connections. Vertical members are stiffer by the connection plates at 

locations where members are joined together. Rigid zone factor was defined in the 

regions where the connection plate was located in each vertical member in the 

analytical model. The moments of inertia of the horizontal and diagonal members were 

10 times increased for the region in contact with the connection plates during 

calibration. In addition, the weight and mass of the connection plates, bolts, and 

clamps were defined in the analytical model in accordance with the reality. The upper 

deck (platform) of the model is defined as a single shell at the beginning but it was 

changed to fine meshed member composed of many small shells to better model the 

rotational inertia of the FEM. Support restraints were also improved by modeling 

spring coefficients at the ends to better simulate semi-rigid support conditions. The 

difference between the initial appearance of the analytical model and the final version 

obtained after the modifications to calibrate can be seen in Figure 3.11. 

  

Figure 3.11. Initial and Calibrated Version of the Analytical Model 
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Natural vibration frequencies of the model before calibration and after calibration are 

given in Table 3.3. 

Table 3.3. Natural Vibration Frequencies of Uncalibrated, Calibrated, and Lab Model 

 

3.2. Similitude of the Model 

Reduced-scale models are generally used as experimental laboratory models because 

experiments conducted on full-scale models may not give economical end practical 

solutions. Similitude is a concept used in engineering models to build the relationships 

between the full-scale and reduced-scale model properties. In this study, reduced-scale 

with 1/75 model was used as a test model.  Material properties are shown in Table 3.4. 

ʄPVC = unit mass of pipe obtained by weighing / section area of pipe with Ø25 mm 

 ́ PVC = 
Ȣ  Ⱦ

Ȣ pzz Ȣ Ȣ ᶻ  
 

ɟPVC = 863 kg/m3 

Table 3.4. Material Properties 

Material Steel 

(Full-Scale Model) 

PVC pipe 

(Reduce-Scale Lab Model) 

Density, ́  7850 kg/m3 863 kg/m3 

Modulus of 

Elasticity, E 

200 GPa 1 GPa 

 

Uncalibrated Model Calibration Model Physical Model

f1 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 -

Natural Vibration Frequencies (cyc/sec)
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  Ὢ  ςp   =    ςp
Ⱦ

 
   

where 

f: frequency (cyc/sec) 

k: stiffness (N/m) 

m: mass (kg) 

E: modulus of elasticity (GPa) 

A: section area (m2) 

:́ density (kg/m3) 

V: volume (m3) 

freduce-scale = 

ᶻ

ᶻ
 ffull -scale 

freduce-scale = 16 ffull -scale 

 

If same material were used in the lab model: 

freduce-scale =  ffull -scale 

freduce-scale = 75 ffull -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 the success and applicability of the ANN which 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 adding water up to 10 liters. 

Dynamic and static tests were carried out on the calibrated physical model for a total 

of 22 different scenarios. Static experiments were made for the original (undamaged) 

model and used for all undamaged scenarios even with varying masses since mass 

change would not affect the static test results. Two 50 kN load cells were used for 

static testing together with a total of 4 linear variable differential transformers 

(LVDTs); two of them placed in the x-direction and other two placed in the y-

direction, A data acquisition system with a total of three triaxial accelerometers were 

used, two in the upper deck and one in the middle layer, to obtain dynamic data (Figure 

3.12). 

 

 

      

Figure 3.12. Static and Dynamic Testing Equipment 
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Static experiments were carried out in both directions. Since the tests were carried out 

with a small scale physical model, it was sufficient to apply force by pulling the rope 

connected to the load cells for static loading tests. The experiments were repeated 

three times as loading and unloading in both directions, and loadïdisplacement graphs 

were created. With these experiments, the displacement and rotation data, which are 

used as input in ANN damage detection method, were obtained. Experimental rotation 

results were greatly different when compared with the analytical model data possibly 

because of eccentrically applied loading, property of PVC material, uneven voids at 

bolt connections, etc.). Therefore, only displacements were taken as inputs. 

 

 

Figure 3.13. LVDT Layout Plan at the Deck 
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The load-displacements graphs were drawn using static experiment readings for each 

undamaged and damaged case scenarios. These were given in Figure 3.14 ï Figure 

3.25 below: 

 

 

Figure 3.14. Horizontal Displacement - Applied Load Graphs in x and y Directions Respectively for 

No Mass - No Damage Case 
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Figure 3.15. Horizontal Displacement - Applied Load Graphs in x and y Directions Respectively for 

3 kg Deck Mass and 32nd Member Has Damaged 
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Figure 3.16. Horizontal Displacement - Applied Load Graphs in x and y Directions Respectively for 

3 kg Deck Mass and 55th Member Has Damaged 
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Figure 3.17. Horizontal Displacement - Applied Load Graphs in x and y Directions Respectively for 

3 kg Deck Mass and 49th Member Has Damaged 
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Figure 3.18. Horizontal Displacement - Applied Load Graphs in x and y Directions Respectively for 

4 kg Deck Mass and 49th Member Has Damaged 
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Figure 3.19. Horizontal Displacement - Applied Load Graphs in x and y Directions Respectively for 

4 kg Deck Mass and 52nd Member Has Damaged 
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Figure 3.20. Horizontal Displacement - Applied Load Graphs in x and y Directions Respectively for 

5 kg Deck Mass and 52nd Member Has Damaged 
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Figure 3.21. Horizontal Displacement - Applied Load Graphs in x and y Directions Respectively for 

5 kg Deck Mass and 31st Member Has Damaged 
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Figure 3.22. Horizontal Displacement - Applied Load Graphs in x and y Directions Respectively for 

6 kg Deck Mass and 27th Member Has Damaged 
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Figure 3.23. Horizontal Displacement - Applied Load Graphs in x and y Directions Respectively for 

6 kg Deck Mass and 26th Member Has Damaged 
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Figure 3.24. Horizontal Displacement - Applied Load Graphs in x and y Directions Respectively for 

7 kg Deck Mass and 46th Member Has Damaged 






















































































