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Abstract

The structure of Imam Ali (as) shrine is one of the historical and important place
in Irag at Najaf. In this study, the proposed SHM technique using the Particles
Swarm Optimization (PSO) method was applied for the minaret of Imam Ali. The
two minarets of the entire structure are more significant part because of their

sensitive for any unexpected loading due to shape and slenderness ratio.

The real dimensions of the minaret structure were taken from the site and the
finite element (FE) modeling of the minaret was created using the ANSYS
software. The mesh size of 500 mm was suitable for time consuming and accurate
results, where the total number of nodes and elements were 5425 and 21685,
respectively. For nonlinear static analysis of the minaret, the multilinear isotropic
hardening (MISO) material modeling using von Mises was performed. The stress,
displacement and crack were extracted from the FE nonlinear analysis of the
minaret structure. The maximum von Mises stress is 0.336 MPa in the middle of
minaret near fixed part from minaret. The maximum displacement is 1.306 mm
on top of minaret dome, while the first crack appeared in the same location of

maximum stresses of minaret.

The linear dynamic (modal) analysis using block Lanczos method by ANSYS-
APDL software was carried out to extract the dynamic characteristic of the
minaret model. The first seven mode shape are adopted with mass participation
percentage of 99.5% and natural frequency values ranging around (3.353-29.162)
Hz. The shape modes characters are the first, the second and the third bending in
x and y axis of the minaret as well as the torsion mode. A parametric study of
the FE minaret model was conducted based on modal analysis by using only four
modes adopted in order to verify the effect of changing the properties of materials
(Modulus of Elasticity and mass density) and the geometry of the minaret on

natural frequencies and mode shapes. The results of parametric study proved the



significant effect of modulus elasticity, mass density and the geometry on the

dynamic properties of the minaret.

In this study, the SHM technique procedure using the PSO method is proposed
by writing subroutine in MATLAB software. Since, it was not available and it is
expensive to put sensors and data acquisition devices on the minaret for
implementing experimental modal testing on site and for security reasons, the
damage scenarios were simulated using the ANSYS software. Therefore, the
numerical SHM procedure was implemented using assumed damage scenario to
represent the experimental modal analysis of the structure with cracks. To
simulate a crack as a damage in the minaret model, the stiffness of a specified
element in the FE model was decreased by representing the decrease in Modulus
of Elasticity value. This proposed procedure of SHM technique was tested on two
types of structures before the minaret model, steel clamped beam and brick
masonry wall to reach the efficiency of the adopted proposed SHM technique
procedure. The results of the tests proved that the proposed SHM technique is

robustness.

For this research, six different scenarios of damage in the minaret structural
model were taken with different locations and damage percentages. Three
different damage percentages ranged (10, 50 and 90) % were adopted for one
location on the top (dome) of the model where the maximum displacement
occurred. Also, three locations of damage were selected and distributed in critical
stresses regions, near the base, at the end of supported wall in the middle and near
the balcony of the minaret model with 90% of damage severity. The proposed
SHM technique was carried out to detect those damage scenarios, locations and
severities. For damage scenario located on top with severity of 10%, the high
convergence of objective function values was gained with small iteration number
of 27, but in an area with high stresses on the body of the minaret the high

convergence of objective function values was gained with iteration number of 70.



The results of the proposed SHM technique show high efficiency and robustness
in detecting damage features for both location and severity for all damage

scenarios.
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Chapter one Introduction

CHAPTER ONE
Introduction

1.1. General

The shrine of Imam Ali is the holy place where Imam Ali bin Abi Talib was
buried. It is in the holy city of Najaf in Irag. This city is considered as a holy city
for Muslims both inside and outside Irag. The shrine is considered as one of the
oldest historical buildings, as hundreds of years have passed since it was built and
by the time, some unexpected problems might occur in the structure. The shrine
has a special sanctity for Muslims, as it cannot be demolished or changed, as the
sanctity of the old building must be preserved. In this research, the structural
health monitoring for the important part of the shrine structure (minaret) is
proposed. The structural health monitoring is considered as one of the recent
matters especially for the historical and dilapidated buildings which is intended
to preserve these buildings as long as possible. The structural health monitoring
can be implemented by using the optimization methods, therefore this research

adopts the particle swarm optimization method.

1.2. Structural Health Monitoring

The old investigation procedures were been carrying out using a simple visual
inspection of a structure by an expert engineer and then structural testing is
conducted for the purpose of detection any early damage to prevent potential
collapse [1]. Nowadays, Structural Health Monitoring (SHM) is the technique of
implementation damage identification system to engineering structures and also
in the various fields of mechanical and aerospace engineering. This approach
based on the dynamic properties of a structure and it is representing the damage
as a change in the geometric and/or material properties of these structural systems
[2]. In civil engineering, this method is considered very important for such as

ancient historical and cultural, dams and bridges structures which are exposed to
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continuous damage. The output of SHM process in long term is periodically
updated information about the ability of the structure to perform its function. The
SHM technique could provide the screening and reliable information regarding

the integrity of the structure.

1.3. The Shrine Structure of Imam Ali

Imam Ali is the cousin of the Prophet Muhammad (PBUH), and the building of
Imam Ali shrine is one of the historical and ancient buildings as shown in Figure
(1.1) with great importance for Muslims at the present time. This structure is
located in Iraq, specifically in the southwest region in the province of Najaf which
Is visited yearly by millions of Muslims from different countries. Firstly, it was
built in the year (896 AD) during the reign of King Muhammad (King of
Tabaristan). It is consisted of a mausoleum and a dome surrounded by a fortress
containing seventy gates. Four construction operations continued after that until
the last building which is the current one and it was built in (1614 AD) during the
reign of Shah Abbas. The type of the shrine building is the masonry structure and
the main units are consisting of clay brick and plaster mortar, the restoration work
continued on it until the present time. The masonry structure is brittle and weak
when exposed to abnormal load, therefore, it is very important to continuously
monitor the shrine structure to control the safety. In this research, one of the two
minarets will be adopted to carry out a proposed structural health monitoring

technique for detecting the damage as a modern non-destructive testing approach.
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Figure (1.1) Imam Ali holy shrine structure

1.4. Brick Masonry Structures

The brick masonry is one of the oldest structural system used in constructions
from ancient times till now. This structural system has high compressive strength
and suitable for resisting the bearing loads, but it has low tensile strength. The
brick masonry material has quasi-brittle behavior. So, it has low resistant to
lateral loads such as wind and seismic load and could lead to an unexpected
collapse. For this reason, cracks may appear rapidly and cause the structure's
rigidity to decrease, also the nonstructural effects. Thereby, structural health
monitoring (SHM) for brick masonry structures, especially for historical

buildings, is crucial.

1.5. Particle Swarm Optimization
The Particle Swarm Optimization (PSO) method is one of the heuristics methods
that was discovered by the two scientists (Kennedy and Eberhart, 1995) [3]. This

method simulates in its work the movement of bird flocking or fish schooling
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searching for food in a specific location, as it has the ability to share information
on locations abundant with food among the flock members. The flock of birds
spreads in the area to search and takes initial random locations and then begins to
search for the best location for food, this movement depends on its velocity and
the best location for food that is found. Therefore, the working mechanism of the
particle swarm optimization method is through the spread of particles in the
search space, and each particle maintains its initial position in the search space at
the beginning. After each particle takes a random location, the particles begin to
search for a lower (or higher) value for an objective function within the search
space. The movement of each particle depends on its velocity and the best

position found by this particle or by another particle [3].

1.6. Objectives of the Research

The main objective of the study is to propose new structural health monitoring
procedure for the structure of Imam Ali shrine, which has a great importance in
the Islamic world. After studying the structural seismic evaluation of Imam Ali
Holy Shrine behavior by Khalifa (2021) [4], it became necessary to monitor the
structural health of the shrine. However, due to the inability to implement
experimental modal analysis in site, setup and connect monitoring devices on the
shrine building, the numerical procedures for the minaret structure was adopted

and the damage scenarios were simulated for the proposed SHM technique.

The importance of the study includes:

1- Making finite element model of the minaret in an external file and making a
non-linear analysis (static analysis) using the Analysis System software
(ANSYS) by ANSYS Parametric Design Language (APDL) method to extract
the places of high stress and the places where cracks occur.

2- Conducting a modal analysis of the minaret using the ANSYS program by
APDL method and making a parametric study of the minaret to reveal the effect
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of changing the modulus of elasticity, mass density and geometry of the minaret

on the natural frequencies and mode shapes.

3- Creating the damage scenarios for the minaret by reducing the modulus of

elasticity in the selected elements of finite element model of the minaret.

4- Creating a subroutine in MATLAB software linked with ANSYS software to
carry out the proposed procedures of structural health monitoring technique by

using Particle Swarm optimization method.
1.7. Organization of the Thesis

The overview of this study is provided below and along with a brief summary of

each chapter:
e CHAPTER ONE: Introduction

This chapter introduces the general idea about the structural health monitoring,
the shrine of Imam Ali in Iraq in Najaf city, particle swarm optimization method,

aim of this study and the organization of this study.
e CHAPTER TWO: Literature Review

This chapter shows the structural health monitoring and vibration dynamic
analyses. Also it gives an idea about modal analysis, applications of modal
analysis and mathematics for modal analysis, and reviews of bricks masonry
structures and failure modes in Unreinforced Masonry Brick (URM), ANSYS
and MATLAB software. In the end the previous studies that are relevant to

structural health monitoring and optimization methods were reviewed.
e CHAPTER THREE: Optimization Problems and Heuristics Methods

This chapter describes the optimization methods, its application and use in
structural health monitoring, as well as showing the type of heuristics

optimization, finally the particle swarm optimization method is presented.
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e CHAPTER FOUR: Finite Element Modeling and Modal Structural

Analysis of Masonry Minaret.

This chapter describes the dimensions of the adopted model (the minaret), and
the method used for conducting a finite element model of minaret, the type of
construction of the minaret and the materials from which it was built, and material
properties of minaret. Then the nonlinear analysis (static analysis) and dynamic
analysis of the model are presented as well as the dynamic characteristics (natural

frequencies and mode shapes).

e CHAPTER FIVE: Structural Health Monitoring Technique for Imam Ali

Structure and Verifications

This chapter explains how to program the optimization technique (Particle Swarm
Optimization Method PSO) in MATLAB. Also, it explains how to represent the
damage and create a scenario file for the damage. After the end of programming
the technique and linking it to ANSYS software, it was tested on two models, the

first on a steel clamped beam and the second on a brick masonry wall.

e CHAPTER SIX: Damage Detection Results for Adopted Structural
Model Using SHM Technique

In this chapter, the PSO technique is applied to the approved model (minaret).
Three different location of damage are taken, as well as three different

percentages of damage, and the results are extracted and discussed.
e CHAPTER SEVEN: Conclusions and Recommendations

The most significant findings from this study are outlined in this chapter along
with various recommendations and ideas for additional research on structural

health monitoring for historical masonry structures.
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CHAPTER TWO
Literature Review

2.1. General

The subjects covered in this chapter include structural health monitoring (SHM),
vibration dynamic analysis, methods of performing dynamic analysis, modal
analysis, vibration-based damage identification methods, bricks masonry
structures, Failure Modes in Unreinforced Masonry Brick (URM), ANSYS

software, MATLAB software and some literature reviews on these topics.
2.2. Structural Health Monitoring

For a long time the qualitative and non-continuous methods were used to
determine the service of structurers, such as the railroad wheel-tappers who used
the sound of a hammer striking the train wheel to select if there is a damage.
Later, the SHM is suggested to facilitate the task of detecting damage and

determining its location and its amount [2].

SHM means the analysis and observation of a system over time using periodically
sampled response measurements to observe changes of the geometric and
material properties of engineering structures such as bridges, buildings and
historical buildings. The output of this process in the long term SHM, is
periodically updated information about the ability of the structure to perform its
intended. After happening the events, such as blast loading, earthquakes or
storms. The SHM provide the screening and reliable information regarding the
integrity of the structure.

The SHM process involves selecting the sensor types, number and locations,
excitation methods, and the data acquisition/transmittal/storage hardware

commonly. There are two techniques in the field of SHM.



1- Static based techniques

2- Vibration based techniques which is subdivided into two aspects. First the
direct problem, by suggesting models for damage to determine the dynamic
characteristics. Second the inverse problem, by using dynamic characteristics to

determine damage characteristics.

Damage can be defined as changes that take place to the system that adversely
affect its performance in current or future time. So the SHM is not meaningful
without a comparison between two states of the system, one of them is assumed

to represent the initial state and often undamaged.
In this study the vibration based technique was depended by using modal analysis.
2.3. Vibration Analysis

Vibration is a movement that is repeated. The repetition may or may not continue.
Vibration can be considered as a transition between the kinetic and potential
energy. The mass is responsible for kinetic energy while the spring is responsible
for potential energy [5]. The Figure (2.1) shown a mass connected to a horizontal
spring. Also the pendulum is a typical example of a vibration system. But it
doesn't have a spring-like component for potential energy. In fact, the mass has
dual role for both potential and kinetic energy. There are two type from systems

vibration depending on number of degree of freedom (single and multi) [6].

Figure (2.1) Vibration system in a horizontal spring and pendulum is typical [7]



2.4. Vibration-Based Damage Identification Methods

In the last decade, the researches in vibration-based damage identification
methods are expanding rapidly. There are many methods to detect, locate, and
characterize damage in structural and mechanical systems by investigating

changes in measured vibration response [7].
2.4.1. Damage detection based on changes in basic modal properties

In this section, the modal properties are defined as resonant frequencies and mode

shape vectors [7].
2.4.1.1. Natural frequency changes

The natural frequency is one of the most important fundamental dynamic
characteristics of the structure. The natural frequency mainly depends on ratio
between mass and stiffness of structure. So can use this change to detect the

damage by using some techniques [8].

The changes in structural properties cause changes in vibration frequencies which
are used for damage detection and health monitoring. Also the resonant
frequencies have statistical variation much less than random error sources
compared with other modal parameters. The frequencies generally cannot give

spatial information about structural changes, except at higher modal frequencies
[7].

2.4.1.2. Mode shape changes

When the damage occurs in a structure, it also cause change in the mode shapes,

this change can be used to detect and locate damage in structure and estimate the
mode shapes by using modal analysis from Finite Element Model (FEM) [8].

The general formula for the absolute change in mode shape curvatures by using

the central difference approximation is:
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gbff'i - The local change for curvature between the undamaged structures and
damaged structures. ¢,,; - The modal displacement for i*" mode shape at the
coordinate n, n + 1 - the estimation coordinates of points after and before the

certain point, h¢- the distance between the measurements coordinates [8].

2.4.2. Damage detection method based on Frequency Response Function
(FRF) changes

The Frequency Response Function (FRF) introduces the linear dynamic system
by equivalent expression. So any change in mass or stiffness for structure will
cause change in the acquired FRF response of the structure. This changes can be

used to detect the damage [8].

2.4.3. Damage detection method based on measured flexibility matrix

changes

It is another method for damage identification that uses the dynamically measured
flexibility matrix to assessment changes in the static behavior of the structure.
The flexibility matrix relates resulting structural displacement and applied static
force. The flexibility matrix can be estimated by the mass-normalized measured

mode shapes and frequencies [7].

Using flexibility matrices to detect damage by the flexibility matrix synthesized
using the modes of the damaged and undamaged structure or from FEM. Because
of the inverse relationship to the square of the modal frequencies, the flexibility

matrix is most sensitive to changes for lower-frequency modes of the structure

[7].
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2.4.4. Damage detection method based on measured stiffness matrix changes

In this case, the dynamically measured stiffness matrix is used, and it is
pseudoinverse of the dynamically measured flexibility matrix [7]. Also it can
detect damage and its location by estimating the dynamically measured damping

and mass matrices with stiffness matrix [8].

2.4.5. Damage detection method based on updating structural model

Parameters

This method is based on the modification of structural model matrices such as
stiffness, mass and damping to reproduce as closely as possible the measured
static or dynamic response from the data. This methods solve for the updated
matrices (or perturbations to the nominal model that produce the updated
matrices) by forming a constrained optimization problem based on the structural
equations of motion, the nominal model, and the measured data. Comparisons of
the updated matrices to the original correlated matrices are provided [7]. The

differences in the various algorithms are classified for:
1- The objective function with parameters.

2- The constraints on the problem.

3- The implemented optimization method.

In this study, this method was adopted due to the ability to solve complex problem

of structural analysis.
2.5. Brick Masonry Structures

The masonry brick is one of the important materials used in structures from
ancient times till now. The masonry brick has high compression strength and
suitable to resist the loads but it has low tensile strength. The masonry with bricks
IS quasi-brittle. So it has low resistant to lateral loads such as wind load and

seismic load, so it may cause a sudden collapse of the building. For these reasons,
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the cracks may happen suddenly and may cause reduced stiffness of structure. So
the structural health monitoring SHM is very important for brick masonry
structures especially for ancient buildings. Figure (2.2) shows some buildings

from Unreinforced Masonry Brick.

Figure (2.2) Bricks masonry historical structures
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The masonry structures are built from bricks and mortar as a binder material. This
type of structure is called Unreinforced Masonry Brick (URM), it consists of
brick (unit), vertical head joints, horizontal bed joint and brick mortar interface.

Figure (2.3) shows the detail of a brick masonry wall.
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Figure (2.3) Parts of URM wall [3]
2.5.1. Failure modes in Unreinforced Masonry Brick (URM)
1-Bed-joint sliding failure

Straight or diagonal cracks occur in the bed-joints. This kind of failure is

deformation - controlled failure, as shown in Figure (2.4.a).
2-Rocking behavior failure

This failure is occurs when slender wall has high shear strength and low
compressive forces, this failure is deformation - controlled failure, as shown in
Figure (2.4.b).

3-Diagonal tension cracking

This type occurs when units of brick are weak, the mortar is strong and

compressive stresses are high. Cracks happen suddenly in most cases and fast

13



drop in the strength of the wall. This type is force -controlled failure, as shown in
Figure (2.4.c).

4-Toe compression failure

This type occurs after the rocking mode. This type of failure is force - controlled

failure.

14



(a) Bed-joint sliding failure

Toe compression
failure
B

(c) Diagonal tension cracking

Figure (2.4) Failure modes in Unreinforced Masonry Brick (URM)
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2.6. Previous Studies of Structural Health Monitoring

There are some researchers dealt with performing structural health monitoring
technique for civil structure. Garziera et al (2007) [9] in this paper a technique
of structural health monitoring integrity of historical buildings by a non-
destructive and non-contact analysis is presented and discussed. They used the
laser Doppler vibrometer (LDV) to detect the damage of a structure, in terms of
cracks and overall structural degradation, by the measurement of its dynamic
characteristics. The results are computationally determined to identify the
response of the structure and to select the evolution of any damaged region
through calculating stiffness and mass changes in reverse depending on changes
In mode shapes. They made some experiments in laboratory on the square
stainless steel plate to validate from measurement by the LDV technique. Figure
(2.5) compare the first nine modes of the plate's natural frequencies, which are

determined by the number of half-waves in the x and y directions.
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Figure (2.5) Comparison between the experimental (solid line) and the
theoretical (dot line) dynamic response of a square plate [9]
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ABDALLA (2009) [10] in this paper he solved the inverse problem in structural
health monitoring is solved by using a Particle Swarm Optimization (PSO)
algorithm. Also he compared the PSO technique with Alternating Projection

method to estimate damage by using a simulated cantilever beam model.

He used the cantilevered beam as a numerical example, assuming a reduce in
stiffness by 25% for that element. The Figures (2.6) and (2.7) show zero noise
damage detection PSO and AP

x 107

norm(K-Kd)

norm(K-Kd)

Figure (2.6) Zero noise damage Figure (2.6) Ten percent damage
detection, PSO and AP [10] detection via PSO [10]

The results show That PSO technique was computationally efficient. Finally, the
PSO technique was compared with the famous AP method, but the AP did not
implement well with noisy mode shapes because of the conditioning of the

projection formulae.

Bayraktar et al (2011) [11] illustrated the damages minarets (reinforced concrete
and masonry) in town (Ercis) and (Edremit) in Turkey. In this paper response

spectrums and Ground accelerations are given. A total of 63 masonry and
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reinforced concrete minarets are heavily damaged in the center of city or villages
nearby after the earthquakes. They noticed there are several reasons for damages
In these minarets such as location and length of the fault, site effect, formation of
the discontinuity and reduction in cross section, use of concrete with insufficient
strength and use of plain reinforcement steel as shown in Figure (2.8). Also they
notice all non-engineering masonry and reinforced concrete minarets completely

collapsed or damaged heavily.

Figure (2.8) Failures occurred at the region between transition segment and
cylindrical body [11]

Kang et al (2012) [12] ""Damage detection based on improved particle swarm
optimization using vibration data" in this paper the researchers made a damage
detection of structures by using an Immunity Enhanced Particle Swarm
Optimization (IEPSO) which combines between the artificial immune system and
particle swarm optimization (PSO). The objective function is depending on the
vibration data, such as mode shapes and natural frequencies to damage detection.
A simply supported beam and truss were used to verify the performance of IEPSO

and compare its results with the results of PSO, Differential Evolution (DE) and
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RCGA. For beam the control parameters were F = 0.5 and Cr = 0.9. For RCGA
as shown in Figures (2.9), (2.10) and (2.11). The mutation probability is pm =
0.02 and the crossover probability is pc = 0.8. For all algorithms, population size
Is 40 and the maximum generation is 200, the first three natural frequencies and
mode shapes are adopted. The number of elements and nodes are 20 and 21,
respectively. For truss structural the numbers of elements and nodes are 23 and
13, respectively. They concluded that the IEPSO method is quite efficient for

damage detection problems.
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Figure (2.9) Evolutionary processes in case 1 of the beam: (a) the best fitness;
(b) damage index [12]
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Figure (2.10) Evolutionary processes in case 2 of the beam: (a) the best fitness;
(b) damage index [12]

fitness (log)
N
damage index

ol === DE — element5
—%PSso | Nd e element 10
— |EPSO —— element 16

4 50 100 150 200 50 100 150 200

generations generations

Figure (2.11) Evolutionary processes of example 2: (a) the best fitness; (b)
damage index [12]

Cakti et al (2014) [13] executed a numerical analyses of two masonry minarets
with different heights to reveal their structural behavior. The Mihrimah and Hagia
Sophia minarets which are in Turkey. They used 3DEC to create the numerical
models of minarets by discrete element method as shown in Figure (2.12) and
using a series of sine-wave excitations to perform by progressive changing the
frequency and range of input velocity the dimensions of minaret are listed in
Table (2.1).
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Figure (2.12) Models of Hagia Sophia (right) and the Mihrimah (left) minarets
[13]

Table (2.1) Mihrimah minaret model geometrical properties (left), Haiga Sophia
minaret model geometrical properties (right) [13]

Height (m) | Wall Height (m) | Wall
thickness (m) thickness (m)
Transition 3.44 0.30 Transition 11.96 1.60
segment(h3) segment(h3)
Body (h2) 21.00 0.30 Body (h2) 19.77 1.00
Top (h1) 6.30 0.30 Top (h1) 8.67 0.60

They recorded the displacement magnitudes, normal, relative and residual
displacements. The results are determined and compared with those previously

obtained from the analyses determined under synthetic and real earthquake
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inputs. The frequencies values of the first minaret was 0.7 Hz and second minaret
were 0.94 Hz. They concluded that the frequencies values was height in second
minaret compared with first minaret due to larger height and thickness and
loading the first minaret has higher maximum displacement in the top as shown
in Figure (2.13), (2.14) and (2.15).
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Figure (2.13) Scatter plot of maximum normalized residual displacement versus
normalized top displacement for minaret of Mihrimah (left) and Hagia Sophia

(right) [13]
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Figure (2.14) Variation of maximum normalized top displacement with the
frequency and the amplitude of sine wave for the case of Mihrimah (left) and
Hagia Sophia (right) [13]
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Figure (2.15) Variation of maximum residual displacement with the frequency
and the sine wave amplitude for the case of Mihrimah (left) and Hagia Sophia

(right) [13]

DUVNJAK et al (2016) [14] carried out a structural health monitoring of
cultural heritage structures applications on peristyle of Diocletian's palace in
Splite. In this paper the long-term structural health monitoring system was
applied on cultural heritage structures. This monitoring is part of restoration,
reconstruction procedures and conservation of Diocletio'n palace in Splite. This
monitoring system is of two phases: the first phase included the assessment of
bearing stone, copper clamps and embedded material, and in the second phase the
monitoring system based on strain temperature and continuous static
measurement of displacement was installed. Figure (2.16) shows the locations of

the strain-gauge.
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Front side Rear side

Figure (2.16) Measuring points of Protiron [14]

In this paper the hole-drilling strain-gage method is used to determine the actual
force in the clamps in an attempt to find residual strain measurement and used the
static compressive test to find mechanical properties of stone. Figure (2.17) shows

the hole-drilling strain-gage method for determining the actual force.

Figure (2.17) View on vault of Protiron and copper clamp [14]

The LabVIEW and data acquisition system NICompagDAQ was used in long-
term structural health monitoring system. Seventeen measuring points were
selected to monitor relative displacements between the block, stone, strain,
temperature and crack openings at discrete nodes of structure. The period of
monitoring was three years after measurement results. The state of the structure

was stable. Figures (2.18) and (2.19) show the displacement and strain over time
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Figure (2.18) Time series of displacements [14]
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Figure (2.19) Time series of strains [14]

Mehrian et al (2016) [15] carried out structural health monitoring using

optimising algorithms based on flexibility matrix approach and combination of

natural frequencies and mode shapes In this paper, creating objective function to

detect the damage location and its amount they used two method, combination of

natural frequencies, mode shapes and flexibility matrix. The objective function is

defined based on differences between the real structure and mathematical model.

They reduced in the elasticity modulus of the element to represent the damage.

The charged system search and particle swarm optimization used to find the best

optimization. They used three numerical examples with different scenarios, first

a continuous beam with the moment of inertia and cross section area 22,185 cm*
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and 123.2 cm? respectively. Second a two dimensional with 21 elements, and the
cross section area for elements is equal to 15 cm?. Third a frame with three floors
and four spans. 2% and 5% noises are applied to natural frequencies and mode
shapes respectively. They used MATLAB to process of damage detection. The
damage detection results obtained from PSO and CSS are shown in Figures
(2.20), (2.21) and (2.22).
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Figure (2.20) Damage detection results obtained from PSO and CSS using
combination of natural frequencies and mode shapes for a continuous beam [15]
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Figure (2.21) Damage detection results obtained from PSO and CSS using
combination of natural frequencies and mode shapes for a two dimensional truss
[15]

26



wd
[

25

k=!

§ 20

215 H W CSS
[ F]

é“lo m PSO
5 ST M Real

0 1 1 1 ] T 1 T | | 1 ] 1 1 1 1 1 1 1 1 1 1 .i T | 1 T 1

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Number of Element

Figure (2.22) Damage detection results obtained from PSO and CSS using
combination of natural frequencies and mode shapes for a frame with three
floors and four spans [15]

Livao lu et al (2016) [16] studied the effect of geometric properties on dynamic
behavior of historic masonry minaret in Turkey. They inspected seven historical
masonry minarets by investigating effect of geometrical features for this minarets
in bursa. They performed ambient vibration test to determine modal parameters
of the minarets. The structural behavior of minarets were represented with
mathematical models, using the finite element software Abaqus Cae to
implemented three dimensional (solid) models. They used relationships between
the first mode period and structural properties of minaret such as cross section,
height and boundary condition, then they derived the analytical formula from the
relationships for rapid estimation of the fundamental period of the typical

Ottoman minarets.

Basaran et al (2016) [17] investigated the structural behavior of historical
masonry minaret of Hact Mahmut Mosque. They using ABAQUS-software in

their finite element model as shown in Figure (2.23), 972851-tetrahedral solid
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element type with four nodal points.in the modal analysis the base of minaret was
the fixed support type. The frequency values are listed in table (2.2)

Figure (2.23) Three-dimensional finite elements model of the minaret and
meshed state thereof [17]

Table (2.2) Frequency values obtained as a result of numerical analyses [17]

mod Frequency (Hz)
1 1.21
2 1.22
3 6.891
4 6.972
5 11.958

They used changing in first natural frequency values to extraction of sensitivity
analysis and dynamic properties in the finite element analysis of the structure.
The optimum mesh size was determine by using the modal analysis to apply the
structural modeling. Finite element model of the minaret was updated using

dynamic characteristics of the structure and obtained the realistic numerical
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model of the structure as shown in Figure (2.24). They concluded that the

optimum size of element mesh is 0.6 m.
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Figure (2.24) Distribution and values of stress occurring in the minaret as a
result of analyses [17]

Nohutcu et al (2017) [18] estimated seismic damage and the collapse mechanism
of the historical stone masonry minaret “Hafsa Sultan”. They obtained the
mechanical properties and a 3D solid model of the components of the minaret by
material test and surveying measurements. In Linear Time History (LTH) and
Nonlinear Time History (NLTH) analyses they used two different ground
motions in Akhisar (2016), Duizce (1999) by using the CDP material model. From
the results, the tensile stresses were more effective than compression stresses on
damage. The stresses from LTH analyses for the minaret subjected to Dizce
earthquake exceeded limit stresses. From findings, it was concluded that a severe

earthquake could cause strong damages in the historical Hafsa Sultan minaret.

Nohutcu et al (2019) [19] In this study, they used Operational Modal Analysis
(OMA) method to examined 3 historical mosques, Manisa Muradiye Mosque,

Manisa Hafsa Sultan mosque, Bolvadin Imaret Mosque and 3 historical minarets,
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Imaret mosque minarets, Bolvadin Alaca and Manisa Hafsa Sultan Mosque
minaret. They used Finite Element methods and OMA method to select the
dynamic characteristics of these historical structures, damping ratios, natural
frequency and mode shapes as shown in Figure (2.23). These structures were
evaluated in terms of building material, and they compared the elasticity modules

of the whole structures.

They used Stochastic Subspace Identification (SSI) and Enhanced Frequency
Domain Decomposition (EFDD) methods to determine the dynamic parameters.
They foreseed that the best mesh intervals can be taken as 0.28m for minarets and
mosques. The average modulus of elasticity was about 8467 MPa for minarets,
1873 MPa for mosques. In all the studied structures, the 1st and 2nd mode shapes
were obtained in the X or Y horizontal directions respectively. The torsional
action was determined in the 5th mode for all minarets. The average damping

ratio was 0.84 percent for the minarets and 1.8 percent for the mosques.

Ghannadi et al (2020) [20]. In order to determine the unmeasured mode shapes,
the system equivalent reduction and expansion technique are used in this article.
The effectiveness of the system equivalent reduction and expansion method in
estimating unmeasured mode shapes are demonstrated using two experimental
examples, including a cantilever beam and a truss tower. The findings
demonstrate the importance of the expansion strategy. The residual force vector
based on expanded mode shapes is taken into consideration as the objective
function in a damage identification issue that is presented as an optimization
problem. Grey wolf optimization and Harris hawks optimization are employed to
reduce the objective function. To show the effectiveness of the presented strategy,
numerical calculations on a 56-bar dome space truss and experimental validation
on a steel frame are carried out. When compared to the results of Harris Hawks

optimization, numerical and experimental results show that the combination of
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the expanded mode shapes with system equivalent reduction and expansion
process and the grey wolf optimization ( inspired by the leadership hierarchy and
hunting mechanism of grey wolves in nature) can provide a reliable method for

determining the severity and locations of damage to skeletal structures.
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Figure (2.25) Numerical and experimental mode shapes of Hafsa Sultan
Mosque and Imaret Mosque minaret as examples [20]

Nguyen and Livaoglu (2022) [21] are presented a health monitoring method for
detecting damage of minarets. It is specifically intended to identify damage to the
Haclar mosque's (24.25 m high) minaret, which was constructed in Bursa,
Turkey, in 1467 using stone and brick. There are only four accelerometers
installed along with the minaret's height to gather lateral displacements, leaving
an insufficient number of degrees of freedom to be measured (DOFs). Because
slender minarets and beam-like constructions have comparable bending behavior

at low modes, the difficult problem is avoided by transferring the minaret into a
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lumped mass system that corresponds to the built sensor network, the result as

shown in Figure (2.26).
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Figure (2.26) Damage detection of S3 using Combo 3-1 with h = 3.75 m [21]

The numerical analysis demonstrates that because the modal data is noise-free,
the robustness of the method cannot be questioned. Even though the modal data
IS noise-contaminated, the approach can nevertheless provide accurate damage
detection. Additionally, compared to the higher parts, the lower parts' damage
detection is less noise sensitive. Particularly, detect the damage at the bottom
parts of the main minaret of the Haclar mosque may be recognized with a noise

level of 1% in mode shapes, whereas the parameter is 0.75 % for the upper part.
2.7. Summary

1- It is evident from the mentioned studies that the researchers relied on changes
in the dynamic characteristics of natural frequencies and mode shapes in damage
detection.

2- From the studies mentioned, we note that the PSO method was very effective
in detecting damage after comparing it with many other optimization methods
such as CSS, AP, DE and etc.
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3- In most of the mentioned studies, researchers used analysis programs such as
ANSYS, ABAQUS, and SAP2000 to analyze the model and extract the dynamic

characteristics.

4- It is also noted that due to the complexity of Islamic forms, researchers used
in the analysis the form of a tetrahedral element and a free mesh distribution of

the elements.

5- The natural frequencies values of minarets was between 1.2 Hz to 30 Hz for

first 7 modes, and in most time the 5th mode was torsion about Z axis.

6- All non-engineering masonry and reinforced concrete minarets completely

collapsed or damaged heavily because of earthquakes.
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CHAPTER THREE

Optimization Problems and Heuristics Methods

3.1. Introduction

The optimization theory and its methods are a new subject in computational
mathematics, applied mathematics and researches which have wide applications
In science, business management, engineering, space technology and military.
This subject is used to solve the problems which are defined mathematically, for
practical problem can be found the "best" solution from many schemes by means
of scientific methods and tools. It includes the study of optimality conditions of
the problems, select algorithmic method of solution, the construction of model
problems, the establishment of convergence theory of the algorithms, and typical

problems with numerical experiments and real life problems [22].

Now there are many modern optimization methods (Heuristics Methods) that can
solve difficult and large scale optimization problems, and become an

indispensable tool for solving problems in diverse fields [22].
3.2. Optimization Problems

The optimization problem is the problem of finding the best solution from all
feasible solutions. In an optimization problem the function is to be maximized or
minimized, and this function is referred to as the objective function or the
performance index. The function is a quantity such as profit, size, cost, efficiency
shape and so on [23]. Table (3.1) shows some optimization problems with its
typical objective functions and design variables from different disciplines.
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Table (3.1) Typical Optimization Problems [23]
Discipline Design Variables Objective Function
Manufacturing | Productivity from different Minimize cost
machines
Corporate Different capitals from Maximize the net present
projects value
Airline Different aircrafts, different Maximize the profit
routes
Aerospace Propellant fraction in Maximize the payload
different stages
Agriculture Different crops Maximize the yield
Biology Gene interaction Network stability
Electronics Size of the devices Minimize the  power
consumption
Portfolio Investment in stocks/bonds | Maximize the return
Thermal Dimensions and material | Minimize the heat load
properties

The optimization problem can be mathematically expressed as follows [23].

Minimize
Subject to
gi(x) <0

f(x)

3.1

. 3.2
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X <x < xy

Where X is a vector of n design variables given by

X1
X
xTL

The functionsf,g;and h;are all differentiable
The design variables are bounded by x; and x,,
gi Are represent inequality constraints and h; represent equality constraints

There are two categories of optimization problems depending on the variables

whether continuous or discrete [23]:

1- Discrete optimization (an optimization problem with discrete variables), in this
type must be found as an object such as an integer, permutation or graph from a
countable set [23].

2- Continuous optimization (A problem with continuous variables), in this type
must be found as an optimal value from a continuous optimization. They can

include constrained problems and multimodal problems [23].

Many types of optimization method are applied to solve those engineering
problems such as; optimization algorithms, iterative methods, global convergence

and heuristics methods.
3.3. Heuristics Optimization

In the past decades several heuristic tools have evolved to facilitate solving the
difficult or impossible optimization problems, such as Simulated Annealing,
Evolutionary Computation, Tabu Search, Particle Swarm Optimization, etc. [24].
To solve extremely challenging problems, it needed combining these new
heuristic tools with each other and with knowledge elements, and also with more
traditional approaches such as statistical analysis. These tools with developing

solutions offers two major advantages [25]:
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1- In such tool the development time is shorter than when using more traditional

approaches [25].

2- The systems are relatively insensitive to noisy and/or missing data, so it is very
robust [25].

3.3.1. Evolutionary Computation

Natural evolution is a hypothetical optimization process based on the population.
This process when simulating it on a computer, the results in stochastic
optimization techniques and these techniques are often best than classic methods

of optimization when applied to difficult real-world problems [25].

Evolutionary Computation (EC) includes a class of stochastic optimization
algorithms, called Evolutionary Algorithms (EAs) which are optimization
algorithm Population-based (evolves a population of candidate solutions), uses
probabilistic rules, and it is Bio-inspired (uses principles inspired from biological

evolution). It uses a black-box tool for many problems [24].

The Evolutionary Algorithms (EAs) are easy-to-use, it is not need to strict
requirements for problems, it widely used for optimization and search problems
such as industry engineering, financial and economic systems, transportation and

logistics systems and automatic programming, art and music design [24].
3.3.2. Genetic Algorithm

Genetic Algorithm (GA) is one of the search algorithms based on genetics and
the conjecture of natural selection. The genetic algorithm is different from other
search techniques in several aspects [25]:

1- The algorithm reduces the possibility of local minimum trapping, because the

algorithm is a multipath that searches many tops in parallel.
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2- The genetic algorithm uses coding of parameters in lieu of the parameters
themselves. The coding of parameter help the genetic operator to development

the current condition into the next condition with minimum computations.

3- There is no need for computation of derivatives and other auxiliary functions,
because the GA evaluates the fitness of each string to guide its search in lieu of
the optimization function. It only needs to evaluate objective function (fitness) to

guide its search, without derivatives or other auxiliary knowledge.

4- The probability of finding improved performance is high where the strategies
employing GA explore the search space [25]. Figure (3.1) shows a typical

flowchart of a Genetic Algorithm.

Flize Popu;'

Solution
. Found?

Selection

Figure (3.1) Basic genetic algorithm iteration flowchart
3.3.3. Evolution Strategies and Evolutionary Programming

Evolution strategies (ES) use real-coded variables, and, in its authentic form, it
depends on mutation as the search operator, and a population magnitude of one.
The (ES) resemble GA in choosing the best individuals from the population by
using selection mechanism, and they both maintain populations of potential

solutions. But ES operates on floating-point vectors directly, whereas classic GAs
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operate on binary strings. Evolutionary programming (EP) is a stochastic
optimization strategy, EP is similar to ES, in spite of that the two approaches
developed independently. The Evolutionary programming (EP) is a helpful
method of optimization when other techniques such as direct analytical discovery

or gradient descent are not possible [25].
3.3.4. Differential Evolution

The Differential Evolution (DE) is developed by Storn and Price in 1995, and it
is one of the population-based global optimization techniques for continuous
design variables. The DE is the strong global optimization technique and is
widely used. The Differential Evolution (DE) mainly focuses on the single
objective optimization problems. Many DE versions have been proposed by many

researchers [26].

Satoshi Kitayama et al [26] used Differential Evolution as the Global
Optimization Technique and its Application to Structural Optimization. They
applied DE for eleven benchmark problems, and to two structural optimization
problems. They used the standard deviation of objective for measuring robustness
of the algorithm, and the function call was used for measuring the efficiency.
Compared with the PSO, the DE can find the global minimum of the benchmark
problems with smaller function calls. They revealed that the DE is a stronger

algorithm than optimization techniques under the parameter settings used in this

paper.
3.3.5. Ant Colony Search Algorithm

This algorithm simulates the behavior of real ants. Real ants are able to find the
shortest path from the nest to the food source they discover without the need for
visual cues. As soon as the old path becomes unsuitable due to a new obstacle,
they quickly find a new shortest path. Studies reveal that these abilities are due to

the so-called “pheromone pathways,” which ants use to communicate information
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to other individuals. Where ants deposit a certain amount of pheromone while

walking, and each ant follows the direction rich in pheromone [25].
3.3.6. Tabu Search

This method depend on search in memory, where the memory preserves
previously that visited states along and states that might be considered unwanted.
If no convergence is found in the Tabu Search the search will be reset randomly
[25].

3.3.7. Simulated Annealing

The Simulated Annealing (SA) method is a simulation of annealing physical of
particle system to find the global optimum solutions. The research on global
optimum solution depend on using a temperature parameter where temperature is
slowly lowered, the system cools down, and by the annealing function a new point
Is generated [25].

3.3.8. Particle Swarm Optimization

Particle Swarm Optimization (PSO) is a new methodology in evolutionary
computation that is similar to a genetic algorithm where the system starts with a

population of random solutions [25].

This method depends on swarm intelligence to search for food such as fish
schooling and bird flocking, where search for food is done by sharing the
information among the individuals of the swarm. This way of searching for food
inspired the researchers Kennedy and Eberhart suggest a method for function
optimization, they called it particle swarm optimization (PSO) (Kennedy and
Eberhart, 1995) [32].

The particle swarm algorithm keeps a set of particles and each particle has a
location in a multi-dimensional space (the problem space). Initially, the particles

take random locations and then search for the lowest (or upper) value for a
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particular function by navigating through the search space. The function measures
the quantity and quality of food everywhere in the search space, and the swarm
of particles searches for the location that contains the best and most food. This
motion of particles depends on its velocity and the best position found by the
particle itself or neighboring particles [27]. The particle swarm optimization PSO

does not use gradient information, unlike many deterministic methods.
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Below is a scheme for a PSO algorithm [27]:

Initialize location and velocity of each particle

for each particle

Evaluate objective function at the particles location

For each particle

Update the personal best position

> <
Update the global best position

> <

For each particle

.

Update the velocity

Compute the new location of the particle

Until stopping criterion is met

Figure (3.2) Scheme for solving problem by PSO method
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Background of Particle Swarm Optimization

By few simple rules the Swarm behavior can be modeled. But the behavior of the
swarm can be complicated even if the behavior rules of each particle (agent) are
simple. Reynolds used the following three vectors as simple rules for the research
[25].

1-Get far from the nearest particle.
2-Go to the destination.
3-Go toward the center of the swarm.

This mean that each particle moves by two vectors, the first toward the local best
position and the second to the global best position of the entire swarm. The Figure

(3.3) shows these two vectors of the particle [25].

Ay

1-

Figure (3.3) Modification of a searching point via PSO concept [25]

sk : Current searching point

sK*1 - modified searching point
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vk : Current velocity
vE*1 - modified velocity
Vpbest - Velocity based on pbest

Vgpest - Velocity based on gbest

Velocity of each particle can be modified by the following equation:

v{‘“ = wv{‘ + cyrand, * (pbesti — Slk) + c,rand, * (gbesti — sk) ..3.3

i
Where v¥ is velocity of particle i at iteration k, ¢; is weighting coefficients, w is

weighting function, s¥ is current position of particle i at iteration k, (rand) is
random number between 1 and 0, gbest; is gbest of the group, and pbest; is

pbest of agent i [25].
The weighting function is usually following in:

Wimax = Wmin .
W= Wpax — — * iter ..3.4
Itelmax

Where w,,,, and w,,,;,, are initial weight and final weight respectively, iter,,
and iter are maximum iteration number and current iteration number

respectively.
The current position can be modified by the following equation:
k+1

k1 = gk 4 pltt .. 3.5

S i

The Figure (3.4) shows a general flowchart of PSO
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START

Generation of initial condition of
Step 1
each agent
Ewvaluation of searching point of
‘ Ep Step 2
each agent
Modification of each searching
. Step 3
point
No - w : p p
Reach maximum iteration 7 >
Yes

STOP

Figure (3.4) Flowchart of PSO method in general [25]

There are many researches which have used the method of particle swarm
optimization in many areas, especially in structural engineering, where it is used
in the design, damage detection or structural health monitoring of structures. For
instances, Al-Wazni and Zainul-abideen (2019) [28] carried out intelligent non-
destructive technique for crack existence inspection in a structure using Particle
Swarm Optimization (PSO). They included the natural frequency, mode shapes

and vibration properties in the non-destructive proposed technique.

They adopted steel clamped beam model with length 600 mm, and the section
dimension 24 mm width and 10 mm depth. The material properties, modules of
elasticity and mass density, are 200 GPa and 7800 kg/m?3, respectively. The

number of elements in the structural model are 20 elements.

The numerical analysis was done by ANSY S-APDL software to find the vibration
properties, this study included six natural frequency values. They used two
scenarios for simulating the crack by reducing the depth of elements by 10%, the
first element no.3 at 75 mm from the support and the second element no.8 at 225
mm from the support.
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From the results, this technique displays robust and satisfactory performance for

detecting the size and location of damage (crack) in the structural model.

Wei et al. (2018) [29] used particle swarm optimization to Structural damage
detection. They used three different structures, a beam, a truss and a plate. A
simply supported beam with 120 cm length, with 20 elements and 21 nodes and
they utilized the first three natural frequencies and modes shapes. They used two
cases, first the element 1 and 9 has 50 and 87.5% reduction in stiffness,
respectively, and in the second case, they assumed that element 2 and 9 have both
10% reduction in stiffness and element 16 has 15%. A truss includes 31-bar, the
length of each exterior and interior bar 1 and 1.41, respectively. The number of
elements is 31 and nodes are 14, six local damages are adopted at the (2, 10, 17,
18, 23, 28) elements with reduction in stiffness (30, 40, 20, 25, 35, 23) %,
respectively. And a plate with dimension of 3m 4m 0.1m, the plate is divided into
(6*8) 4-nodes plate elements, seven local damage are adopted in this study at (1,
12,19, 24, 27, 38, 45) element with reduction in stiffness (15, 30, 16, 23, 30, 15,
28)%, respectively as listed in Table (3.2). They used a disturbance process to
help particles escape from local minimum. From the results, the proposed method

is very effective and efficiency.

Table (3.2) damaged elements and damage percentages for different structures

structures | elements | nodes | Damaged elements Damage percentage
beam 20 21 1,9 50%, 87.5%
2,9,16 10%, 10%, 15%
truss 31 14 | 2,10,17,18, 23,28 | (30,40, 20, 25, 35, 23)
%
plate 48 1,12, 19, 24,27,38,| (15, 30, 16, 23, 30, 15,
45 28)%
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CHAPTER FOUR

Finite Element Modeling and Structural Analysis of Masonry
Minaret

4.1. Introduction

The shrine of Imam Ali is one of the historical, cultural and religious buildings.
The two minarets are important parts of this religious edifice as shown in Figure
(4.1). In this research, one of the two minarets was selected as a model adopted.
In this chapter, it will be explained how to take real measurements of the minaret,
create a FE model for minaret and make a nonlinear (static) and linear (dynamic)
analysis in the ANSY'S program to extract high stresses location, frequencies and
mode shapes. Finally, in this study investigation and parametric study of adopted

minaret is carried out.

Figure (4.1) The structure of Imam Ali shrine

4.2. Description and Geometry of Minaret Structure

The minaret’s geometry were real measured by measuring machines on site, such

as the height, diameter, interior shape, stairs and the places where the minaret is
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connected to the shrine following a research [4] who carried out seismic behavior
of Imam Ali holy shrine structure, he measures all dimensions on site by

measuring machines, as shown in Figure (4.2).

The minaret contains a base of 2.38m height and 3.56 m diameter. The body of
the minaret is of 17.38 m height starts with (3.56 m, 1.8 m) outer and inner
diameter, respectively, but on top of the minaret's body it is narrower by 2.6 m
and 1.3m. The body of the minaret connects with the walls of the shrine by 135
degrees as shown in Figure (4.2). The balcony of the minaret starts 2.6 m to 4.12
m diameter. The upper body of the minaret has a cylindrical shape with 6.2 m
height and an outer diameter of 2m and inner diameter 1.3m. At the end of the

minaret there is a dome with 1.57m height, as shown in Table (4.1).

Table (4.1). Dimensions of minaret (m)

base body balcony Upperbody dome

Height 238 1738 1.25 6.2 1.57
Outer radius in bottom 1.78 1.78 1.3 1 1
Inner radius in bottom 0.9 0.65 0.65 0.65
Outer radius in top 1.78 1.3 2.06 1
Inner radius in top 0.65 0.65 0.65
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Figure (4.2) Dimensions of minaret (m)

The minaret has a stair inside from the base to the balcony, the stair is connected

with the walls of the minaret's body and is connected from inner side by cone

shape starting with 30 cm radius to and 5 cm near the balcony. This stair is made
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from masonry bricks like the minaret. Each step is 0.6 min length, 0.5 m in height

and the width of each step is 0.15 m near the center and 0.4 m far of center and at
the end of stairs it becomes 0.1 m near center and 0.3 m far of center.

4.3. Material Properties of Minaret Structure

The minaret is a historical building that was built of bricks and gypsum, and it
contains from the inner side a stair supported from the bottom by wood structural

elements. As for the outer side, it is covered with beautiful pieces of gold as
shown in Figure (4.3).
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Figure (4.3) Real and ANSYSS finite element model of minaret structure
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The Modulus of Elasticity of the minaret were taken from a research conducted
by Khalifa and Al-Wazni (2021) [30] and Poisson's Ratio assumed from [30]
who carried out Experimental testing and made a comparison between historical
and traditional masonry brick, where they tested masonry brick specimens. The
mass density from [4]. They took it on site during the repairing of the structure
and compared them with the properties of the materials currently available which
were used using to fix damages. The values of the material properties for the

historical brick prism model are adopted as listed in the Table (4.2).

Table (4.2) Material properties of adopted brick minaret model.

Material properties Values
Modulus of Elasticity (MPa) [30] 3.4 x 10e3
Mass Density (kg/m?®) [4] 1.2 x 10e3
Poisson's Ratio [30] 0.2

4.4. Finite Element Model Using ANSY'S Software for Minaret Structure
4.4.1. Creating the model

The finite element model of the minaret was done using the ANSYS program
using the APDL method, where the model was drawn by using commands of
ANSYS in an external file [31].

The CONE command was used to draw the cone shapes of the minaret (the body
of the minaret, the balcony, the upper body and the base of the minaret) as shown
in Figures (4.4) and (4.5).
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Base of Add the part that
minaret connected with shrine

Add bodv of minaret
Figure (4.4) Finite element of the body ot minaret structure

Add balcony

Add upper body

Add dome of minaret

Figure (4.5) Finite element of the balcony and upper body of minaret structure

The dome was drawn by drawing key points and connecting them to draw an area
shape for the dome's section and rotate it by using VROTAT command to depict
the dome and attached to the minaret, as shown in Figure (4.6).
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Figure (4.6) Steps to drawing parts dome

The stair were drawn by CYLIND command and in the form of graduated

cylinder parts as close as possible to the real shape and connected to the minaret

by using the Volumes Add (VADD) command, as shown in Figure (4.7).

-

Figure (4.7) Steps to drawing stair of minaret
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After completing drawing all the parts of the minaret, the parts were connected
to each other and merged by using the VADD and Volumes Glue (VGLU)
commands. The minaret is fixed from the bottom and connected to the base of
the shrine, and the body of the minaret is fixed with the walls of the shrine, as
shown in Figure (4.8). The boundary condition is simulated by fixed the area of
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Figure (4.8) Fixed areas in minaret model
4.4.2. Meshing of model

A free mesh has no specified pattern applied to it, and has no restrictions in terms
of element shapes, but the mapped mesh is restricted in terms of the pattern of the
mesh and the element shape it contains, for a mapped area mesh has only

triangular or only quadrilateral elements as shown in Figure (4.9), for a mapped
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volume it has only hexahedron elements. Also a mapped mesh typically has a

Free mesh mapped mesh

regular pattern [32].

Figure (4.9) Difference between mapped mesh and free mesh [32]

There are more than one shape, for instance, area elements can be triangular and
quadrilateral shaped within the same meshed area as shown in Figure (4.10).
Volume elements can be hexahedral (brick) or tetrahedral shaped, but mixing

them is not recommended [32].
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Figure (4.10) two type elements of mesh area [32]

There are many types of elements (SOLID 200, SOLID 185, SOLID 45, SOLID
65 and etc.) in this study using element type SOLIDG65 this type use for 3-D
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modeling of solids with or without reinforcing bars (rebar). The solid is capable
of cracking under tension and crushing in compression [33], Figure (4.11) shows

types and geometry of element SOLIDG65.

Prism Option

MN.O,P
K I
-
®

I
Tetrahedral Option

Figure (4.11) Types and geometry of element solid65 [33]

Since the minaret contains complex volumes such as (dome, balcony and round
stair), hexahedral or prism elements cannot be used. Therefore, tetrahedral
elements were used in the meshing process. Also, because of the complex shapes,
it is difficult to use mapped mesh, the free mesh method was used. Figure (4.12)

shows tetrahedral element in ANSY'S software and its geometry.

Tetrahedral Option

Figure (4.12) Geometry of tetrahedral element
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After completing the selection of the type of element, a free mesh was made for
the minaret, and the mesh size selected is 500 mm. The results were as in the

Figure (4.13), which shows the elements of the minaret and the minaret nodes.

Figure (4.13) Elements and nodes of minaret

Table (4.3) shows the type, shape, number of elements and number of nodes for
this study.

Table (4.3). Finite element properties of adopted brick minaret model

Type of Element Solied65

Shape of Element Tetrahedral
Number of Elements 21685

Number of Nodes 5425
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In this research, two types of analysis for the FE structural minaret model, static
and modal (dynamic) analysis were taken. Static analysis was conducted to
investigate the structural static behavior of the model. Modal analysis was
iImplemented to extract the dynamic properties of the model, natural frequency

and mode shape, which are used in the proposed SHM technique in this study.
4.5. Static analysis of FE minaret model

The nonlinear static analysis for the FE minaret model was done by using ANSYS
software, the details of the model, geometry, element type, material properties,
material modeling, meshing size and boundary conditions were fed by importing
external text file using APDL technique in ANSYS analyzer. The results of the
FE analysis were displayed using the GUI technique to evaluate the model. The
static analysis was done to investigate the distribution of internal forces and
stresses under structural loads, also the cracks and maximum displacement
locations. The adopted nonlinear material modeling of the FE model in ANSYS
is Multilinear Isotropic Hardening (MISO) and the compressive stress-strain
curve for MISO material modeling of prism masonry is extracted experimentally
from a research conducted by Khalifa and Al-Wazni (2021) [30], as shown in
Figure (4.14) and listed in Table (4.4).

Table (4.4) stress-strain points

Stress-Strain Curve

Strain Stress (MPa) 15
(mm/mm) 1
5.88235E-05 0.2 g o
~ 06
0.0001183 0.4 g,
0.0001845 0.6 0.2
0.0002535 0.8 0
0 0.0001 0.0002 0.0003 0.0004
0.0003576 11 strain (mm/mim)

Figure (4.14) Compressive stress-strain curve

for prism masonry extracted experimentally [30]
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The material properties of the model, mass density, modulus of elasticity and
Poisson's ratio, are 1200 kg/m?, 3400 MPa and 0.2, respectively. In the nonlinear
static analysis, gravity load was calculated automatically in ANSYS procedures
using gravitational acceleration of 9.81 m/sec2 and the data necessary for the
analysis were adopted from the previous researches [4] as listed in Table (4.5).
The load divided as loading steps with the input data, each loading step consists
of smaller increment to represent the nonlinear solution path. The increment size
required to be assumed as much as small percent of the applied load through the
steps to ensure that the elastic limit has not been overstepped. In this research the
initial used increment size was 5% of the maximum applied load then ANSYS

analyzer automatically increases increment.

Table (4.5) inputs for nonlinear static analysis for the FE minaret model

Discerption Value
Nonlinear material modeling (MISO)
Modulus of elasticity (MPa) 3400
Mass density (kg/m?®) 1200
Poisson's ratio 0.2
Gravitational acceleration (m/sec?) 9.81
The increment size required 5%
Applied load (kN/m?) 2
Location of applied load [4] On balcony
Open shear transfer coefficient (N/A) [4] 0.25
Closed shear transfer coefficient (N/A) [4] 0.75
Uniaxial cracking (tensile) stress (MPa) [4] 0.22
Uniaxial crushing (compressive) stress (MPa) [4] 5.8
Tensile cracking factor (N/A) [4] 0.6

The boundary condition of FE model of the minaret used in the analysis was
mentioned in paragraph (4.4.1) where the base of the minaret is fixed with the
base of the shrine and part of the body of the minaret is fixed with the walls of
the shrine. The results for maximum displacement in the minaret model after
executing the FE nonlinear static analysis are displayed in Figure (4.15). From

Figure (4.15) the maximum transverse displacement in x and y direction are 0.538
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mm and 1.097 mm, respectively, at the top of the minaret. The maximum vertical
displacement in z direction is -0.525 mm at the top. While, the displacement

vector at the top of the minaret is 1.306 mm, as shown in the Figure (4.15).

—— E— — L__ _ —
™ G 27 -.015438 231718 ATEETY 726031 .973187
Wi MR e e 081 J— evs2 easens Losr
Static Enalysis of minaret Static Analysis of minaret
_ |
52523 -.408517 -.175078 ‘05335 0 .290251 .580502 .870733 1161
- 466877 -.350158 1233439 -.116719 0 .145125 .435376 .725627 1.01588 1.30613
Static Znalysis of minmaret Static Analysis of minaret

(c) (d)
Figure (4.15) (a) and (b) transverse displacement in x and y direction,
respectively, (c) vertical displacement in z direction and (d) displacement

vector of the minaret model
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The results of the von Mises stresses is shown in Figure (4.16). The maximum
von Mises stress is 0.336 MPa in the middle area of the minaret between fixed

walls and the free part of the minaret.

[ —
0 .074653 149306 223959 208612
037326 111979 J18g632 261285 335038

Static Analysis of minaret

Figure (4.16) Von Mises stress of minaret

The location of cracks in the FE minaret model is shown in the Figure (4.17). The
figure displays the cracks pattern in tension face at the same region of maximum

stresses.
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() (b)

Figure (4.17) Location of cracks in FE minaret model under maximum load

From the nonlinear static analysis, it could be noticed that was acceptable
agreement between the FE model and real structure of the minaret. Also, it was
observed during loading steps that the places where cracks appeared were the

same as structural behavior of the minaret model.
4.6. Modal analysis of FE minaret model

The modal analysis is a linear dynamic analysis that extracts the dynamic
properties for structures, natural frequencies and mode shapes. The modal

analysis for the minaret model was done by ANSYS software [34], block Lanczos
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method, where the block Lanczos method uses the sparse matrix solver. When
looking for eigenfrequencies in a specific region of the eigenvalue spectrum of a
given system, the block Lanczos approach is particularly effective. When modes
at the midrange and higher end of the spectrum are extracted, the
eigenfrequencies will converge at roughly the same pace as when the lowest

modes are extracted [35].

The boundary condition of FE model of the minaret used in the analysis was
mentioned in paragraph (4.4.1) where the base of the minaret is fixed with the
base of the shrine and part of the body of the minaret is fixed with the walls of

the shrine.

The modal analysis method using block lanczos method does not require applied
loads on the structure, only the loads of structure itself defined by modulus of

elasticity and mass density.

To select the number of modes that have more effect and Investigation and
Parametric Study of adopted minaret under vibration loading to determine the
effect changing modulus of elasticity and mass density and geometry on modal
properties of minaret ( natural frequencies and mode shapes). The element type

was SOLID65 with tetrahedral element shape.
4.6.1. Selection the size of mesh

Convergence analysis is used to mesh the structural model of the minaret with the
proper mesh size, providing precise interpretation of the FE model data. Due of
this, five different mesh sizes of 100 mm, 200 mm, 300 mm, 400 mm, and 500
mm each were chosen to represent fine, moderate, and coarse mesh. The
convergence study uses the initial natural frequency value that was retrieved for

each type of mesh, and the outcomes are shown in Table (4.6).
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Table (4.6). Effect of mesh size on elements number and first natural

frequency value

Mesh Size 1st Natural Frequency Value Number of Elements
(mm) (Hz)
100 3.32601 1272065
200 3.35496 185946
300 3.37756 76919
400 3.42158 30747
500 3.44881 21685

Figure (4.18) shows the mesh size of the FE model's convergence results, and
Figure (4.19) shows the natural frequency value of the first mode with the number
of elements according to mesh size. The chart clearly shows that the natural
frequency value gradually grew as the mesh size increased with little influence.
In order to produce more precise results, the FE model of the minaret is employed
in this parametric study and for determine the effective modes with a mesh size
of 200 mm. but for SHM technique in this study was used size mesh is 500 mm
because the small size is need long time and strong computers to give result when
connected with PSO method in MATLAB software.
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Figure (4.19) Natural frequency value of
first mode with different mesh size

The cumulative mass fraction for modes shown in Table (4.7) and (4.8) the

difference between modes under the 7th mode is very small and the values is near

and less effect so first seven modes adopted in this study.

Table (4.7) mass participation of modes in x direction

Mode Frequenc | Period (s) Ratio Cumulative
number y (H2) mass fraction
1 3.35271 0.29827 | 0.002329 3.21E-06
2 3.48842 0.28666 1 0.591575
3 11.5877 | 8.63E-02 | 0.00132 0.591576
4 11.9033 8.40E-02 | 0.649449 0.841092
5 21.0542 4.75E-02 | 0.032293 0.841709
6 27.4137 3.65E-02 | 0.002025 0.841711

7 29.1597 3.43E-02 | 0.517275 1
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Table (4.8) mass participation of modes in y direction

Mode Frequenc | Period (s) Ratio Cumulative

number y (Hz) mass fraction
1 3.35271 0.29827 1 0.651413
2 3.48842 0.28666 | 0.002313 0.651416
3 11.5877 8.63E-02 | 0.632758 0.912231
4 11.9033 8.40E-02 | 0.001337 0.912232
5 21.0542 4.75E-02 | 0.000033 0.912232
6 27.4137 3.65E-02 | 0.367029 0.999984
7 29.1597 3.43E-02 | 0.004927 1

The Table (4.9) show the natural frequencies and modes characteristic for first

seven mode.

Table (4.9) Natural frequencies values and modes characteristic with
size of mesh (200)

Mode No. Natural Frequency (Hz) Mode characteristic
1 3.35271 1st bending in X direction
2 3.48842 1st bending in Y direction
3 11.58770 2nd bending in X direction
4 11.90330 2nd bending in Y direction
5 21.05420 Torsion about Z direction
6 27.41370 3rd bending in Y direction
7 29.15970 3rd bending in X direction
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mode 1 = 3.353 Hz mode 2 = 3.488 Hz mode 3 = 11.589 Hz Mode 4 =11.904 Hz

mode 5 = 21.054 Hz mode 6 = 27.414 Hz mode 7 = 29.160 Hz

Figure (4.20) Extracted mode shapes of adopted brick minaret structure
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4.7. Parametric Study of FE Minaret Model Under Modal Analysis

In this work, four parameters representing material qualities, including modules
of elasticity and mass density, were investigated. Additionally, the impact of
geometry properties, such minaret height and radius, was considered. Where, the
presence of cracks in a structure will reduce the structural stiffness. So, the
reducing value of modules of elasticity or mass density for elements can represent
the reduction in stiffness of the structure [36]. Therefore, this paper adopts
parametric study to investigate the parameters which have high sensitivity on

changing of the dynamic properties of structure.

Two parameters are modulus of elasticity and mass density were taken with a
change rate of +5%. Parametric study was made for the change of parameters to
determine which of the two parameters has the most effect on the natural
frequencies values. The geometric parameters of the minaret structural model, the
height and diameter, are also studied to get information about the structural
behavior which is very important for dynamic analysis and design for future
projects. The change of parameters are 2 m in height and 5% of diameter. The
extracted results are the effects of those four parameters on the first, third, fifth

and sixth natural frequencies values [36].
4.7.1. Changing Modules of Elasticity

Five values for Modulus of Elasticity (E) were selected to study the effect on the
natural frequency. The extracted natural frequencies values of first, third, fifth

and sixth modes for each value for Modules of Elasticity are listed in Table (4.10).
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Table (4.10) Natural frequencies values with changing Modules of Elasticity

Reference
E (MPa) 3.06E+03 3.23E+03  3.4E+03  3.57E+03 3.74E+03
Set Natural Frequency (Hz)
1 3.181 3.268 3.353 3.436 3.516
3 10.993 11.295 11.589 11.875 12.154
5 19.974 20.521 21.054 21.574 22.082
6 26.007 26.720 27.414 28.091 28.752

All values of natural frequencies for the four modes are plotted in Figure (4.21),
the positive relationship between natural frequencies values and Modulus of
Elasticity of all modes. The first mode was little affected with increasing Modulus
of Elasticity which has difference in natural frequency value 0.335 Hz. In the
third mode the effect is increased, and the difference was 1.161 Hz, while the
difference in the fifth and sixth modes was significant high of 2.108 Hz and 2.745
Hz respectively.
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Figure (4.21) Natural frequency value versus Modulus of Elasticity
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4.7.2. Changing Mass Density

In this parameter, five values of Mass Density (MD) was selected by range of
(1.08-1.32) %103 kg/m3 with percent of change value of 5%. Also, the four
natural frequencies values (first, third, fifth and sixth) are adopted to investigate

the effect of mass density value on the natural frequency, as listed in Table (4.11).

Table (4.11) Natural frequency values with changing mass density

MD Reference
(kg/m3®)  1.08E+03 1.14E+03 1.2E+03 1.26E+03 1.32E+03
Set Natural Frequency (Hz)
1 3.534 3.44 3.353 3.272 3.197
3 12.216 11.89 11.589 11.309 11.049
5 22.193 21.601 21.054 20.547 20.075
6 28.897 28.126 27.414 26.753 26.138

From Figure (4.22) the relationship is decreasing between them. The four modes

have decreasing ratio percent of 9.5% with change mass density.
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Figure (4.22) Natural frequency value versus mass density

4.7.3. Changing Height of Minaret

Four different value of minaret height were adopted in the parametric study with
the real minaret height of 28.78m. The changing rate value wast2m in each step
increasing and decreasing of the real height. The natural frequencies values of
first, third, fifth and sixth modes are listed in Table (4.12).

Table (4.12) Natural frequencies values with changing height of minaret

Reference
Height (m) 24.78 26.78 28.78 30.78 32.78
Set Natural Frequency (Hz)
1 4.426 3.836 3.353 2.953 2.623
3 14.923 13.109 11.589 10.309 9.23
5 24.482 22.645 21.054 19.676 18.475
6 32.602 29.977 27.414 24.938 22.663

The natural frequencies values of first, third, fifth and sixth mode with different
minaret heights plotted in Figure (4.23). The x-axis represents the ratio of minaret
height to the outer radius of minaret which is 1.78 m. The relationship is
decreasing between them and the decrease in natural frequencies values has
nonlinear behavior. The effect of height on natural frequency value of first mode
has difference of 1.803 Hz, while in third mode the effect on natural frequency
value is increased in difference of 5.693 Hz, whereas in fifth and sixth mode the
effect is higher and the difference in natural frequency value is 6 Hz and 9.9 Hz
respectively. As a difference ratio percent, the first natural frequency has

significant effect during change the minaret height.

71



Chapter four Finite Element Modeling and Structural Analysis of Masonry Minaret

mod.1

w
w

mod.3

N
O

mod.5

\ mod.6

N
(6]

N
[

[EEY
o w

natural frequencies values (Hz)
(B
\l

o1

23 25 27 29 31 33 35
height of minare (m)

Figure (4.23) Changing natural frequency with height of minaret
4.7.4. Changing Radius of Minaret

Four values of minaret outer base radius were selected in this study with a real
outer base radius of 1.78 m with change value of 5%. The natural frequencies
values of first, third, fifth and sixth modes with outer base radius of minaret are
listed in Table (4.13).

Table (4.13) Natural frequencies values versus minaret radius

Outer Radius/ Inner  1.602/0.9 1.691/0.9 1.78/0.9 1.869/0.9 1.958/0.9

Radius

Set Natural Frequency (Hz)

1 3.42 3592 3.353  3.3735 3.413
3 9.902 11.056 11.589 12.241 12.852
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3) 21.724 22498 21.054 20.755 20.487

6 25.711 27194 27414 27468  27.213

The natural frequency value of first, third, fifth and sixth modes with changing
the ratio ( outer radius to inner radius) is shown in figure 10.It is obvious from
figure 10, there is inverse behavior for natural frequencies value during changing
thickness of minaret for four selected modes. The first natural frequency has
slowly difference ratio percent of 4.79% to quarter value of minaret thickness and
then it decreases to -6.6%and in end increases to 1.7%. However, the third natural
frequency has difference ratio percent of 22.9%. For the fifth natural frequency,
the difference ratio percent is 3.44% and then it decreases significantly to -
8.93%.for sixth natural frequency the difference ratio percent is 6.4% and then it

decreases significantly to -0.93%
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Figure (4.24) Changing natural frequency with base outer radius of minaret
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From Figure (4.24) and (4.23), the effect of changing in height is more than
changing in outer radius and thickness of wall. As the natural frequency is
decreased with increased in ratio (height/outer radius) of minaret. Since, the
natural frequency of a structure depends on geometry, mass and material
properties. The variation of natural frequency values of a structure is very
important in the analysis and design to not be coincide with excitation force
frequency and causes resonance phenomena in the structure. The resonance

causes to magnify the displacement in the structure then yields the failure.

After determine the size of mesh, effective modes and parametric study, the
effective modulus of elasticity was adopted to present the damage in SHM
technique. The Table (4.14) show Natural frequencies values and modes

characteristic with size of mesh (500 mm) to use in SHM technique.

Table (4.14) Natural frequencies values and modes characteristic with size of
mesh (500 mm)

Mode No. Natural Frequency (Hz) Mode characteristic
1 3.393412268913 1st bending in X direction
2 3.479856104073 1st bending in Y direction
3 11.91664111322 2nd bending in X direction
4 12.16794926303 2nd bending in Y direction
5 21.34992632022 Torsion about Z direction
6 27.17613329720 3rd bending in Y direction
7 29.13207558374 3rd bending in X direction

As shown in Table (4.14), the first seven modes of character are: torsion for mode

5, first bending for modes 1 and 2 in x and y-direction, second bending for modes
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3 and 4 in x and y-direction, and third bending for modes 6 and 7 in x and y-

direction. The Figure (4.25) show natural frequencies periods for first seven mode

0.35
0.3
0.25
0.2
0.15

0.1

natural frequency period (s)

0.05

1 2 3 4 5 6 7
mode number

Figure (4.25) Natural frequency period of each mode
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CHAPTER FIVE

Proposed Structural Health Monitoring Technique of Imam
Ali Structure and Verifications

5.1. General

It has been mentioned that structural health monitoring is one of the important
techniques for nondestructive testing of structures and for giving a periodic report
on their integrity. In this chapter, it is clarified how to do structural health
monitoring of the minaret of the Imam Ali shrine structure. Otherwise, it was not
possible to carry out experimental modal analysis using sensors techniques with
data collection device on the real structure due to administrative and security
reasons related to the shrine of Imam Ali and for lack of capabilities of conducting
such testing at the present time for this structure. Therefore, this technigue has
been adopted from a numerical representation of the minaret by depicting a
scenario damage of the minaret using ANSYS and MATLAB software, as well
as using one of the modern optimization methods, which is the particle swarm

method to detect the damage.
5.2. Adopted Proposed Technique for SHM

The structural health monitoring demands comparing between two stages of the
system (as explained in paragraph 2.2.). First dynamic properties (natural
frequency and mode shapes) have been extracted for experimental analysis (in
this study was using Scenario) by ANSYS software and compared with the
dynamic properties suggested by numerical analysis for finite element model by
using PSO method in MATLAB software [37]. When there is convergence, it
continues and extracts the optimum location and optimum percentage of damage,
and if not, it re-updates the value of the modulus of elasticity and creates a new
damage location and new damage percentage, and the process continues until

there is a convergence of damage location and damage percentage updated with
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the location of damage and the percentage of damage in Scenario the Figure (5.1)

=

shows general chart of SHM technique.

l

By MATLB
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Figure (5.1) General chart of SHM technique
5.3. Representing Damage in Proposed SHM technique

A scenario file has been created using APDL commands, where when a crack
occurs in a specific part of the minaret it causes a decrease in the stiffness of this
part, so this decrease can be represented by reducing the modules of elasticity by
a certain percentage in the element in which the crack occurred. Where the
paragragh (4.5.2.3. Parametric study of structural model under modal
analysis ) explained the effect of changing the modulus of elasticity, mass
density, height and radius on the dynamic characteristics (natural frequency and
mode shapes) on the FE minaret model behavour.

This study depends only on a change in modulus of elasticity because of the
limited is time not enough for using all of them. Six damage scenario were
depicted, in the first scenario, the damage element is near the base with a damage
percentage of 0.9, in the second scenario, the damage element is in the middle of
the body of the minaret with a damage percentage of 0.9, in the third scenario,
the damage element is in the balcony with a damage percentage of 0.9 and in the
fourth, fifth and sixth scenarios are in dome of the minaret with different damage
percentages (0.9 — 0.5 — 0.1), respectively, as shown in Table (5.1) and figures
(5.2) (5.3).

Table (5.1) damage element and percentage and location for damage scenarios

No. of scenarios Sc.1 Sc. 2 Sc. 4 Sc. 3 Sc.5 Sc. 6
Damaged element | 3055 14697 445 1000 1000 1000
Damage 0.9 0.9 0.9 0.9 0.5 0.1
percentage
Modulus of 340 340 340 340 1700 3060
elasticity
Damage location |  base body | balcony | dome dome dome
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Fourth Scenaric -
Damage element = 1000
Damage percentage= 0.9
Damage location = in the dome

Third Scenario |

Damage element = 445
Damage percentage= 0.9
Damage location =

The connection between body of minaret and balcony

Second Scenario

Damage element = 14697
Damage percentage= 0.9
Damage location =

Middle in body of minaret
First Scenario

Damage element = 3055
Damage percentage= 0.9

Damage location = base of minaret

Figure (5.2) Damaged element and percentage and location for first, second,

third and fourth scenario
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Fifth Scenario
Damage element = 1000
Damage percentage= 0.5

Damage location = in the dome

Sixth Scenario
Damage element = 1000
Damage percentage= 0.1

Damage location = in the dome

Figure (5.3) Damaged element and percentage and location for fifth and sixth

scenario

5.4. Creating of the Subroutine for Proposed SHM Using PSO Method

The PSO method is one of the modern optimization methods (heuristics methods)
that simulates flocks of birds in search of food as explained in chapter three in
section (3.3.8. Particle Swarm Optimization). This method has been
programmed using MATLAB software, where at first, the PSO coefficients (C1,
C2, W) have been used, also the number of elements and nodes that were
extracted from the model analysis using the ANSYS software. In the beginning,

random elements and random damage percentages are created, then these random
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elements and damage percentages are transferred in the update file and they are
analyzed using the ANSY'S software for extracting the results, if the results are
identical with the results from scenario of damage model, then this is the element
(location) that contains the damage with the ratio damage. If the results are not
equal, the random elements and damage percentages are updated using the PSO
equations by entering a speed for these values to bring them closer to the element
that contains the damage. The analysis and comparison process is repeated and
thus continues with a certain number of iteration until the results are compatible
equal with the scenario results then the damage location and percentage are
determined as shown in the Figure (5.4) of Scheme of PSO method in MATLAB.
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Figure (5.4) Scheme showing PSO programming in MATLAB

5.4.1. Adopted objective function for PSO method

In this study, the adopted objective function for the application of the proposed
PSO optimization procedure is adopted for structural health monitoring for
damage detection. In this study the objective function includes two parameters:
the first is the difference in natural frequencies between the damage scenario and
the numerical updated model. The second is the differences in displacement
points of mode shape between the damage scenario and numerically updated
model. Those parameters are chosen due to their significant effect on the

structure. The adopted objective function is defined by Eq (5.1) [8].
Obj_fun = W X Freq + Wy X Disp ..0.1

W and W, are weighting factors of two parts of objective function, difference

in natural frequencies and difference in displacement points of mode shape,

respectively.

Freq is the differences in the natural frequencies between extracted from

damage scenario model and numerically estimated from updated FE model, as

givenin Eq. (5.2).

2

— \n L i
F'req - i=1( scenario—dam
i

..5.2

f_scenario—dam _f_up dated— dam)

where:

fScenario=dam -_ The natural frequencies that was extracted from damaged

scenario model

fupdated—dam

; .- The natural frequency that was numerically estimate from

updated FE model
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n :- The number of included modes in the computations.

In the second part of objective function (Disp) the precise mathematically defined
norm is adopted as a measure of difference between nodes displacement of each

mode shape, as given in Eq. (5.3).

i _ 2
Disp = T, [JZﬁl( scenarto=dam _ g updated-—dam ‘ .53

scenarlo-dam gn ¢z‘jpdated_dam the nodes displacement of each mode shape
divided by maximum displacement are extracted from damage scenario model

and estimated numerically from updated damage FE model, respectively.
m :- the total number of nodes of all modes
5.4.2. Adopted coefficients for PSO method

The PSO method need coefficients (C1, C2 and W) as shown in chapter three in
section (3.3.8. Particle Swarm Optimization) in this study the weighting

function is following in Eq (5.4).

Winax = Wmin .
W= Wpnaxy — —— * iter ..5.4
itermax

Where w,,, ., and w,,,;,, are initial weight and final weight (0.9 — 0.4) respectively,
iter;,q, and iter are maximum iteration number and current iteration number

respectively.

(C1 and C2) are weighting coefficients, in this study the weighting coefficients
for detect the damage element is (0.5) and for detect the damage percentage was
depend on Eq (3.5).

1
C —C,,:n) *iter
max mln) ) 55

(
Cl1=2C —
max ( iter, gy
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..5.6

(Cmax - Cmin) * iter )2

C2=C —
max ( iter gy

Where (Cpqx — Cmin) are maximum and minimum weighting coefficients (2.5

—0.5) respectively.

5.5. Verification of Proposed SHM Technique Using PSO Method

After completing the PSO method programming using MATLAB software, the
program was tested on a steel beam with 600 mm length and the results were
compared with the research carried out by Al-Wazni and Zainul-abideen (2019)
[28] using the Particle Swarm Optimization (PSO) method [28]. Second, it is

applied on a brick wall.
5.5.1. Test on steel clamped beam model

The study on a beam is adopted by Al-Wazni and Zainul-abideen (2019) [28]
which was carried out depending on experimental results published by Nanda et
al. (2012) [38] structural model, the beam was a steel clamped beam with 600
mm length, 200 GPA modulus of elasticity, and 7800 kg/m® mass density. The

model was divided into 20 elements, as shown in Figure (5.5).

10 mm
1 24 mum - 1

10 mm
- 600mm -l

Figure (5.5) Steel clamped beam model [28].
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Two scenarios of crack were adopted for this study by reducing the height of the

cross section 10%, as shown in the Table (5.2).

Table (5.2) Crack scenarios of the steel clamed beam

Crack Scenario Element No. Distance from | Crack Size (%)
support (mm)
1 3 75 10
2 8 225 10

The occurrence of crack in the element causes a decrease in the stiffness of this
element and therefore a decrease in the stiffness of the structure. Table (5.3)
shows the difference in the natural frequencies for both scenarios and compares

it with intact frequencies.

The results of the modal analysis (natural frequency and mode shapes) in this

study is compatible with the results extracted by Nanda et al. (2012) [38].

Table (5.3) Modal frequencies for intact, first and second crack scenario for the

clamped beam

Mode Intact Intact Freq. Cr.Sc.-1 Freq. Cr.Sc.-2 Freq.
(Hz) (Hz) (Hz)

1 22.721 22.162 22.527

2 142.343 141.520 141.503
3 398.363 398.613 395.586
4 863.141 849.996 855.127
5 1288.396 1283.372 1273.994
6 1922.711 1908.959 1915.230
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5.5.1.1. First crack scenario of steel clamped beam

The (PSO) technique was applied via MATLAB for the first scenario on element
3 with a distance, from support, of 75 (mm). Figure (5.6) shows the values of the
objective function for the number of 20 iterations, while Figure (5.7) shows the
(PSO) technique ability to detect element 3 as the damaged element with 0.1

damage percentage.

0.5
0.45
0.4
0.35
0.3
0.25

©
N}

0.15

o
=

Objective Function

0.05

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Iterations

Figure (5.6) Convergence of objective function for first crack scenario of steel
clamped beam

From Figure (5.6) the SHM technique detected the damage in iteration 10 this

consider very good compared with result by Al-Wazni and Zainul-abideen [28].
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Figure (5.7) History of damaged element number and damage percentage for
first crack scenario of steel clamped beam

5.5.1.2. Second crack scenario of steel clamped beam

The second scenario on element 8 with a distance from support 225 mm. Figure
(5.8) shows the values of the objective function for the number of 20 iterations
where the SHM technique detected the damage in iteration 9, while Figure (5.9)
shows the (PSO) technique ability to detect element 8 as the damaged with 0.1

amount of damage.
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Figure (5.8) Convergence of objective function for second crack scenario of
steel clamped beam
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Figure (5.9) History of damaged element number and damage percentage for
second crack scenario of steel clamped beam
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By comparing the current study with Nanda et al [40] study and Al-Wazni and
Zainul-abideen [28] study, the objective function value improved and converged
more quickly. The results demonstrate how effective and reliable the new

technique is.
5.5.2. Test on brick masonry wall

The second test was done on a masonry wall with dimensions (1 m width, 1 m

height and 0.25 m wall thickness) as shown in Figure (5.10).

~— 1.0000 ——

- 1.0000 -

! 1.0000

0.2500

Figure (5.10) Dimension of brick masonry wall

The materials properties of the wall were taken from a research by Khalifa and
Al-Wazani [30], where they extracted the material properties of masonry wall
made from brick and gypsum mortar. The finite element model was divided into

96 elements. The support is the area base was fixed.

Table (5.4). Material properties of adopted brick minaret model

Material properties Values
Modulus of Elasticity (MPa) [30] 3.4 x 10e3
Mass Density (kg/m3) [4] 1.2 x 10e3
Poisson's Ratio [30] 0.2
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Four crack scenario were adopted for this study, the crack was represented by
reducing modulus of elasticity by 10 and 50 percent, as shown in Table (5.5) and
Figure (5.11).

Table (5.5) Crack scenarios of the structural model
Crack Scenario Element No. Distance from Damage

support (mm) percentage %

1 1 41.66 10
2 50 541.66 10
3 1 41.66 50
4 50 541.66 50

Damage elements

Figure (5.11) Damaged elements of brick masonry wall

When there is a decrease in the modulus of elasticity for element, it causes a
decrease in the stiffness of the structure and a difference in frequencies from the
intact frequencies of the structure. Table (5.6) shows the difference in the natural
frequencies of damage scenarios compared with intact frequencies.
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Table (5.6) Modal frequencies of the masonry wall for intact, first, second, third

and fourth crack scenario.

Mode Intact Cr.Sc.-1 | Cr.Sc.-2 Cr.Sc.-3 Cr.Sc.-4
Intact | Freq. (Hz) | Freq. (Hz) | Freq. (Hz) | Freq. (Hz) | Freq. (Hz)
1 66.357 66.239 66.343 65.542 66.267
2 151.074 | 150.831 150.98 149.353 150.42
3 181.691 | 181.257 181.6 178.867 181.19
4 346.080 | 345.585 345.80 342.783 344.24
5 423.425 | 422.934 423.2 420.196 422.03
6 460.019 | 459.923 459.64 459.277 457.75

5.5.2.1. First crack scenario of brick masonry wall

In this scenario the damaged element is (1) with (41.66 mm) distance from

support, the damage percent in this scenario is (0.1). Figure (5.12) shows the

values of the objective function for the number of (50) iterations, while Figure

(5.13) shows damage detection in element number (1) and the percent of damage

is (0.2).
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Figure (5.12) Convergence of objective function for first crack scenario of brick
masonry wall
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Figure (5.13) History of damaged element number and damage percentage for

first crack scenario of brick masonry wall

The SHM technique was very efficiency where it detected the damaged element

and damage percentage in iteration number 8 and in iteration 36 all particles

convergence toward the damaged element and damage percentage. The SHM

technique used about 6.208333 % from search space 9600 to convergence all

particles.

5.5.2.2. Second crack scenario of brick masonry wall

In this scenario the crack was in element 50 with (541.66 mm) distance from the

support, the damage percentage decreased by 10 percent from the modulus of
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elasticity. The objective function as shown in Figure (5.14), while Figure (5.15)

shows the discovery of the damage location and its percentage.
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Figure (5.14) Convergence of objective function for second crack scenario of
brick masonry wall.
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Figure (5.15) History of damaged element number and damage percentage for
second crack scenario of brick masonry wall

The SHM technique was efficiency where it detected the damaged element and
damage percentage in iteration number 9 and in iteration 32 all particles
convergence toward the damaged element and damage percentage. The SHM

technique used about 5.291667% from search space to convergence all particles.
5.5.2.3. Third crack scenario of brick masonry wall

The third scenario of element 1 with a reduction in modulus of elasticity to the
half. Figure (5.16) shows the values of the objective function with 50 iterations,
while Figure (5.17) shows the (PSO) technique ability to detect element 1 as the
damaged element with an amount of damage of 0.1.

/\/\V o 5 S
25 % oo
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Figure (5.16) Convergence of objective function for third crack scenario of
brick masonry wall
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Figure (5.17) History of damaged element number and damage percentage for
third crack scenario of brick masonry wall
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The SHM technique was efficiency where it detected the damaged element and
damage percentage in iteration number 9 and in iteration 37 all particles
convergence toward the damaged element and damage percentage. The SHM
technique used about 7.802083% from search space 9600 to convergence all

particles.
5.5.2.4. Fourth crack scenario of brick masonry wall

In this scenario the crack was in element 50 with the damage percentage
decreasing to the half modulus of elasticity. The objective function as shown in
figure (5.18), while figure (5.19) shows the discovery of the damage location and

its percentage.
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Figure (5.18) Convergence of objective function for fourth crack scenario of
brick masonry wall
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Figure (5.19) History of damaged element number and damage percentage for
fourth crack scenario of brick masonry wall

The SHM technique was efficiency where it detected the damaged element and
damage percentage in iteration number 16 and in iteration 32 all particles
convergence toward the damaged element and damage percentage. The SHM
technique used about 6.520833% from search space 9600 to convergence all

particles.
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5.6. Parametric Study to select Iteration and Particle Number in Adopted
SHM Technique of Minaret

5.6.1. Estimation iteration number

Three different numbers of iteration were used in the PSO method these are 75,
100 and 125 iteration with keeping the same number of particles, damage
element, damage percentage and other parameters of this technique. Table (5.7)

shows three cases with difference in number of iterations.

Table (5.7) Parameter Description of PSO method for three cases with change

in iterations
Parameter Description case 1 case 2 case 3
Iteration 75 100 125
particle 130 130 130
Damaged element and 366 366 366
location balcony balcony balcony
Damage percentage 0.9 0.9 0.9
wd , Wf 104, 1011 104, 1011 104, 101
C1,C2 of element 0.5 0.5 0.5
C1,C2 of damage Eqg.(5.5) and Eqg.(5.5)and | Eq.(5.5) and
(5.6) (5.6) (5.6)
W (weighting function) Eq .(5.4) Eq.(5.4) Eq.(5.4)

5.6.1.1 First case

In this case 75 iterations were used for PSO technique for damage detection in
the adopted model, in this case the number of iteration is low so the PSO

technique did not detect the damage and found a local position and local damage
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percentage (local element number (12091), local damage percentage (0.16) as
shown in Figure (5.21) and local objective function (14.3377)). Figure (5.20)

shows the objective values of each iteration.
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Figure (5.20) Convergence of objective function for first case

22000 1
£ 17000 % 0.8
E12000 1 5
w o 06
S g
£ £
=}
2 2000 8 02 \-

-3000 © 20 40 60 80 0

0 20 40 60 80

Number of Iteration Number of Iteration

Figure (5.21) History of damaged element number and damage percentage for
first case

5.6.1.2 Second case

In this case, the number of iterations has been increased to 100, while the number
of particles remains constant, which is 130, and the parameters of the PSO
technique remains constant, and for the same damaged element 366, with a
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damage percentage of 0.9. The technique gave the results (the location and
percentage of damage) accurately, where the damage was discovered at the 61st
iteration, and then the technique began to direct all the particles on this damage.
Figure (5.22) shows the objective function with each iteration for the optimum
value, as it shows a match between the damaged element that was discovered with
the element in which the damage was assumed, as the target function became zero

at the 61st iteration.
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Figure (5.22) Convergence of objective function for second case

After detecting the damage, the technology approximated the particles towards
the damaged element, which is 366, and the damage percentage was around to

0.9, as shown in Figure (5.23).
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Figure (5.23) History of damaged element number and damage percentage for
second case

Figure (5.24) shows the ability of the technique to approximate the particles to
the damaged element and percentage, as it was noted in iteration 75 that

approximately 98% of the particles approximated towards the damaged element.
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Figure (5.24) Distribution and convergence of particles towards damage in first,
25, 50 and 75 iteration

5.6.1.3 Third case

In this case, the number of iterations has been increased to 125. The PSO
technique discovered the optimum element damage and optimum damage

percentage in iteration number 71 in particle number 6. Figure (5.25) shows the
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optimum objective function for each iteration. Figure (5.26) shows the ability
SHM technique to approximate towards the optimum element damage and

optimum damage percentage.
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Figure (5.25) Convergence of objective function for third case
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Figure (5.26) History of damaged element number and damage percentage for
third case

103



Chapter five Proposed Structural Health Monitoring technique for Imam Ali Structure and Verifications

From the results, it was noted note that in the case of 75 iterations, the damage
was not detected, while the number of iterations counted 100 and 125, the damage
was discovered, so the number of 100 iterations was adopted because it requires

time for execution less than the number of iterations 125.

5.6.2. Estimation number of particles

Three different cases were used to estimate the best optimum number of particles
(100, 130 and 160) for 100 iteration. Table (5.8) shows three cases with different

number of particles.

Table (5.8) Parameters Description of PSO method for three cases with change

in number of particles

Parameter Description Case 1 Case 2 Case 3
Iteration 100 100 100
No. of particles 100 130 160
Damage element 366 366 366
Damage percentage 0.9 0.9 0.9
Wd , Wf 10%,101t | 104,10t | 10%, 101!
C1,C2 of element 0.5 0.5 0.5
C1,C2 of damage Eq .(5.5) Eq .(5.5) Eq .(5.5)
and (5.6) and (5.6) and (5.6)
W (weighting function) Eq .(5.4) Eq.(5.4) Eq .(5.4)

5.6.2.1 First Case

In the first case the number of particles was 100, the PSO technique can detect

the damage but the Particles are very few compared to the search space with only
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82 % from particle discover the damage element and damage percentage. Figure
(5.27) shows the objective function of each iteration and Figure (5.28) shows the

approximation to on damage elements and damage percentage.
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Figure (5.27) Convergence of objective function for first case
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Figure (5.28) History of damaged element number and damage percentage for
first case

5.6.2.2 Second Case

In the second case the number of particles was 130, from the results, the PSO

technique detected the damage very rapidly in iteration no.24, and about 87.7%
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of particles discovered the damaged element and damage percentage. Figure

(5.29) shows the objective function for each iteration.
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Figure (5.29) Convergence of objective function for second case

The Figure (5.30) shows the ability of the PSO technique to bring the particles

closer to the damaged element 366 and also to the damage percentage 0.9.
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Figure (5.30) History of damaged element number and damage percentage for
second case

Figure (5.31) shows the ability of the technique to approximate the particles to
the damaged element and percentage, it was noted in iteration 75 that
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approximately 97.7% of the particles was approximated towards the damaged

element
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Figure (5.31) Distribution and convergence of particles towards target (damaged

5.6.2.3 Third Case

element and severity) in first, 25, 50 and 75 iteration for second case

In the third scenario, there were 160 particles. Based on the data, the PSO

technique identified the damage in iteration number 61, and approximately

86.25% of the particles revealed the damage element and damage percentage. For

each iteration, objective function is shown in Figure (5.32).

107



Chapter five Proposed Structural Health Monitoring technique for Imam Ali Structure and Verifications

20 1000

" 800

10

Objective Function

D
o
o

S
o
o

bjective Function

/
N
o
o IS

0 20 40 60
Number of Iteration

o

20 40 60 80 100
Number of Iteration

Figure (5.32) Convergence of objective function for third case

12000 1
10000 —
. L 08
Q [
£ 8000 \ S
> [} 0.6
a
< 6000 o
5 ® 04
€ 4000 £ /\
2 o
I 0.2
2000
0 L 0
0 20 40 60 80 100 0 20 40 60 80
Number of Iteration Number of Iteration

Figure (5.33) History of damaged element number and damage percentage for
third case

from this three cases with different in number of particles ,when number of
particles equal to 100 about only 82 % from particles discovered the damage
element and damage percentage, but for 130 and 160 the particles discovered the
damage about (98 %- 97.7%), respectively. So in this study the 130 particles was
adopted.

100
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CHAPTER SIX

Damage Detection Results of Using SHM Technique for
Adopted Structural Model

6.1. General

In this chapter, the proposed SHM technique using PSO method was applied for
the structural minaret model to detect damage and its characteristics, damage
location and percentage. Four different locations of damage in FE minaret model
were used. The results of adopted SHM technique were extracted and discussed.
Also, three different damage percentages, (high, medium and low) were taken

and the results were extracted and discussed.
6.2. Selecting Weighting Factors in the Adopted SHM Technique

There are significant effect of weighting factors for the parameters included in
the objective functions adopted for PSO method used in the proposed SHM
technique. To select the two weighting factors (W f and Wd) in the chosen target
function, three different damage scenarios were used as listed in Table (6.1) as a
sensitivity analysis. Those two factors, Wf and Wd, are multiply by the
parameters Freq and Disp, respectively as mention in Eq. (5.1), as listed in Table
(6.2).

Table (6.1) Three different scenarios of damage selecting in sensitivity analysis

Scenario 1 Scenario 2 Scenario 3
Element damaged 14697 1000 1000
Damage percentage 0.9 0.9 0.5
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Table (6.2) Result of Freq and Disp values for three different scenarios

Scenario number Freq Disp
Scenario 1 2.12E-07 3.30E-03
Scenario 2 2.59E-08 3.74E-03
Scenario 3 1.18E-08 3.30E-03
average 1.18E-08 0.344E-04

from results, the final adopted values of weighting factors, Wf and Wd, in the

proposed SHM technique are 10® and 10%, respectively.

6.3. Damage Detection for Different Scenario Cases (Damage Location and

Percentage) for the Minaret Structural Model

In this study, six damage scenarios were adopted, in the first scenario the
damaged element is near the base with damage percentage of 0.9, the second
scenario the damaged element is in the middle of the minaret body with damage
percentage of 0.9, in the third scenario the damaged element is on balcony with
damage percentage of 0.9 and in the fourth, fifth and sixth scenarios the same
damaged element is in the dome with different damage percentages 0.9, 0.5 and

0.1), respectively, as shown in Table (6.3).

Table (6.3) Damaged element and percentage and location for damage scenarios

No. of scenarios Sc.1 Sc. 2 Sc.4 Sc.3 Sc.5 Sc. 6
Damage element 3055 14697 445 1000 1000 1000
Damage 0.9 0.9 0.9 0.9 0.5 0.1
percentage
Damage location base body | balcony | dome dome dome
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The results of modal analysis, natural frequencies and mode shapes, for six

damage scenarios model were display to compare with the result of intact model
as listed in Table (6.4).

Table (6.4) Natural frequencies of intact,1%, 2", 31 4% 5t 6" and 7" modes

mod intact first scenario | second scenario | third scenario
i 3.393412268913 | 3.393412046166 | 3.393355187526 | 3.393370575629
2 | 3.479856104073 | 3.479856098387 | 3.479833668905 | 3.479703969119
3 [11.91664111322 | 11.91664057788 | 11.91651012791 | 11.91593646978
4 | 12.16794926303 | 12.16794926100 | 12.16787759511 | 12.16627318591
5 | 21.34992632022 | 21.34992629970 | 21.34946637354 | 21.34823164126
6 |27.17613329718 | 27.17613033376 | 27.17488015028 | 27.17540848702
7 | 29.13207558373 | 29.13207557116 | 29.13190267611 | 29.13153108964
fourth scenario fifth scenario sixth scenario
3.393394896588 3.393403176969 3.393410549632
3.479841530921 3.479848556528 3.479854689847
11.91594406646 11.91627584037 11.91657196519
12.16744041902 12.16768613246 12.16790001703
21.34982495374 21.34987380453 21.34991647450
27.17567351100 27.17589299807 27.17608790364
29.13037817111 29.13119851301 29.13191146589

As listed in the Table (6.4), the differences of natural frequency values among
damage scenarios and intact model are very small. Even with very small
differences, the proposed SHM technique is able to detect damage due to the

significant sensitivity for objective function used in PSO method.
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For SHM technique the number of the included elements is 21685, Range of
Damage Reduction Factor (0.01 - 1) and the Size of Searching Space is (2168500)
the number of iterations and number of particles were (100 - 130) respectively.
The weighting factors Wf and Wd are shown in section (6.2) is (108 and 10%)
respectively, as listed in Table (6.5) .

Table (6.5) Input Parameters in SHM technique for damage detection

Parameter Description Parameter Value
Number of Included Elements 21685
Range of Damage Reduction 001-1

Size of Searching Space 2168500

Number of particle 130
Number of Iterations 100
Weighting Factors ( Wf , Wd )of obj- (108 and 10%)
fun

The coefficients for PSO method (W, C1, C2) was adopted the Eqg. (5.4) (5.5)
(5.6) respectively.

6.3.1. First scenario

In the first scenario, the crack occurred in the base of the minaret, which is 0.25
m away from the fixed support. The damage was represented by decreasing the
modulus of elasticity 90% that means the residual value is 10%. The material

properties of the intact and damaged element are listed in Table (6.6).

Table (6.6) Material properties of intact and damaged element for first scenario

Material properties Intact elements Damage element
Modulus of Elasticity 3400 340
(MPa)
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Mass Density (kg/m3) 1200 1200
Poisson's Ratio 0.2 0.2

The Figure (6.1) shows the damaged element number of 3055 and damage

percentage of 0.9 with its position in the FE minaret model for the first damage

scenario case.

First Scenario
Damaged element = 3055
Damage percentage= 0.9

Damage location = base of minaret

Figure (6.1) The damaged element, damage percentage and damage location of

first scenario

After performing the proposed SHM technique to detect the damage using
particle swarm optimization (PSO) method by MATLAB software, the first
scenario showed very efficient of the convergence of objective function in the
SHM technique. Where the SHM technique detected the damage in iteration
number 42 by particle number 33. After that, in iteration number 50 about 12.3%

of particles detected the damage. In the iteration number 74, all particles (130)
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have detected the exact target solution, damaged element and percentage. While,

the SHM technique used only 0.44% to detect the optimum solution from the

searching space size of 2168500 solutions. Figure (6.2) shows convergence of

objective function with optimum iterations during the SHM technique

procedures.
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Figure (6.2) Convergence of objective function for first scenario
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From Figure (6.2), it is noticed the line of objective function goes down directly
from the assumed initial value of 1000 to almost down because the optimum
objective function in the first iteration was at lower value of 3.86 in element 3001
and damage percentage of 0.7. The damaged element was detected in iteration
number 6, as shown in Figure (6.3) with a high convergence of optimum element
number, but the damage percentage was detected in iteration number 42 as shown
in figure (6.4).
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Figure (6.3) History of damaged element number for first scenario

damage percent
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Iterations

Number of Iterations

Figure (6.4) History of damage percentage for first scenario

From Figure (6.3), it is obvious that the first optimum element is 3001 which is
very close to damaged element 3055 compared with the total number of elements.
Therefore, the adopted technique needed just 6 iterations to detect the damaged
element, but Figure (6.4) shows the first optimum damage percentage of 72%,

while, the technique needed to 42 iterations to reach damage percentage of 90%.

The convergence of the particles towards the damage value within the searching
space can be illustrated in Figure (6.5), where it shows the distribution of particles
in the searching space for the first iteration and iteration number of 25, 50, 75 and
100. It is noted that in iteration number 75 all particles of 130 discovered the exact

target (solution), damaged element and the percentage of damage.
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Also from Figure (6.5), it can be seen how powerful a single particle is in
detecting damage. Therefore, the ability of a single particle to move towards the
detected damaged element and its percentage can be illustrated as in Figure (6.6)
which shows the ability of the first particle to move towards the detected damage

element and damage percentage.
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Figure (6.6) Ability the first particle to move towards the detected damaged

element

As a result, the SHM technique detected the exact damaged element and
percentage with only 74 iterations, this proved the efficiency of the adopted

technique.
6.3.2. Second scenario

In the second scenario, the crack occurred in the middle of the minaret body, near
the end area fixed with the shrine. The damage was represented by decreasing the
modulus of elasticity 90% that means the residual value is 10%. The material

properties of the intact and damaged element are listed in Table (6.7).
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Table (6.7) Material properties of intact and damaged element for second

scenario
material properties Intact elements Damage element
Modulus of Elasticity 3400 340
(MPa)
Mass Density (kg/m?®) 1200 1200
Poisson's Ratio 0.2 0.2

The Figure (6.7) shows the damaged element number of 14697 and damage
percentage of 0.9 with its position in the FE minaret model for the second damage

case.

Second Scenario
Damage element = 14697
Damage percentage= 0.9

Damage location =

Middle of the minaret body

Figure (6.7) The damaged element, damage percentage and damage location of

second scenario
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The second scenario showed a good convergence of objective function in the
SHM technique. Where the SHM technique detected the damage in iteration
number 70 by particle number 19. After that, in the iteration number 95, all
particles (130) have detected the exact target solution, damaged element and
percentage. While, the SHM technique used only 0.57% to detect the optimum
solution from the searching space size of 2168500 solutions. Figure (6.8) shows
convergence of objective function with optimum iterations during the SHM

technique procedures.
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Figure (6.8) Convergence of objective function for second scenario

From Figure (6.8), it is noticed the line of objective function goes down directly
from the assumed initial value of 1000 to about 200 because the optimum
objective function in the first iteration was 199.0461 in element 12728 and the
damage percentage of 0.45. The damaged element was detected in iteration
number 31, as shown in Figure (6.9) with a high convergence of optimum element
number, but the damage percentage was detected in iteration number 70 as shown
in Figure (6.10).
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From Figure (6.9), it is obvious that the first optimum element is 12728 which is
far from damaged element 14697 compared with the first scenario. Therefore, the
adopted technique needed just 31 iterations to detect the damaged element, but
Figure (6.10) shows the first optimum damage percentage of 45% is far from
damage percentage 90% compared with the first scenario, so the technique

needed to 70 iterations to reach damage percentage of 90%.

The convergence of the particles towards the damage value within the searching
space can be illustrated in Figure (6.11), where it shows the distribution of
particles in the searching space for the first iteration and iteration number of 25,
50, 75 and 100. It is noted that in iteration number 100 all particles of 130
discovered the exact target (solution), damaged element and the percentage of

damage.
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The ability of a single particle to move towards the detected damaged element
and damage percentage can be illustrated as in Figure (6.12) which shows the
ability of the first particle to move towards the detected damaged element and

damage percentage.
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Figure (6.12) Ability the first particle to move towards the detected damaged

element

As a result, the SHM technique detected the exact damaged element and
percentage with only 90 iterations, this proved the efficiency of the adopted

technique.
6.3.3. Third scenario

In the third scenario, the crack occurred in balcony. The damage was represented
by decreasing the modulus of elasticity 90% that means the residual value is 10%.
The material properties of the intact and damaged element are listed in Table
(6.8).
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Table (6.8) Material properties of intact and damaged element for third scenario

Material properties Intact elements Damage element
Modulus of Elasticity 3400 340
(MPa)
Mass Density (kg/m?) 1200 1200
Poisson's Ratio 0.2 0.2

The Figure (6.13) shows the damaged element number of 445 and damage
percentage of 0.9 with its position in the FE minaret model for the third damage

scenario case.

Third Scenario
Damage element = 445

Damage percentage= 0.9

Damage location =

The connection between body of minaret and balcony

Figure (6.13) The damaged element, damage percentage and damage location of

third scenario

After performing the proposed SHM technique to detect the damage using
particle swarm optimization (PSO) method by MATLAB software, the first
scenario showed very efficient of the convergence of objective function in the
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SHM technique. Where the SHM technique detected the damage in iteration
number 27 by particle number 71. After that, in the iteration number 84, all
particles (130) have detected the exact target solution, damaged element and
percentage. While, the SHM technique used only 0.50% to detect the optimum
solution from the searching space size of 2168500 solutions. Figure (6.14) shows

convergence of objective function with optimum iterations during the SHM

technique procedures.
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Figure (6.14) Convergence of objective function for third scenario

From Figure (6.14), it is noticed the line of objective function goes down directly
from the assumed initial value of 1000 to the optimum objective function in the
first iteration was 142.8465 in element 573 and damage percentage of 0.61. The
damaged element was detected in iteration number 19, as shown in Figure (6.15)

with a high convergence of optimum element number, but the damage percentage

was detected in iteration number 27 as shown in Figure (6.16).
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From Figure (6.15), it is obvious that the first optimum element is 573 which is
close to damaged element 1000 compared with the total number of elements.
Therefore, the adopted technique needed just 19 iterations to detect the damaged
element, but Figure (6.16) shows the first optimum damage percentage of 61%,

while, the technique needed to 27 iterations to reach damage percentage of 90%.

The convergence of the particles towards the damage value within the searching
space can be illustrated in Figure (6.17), where it shows the distribution of
particles in the searching space for the first iteration and iteration number of 25,
50, 75 and 100. It is noted that in iteration number 75 that 90% of particles 130
discovered the exact target (solution), damaged element and the percentage of

damage.
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As a result, the SHM technique detected the exact damaged element and
percentage with only 84 iterations, this proved the efficiency of the adopted

technique.
6.3.4. Fourth scenario

In the fourth scenario, the crack occurred in the dome of the minaret, which is
very far from the fixed support. The damage was represented by decreasing the
modulus of elasticity 90% that means the residual value is 10%. The material

properties of the intact and damaged element are listed in Table (6.9).

Table (6.9) Material properties of intact and damaged element for fourth

scenario
material properties Intact elements Damage element
Modulus of Elasticity (MPa) 3400 340
Mass Density (kg/m?®) 1200 1200
Poisson's Ratio 0.2 0.2

The Figure (6.18) shows the damaged element number of 1000 and damage
percentage of 0.9 with its position in the FE minaret model for the fourth damage

scenario case.

Forth Scenario
Damage element = 1000
Damage percentage= 0.9

Damage location = dome of minaret
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Figure (6.18) the damaged element, damage percentage and damage location of

fourth scenario

The fourth scenario showed very efficient of the convergence of objective
function in the SHM technique. Where the SHM technique detected the damage
In iteration number 26 by particle number 74. After that, in the iteration number
83, all particles (130) have detected the exact target solution, damaged element
and percentage. While, the SHM technique used only 0.50% to detect the
optimum solution from the searching space size of 2168500 solutions. Figure
(6.19) shows convergence of objective function with optimum iterations during

the SHM technique procedures.
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From Figure (6.19), it is noticed the line of objective function goes down directly
from the assumed initial value of 1000 to the optimum objective function in the
first iteration was 61.56 in element 2046 and damage percentage of 0.22. The

damaged element was detected in iteration number 23, as shown in Figure (6.20)
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with a high convergence of optimum element number, but the damage percentage

was detected in iteration number 26 as shown in Figure (6.21).
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Figure (6.20) History of damaged element number for fourth scenario
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Figure (6.21) History of damage percentage for fourth scenario

From Figure (6.20), it is obvious that the first optimum element is 2064 which is
close to damaged element 1000 compared with the total number of elements.
Therefore, the adopted technique needed just 23 iterations to detect the damaged
element, but Figure (6.21) shows the first optimum damage percentage of 22%,

while, the technique needed to 26 iterations to reach damage percentage of 90%.

The convergence of the particles towards the damage value within the searching
space can be illustrated in Figure (6.22), where it shows the distribution of
particles in the searching space for the first iteration and iteration number of 25,
50, 75 and 100. It is noted that in iteration number 75 that 93% of particles 130
discovered the exact target (solution), damaged element and the percentage of

damage.
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Also from Figure (6.22) it can be seen how powerful a single particle is in
detecting damage. Therefore, the ability of a single particle to move towards the
detected damage element can be illustrated in the Figure (6.23) which shows the

ability of the first particle to move towards the detected damage.
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Figure (6.23) Ability the first particle to move towards the detected damaged

element

As a result, the SHM technique detected the exact damaged element and
percentage with only 83 iterations, this proved the efficiency of the adopted

technique.

6.3.5. Fifth scenario

In the fifth scenario, the crack occurred in the dome of the minaret. The damage
was represented by decreasing the modulus of elasticity 50% that means the
residual value is 50%. The material properties of the intact and damaged element
are listed in Table (6.10).
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Table (6.10) Material properties of intact and damaged element for fifthscenario

Material properties Intact elements Damage element
Modulus of Elasticity 3400 1700
(MPa)
Mass Density (kg/m?®) 1200 1200
Poisson's Ratio 0.2 0.2

The Figure (6.24) shows the damaged element number of 1000 and damage
percentage of 0.5 with its position in the FE minaret model for the fifth damage

scenario case.

Fifth Scenario
Damage element = 1000
Damage percentage= 0.5

Damage location = dome of minaret

Figure (6.24) The damaged element, damage percentage and mage;ocation of

fifth scenario

The fifth scenario showed very efficient of the convergence of objective function
in the SHM technique although the damage percentage was reduced by half
compared with the first four scenarios. Where the SHM technique detected the
damage in iteration number 36 by particle number 103. After that, in the iteration
number 80, all particles (130) have detected the exact target solution, damaged
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element and percentage. While, the SHM technique used only 0.48% to detect the
optimum solution from the searching space size of 2168500 solutions. Figure
(6.25) shows convergence of objective function with optimum iterations during

the SHM technique procedures.
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Figure (6.25) Convergence of objective function for fifth scenario
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From Figure (6.25), it is noticed the line of objective function goes down directly
from the assumed initial value of 1000 to the optimum objective function in the
first iteration was 33.78 in element 1889 and damage percentage of 0.05. The
damaged element was detected in iteration number 25, as shown in Figure (6.26)
with a high convergence of optimum element number, but the damage percentage

was detected in iteration number 36 as shown in Figure (6.27).

Element Number

100

Number of Particles Number of Iterations

20000
15000

10000

5000

\

Element Number

Element Number

0
o 0 20 40 60 80 100

Iterations

Figure (6.26) History of damaged element number for fifth scenario
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Figure (6.27) History of damage percentage for fifth scenario

From Figure (6.26), it is obvious that the first optimum element is 1889 which is
close to damaged element 1000 compared with the total number of elements.
Therefore, the adopted technique needed just 25 iterations to detect the damaged
element, but Figure (6.27) shows the first optimum damage percentage of 5%,

while, the technique needed to 36 iterations to reach damage percentage of 50%.

The convergence of the particles towards the damage value within the searching
space can be illustrated in Figure (6.28), where it shows the distribution of
particles in the searching space for the first iteration and iteration number of 25,
50, 75 and 100. It is noted that in iteration number 75 that 94.6% of particles 130
discovered the exact target (solution), damaged element and the percentage of

damage.
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Also from Figure (6.28) it can be seen how powerful a single particle is in
detecting damage. Therefore, the ability of a single particle to move towards the
detected damage can be illustrated as in Figure (6.29) where the ability of the first

particle to move towards the detected damage is shown.

1.2
20000

15000 0.8

0.6
10000

Element Number

0.4

Damage Percent

5000 0.2

0 50 100
Number of Iteration

0 50 100
Iterations

Figure (6.29) Ability the first particle to move towards the detected damage.

As a result, the SHM technique detected the exact damaged element and
percentage with only 80 iterations, this proved the efficiency of the adopted

technique.
6.3.6. Sixth scenario

In the sixth scenario, the crack occurred in the dome of the minaret. The damage
was represented by decreasing the modulus of elasticity 10% that means the
residual value is 90%. The material properties of the intact and damaged element
are listed in Table (6.11).

Table (6.11) Material properties of intact and damaged element for sixth

scenario
material properties Intact elements Damage element
Modulus of Elasticity 3400 3060

(MPa)
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Mass Density (kg/m3) 1200 1200
Poisson's Ratio 0.2 0.2

The Figure (6.30) shows the damaged element number of 1000 and damage
percentage of 0.1 with its position in the FE minaret model for the sixth damage

scenario case.

Sixth Scenario
Damaged element = 1000
Damage percentage= 0.1

Damage location = dome of minaret

Figure (6.30) The damaged element, damage percentage and mage location of

sixth scenario

The fifth scenario showed very efficient of the convergence of objective function
in the SHM technique although the damage percentage is very low about just 10%
from the modulus of elasticity compare with the first five scenarios. Where the
SHM technique detected the damage in iteration number 27 by particle number
1. After that, in the iteration number 67, all particles (130) have detected the exact
target solution, damaged element and percentage. While, the SHM technique used
only 0.40% to detect the optimum solution from the searching space size of
2168500 solutions. Figure (6.31) shows convergence of objective function with

optimum iterations during the SHM technique procedures.

143



Chapter six Damage Detection Results of Using SHM Technique for Adopted Structural
Model

1000

1000 - 00
900 |
800 -

- 700
700 |

600 ‘ 4 600
|

500 -
- 500

Objective Function Value

400 i ‘.' |||||}

< 400

300 |

200
N 300

200

100

100

Number of Particles 150 100
Number of Iterations

1000
900
800

700

Objective Function

600
500

Objective Function

400
300

200

0 20 40 60 80 100
Iterations

Figure (6.31) Convergence of objective function for sixth scenario

From Figure (6.31), it is noticed the line of objective function goes down directly

from the assumed initial value of 1000 to the optimum objective function in the
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first iteration was 6.68 in element 10764 and damage percentage of 0.02. The
damaged element was detected in iteration number 27, as shown in Figure (6.32)
with a high convergence of optimum element number, but the damage percentage

was detected also in iteration number 27 as shown in Figure (6.33).
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Figure (6.32) History of damaged element number for sixth scenario
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The convergence of the particles towards the damage value within the searching
space can be illustrated in Figure (6.34), where it shows the distribution of
particles in the searching space for the first iteration and iteration number of 25,
50 and 75. It is noted that in iteration number 75 all particles 130 discovered the

exact target (solution), damaged element and the percentage of damage.
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Figure (6.34) Distribution and convergence of particles towards damage in first,
25, 50 and 75 iteration

Also from the figure (6.36) it can be seen how powerful a single particle is in
detecting damage. Therefore, the ability of a single particle to move towards the
detected damage can be illustrated as in Figure (6.37) which shows the ability of

first particle to move towards the detected damage.
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Figure (6.35) Ability the first particle to move towards the detected damage.

As a result, the SHM technique detected the exact damaged element and
percentage with only 67 iterations, this proved the efficiency of the adopted

technique.
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CHAPTER SEVEN
Conclusions and Recommendations

7.1. Conclusions

This study introduces the structural heath monitoring technique of Imam Ali holy

building and many conclusions are extracted which listed as below:

1- From the static analysis of adopted structure the maximum displacement was
in the top of minaret about 1.306mm. The maximum von Mises stress is 0.336
MPa in the area middle of minaret between fixed walls of free part from minaret.
The maximum tensile stress is located in the middle of minaret between fixed
support walls and free part of minaret, therefore the first crack may be appeared

In this regen.

2- From the modal (dynamic) analysis, the first seven natural frequencies values
of brick minaret structural model was adopted in the range of (3.353-29.162) Hz
with mass participation of 99.5%. The first seven mode shapes characters are 1°
bending about y and x-axis, 2" bending about y and x-axis, torsion about z-axis

and 3" bending about y and x-axis.

3- In the parametric analysis, when changing elastic modulus of the FE minaret
model by percent of £5% (3060-3740) MPa, has significant effect with gradually
increasing on the natural frequencies values. The first and third natural frequency
values differ by 0.335 and 1.161 Hz, respectively, whereas, the fifth and sixth
natural frequency values differ by 2.108 and 2.745 Hz, respectively, indicating
that last modes were more responsive to the elastic modulus changing.

4- The natural frequency value has significant decreasing as the mass density
increased, with changing percent of 5% in mass density of 1080-1320 kg/m®.

Additionally, the four modes have a same decreasing ratio of 9.5% percent.
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5- From the modal analysis between the intact and damaged minaret model for
the six damage scenarios cases, the differences of extracted first seven natural

frequencies values were very small as in the fourth digit.

6- In first scenario which was near the base with 90% damage percentage, the
SHM technique detected the target (optimum) solution (damage) in iteration
number 74 by all particles which is representing 0.44% of the whole searching

space.

7- In second scenario which was in middle of body of minaret with 90% damage
percentage, the SHM technique detected the target (optimum) solution (damage)
in iteration number 95 by all particles which is representing 0.57% of the whole

searching space.

8- In third scenario which was in the balcony with 90% damage percentage, the
SHM technique detected the target (optimum) solution (damage) in iteration
number 84 by all particles which is representing 0.50% of the whole searching

space.

9- In fourth scenario which was in the dome with 90% damage percentage, the
SHM technique detected the target (optimum) solution (damage) in iteration
number 83 by all particles which is representing 0.50% of the whole searching

space.

10- In fifth scenario which was in the dome with 50% damage percentage, the
SHM technique detected the target (optimum) solution (damage) in iteration
number 80 by all particles which is representing 0.48% of the whole searching
space.

11- In sixth scenario which was in the dome with 10% damage percentage, the
SHM technique detected the target (optimum) solution (damage) in iteration
number 67 by all particles which is representing 0.40% of the whole searching
space.
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12- From the results for the different damage scenarios of the adopted structural
model, the proposed SHM technique using PSO method is very robustness and

efficiency to detect the damage and its characteristics, location and percentage.
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7.2. Recommendations

1- Conducting studies with using different optimization methods in the

structural health monitoring technique of the minaret.

2- Conducting the study by representing the damage in other ways, such as

reducing the mass density or geometry of the element.

3- Modeling the structure with another element type or another element size and

compare the results.

4- Implementing experimental modal analysis for such type of real structure

using the Accelerometers and data acquisition devices.

5- Application of the proposed SHM technique for another important historical

brick masonry structure.
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