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Abstract

Abstract

Reinforced concrete (RC) structures are usually subjected to various types of
loadings, such as permanent, sustained and transient during their lifetime.
Reinforced concrete slabs are one of the most fundamental structural elements in
buildings and bridges, which might be exposed to unfavourable conditions such as,
impaired qualitycontrol, lack of maintenance, adverse environmental effects, and
inadequate initial design. Therefore, the resistant capacity of the affected elements
would dramatically be reduced which most likely leads to the partial or whole
collapse of the structure.

Non-destructive testing (NDT) techniques can be used to inspect for defects without
further damaging the tested component. Significant research and development have
been conducted on the performance of vibration characteristics to identify damage
in different types of structures. The vibrations based damage detection methods,
particularly modal based methods, are found to be promising in evaluating the
health condition of a structure in terms of detection, localisation, classification and
guantification ofthe potential damage in the structure.

Damage in composites and the #Ammogeneous material is tricky to assess from a
surface inspection alone. Although the development of NDTs, especially
experimental modal analysis (EMA), has been pushed forward bgettuspace
industry where composites materials are employed in many safety critical
applications, EMA is not widely employed to diagnosetges of RC structural
members.

Damage detection ireinforced concretsquareslabs is the primary aim of this
study. Thisis achieved experimentally using experimental modal analysis (EMA)
and numerically using finite element method (FEM). Artificial neural network
(ANN) is also used in this study classify the void sizes

A whole testing proceduref EMA on freely supported slab was established in this
research. It is based on impact hammer technique, as a relevant excitation source for
field measurementdfter the quality of the measurements had been ensured, the
experimental data was collected from four phatsoratoryscale reinforced concrete
slabs modelled with various ranges of parameters. After collecting data, Matlab
softwarewas employed to obtain modal parameters, such as natural frequencies,

mode shapes and modal damping ratios from two RC squée EMA and FEM
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Abstract

studies were undertaken to assess and improve modelling technique for capturing
the aim. FEMwasused to model the RC slabs using commercial ANSYS software.
To balance model simplicity of RC slabs with the ability to reliably predict their
dynamic response, both predicted and measured dynamic results were compared to
ensure that the analytical model represents the experimental results with reasonable
accuracy. ANSYS software was alsmployedto numerically extract the natural
frequencies ofthe slab. Then, using Matlab software, the extracted natural
frequenciesverefed as the input to the ANN to classify the void sizes in the slab.

The dynamic properties of the slab were investigated for each of four pairs to
evaluate modal parameters (natural frequencies, damping ratio and mode shapes)
sensitivity to slab's dimensions, degree of damage owing to incremental loading and
induced void.

The performance of EMA based on impact hammer technique was credibly tested
and verified on measurementghich werecollected from eight slabs with various
parameters EMA efficiency was conclusively proved on data from modal
parameters sensitivity tdab's dimensions, incremental loading and induced void.
The results indicated that using a bigger reinforced concrete @abé x 1200

mm?) could potentially have further reduced the discrepancy between theoretical
(analytical and numerical) and experimea natural frequenciehan smallerslabs

(600 x 600 mrA).

In general, for the specimens tested slabs, natural frequencies were more sensitive
to the damage introduced than the damping ratio because the damping did not
consistently increase or decreasedamage increasethe changes in mode shapes
tended to increase with increasing damage level. Even small damage induced poised
changes to the mode shapes, but it may not be obvious visually. Utilising
sophisticated methods for damage identificationjctvhare vital steps in higher

level of damage detection in structures, is one of the major contributions to the
knowledge. The proposeodal Assurance Criterion (MACpand Coordinate

Modal Assurance Criterion (COMAC)techniques as advanced statistical
classification model were employed in this stublgom the vibration mode shapes
induced void locatiorcan be identified via MAC and COMAC techniques when
both intact and damaged data were compared. MAC prbaicdéearchange in the

mode shape while the COMAC provilthe change in specific a location whereby

Vi
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the location of damagwas identified. The outcomes of this two techniques can

show the realistic location of the void.

Beside the aforementioned contributionghis research he feasibility of a Feed
Forward Back Propagation Neural Network (FFBPNMs investigatedusing ten
natural frequencies as input and the void sizes as output. Excellent vestdts
obtained for damage identification of four void sizespvgihg that the proposed
method was successfully developed for damage detection of slabs.

The results proved that the precision of the modegisreduced when dealing with
small size void. The large size voihsdetected more accurately than small size
void as expectedThis is because the natural frequencies of the small void of
different location attributed together. Therefore, natural frequencies aiemaot
considerably good enough to make good identificast for small size void
Moreover, the natural frequencies set of three untrained void specifications were
used as FFBPNN inputs to test the performance of the neural networks. The
obtained results show that the proposed network can predict the voiticapiecis

of the unseen data with high accuracy.

Overall, the methodology followed in this work for damage detection in reinforced
concretesquareslabs is novel when compared to the breadth and depth of all other

previous works carried out ithe field d reinforced concrete structures.
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Chapter One Introduction

1. Introduction

1.1 Overview

Reinforced concrete (RC) is one of the widely used building materials, which was
introduced in the late nineteenth century, after the invention of Portland cement.
Afterwards, reinforced concrete structures were taken up quickly and nowadays
they are widly used in the world. Even though reinforced concrete structures such
as building and bridges are relatively durable and robust, they can be severely
weakened when they are frequently exposed to unfavourable conditions. The
resistant capacity of the strucal members can seriously weakened by inadequate
initial design, impaired quality control, poor or lack maintenance, and a very harsh
environment. In addition, reinforced concrete (RC) structures are usually subjected
to various types of loadings, suchmemanent, sustained and transient during their
lifetime. These loads may have affected the structure either individually or in
combination with on@another(Nair et al., 2008)A significantnumber of reinforced
concrete structures are might be old, sabjo increasing traffic loads and intensity,
and some with functional deficiency. The unexpected collapse of structures has a
notorious symbolic impact on the economy as well as the stability of the country.
Therefore, extra attention is considerably artpnt to be paid to providing
awareness about the behaviour of the structures under different situations. When the
process of describing the natural characteristics of the structures is continuously
known, the adverse consequences such as discomforynetadhing, destruction

and sudden collapse will be minimised if they are not completely controlled
(Nagarajaiah et al., 2008)

During the years following World War Il, the building industry boomed worldwide.
As a consequence, numerous civil engineertngctires are now, or will soon be,
approaching the end of their design lives. As it is economically not permissible to
replace all of the aged structures, health monitoring and integrity assessment are
important to ensure the reliability of the structur@nd the safety of the public
(Dackermann, 2010). Tharoper inspection of existing structural components can
help to identify deficiencies and reveal generalised dangers. Then, the decision will
be made whether the tested structures are required to improve their integrity and

robustness in order to ensuesistance, durability and safety or they are needed to
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be replaced. The most important factors such as estimated budget, time
consumption, level of risk and the importance of the intended elements should be
taken into account to decrease the allocated dtutigreturn buildings to service.

The primary target to decrease the allocated budget is that concentrating on the
strengthening and rehabilitation of the existing structures, rather than demolition
and reconstruction. That is why the priority solutionrédurbish and increase
number of ageing of the elements in the structure in order to keep in service for a
longer time, is repairing otherwise the demolition is the superior solution.

In civil engineering realm, current natestructive damage detection timads in the

field are based, for example, on visual inspection, ultrasonic or acoustic method,
magnetic field method, radiography method, thermal field method and eddy current
method. However, most of these methods have two main limitations. Firstly, the
vicinity of damage must be known a priori. Secondly, the portion of the structures
that is being inspected is readily accessible (Farrar and Doebling, 1997). Thus, these
methods are very timeonsuming, costly or may be not applicable when utilized to
large structures. Subjected to the aforementioned limitations, the only type of
damages that are near or exactly on the surface of the structures can be detected
through these experimental methods. However, in most fields of engineering such as
civil, aerospae and mechanical engineering communities, previous knowledge
about area of damage or information related to damage is usually unknown before
damage identification.

Consequently, there is a need to have more powerful techniques to overcome the
deficiencyof the aforementioned experimental methods. VibraBased damage
identification techniques are global methods that can assess the condition of the
entire structure at once. These methods are based on the belief that defect alters both
the physical propées of a structure (for instance mass and stiffness) as well as its
dynamic characteristics (for example frequency response functions (FRFs), natural
frequencies, damping ratios and mode shapes). Accordingly, by analysing a
structur eb6s dfsom atmdtucal vipnatiorp e mara spexifically from
vibrationBased damage identification techniques, any defect including its location
and severity can be identified. Furthermore, these types of methods provide better
understanding of vibration characsdits of the structures, and examine changes in
these characteristics and solving structural problems in existing designs (Maia and
Silva, 1997).
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It should be noted that, notwithstanding the fact that considerable research work has
been published on damagletection methods, not much research work has been
reported on methods applicable to reinforced concrete structures (Wang, 2010). The
tardy development of damage detection methodology for reinforced concrete
structures is since reinforced concrete, wnliketals, is a nehomogeneous
material with varying composition, raw materials and complex binding behaviours
between different materials of the specimen. Hence, many damage detection
methods that appear to work well on other structures might perfornty pgben

being applied to reinforced concrete structures.

It is truly known that almost all reinforced concrete structures are inevitably
witnessed to deterioration and assemblage damage during its service life due to
adverse conditions. The critical phaseo reliably and robustly locate and quantify
damage in an impaired structure at the earliest possible stage. It is preferable to
detect damages as early as possible so that to prevent or minimise the occurrence
any collapse or catastrophe. To rehah#itar strengthen damaged reinforced
concrete structures, identification of both nature and extent of damage, careful
analysis of the remaining capacity of the structure are essential. Then, the selection
of the most efficient solution for treatment of timured structure are imperative.
Different strengthening techniques have been developed to satisfy the demand of the
defective structures to increase the durability, design or construction errors and to
change the function in order to fulfil certain seeability. Different techniques for
strengthening RC slabs have been used, for instance, section enlargement, steel plate
bonding, and adding supplementary support. Each of which having both advantages
and disadvantages depending on the applied circunestaEmmones, 1993;
Radomski, 2002).

Over the last few decades, an extensive research has been conducted to develop a
strengthening technique using Carbon Fibre Reinforced Polymer (CFRP) sheets.
The uses of CFRP sheets are becoming very popular in stiuetnaditting realm
because of their superior physical and mechanical properties. Compared to
conventional construction materials, comprehensive experimental investigations
have shown that CFRP sheets offer engineers some unique advantages such as light
weight, ease of installation, immunity to corrosion, excellent tensile strength and
stiffness. In addition to its availability in convenient forms, these materials are easy

to handle during construction (Alsayed et al., 2000). Due to these unique
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advantagesCFRP composites have been pushed in various fields such as aerospace,
automotive, military and civil engineering applications. This strengthening
technique is widely used because the advantages previously mentioned. In recent
years, considerable experinial and theoretical researches were performed to
investigate the performance of concrete structures with externally bonded CFRP
sheets. However, most of the previous research was mainly focused on the column
and beam elements and little attention was pmaidslab. Moreover, CFRP has

become commercially available at relatively affordable prices.

1.2 Problem Definition of the Study

Over the past decades, an excessive number of technical articles were published on
structural health monitoring (SHM), which hadratted considerable attention in

both research and development. The available technical articles highlighted that
there are two main damage identification techniques such as local and global
methods (Zapico and Gonzalez, 2006; Gunes and Gunes, 201 former
method, the assessment of the state of a structure is performed either by direct visual
inspection or using experimental techniques, for instance ultrasonic, radiography,
eddy current and magnetic particle inspection. A bad feature of all tietbeds is

that their applications require a prior localisation of the damaged zones. Therefore,
the limitations of the local methodologies can be overcome by using viblasgad
methods, which give a global damage assessment. The available techicieal iart

the literature highlighted that there are a number of vibrdiamed methodologies

that are used to detect, locate and quantify the damage in structures.

The most common vibration damage detection techniques seem to be based on
modal parameterdt is accepted that have not yet been an appropriate method to be
utilised for identifying, locating and estimating the severity of damage in structures
by exploiting the vibration data. Furthermore, no algorithm has yet been suggested
to apply globally ¢ detect any defect in any structure (Wenzel, 2009). The
development of powerful damage detection and location algorithms based on
response monitoring data of anuee structure is still a challenge. Therefore, the
availability of such detection techniquewill open the door to more accurate
estimation of the remaining life of a structure (Friswell, 2007).
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The amount of literature covering ndestructive vibration methods for damage
scenarios on beam structures is relativekyensive On the other handimited
literature is available for damage scenarios on slab. Most existing methods are based
on specific materialsuch as metahther thameinforcedconcrete, and most authors
demonstrate these methods mainly on automotive structure and their sgstgms
components (Huang et al, 1997; and Storck et al, 2001).

This research treats the problem of damage evaluation in reinforced concrete slab in
order to understand the behaviour of reinforced concrete slabs and ensure their
integrity and safety. There thus a need for a comprehensive and reliable modal
analysis implementation for behaviour assessment of reinforced concrete slab,
which is the aim of the proposed research. The proposed work suggests a novel
methodology to solve some problems available atademic researchAfter
comprehensive reviews, the common problems in modal analysis, as well as

reinforced concrete structural system, can be summarised as:

Firstly, it is noted that changes in natural frequencies alone may not provide enough
information for integrity monitoring (Farrar and Cone 1995). Secondly, in the
process of performing the proposed damage detection method, some researchers
preferred natural frequencies as the most indicator to identify and estimate the
severity of damage to the sttupes. However, others preferred the modal damping
ratio is a good damage indicator. Damage detection and condition assessment of
civil engineering structures is considerably important especially when the building
is old or it is subjected to overloadindy.wide range of civil engineering structures

is of unknown history. This is another problematic obstacle confronts the use of the
vibration-based monitoring systems in civil engineering structurbsrefore, data

from a reallife asbuilt model of the strcture is commonly unavailable. As a
consequence, a prediction of a numerical model using commercial software for the
original intact condition will serve as a basic guide to which the deviation of

obtained measurements are finally compared with.

Finally, in this study,the numerical results can be used as input to the artificial
neural network (ANN) for training to identify damage presence, location and
severity. The proposed damage identification and condition assessment procedure,
therefore, fills the gp of knowledge and it enhances the reliability and usefulness of

ANN based structure diagnosis systems.
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1.3 Aim and Objectives of the Study

The primary aim of this study is to investigate the application of experimental
modal analysis on RC slab specimemsl also to identify damage presence and
location in the slabsMoreover, the feasibility of using modal analysis for the
structural behaviour ofeinforced concrete slals examined during the tests.
Artificial neural network, on the other hand, is used to identify the severity of void
in the slab. In order to achieve the aim, the following objectives were required to

be done

1- Extracting modal parameters (natural frequencies, damping ratios and mode
shapes) to evaluate the behaviour of reinforced concrete slabs.

2- Consideringthe effect ofreinforced concrete slébslimensionson modal
parametersand finding the difference between theoretical prediction and
experimental measurements of natural freqiesaf thetwod i f f er en't sl e
dimensions

3- Studying the effecof flexural rigidity of reinforced concreteslabson the
dynamic characteristics mhanginghethickness.

4- Investigating the influence of different degrees of cracks and stremggheam
the modal parameterdy introducing different degrees of cracks to reinforced
concrete slabs as well strengthening using CFRP shdsisg MAC and
COMAC to identify the effect of different degree of cracks on mode shapes.

5- Validating the reliabilityof the location of the inflicted single damage scenario
in reinforced concrete slab using experimental modal analysis and MAC and
COMAC techniques.

6- Employing the artificial neural network (ANN) in the final stage to evaluate the
severity of void in the $abs in order to validate the accuraafyusing such

techniqudor detectingdifferent levels of void severity

1.4 Outline of the Thesis

The present work consists nine chapters. The outline of the following chapters

and their content is listed as follows:

The thesis began with an introduction to the structural behaviour together with a

brief summary of the main damage detection methods and discussion their ability
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for detecting defects in a structure. In addition to an introduction to the main parts
of thethesis, for instance, problem definition, research aims and objectives and the

outline of the thesis are presented in this chapter.

The chapter two presents a literature review regarding the existing method in
damage detection; focusing on the applaatiof modal parameters and ANN.
Subsequent to the damage detection techniques, the main developments of global
nondestructive vibratiofbased damage detection methods over the past three
decades are extensively reviewdd. addition, his chapteraddresses a brief
description of theesearchproblems Accordingly, the knowledge gap is specified

in this chapter.

Chapter three embarks on the introduction of modal analysis followed by the
theoretical relationships among the three models of the dgsamfistructures. A

brief theoretical background to the analytical and experimental modal analysis is
also provided in this chapter followed by degree of freedom of a structure. Besides,
derivations for the formulae related to the calculation of modal fdatanstance

FRF and its components and coherence function are presented. The chapter is ended
up with provides the EMA procedures that can be entirely achieved in four specific
phases. Four phases of a typical modal test are discussed to check thiyreliab

the instrument (quality assurance checks).

Chapter four explains the main stages of the research methodology followed in this
research. This chapter also describes the experimental modal analysis of reinforced
concrete slabs. The characteristids each individual piece of the equipment
associated with the procedure used to perform the experimental modal analysis
work are clearly explained in this chapter. Discussion of different reliability and
quality checks for experimental modal analysis as® aliscussed in this chapter.
Moreover,the laboratory reinforced concrete slab specinaeaslassified into four

main groups. The specifications of each group of RC test slab were described.

Chapter five starts how to estimate modal parameters frormtdBurements ithe
post test analysis and presenting them in the meaningful manntms context,
modal parameters which is included as resonant frequencies, damping ratios, and
mode shapes. The theoreti@dtimation isalso explained. It is also important to
mention that dynamic modul us of el astici
for estimating theheoretical results. In the final section of this chapter, experimental
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results of control group (A) are compd with theoretical results to ascertain the
validity and reliability of the results.

Chapter six deals with the parametric studies of four pairs of RC slabs using modal
parameters estimation. After obtaining the data of each slab from the experiment,
the Fast Fourier Transform (FFT) was used to transfer the time domain to frequency
domain. As a result, the modal parameters of different status condition are
determined, analysed and explained. Then, the experimental results (natural
frequencies and modeabes) are compared with the theoretical results. In addition,

the experimental results of the control slab are also compared with experimental
results under different status conditions to find the parametric studies on modal

parameters.

Chapter seven prests the correlation between the mode shapes of two mdidels.
introducesMAC and COMAC values of the two groups, for instance intact vs
defected slabs, with their state conditions. The characteristics of each individual
conditions of the MAC and COMAC uva¢s associated with the degree of damage
or the location of damage which are clearly explained in this chapter. Using the

values of both MAC and COMAC, the location of void is precisely identified.

Chapter eight gives an introduction to the neural netwoekiral network model,
classification and architecture. Subsequently, five elements that comprise the neural
network's architecture are well explained. Moreover, the chapter describes
mathematical functions and type of neural networks. In addition, tmpter
proposes an algorithm to detect different void severities, which is based on neural
network. More specifically, explanation of the feature extraction optput of the
network is presented. This chapter also covers the main stages of the used Feed
Forward Back Propagation Neural Network (FFBPNN) for identifying void severity

in reinforced concrete slabs.

Chapter nine summarises the overall findings of this thesis and provides a set of
conclusios. In this chapter, pertinent subjects for furtheufatresearch are also

recommended.

At the end of the document (thesi®ur appendices are included. Appendix A,
describespreparation of experimental worlkppendix B, shows Matlab code for

transforming data, averaging and drawing the FRF. Appendix C, focusB£ on
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Slab analysisaccording to EC2, BS8110 arAlCl 318 codesFinally Appendix D
presents Matlab code for determining MAC and COMAC vahiemode sapes

whereby damage severity and the location in the slab is idenefspectively
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2. Literature Review and Research Problem

2.1 Structural Health Monitoring

Civil infrastructure, including bridges, buildings anthertype of structures have
direct effects on our daily lives. Civil infrastructure is the artery of social and
economic activities and an essential element of human wellbeing. In spite of ageing
and the associated accumulation of defects in infrastructure in some country
especially in thedeveloping countriesmost of the existing infrastructure are still
being in service. Hence, evaluation of the condition of these types of structures is
critical particularly after natural hazards.g. earthquakes) or manmade hazards
(e.g. blast or firg Monitoring of the status ofhese structures followed by an
immediate repair should they need i®considerably important to society in order

to prevent or at kst to minimse the impact of the disaster and to facilitate the
recovery. This is because tragic disasters on the civil structures, for instance, the
collapse of bridges, buildings, dams and stadiums afésalt in an enormous
number of casualties asell as social and economic problems (Sundaram et al,
2013).

Structural health monitoring (SHM) is emerging as a technology that allows to
detect, measure, and record the change that affects the performance of a structure to
improve its safety and maintaibility. SHM techniques are widely employed to
detect the symptoms of incidents, anomalies, deteriosat@mm defecthrough the
response that may i mpact structureds se
response of a structure needs to be areeambination of any of the accelerations,
strains, deformations, environment effects (humidity, temperatures, pressure), and
other attributes of atructure (Dong et al, 2010). Based the knowledge of the
structural condition, certain precautions megas can be taken into account to
prolong the structural service life and prevent catastrophic failure in an
unpredictable fashion. Anomalies, deteriorasjcand faults detection strategies can
eventually reduce lifeycle cost. Therefore, most of the usdrialised countries are

on the verge of increasing their budget for SHM of their major civil infrastructure.
The integrity and robustness of structural componentsegugred to be improved

before series damages accumulate so as not to require momsiegpeepairs
(Gassman and Tawhed, 2004).
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After decades of carelessness to the sector of maintenance in Iraq, rehabilitation or
reconstruction costs of the ruined and neglected infrastructure require bdfions
dollars(lragi Planning Minister, 2009As a result, SHM is required to be taken into
account forlrag and most probably other similar third world countr orderto
minimise the budget spent on infrastructure repairs and maintenance. This means
that SHM system usually offers an opportunity reduce the budget for the
maintenance, repair and retrofit throughout the life of the structure. A reliable
inspection and condition assessment system has the potential to extend the periodic
maintenance scheme for the existing structures. Inspectiopi¢aty conducted to
decide if the tested structure is in demand of repair or demolition, estimate the

amount of needed repair or whether further testing is required

It is important to mention thatome casesan also be introduced as danstgethe

strudure. For example, changes in materials, connections and boundary conditions
can be defined as damage because these factors cause deteriorated performance of
the structure (Gao and Spencer, 2008yurthermore building structure can be
damaged due to ag@n corrosion and daily activities, whereas wave loading,
spalling and corrosion due to sea water cause damage to offshore structures. In
addition to building structure, bridges suffer from traffic, wind loads, and some
other environmental effects. Moreoy@xcessive loads produced by earthquakes,
hurricanes and cyclones can potentially cause disturbasaeell as moderate to

severe damage structures (Sundaram et al, 2013).

SHM may involve the use of variouwdevices, techniques and systems that are
desgnated as nedestructive damage identification metho8sch methodsan be
classified as either nedestructive evaluation (NDE) or local damage identification
and nordestructive testing (NDT) or global damage identification (Doebling et al.
1998). The authors reported that damage diagnosis and integrity evaluation for a
structure are conducted through a wide rangelochl damage identification
techniques such as visual inspection, ultrasonic method amy ¥ethod and so
forth. These type of technigsi@isually need that the vicinity of a defect is known a
priori, and it is readily accessible for testing, which cannot be guaranteed for most
cases in civil engineering. As a consequence, the global damage identification
technique, such as vibratidrased damage identification methodhas bee

developed to overcome these difficulties.

11
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Although here is no formal delineation between epokviousapproach, there is a
difference between NDT/NDE and SHMThe primary difference between
NDE/NDT and SHM. NDE/NDT refers to a ofiene assessment of the condition of
materials at a single or multiple points on the structures. The effect or extent of the
deterioration in the structure usingquiredequipmentextern to the structure can

be evaluated. However, SHM normally refers to activities focused on assessing the
condition of the whole structure or its key elements based on response to different
types of loads. It involves egoing or repeated assessment of siedponse. It is
interesting to note that, in SHM, some sers@temanay need to be embedded in

or attached to the structure for the complete monitoring period (Dong et al, 2010).

Thus a SHM system will typically consist of the following common compa@nent
sensors and data acquisition networks; communication of data; data processing;
storage of processed data; diagnostic and prognostic analysis (i.e. damage detection
and modeling algorithms, event identification and interpretation); and retrieval of
information Figure 2.1 shows a schematic diagram of a typical SHM system
(Buyukozturk and Yu, 2003; Bisby, 2006).

Monitored Structure

Sensors
(various types)

DA system
(on-site)

Communication System
(e.g. telephone lines or telemetry)

Data Storage
(hard discs o1
CD archives)

=
J

(FFFFE F &

Data processing

(automatically by computer) Data retrieval

(and decision making)

Diagnostics
Figure 2.1: Visual schematic of a typical SHystem (after Bisby, 2006).

Bisby (2006)classified SHMnto at least two categories in terms of the type of field

testing such as continuous and periodic monitoring. SHM is offering the potential

12
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for continuous and periodic assessments of the safetyngawtity of a structure
Periodic monitoring is carried out to examine the structural response or any
detrimental change that might happen in a structure at specified time or time
intervals (such as weeks, months, or years apart). Data analysis ofphifty
monitoring may indicate deterioration. For instance, monitoring crack growth,
monitoringa structureafter a repairing; andontinuousmonitoring through moving
traffic, all thesecan be achieved periodically. In such type of monitoring, sensors
maybe permanently mounted on the structure or temporarily installed at the time of
testing. As it is implied from the name that continuous monitoring refers to
monitoring of a structure without causing interruption for an extended period (such
as weeks, mon#) a years). Logged data at the structure are either collected or
stored on site for analysis, and interpretation at a later time. Due to the higher costs
and complexity of SHM system, this type of monitoring has only been used-in full

scale field appliations.

Customarily, the latter is implemented to those structures that are in the following
cases. Firstly, the structure is either exceedingly important or if there is doubt about
the integrity of a structure. Secondly, it might be the case if the teuist likely to

be exposed to extreme natural hazards, such as hurricanes and severe earthquakes.
Finally, if the structural design includes an innovative concept that does not have a

history of performance to sustain its letegm safety.

SHM preserd a number of kepenefits for structures. Some of the most commonly
cited benefits of these metrouhclude (Bisby 2006; and Dong et al, 2010)): early
damage detection; improved understanding ofsita structural behaviour;

assurances f a st rengthtandrsendcseabildyt improved maintenance and

management strategies for better allocation of resources; reduction in downtime.

SHM is a multidisciplinary system integration approach, which involves some
components, for instance, sensing technologwepdechnology, communications
technology, storage technology, signal processing, and health evaluation algorithm.
The system should be competent in providing information on demand about the
status of a structure. Detailed information is required to lowiged on each
particular component of the system due to their effects. Here, more information is
given on sensors component since sensors are essential to a successful SHM system,

which is the first part of condition evaluation.

13



Chapter Two LiteratureReview andResearchProblem

The Data acquisitiorDAQ system, which is also called ddtgger, is the onsite
system where signal demodulation and storage of measured data are conducted
before being transferred to an offsite location for analysis. The specific types of
sensors should be selected for a projegiending on sensor ability to measure the
desired responsesuch as strain gauges, accelerometesd anemometers
Mechanical quantities, thermal quantities @hectromagnetic/optical quantities are
examples of some measurable quantities (BlyukoztiakYan 2003). Mechanical
guantities are for instance, displacement, velocity, acceleration, pressure,
force/torque, twisting, strain, rotation, distortion and flow. Thermal quantties

for example, temperature and heat. Wherebesctromagnetic/opticalugntitiesare

for instance, voltage, current, frequency phase, visual/imageslight. It is
worthwhile to mention that the sensors communicate with the DAQ system by
either wired or wireless connection. Sensor gains its popularity after its emergence
mainly owing to its relatively low cost as well as higher reliability compared to the
traditional inspection methods. Wired sensor technique is often useful for the
structures that are small and in which the structure is physically in touch with the
sensorsWhile in wireless sensor technique, the sensors are not in physically in
touch with the structure (Dhakal et al., 2013).

Wired sensors are commonly used to monitor the dynamic responses of many
buildings, including the Chicago Fticale Monitoring ProgranSmart wireless
sensor networks, 20)19n this type of technique, sensors are placed throughout the
structure and then wired to a central data acquisition device (data logger).
Figure 2.2a shows schematically the layout for wired sensors technique. The wired
system has been applied to a wide range of structures, and it has proved to be
exceptionally reliable and practical technique. However, it siffem two seous
problems associated with its cables. Firstly, instrument cables are very costly as
well as difficult to deploy and maintain certain circumstanceSecondly, lengthy
cables serve as antennas, allowing noise to infiltrate the system (Ki€oskiaet

a., 2006; Kwon et al.,, 201L With a large number of sensors employed in the

system, the amount of cable involved will increase accordingly.
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As a consequence of wired sensor system shortcomings, contemporary
developments invest in the wireless sensing field. Wireless sensors connection is
required for some highise building structures where long lead cables are
impractical, or lead cable tram#tted excessive noise might corrupt sensor signals.
Figure2.2b exhibits the architectural design for a wireless sensor network system. A
key aspect of wireless sensor network is its capacity to accommodate dense sensing
mesh because thsystem isndependent of multiple cables. Hence, multiple cables

are limited by tle number of channels existing in a data acquisition system (Wenzel,
2009).

Wireless sensor nodes

Wired sensors %
a éé & & b

Mesurement
equipment

% Database &

4
Gateway

’

Database & . ) webserver
ST Operation terminal
a. Wired based SHM b. Wireless based SHM

Figure 2.2: Typical configuration of wired and wireless based SHM system (after Smar

wireless sensor networks, 2015).

In addition to aforementioned explanation on wired and wireless sensors, wired
sensors can be employed for different materials. For instance, if sensors are used for
detecting a flaw in concrete structure it can also besedilin the steel structure.
Convesely, in wireless sensor technique, a sensor is restricted to one type of
material. For example, if one smart sensor are manufactured to detect & fault

concrete structure @annotbe used fosteel structure (Dhakal et al., 2013).

2.2 Damage Detection

Damage detection of structures is commonly defined as one of the essential parts of
SHM. Damage is defined as a change in a structure which affects structural
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characteristics because of weakné&3scurring changes within a structural system
negativelyinfluence on the current and then the future performance of that system.
Damage is not really meaningful without comparison between two different states
of the same system, one of which ildact Undamaged and other one is the
damaged state (Sohn et al., 2004). Thereforecdygparisonbetween these two
states, the reduction which is caused due to damage or any other weakness will be
revealed. For instance, cracks that form in structure produce chantgestifiness.

The dynamic behaviour of the system is altered because of stiffness reduction.
Gaining wide acceptance based on the idea that deficiency modifies both the
physical properties (mass, stiffness and damping) as well as its modal properties
(natual frequencies, damping ratios and mode shapes) of a structure. The reduction
in stiffness not only depends on the size of the deficiency, but also on the location of
the deficiency. As a consequence, damage detection in structural systems requires
the identification of the location and also quantification of the degree of damage.
The procesof damagedetection in structurest the earlystageplays a crucial role

to prevent sudden failure of structural compase(Sinou, 2009). This is why
special attembn has been paid to detect the damagescent yearsising different

non-destructive techniques.

Rytter (1993) defines that there are four classification levels of damage

identification in any inspection process.

A Level 1: Determination of the preseot damage in the structure (Damage
detection).

A Level 2: Level 1 plus determination of the geometric location of the damage
(Damage localisation).

A Level 3: Level 2 plus quantification of the severity of the damage (Damage
guantification).

A Level 4: Level 3plus prediction of the remaining service life of the structure
(Prediction and health assessment).
By diagnosing dynamic characteristics of a structure from EMA or similar other
technique targets problems such as level 1, level 2 or level 3 can be identified.
However, level 4, which is related to the prediction of remaining service life the
decision, is required to be taken to evaluate the need of the structure for repair
and/or replacenm. This level is typically based on fatigue life analysis and fracture
16
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mechanics measurement; and also may require more accurate sensors and further
mathematical tools leading to the lgstimationof the structuregKiremidijian et al,
1997).

2.3 Damage Simuation Techniques

Damage simulation techniques are widely used in the field of Vibration Based
Damage Identification Techniques (VBDIT). Comprehensive review of
damage/crack simulation techniques have been given by Dimarogonas (1996) and
Ostachowicz andrawczuk (2001). Some broad categories of damage simulation

techniques have been defined which frequently employed by researchers.

Friswell (2007) defind three different damage simulation techniques such as: local
stiffness reduction; discrete spring ralents; and complex models in two or three
dimensions. Local stiffness reduction approach can be achieved in different ways. It
is therefore the simplest among all three different simulation techniques. Local
stiffness reduction can be achieved eithgrcreating a notch type damage or
reducing second moment of area (I) or the Young's Modulus (E).

Owolabi et al. (2003) used notch type damage simulation technique by thin saw
cuts. During their experimental study, the authors aimed to detect cracks in
aluminium beams using frequencies and amplitudes. Similar technique has been
used by Dackermann et al. (2011) in matory buildings. Frequency response
functions were used as the input parameter to artificial neural networks to identify
damage locations and smities. Theoretically, numerical modelling of a complex
two storey frame structure inflicted with notch type damage of different locations
and severities was created using ANSYS software and analysed under ambient
vibration. The results show that the s@gted algorithm is capable of precisely and

reliably identifying damage in complex muttiorey structures.

Shih et al. (2009) used tHmite elementsoftware SAP2000 to model both steel
beams and plates. Undamaged and damaged simply suppapea,12spans and
3-spans steel beams with the same span length of 2v@mmset up Single and
multiple flaws with two different size of 10mm x 5mm and 20mfmmm (length x
depth) on the previously tested bearere simulated, where the selected damaged
elementswere removed from the bottom of the beams in the FE models. The

damage simulated technique in theork wasadopted from the paper published by
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Cornwdl et al. (1999), where thkss ofthe stiffnessvas simulated by reduction
the flexural rigidity(El) of the structureThe platelike structures were divided into
elements in both directions. In the first and second cases studied, the stiffness of
four elements was reduced by 25% ané@ol@spectively The results revealed that
the algorithm was able to locate the areas with stiffness reductions as low as 10%

using relatively few modes.

Zhou @006) conducted the experimental study of vibrahaseddamage detection
(VBDD) techniques in structural health monitoring (SHM) of bridge. Si@edlle
damage was induced on the top surface of the deck of a simple span bridge. The
form of damage induced in the physical bridge system was small square cubes of
concrete, 100x100x25 mmyhich were physically removed from the top surface of

the deck. Damage on the surface of the deck was induced incrementally at nine
different locations. The experimental work consisted of estimating the dynamic
properties of the inta system, and then incrementally inducing a new state of
damage and determining the properties associated with eachRsatdts of the

study demonstrate that the five normodel vibrationbased damage detection
techniques (e.g. change in mode shape,nfode shape curvature, the change in
flexibility, the change in uniform flexibility curvature methods, the damage index
wereadequate for detecting and locating damage on a simply supported bridge deck

or bridge girder.

Regarding the crack damage, twodypf damage, namely sasut, and honeycomb
damage, were adopted in the experimental workductedoy Wang (2010). Three
levels of damage severity in reinforced concrete beam, namely light, medium and
severe damage, were created by a-eaiv The light darage was of 5mm long and
50mm deep. The cuts were 5 mm x 100 mm and 5 mm x 150 mm for medium and
severe damage respectively. In this cases, the cvemkedocated atl/4, 3/8, and

1/2 span of the beam. Regarding the honeycomb damage scenario, the damage w
created by replacing concrete with a polystyrene hexahedron block of size 89 mm
(length) x 75 mm (width) x 100 mm (height) during the casting process. The
honeycomb damage is located3st span of the reinforced concrete bedrhe aim

of the work was to localise the damage and estimate its severity based on a
combination of mode shape and mode shape curvature. The proposed method was

able to identify the location of damage and quantigeverity with high reliability.
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Thereare some forms of damage induced in the physical system. As it is mentioned,
a small square cube of concregn bephysically removed from the top surface of

the model. In other cases, damageght becreated by a sawut or itis created by
replacing caocrete with a polystyrene hexahedron block. When concrete is
physically removed from the model, this may cause some extra damage to other
parts of the specimens. Therefore replacing concrete with a polystyrene hexahedron
block during the casting processanm appropriate way for damage induced. This
type of damage does not cause any hurt to the specimens. As a consequence,
replacing concrete with a polystyrene hexahedron block during the casting process
was used in this study.

2.4 Non-destructive Damage Deted@n Techniques

Structural damage identification technique has gained increasing attention from the
scientific and engineering communities because the unexpected structural collapse
may cause both catastrophic economic and human life loss. A reliablefectd adf
nondestructive damage identification technique is essential to sustain safety and
integrity of structures. Nodestructive damage identification techniques can be
classified as either local or global damage identification methods (Doebling et al.
1998). As previously mentionedthat example oflocal damage identification
techniquesare ultrasonic methods and -y methods Whereasvibration-based
damage identification methots an example ofglobal damage identification

technique

Great attention and development has been paid to global damage identification
method due to limitations of local damage detection methods. This is due to the fact
that, for local damage detection methods, the vicinity of the damage should be
known before dmage detection and the location of damage being inspsubedd

be easily accessible. However, the information regarding damage is not always
available before damage detection and damage location may be inaccessible.
Therefore global detection methods not only developed to detect unknown and
inaccessible damage, but also to facilitate analysis of such damage in complex

structures.

After reviewing nondestructive damage detection methods, several challenges can

be found to provide Level 1 and Level andage identification (Lee et al., 2004).
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However, there are just a few articles addressing Lewdhmage identification,
including damage location and severity estimates. When vibrhéised methods
are coupled with a structural model, Level 3 damaggstifigation can be obtained

in some cased.( et al., 200).

Owing to advantages of vibratidrased damage detection methods, especially
simplicity for implementation, they have attracted most attention during the last
decades. These methods are generadlijfes on the fact that the dynamic
characteristics, such as the modal frequencies, mode shapes, and modal damping
have direct relation to the stiffness of
occurring change in dynamic characteristics impliksa of the stiffness.

Vibration-based damage identification methods could be mainly divided into two
categories, namely model based and-mmdetbased (Farrar and Doebling 1997,
Huang et al., 20120n the other hand.ee et al.(2004) classified vibraticihased
damage identification methods into four main categories which differ from each
other in the features used in the damage detection protkese methods are
presentedn Table 2.1. Another broad classification has beeneptes by Bakhary
(2008), who classified damaged identification methods into three categories:
namely, direct methods, model updating methods, and Artificial Neural Network
(ANN) methods. Ina separate stugyVang (2010) classifies such techniques into
three broad categories, such as methods based on vibration, methods based on

artificial Intelligence and methods based on wavelet analysis.
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Table2.1: Damage detection categes and methods as proposed_eg, et al., 2004)

Category Methodology

Frequency changes
NaturalFrequencies

Residual force optimisation

Modal Parameters Mode shape changes

Mode shapes Modal strain energy

Mode shape derivatives

Optimisation technique
Stiffnessbased .
Matrix Methods Model updating

Flexibility-based | Dynamically measured flexibility

Stiffness parameter optimisation
Genetic Algorithm

Minimisation of the objective function

. ) Back propagatiometwork training
Machine learning

Artificial Neural Time delay neural network

Network Neural network systems identification with

neural network damage detection

Time history analysis

Other techniques
Evaluation of FRFs

The author of this study decided to present the literature review in the following
subcategories, whicis relevant to the focus of the research or future development

of the work. The subcategories are listed as follows.

1- Method based on Modal Parameters
1 Natural frequency changes based method
1 Mode shape changes based method

1- Direct mode shapes
2- Mode shapes curvature

1 Damping changes

2- Method based on Artificial Neural Networks ANNSs
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2.4.1 Modal Parameters Based Method

Modal parameters such as natural frequency and its corresponding mode shapes and
modal damping are the essence of global assessment to identify the dynamic
behaviour of the selected structures. Modal parameters play key roles in classifying
the structuresccordingto their properties because the values and changes in these
parameters signify altering the physical properties (mass, damping and stiffness)
and boundary conditions of structures (Farrar et 2001; Owen and Pearson,
2004). Chen et gl (1995) indicated that changes in the stiffness of a structure,
among physical properties, dominate the conditions of adequacy and safety of
structures. In studying vibrations, the most popular modal parameters which are
used in the damage identification are maddequencies and mode shapes (Hearn
and Tesa, 1991).

2.4.1.1 Natural Frequency Based Method
Picking the natural frequency to evaluate the existence of deficiencies in a structure
is the earliest and most popular approach. Use of this technique has received wide
acceptance due to some reasons: Firstly, a single sensor is suffaiemiany
applicationswhereby natural frequencies are determined or even they can be
conveniently estimated from just one accessible point on the structure. Therefore,
using natural fregencies as damage or deficienaigection method are relatively
low cost and easofimplementation Secondly, natural frequencieseusually less
contaminated by experimental noise. The existence of damage, deterioration,
delamination and dbonding ina structure poses obvious alterations in the natural
frequencies of that structure (Salawu, 1997). For damaged /undamaged structure of
given dimensions, the natural frequency is mainly relatethécstiffness of the
system.For a given length and momeaf inertia of a structurethe equivalent
modulus of elasticity of a structure can be estimated. In other words, the basic

feature for detecting damages in a structure is changing the natural frequency.

Most of the early work related to natural frequensieshiftswere based on very

simple structures and structural elemdidams et al.1978). One of the pioneered

papers on the use of natural frequencies shift in damage detedhimh wasmost

commonly quotegis published by Cawley and Adams (1979)eymentioned that

a single point in a structure can be used to detect and quantify damage using

changes in frequencies. Since then, a considerable amount of research has been
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carried out to detect damage using changefraquencies. A large amount of
literature on this subjectwas discussedby Salawu (1997) and Doebling et al.
(1998).

Ndambi et al. (2002) performed an experimental test in order to evaluate the
correlation between the progressive cracking processes in reinforced concrete
beams. For this ppose, two types of tests were combined on two RC beams of 6 m
long. In the first experiment, static loading test was performed to gradually
introduce the cracks in the RC beaass shown inFigure 2.3. The two loading
configurations were different and allow to introduce @&ymmetrical or an
asymmetrical (case a or b) test, witle beams simply supportdeiach loading step

was followed by nloading andemoved of the beamsupports. Then, the second
experiments were performed, which was the dynamic tests, on the same suspended
beam with a simulated fréeee boundary condition. It was concluded that Eigen
frequencies were affected by accuatidn of cracks in the RC beams. However,
their evolutionswere not influenced by the crack damage locations. It was also
concluded that if the Eigen frequencies decrease monotonically during the cracking

process, the severity of the damagesallowed tobe followed.

- RC beam
ﬂ\

(@) e = () —_—— e IL’

Figure 2.3: Static loading test, symmetrical and asymmetrical loading configurations (a
Ndambi et al., 2002).
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It is worthwhile to highlight thathe natural frequency parametepigacticallymore
accurate to be collected than the incomplete measured mode shapes (Shi et al
2000). In addition to detect damages, natural frequencies changes have been used to
detect delamination (Gadelrab, 1996; Sultan et2@l12), debonding(Paolozzi and

Peroni, 1990; Kim and Hwang, 2002) and determination of elastic constants
(Deobald and Gibson 1988; Bledzki et 4999).

Wahab and De Roeck (1997) studied the effect of temperature on the modal
parameters of a prestressed concrete highwiglgdy which was excited under a
drop weight and ambient vibration. The dynamic response of the bridge was
recorded at two different times: the first reading was in the spring (May 1997) when
temperature around 15°C and in the winter (January 1997) win@ertature around
0°C. After analysing and interpreting the change in natural frequency of the bridge,
the results showed that a decrease was abeifto 4due to the increase in
temperature. The authors concluded that the effect of fluctuating temperatures
should be taken into account for damage detection in a structure using natural

frequencies.

However, the feasibility of damage identification using natural frequencies is
occasionally limitedor some reasonshe first drawback of methods is that very
predse measurements are required for damage wilasbociation withlow
frequencies (Doebling et al., 1998he £cond drawback is that natural frequencies

are affected by fluctuating environmental changes such as temperature or humidity.
Hence, very small @nges in natural frequencies could be undetected due to
measurement errors. Depending on natural frequencies alone to detect damage may
lead to unrealistic predictions (Maeck and De Roeck, 208&)ordingly, besides

natural frequencies changes, it is betio employ further methods such as mode

shapes and damping to enhance damage detection ability.

In order to obtain clear evidence of damage, recent development has been employed
to couple the measurement of natural frequencies with other modal parafieters
example, Gareset al. (2006) presented a methodology for identifying the presence
of damage and its location. In utilised method, combined Experimental Modal
Analysis (EMA) and Finite elements method (FEM) data were employed to localise
the damage®n mechanical componentSheir method assumed a linear behaviour

of the materials and compare Eigen values and eigenvectors obtained from FE
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modelling with experimental Eigen values on damaged specimens. The method was
firstly applied onregular shape, sh asrectangulaisteelplates which had a milled

slot in different positions, to check its reliability for discovering damages in
homogeneous and isotropic material. Afterwards the method was applied to
irregular shape, sucpiston rod The results of the tests show that the developed
method was able to accurately identify the damaged zone. However, an appropriate
choice of scale for the graphic output was required to obtain clear evidence of

damage detection.

Mohan et al. (2014) propged correlation in cantilever steel beam model based on
natural frequency change. Numerical models of an intact cantilever beam with four
different damage locations have been modelled using finite element method. After
meshing the model, the model has rbekvided into 50 elements. The damaged
were created at element 4, 20, 33 and 49 starting from the fixedseskdown in
Figure 2.4. Reduced maswas considered to incorporate as damage msiudy.
Damage Location Assurance Criteria (DLA@)s adoptedMo h a stiddg for
damage assessment. whas concluded that four damage scenarios chosen for
damage location were exactly matched using the DLAC ativel However jt

was showrthatsupporthadan effect on the results when the damagscloser to

Figure 2.4: Undamaged and damaged cantilever models (after Mohan et al., 2014

the support.
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2.4.1.2 Mode Shape Based Method
As mentioned beforedepending on the natural frequency changes alone for
identifying damage location in structural may not be sufficient because frequencies
are more global in nature, and the existence of cracks at two different hscaiib
similar lengths may cause the same amount of frequency change. In contrast, mode
shapes have obvious advantage for a unique identification of the damage. In
addition, damage detection is local phenomenon and natural frequency is global
property ofthe structure and therefore it is less sensitive to local change in a
structure. Employing the mode shapes which is known local property of a structure
and they are more powerful for damatgtectionthan natural frequency (Farrar and
Doebling, 1997) andhey are less sensitive to the environmental effects, such as
temperature, than natural frequencies changes (Farrar and James, 1997;.Ko et al
2003). Moreover, mode shapes are not only more sensitive to local damages than
natural frequencies, but also halieect capability of multiple damage detectidure
to containing local informatianHowever, using mode shapes for determining the
damage location are not easy to be utilized because large number of measurement
are required to precisely characterise math@pe vectors. It is noteworthy to
mention that various number of damage identification methods have been existed
and developed based on direct mode shapes or other properties such as curvature or

modal strain energgs reviewed in the following sections.

a. Direct Comparison of Mode Shape

Two commonly used methods are available for direct comparison between two sets
of mode shapes, for example, the Modal Assurance Criterion (MAC) (Allemang and
Brown 1983) and the Coordinate Modal Assurance Criterion (COMA@Vven

and Ewins1988). The value of MAC can be measured as the similarity of two mode
shapes and takes a value 0 and 1. MAC value of 0 is dissimilar match and a value of
1 means the two mode shapes are completely similar. While, the COMAC is a
pointwise neasure of the difference between two sets of mode shapes, which
compares them at each degoddreedom or node. It gives an indication of the
contribution of each degree of freedom to the MAC for a given modeTg=t is

why consistency of modes needs lie established a priori using MAC or even

similar criterion. The value of COMAC takes a value between 0 and 1, and a low
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COMAC value would indicatedefect at a point Therefore mode shapes a
promising indicator for damage location.

Two-lane reinforceadtoncrete Highway Bridge of 104 m s&pans was tested before

and after repairing by Salawu and Williams (1995) in order to investigated any
correlation which may exist between the repair works and changes in dynamic
properties of the bridge. The resultsowed that the substantial changes of MAC
values leading the authors to conclude that among modal parameters, comparison of
mode shapes can provide much more information and thus is more encouraging

method for damage detection.

The examples of studies amgbplications focus primarily on MAC and COMAC
values to identify damage are provided by Salawu (1995), Yoo et al., (1999) and
Foti (2013). It is important to mention that extensive publications review dealing
with the detection of damage in structures #melr components through MAC are
presented by Allemang (2003), ardrough MAC and COMAC together are
provided by Jassirat al., (2013).

lliopoulos et a. (2015) found thaprediction of dynamic responses on a monopile
Offshore Wind Turbine (OWT)vas mandaory because the turbines are becoming
structurally more flexible. Three numerical mode shapes using ANSYS sofiware
shown in Figure 2.5 with three experimental mode shapes using modal
decomposition and expansion approach were extracted. Three mode shapes of the
wind turbine on a monopole foundation in the Belgian North See wealuated

using a limited number of vibration sensors. To check the accuracy of the
numerically with experimentally obtained mode shapes, the M&S utilised to
compare these two types of obtained mode shapes. The results indicated that there is
good @reement between the modes obtained from the measurements and the modes

computed from the FEM analysising ANSYS software
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0.374 Hz 1.440 Hz 3.636 Hz

Figure 2.5: Wind turbine modes with their corresponding frequencies obtaimedgh
modal analysis in ANSYS (after lliopoulos et al., 2001).

Chenet al. (2014) performediynamic analysi®f cantilever beam. At ten evenly
spaced positions along a cantilever beam, the acceleration signals were
experimentally measuredhe authors examined howibro-impacts influence the

low and highfrequency modes in global and local sen3d® statistical measures
such as the MAC and COMAGQvere calculated. MAC and COMAC weer
calculated by obtaining information about the mode shape. MA@ sare more
affected by induced defects. TherefdvC canprovide a global aspect of damage
occurrence in the model. Whereahe COMAC values can narrow down the
locations of damages.

b. Mode Shape Curvature Based Methods

Using mode shape derivativesuch as curvature is an alternative way to obtain
spatial information about sources of vibration changes. There is direct relationship
between curvature and bending strain for beams, which are mathematically
represented g€arrera et al.2011)

U <

where:

e is strain
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y is transverse displacement of structural element
r is radius of curvature

k is curvature.

Additionally, using the finite difference method is a common way to find
derivatives of a continuous function at discrete points. The accuracy of the
derivative depends on the number of surrounding points and even depends on used
type of difference methodThe central difference approximatioas defined as
Equation (2.2), is commonly used to successfully compute the curvature of

continuous deflection mode shape, whereby the location of damage is detected.

U U U

NN T 2.2)

where:

& is the length of thelement.

WNNI s second derivation of displacement (curvature)

Since difference between intact and damaged mode shapes of a structure
occasionally could not give clear damage location as demonstrated by Ismail et al.,
(1990), itis necessary to employ modhape curvature based method to localize the
damage. This method relies on the fact that the maximum difference in a mode
shapes occur within the vicinity of the region where damage presence (Zhang and
Aktan, 1995). It is possible to cause change in mla@ & region. It is therefore,

only mode shape curvature can provide an indication of multiple damage locations
(Salawu and Williams, 1994). For these reasons, the second derivative of
displacement is considered a feasible way and considerably moreveetesitind

small crack location than natural frequencies and even mode shape itself (Farrar et
al., 2001; Jassim et al., 2013; Foti, 2013).

Pandeyet al. (1991) proved the correlation between the changes in mode shape
curvature and the local loss of théffeess with an assumption that damages in
structure are typically related to cause changes in the stiffness and not to the mass
matrix. The authors initiated this concept using change in mode shape curvature as

an index of reduction in the flexural rigigi(El) value of the beam crosections.
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The given expression is the curvature at any point of a beam elaaenbe
expressed mathematicallgdrrera et al.2011)

%) (2.3)

Where:

M is bending moment
E is modulus of elasticity of the material making team
I is moment of inertiaf the beam cross section

Modal curvature and modal flexibility differences for identifying and localising
damage in reinforced concrete beam were empldye Dawari and Vesmawala
(2013). Finite element analysis usilgNSYS wasused to model the undamaged
reinforced concrete beam modé&he dimensions of the beam we3660 mm in
length, 300 mm iepthand 150 mm in widthHoneycomb damage&asconsidered

as areduction in reinforced concrete beamnspecific locationHoneycomb damage
wasthen identified by comparing the typical dynamic properties of the intact and
damaged beams. After applying modal curvature and flexibility difference methods
it was concluded that these methods effectively detected the existence of damage.
Moreover, they can locate the position of single and multiple damage scenarios for
reinforced concrete ben. Also, results exhibited that mode shape curvatures
differenceswere observed to be effectively locsd#id to the region of damage. The
highest curvature difference for each of the damaged cases bdppatamaged
zone. The difference increasewith increase reduction in stiffness (damage
intensity) of the damaged regi. More sensitivity to damage was observed in the

higher modes.

It is concluded from theses paragraphs that the absolute changes in the curvature
mode shapes are not only used for damage detectionalboitfor damage
localisation. The changes in the mode shape curvature increase with increasing size
of damage. This information implies that in addition to the pervious feature of
mode shape curvature, it can be used to estimate the severity of damage in the

structure.
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2.4.1.3 Damping Based Method
In addition to natural frequencies and mode shapes, damping has been proposed as
another sensitive indicator for existence of deficiencies (Montalvao.,e2048).
Pandey and Biswas (1994) pointed out that damping in the structas@scressed
owing to occurrence of cracks or losalli damage. Zhang and Hartwig, (2004)
recommendd that damping in the evaluation of damage process which seemed
more sensitive than the natural frequentieg associated witlstiffness Similarly,
Saravanos andHopkins (1995) experimentally shew that delaminationhad a
profound effect on modal damping of composite beams. Although, many authors
recognize that modal damping parameter can be asddmage index, this is not

widely used like other measurementsacalisation problems.

Razak and Choi (2001) performed modal tests on threesdale reinforced
concrete beams. One of them was used as undamaged, control while the other two
were subjected to the different state of reinforcement corrosion, which used as
damaged. The statesa@dmage in the beams were assessed through measurement of
both crack width and spalling. Corrosion damage and structural capacity details are
presented inTable 2.2. Changes in the modal damping ratio for theansfer
FunctionMethod(TFM) and theNormalModeMethod(NMM) were also observed

as displayed irfrigure 2.6. It was concluded that modal damping of the second and
third modes implid a consistent indication with the severity of the corrosion

damage in the beams.

Table2.2: Corrosion damage and structural capa@fier Razak and Cho0QL).

Beam Crack width? Degree of concrete | Loss of Ared Failure load
cracking/spalling % kN
D1 5.0 Very slightspalling 7.77 28.59
D3 1.0 Moderatecracking 7.65 41.85
Control - - - 66.64

where:
a is average major crack width due to corrosion
b is evaluation of degree of concrete crackingdfpg
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C

is a percentage of material loss by direct measurement

Comparesion of damping ratios for TFM

Dampingratio%

Dampingratio%

Figure 2.6;: Comparison of damping ratio for three modes using TFM and NMM (after
Razak and Choi, 2001).

Another successful application of damping identificativas reported In some

cases, evidence suggests that damping is quite sensitive to damage in structural
elements. It is even more sensitive than natural frequencies. For example, Modena
et al. (1999) concluded that visually undetectable cracks cause slight or negligible
changes in natural frequencies and they require higher mode shape to be detected.
However, the same cracks cause considerable changes in damping that can be
conveniently employed to localise the cracks in reinforced concrete elements. The
authors justifid that the use of damping changes in the building may dirbetly

sensitive to a local loss of stiffness.

Gomaaet a. (2014 conductedoth theoretical and experimental modal analysis of
steel beam. Experimental modal analysis (modal testing) consists/raaimpact
hammer, accelerometers, and asatywith its consultant softwan@stalled ona
laptop. The three casewere employed includingfreefree vibration, simply

supported boundary condition and simply supported boundary condition with the
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concentated static load. A cut in lower beam flange at-spdn of the steel beam
was created as artificial crack. The effect of natural frequency, damping factor and
mode shape to change of steel member conditiorstiudéed. The theoretical modal
analysis wagerformed usinghe finite element analysis software ANSYBhe
obtained resultsuch as natural frequencies and mode shajescompaed with
experimentalones.The numerical damping ratiosere computed from improved

FE. The variation of dampingatios according to mode number in case of
undamaged and damaged beam is illustratdegare 2.7. The results shoad that

modal parameters may be used to identify structural damage with saving time. It
was concluded that the damping ratio is more sensitive than natural frequency.

Therefore, damping isonsidereds a good damage indicator.
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Figure 2.7: Variation of damping ratios according to mode number in case of intact anc
cracked beam (after Gomaa et al., 2014).

Another successful application highlighted damping as a promising damage
indicator which was presented by Curadelli et al. (2008). The main purpose of their
researchwas to detect structural damage by means of the damping coefficient
identification employng a wavelet transform. Two methodsmely numerical
simulations as well akaboratory tests were used in the study. The results showed
that structural damage alters obvious changes in damping coefficient and therefore it

can be conveniently employed faardage detection.
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Havaldar and Chate (2015) investigated the damping properties of pure materials
such as Cork Material, Polyurethafoam, Aluminium, and of laminated sandwich
composites such as Glass fibre reinforced plastics (GFRP) materials. The modal
damping ratig for the fundamental mode of the sandwich p@nsetructure from

both analytical and experimental technique were determined. The damping ratio for
the sandwich panels were predicted by using a mathematical expression, which
depends on the physical and geometric dimensions of the samples. The modal test
was conducted on the materials specimens with-free vibration conditions. All

the sandwich specimengere subjected to impulses through a hard tipped hammer
while the responsevas measured through the accelerometer. The sampk
subjected to impulseat 25 different locations. The obtained reswere then
validated with experimental modal testing results and found to be in good
agreement. The comparison between theoretical and modal testing reselts g
impetus towards understanding damping me@magiin composite systems.

Even though consistency in changes of damping values have been noted previously
and many researchers believe that damping is a reliable indicator for damage
detection, some others draw a different conclusidfor instance, Slastaand
Pietrzko (1993) explained that values of modal dampiage not sensitive to give
sufficient information about damage in concrete beams. Moreover, Salawu and
Williams (1995) tested two reinforced concrete highway bridges before and after
repairing. e results showed that identifiable pattern was not caused the changes in
damping values by the repairs. Furthermoreyas concludedthroughother study

that, in modal parameters estimation procedures, the damping values usually have
the utmost degree @&uspicion. Therefore, depending on damping values alone is
incapable and may not provide a reliable denotation of damage detection (Williams
and Salawu 1997).

Soltis et al. 2002 utilised vibration testing techniques for inspecting timber
structures. Congnent systems such as floor systems were evaluated rather than
individual members. The behaviour of three floors was assessed. Two floors were
constructed with new joists, and one was with salvaged (recovered from a
demolished) joists having some deterimma, checks, and splits. The practical
considerations required in the inspection of three timber floor systems could be

extracted through natural frequency and damping ratio. It was concluded that both
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frequency and damping ratwwere good indicators of ecay. However, the natural
frequencycould be estimated more precisely than the damping ratio. The effects of
deterioration in the recovered floor system were identified by a decreasing the

frequency and increasing damping ratio compared to that of alo@w f

It seems quite clear that the use of damping coefficient towards damage detection
has achieved much research interegtsome researcher3here are couple of
successful applications of dampiagreported bya group ofresearchers. However,
other group of researchers have indicated that the damping coefficient is not
sensitive to detect the damage in the structures. As a result, damping coefficient is a
controversial factor in the damage detection of the systems. Since this topic is still
controvesial, it is taken into account in this researth further explore the

characteristics of such method

Notwithstanding of advances in vibratiyased damage detection methods of some
laboratory experimental implementations and numerical simulations, eimit
progress has been published in the field of reinforced concrete structures. Very
limited progress is due to the main obstacles in field applications. There are some
obstacles associated with the uncertainties, for example, measurement noise; error
due b limited measurement points and the complexity of civil structures or their
materials. This is manifest by the fact that less research and development has been
published for reinforced concrete structures in terms of damage detection method.
It is, theefore, essential to investigate effects of some important parameters on the
behaviour of the reinforced concrete slab and developval robust and reliable

technique to detect, locate and quantify the damage.

2.4.2 Artificial Neural Network

Artificial neural networks (ANNSs), or Neural networkgNNs) are computational
models which comprise of simple possessing units. These units communmittate

each other over a large number of weighted connections by sending signals. ANNs
were originally developed from thedfma n br ai n 6 &Kumarp 204 endt i o n
Sharma et al., 2012). One of the distinct characteristics of these networks is their
gualification to learn from experience and examples and then to adapt with nature,
changing situation to solve the problems (Rafig et2001). By the derivation of

back propagation in 1986, the modern era of ANNs was ush&iade then
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extensive amount of literature on the topic of neural networks has been written. In
this study, a brief history of ANNsgs presented to highlight their starting and
evolution. In adition, a detailed review on neural network application in civil

engineering problems discussed.

2.4.2.1 Brief History of Neural Networks

The first step toward artificial neural networks can be traced back to the work of
trying to model the neurons. The first model of a neuron was by a neurophysiologist
and a young mathematician, McCulloch and Pitts (1943). They wrote a paper on
how the McCloch-Pitts Neurons work. The created model had two inputs and a
single output. The bad feature of this modakthat the weights for each inpwere

fixed and therefore the modehsnot able to learn from the examples, which is the
important feature ofne ANNs technique (Kumar, 28). This concept of neurons
was reinforced by Hebb (1949) when he proposed a learning scheme for adjusting a
connection weighés explainedn the book entitlediOrganization of Behavioor It

i's i mportant tlawisome bfdundarmeatal leatren uléssin neural
network realm. Rochester from IBM research laboratories led the first effort and
worked on simulation of neural network with particular emphasis on using
computers (McCarty et al1955). Rosenblatt (1958yoposed the perception model
which is the first model for learning with a teacher, for instance supervised learning.
The perception model Haweight adjustable by the perception learning law.
Widrow and Hoff (1960) proposed a modehs called ADALINE (ADAptive
LInear NEuron) network for computing elements. In addition to the model, they
proposed learning algorithiwas called LMS (Least Mean Square) to adjust the
weights of the model. Both Perception and ADALINE modeds the same basic
structure, excephat the transfer function of ADALINRvaslinear, instead of hard
limiting. Hopfield (1982) not only created a simple model but also create useful
devices. With mathematical analysis, the operation of a certain class of recurrent
ANNSs (Hopfield networks) w&s explained. Besides showing how such networks
work, what these networkdid was also known. As a consequence, several events
were more responsible for the-beth of ANNs in that moment. Rumelhart et al.
(1986) announced the discovery of method thatwadd adjusting the weight of a

multilayer feed forward neural network in a systematic way in order to learn the
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implicit mapping in a set of input and output patterns pairs. The learning law
methodwas called, backward propagation of errors, a generatimatif the LMS

rule. The Institute of Electrical and Electronic Engineers (IEEE) held the first
international conference on neural networks on22]l 1987, in San Diego,
California. The first journal article was published on neural network application in
civil engineering in Computeiided Civil and Infrastructure Engineering journal

by Adeli and Yeh (1989). Since then, a considerable amount of neural networks
research hae been published on civil engineering applications. The neural network
IS not only deviped in civil engineering realm but also in different field of
sciences and becomes the hot topic everywhere.

2.4.2.2 Atrtificial Neural Network Based Methods
One of the important aspects of structural characteristics tdebiaed is the
presence of defects arfaeir severity whereby the life expectancy of structures may
be known.This generally requires knowledge of the structural model in great detail
which is not always possible. Artificial Neural Networks (ANN) derived from
studying the physiology of groups néurons or nerve cells which emerged as one
of the effective computational model in pattern recognition, classification and

identifying the faults in structural systerfizandey and Barai 189

In addition to seHorganisation and learning capabilitidd\\Ns can provide several

advantages on structural damages detection applicatiomm are(Bakhary, 2008).

1 Different vibration parameters can be employed as an input data for ANNSs.
This implies that with certain flexibility both inputs and outputs can be
chosen without making any complexity of the training algorithms.

1 ANN can exhibit considerable tolerance of noisy, which is particularly
useful when the data are expected to be uncertain and noise corrupted.

1 ANN has capability to detect damage ewbioughthe trained data are
predictable to be incomplete.

1 ANN calculation is comparatively fast and no need to be constructed after
proper mathematical modelling and training.

It is important to mention that the two main steps in ANN model are training and
testing stages. In training stage, a network is crucial to be trained by data of
different damage cases using a proper training algorithm to recognize the changes of
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the structural characteristics. Through a training process, ANN is capable to
estimate the reladnship between inputs and outputs and then keep within the
connection strengths (Wu et al. 1992). However, in the testing stage, the set of data
that required for knowing their situation are needed to be tdstedder b test the

data, the trained ANNsifed with input data which has not been used in the training
process. Therefore, the basic strategy in applying ANN for damage detection and
classification is needed to test the network with intact cases to check the capability

of the network to the knownutputs (Fang, et al., 2005).

The multilayer perceptron (MLP), trained with the bgeckpagation technique and

its rival radial basis function (RBF) are the most common neural network
architecture (Bishop, 1995). A much more discussion and details atgtréhms

and properties of ANNs can be followed in reference (Bishop, 2006). Adeli (2001)
conducted extensive research and sunsadrcomprehensive review of ANN in

civil engineering application.

In a research carried out by Kudetal. (1991), MLmeural networks was used to
identify damage on a plate, by applying a static uniaxial load to the structure. The
gained readings from a strain gauge were used as input to the neural network, while
the location and size of a hole used as outputs. Damagenad@alled by cutting

holes of varied diameters. Although difficulty was experienced in predicting the size
of a hole, the results show that the neural network was able to predict the error
location prior to failure. The neural network successfully idexdifihe size of a

hole. This is due to the reason that strain values is unable to provide unique

representation of damage location and severities.

Wu et al. (1992) published the first journal article to detect damage from dynamic
parameters by employing MLReural network to identify damage in a model of a
threestory building.Damage was modelled by reducing the stiffness of the member
from 50% to 75%. Th&requency Response FunctidiRf), between Gand 20Hz,

of acceleration data used as the input veethile binary number,1 and 0, were

used as the output to represent the level of damage in each member, damaged and
undamaged conditions, in a simulated tkst®y building. The network was able to
diagnose damage within 25% accuracy.

Worden et al. (1993) applied MLP neural network to classify damaged and
undamaged of an experimental framework structure. Twemyber structures in
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term of a binary number are identified. The strain of twelve members was used as
input to the neural netwk. It is important to say the network was trained by using
data from the finite element FE modelwidssuggested that ANN should be trained
using noisecorrupted data to produce better classification results if experimental

datawereemployed.

Masri et al. (1996) carried out a study for the detection of changes in the
characteristics of unknown system of structure based on a back propagation ANN.
The model was trained to detect the abnormality in a linear and nonlinear single
degree of freedom. This i¢sa regarding the effect of different lengths of vibration

to check the performance of the network. In order to monitor the health of the
structure, the network was trained and fed from comparable vibration measurements
under different condition of the samstructure. The relative velocity and
displacementvere used as the input to the network, whereas the owtpstthe
restoring force. ltwas shown that even when the vibration measurememie
noisepolluted; this approachwas still capable to identify langes in the
characteristics of the structure. In addition, the results stidlaat when longer
vibration signaturevas utilised as the input, better training network and prediction
performanceswere obtained. This means that more information given to the
network during the training can provide better prediction results for the tested data.
However, there was not specific guideline to identify the proper length of the
vibration signature for the training and testing. The application of this method was
expeimentaly appliedby Masri et al. (2000pn nonlinear multidegree of freedom

system.

Two popular networks, the multilayer perceptron (MLP) with the facdpagation

and the radial basis function (RBF) were applied by Rytter and Kirkegaard (1997) to
discening damage of fulkcale fourstory RC building. Both of the networks
consisted of one input, hidden and output layers. It is important to note that the test
of the buildingwasconducted at the European Laboratory for Structural Assessment
(ELSA) under earthquake, whichwas generated by a pseudynamic testing
method. A finite element model of the buildimgas utilised to simulate random
damage, reduction in the stiffness of the members at each floor, to generate data sets
for training the neural netwkr The relative changes in the frequencies and the

mode shapes of the frame element, the beams and columns, were used as inputs, and
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the relative bending stiffness were used as outputs. It was concluded that the MLP
neural network demonstratehe ability to detect damage and therefore it was
recommended to be used as a damage identification tool. The authors stated,

however, that the RBF netwowkasnot completely successful in this aspect.

Important progress has followed by many researchers, therebygrfowrards the
practice of RBF neural networks technique in structural health monitoring SHM.
For example, Levin and Lieven (1998) applied a RBF neural network and modal
properties to identify errors in the FE model of a cantilevered bearwadt
concludedhat this techniquevasadvantageously able to identify the faults not only
with limited number of experimentally measured degrees of freedom and modes but

alsowith the presence of noise in the data.

Kondru and Rao (2103) numerically modelled cantilever beam using ANSYS
Software to evaluate first three natural frequencies for different crack parameters
and used as input to the neural network. Back propagation neural netasrk
attemptedto identify depth and locatiorof crack seeFigure 2.8, as the outputs
which weremain parameters for the vibration analysis. The ANN was trained with
different nne groups. The Back propagation neural network could identify damage
depth and length at which damage occurred within 73.3% and 73.2% accuracy
respectively. If the networkvas further trained more accurate resuttsuld be

achieved in detecting crack efiéncy.
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Figure 2.8: Cantilever beam with crack specifications (after Kondru and Rao, 2013
where:
a is crackdepth

b is crack width
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c is crack location
z is beam length
w is beam width

In 2014, Razaviett al. investigated theohddeflection analysis of th&C slab
strengthened with Carbon Fiber Reinforced Polymer (CFRP). Their methsd
based on FeeHorward Time Delay Neural Network (FFTDNN). A modehs
developed to predict the mgpan deflection of the slabs. Six reinforced concrete
slabs of dimension 1.8x0.4x0.12 m with a similar steel bar were used. These slabs
strengthened with different lengi700, 1100 and 1500mnmgnd width (50 and
80mm) of CFRP The strengthened slabs wetested and then compared with
similar samples without CFRPcontrol Using MATLAB software the load
deflection results were uploaded, norreadi, and converted to a time sequence
parameter. Time, loading and the effect of diféerent CFRP strip lengths on the
slab moment of inertia were uséid as the input to the network; and rigan
deflection was used as the output. From 122 -keftection data, 111 of which
employed for training while the rest 11 data employed foinigstThe results of the
proposed model ascertain that the generated FFTDNN was able to predict the load
deflection analysis of the slabs with a correlation of 0.98. The ratio between
predicted deflection of the slabs by using the fediard neural netwd and the
experimental result was in the range of 0.92 to 1A28ample of the obtained and
predicedload-deflectionof the slab can be found Kgure?2.9.
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Figure 2.9: Comparison between target and predicteddefiiection of beam had length
(1100mm) and width (80mm) (after Razavi et 2014).
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Another strategy to detect damage under varying temperature influence using
artificial neural networks was proposed by Kostic and Gul (2015). The Purpose of
their work wasto detect damage of numerical footbridge model under temperature
effects. A numerical model of a typical footbridge based on two typical damage
cases was analysed. The artificial neural network was employed, where temperature
measurements were used as itgut to the neural network. The outputs of the
neural network were used for determining damage features. It was concluded that
the model with variable temperature load gives satisfactory results for detection,

localization, and estimation of the strueudamage.

Although Zang and Imregun (2001a) proposed different techniques to reduce the
size of data as input variables, they exploit@&iacipal Componengnalysis(PCA)

to reduce the size ¢frequency Response FunctidiRF) as the input variables to
ANNSs instead of using fulsize. The output of the ANN modefasa prediction for

the actual state of the railway wheels, whether it was healthy or damaged. The
original FRF data was having 4096 spectral lines. The FRF were grouped in x, y and
z directionand a compression ratio was achieved for each direction of around 400.
Three different ANN models, each corresponding to coordinate direction, were
trained with 80 FRFs samples, while 20 compressed FRFs cases were used for
testing. The results show thatwias possible to correctly classify all the damage
cases between healthy and damaged. In 2001b, Zang and Imregun published a paper
in which they described the application of FRF to detect damage severities and

location.

Nguyen et al. (2015) identified damage in a concrete arch beam replica section of
the Sydney Harbour Bridge. Comprehensive laboratory testing and numerical
modelling were undertaken to validate the method. Acceleration measurements
were recorded from impadesting technique for damage cases and then derived to
obtain residual frequency response function. Then, these were compressed into
dimensionally smaller data size using PCA. The local damage was inflicted to the
specimen with four different damage clegngths (damage severities). The
commercial ANSYS software was us#id to carry outthe numerical analysis. A
numerical model was performed to simulate the experimental setup as well as to
introduce more damage cases to the model. A limited number ofydacaaes were

utilized to train the ANNSs, and the residual damage cases were employed to test the
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models. The compressed data of both intact and damaged cases beams were used as
input to the ANN. The ANN outputs were designed to render the length of damage
cut (damage severity). The results of the experimental eththat the testing cases

were successfullgapmble for interpolaing amongthe trained cases applying the
compressed FRF data of the Sydney Harbour Bridge. Moreover, a numerical model
was createdo generate additional damage cases to be trained in the ANN model. It
was concluded that training the ANN modelgh extra damage cases enabilled

model to capture better relationship between the input and output of the network

whichimproved the intepolation capabilities of the ANN models.

2.5 Research Problem

Over the past decades, an excessive number of technical articles were published on
structural health monitoring (SHM), which has attracted considerable attention in
both research and development.eTavailable technical articles highlighted that
there are two main damage identification techniques such as local and global
methods (Zapico and Gonzalez, 2006). In the former method, the assessment of the
state of a structure is performed either by direidual inspection or using
experimental techniques, for instance ultrasonic, radiography, eddy current and
magnetic particle inspection. The main drawback feature of all these methods is that
their applications require a prior localisation of the damageeks. Therefore, the
limitations of the local methods can be overcome by using vibraiged methods,
which give a global damage assessment. The available technical articles highlighted
that there are a number of vibratibased methodologies have bdeond in the

recent literature that are used to detect, locate and quantify the damage in various
types of structures.

The most common vibration damage detection techniques seem to be based on
experimental modal parameters. Among theoretical vibrdiamed techniques,
numerical model updating and neural network based methods have recently gained
popularity. It is acceptethat there is no yet an appropriate perfect method to be
utilised for identifying, locating and estimating the severity of damage in structures
by exploiting the vibration data. Furthermore, no algorithm has yet been suggested
to apply globally to detecany defect in any structure (Wenzel, 2009). The

development of powerful damage detection and location algorithms based on
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response monitoring data of anuse structure is still a challenge. Therefore, the
availability of powerful damage detection techueqwill open the door to more

accurate estimation of the remaining life of a structure (Friswell, 2007).

The amount of literatureoversnondestructive vibration methodseatingdamage
scenarios in beam structuseextensiveHowever, limitedliterature has been found
for damage scenariosf plates and slahsMost existing methods are based on
materialsratherthan concretesuch as metal and composite mercuvioreover,
most researcherslemonstrate these methods maiatyautomotive structuseand

their systems and components (Huang etl@B7; Storck et gl2001).

From the literature review, it is manifest that there is limited published research
papers on using modal analysis to detect damage in reinforced concrete structures,
particularlyreinforced concrete slalmember. Hence, the existingchnicalpapers

do not provide adequate information on behaviour of reinforced concretevihab
defected and subjects to gradually concentrated |dddsefore, this research treats

the problem ofdamage evaluation in reinforced concretpiareslab in order to
understand the behaviour of reinforced concrete slabs and ensure their integrity and
sdety. In addition to investigatiorthe effects of some important parameters on the
behaviour of the reiforced concrete slab member, it is essential to develop a new
robust and reliable artificial intelligence technique to detect voRiGrslals. There

is, thus a need for a comprehensive and reliable modal analysis implementation and
artificial neural nawork for behaviour assessment of reinforced concretes,slab
whichis the primaryaim of thecurrentproposed research.

The present investigation provides novel methodology tdeal withthe current
problemsof damage detection in RC slalBsom the inital research in the literature
review, the commoltimitations of modal analysisechnique orreinforced concrete

structural system, can be summarised as:

1- It is noted that changes in natural frequencies alone may not provide enough
information for integrity monitoring (Farrar and Cone 1995). That is why three
modal parameters of reinforced concrete slabs have been extracted.

2- In the process of performing wiage detection method, some researchers
prefer natural frequencies as the most indicator to identify and estimate the
severity of damage to the structuréghile, othes prefer the modal damping
ratio. Therefore, both frequencies and modal damping ratedaamage
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detection method are applied to reinforced concrete slab in this resgaish.

is to emphasis which idea that mentionedbove is more powerful for
detecting damage iRC slab

It is found that one ofthe most common vibratiebased damage deteon
techniqus focusses orhangingof mode shapes. Therefore, the mode shapes
change method is chosen for damage lIsattin in this thesis as their
corresponding algorithms can bequally applied to different structural
members, for example, beamsatgk, trusses and their coupled structures.
Damage detection and condition assessment of civil engineering structures is
considerably important, during their life, especially when the building is old or
is suspected to have been subjected to overloads.id& vange of civil
engineering structures is of unknown history. This is another problematic
obstacle confrontthe use of the vibratichased monitoring systems in civil
engineering structures (Wenzel, 2009). Therefore, data from-&fecasbuilt
modd of the structure is commonly unavailable. As a consequence, a
prediction of a numerical model using commercial software for the original
intact condition will serve as a basic guide to which the deviation of present
measurements is finally compared wiithTherefore, theoretical methods using
closed form expressicand numerical using ANSYS software in this study are
performed alongside each oth&r ascertainvalidity and reliability of the
experimentamodal parameters.

Small damage induced poisetianges to the mode shapes, but it may not be
obvious visually. Thereforewb sophisticated statistical methods for damage
identification, which are vital steps in higher level of damage detection in
structures can be utilised namely MAC and COMAC teahesqg They are used

to identify the degree of damage in one group of the slabs, while to indicate the
location of damage in other group.

Since there is not available artificial neural network (ANN) for void size
classification of RC slab in the literatung,will be used in this study. e
numerical results using ANSYS software can be used as input to thefdXNN
training to identify damage presence. The proposed damage identification and
condition assessment procedtitis the gap of knowledge and it eniees the
reliability and usefulness of ANN bassethbdiagnosis systems. The accuracy

of void size identification in slab using ANN is then checked.
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2.6 Summary

This chapter started with a brief introduction on Structural Health Monitoring
(SHM), followed by the basics of damage detection and damage simulation
technique, specific to structural members. A brief description of previous reviews
and surveys of nedestructive damage detection methods, particularly, vibration
based damage detection was introdu¢adthermore, the method based on modal
parameter were briefed, including the important explanation of the three parameters
of damage detection, such as, natural frequency, damping ratio and mode shape.
Then global nondestructive vibration based damage detection metheds
extensively reviewed. In addition to experimental work, some relevant work using

the finite element to modéhe structures was highlighted

It is clear from the literature review that spéte promising research has been
performed on noflestructive vibration based damage detection in the engineering
field including reinforced concrete structures, there are still many challenges before
making the models practicaBesides, on-destructive modal based damage
detection method which is sensitive to the presence of damage in aeraspace
reinforced concretetructures There are limited research @s sensitivity to the
presence of damage in reinforced concretabs Therefore, nondestructve
vibration based damage detectinaed to be extended andxtensively used in
reinforced concrete slabshe final section of this chapter embarks on the research
problem by discussing the investigations of meuhkded damage identification
methods. Th section presents a brief description of investigation in the field of
reinforced concrete structures, particularly reinforced concrete slabs member and

knowledge gaps.
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3. Theory of Modal Analysis

3.1 Introduction

Modal analysis (MA) is a method used to estimate the structure's dynamic
characteristics such as natural frequencies, damping values and mode shapes. It
generally consists of experimental (using Impact or mechanical shakelr)
theoretical (using Finite Element Method) modal analysis. It is either used as
complementary or staralone technique depending on some important aspects,
including time, costand naturef the structure and availability of the analysis tools.
Experimental Modal Analysis (EMA), which is also called Modakting(MT), is

the onlymethodthat can provide an understanding of the dynamic characterisation
of structures under real mechanicahditions, under a known excitation (Maia and
Silva, 1997).0n the other handtheoretical(analytical) modal analysis is mainly
implemented to describe how the physical system relates to a mathematical

representation that used to estimate the model pteesr(®rader, 2012).

It is important to highlight that when depending on one method such as
experimental analysis only, insufficient or probably wrong information might be
obtained. The obtained data from the experiments are required to be analysed by
comparing with different approacheshis is because iis difficult to understand,
explain andevenjudge the outcomeithout comparing with theesultsof different
approachegReynolds,200Q Ewins 20@). Conversely the model in analytical
analysis without experiments poses difficultiestloé validation and verification
results. Therefore embarkingon the problem through both experimental and
analytical modeldgs extremelyimportantdue to two reasons Firstly, experiment
results can besubsequentlyused tocorrect andupdate the analytical model.
Secondly, a preliminary analytical model would help to carry out reliable
measurementA(-Ghalib, 2013.

As already mentionedhe modal analysis is the process comprising of experimental
and theoreticahnalysis inorderto estimatehe dynamic behaviour of a structure in
term of modal parameters such as the following. Firstly, natural frequencies indicate
how much a structure osleites, after ceasing the forces. It is a direct and inverse

function of stiffness and mass respectively. Secqndipde shapes are the
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associated patterrtd a structuradeformationsgach mode is related to its natural
frequency.Finally, dampingfactorsis known as an internal properny dissipating

energy, and it plays a key roledoadually reduc¢he amplitude obscillations.

Thus,modal analysiss really a crucial method arit$ keyto betterunderstanding is
the ability to understand the relationships betweeth experimentahnd analytical
models Nowadaysthe applications of this methas extended ta wide rangeof
vibrationfield applicationsincluding estimations of vibration behavigj detection
and identification of structuralamageassessment of the robustness of structures
correlationsand updating of analytical modelsjodifications and corrections for
design models; development of experimentally based models and develagment
specifications for the design and test pracfMaia and Silva1997).

3.2 Structural Dynamic Characteristics

Generally, the dynamic characteristics of a structure can be defined in three related
presentations. Ewins2Q00 termedthese related categesinto three models, such
asthe spatial model, modal model and response model. The first phase in vibration
analysis is referred as the spatial model which repretfemtphysical properties of

the structures, as determined by the mass, damping and stiffness properties. The
second phase is referred as the modal model; this model always describes the
various ways in which a structure will naturally oscillate without axyernal
excitation. This description is provided in the form of modal parameters that
included Eigen frequencidgatural frequencig@swith corresponding Eigen vectors
(mode shap@s and modal damping factors. Moreover, the response model in
vibration analysis, which is the last phase, is a description of the manner in which
the response of structure under the influence of an external excitahoalised

This means that the latter vibration depends not only on the structure's inherent

properties bualso on the nature and magnitudelsdf induced force (Ewins, 2000).

The three models are related to each otherthey are different in presentations.
The interrelations of thespatial model, modal model and response mauael
depicted in Figure3.1, 3.2 and 3.3 respectivel¥he spatial model is determined by
the physical properties of the structures, the mass [M], damping [C] and stiffness
[K] matrices, each matrix of a dimension N x N. From the spatial model, Modal
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model can be obtained by solvingetkigenvalue problem. The modal model
comprises a set of modal p qwith assotiaded N o f N
mo d a l dampd) ngndaiWNi 98 b at i on} Tielasephaséh ape v
which is the Response model, is that where gihesresponse in the forms of
Frequency Response Functions (FRF) or Impulse Response Function (IRF) , which

is the resulting time response.

X(t) f(t)
/ m J\

k c

Figure 3.1: Spatial Model of a structural system (Avitable, 2012)

where:
[M] iS mass matrix
K] is stiffness matrix
[C] is viscous damping or structural (hysteretic) damping matrix

Matrices haveNxN dimensionsN is numbermf degrees of freedom and is equal to

number of equations of motion.
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MODE 1

;ZWDEZ éé MODE 4

Figure 3.2: Modal Model of a structural system (Avitable, 2012).

where:
50 is naturafrequency
B is modal damping ratios

30 isvibration mode shape vectors

-2

3
h

Figure 3.3: Response Model of a structural system (Avitable, 2012).

where:
( 5 is matrix of frequency response function&RFs, in terms of
Receptancemobility and acceleranc®r it is impulse responsinctions
(IRFs)
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3.3 Theoretical and Experimental Routes

In the common theoretical route as showrrigure 3.4 it is possible to launch the
description of the structureds physical
damping [C] and mass matrix [Mwhich is referred as the Spatial Mog&tructural

model) Subsequently, the theoretical modal analysis, calculating treallsol

Modal Model can be made from the spatial model, by using Eigen value problem.
The last phase, which will give the Response Model, can be deduced from the

modal model bymploying transfer function.

Theoretical Approach — Direct Problem

> Structural Model —  Modal Model > Response Model *—
Description of the structure in Natural frequencies, Frequency Response Functions,
terms of its mass, stiffness and Modal damping factors, Impulse Response Functions
damping properties Mode shapes
Model Updating

Experimental Approach — Inverse Problem

Response | | Modal Model |
Measurements | (Identification)

T

Figure 3.4: Interrelation between the various types of models in theoretical and experir
routes(after Golinval, 2009).

—» Structural Model

On the contrary, the experimental route is also called modal testing, as shown in the
sameFigure 3.4, starts by conducting a structure on a laboratory. Response model
can be deduced from measuring response to a known excitation of the structure, the
acquired data ianalysedoy using speciti software. This model approach contains
most of the interesting information about the response of a system which is
represented in the form of FRF. Owing to complexity of FRF, it cannot be fully
displayed on a single two dimensional plot. However, itlwapresented in several
formats, and each of which has its own uses. Then, the modal model can be
calculated from the experimental data using the modal parameters estimation

techniques. By using coordinate transformation, it is also possible to recotrexing
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spatial model from the modal model, modal parameters. This process can be done
by proving the relations between the structural matrices and the modal parameters,
which are expressed in Equati(3l) (Ewin 2000)

+ noo5 N (31)

where:
{f}+ is mode shape vector

w is natural circular frequency

3.4 Multiple Degrees of Freedom System

Themathematical formulation becomes much more complioatesh more masses,
spring, and damper are consider&thce most structural engineering systems are
continuous and have an infinite number of degrees of freedom, atee more
complicated than thé&inde Degree of FreedoniSDOF system(single mass,
spring, and dampesysten). Therefore, thegeneral case for Bultiple Degree of
Freedom (MDOF) systerwill be utilised in order toexplain howthe frequency
response functions of a structure are related to the modal vecttrs iofended
structure.Figure 3.5 shows a three stpyr single bay framed structusnd has an
infinite number of degrees of freedom

%1 f1

(@) ®)

Figure 3.5: Three story building system (a) reinforced concrete building (b) modelled 3

degree of freedom.
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One common method of a continuous system, as a MDOF system, involve
considering the geometry of the system by a large number of elenignts.
considering asimple solution within each element, the principté both
compatibility and equilibriumare employedo find the approximate solution to the
original systemas many as necgxy to ensure enough accuratherefore, such
analysis always entails an approximation which charaetettie behaviour of the

structure through the use of a fatiumber oflegrees of freedom.

Anothermethod of a continuous systamwhen replacing the distributed mass or
inertia of the system by a finite number rdid bodies or lumped masses. The
masses are assumed todmmnectedvith another oneThe motion of the lumped
masses islescribe by using linear or angular coordinatd$ese types of models
arecalled, lumped mass, lumped parameter or discrete mass systems. Generalized
degrees of freedom are the minimum number of coordinates necessary to describe
the deformed lsape of the SystemFigure 3.5a indicatesa threedegree lumped
massmodel whichrepresents the three sgdouilding as shown idrigure 3.5b. To

study the dynamic behaviour of a midtorey frame in the x directionthe
generalized coordinates, xo, Xx3canbe consideredThe general equation of motion

of the assumed free body diagram of the three masses is expressed in matrix form
by Equation(3.2), (Ewins, 200).

- 0 # @0 + @O0 A (32)

where:
wo EOEMAAAIT AOOAMAGHETA
wo EOEGRAIT TGMEAN O
w6 EOEMEODI AGAARAT O
3.5 FrequencyResponsd-unctions

The frequency response function (FRF) is the most commonly used measurement to
identify the inherent dynamic characteristics of a mechanical structure. For this

reason, the estimation of the FRF is substantial processing of experimental modal
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analysis. Modl parameters such as frequency and its associated mode shape and
damping are extracted from FRFs measurements. FRF are normally used to describe
the inputoutput (foce-response) relationship between two points of any system as a
function of frequency. Both excitation and motion have direction associated with
them since they are vectors quantity. This type of function is an indication of how
much acceleration, velocityr displacementesponsdias at an oput DOF per unit

of excitation force at an input DOBn this basis, the FRF contains all the essential
information that the unknown modal parameters to be obtained to chaaceri

system.

"OY'0 Ow M el
OOwQO WO Q¢ ¢

Generally, experimental modal analyasshown irFigure 3.6 involves exciting and
measuring the response of the structure. Excitation forces (by means of impact
hammers) and the response (by means of accelerometers) associhesg timices

over the structure are knowRor a linear system in time historthe inputoutput
(forceresponse) model of a system can be expressed mathemafically} asthe

input force, and {vo } asthe outputresponse McConnell and Varoto (2008
describethe relationship betweehoth the known input forces and output responses

in the time domainwhich iscalled Duhamel integralnd itis expressetly Equation

(3.3).
System / Structure Output Response
Modal Parameters Unknown
Known Known

Figure 3.6: Experimental modal analysis, basic of both the known input forces and out|

responses.

w0 QtQo tQft (3.3)

The time domain recorded inptdutput signal{"Qt andw 6) are then transformed
into the frequency domajmising Fast Fourier Transformatiowhich is much better
to be understoothan time domairfAvitable, 2012).In this work a special purpose
subroutinewas set using Matlab to carry out Fast Fourieansformed process.
Transferringtime domain to frequencgomain isexplained in thesthreeEquations
(3.4), (3.5) and(3.6).
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&)Y yii®) (34)
85 ufe (3.5
(95 EO (3.6)
where:
A is used to represent the Fourier transform of the corresponding time
signal.

The relationship between inpatutput and FRF for a lineastructure interms of

frequencydomainare subsequently expressed by (McConnell and Varoto, 2008)

®] 01 O 3.7)

Then, the frequency domain signals, referredOas and® 1 , are utilsed to
calculate bothauto andcrosspower spectrumThis is achieved by aitiplying the
Equations(3.4) and(3.5) by the conjugate of the input frequency spectridn
The computed auto spectrum of the inputagerred’Y 7 , while the computed
cross power spectrum of the input and output is refégyd . Auto and cross

power spectrum are formulatbgt Equations(3.8) and(3.9) respectively.

Y 7 .‘01 "0 (3.8)

Y1 B o (3.9)

It is worthwhile tomentionthatthe computed auto anctoss spectrums aegnployed
to estimate the corresponding FRIS defined byn Equation(3.10) and(3.11).

'01 @1 01 01 'O (3.10)
v

. ; (3.11)

01 01 Y
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where:
Yo is the duailsided crosspectrum between input and output
“Yo'd is the duailsided autespectrum of the input excitation signal
07 is the frequency response function

It is important to mention thaross andauto spectrum areomputed by naltiplying
Equations(3.4) and (3.5) by the conjugate of the outptgsponse spectrurd, 1

Thus,( 9 can be expressets:

(5 (5 (312

(5 is the second estimate ofd which is obtained bydividing autospectrum

of theoutput response by tlreossspectrum betweenoutputandinput.

where:
Ya is the duaisided crosspectrum between outpahdinput
% a is the dualsided autespectrum of theutput responssignal

The coherence functionr 5 is a verification check which showthe linearity
between the outpusignal andthe inputsignal for eachfrequency. Using such
function, the degree of correlation between the two typds bf can be specified

through the followingequatiors.

(9 (313
rd 3
C oy 8 V8 (3.14)
358 O

The FRF contains both magnitude and ghadgormation. Theformer is typically
shown on a logarithmic Y axis in dB scalehile the latter isoften shown on a @

360 degree scale.
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3.5.1 FrequencyResponse€Components

Consider a singldegreeof-freedom system subjected to a fomecitation, which

can mathematicallipe expressetby equation (3L5).

io & EOD & (3.19

By dividing both sideof Equation(3.15) by the mass

2 lﬁg iEQ iﬁ (3.16)
Knowing that:
lf_°‘ b (3.17)
E S (3.18)
I
Equation(3.16) can be redefined as:
J (3.19)
where
S is natural circular frequenay (rad/sec)
U is damping ratio

The Fourier transforrfor each side of thEquation(3.19) may be taken to derive the
steadystate transfer function for the absolute response displacedet doing

some mathematical manipulatigrtee resulting transfer function fermulatedby
Equation(3.20).

(3.20)
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This transfefunction represent®utput response to input forc&hich issometimes

called the receptance functidfiRF can be presentad polarcoordinates (amplitude,

magnitude vs. Frequency and phasess. frequency).Thesetwo sets of the transfer

function can bemathematicallyrepresentecoy Equatiors (3.21) and (3.22) and

graphically inFigure3.7.

Magnitude

W]

0

Hlw) =

P P (3.21)
a 7 7 ¢
%o 1 (oOtrE— (322

1/m

o/ Lo -0 + (2Lway)’

Phase

Frequency

2wy

@n -

L |

Frequency

Figure 3.7: Frequency responsegpolar coordinates (Agilent Technologies, 2000).

Alternatively, FRF can be presented in rectangular coordinates (real vgart
frequency, and imaginapartvs. frequency) which are depicted iRigure3.8.

Real

Hlw) =

2 3
wn-w

(e -00') + (2Lway )

Frequency

Imaginary

-2E miy

H{w) =
(o -00')* + (2L, )’

Frequency

Figure 3.8: Frequency responseectangular coordinatéégilent Technologies, 2000).
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It is important tonotethat inthe polarcoordinats presentationas shown irFigure
3.7, the magnitudeof the FRFreachesa maximumvalue at resonangewhereas the
phase lag approach®g’. In the rectangular systeas shown irFigure 3.8, the real

part of the FRF igero,while the imaginary part reachigs maximumvalue

3.5.2 Formulation of the Frequency Respons&unction

It is worthwhile to note that thessential stage of the response model representation
starts by solving a system of the forced vibration motion equations of the spatial
form. It equates the mass, stiffness, and damping of the system to the applied

external forces

In the caseof harmonic excitationa steadystate solutionis sought and the force
excitationvector "Q0 and thecorresponding response 0 can be expresseas

follows:

"00 "0'0Q (3.23

o ®Q (3.24)
where:

{X} isthe complex amplitude of the response; i.e. {X} s&x}

{F}  is thecomplex amplitude of the force, i.e. {F} = }

Both {X} and {F} are independent of time containing information on khagnitude

andPhaseaespectively

The solution of the system of motion equations given in EqudBo?) in the

frequency domain constitutes the followifogmula

0 1 0 QO ®Q "0Q (3.29

In such form the wholesystem motion equations cdre represented bg single
matrix. This matrixis specified ad=RF matrix H(= )] and it is encompassed all

system dynamic characteristiche elements of this matrix areomplex numbers
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which containboth magnitude and phasé&ach element in this matrixi(+ ),

represents the ratio ofrasponse Xi, caused by a harmonic force Fj, as given below:

A 0] "O (3.26)

where:

07 v 1 0 QO (3.27)

For the undanped system[C] becomesull matrix. As a result,the solution of the
system of motion equations given kyguation (3.27) in the frequency domairs

specifiedas
"0 O 1 D (3.28

Note that thehreecommonformulations listed infable3.1 can all be consideretie
definitions of thefrequency respondenctionsand its inversdecauseach of these
formulations can be numerically manipulateifferentiationandintegration) which

are easily obtainable from each other.

Table3.1: Definition of common FRFgerms(after, McConnell and Varoto, 2008

Response Definition of FRF Name Inverse FRF
Displacement O = QQ oo Recentance Dynamic
P QT w0 P stiffness
Velocit . 0 Q¢ wg%o % Mobilit Mechanical
eloci W] — . obili
g Qe 1 0Q Y Impendence

R OWOWWQA QI WO
) 0] —_—
Acceleration Qe 1 wQ Accelerance

1 0

Apparent

Mass
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3.5.3 Measuring FRF Matrix Rows or Columns

It is customary in modal testing to measure at least one row or column of the FRF
matrix in order to develop the mathematical modelis crucially required to
represent the dynamigehaviourof a structure. Sincéhe modal frequency and its
associated damping akmown as theglobal properties of a structure, they can be
evaluated from any or all of the FRFs measurement in a row or column of the FRF
matrix. On the contrary, mode shape is contained in every a row umicadf the

residue matrix. This means that assembling together FRF numerator terms (called
residues) from taleast one row or column of the FRF matrix are required to be
measured in order to obtain the mode shapes. It is important to mention that nodal
points or nodes are those nodes, DOFs, where a mode shape vector equals to zero. In
practice, this phenomenon means that if the structure is excited or its response is
measured at such points of the modes of interest, no FRF measurements from the row
or columm will contain a resonance peak (Schwarz and Richardson, 2003). To
minimise the risk of missing modghapes, the number of excitation points can be
increased or the location of nodal poistsould beknown Once the positions of

nodal points are known, eixation forces and the response measurements should not

be positionean such points for the previous reason.

Measuring a column of the [H] matras shown in red colour iBquation(3.29) is
accompl i shed by iopsti(exafer system) witlyd reving rgsgoase ,
(accelerometer)While measuring a rovin such matrixis accomplished by using

rovingi nput (hammer) and a single yxed respc

|'v8 v ng ( ( ( 8 ( [l
|°|B I’r |( ( ( ( 8 ( i
8 1 ( ( 8 ( (3.29
'8 ol ( ( ( 8 ( n
rrérr 118 8 8 8 8 8 l’,l
w8 o Uy ( ( ( g (U

3.54 Improving Measurement Accuracy

Several techniques can be employed to acquire the improved data quality. To

attenuate the statistical variance of a measurement with a random excitation function
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(such as random noise) and also to diminish the effects of nonlinearities, it is
considerablyessential to utilise an averaging process. By averaging the records
repetition, statistical reliability can be significantly enhanced and random noise
associated with nonlinearities can be obviously minimised. For each test and at each
singularpoint, thedynamic testingshould be repeatexkveraltimes and the average

of both excitation and response #ren takenThe corresponding averaged FRFs are
obtained from the iteration of loadings, and then plotted. Plotting averaged FRFs is
indicatedto extractobvious modal parameters. As a consequence, more accurate

representation of dynamic behaviour of the speaimnder vibration is achieved.

The characteristics that used to select or reject certain frequencies of an input signal
are called filteringand acircuit inside an electronic device which does this is called

a filter. It is a highpass filter when gives easy passage to high frequencies and
difficult passage to low frequencies. Conversely, it is apass filter when gives

easy passage to low frequuées and difficult passage to high ones.

In addition to averaging and filtering, obtaining more frequency resolution is another

measurement capability that is often needed for increasing measurement resolution.

3.5.5 Modal Frequency Responsénalysis

Modal frequency response analysis is known as an alteemaethod for computing

the frequency response of a structdrieis modal form uses the mode shapes of the
structure This is not only to mininge the size or uncouple the equations of motion,
when modal or no damping is used, but also it makes the numerical solution more
efficient than italternative, which is.direct frequency response analydikerefore,

it is considerably faster to be solvedan the direct methodOnce the modal
responses armdividually calculated physical responses atieenrecovered as the

summation of the modaésponses.

Based orthe modal frequency respongeRFswhich is defined byEquation(3.30)
can bewritten in different ways To uncouple the equations, preiltiply andpost

multiply sides of the equatiqf3.27) by B and 5 to obtainEquation(3.30).

B (5 B B + 5 - B#B (3.30)
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where
B - B is modal(generalised) mass matrix
B + B is modal (generalised) stiffness matrix

B # B is modal (generalisedlampingmatrix

Using the orthogondl property of the mode shape to formulate new form of
equation of motion in terms of the generalised mssnessand damping matrices
as defined in Equation (3.31). If a damping # matrix exiss, the orthogonaty

property of the modes does not diagonaligeneralised dampingnd stiffness

matricesi.e.
0 QQOQE € OO
0 QQMOQE € wa
o} 11 ca- (331
where
0 %o ] %o (332
0 % O %o (333
0 %0 C—1 %0 (339

Conversely, the modal flexibility matrix can be determined from a system stiffness

matrix [K] as:

"O 0 %0 %0 (335)

1
63



ChapterThree Theory of Modal Analysis

After doing some mathematical manipulations webuation (3.27), the system

receptance matri+(¥ ) can be expressed as:

%o %o (3.36)
T 1 O

In this representatiort;x is the FRF in term of modal propertiemeasured by
exciting thesystemat DOF k) and measuringhe responsat DOF (). The notations

ik refer to the ratio of thelynamic responsat DOF (j) to the dynamic excitatioat
DOF (). Similarly Hkjis the FRF in term of modal properties measured by exciting
the systermat DOF () and measuring the resporeteDOF k). Likewise,Hjx andH k«

can be calculated bgxciting the systenat DOF k) and meauring the dynamic
responses at bofdOF () DOF () respectively The FRF for the dampesl/stem in
term of modal properties can be definedequation(3.37). However thefrequency

functionsfor undamped system as specifiecequation(3.38).

%0 %60

O - 3.3
1 1 1 CQF (337
y %0 %o
0O ] —_— (3.39)
1 1
where
] is this notation refers to the output degree of freedom (physical
location and orientation).
k is this notation refers ttheinput degree of freedom (physical location

and orientation).
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Table3.2: Relationship between the three madefan undamped dynamic system
(after,Maia and Silva, 1997).

Derived To obtain
from Spatial model Modal model Response model
Spatial . ) )
odel | T o 10 % | [H]=[K]- wi]”
H (W) N fir fjr
— Tt i (W) =4a
Modal [M]_([f][f] ) y r=1Wr2— l/l/2
del

T K] = M AR AT M) (H =17 - w21 AT

[K]* =[H (W),
R H (W) N fir fjr

esponse , =3
model | (= [HORI -G 20T e - |
W5 - W

3.5.6 Modal ParametersEstimation

The modal parametersestimationof a structural systerfrom measured dateay
require anintricate knowledge of structural dynamias wellas signalprocessing
theory. In general, modal parameters arextracted frommeasured data and
specifically FRFs or IRFsAfter the data have beeprocessing ta suitable form
such as FRFs, the next step is to determine the modal progertiesch mode of
vibration that consist ofesonah frequencies, damping ratios antbde shapes.
These parameters can be obtaibgdapplyinga curvefitting to the acquirirg FRFs.
Although several methods and algorithnexist in which curve fitting can be
categorisedsinglemode methods and multipfaode methods can be commonly
used to achieve the purpoda addition to an axiomatic reasoning for singhad
multiple-mode approximations, there are some estipractical reasons for this
classification.The difference in the level afamping amongurve fitters is between
a singlemode and a multiplte mode method.The former can be reasonably
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performedfor lightly damped struares and well separated modes. However, the
latter can be employed for heavilamped structureand closely spaced modes.
Furthermore, lie singlemode methods areased on the Single Degree Of Freedom
(SDOR assumptionandtheir statesarethat theFRF is generallydominated by the
contribution ofa particularmode of vibration and neglecting all the otheks. a
result, such methadcan be simply applied tacquire themodal parameters faa
single mode (Agilent Technologies, 200@n the other handhe effect of all the
modes carbe simultaneously considerdoly multiplemode methods(He and Fu
2001).

The clarification of modal parameterslentificationof a SDOFstructuralsystem is
presented in this sectipwhich is the final and important stepeXperimental modal
analysis The two main stages procedure are generally required to be followed to
estimate modal parameters from a systénce the FRF is plotted, the modal
frequencies and dampingtios are estimated aftesome steps. Howeverfurther

steps areequired to estimate the modal vectors and scaled mode shapes.

Estimation of natural frequencyof a structure isvery importantand is simply
calculatedirom FRF.Naturalfrequency ) is well known as the highest amplitude
in the magnitude of the FRF set of the specific mode of vibratroraddition to
natural frequency, the dampingtio is derived fromthe width of resonance
frequency.lt is identified through the simple, quick and aman method which is
called halfpower bandvidth. Dampingcoefficientcan beexpresses adie and Fu,
2001)

Mode shapesf astructural system are obtained through a simplistic approach which
is commonlyreferred as Quadraturieicking, or Peak PickingThis technique is
applicable for structure thdits modesof vibration are lightlycoupled sufficiently
separatedotherwiseit is not valid (Agilent Technologies, 2000 herefore, other
SDOFmethodsuch a<Circle Fit can be used instead when modes sfracture are
heavy coupled modesExtracting modal parameters will be clearly explained in

chapter five.

The results will be more reliable when they are obtained theoretically and

experimentally. Uncertaintiga numerical modelling of the vibratigphenomenon

in a structureequirethe validation of analytical formulas to obtain confident results.

This is not only important to predict the behaviour of the structure during both
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analysis and design stages. Itoilsparamount importance to knothat nunerical
model can save both cost and time as compared tesdalé structures or any
physical model $alawu and Williams, 1997)However, it is mevitable to be
confident from the theoretical analysis to predict the true behaviour of the structure.
This caanot beachievedwithout validating thetheoretical models witkexperimental

data In particular, reinforced concrete element with steel bexbibits a
heterogeneous internal struatwand thus, the study of its behaviour becaoraplex
Thereforeyalidation of theoretical models against their experimental counterparts of
reinforced concretstructureis a main purpose of engineering disciplines to obtain
reliable resultyYu et al., 2008 As a result, experimental and theoretical will be

taken inb account in this study.

3.6 The Phases of a Typical Modal Test

According to the UK Dynamic Testing Agency (DTA), the EMA procedures can be
entirely achieved in four specific phases as follows (Reynolds, 2000; Reynolds and
Pavic 2000):

Phase IThe preparatory phase

Phase IIThe exploratory phase

Phase Ill: Theneasurement phase

Phase IVThe posttest analysis and modal parameter estimation phase

In orderto acquire high quality measuremeraisd to satisfy the predetermined
requirementsEMA during this project should becompletely followedthese four
phases. In addition to e¢htheoretical description of these four phasethis section,
the experimental results pfeparatoryphase and related checks will be explained in

chapterfour.

3.6.1 Phasel: The Preparatory Phase

The first step of the preparatoryphaselauncheswith the definition of the test
objectivesOn this basisappropriataesourcegan beefficiently allocated tahe test
The second recommeed step in this phasés to estimate the likely dynamic
properties of the structure by performing the numerical modelling. iffoisnation

will be significantly helpful in the selection adataacquisition analyseexciterand
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transducerKrangigan and Hunt, 1993 and Reyn®000).Basedon estimating the
numerical dynamic behaviour of the structure in term of frequerenmes their
associated modshapes,an appropriatedata acquisition analyserdepending on
sampling ratas chosen.Besidesdataacquisition analyser, suitablemeasuringkit
and accelerometer amgroperly selectedlepending on frequencies rangad the
acceleration respectivelidumerical modelling may also lagppliedto checkthe test
grid duringthatthe referencaccelerometer locatiorsse selectedAs a consequence,
the adequacyof the test griccheck isperformed priotto testing toavoid any spatial
aliasingbetween different mode shap@eynold and Pavic, 2008\I-Ghalib, 2013.

The next recommended step in this phasar po performing EMAcomprises of two
minor stagessuch as preparation of the structure and equipmenips@eynold

2000. During the preparation of the structure, #pecimen and spader testing are
neededo be readyor the test. Moreover, preparationtbe recommendethoundary
condition that used in the test should be taken into accBuming theequipment
setup, pre-prepaed form of seup is required to b&nown to precisely identify
which items will be used and therefore they are required to be re&lykch a
systematicplan ensuresthat the process of the test wile achievedproperly and

accurately

3.6.2 Phase Il: The Exploratory Phase

In the exploratory phasehe suitability of the structuredata acquisitiorand the
consistency of the measured dé&a modal testings preliminary determined by
conductinga numberof measurementhecks These checls are performed to
confirm that the whole process of ttestin the EMA is systematic and thorough
Therefore suchmeasurementglay akey role in thequality assurance (QA) system
applicableto EMA fields (Reynolds and Pavic, 20p0They include anumberof

successive checks which are described in the remainder of this section
A. Excitation/Response Check

The aim of excitation/response check igpplying annput excitation to a structure,
and capturing both the excitation signal aife correspondingresponseof the
structure witha proper sampling rat¥/hen anappropriatesampling rates selected
dependingon hammeexcitation and shaker exatton, both thetime domain signals

andits counterparfrequency spectrare visuallyexamineddue to someemarkable
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purposs. Firstly, the shape, clarity, and strength of each measured signdl,
simultaneouslyther main characteristics, such as the duration of the impact signal,
should have lookedatisfied Secondlyjmpact time historiebavea halfsine shape
function when theexcitation force is applied usingthe soft hammer tip on the
concrete surfac€éReynolds, 2000)When harder tip is employed faan excitation
force sharpepeak with shorter duration of a delta shape funatenmbe predictable

In the context offrequency domain, the shape of the time signal results in a flat
spectrum over thexcited range of frequency where a good idea about the frequency
bandwidth can be drawhlext, in term of response time signateeresponse should
launchalmost instantlywhilst there is commonlya small delay for remote transfer
function owing tothe speed of waveransmissionthrough theportions of the
structure (Reynolds, 2000 Then using impact hammer, it is potential the
accelerometeis jumpedfollowing the blowof hammer.Any potential jump of the
accelerometewould spoil the FRFsneasurements andould be revealedhrough

the visual examinationof time domain input/output signald this phenomenoris
occurred, it isnecessitated tdecreaseéhe hammer blow strength to a lewshich
prohibitsthe accelerometer to jump. Finaglip addition to notice any jump occurred

to accelerometer through time domain pldtgjications of loose connection of
transducer cablaway beidentified, especiallywhenaggravatedy the movement of

the hammer or the tested obj€&eynold, 2000;Reynoldsand Pavic, 2000AlI-
Ghalib, 2013.

B. Immediate Repeatability Check

For each test and using exactly the same instrumentatieup sewo nominally
identical driving poinfFRF measurementsne immediately followed by another are
acquired, using the averaging mimber ofreading for each measurementhese
two FRFmeasurementareplottedand thencompared. In theoryhese two plots of
FRF measurementsare seen to be almostlentical, while in practice, some
differences carbe predictable between such plots owingxtraneousinmeasured
noise Reynolds and Pavi@00Q Reynolds, 2000). Therefore, thiiscrepancy is
inevitably presenaind is tolerablen the field tests and laboratorgonditions The
immediate repeatabilitgheckis considered tde significanty essentialin EMA.
This is becausd is the firsttime tobe seenhat the FRFalculations are performed

for a particular structurdt is therefore arextremely conveniergtage tanvestigate

69



ChapterThree Theory of Modal Analysis

the good qualityof FRF data interm of shape duration, and frequency content {Al
Ghalib, 2013).As a resultthe measured FRFs can be utilised to extract the global
properties of the structure, suchas natural frequency and dampingtio, by
performingsingle degreeof freedomcurve fitting or peak amplitude analys@nce

the global parameters of thetructure areextracted, thereliability of the
measurements compared with the preliminary analytesllts carbe reconnoitred

and explord.

C. Homogeneity Check

The homogeneitytest isone of the twotestsendeavoured teheck thedegree of
linearity of the structural characteristiashich is the fundamental assumption of the
EMA (Ewins, 2000; Reynolds and Pavic, 2000his check consists omeasuring
variousconsecutivd-RFsmeasurement® conduct the reliability of thetructure for
performingthe EMA. For thisreason different hammer tips are employed to induce
different levels of excitation. Al-Ghalb, (2013 highlighted that this check is
somewhat different from the previous check , which is repeatability check, due to
using various excitation signals, to the original sig@aice low level andelatively
high level of excitations give any significanhconsstency between the FRF
measuremenishis means that the structure istrmehavingas a linear structure.
However, due to the experiencé Reynolds (2000, somerelated objects may
occasionally introduce ntinearityinto the structured-or examplefurniture or non
structuralelements can cause nrbnearity into floor of structure. Thereforan the
laboratory condition, it is possible some associates$pects, which havdirect
contributionwith specimensuchashanging;testingmay cause nosineaity into the

tested structure.
D. Reciprocity Check

This is the second of the two tetiigtis carried outo check the degree of linearity
the quality of the measured dataf the structure whichs obeyedMaxwell's
Reciprocity TheorenfReynold, 2002AI-Ghalib, 2013) The states of this theorem is
that, for a linear structurehé meaured FRF for an exciteat locationi and the
responseat locationj should beidentical to the measured FRF fornaexciter at
location j and the response dobcationi. In other words, the reciprocity check is

performed bymeasuringwo FRFmeasurementswappingthe location otboththe
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excitationforce and the accelerometer between therheasurements. Thetinetwo
different transfer measurementse compared andhey should have a good
correlation the same as thosksplayed forthe first linearity check, the homogeneity

check.
E. FRF Shape Check

It is known that the dynamic characteristicsf a structure, whichdictates its
behaviour under external excitatiosan be described bgesonances and anti
resonances The occurrence ofelatively clearantiresonances troughbetween
adjacent resonances the FRF plot usonlogarithmic scale is a ajor goalof the
check.However, for transfer point FRF; it generdly possibleto expect a valley
between two adjacent resonances rather than tri\lgBhalib,2013) Fromtransfer
function other observation can beoted that a negative phase shift through
resonances and a positive phase shift throughr@stdnances, arttie value of phase
canalways beviewedb et we e n  O(BlaiaaanddSilva, 899 A vitable, 2003.
During this check, ther beneficialobservation can bund from the region of the
FRF at lower frequencies. Thibservations that the first mode of vibration should
almost represent the static stiffness behaviour of testing prototype civil engineering
structure(Reynold, 2000Q)

F. Coherence Function Check

Coherence checkis generally conducted forthe accuracy of measurements.
Coherence function?, as defined by equation 3.1i4, employed as a data quality
assessment tool. Thisinction identifies how much thedegree oflinearity of the
output signal is related to the linearity of the input sign@he values of the
coherence function anecated between 0 and [t.is important tcensure thathe
value of coherenchunction isclose to unity in the regions of modes of vibration of
the examined structuré&reynolds (2000) reported thalthough the UK Dynamic
Testing Agency (DTA, 1993)refersa minimum valueof coherence functioof 0.9
for civil engineering structuresoughly a value 0f0.8 is considered to badequate
owing to the noisy nature measuremeittss worth to say thathe acquired signals
are a particular concern in coherence measuremPnts to this reasqraveraging
several individual timemeasurements can eliminatentamination come from the

randominstrumentatiomoiseon theforce,response or both chann€¢Bwins,2000)
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Therefore, almosstatistical authentic measuremené be obtainedn addition to
contaminating the value of coherence function when noisandomly entered
there could banother factorshat causehe coherence values lower than 0.9 at all
resonancesn the points ofmodes of vibrationFor exampleMaia eta. (1997 and
Reynold,(2000 highlighted thathe value of coherence function can be drofdpss
than 0.9 and indicatepoor coherencenot only through leakage errors in the
estimation of the spectrabut alsothrough nodinearity of the structuresor

unmeasured extraneous excitation.

3.6.3 Phase lll: The Measurements Phase

The measurememthase igperforned as the major experimental data acquisisiep

of the modal testing proces®8y this phase, any abnormalities in equipment or
structureshould have been revealbdcauseall necessaryneasurements should have
beenselected irthe previougphasewhich is the exploratory phas8upposing that

no abnormatly is observedthereference accelerometers should place into position
on the structure and thempact forceis hit to the first point and the data is acquired.
Then, the accelerometers are moved to the next test points gmbt¢keure willbe
continuinguntil all markedpointshave beemecorded Theoretically singlerow or
column of the FRF matrix shoufatovide enougtinformation,as given inequations
3.29, to estimate natural frequencjegorrespondingmode shapes and modal
damping ratios (Ewins, 1995; Reynold, 2000 andGhklib, 2013).Every single
point of FRFgives sufficient information omatural frequencies aniode shapes,
while everysingle row orcolumncontains enoughmformation to describéhe mode
shape Experimentally, it is strongpossibility to selectresponse measurement
location which is close or maybe on a node of some modes of vibration of the
structure For sucha situationit is likely that thosemodes of vibratiorare poorly
idertified or even they are completely failedherefore several successive
measurement®f FRF matrix is more practicabldo overcomethe previously

mentionedifficulties from happening.

3.6.4 Phase IV: The PostTest Analysis Phase

The posttest analysis phase is generally launclkdten two important steps are

achieved. First, allnecessarily field measuremenn the exploratory phaseis
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performed and satisfie®econd, sufficientheasurements) themeasurement phase

to describe all modal parameters apgjuired anéssuredlt is worth tomention that
FRF measurements arstarted to be analysed in this phase to calculate modal
parameters of the structure and presenting them in the meaningful naondris
purpose different methodsare implementedto perform a convenient analysis and
extractthemodal parameters

It is found that suitable algorithm to the measurements of this researshpeak
picking or peak amplitud&o estimate allparameters propertiek.is recommended
that peakpicking or peak amplitudées the most successful method for a structure
when their FRFs show welllefined separated modes at resonance frequencies
(Ewins, 2000and AlGhalib, 2013.

3.7 Summary

This chapter is mainly divided inteeveral subsectionshe first sectionof the
chapter embarks on the introduction of modal analysis followed by the theoretical
relationships among the three models of the dynamics of structures, specifically: the
spatial, modal and response models. Funtloge, the criteria and their related
derivations needed to define each model are made. A brief theoretical background to
the analytical and experimental modal analysis is also providie itnird section of

this chapterfollowed bydegree of freedom @ structureBesides, derivations for the
formulae related to the calculation of modal data for instance FRF and its
components and coherence function are presented. The knowledge gained from the
mathematical formulations is used to compare theoreticaleapdrimental modal
measurementd.he first part is ended up with provides the EMA procedures that can
be entirely achieved in four specific phadesur phases of a typical modal test are

discussedo check the reliability of the instrument
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4. Research Methodology andxperimental Work

4.1 Introduction

As concluded from the literature review covered in Chapter twe, research
problem wasunderlingl in the field of research. Thavestigation of the study is
formulated following a comprehensive review of publishhesearch in the area of
vibration analysis and artificial neural network. This chapter provides an
explanation of the research methodology adopted in this study.

Experimental work consists of quality assurance checks followetlasgification

of slabs into groupsMoreover,the modal testing instrument used to collect the
data, including methods implemented to maintain validity and reliability of the
instrument, ee described. For this purpose, this chapter describes the main stages of
experimental work and the checks associated to signal data usedsitudlyiOnce

the quality assurance checkgere assuredhe eperimentalwork programmethat
achieved in thistady isexplained Four laboratory groups of scal®LC slabs were
constructed anthentested Each group consists of two RC slabs, which were had
similar concrete strength asteel reinforcemertiype and spacingifter passing the
quality assurance checks, modal parameters was extrémteshchslab of all

groups to study the effect ofariousparameters.

4.2 Research Methodology

The main aspect of thproposedmethodology is to extend the modal analysis
application on reinforced concrete slab realm. Furthermore, the proposed
methodology isadoptedto develop a new robust and reliable technique to detect
void severity in the slaltExperimentaland its theoretical counterpahalysis was
carried out on frdg suspendeé RC slabgo ascertairthe validity and reliability of
theresults

The theoretical work was mainlgnalytical and numericabf the RC slabsin
theoretical part, the detailed equatiomsere derived to provide the natural
frequencies for RC slabs. The natural frequency equation for the slabs is given in
general formof freely supported boundary conditions. Analytical solutions only

exist for limited number of idealised structures in term of geometry, loadithg an
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boundary conditions. Therefore, numerical methods have to be referred to solve
wider range of practical cases. In this study, finite element modelling using ANSYS
software was utilised to extract natural frequencies and mode shapes of square RC

slabs

The experimental work involveéxperimentalmodal analysis on four pairs RC
square slab specimens wérious dimensions. The samples were excited by an
impact hammer to induce vibration while acceleromedadPico Scope were used
to acquirethe data fromhe experimentand MATLAB software was employed to
process and plot the required resuliben, the modal parameters were extracted
from the plot ofFrequency Response Function (FRF).

A further numerical simulation was also essential to perform the dyrzheviour

of voided slab. The natural frequencies of the numerical model werseditéis

input to FeeeForward Back Propagation Neural Network (FFBPNN) to identify
void severity in RC slab. FFBPNN was performed by using mathematical software,
MATLAB. This is to address the parameters associated with the dynamic load and
slab geometrythat might not be carried out by ANSYS or any other commercially

available software.

These research activities are taken together in order to build up the existing gap in
previous research and develop the activities that no one did it before in such depth
and width to the b é€&igutes5ifd.3 pravidehthe subnmarigsn o wl e

of research methodology adopted in this study.

In addition to the novel methodology, erof the major contributions to the
knowledge of this research is to establish the sophisticated statistical methods for
damage identification in RC square slabs, namely MAC and COMAC techniques.
Firstly, they are used to identify the effect of partialpncentrated load in three
increments as well as strengthening on the slabs. Secondly, they are employed to
determine the location of the void in RC square sl|Blesidethe abovementioned
contributions in this research, FeEdrward Back Propagation NeurBetwork

(FFBPNN) is adopted to classify void sizes in reinforced concrete slabs.
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Figure 4.1: Flowchart of research methodologgiopted in this study
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Figure 4.2: Flowchartprocedurdor testing Group C slabs.
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4.3 Experimental Work

This sectiondiscusses the experimental modal analysis of reinforced concrete slabs.
It is important to mention thatow to implemenexperimental modal analysae

given in the first part of this sectioWhile, the rest of the chapter highlights
experimental modahnalysisof freely suspended RC slalasd validates quality
assurancechecks Carrying static tests on RC elements becomes a standard
procedure and straight forward approach to follow. However, dynamic testing of RC
elements needs a careful consideratind detailed attention to all the steps required
from the beginning till the end. The first and most important task to take into account
is to choose theight equipment as well as thigght size of the slab specimelfor

this reason,he preliminary natural frequencies of the specimeaerequired to be
known. The equation (4.1pffers interesting information for finding out approximate
natural frequencies oflaboratory slab specimens before doing any of the
experimental workspecimen. By knowing the preliminary natural frequencies,
appropriate equipment such as impact hammer and accelerometershosen for
exciting the specimens as well as acquiring the responses of such specimens. On this
basis, the suitable dimensions of thecepenswasselected otherwise thavailable
equipmentwas not capable to clearly acquire the signals whacarelated to the
behaviour of the specimeng&quation (4.1) played a keyrole to select slabs

dimensionsits derivativeis presented in the next chapter.

9 =2 (4.1)
¢t 3w
o0 4.2)
pcp #
where:
Q is natural frequency, measured in Hz
o} is length of the longer side of the plate
&) is length of the shorter side of the plate
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Q is plate thickness

is mass density per unit area of plat@(

& is a dimensionless natural frequency factor
$ is flexural, bending, rigidity of the plate

0O is modulus of elasticity

¥ isthePoi ssonébés ratio of the plate mat

4.3.1 Properties of RC slabSpecimen

Two square RC slabsf dimensionsl200 x 1200 x 60nm asshown inFigure4.4

were initially preparedin this study. The RC slabwere cast using a 10 mm
maximum aggregate size with grade of concf@®0. Six mm diametersinglelayer

of reinforcement with 60mm spaxg was arrangedfor reinforcing the slab. The
effective depthof the slab isabout 4Bnm. Further details of RC slab peci mends

preparations can be found in Appendix A.

Figure 4.4; Dimensions of RC model§$pecimens)

4.3.2 Dynamic Testing

As previously stated, the main aim of this study is to identify the behaviour of the
slabs using dynamitesting,in a process knowms experimentamodal analysis
(EMA). It consistsof three essential stages, such as modal testing, data gngces
and modal parametes estimation.The experimental modal analysi$ the freely

supported slabwere conducted. Therthe tess would becarriedout to realse how
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the dynamic properties of the slabs changes as RCwhdjmogressively damaged.
In the final part of theprogramme, artificially introduced damage ithe RCslabs

would be localised using experantalmodal analysisechnique

The testswere plannedto conduct on simply supported RC slabs in order to
introduce more realistic caselowever, it was not achieved on simply supported

conditions becausaf insufficient time availabilityand budget

4.3.2.1 Modal Testinglnstrument
Modal testing consistsf three man components as the basic required for test setup,

which areexcitation source, response source and data acquisition system.
A. Excitation Source

It is known thato study the dynamibehaviour ofstructures, thefave to be excited

in order to measurdaheir response signal. Controlled excitation and ambient
excitation are the two common methods for modal testing. The former method is a
method that input excitation forces are usually s&diin a controlled manner and

can be measured accordingly. However, tfte latter method, the input excitation
forces to a system cannot be measured. In a standard modal analysis, a high quality
frequency response function (FRF) for the subsequent modal estimation can be
obtained by using the controlled excitation methdgds. other hand, in the output

only, operational, modal analysis, the quality of the estimated modal parameters from
the ambient vibration is compromised (Yousaf, 2007). Therefore, the controlled
excitation method is widely used in research on vibrationdbdsenage detection

including the current study.

Generally, there are two categories of controlled excitation methodsiestructive
methods, namely instrumented impact hamamgtelectromagnetic vibration shaker.

Due to the availability, cheaper cost and accuracy of results, the use of impact
hammer may be preferabloreover, impact hammer merely requires one person to
perform the excitation with more easily transportatl different points of
measurementdn addition to these merits that this instrument has, impact hammer is
guicker to use on site compared to shaker. As a consequence, Impact hammer which
is one of the controlled excitation methods is adopted in this study ite déike
reinforced concrete slab specimens, as showRigare 4.5. In addition toDelta
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Tron® Impact hammer version 8208, force transducer, this figure shows a set of four
interchangeable impact tipsvith black (hard) red (tough) green(medium)and
orangered (soft) colour, that are used ta@ontrol the frequencycontentand the
impulse. The frequency contenthat is controlled by varying the stiffness of the
hammer tipis considerably importansince t is not feasible to change the stiffness

of the testedpecimensTheharder the tip, the shorter the pulse duration and thus the

higher thefrequencycontent, as illustrated iRigure4.6.

e, — S W

ety vy e ——— i ——— T

Figure 4.5: Delta Tron version 8208 instrumentieapact hammer with four tips.

In general, small lownass objects have higher response frequencies and thus require
higher frequencies of excitation at lower force levels. However, heavier structures
with lower fundamental frequencies require lower freqyeaxcitation at higher

input force levels (Labonnote, 2012).
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Figure 4.6: Impulse shapes of the modal hammer as a function of used impact tip (afte
Briel and Kjeer, 2012).

82



ChapterFour Research Methodology and Experimemadrk

B. Response&ource

In this study, acceleration response time histories are the vibrational response signal
of the test structure. The data acquisition is one of the important phases of
experimental modal analysis (EMA). For this purpose, a piezoelectric transcaser
adoptel to acquire the acceleration data. Accelerometers are the most widely used
transducers for measurement of acceleration response of the intended structure. In
this experimental work, three piezoelectric accelerome&tersused to measure the

response sigals (acceleration) of the RC slabs.

The type of accelerometers thaas used in this research is depictedFigure 4.7
(DeltaTron® model 4514). The frequency range of these types of accelerometers is
between 1HZLOkHz with a sensitivity of 1.005mV/ms (9.86mV/g). When the
acceleration response of the RCbslvasintended to be measured, steel stwdse

firstly glued, by using super gluen the RC slabs' surface. Prior to glue the steel
stud on the RC slabs, the mating surfagesre properly cleaned. Then, the
accelerometerswere ready to be attached to the glued studs. The screwed
accelerometergvere attached to the glued studs, and then accelerometerns

subsequently available for acquiring data

Figure 4.7: Delta Tron® mode#514 accelerometer.

C. DataAcquisition System

Data acquisitionsystem is a process) modal testingwhich employs to collect
information to analyse the phenomenon, suclesaviourof the specimen under
dynamic loading As technologyhas recentlyprogressed, such process has been
simplified widely and made more versatile, accuratedreliable through notbig
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electronic equipmentin modal testing, this process requires a system consists of
three main componentaamely,signal amplification unit Data acquisitiorunit; and

personal computer.

Figure4.8 shows the signal amplification unit, it is also called Amplifier, which was
used in this study, and it acts as a power source for the connected devices. It
comprises of eight channels, founput and four output. It is important to mention
that the Impact hammer is attached to one of the input channel of the Amplifier,

while the accelerometers are distributed among the rest of the input channels

Figure 4.8: Signal amplification unit.

It is also important tanentionthat amplifier is linked with the Datcquisitionunit,

which is depicted irFigure4.9, through the four channels, and Data acquisition unit

is attached to the computewhich is shown in thd~igure 4.10, through data
acquisition card. In Data acquisition unit, the data is filtereorder to remove high
frequency components, and also to increase signal to noise ratio of the lower
frequency components of the signals. Thynal is also converted from analogioe

digital.

Figure 4.9: Data acquisition unit.
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On the computer, the acquired digital signal is viewed and syncemisingthe

installedPico-scope software.

Figure 4.10: Personal computer.

In general,Impact hammemas employed to excite the specimen to produce the
input signal and the accelerometeas attached tdhe specimento gain the output
signals. Then, the signalgereacauired and amplified. Then, hysing theinstalled
Pico scopesoftwarethe analogue and digital signalsuld be viewedand theywere

available for further process suabcopy and paste in different extemss.

4.3.2.2 Data Processing

Practical softwaremplementation is MATLAB, whichvasemployedn this studyto

run the specific coddor signal processingFirstly, spectral analysis involving
Fourier transformatiorwas performed to convert the time domain data into the
frequency domain. Then, auto and cross spectvenecalculated. The final stage of
signal processingiasto calculate and plot coherence functions and the FRF with it
components The components of FRF omsist of magnitude, phase, real and
imaginary pag. Once FRF sawas obtained and drawn, the final stage of EMA

which is modal parameter estimatiovasgoing to start.

4.3.2.3 Modal Parameter Estimation
Although, numerous modal parameter estimation technique haveleeelopedthe
peak picking method is employed to extract the modal properties (damatios
frequencies and mode shapes)om the experimental time history datd a test
structure,the FRF and its componentgere plotted Modal parameters can be

extractedfrom the obvious peaks of FRFor examplethe natural frequencies are
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obtainedfrom these obvious peaksvhile modal damping ratios can be obtained
from their width. Using thesenformation as well as FRF components, the mode
shapes arglotted. Extracting modal parameters will be explained details in
chapter5. When modal properties of the slab afetermined,s | a tlydasnic

behaviour can be describaddexplained.

4.3.3 Support Condition

There are normally various options of how to supperstructure during the
measuremengreefree support conditiowasspecificallyused in this study. Frge
suspendedupport (fredree conditions) is one of the most popular ways that is most
frequently employed in experimental modal analysis. It is theoretically such a style
of support where the test model is completely isolated from the ground. In other
words, the tsted structure is freely suspended in the space to avoid the influence of
boundary conditions. Without the involvement of support rigidity, the structure is
then exhibited rigid body modes which are completely extracted by its mass and

inertia properties

In the laboratory testing, free support is usually achieved either by suspending
(floating) the structure in the space or positioning the structure on a very soft pad.
The most difficult aspect in dynamiesing is how to create the ideal boundary
condition especially forelatively smallstructures. This is becauk#gervalues and
eigenvectors are significantly influenced by the rigidity of the support. For this
reason, it is quite important to eliminate any spurious contribution which comes from

the supprting elements.

It is, thus,the free support condition will be the superior choice of supporting type as
no extraordinary attention requires excluding the effect of support's rigidity.
However, in cases whera structure isrelatively large or in case ofreatlife
structures, the free support condition is almost impossible to be achieved. For such
situations, it is generally feasible to provide the test article with a simply sagdport
system that closely approximates the 4dal structures. Achaving both support
condition types, the interference of simply supported condition is then to be known.
When measuring dynamic characteristics of a structure, McConnell and Varoto
(2008 preferred one type of boundary condition (fréee, pinned and fixed
respectively) over anothdrased merely on the rigidity of boundary condition.
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4.3.4 Vibration MeasurementPoints

After the RC slabs specimen were prepaaad properly cured for not less than 28

days,the responsewere acquired withagridof25r i vi ng poi nt s. Thu
surface was markedith a grid of 25equally spacedbcations 29.5cmspacing any

two consecutive pointas seen irrigure4.11. This would help measure a frequency
response at each point of the gidsingle drop of wax super glue was applied at

each point. Then, steel studs were placed on the RC slab surface at the marked points

by applying pressure for about 1 minwutait for the glue tdeharderd Afterwards,
accelerometers were mounted ¢me suds, and they were ready to acquire the

responses.

The dividing point is a vibration measurement locations that rexdaiixed
throughout the data collection process of modal testing. Such panesised as the
referencepoints tocalculate and plot the Frequency Response Function (FRF) over
all 25 points of the slabs. These points are also known as the Degrees of Freedom,
DOF. Every response locations sampled on the slab in order to identify the

magnitude and direction of the maesment point®f mode shapes.

It is important to mention that if a coarse pattern is employed with relatively few
samplepoints, the response of the specimens may not sufficiently capture the various
modes of vibration and it may be difficult fyoperly analysis the case. However,

fine pattern with significant number of points were employed in order to accurately
portray the change of the mode shapes. Therefore, using the proper mesh density and
choosing reliable vibration measurement points iregu experience and an

understanding of vibration of the specimens.

10 9 8 7 6

4 3 2 1

Figure 4.11: Vibration grid measurement points
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4.3.5 TestingSetup

Figure4.12 shows the experimental sgp usedn this studyin orderto conduct the
measurement of the frequencies response function FRF of the specimens. The
hanging methodvas applied to the dynamic analysis ofsguare RCslabin the
laboratory to simulate fregee boundary conditions. All the foaornersof the RC
slabwerehanged using two flat webbing slings. The connections of the devices, for
examples, laptop, analyserccelerometers, impact hammer, and their cables to the
systemwere done as per the guidance of experimental modal analysis. Then, the
accelerometersvere attached to the RC slabs to pick up the dynamic signals,
acceleration response, at aeklecting poits of the plate.After mounting the
accelerometers, input excitatiovas applied through an impact hammer to provide
stationary impact excitation at one of the selected points of théndreging plate.
When impact hammer was hit the slab, the respons#is a grid of 25

accelerometers equally spaced were acquired and analysed

For each testd slab and at each singular points, the dynamic testingreysesated

five times by striking hammer and the responses were acquired simultanecksly. T
average offive trials of eachexcitation and responseere utilised for analysis
Averaging the repetition attenuates the effect of measurement noise and excitation
characteristics. The corresponding averaged RR¥fe obtaired from the iteration

of loadings, and themlotted. Plotting averaged FRRgas indication to extract
obvious modal parameters. As a consequence, more accemtsentatin of
dynamic behaviour of the RC specimen under vibratiasachieved.

Figure 4.12: Experimental test setp.
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4.3.6 Quality AssuranceChecks

Thetest slab and equipment had been prepared and ready for the first experimental
modal analysisThus, as Quality Assurance (QA) checks stated by the UK DTA
procedureandoutlined insection3.6.2 wereperformed.

Firstly, ExcitationResponsecheckswhich is satisfied when applying the impact
hammer andhe accelerometeat test point(1) on the initially preparedslab and
simultaneously captured their signalfie Excitation/Responsgheck result of slab
in both time history and frequenspectrumare shown inFigures4.13-4.16. Some

important observationsight bedrawn from these Figures.

It is important to mention that the impact excitation resembleegalar halsine
shaped signal, which is shownkigure4.13. Figure4.14 shows the corresponding
response which isitroducel due toimpactexcitation Figures4.15 and 4.16 show
the frequency spectra for the excitation and response signals respediivedg
signalslook like what was expected without observing any strange behavilbus
seened that in Figure 4.16, the shape and frequency contang to 800Hz is
compatible to be usenh this study To know the maximum frequenawynge, the
meaningful numbers of mode shape could beidtd to be extractedwhich were
required to be captured cleadpd far from noisy are®n this basissnoughnumber
of modes can bebtained which were ismooth zongas shown irFigure4.16. As a
result,the selected accelerometers and impacted hawererconfirmed to be used

in this study
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Figure 4.13: Excitation check (timelomain).
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Figure 4.14: Response check (time domain).
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Figure 4.16: Response check (frequency domain).
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Secondly immediaterepeatabilitycheck was conducted to ensure the repeatability of
particular measurement, as showrFigure4.17. This check is the first attempt to
display the data in term of FRF measurement. The figure shows the results of FRF
from the immediate repeatability conducted at test point Eim the visual
inspection, It is evident the two plots overlaid reasonably well up to the frequency
below 630Hz. From 6306800 Hz they overlaid andeptawayin some regionswhile

they become nosieand kept awaypeyond800 Hz andthus the vibration modes

beyond this range did not well response to the excitation.
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Figure 4.17: Immediate repeatability check for drive mobility at point 1.

Then, homogeneity check concerned with the linearity of the tested slab when
different excitation were applied using four different hammer Epgure4.18 shows

the homogeneity check when only using the hard and tough hammer tips. It is clearly
shown that the measurement made using the low level (tough tip) excitation was little
bit noisier than the high level measurement made using the high levdl t{pp
excitation, which is vividly shown beyond the 800 Hz. Whisgure4.19 shows the

same check using four hammer tips. It is also clearthigatesults are more desired

and less noisy by increasing the level of hammer tips, from soft to hard level.
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Figure 4.18: Homogeneity check using two different level excitations
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Figure 4.19: Homogeneity check using Four different level excitatifoar hammer tips)

Next, the reciprocity cheokasperformed twice between points 1 and 2 and points 2
and 25, as shown iRigures4.20 and 4.21 respectively.For first check excitation

and responsevere swappedbetween two locations (points 1 a@yl while in the
second one itvas swapped between other two locations (points 2 and 25). In both
cases, good agreemarididenticalamplitudeswere provided except beyond range

500 Hz.In addition,it is shownin both figuresthatone measurement looks noisier
than the othern first case theexcitation at point 1 isosierthan when at 2While,

in the second case, the excitation at point 25 is nosier than when at 2. It is concluded
from these two cases that a bit noise was found in the frequeyond 800 Hz

when the slab was excited at the corners.

92



Chapter~our Research Methodology and Experimenédrk
T T T T T 4
[ Excxlal:un@l,respunse@?] 1
o 10k : Excitation @2, response @1 .
o : v,, A
E } 1 S
= ! ! oozt /
- \ I 4 f / \ It Ay \ / ﬁ
3.F amee) eea Rale e PGt o \? Vi »?Lé
= j\ fnaty VoY . LA AR : ? -
= 0 it \ ; f E
£ N ]
2 Vo
;)
E 107 L ’ =
~ 1 | 13 13 ! :
0 200 400 600 800 1000 1200
Frequency (Hz)
Figure 4.20: Reciprocity check for transfer mobility, A1,2
I 1 T I I
Excitation @2, response @25
0' - [ —— Excitation @25, response @2 ;
- o ', / \ )/A =
3—' 10° | ‘h‘ !\ /‘}\ l' qg A \ ,\" A 5 v"'f[. ‘\ j: 3
5} 11 / \ . AL 7l
<-: =3 1 £\ // / [\ .‘\\ < v, \". L@rw--( ‘}\?nﬂ \\I ‘l R
s L / / W 8 T
= X \ \ }‘ | U
S  W0'Rubeiluiity D \ ' =
E S f N ' 3
2 [ W
5, V
“E | 3
t 1 1 i i 1 3
0 200 400 600 800 1000 1200
Frequency (Hz)

Figure 4.21: Reciprocity check for transfer mobility, A2,25

Finally, coherence checwas performed when the excitation at point 1 and the

response at point 2. It can be seen fromRlgaire 4.22 the coherence values are

shown as peaks foine most of the frequency range and their values tend to the unity.

The coherenceserestudial with the Frequency Response Function (FRF) spectrum

to check the linearity of the specimens in ordestteckthe reliabilityof theresults.
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Figure 4.22: Coherence function check, Al,2

It can be seen from the above figures ttia excitation the responsesignals
immediate repeatability checkhomogeneity checkreciprocity checkas well as
coherence chechook like what was expected without observing any strange
behaviour.Quality assurance checks agree with the theoretical descrifitisrclear

from the measured frequency response function checks that there is a good
agreement for the excitation and @srresponding responsAs a resultthe used
impact hammer and accelerometers and other necessity equipmeoing@agible to

be usedo identify the dynamic behaviour &C slabs Through following testing
procedures with the necessary checks, one easure that the vibration
measurementgwhether in the time or frequency domairrepresent a realistic

experimental model of the dynamics of tkeforced concrete slab

4.4 Laboratory Scaled Reinforced Concrete Slabs Groups

Once the quality assurance checks were assured for initially tested slabs, the
laboratory reinforced concrete slab specimens were classified into four main groups.
Four laboratory groups of scale®RC slabswere constructed and modelled with
variousparametrs.The parametersvere dimensionsggspect ratipincremental loads

and artificial void Each group consistl of two RC slabswhere theyhad almost
similar concrete strength ansteel reinforcementype and spacingSome basic
knowledge of the materigiroperties of both concrete and reincsteel which

were used for making specimens are briefly introducededation 4.4.1 1t is
important to mention that all RC slabs were tested underfrieee boundary

conditions.
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Thesefour pairs ofRC slabsvere testd chronologically in the following order:

1. Group A: Tow 1200k 1200x 60mn? RC slabs were tested dynamically using
EMA.

2. Group B: Tow 600« 600x 40mn? RC slabs were tested dynamically using
EMA.

3. Group C Tow 1200x 1200 x 40mn? RC slabs were testednder five
different state conditions, namely: intaBkN load, 10kN load, kN load
and repaired conditiondt is important to note that both static and dynamic
were used for testing the specimens of this grotp.former test wassed in
order to damage the RC slabs. While the latter test was performed in order to
identify the effects of damages on modal parameters (natural frequencies,
modal damping and mode shapes) of the slabs.

4. GroupD: Tow 1200x 1200x 60mn? RC slabs were stedwith a purpose
made single void alistance 300 mm in both x and y directions from one its
corner. The dynamic test under fiieee boundary condition was performed
in order to find the location of damage.

It is worth pointing out thathe four groups of RC slabswere castcured for not less
than 28 days as shown Appendix A andthentestedin the concrete laboratory at
Nottingham Trent University, School of Architecture, Design and the Built
Environment Each state condition waspresented practical case from the field of
SHM in civil engineering structure8igger size RC slabs have been better to be
tested to represent a rdéié case studies. However, the availability of the place,
resources and convenience of the devices dictated #Hiedssize of testedlabs
strictly.

4.5 Description of RC Slabs

The structural state conditions conducted oreigattesed RC slabs can be divided
into fourmain groups. The first groujGroup A)was the baseline state catwh and
referred to as contrane. The second gro{@roup B)was concerned witsroup B
this was interested with studyinthe effect of dimensions (length, width and
thickness)n the dynamic characteristics of the slalise third grougGroup C)was
represented by different levead$ flexural cracking resulting from successieentral

point bending loadings. In addition, the third growgas interested with studying the
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effect of repair work conducting on the similar series slabmally, the fourth group
(Group D)included defectivlRC slabswvhere artifical void wasinducedat distance

300 mm in x and y directi@with respect tane corner.

4.5.1 Testing Group A Slabs

As soon as the tested RC slabs of groupn&l equipmentelated to experimental
modal analysi©iadbeen preparedfor the firstEMA measurements, a full set of data
Quality Assurance (QA) checks were performesl it is stated by the UK DTA
procedure However, the experimental results@fiality Assurance (QA) checls

the RC slabs was described in\poeis section. Moreover, the slabs of this group
were used to extract the dynamic properties of intact slab under vibrational excitation,
as shown irFigure 4.23. After measuring and analysing teeperimental data, the
dynamic response dhe freefree supported slabs through modal parameters were
identified. All the four cornersof the RC slab aredmged using two flat webbing
slings. The results of this series were also used as the reference to compare with the
behaviour of the slabs of groups B, C, and D in order to study the effect of

dimensions, aspect ratio, and artificial void on modal parersegspectively.

Figure 4.23: Test slab (1200x1200x60mm) under ffese boundary condition
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4.5.2 Testing Group B Slabs

The two slabs of this series were smaller in dimensions than the group A. Since this
series slabs had lighter weight than grodipthey were safe and possibléo be
suspended by usirftexible elastic ropes (bungee cordsshown inFigure4.24.

However, the health and safety rules in Ndlldtatedto suspend the heavier slabs

(all groups except group B) witlssing two flat webbing slingdt is worthwhile to
mention thatbungee cords has good elasticity compared with flat webbing slings
When bungee cordwere even used to suspend the small slab (group B), it was
stretchedbput within elastic range as theyerenotyielded during this preess.

By decreasing the length and width of the slabs, the natural frequencies will be
increased because of direct relationships of natural frequencies with stiffness. If
smaller dimensions mean stiffer element; is direct relationship with mass (smaller
dimensions mean smaller mass). In soakes, the device might meragnvenient

to extract a couples of natural frequenagieadingsdue tolimited capabilityof both

the impact hammer and accelerometers. The device was not sufficient to extract more
than tree natural frequencies in such cases. For this reakdrs of dimensions
1200mm x 1200mm length and width were relied so as to extract at least six natural

frequencies and their corresponding mode shapes and modal damping.

Figure 4.24: Test slab (600x600x40mm) under figee boundary condition.
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4.5.3 Testing Group C Slabs

Group Cslabs were set up for both static and then dynamic tests. Both stétic an
dynamic tests were performed on this serieslabsin order to damage the RC slabs
and to identify the effects of damages on modal parameters (natural frequencies,
modal damping and mode shapes) of the siefysectively

The slab was simply supported at fallir sides.Figure 4.25 showsrubber pipe and

High Impact polystyrene (HIPs) were set on the top of the metal support around all
edges, which were the contactds between the slab and the support in order to fill
probable gaps betweehem To apply the partially concentrated monotonic load, a
metal square of dimensions 120x120x20mm was placed at the top face of the slab
centre where the concentrated load gaisg to be applied. The purpose of applying
partially concentrated load condition was to make large enough intervaliraglow
modal analysis at welleparated levels of cracking without occurrencemmching

shear failure mechanisrRartially concentratéd monotonic load test with a constant
rate of loading was employed during the teBhe left side of theFigure 4.26
illustratesstatic testing setup. The partially concentrated load was gradually applied
at the centre of the slab using a hydraulic jack. Both the hydraulic ratkimear
Variable Displacment Transducer (LVDT) were monitored to a data logger to
display the load and deflectioAt each prescribed loading step (5, 10, 12kN), the
deflection was measured using LVDT. Then, the slab was unloaded and gently put
on its side; after that its bottosurface was cleaned in order to inspect progressive

crack pattern visually.

Figure 4.25: Rubber pipe and HIPs been placed onto the support contact line.
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After each unloading and inspecting steps, the slab was suspended by flat webbing
slings to simulate a freieee boundary condition In order to avoid influences of
supports on responses gecimen. The rightside of theFigure 4.26 exhibits the
properly suspended slab; it was subjected to an experimental modal analysis, which
is the dynamic test portion. It is worth noting that an expemtad modal analysis

was firstly performed on the undamaged (intact) state of the slab. EMA of intact
slabs is important because the results of intact slabs serve as a reference sgecimen
same seriefor later comparison of dynamic characteristics atdifierent damage
states 5kN, 10kN, 12kN and repairedn addition, the intact case reswtsuld be
compared with group A in order to know the effect of increasing thickness from 40

mm to 60mmon modal parameters of the slabs.

e A i o

Figure 4.26: Static and dynamic tests of group C.

It is noteworthy to mentiothatat thefinal loading step corresponding 1@8kN load
when theslabbecame too frail, and jubefore theyield line formation,the slabwas
not subjectedfor further loadsbeyond12kN. The crackingpatternof the slabwas
then repairedin order torepair the damage, thHaulty zone(underneath of the slab)
was externally strengthened by bondirgy single layer ofCarbon Fibre Reinforced
Polymer (G-RP) Strengthening usin@€FRP has becomeone of the increasingly
notable materialsised invarious fields of engineering includingvil engineering

applicationsover the past decade the modern world.CFRP sheetshaving width
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100 mmwas then cut to length of 1200 mmaesa me of sl abédés | eng!
CFRP typeTR30Swas usedo coverthe centre of the slabamg both directions.
300mm central strip of the slab was covered by using three patsiogle layer of

CFRP strip. The tenge modulus of elasticityand tensile strength of this type of
sheets is 135GPa and 2.55GPa respectively. Whereas applying CFRP as a post
strengthening material in the repair of concrete increases the strength, it does not
have the significant effect ondhstiffness. Therefore, the particular use of CFRP
sheets is based on the bending moment, where the maximum bending moment zone
was strengthened with this material {Bhalib, 2013).

The bonding of an external CFRP laminatetorihe tensile stress zone of the slab
specimensubject todynamic testsvas carried out with a system approved epoxy
resin (West System Epoxy)This is madeout of mixing two materialsfesin and
hardener, was used to stick the CFRP sheetkd slabs. fle mixing ratio (1/5) of

1.0g of hardener for every 5.0g of resin wasduseassure a good cufEae mixture

should normally benixed for around two minutes, and there is only less than 20min
before it turns into solidA greatattention should be givewn thebehaviourof bond
between concrete and CFRP membratéch depends on thepoxy adhesiverull

bond is necessarpr transferringstresses between the concrete and GHieAce
developingcomposite actionlt is important to mention thapexy used is proved to

be durable materiahnd providesexcellentbond to concreta-igure 4.27 shows the

slabs wherthe location of CFRP sheatas marked and the CFRP sheets placed in
position.

Figure 4.27: Strengthening RC slab witbFRP sheet.
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4.5.4 Testing Group D Slabs

In this serés of slab,the configuration of damage induced into the physical system
was similar to thatmodelled numericallyGroup D slabs had induced artificial
damage. This was achieved mBplacing a concrete ar@ath a polystyreneSmall
square blocks of polystyren£50 x 150mm in plan and80 mm deepwas concealed

in the slabat distance 300 in x and y directiofiem one cornerduring the casting
process of slabThe slab with the void arrangememt the lab is shown in
Figure4.28.

Figure 4.28: Artificial void induced on the surface of the slab durihg casting process.

The polystyrene block stiffness is expected to be very low compared with the
concretestiffnessand thus,can be assumed to be z€efbe artificial void produced
certain level of reduction of the slab atid® moment of inertia (second moment of
area). Dynamic test (EMA)was performed in order to identify th@esenceof
damageand its locatiorusingmodal parameter@®atural frequencies, modal damping
and mode shapes) of the slabs

The imperfection indued in slab served as models for familiar practical problems in
civil engineering structures manifested as voids, unfilled volume with concrete due
to any obstruction or any ndromogeneity in concrete elemenitsshould be noted

that thiscasedescribesdw level of damage for the slab, corresponding to a local
reduction in flexural rigidity

The experimental procedure consisted of measuringlyhamic properties of the
system Furthermorethe testing results of this group were compared with those of
group A (intact slabs) in order tdeterminethe effect of artificial void on modal
parameter, whereby the location of damage will be identified.
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4.6 Summary

This Chapter introduces the main aspects of the methodolotyys researchThe
vibration testingorocedure including the essential excitation source, response source,
data acgisition system are summed up. Tleisapteralso presentshe details and
proper dynamic testing sap for the equipment commissioned for experiment work.

In addition, generdiacts on the signal processing analysis concept and the quality of
the measurements are reviewed. Eventually, the paradigm for the procedure of EMA
technique is explained comprehensively along with the quality assurance checks
involved in the procedureln term of quality assurance checks, reciprocity,
homogeneity, reapitablity and coherences checks, their general checks agree with the
theoretical description. It is clear from the measured frequency response function
checks that there is a good agreememttf@ excitation and its corresponding
responseThrough the accurate testing procedures with the whole necessary checks,
it can be ensured that the vibration measurements represent a realistic experimental

model of the dynamics of the reinforced concedéd.

Once the quality assurance checks wessuredfor initially tested slabsthe
laboratory reinforced concrete slab specimergeclassified into four main groups.

The specifications of each group of RC test slab were described. Each group
consisedof two RC slabs, which were had almost similar concrete strength and steel
reinforcement type and spacing. The description of the slabs extended to provide
illustrated explanation to the scenarios assigned to each state condlitieiabs

were tested wter freefree boundary conditions. The casting process of the slabs are

described; and the sap of the partially concentrated bending iegiresented

102



ChapterFive Modal ParameteEstimation

5. Modal Parameter Estimation

5.1 Introduction

After lab measurements were obtained, and their quality was assudescribed in
chapter four the postest analysis phass required to bechieved. It is worth to
mention that FRF measurements are started to be analysed in this phase to estimate

modal parameters of the structure and presenting them in the meaningful manner.

Modal parameter estimation, which is also called curve fitting,ksy step in EMA.

It is worthwhile to mention that this step has received more attention during the past
thirty years. Hundreds of papers documenting many different approaches were
published and can be seen in the technical litergRichardsorandSchwarz 2003).

Modal parameter estimation is a step how to extract or calculate the frequency,
damping and mode shapes from the measured data. The measured data is relatively
raw form in terms of force (excitation) and response data in the time or fi®gue
domain, or in a processed form for instance frequency response or impulse response
functions It is important to mention thahost modal parameter estimation is based
upon the measured data being the equivalent impulse response function; or frequency
response functio (Allemang and Brown 1987). Equivalent impulse response
function typically found by inverse Fourier transforming the frequency response
function.

Taking an efforin this chapter on the modal parameter estimation is to explain and
simplify the understanding of frequencies, damping ratios and mode shapes

extractionof a slab.

The first stage in modelling the dynamic behaviour of a structure is to determine the

modal parameters as introduced above:

1- The resonance, or modal, frequency
2- The damping for the resonaricéhe modal damping
3- The mode shape

The two modal parameters (i.e. modal frequenciesdamipingratiog are termed
nGl obal Parameterso as can be estimated

on the structure (except theo$ocated in a nodal position where the displacement is
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zero). However, in order to precisely model the associated mode shape, frequency
response measurements must be made over some DOF, to ensure a sufficiently

detailed covering of the structure undendmic test.

Experimental results often requit® be compared and correlated to find out
unavoidable inaccuracies caused by the user intervention, instrument or any other
effects. Therefore, to ascertain validity and reliability of the experimental results
they are required to be compared with results of theoretical countéipiirtregard

to the terminologyused the comparison and correlatioof theoretical and
experimental tsuctural dynamic properties are recognised by Ewins (1995) and DTA
(1993c) adwo significantly different activitiesComparison is a qualitae process

of merely observing botlsimilarities and differences between two sets of data,
however,the correlationis shown as more complex activity. This is because the
correlationcomprises of combining the two sets of daténdeavoure@t quantifying

the differences between them and alke sourcedhat causing these differences
(Pavic, 1999).

For this reasons, analytical frequencies of the slab (plate) using closed form equation
and numdcal frequencies and mode shapes using ANSYS software are also
explained how tobe extraced Then, the comparison is made to observe the
difference between experimental and theoretical results in chapter 6. Whereas, the
correlation is made to observe tleeation of difference between two condition of

experimental results in chapter 7.

5.2 PosttestAnalysis andEstimation of Modal Parameters

5.2.1 Overview Modal Parameters Estimation

The posttest analysis phase is achieved after field measurements are obtained, and
their quality is assured. Determining the modal parameters of a structural system
from field measurements requires a knowledge of structural dynaasicgell as

signal pr@essing theoryModal parameter estimation is known as a complex eurve
fitting techniquewhich is a key step in Experimental Modal Analysis (EMA)
general, Modal parameters are evaluated from measured data and specifically
FrequencyResponsd-unctions(FRF9 or ImpulseResponsd-unctions(IRFs). It is
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important to mention that IRFs are determined using the inverse Fourier transform of
the FRF.In this study, FRF measurements are used and analysed to determine the
modal parameters of the tested structiitee obtained modal parameters describe the
dynamic behaviour of the structurdNumerous modal parameter estimation
techniques are available to perform a convenient analysis and obtain the
mathematical model based on modal parameter estimation (Avjt2bil&) The

modal posttest analysis method alled peakpicking or peak amplitude is
commonly used in conjunction with Single Deg#e-reedom (SDOF) systems to
determine the modal parameterbe peak pick methods are widely used owing to its
simplicity. SDOF method accomplishes sufficiently with structures whose FRFs
show weltdefined and adequately separated modes at resonance frequencies. Then,
the FRF data at the vicinity of a resonance frequency is treated as SDOF (Ewins,
2000; He and FWR001). SDOF modal parameter estimation methods calculate the
parameters of a system in either a local or global sense. Local techniques determine
the modal parameters such as a natural frequency and modal damping from a single
FRF measurement. While glabSDOF methods determine the modal parameters,
for instance, natural frequency, modal damping and mode shapes of a system using a
complete row or column of the FRF matrikigure 5.1 present the flowchart of

modal parameters estimatiadopted in this research
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Usmg eqramns (5 10-5 2‘_I) to

 of grid of 25 pomts’(DOFs)

Using MAC and COMAC
Using Matlab windows to plot the techmquesasmch?mdlts

“mode shapes which are in ch. 6
code in appendix D for validation
for visual comparison the mode shapes.

Figure 5.1: Flowchart of modal parametektraction adopted in this research

106



ChapterFive Modal ParameteEstimation

5.2.1.1 Resonancd-requency Extraction

FRF is expressed in the following equation which is the ratio of the response to the
excitation signals in the frequency domain (McConnell and Varoto, 2008).

. w1

o) o (5.2)
Resonance frequency is the easiest modal parameter telidlely obtained. A
resonance frequency identified as the highest amplitude in the magnitude of the
FRF, and the frequency corresponding to the specific peak represents the resonance
frequency( ¥) of t hat nilbedBF ob the shabs weraextractad using
the program subroutine coded witklatlab. The developedcode is presentedn
Appendix B.From the FRF, e natural frequenciesf RC slabsrelated to each
parametersare extractedas shown inFigure5.2. It is worthy to mentiorsix natural

frequencies of the six mode shapesre extracted fogroups A, C and DWhereas

three natural frequencies of group B were extracted.

. ! A < ) <
10611 166.3 | 2566 4342 45822

Drive mobility (dB)

Frequency (Hz)

Figure 5.2: Extracting natural frequencies of RC slab

5.2.1.2 Damping Estimation

It is worth noting that natural frequency and damping of the structure can be

extracted from any FRF measurement where the resonance is clearly presented. To

107



ChapterFive Modal ParameteEstimation

extract the damping of the system, the magnitude of averaged FRF was drawn as
shownin Figure5.3. In thesame FRF chart, one of most used method which is called
the half power (3 dB) points of the magnitude of FRF was employed to obtai
damping ratio of the slabs. Extraction of the modal damping was relatively simple.
From the sharp point of natural frequency, one can easily identify the maximum
amplitude and size of haffower. At the value ofi@ dB) and on both sides of the
peak, a prallel lines were dropped off on the abscissa axis which is the natural

frequency axis

A H ,, (w)
A
3dB
& A4
°
2
°
: B
2:_ H py (W)
< 1o V2
@, O, @,
Frequency

Figure 5.3: FRF log scale plot for extracting damping ratio.

By det ernmdwm iam ghe mmodal damping wasalculated. Viscous modal
damping X) is experimentally identified through the halbwer points of a
resonance magnitude for FRF and can be writteEqgstion(5.2) (He and Fu,
2001). Herebyit is manifesed that the width of the response amplitude of SDOF

system is proportional to the damping ratio of the system.

Q1
s — 1 (5.3)
1
s ctu (5.4)

where
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3 is the modal damping of the system
¥r is the resonance frequency

¥b-¥a IS the width of the resonance curveate over the square root of two

of theresonance
d Is the damping loss factor

The calculated viscous modal damping ratios for the RC slabs from Nife E
measurements are displayadChapter six

5.2.1.3 Mode ShapeEstimation
Mode shapes extraction are more complicated. It is not possible to easily extract the
mode shapes from the chart or from only some FRF measurements. Therefore, the
mode shapes are usually extracted from sufficient response points. The dgmmo
used single degree of freedom method involves the information at a single frequency
as an estimate of the mode shapes of a structure is referred to as Quadrature Picking.
This technique is applicable for structure that its modes of vibration areylightl
coupled, sufficiently separated; otherwise it is not valid (Agilent Technologies,
2000). Therefore, other SDOF methsdch asCircle Fit can be used instead when
modes of a structure are heavy coupled maodagins, 2000) In practice, RC
structures areidhtly damped systems where their damping is less than ten percent.
As a consequence, the modes of vibration of RC structures will be lightly coupled
(Ewins, 2000;Wallack 1988. Figure 5.4 is a typical example of using the
information at the peak frequency location. Negative or positive peak in the
imaginary part of the Response (X) Excitation (F) frequency response fundians a
estimate of the modal vectors of a simple beam, which are measured from eight
equally spaced response points. The imaginary part of the FRF is a more informative
plot since amplitude and most importantly the direction of the response are shown
(Avitable, 2012). Its amplitude has direct relation with residue, and residue has direct
relation with mode shape. Without any scale factor, the drawn mode shapes can be
visually observed. It is worthwhile to mention that beam is one dimensional case and
it requres a line of response points. However, in two dimensional case, the mode

shapes are usually measured from grid response points. Therefore, in this study, the
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mode shapes were measured from 25 equal

surface.

Vibrating Beam

Measurement
Points

Figure 5.4: Curve fitting FRF measurements (Richardson, 1997).

However, for advanced analysis techniques such as structural dynamic modification,
prediction, correlation and simulation, the scaled mode shapegded to preserve

the correct properties of the structure. The estimation of mode shapes of a system
generally follows a twestage procedure: Firstly, the modal vectors are estimated,
which are previously described. Secondly, the modal vectors and noadiagsare
determined here. Modal scaling means that mode shapes of a system can more
sensibly be derived by including the excitation force by using advanceepuxdkg

method. In such case, the residues (Ar) of a damped system for a particular mode are
estimated at the peaks of an FRF, which are represented as (Ewins, 2000).

( ] 0 (5.5)

for under damped system

— (5.6)
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Even,for a 20% of damping ratia;=0.98%

T 1 (5.7)

5
(5.8)
¢ G 11
Substitutedequation(5.7) into (5.8) and given(5.9):
(7 0 (5.9)
=1
(7 0 (5.10)
— 1
fo) ( 1 - (5.11)
i 5 (5.12)

It is important to mention thahe sign of each sponse point will take from the

imaginary part.

where:
dr is the structural damping lodactorof rth mode of vibration
¥r is the resonance frequency Bfmode of vibration
Ar is the modal constant/residue Bfmode of vibration
[H| is the maximum amplitude of a receptance FRF
q is thesimplified scaled mode shape

The mode shape is scaled at unitary mass. Firstly, the residues Ar are determined
from the FRFs of the system, they are scaled according to the driving point
information at DOF 1 (D@ssing, 1988; Maia and Silva, 1997). Secondly, the

dampingfactori r 3¥= desved from the width of the pole at the half power points.
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Finally, the natural frequency of th& mode is identified from the peak value of the
FRF. The damping ratio is estimated from the hptiwer points which is located at
peak with amplitude. The value of the residue A will be calculated afterwards as

follows:

(5.13)

o) ( i, (5.19

where:
Or is damping factor

To mathematically present this method, the residagix, which extracted from one

measured column of a receptance FRF matrix, is symbolically claagied

o) O T (5.15)

where:
[A]" isdriving point residuenatrix
Qr s the scalindactorin relation to ¥ mode of vibration
{ y"lis ther mode shape (Eigenvector)

After that, this matrix is disassembled into its equivalent actual mode shape

coefficients, and can be expandedake the form:

0 0 8 0 ,

0, o . U

1 06 8 0 4 & T [ (5.16)
L] é é E é Y| 8 E

Ts) 0 8 0 ¥ [ [

Alternatively, for a general residue matrix the corresponding mode shape coefficients

can bedefined as
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$ 6 8 0 & T L
w0 80 qg kLT 8T (5.17)
1) é é E é 1 1] é é E é 1l
Ts) 0 8 0 U u I [ I 8 [ [ U

The residue is equal to the expression shovgumtion(5.18) at the driving point

location
& Or T (5.18)
where:
p is the response DOF
q is the force excitation DOF

The scaling facto®: has a relationship between the modal mass of the system,
hasbeen shown that the modal mass is equivalent toxiiression shown in
Equation(5.19) (Dossing, 1988)

5 - pﬁ (5.19)
where:
M is modal mass for"” mode
Qr is scaling factor for"" mode
¥r is damped natural frequency fidt mode

When themode shape is scaled at unitary m#éss modal mass for each mode is

assumed equal ttne Equation(5.20) shows the calculation of the scaling fact

P (5.20)
q

C
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Once the driving point residue and scaling factor are calculated, the scaled driving
point modal coefficient can be calculated usitgiation(5.21). It should start from

the point where the excitation force and response are exist simultaneously. For
instance, when both excitation and regmiare at the DOF ¢p= yqr, the scaled
driving point modal coefficient can be simply calculated using the following

equation.

(5.21)

Once this modal coefficient is determined, the rest of the scaled modal coefficients

can be calculated usirigquation(5.18).

The scaling process isssential to preserve the relative motion between various
response points along the model. Furthermore, it is important for utilising mode
shape for further analyses such as modelling, correlation, identification and

prediction rather than for only visuadpresentation (Avitabile, 2007).

In the two following sections,nalytical frequencies of the slab (plate) using closed
form equation and numerical frequencies and mode shapes using ANSYS software
are also explained how to be extractElaey are requiretb be compared with results

to ascertain validity and reliability of the experimental results,

5.3 Analytical Vibration of Thin Plates

The governing differential equation for the vibration of thin elastic plate assuming

small deflection theory and no sheareeffis (Blevins, 2001; Lee, 2009):

1 To 1o oo,
(@) ” - (5.22
T T T 5
Equation(5.23) can also be written in a short form

- 5 L; i (5.23

Or
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where:

o ¢ _IU ,
0 5 N

is transverse displacement
is applied load on the slab
is density of the plate material

is bending rigidity of the platevhich is depended as:
gQ
pcp 1
is modulus of elasticitpf the plate material
is the Poissonds ratio of

is Laplace operator

(5.24)

(5.25)

t he

(5.26)

(5.27)

pl at

For freeundampedvibration, the external applied load will be zero, hence equation

(4.3) will be:

on v < T
0

(5.29)

The dynamic response for free undamped vibration of plate can be expressed in the

spectral form aglL.ee, 2009:

where:

0 ofudo w ouh Q

<
C
C:l-o

(5.29)
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@ ofd s the spectral components 6f Giudo
0 is the sampling number

Substitution of equation (4.8) into equation (4.7) gives:

ol 1 "@ m (5.30)

Solving equation (4.9) for natural circular frequency yields:

C

1ol

1 = (5.31)
a0
Or
g = 9 (5.32)
C“ :I‘xab ‘
where:
1 is natural circular frequency for n mode, measured in rad/sec
Q is natural frequency, measured in Hz
o} is dimensionof the longer side of the plate
® is dimensionof the shorter side of the plate
Q is plate thickness

is mass density per unit area of plat@&(
o is a dimensionless natural frequency factor

Equation (5.32) offers useful information for finding out approximate natural
frequencies of théaboratory slab before any preparation of the experimental work.
By knowing the preliminary natural frequensjeappropriate equipment such as

impact hammer and accelerometeasbe chosen for exciting the specimens as well
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as acquiring the responses of such specimens. On this basis, the suitable dimensions
of the specimens will be selected otherwise the seledjaghment is not capable to

clearly acquire the signals which are relatethtobehaviour of the specimens.

The dynamic modulus of elastictyB nd Poi ssonds ratio g are
for weighing the physical property of concrete material undigmamic loads.
Dynamic modulus of elasticity (E), also called dynamic Young's modulus, can be
determined from static modulus of elasticity using some spetdiimula It
represents the elastic property of concrete and is being employed in determining the
rigidity of the concrete under dynamic. Lee et al. (1987) and Memory et al. (1995)
aimed theoretical analysis to determine dynamic characteristics of reinforced
concrete as well as composite constructions, all maintained that is crucial to take into
account is dynamic modulus of elasticity of concrete Ehe dynamic modulus of
elasticity is a module which is estimated by means of vibrations of concrete
specimens test, only a negligible stress being applied (Neville, 2011). As a matter of
fact, the stressein the structural members under impact vibration condition are
extremely small. Owing to a low stress level in concrete, there are no developed
micro-cracks and there is no creep. As a result, the dynamic modulus of elasticity is
considerably much highehan the secant (static) modulus that is determined by
applying the static load onto concrete specimens (Berczynski and Wrdblewski,
2010).

Khalil and Gilles, (2002) found that the difference between static and dynamic
module of elasticity of concrete due to heterogeneity of concrete, which affects

these two module.

The static modulus of elasticity for normal weight concesteecommended by ACI

31811, can be expressed as

% T1TXO0I® (5.33

where:

% is modulus of elasticity of concrete expressed in MPa
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Q is concrete compressive strength based on cylinder test-day23
expressed in MPa

While, BS 8110 suggests the following equation for estimating elastic modulus of

concretes for nonal compressive strength:

% Lo ,rrff_ (5.34)
where:
% is static (secant) modulus of elasticity of concrete expressed in MPa
e is concrete compressive strength based on cube test-day28
expressed in MPa
( is partial safety factor, which is 1.5

Although various empirical relations between static and dynamic modulus of
elasticity are valid, the simplest one is proposed by Lydon and Balendran (1986) as
quoted by Neville (2011):

% TR0 % (5.395

where:
% is the dynamic (tangent) elastic modulus expressed in MPa

However, the following expression is recommended by British testing standard BS
8110 Part 2, which is utilised tneasure the dynamic modulus of elasticity of normal

weight concrete. It important to mention that both moduli are expressed in GPa.

% P& L% P W (5.36)

Since the compressive strength of cube specimens was takeatjons(3.34) and

(3.36) are adopted to work out the static and dynamic modulus of elasticity of
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reinforced concrete slab specimeansthis study This is due to the fact that the

concrete compressive strength based on cube specimens.

The value of the dynamic

from the static tests. The averaga | u e

of

t he

Poi ssonbds

ratio

dynamic,Poi s s«
whereas the stat (MatheRd9b68.sonds r at i

o i

The averageoncrete compressive strengihthreecubes of each slalat 28days

was29.15MPa The static modulus of elasticity was calculatetgragubstitutinghe

compressive strength value into equation (3.34hile, the dynamic modulus of

elasticity was determined after substituting static modulus of elasticity value into

equation (3.36)as presented iTable 5.1. After substitute the dynamic material

properties of RC slabs, the natural frequencies of freely supported RC slabs was

obtained.

Table5.1: Static and dynamic material properties of RC slab

ltem Static Dynamic
Modulus of elasticity (MPa) 24246 34597
Poisson’sratio 0.2 0.24

5.4 Finite Element Modelling

Finite element modelling is a popular technique employed to analyse complex
systems in different engineering disciplines. Its basic idea is that the model is split

into a mesh of finite sized elements whose behaviour is generally assumed to be

S

given by aplying mathematical expressions. The purpose of finite element (FE)

models in many civil engineering applications is to predict the behaviour of

structures when subjected to various loading and displacements that would otherwise

be difficult to determineThe use of dynamic characteristics in the verification of FE

models has become common owing to the global nature of the vibration properties.

The dynamic properties are obtained from a FE model through solving an Eigenvalue

problem of the system. This inlves the extraction of the natural frequencies

(eigenvalues) and mode shapes (eigenvectors) in terms of mass and stiffness

matrices. The material propertissu ¢ h

as

Poi

ssonos

rat.
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elasticity of the FE model of the RC slab are ideatito that use in the analytical

section.

Several software are available for modelling various structural engineermgere

to obtain an accuratnite element solution for specific problems. In this study, the
linear elastic modal and dynamic resppasalyses are necessary to be performed by
a suitable commercial finite element package. One always has to decide which
commercially availablepackage reliable to be opteBue to its powerful linear
dynamic analysis capabilities, it is widely appliedattarge number of applications

in engineering disciplines such structural, mechanical and aeronautical engineering
(Moaveni, 1999). In addition, extensive graphical and pre and post processing
capabilitiesof ANSYS can also be aalid reason to fame thisofware. As a
consequence, ANSYS can also be considered appropriate packagemployedh

this work for estimaing the dynamic behaviour of reinforced concrete slabs
specimens in terms of natural frequencies and their corresponding mode $hapes.
following types of ANSYS finite elements are used for FE modellimgth the
reinforced concrete slabs; and teblefor hanging the slabs to produadreefree

boundary condition.
A SHELL®63

There are three different type of elements namely shell ele6&nt81 and 281
provided within ANSYS software which can be used to extract natural frequencies
and associated mode shapes for RC slabs. However, after several trials, the author
comes to a concl usi on t lrigure5.SidthelbdsttoBedo whi c |
choose for modelling the undamped free vibration analysis of RC slabs. This is
because such element is suitable for thin to moderately #fiek structures and
commonly used for concrete slabs. Moreover, SHEELL63 is arfodded linear

elastic element with allowing both bending and membrane action capabilities and six
degrees of freedom at each nolliere importantly, after several trial$,was found

that the natural frequencies of this element is considerably close to the analytical
results. In additionthe graphical representation ofiode shape of this element is

quite obvioudo understand
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X

Figure 5.5: Geometry of SIIELL63 element (ANSY3013A).

A COMBI N14Dafh@pr i ng

The SpringDampersare chosen as an additional elementntodel hanging cables

for supporting RC slabin order to simulatefreefree boundary condition.
COMBIN14 is a 2 node element which may have stiffness corresponding to either
three translations (linear spring) in the noday and z directions or three rotations
(rotational spring) about the nodaly and z axes at eactode, depending on which

option is desired to be selected.

Figure 5.6 shows the geometry, node location and the coordinate system of
COMBIN14 (SpringDamper). This element is defined by two nodes, a spring

constant (k) and damping coefficient (CV).

More detailel description of the mentioned elements can be found in the ANSYS
User's Manual (ANSYS, 1995cAfter some trail to modelffreefree boundary
condition with or without this elemennsignificant difference was found in natural
frequencies estimation.

Torque ~~ \x
i}

|
I
I

I
|
|
|
|
| -~
T aista TS |

Figure 5.6: COMBIN14 Geometry (ANSYS, 208.
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A. Boundary conditions

It is widely acknowledged that boundary conditions of the structure are the main
source of error between field experiments and laboratory or even computer
simulation (McConnell and Varoto, 2008). This mean that the boundary conditions
influence the accurgoof the vibration testing results. Toinimisesuch discrepancy
error, the structure is required to be testedaifieefree stateSuch modelling has
already been presented by several researaidgling Al-Ghali (2013 andNdambi

et al (2002).

Freely supported slab implies freely suspended in a space where all its points are not
attached to any other member or ground. The reason behind this is that the dynamic
measurements have the capability to precisely reflect the properties of the slab when

the influence of poorly defined supports are interrupted.

In numerical analyses of frdeee conditions, six rigid body modes are exhibited and
each of these has a very low natural frequency, close to zero. The frequency will be
negligible when the values lower than those of the bending mode. This context
means that the highest natural frequency of rigid body modes is less t2afol6X

the value of the lowest deformation natural frequency (Ewins, 2000). For example, if
the first bending mode of a tedtstructure is 100 Hz, all of the rigid body modes
should be less than 2D Hz. As a result, such support is considered to be satisfied
when the flexural modes of the tested structure are not influenced by suspension

approach.

5.5 Experimental and theoreticalresults of groupA slabs

Group A slabswere used to extract the dynamic response of intact slab under
vibrational excitationThis group was used as control ofiae dynamic response of

the freefree supported slabs through natural frequencies were ifdehtafter
measuring and analysing the experimental data. It is important to menticohat
modes shapes fronthe experiments werelisappeared. Irexperimental modal
analysis, it is always possible that some modes are not excited if the force is applied
close to the nodal point (Cupial and Artoos, 2001). For symmetric structures, some
modes are missing from the model atiterefore the dynamic progrties of the
structure for those modes cannot be predidBee, 2001). From experimental work
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of this study, the natural frequencies of six mode shapes (1, 2, 4, 6, 8 and 10) were
extracted for slabs AThis means that mode shapes corresponding to ahatur
frequencies 3, 5, 7 and 9 were missed in experimental work. This phenomenon is
quite normal in the experimental work because it is difficult to identify the natural
frequencies of all modes from experimental measurements. This is due to the fact
that thrd and ninth modes may have nodes located at the nodal point. Whereas fifth
and seventh mode shapes were missed because of the symmetry of the reinforced
concrete slabs which had square dimensions. The natural frequencies of a pair of
double modes arerabst the same in the symmetric structure. Thus, mode shape 5
and 7 had natural frequency equal to the natural frequencies of mode shapes 4 and 6
respectively. It is able to read or extract only one value of natural frequency of a pair

of double modes frorthe magnitude of the frequency response function.

The experimentaand theoretical gnalyticaland numerica) natural frequencies of
six (1, 2, 4, 6, 8 and 10) modes as well as their percentage difference are tabulated in
Table5.2 and they are graphically shownhingure5.7. This comparison is to verify
the accuracy of the experimental results. The two sets of frequemei€®mpared

on a percentagdifferencebasis as follows:

e om A P N
0 AOAARDAEAOAAA— (5.37)
where:
Yexp. is the natural frequency obtained experimentally
Y¥theo. is the natural frequency obtained d&yalytical and numerical
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Table5.2: Experimentaland theoreticahatural frequencies of RC slab, group A.

Mode Experimental (Hz) Analytical | Numerical Relativedifference%
No. Slab1 | Slab2 | Avg. (Hz) (Hz) Anal. Vs Exp | Num. Vs Exp
1 102.3 | 106.1 | 104.2 | 101.1 104.8 3.1 0.6

2 150.7 | 166.3 | 158.5 | 146.8 151.6 8.0 4.6

3 NA NA NA 181.8 179.5

4 2500 | 256.6 | 253.3 | 260.7 268.0 2.8 55

5 NA NA NA 260.7 268.0

6 419.7 | 434.2 | 427.0 | 457.6 459.5 6.7 7.1

7 NA NA NA 457.6 459.5

8 477.2 | 458.2 | 467.7 | 477.1 489.5 2.0 4.5

9 NA NA NA 520.6 534.2

10 502.9 | 502.0 | 502.5 |581.2 579.9 13.54 13.3

As can be seen ifmable 5.2, the relativedifferencebetween theoretical (analytical

and numerical) and experimental natural frequencies fadbend, sixthenth mode

is significant compared to tHest, fourth andeighth modes. Thdowest error was
obtained in the first mode which is only 0.6% when conmggthe numerical and
experimental, whereas the error 2.0% is found in the comparison between the
analytical and experimental in the eighth mode. However, a nodéislervation of
relative differenceis found between the experimental and theoretical and numerical
natural frequency respectively about13.5 and 13.3 % in the tenthode This
suggests that the higher mode of vibration is more influenced by the litg)abithe
hanging cable than tHewer modes.The variationof natural frequencies is one of

the most common measures used in dynamic testing for condition assessments to
monitor the structureshe six experimental natural frequencies of intact RC slabs
arerecordedand ready to be compared with other groups in order to study the effect

of parameters of that group

When the same proceswas repeatedwith group A slabs to extract the natural
frequenciesfinding any variation to the frequencigsthe second triat mears that

there is something unusual happgnto the specimensSuchtrend implies that the
natural frequency change is correlated with the imperfection due to any reasons,

which will provide the basis for a structural health monitoring of the tested slabs.

124



ChapterrFive Modal ParameteEstimation

600

500
g

g 400
2

2 300
=
o
=

-TE 200
g

0

1 2 4 6 8 10
Mode shapes
B Analytical M Numerical Avg. Experimental

Figure 5.7: Comparison of natural frequencies of RC slab, group A

The six measured dampimgtio of slab Aaregiven in Table5.3. Since modal
damping is very difficultor unavailableto evaluate analytically, it was evaluated
experimentallyAs aresult,the comparisoms made between experimental damping

ratiosof other groups of slab in Chapter six.

Table5.3: Damping ratio for test RC slab, group A.

Mode No. Slabl Slab2 Average
1 0.85 0.98 0.92
2 0.8 11 0.98
4 0.9 1.01 0.80
6 0.8 0.77 0.83
8 0.76 0.76 0.76
10 1.16 0.88 1.2

From previous studies, it found that the mode shape can also reveal information
regarding the state of the structure. It would be expected that the mode shape
becomes distorted from the initial shape due to the presercraaking change the

support or occurrence any other defects
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In experimental modal analysis, it is always possible that some modes are not excited
if the force is applied close to the nodal poi@upial and Artoos 2001) For
symmetric structures, sonmmaodes are missing from the model and therefore the
dynamic properties of the structure for those modes cannot be pre(iited,

2001). From experimental work, theix mode shape¢l, 2, 4, 6, 8 and 10) were
extractedfor slabsA. These six mode shapesden freefree boundary condition

were compared with their counterpaafstheoretical analysisThis is to verify that

the shapes look to be the same at the corresponding natural frequéncses.
important to note that moddhapes corresponding to natdraquencies 3, 5, 7 and 9

were missed in experimental work. This phenomenon is quite normal in the
experimental workbecauset is difficult to identify the natural frequencies of all
modes from experimental measuremeftss is due to the fact that mesl 3 and 9

may have response poirleated at the nodal poirfsince these mode shapes had a
node at the nodal point position, these standing wave patterns for such modes were
not be excitedHowever, mode shapes 5 and 7 were missed because of the symmetry
of the reinforced concretequareslabs. The natural frequencies of a pair of double
modes are almost the same in the symmetric structure. Therefore, mode shape 5 and
7 had natural frequencgqual to the natural frequencies of mode shapes 4 and 6
respectively. Usually, one mode of a pair of double modes can be identified while the
other is likely to be missing from the experimeAwitable (1999 described that the

peak amplitude of the imagary part of the FRF is directly related to the residue
(which is directly related to the mode shape). In experimental work, the peak
amplitude has only one value to be read. Therefore, mode shape 4 and 6 were
identified while their pair mode 5 and 7 midseom the experimeniThus, missing

the information obne mode in a pair of double modes will not affect model updating
(Chen, 2001)

The intact mode shapes of groups A are visually compared with numerical mode
shapes whiclaredisplay inthe following Figures 5.8 - 5.10. It is important to note

that theexperimentamode shapes of slab 1 and 2 of group A as displayEdyure

5.8 and 59 respectivelycan be directly compared to the numerical mode shapes in
Figure 510 (e.g. 1st mode in the upper left each figure should show the same
pattern) The colours (from both experiment@hd numerica) graphs correspond to

the areas where the response is highest (red) and lowest (blue).
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Figure 5.9: Experimental mode shapes of RC skalgroup A.
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Figure 5.10: Numerical mode shapes of Rtab, group A.

In general the slab structure was tested while handiygcables, which closely
approximates a fregee boundary condition. The modes of the numerical model
were also calculated using fréee boundaries.The main objective of this

comparison is to verify the experimental mode shapes with numerical results.

It can be said that close agreemevds found between the experimentahnd
numerical mode shapes of the groupsslAbs.The first, fourth, sixth and eighth
modes as shown in Figute8 and 5. 9 show very clear mode shapes that closely
follow the numerical patterns in FigurelB. The tenth mode (lower right of Figures
5.8 and5. 9, resemble the expected patterns, however it has very slight difference
(two corners moved up and théet two were moved down) which is contrary to the
numerical mode shapeSuch slight difference is attributed to the symmetrical
condition of the slabThe exception to thixase isthe second mode which is
somewhat different from numerical one. It is expdthatthe way of hanging of the
slabwasthe source of the differenad# this mode Since the slab was hanged at four

corners, the four corners were not fully free as modelled in numerical analysis.
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Overall good agreemenwas obtained between experimahand numericalmode
shape®f reinforced concrete square slabs.

5.6 Summary

It is worth to mention that, this chapter stdrbw to estimate modal parameters from
FRF measurements ithe post test analysis and presenting them in the meaningful
manner In this context, modal parametewhich isincludedas resonant frequencies,
damping ratios, and mode shap@&se theoretical estimation (analytical natural
frequencies using closed form expression and numerical natural frequencies and
mode shape using ANS software) isalso explainedlt is also important to mention

that dynamic modulus of elasticity aftlo i s s o nafe<larified &and osed for
estimating theheoretical results.

In the final section of this chapterxperimental result®f control group (A)are
compared with theoretical results to ascertain the validity and reliability of the

results.
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6. Parametric Studies Using Modal Parameter

6.1 Introduction

After lab measurements were obtained, and their quality was assured as described in
chapter four, the pogést analysis phase was achieved in chapter five in order to
estimate modal parameters. It is worth to mention that modal parameters are started
to be analysed in this chapter sdudy the effect of parametric studies modal
parameters of the reinforced concrete slafiserefore, he primary aim of this
chapter is to appraise the effect of some important parametric studies on the
behaviour of reinfazed concrete slabs through modal parameters espgyimental

modal analysis Importantparametric studiesuch as dimensiondegree of damage

and damage locatiomere studied and tried to examingheir effect onmodal
parameters. Moreover, the effect parametric studies will be explained.As
previously mentioned that experimental results often require comparison to know the
degree of possible inaccuracies that might cause during the experiftegristore,

to ascertain validity and reliability of the experimental results, they are required to be
compared with theoretical results.

To study the effect of dimension throughanging thdlexural rigidity, two slabs of
groupB were cast and testeshd then comparetieir resultwith control slabs, group
A.

To study the effect of thicknesfiefural rigidity), two slabs of group C were cast

and tested and then compared its result with control groiatic and dynamic test

were employed for this group. The formimst was utilisedn orderto introduce
degree of damage in the slab. Whereas, the latter test was utilised to extract the
properties of slab though modal parametérhis case describes gradual increake
damagg(in three incremental loading) reinforced concrete slatmrresponding to a
gradual reduction in flexural rigidity, which is described as a practical problems in
civil engineering structure§ o study the effect of degree of damage, the results of
slabs under eacmcremental loadingcompared with intact case of sargeoup

groupC.

To study the effect of artificial damage (void), two slabs of group D were cast and

tested and then compared with the results of grogfalds A polystyreneblock was
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put in a concrete mix at th@articular location of a slab to create artificial damage.
The polystyrene block stiffness is expected to be very low compared with the
concrete stiffness, and it can be assumed to be Zsraresult, he artificialdamage
producedan approximate drop ithe crosssectional area as well as drop in the
moment of inertia (second moment of area). The imperfection induced in slab served
as models for familiar practical problems in structures manifested as voids, unfilled
volume with concrete due to any obstian or any norhomogeneity in concrete
elements. It should be noted that this case describes low level of damage for the slab,
corresponding to a local reduction in flexural rigidifjherefore, Dynamic test
(EMA) was performed in order to identify theegence of damage and its location
using modal parameters (natural frequencies, modal damping and mode shapes) of

the slabs.

6.2 Studied Parameters

Important parameters such asmensions(side length and thickness of the slab),
severity and damage locatitiave been studied and tried to exantimar effect on
modal parameters. In this context, modal properties will be defined as resonant
frequencies, damping ratios, and mode shapes. Moreover, the effect of studied

parameter on the matproperties will beexplained in the following subsections.

6.2.1 Effect on Natural Frequencies

It is known that the stiffness of a structure has direct relation with its natural
frequencies. Therefore, any change happens to the stiffness; the effect will be
manifested in the natal frequencies. For example, deciegghe thickness of the

slab or presence of cracks inviill reduce the stiffness; as a consequence, the
reduction in stiffness is revealed as a deswem the natural frequencies this
section, it is attempted w@valuate the reliability of natural frequency measurements
as a necessary tool. Different parametric studies for instance dimensice)
damage severitythe effect of repair workand artificial voidof the prescribed slabs

wereconsidered using afementioned technique.
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6.2.1.1 Natural Frequencies ofGroup B slabs
Serkes slabs of group wereemployedto extract the dynamic response of slab under
vibrational excitation. The dynamic response of the-free supported slabs through
natural frequencies werdentified after measuring and analysing the experimental
data.Before studying the effect of parameters of this group of slabs, the comparison

between experimental and theoretical natural frequencies of such group is obtained.

Seres slab of grouB slabshad smaller dimensions and more flexible callas

used for hangingso as to investigate the effects afaling of the slabmodal
parametersncluding natural frequencie®8ecause of decreasing thenensions of

the specimens (length and widthith respect to group A slapsthe ratural
frequencies is increaseseeEquation(5.32). This resul is extractingthree natural
frequencies of the slab instead of six. The average natural frequencies of the two
slabs which were taken experimentallgre compared with its counterpartas
presented inrable6.1 andFigure6.1.

Table6.1: Experimentaland heoretical natural frequencies of RC slab, group B.

Mode | Experimental (Hz) Analytical | Numerical | Relativedifference%
No. [Slabl [Slab2 [Avg. | (H2) (Hz) Anal. Vs Exp | Num. Vs Exp
1 237.7 | 237.7 | 237.7 | 269.5 279.5 11.8 14.9

2 369.5 | 365.6 | 367.6 | 395.3 404.0 6.1 9.9

3 NA NA NA 484.8 478.5 - -

4 589.3 | 571.3 | 580.3 | 695.1 714.4 16.5 18.8
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Figure 6.1: Comparison of natural frequencies of RC slab, group B.
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It is observed thathe first and third modeshave the max relative error between
experimental and numerical frequencassthereabout$4.9%, while it is 18.8% in

thefourthmode

Decreasing the length and width of the slab into half scaled and thicknase to
third compared to group A slabs dimensions, the natural frequencies increased
significantly. The natural frequencies of groupskabs were 104.2, 158.5 and 256.6
respectively for modes 1, 2, and 4. Wherelas,natural frequencies of gro8pslabs
increased t@37.7, 367.6and580.3respectively for modes 1, 2, and 4.

In addition, the comparison between experimental and numerical natural frequencies
of groups A and B izonsiderably important to be found@lhen it can bedecided

which dimensions of slaljgroupsA or B) is better to be tested for further testing.
Although the elastic cables was used which is more close tefrseeboundary
condition than webbing slinghe relative differenceof free-free of group Bslabsis
increased significantly with compared with groupskabsfor all three modg This

may due to thdact that small reinforced concrete square slabs with 600 mm edge
sides does not precisely reflect the properties of the composite material like
reinforced concrete. This means that small defect in the small specimens will cause
higher error compared tbe big specimens. Moreover, thickness 40mm is not quite
enoughbecause any movement of the reinforced mesh during casting will leaves
some imperfectiongnonuniform cover)that has adverse effect on the dynamic

results.

This comparison is quite importatd know the accuracy of the tested slabdie T
difference between experimental and numeridalll threemodes of group Ais less
thanthe differenceof threemodes of the half-size specimengroup B as displayed

in Figure 6.2. It is shown that the biggethe size of the specimen the small the
difference between experimental and numerical reseitghermore, the difference

is gradually increased for group A slabs, while it is decreased and then increased for

group B slabs.
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Figure 6.2: Percentage error between numerical and experimental natural frequencies

slals of group A and B.

Even though Here is noticeabledifference between theoretical and experimental
natural frequenciesspeciallyof some modessuchdifferenceis quite acceptablfor
reinforced concrete members. Thigght be attributed to the fact that the theoretical
model assumes concrete slab to be linearstielahomogenous and isotropic.
Whereas in reality, concrete is heterogeneous and anisotropic material and the
specimens are inevitably contain imperfections in forms of crack, defects and steel
bars misalignment-urthermore, such difference is mainlyttibuted to the whole
process of preparing, making, curing of concrete specimens in lab. For instance, no
two batches of concrete mix can be guaranteed of having exactly same ingredients,
receiving same degree of compaction or having exactly same dimersiming

casting.

Using elastic cablevill more closely represent the fréee boundary condition
when it is compared with webbing sling cab#though there is noticeable
discrepancy between the theoretical and experimental natural frequenciessidéalf
specimenlt is guaranteed that the elastic rope cable which has low stiffness$ is n
the source of the difference, but the difference s tusize of the specimens which

is not capable to precisely reflect the behaviour of reinforced concrete slabs.

It was planned to test the RC sddiaving small dimensions duethe availability of
concrete compression machitweapply static load osud slab dimensiorHowever,
after comparison between experimengadd theoretical results of the two groups
(groupsA and B slabs.As a resultthe bigger sizeslabs were cast and taststudy

the effectof degree of damage aridcalised damage on modphrameterdor the
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rest groups, C and .DTherefore this conclusioncompelto setup new concrete
compression machirtgaving capability tapply the concentrated load bigger size
slabs. For this reasons, the installation of new madbistatically testhe slab took

some months tbeprepare and make iteady for testing as shown in Figure 4.26.

6.2.1.2 Natural Frequencies ofGroup C Slabs
As outlinedchapter fourtwo reinforced concretslabswere cast in the laboratory,
both of which were used tegonductthe same tests'here werethesepurposs of
makinggroupC slabsFirstly, the tests were carried out to validate the experimental
results, against theoretical ones. Secondly, it was intended to find out the effect of
slab thickness (i.e. slab stiffness) modal parameters through comparing the results
of the group C slabs with those of group Hirdly, the reinforced concretglab
specimenwas subjead to partially concentrated load at the centre to introduce
differentdegree of damage$hen the effet of different degree of damages of the

reinforced concrete slab on the modal parameters alsveletermined.

Firstly, dx experimental and theoretical ghalytical and numerica) natural
frequencies of the slab with their relatiddferenceare tabulated in Tablg.3 and

they are graphically shown in Figusel3.

Table6.2: Experimentaland heoretical natural frequencies of RC slab, group C.

Mode Experimental (Hz) Analytical | Numerical | Relativedifference%
No. Slab1] Slab2 | Avg. (H2) (Hz) Anal. Vs Exp | Num. Vs Exp
1 72.2 78.5 75.4 67.4 69.9 11.87 7.9

2 108.1 | 116.4 | 112.3 | 97.9 101.0 14.74 11.2

3 NA NA NA 121.2 119.7

4 163.9 | 178.0 | 171.0 | 173.8 178.7 1.61 4.3

5 NA NA NA 173.8 178.7

6 270.5 | 2943 | 282.4 | 305.1 306.3 7.44 78

7 NA NA NA 305.1 306.3

8 291.6 | 310.8 | 301.2 | 318.0 326.3 5.2 7.7

9 NA NA NA 347.1 356.1

10 312.0 |326.7 | 3194 | 3874 386.6 17.6 17.4
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Figure 6.3: Comparison of natural frequencies of RC slab, group C.

The relative differencebetween theoretical (analytical and numerical) and average
experimentahatural frequencies fall modes except tenth modeless than 15%.
Thelowestdifferencewas obtaind in the fourth mode which is only 1.6% and 4.3%
whencompared experimental frequencies with analytical and numerical frequencies
respectively However, anotable observation of relatiwéifferenceis determined
between the experimental and theoretical natural frequency respecagely

approximatelyl7.6% and 17.4%t tenthmodewas obtained.

This means that thickness 40nmmay not quite enough because any movement of the
reinforced mesh during castimgay leave ®me imperfections(nonuniform cover)
thatcause such difference between theoretical and experintestdis.However, it

was intended to make the thickness of this group slab 40mm in order to be more

flexible and introducalifferent degree of damages under low range of loading.

Secondly, m considering the effect of thickness, there are two different thickness by
which the effect of natural frequency can be descrilbed. group A, the slab
thickness is 60mm, which givespan to thickness ratid/fp = 20). Whereas, group

C, theslab thickness id0mm, which given span to thickness ratio (E/130). The

six experimentahatural frequencies of both grou@s and C)were determined and

plotted as shown iRigure6.4.
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Figure 6.4: Six natural frequencies of groups A and C.

It is concluded that the natural frequencies of all six moda® decreaseds the

span to thickness ratiovas increased.This is due to the fact that decreasing the
thickness meant increaspan to thickness ratizvhen slab had constant span.
Decreasinghe thickness of group C slabs ante decrease the stiffness of the slab
which had proportional relation to decrease the natural frequencies of group C slabs

compared with natural frequencies of group A slabs.

FurthermoreFigure 6.5 reveals that the higher the mode shape, the higher deviation
in natural frequencies might be observed. This is because the lower modes were not
be affected as high as the higher modes whenthitkness decreased from 60 to

40mm.

w W =
o w o

Reduction in natural frequency %

[oe)
w

1 2 4 6 8 10
Mode shapes

Figure 6.5: Deviation of frequency between groups A and C.
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The third objective testing of group i€ to extract the natural frequenay various
level of damageonditions of the slab.df the intactcondition natural frequencies
were determinedbefore applying the partially concentrated load. Then, natural
frequencies of the partially damaged slab wdeterminedafter applying the
partially concentrate load dninflicting the perfection to the slab. For each
incremental loadthe intact and correspondingdefective natural frequenciesvere
compared against each otheridentify the degree dadefectinflicted to the model

under such condition.

The change imatural frequency is correlated with the load level applied tsltie

to provide the basis for a structural health monitoring of the tesias By
increasing the applied loadgradually and progressively started to experience
corresponding level of daage Beforeinflicting the damage and after eadading

step different modal tests wetarried out For the damage scenario, thlabswere
loaded by means gdartially concentratedbad The loading was applied ithree
loading/unloading cycles with peddrces of5, 10 and12kN respectively At the end

of each static load stethe slab was unloaded and gently put on its side; after that its
bottom surface was cleaned in order to inspect progressagk pattern visubl.

The first visually small crack occurred at a load of 5kN,Kgare6.6.

Figure 6.6: Crackpatterns under different loadings.
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During the penultimate incremental loaditige cracks were observed to increase in
length and width Due to the significant fl exur s
underneathin all direction the loading process was stopped, at 12kN, before the
ultimate load is reached. It is worth pointing out that the maximum load of the last
loading cycle was decided to be correspondingliout 70% ofanalytical ultimate

load with respect to flexuraksstance of B=16.7XN. This averageload capacity

was found accordingo various codes of practiceshich are EC2BS 8110and

ACI31811. The detailed calculation can fmeind inappendixC.

After the finalstaticload 12kN and doing thelynamic test, thelabwas repaired as
the defective zone strengthened by bonding external CsteBts The slabwas
removed and its tension face was cleaned of dustdahds toensure proper and
effective bond between CFRind concrete. Once the slab was cleatteége zones
each of whichvas100mm wide and 1200mm long were defined on the tension face
in both directions in the middle of the slab. These marked avesesthe positions

where the CFRP sheet®replaced, as stwn inFigure6.7.

Figure 6.7: Steps for bonding CFRP on the slab.
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The 105 epoxy resin and 2@&rdener mixture was prepared in required amdurg
mixture had a ratio of 5:1résin: hardengr After the mixture was well stirred for
few minute, it was then applied tbe marked position®n slabs underneatfihe
CFRP fabrics waghen applied to themarked positionas soon as the resin was
applied. CFRP sheetswere placed onpositionin vertical and horizontal direction
over lapping one anotheio make an interlock interlace one to the oth8fabswas
then left to dry for at leastd2hours to harden completely. After it was checked that
the bondingagentwas dried, it was then tested dynamically to extract the modal

parameters.

Table 6.3 shows the results of natural frequencies of six modes of slabs 1 and 2 and
their average under different damage scenarios. After averaging the natural
frequencies of both slabthe shiftin natural frequencies igresentedn Table6.4 .

The percentage of reduction in natural frequefaryeach stage is defined as the
percentage of difience between natural frequencies of the intact and defective
slabs. The frequencies of the defective slabs decrease after damage occurs due to
first, penultimate and final load leveFigure 6.8 illustrates the drops in the six

natural frequenciefr each loading condition from the referemctactcase forslab.

140



ChapterSix ParametricStudies using Modal Parameter

Table6.3: Natural frequencies of RC slabs, group C, under different load levels.

Frequencies of sex C (1200x1200x40)
Slab 1
Load step Intact 5kN 10kN 12kN | Repaired
Mode No:
1 72.2 69.9 52.1 50.0 58.0
2 108.1 100.1 76.0 75.8 89.1
4 163.9 139.4 102.5 88.62 116.0
6 270.5 268.0 210.0 189.9 238.9
8 291.6 280.4 236.5 220.2 249.7
10 312.0 304.0 272.1 252.3 275.9
Slab 2
1 78.5 75.9 63.67 60.0 66.6
2 116.4 105.7 98.92 81.53 96.4
5 178.0 168.5 126.1 106.8 138.0
6 294.3 290.2 253.8 229.7 236.7
8 310.6 304.8 276.9 242.5 256.2
10 326.7 324.0 295.7 278.2 286.2
Average of slabs 1 and 2
1 75.4 72.9 57.9 55.0 62.3
2 112.3 102.9 87.5 78.7 92.8
4,5 171.0 154.0 114.3 97.71 127.0
6 282.4 279.1 231.9 209.8 237.8
8 301.1 292.6 256.7 2314 253.0
10 3194 314.0 283.9 265.3 281.1

After the samples were initially loaded to 5kN and then unloaded, hair crack
initiation can be seen in the bottom of the skdeFigure6.6. Then the dynamic test
was performedand the datavas analyse@nd then the natural frequencies each
defective stage compared with the intact case. As can be sEguie 6.8, drop in
natural frequencies under 5kN for all modes is low when compared to penultimate

and final load levels.
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Table6.4: Deviation innatural frequencies of RC slabs, under different loading levels.

Reduction infequenciesdue to incremental loads
Average ofSlab land 2

Load step Intact 5kN 10kN 12kN | Repaired
Mode No:
1 0.0 3.3 23.2 27.1 13.3
2 0.0 8.4 22.1 29.9 17.9
4 0.0 9.9 33.2 42.9 29.9
6 0.0 1.2 17.9 25.7 13.4
8 0.0 2.8 14.8 23.2 9.3
10 0.0 1.7 11.1 16.9 5.9
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Figure 6.8: Reduction in natural frequencies of RC slabs under different lodalints.

Drops 0f3.3%, 8.4%, 9.9%, 1.26, 2.8% and1.7%6 wererespectivelyobserved for the
six frequencieqcorresponding t&kN load) These percentages of difference is not

significant. Thistrend is due tehe factthat the effect of crack on natura¢fuencies

is in its early stage and therefotlee s | a de@isns were visually in a flawless

condition.
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It is evident that applying a load on the specimens gives energy for the crack
initiation and propagation process. Crack initiation and subsequenthgnawpened
quite readily due to increasing the load to 10kBeFigure6.6. Thismeans that the

one hair crack wadiagonallylaunchedat first load level, 5kN. Such crack started to
open and developed diagonally to toward the edge of the slalfonmtiation some

other cracks at load level 10kis can be seen iRigure6.6., at penultimate load
level which is 10kN, the drop in natural frequencies for the first, second and fourth
modes is quite significant 23.2%, 22.1% and 33.2% compared to the drop in early
stage load level, 5kN. The reduction can be seen in modes sgtith end tentlare
about17.9%, 14.8% and 11.1%espectively This trend is suggested that thest,
second and fourtimodes of vibration of the slab is more influenced by the crack
pattern than higher modes. Furthermore, the drop in natural frequenrcatisnhodes

of penultimate load level is highwhen compared to the 5kN load levels.

Nearto theultimate loadstage (P=12kN), drops &7.1%, 29.9%, 42.%6, 25.7%,
23.26 and 16.9% were observed for the frequencadirst, second, fourth, sixth,
eighth and tentmoderespectively.The reduction in natural frequency thie slabs
under thiscondition can be divided into typically two regions, that is, increased the
reduction from mode 1, 2 and 4, while it is decreased from 4, 6, 8 and 10
respectively. This means thatatable observation is drawn 48.9% drop in the
fourth frequency (corrgponding tol2kN load) was obtainedAs is seen in natural
frequency trendghe frequencyeduction of the fourth mode increased significantly
responding to the increasing damage. From the crack patterns shbignrg6.6 in
general, it is obvious that the situation was closed to the ultimate load that ievhy
loadingwas stopedto be apply on the slab in order to avoid the formation of the

yield line.

Although the slabs sections were visually in an imperfection condition, a percent of
13.3%, 17.9%, 29.9%, 13.4%, 9.3% and 5.9% of frequency deviation was recovered
for the six frequencies when the slab was repaired by using CFRP. It is notable tha
the rate of recovery was higher for the fourth mode since the modification likewise
the deterioration affected heavily the fourth modes as showkigire 6.9. This
means the rate of recovery of CFRP sheets in the natural frequisntigeras the
damage increases. The same trend was also concluded for the beam sgesiens

by Al-Ghalib, 2013.
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Figure 6.9: Natural frequencies deviations of RC slabs under different conditions

Although there is clear evidence that the amount of temtludn the natural
frequenciesappears to increase as the damage increases, different imadkes
different sensitivities to the damage introduced due to the appliedHoathstance,

it is observed that the percentage of drop in frequency for all modeknearly
changes as thapplied concentrated loasldoubled (5kNto 10kN). For examplen

the first incremental load, the percentage of reduationatural frequencies of the
first, second and fourtmodes is 3.3%, 8.4% and 9.9% respectively while it is
23.26, 221%, 332% for thesamemode underthe penultimate loadevel. The
overall rend of frequency decrease after occurring dantagewould be expected

for all modesHowever,it is not guaranteed all modes have same sensitivity to the

applied load that inflicts severe cracks

On the whole, the variation in naturitquencies corresponds to the severity of
inflicted damage due to unusual reasons. The variation in natural frequencies can be
used as one useful indicator to identify the presence of damage but not for assessing
the extent of damage in reinforced conergabgrecisely.

6.2.1.3 Natural Frequencies ofGroup D Slabs
For group Dslah the imperfection induced in slab served as models for familiar
practical problems in civil engineering structures manifested as void. The
configuration of induced void into the phyal system of the slab wasvestigated in

an effort to simulate practical defecdt distance 300x300 mm in both directions
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with respect toone cornerof the slab,a concealedcavity hole of 150x150 mm in

plan and 30 mm deep dimension was creatsghreviouslyshownin Figure 4.28
Dynamic test (EMA) was performed in order to identify the effect of void presence.
A comparison between numerical and the average of the experimental natural
frequencies for the six modes of this group was made in ordétetdify the
accuracy of the experimental natural frequencies of this case. Then the six average
experimental natural frequencies was compared with the group A which is the intact
case in order to findut the effect of the artificial void on natural freencies. The

six natural frequencies resulting from the numerical analysis are listed in S6ble

and then compared with the average natural frequencies of two slabs of group D, as

shown inFigure6.10.

Table6.5: Experimental and numerical natural frequencies of RC slab, group D.

Mode | Experimental (Hz) Numerical Relative difference %
No. | Slab1l | Slab2 | Avg. (H2) Num. Vs Exp

1 1040 | 94.8 99.4 104.3 4.7

2 162.2 | 150.7 | 156.5 | 151.1 3.6

3 NA NA NA 178.9

4 248.6 | 230.1 |1 239.4 | 265.3 9.8

5 NA NA NA 267.8

6 406.5 | 377.2 | 3919 | 456.7 14.2

7 NA NA NA 456.9

8 444.0 | 429.5 | 436.8 | 487.4 10.4

9 NA NA NA 532.5

10 486.8 | 462.1 | 4745 ' 577.5 17.8

The two sets ofrequenciesverecomparedagainst each other. Goodraementvas
found for modes 1, 2 and 4yhich is less than 10%. However, tliference is
greaterthan 10%or modes 6, 8 and 10
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Figure 6.10: Comparison of natural frequencies of RC slab, group D.

Regarding the comparison between group A and D slabsydtural frequencies of

the intact condition of each particular mode were moderataper than the
frequencies of artificial voided sampkes presented ifrigure 6.11. Figure 6.12

shows the decreases were 4,6%%, 6.686 and 5.7% for thdirst, fourth, eighth and

tenth mode, respectively. However, the natural frequency of the second mode for
both conditions was considerably close, with the deviation3%1Conversely, the
maximum decrease happened for $itdh mode that was8.2%. In this casestudy,

the second mode can be accounted to the fact that the redudtismrabde was less

likely influenced by damageApparently, the effect of the drop in mass for the
defective slab on the natural frequencies was compensated by an almost similar
reduction in stiffnessThese results indicate that when a structure is inflicted with
global damage such as voids, deviations in natural frequencies can be considered as

modest parameters for structural condition assessment.
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Figure 6.11: Comparison between natural frequenaégroupsA and D slabs.
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Figure 6.12: Percentage reduction imatural frequencielsetweergroups A and D slabs.

On average, the aforementioned outcomes indicate that when damage such as void is
induced into the physical system, such as engineering structure, deviations in natural
frequencies can be considered as modest parametersiafoage condition

assessment.

6.2.2 Effect on Damping Ratios

Damped waveform can die out as it loses enefdne loss of mass and stiffness
manifested as high damping ratio as expressefigumation (6.1).Principally, the
stiffness of a structure has an inverse relationgitip dampingratios. The presence

of damages in structural elements oftenrdase the stiffness. Thus, tamount of

the energy dissipation will increaskhis will be manifested through peak height and
peak width of the FRF measuremer®nce damping is sensitive thanges in
stiffness of structural elements, ig utilised as damage detection paramdigr
researcherdt is imperative to take into consideratitive quality factors for instance
quality of FRF measurements and resolution of spectral lines when ataigul
damping ratio value. These factors provide credibility to the estimated results of
damping ratio Gadeand Herlufsen 1994. Owing to the closing of open cracks,
damping estimation in unloaded friree structure under dynamic testing could
provideless damping than in the loaded simply supported one. This is due to the fact

that the energy dissipation of the open cracks is higher than the close cracks.

The dampingatio is an important parameter in vibration engineering and it is very
difficult to evaluate analyticallfMathuria and Kulkarni2000). The dampingatiois
a measure of energy dissipatiand it must be evaluated experimentalijperefore,
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the experimental damping ratio of the slabs will be compared in the following

sections.
9 (6.1)
Mo Q
Where:
G is the damping ratio
c is the damping constant
m is the mass
k is the spring constant

6.2.2.1 Damping Ratios of Groups B Slabs
Thethreemeasured dampingtiosof group b slabsregiven inTable6.6. Although
the damping isa measure of energy dissipatibacause of the presence of widely
spreadcracks some others factors are also capable to affect it such as stiffness and

mass.

Table6.6: Damping ratio for test RC slab, group B.

Mode No. Slabl Slab2 Average
1 0.93 1.2 1.07
2 15 141 1.46
4 0.56 1.09 0.83

The value ofdamping raticof the first modeas lower thanof the second mode while
it is higher than the fourth mod&he sensitivity of second mode is greater than first

mode, whereas the lowest sensitivity can be seen ot mode

Since dampingatio is very difficult or unavailableto be evaluaté analytically, it
was evaluated experimentallAs a result, the comparisonis made between

experimental damping ratio of two groups A and B slabs as shokigune6.13.
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Figure 6.13: Identified damping ratio for testl RC slab, group A and B.

In generalthere aresix modesof vibration for group A and three for grouptBat
show anapparentchangein the modal damping ratio. Owingo changng the
dimension or any other factor, tlefect of the parametric studgn modal damping
ratio mustdiffer in both sourcesgroup A and Blt is showedthat he measurements
of dampingratios of the scaled slab in group A iessthan damping ohalf-scaled
slabfor all identified threemodes The results revealed that there is a clear direct
relationship betweerdecreasings | a birbemsionsand increasg in damping,
however, it is nonlinear relationshifphis means thathe damping forall different
modes of the slabs did not consistently increstbe dimensiongcreased.

6.2.2.2 Damping Ratios of Group C Slabs

Testing group C slabs was carried out in order to investigate the effect of thickness
on modal dampingn addition the effect ofdegree olamaeinduced in slaldue to
the incremental loadingn damping ratiosvas investigatedAlthough therewere
somesuccessfubttemps by someesearcherto use damping ratios as an indicator
of damagedetection(Gomaa et al., 2014; Curadelli et al., 2Q0&mping isstill a
controversial factor in théeld of damage detectiofNavarroet al., 2014 Williams
and Salawu, 1997Pespite the fact that inconsistency in changes of damping values
have been noted earlier and many researchers believe that damamgneeliable
indicator for damage detectioMbdul-Razak and Choi (2001) draw a different
conclusion. They cast and tested three reinforced concrete beams for their research.
First beam indicated the undamaged beam, while the other two were subjected to
different states of reinforcement corrosi@nd were therefore noted as damaged
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beams. A conclusion was made that modal damping of the second and third modes
reflected a pattern consistent with the severity of the corrosion damage.

For this reasonpne pair of reinforced concrete slabgid2) were constructetb
introduce the degree of damage by applying the partially concentratedTioad.
experimental procedure consisted of measuring the initial (undamaged) dynamic
properties of the slaldlamping ratiosand then incrementally inducing a new state of
damage ad measuring thdamping ratiosassociated with each sta#es previously
mentioned thathte loadingunloadingprocedurewas applied inthree cycles with
peakforces of5, 10and kN, respectively At the end of each static loatep the
dynamic test waperformed in order to extract modal parameters including damping
ratios. After the final load dynamic test, tsbabwas repaired as thdefective zone
strengthened by bonding external CFRP sheetdretested the strengthened slab in
order to find the déct of strengthening on damping ratidhe measured damping
ratios for both slabs separately and averagely the six modesof five different

conditionsaregiven inTable6.7.
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Table6.7: Damping ratis for the six modes of the slabs of five different conditions.
Slab 1
Mode No.| Intact 5kN 10kN | 12kN Repaired

1 1.41 1.60 5.75 5.45 4.15
2 2.68 2.60 3.56 4.20 3.62
4 3.04 3.10 4.58 4.89 3.91
6 2.01 1.25 3.56 4.55 2.70
8 1.87 1.73 2.98 3.54 2.32
10 1.09 1.15 2.45 252 1.95
Slab 1

1 1.26 1.39 4.10 4.25 2.65
2 1.94 1.98 3.23 3.97 3.46
4 1.52 3.24 4.36 4.64 3.59
6
8

1.46 1.40 2.95 4.10 3.60
1.22 1.56 2.67 2.61 2.94

10 1.01 1.1 2.11 2.30 1.70
Average

1 1.34 15 4.93 4.85 3.40
2 2.31 2.29 3.40 4.09 3.54
4 2.28 3.17 4.47 4.77 3.75
6 1.74 1.33 3.26 4.33 3.15
8 1.55 1.65 2.83 3.08 2.63

10 1.05 1.13 2.28 241 1.83

The average modalampingratios for this group Care compared to the damping
ratio of the control slab, group A, as shownFigure 6.14. It canbe seerthat the
averagedampingratios for six modesof this groupare greater thathoseof the

control slabgroup A
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Figure 6.14: Identified damping ratio for test RC slab, group A and C.

Decreasing the thickness of the slab from 60¢mgroup A to 40mm(in group Q
caused increasing tllamping.The dampingatiosincreasedy 45.65%, 138.14%,
185.0%,109.646, 103.95% an®.9%% for the six modes of grou@ respectively
compared to thdamping ofcontrolslab specimerSuch resultsevealed that there is
a clear nonlinear relationship betweémo groups. In addition, theercentage
difference betweetwo groups means thdid damping for the six modes of the slabs

did not consistently increase as thickngssreased.

The damping ratio under differe(ihtact, three loadings and repairirgnditions is
graphically shown in Figure 6.15. Since the damping is a measure of energy
dissipation, it is used to find the difference between degrees of damages. Therefore,
the load increments were applied on slab over three load istepder to introduce
different degrees of damages into the slab. The percentage of increase in damping
ratio of the slab under different conditions due to presence of widely spread crack are
listed inTable6.8.
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Figure 6.15. Damping ratios of RC slab of groupf@ different conditions.

Table6.8: Damping ratios change of the slab under different conditions.

Damping ratios change %
Mode No. 5kN 10kN 12kN Repaired
1 0 11.94 267.91 261.94 29.89
2 0 0.87 47.20 77.06 13.45
4 0 39.04 96.05 109.21 21.38
6 0 23.56 87.36 148.85 27.25
8 0 6.45 82.58 98.71 14.61
10 0 7.62 117.14 129.52 24.07

At the first load damaged stage (P=5kiie modal damping of the slab increased
by 11.946, 39.0%%6, 6.453%, 7.6246 for thefirst, fourth, eighth ad tenth modes
respectively However,it is decrease b¥).8®6 and 23.56for the second and sixth

mode compared to the intact slab dampiWwhen the slab was loaded with the

second incremental load,OkN, there are further increase in tdamping ratio
namely267.926, 47.2%0, 96.0%%, 87.36%, 82.58%and 117.14% for the modeg1, 2,
4, 6, 8 and 10jespectively comparewb the dampingatio of theintact case of the

sameslah Moreover the results showed that dampiragio of this condition, 10kN,

is considerably higher than damping of defective slab under 5kN for all identified six
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modes. This indicates realistic situation of damage for slab at the end of 10kN load

step, where the slab went through extensive cracked pafiemtrend is due to the

fact that the effect of crack on dampirggiosis in its early stage and therefore the

sl abdéds sections were viswually in a fl aw
applying extra load on the specimens gives energy for thek gratiation and
propagation process. Crack initiation and subsequent growth happened quite readily

due to increasing the load to 10kdeeFigure 6.15. Therefore, considerably high

change in damping ratio of RC slab can be observed under 10kN @ahbpdkN

for all identified six modes. This trend waisnilarly obtained for natural frequencies
changeas discussei section6.2.1.2

In generalthe observation of all modes 10kN loadingare satisfactory with the
theory seeing that the damping as expressed in Equation (6.1) is the loss of mass and

stiffness mani fested as high damping rat]

Whenthe slab was loaded with the final incrememaald, 12kN, further increase in
damping ratiovas obtainedor all six modes261.946, 77.06%0, 109.226, 148.8%%,
98.72% and 129.526 compared to the intact slab dampirig order to knowthe
effectsof increasing load from 10kN to 12kN, the damping ratio of slab subjected
into two differentincremental loasl were comparedt can be seethat the modal
dampingof slab under 12kN for five modes are greater than the damping of the slab
under 10kN,while it is lower in the first mode which is unanticipated finding. It is
found that the damping ratio of the 10kN load step were oddly higher than the
successive 12kN loadtep by 2.22% for the firanode of vibration.This is not
uncommon phenomenas itwas as well experienced by other researcher (Bayissa,
2007and A-Ghalib, 2013. This observation malye accounted to the model used to
extract the damping ratiosr the way of hanginghe specimen during testing
Additionally, the variéion in position, nagnitude anddirection of successive

excitationsalsoaffected the consistency of FRF measuremg@gkory, 1999)

The damping ratioxonverselychanged after the repair works the following
manner:the highest decrease can be fo@3d89% in the first moddpwest change
13.4%% in thesecondmode 21.38% in thefourth mode 27.2%% in the sixth mode;
no significant changé&4.6%2% inthe eighth mode and 24 @/decrease can be seen in

the last modeThis manifests thathere was identifiable pattewf the changes in
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damping values caused by the repafts.was seen in natural frequency trends for
the 12kN load step, the frequency reduction of the fourth mode increased
significantly responding to the increasidgmage, wite the percentage is increased

in the first mode in term of modal damping ratir the repaired slab, damping
ratiosmarkedlydecreased by 29.89% from the severely damaged (12kN) load stage
for the first mode. This finding can be accounted to the Fettthe reduction of this

mode was more likely influenced by damage.

In general, the results indicate that the modal damping is influenced by the cracking
introduced by overloading. However, they were unsuitable as a damage indicator
somemodes it has been notethat tracing the modal damping ratios through the
loading history is difficult due to fluctuating values of modal damping ratio produced
in some mode shaped-or example, thelamping ratios initially decreased two
modes under 5kN loadtep. Then, damping ratiosere stable for all identified
modes for 10kN load step because dampivas increased for all modewith
increasing damagdéfter thatdamping ratias oddly decreasein the first mode for

12kN load step compared to 10kSimilar trends wasobserved byFarrer and
Jauregui (1998). They found that the damping of a steel plate girder bridge did not

consistently increase or decrease as damage increased.

Two-lane reinforced concreteighway bridge of 104m was tested by Salawu and
Williams (1995). The tests were conducted before and after structural repairs to
Reinforced Concrete Bridge to examine the correlation between the repair works and
changes in the dynamic characteristics of the bridde main fnding of their

experiment was thaherehadno clear trend in damping valtieatcould be detected.

6.2.2.3 Damping Ratios of Group D slabs
As previously mentioned thatpair of slabhad a region wittone void (50 x 150
mm in plan and30 mm deep located at ditance 300x300 in both directiomth
respect to onecorner of the slabArtificial void was simulated by means of
formwork dispositions during concrete pouringhe damping ratios of thertificial
voided state forgroup Dare givenin Table 6.9. A comparison was made between
groups A as an intact slab with group D as artificially voided slahasvnin

Figure 6.16. The measurements of modal tests showed that damgiiog of the
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intact slabwere lower than damping of artificially voided slab for all identified six
modes. It would seem clear that the higleest lowesdifferences werepronounced

in the firstand secondhodes betweergroupA andD slabs respectively

Table6.9: Damping ratio for test RC slab, groOp

Mode No. Slabl Slab2 Average
1 1.63 2.075 1.85
2 1.08 11 1.09
4 1.05 1.24 1.15
6 1.55 1.5 1.53
8 1.06 1.08 1.07
10 1.135 1.65 1.39
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Figure 6.16: Comparison between damping ratad groups A and Dslabs

In this case, lte results of the test revealed clear relationship betweant and
artificial void and increase in dampingtio for all identified modeswhich holds
satisfactorilywith the theory seeing that the damping of each mvdueh is defined
by Equation (6.1) According to this equation, the loss of mass and stiffness
manifested as high damping rafig. This means the damping ratio of thestem is

inversely related to the stiffness and mass of the system.

156



ChapterSix ParametricStudies using Modal Parameter

6.2.3 Effect on Mode Shape

An overwhelming majority of researebsuggest that modal shapes are a far more
satisfactory damage detection indicator than natural frequencies and dg{wpimg

2010. It has been found from the earlier segthat the mode shape can also reveal
useful information regarding the state of the structural behawioisrbeing studied

for health monitoring as an indicator of damage detection, wkith be used on
different structural members that have known "suspect" areas. It would be presumed
that the mode shape displays distorted from the initial shaped owing to the present of
defects, giving less stiff areaslthough the mode shapes for all studied state
conditions will be displayed, much more attentlmasbeen paid to the incremental
concentrated load andduced voidslals (groups C and D)Parametric studies in
these two groups can be describedhespopuar problemcasesn civil and other

field of engineering

6.2.3.1 Mode Shapeof Groups B Slabs
It would be expected that the mode shape becomes distorted from the initial shape
due to the presence of cracking. It is worthwhile to mention that slabs of ghoups
and B had beentested in an intact conditiowith varying the dimension&/isual
comparisorbetweemumericaland experimentahode shapes was maiteorder to
satisfy the experimental results. Two slabs for each gn@rpseparately explained
It is difficult to interpret the average mode shape bectheseesponse of mode of

each slalmay have different amplitugdespecially in case of damage localisation

Since the capacity of the modal analysis equipment was limitesk thode shapes

for group B slabswere extracted. It can be highlighted that the third mode shape for
this group was also missed due to the same aforementioned rmeasoop A slabs
Mode shapes 1, 2 and 4 under ffeze boundary conditiowerecompared wittthe

correspondingnodesobtained numerically.

It is important to note that the experimental mode shapes of slab 1 and 2 oBgroup
as displayed ifrigure6.17 andFigure6.18 respectively can be directly compared to
the numerical mode shapeshigure 6.19 (e.g. 1st mode in the upper left of each
figure should show the same pattern). The colours (from both experimental and
numerical) graphgorrespond to the areas where the response is highest (red) and

lowest (blue).
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Figure 6.18: Experimental mode shapes of RC skalyroup B.
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Figure 6.19: Numerical mode shapes of RC slgboup B.

The main objective of this comparison is to verify the experimental mode shapes

with numericalresults.

The firstandfourth modes as shown in Figueel7 and6.18 show very clear mode
shapes that closely follow the numerical patterns in Figut& The secondmode
(upperright of Figures6.17 and 6.18 somewhat different from numerical ocag in
figure 6.19 As previously mentioned that is expectedhatthe way of hanging of
the slabwasthe source of the differena# this mode Overall good agrementwas
obtained between experimentahd numerical mode shapex reinforced concrete

square slabsf group B

When compared the mode shapes of group A slabs (1, 2 and 4) in Figures 5.8 and 5.9
with same mode shapes of group B slabs in Figures 6.16.88dagood agreement

was obtained betweemroups A and B slabs mode shapes. It is conclutiat t
changing the thickness of the slabdboth its length and width with preséang the
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square shape will ndtighly affect thegeneralshaps of the modes whethey are
tested under same boundary condition

6.2.3.2 Effect of Mode Shapefor Group C
After gathering, analysing, and extracting modal parameters of the slab including the
mode shapes, thex mode shapes fagroup C (slab 1 and Zre extracted Firstly,
the intact mode shapes of this group are visually compared with numerical mode
shapes through Figur@s2071 6.22.As previously mentioned the comparison way is
that the experimental mode shapes of slab 1 and 2 of glbw@s displayed in
Figure6.20 andFigure6.21 respectivelycan be directly compared to the numerical
mode shapes ifigure 6.22. The colours (from both experimental and numerical)

graphs correspond to tlaeeas where the response is highest (red) and lowest (blue).

Then, the visual and quantitative comparison is made between different states of each
slab(1 and 2)separately in order to identify the effect of the degree of dasraye

mode shapesSince theslals were subjected to three incremental load leVé&kN,

10kN and 12kN) they were strengthened with carbon reinforced polymer sheet
(CFRP) The experimentamode shapesunder each conditiowas comparedwith

intact condition of the same slaball DOFs
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Figure 6.21: Experimental mode shapes of RC skalyroup C.
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Figure 6.22: Numerical mode shapes of RC slab, group C.

Firstly, two mode shapes are disappeared in this case because the excitation force

might beplacedon a nodal pattern line which is unavoidable situation. Smesh of

25 measurement poin(®OF9 was evenly ttributed on the slab surface, exciting

the slab at any response point may causeimgis®me mode shapes. The excitation

was fixed at respongmoint seven for this group while it was fixed at first response

point at all other cases. This is because at the beginning this group of slabs were
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planned taobe testd under two different boundary conditions, fieee and simply
supported slab. The slab was not excited at first response point because the first
response point was located on the support line. However, the slabs were not tested
under simply supported bodary condition owing tounavailability of big stiff
supported frameln both slabs of the grouthereweresomewhat differenbetween
experimental andumerical ondor the second and tenth modes due to hanging and

symmetrical condition respectively agpéained in group A slabs.

The natural frequencies of a pair of double modes are almost the same in the
symmetric structure. Therefore, mode shdpg®asnatural frequencyl78.7 equal to

the natural frequencies of mode shapedJsually, one mode of a panf double
modes can be identified while the other is likely to be missing from the experiment.
This situation happened to the slabs of this gravpde shape 4 were identified
while its pair mode 5 were missed from the experin@glabl. Conversely, rade
shape5 were identified whileits pair mode4 were missed from the experimenit
slab2. Havingsomewhat differenbetween experimentahd numericamode shapes

did not affectthe results because tegperimental mode shapes under each condition
is compared witlexperimentaintact condition of the same slab at all DOBEsce

the somewhat differengxists under all conditios (5kN, 10kN, 12kN and repaired)

the discrepancy wasmitted wheneach of thee conditioncompared with the intact
one Intact case okach slab was compared with itself under different conditions
(loading and repairing). Herefore if there wasany discrepancpetween numerical

and experimental mode shapie experimentatesultswerenot be affecied.

Overall, most of theexperimental modesf both slabs (as showin Figures6.20 -

6.22 very clea mode shapes that quite similar to their numerical counterpart, which
were the expected patternSood agreementvas obtained between the numerical
experimentaland numericalmode shapes of reinforced concrete square sbhbs

groupC.

Throughout this section, the observed mode shapes of the two slabs of group C and
for all loading steps (5kN, 10kN and 12kN) as well bhe tepaired case were
thoroughly generated and verified with the initial healthy case of each slab
separately. The six mode shapes for the specified state condition of each slabs are

displayed througlfrigures6.23i 6.30.
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Figure 6.23: Experimental mode shapts slabl under 5kN
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Figure 6.24: Experimental mode shapes for slab 1 uridiN.
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Figure 6.26: Experimental mode shapes for slab 1 undpaired condition
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Figure 6.28: Experimental mode shapes for stamder DkN.
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Figure 6.29: Experimental mode shapes &lab 2under 2kN.

Figure 6.30: Experimental mode shapes for stabnder repaired condition.
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