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ABSTRACT 

Corrosion of steel reinforcement in Reinforced Concrete (RC) structures is one of the 

major challenges faced by the construction industry which severely limits the service life of 

structures. It is primarily caused by the penetration of aggressive ions like chloride and 

sulphates, which are either contributed from the concrete ingredients or by external agencies 

like de-icing salts, marine water, and atmosphere, etc. Several types of protective coatings like 

epoxy-coatings, biofilms, and galvanization, etc. have been suggested to protect the RC bars 

from corrosion. But these techniques only delay the onset of corrosion and do not prevent it 

completely. The use of non-corroding Fibre Reinforced Polymer (FRP) reinforcing bars in 

place of steel reinforcing bars in concrete offers a potentially good alternative in extreme 

environmental applications. 

Glass Fibre Reinforced Polymer (GFRP) composites have extensive applications in 

various fields such as the aerospace and automotive engineering sectors. During the last two 

decades, there have been more novel applications for GFRP in the construction sector. GFRP 

composites have emerged as promising material that can be used in lieu of steel for 

Reinforced Concrete (RC) structures due to their high longitudinal tensile strength, excellent 

corrosion and fatigue resistant properties; and high stiffness to weight ratio. Furthermore, 

relevant design codes and guidelines have also been developed for the use of GFRP bars in 

RC structures. The behavior of structural members reinforced with GFRP bars is different 

than that of steel-reinforced concrete members due to the lower modulus of elasticity, brittle 

behavior, and sudden failure. The sudden brittle failure in GFRP RC structures necessitates 

the implementation of an effective and real-time health monitoring framework for assessing 

the structure's integrity, structural performance and crack evolution before the damage 

becomes catastrophic and disastrous. 

In this research effort, to develop a damage monitoring methodology for GFRP 

reinforced concrete beams, their mechanical performance and structural behavior under 

flexure are first compared with the steel-reinforced beams. The load-deflection plot of steel 

reinforced and GFRP reinforced concrete beams show contrasting profiles. With increasing 

reinforcement ratio, steel-reinforced beams typically show an increase in ultimate load-

carrying capacity, shrinking plastic zone with reduced ductility, and failure taking place at 

the much lower strains by steel yielding followed by concrete crushing. On the contrary, 

GFRP reinforced beams exhibit bi-linear load-deflection response up to the failure without 

any yielding and exhibit higher ultimate load-carrying capacities and deflections due to their 

https://www.sciencedirect.com/topics/engineering/steel-rebar
https://www.sciencedirect.com/topics/engineering/reinforced-concrete-structure
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/life-expectancy
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low elastic modulus as compared to steel reinforced beams indicating enhanced ductility and 

ultimate strength. During flexural loading of steel RC and GFRP RC beams, they are 

simultaneously subjected to Acoustic Emission (AE) and Digital Image Correlation (DIC) 

monitoring to investigate the initiation and progression of damage in these differently 

reinforced beams.  

AE accurately determines the onset of cracking and monitors the development of 

micro-and-macro cracks in differently reinforced concrete beams using AE parameters like 

cumulative AE-hits and their amplitudes and Cumulative Signal Strength (CSS). GFRP 

reinforced concrete beams exhibit a larger number of cumulative AE hits of higher 

amplitudes as compared to steel reinforced beams due to their low elastic modulus and 

different bond characteristics. It is also well supported by the larger number of Knees (steep 

rise) in the CSS plots.  

AE parameter of Average Frequency (AF) and Rise Angle (RA) plots can be used to 

predict the type of cracking in the RC beam. High AF and low RA values indicate pure 

bending cracks in steel-reinforced beams at the microcracking level, whereas low AF and 

high RA values point towards shear cracks in GFRP reinforced beams initially. At the macro 

cracking level, a marginal increase in RA and the drop of AF indicates flexure-failure by 

steel yielding followed by concrete crushing in steel-reinforced beams. On the other hand, 

in the GFRP-reinforced beams, a significant increase in AF value and a decrease in RA value 

indicate sudden shear failure followed by concrete crushing. 

Similarly, Average Frequency (AF) and Rise Time (RT) signal values are averaged to 

distinguish the fracture behavior in RC beams. At the early stage of fracture analysis, high 

AF and shorter RT signal values indicate pure flexural cracks in steel RC beams, whereas 

low AF and longer RT signal values point towards shear cracks in GFRP RC beams. At the 

final stage of fracture analysis, a substantial shift from short to slightly longer RT signal 

indicates flexure-failure by steel yielding followed by concrete crushing in steel RC beams. 

On the contrary, a strong shift from longer to short RT signal and lower to high AF was 

observed in GFRP RC beams points towards sudden shear failure followed by concrete 

crushing.  

Further, AE parameters of Average frequency (AF) and Duration (μs) with time show 

a significant drop in AF, and a jump in AE duration at the same time indicates critical failure 

points in steel RC and GFRP RC beams. These changes are better indicative of damage than 

the load-deflection plots. It is also observed that the moving average line of AF was high 
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and the duration line was low in the GFRP reinforced beams in comparison to the steel-

reinforced beams. This is due to the fact that GFRP bars have lower elastic modulus and 

different bond characteristics and deflect more than steel bars, causing AE activity to 

accumulate leading to a high frequency of hits. 

Along with AE monitoring which serves as an “ear”, DIC provides an “eye” to the 

damage monitoring strategy proposed in this work. DIC has the potential to serve as an 

online crack mapping tool in the form of surface strains and displacements and gives an 

indication much before the actual cracking is visible to the naked eye. It provides a mean for 

the exact localization of crack on the surface specimen using longitudinal surface strain (εxx) 

profiles. AE technique offers a qualitative insight into the damage process in concrete by 

studying variation in various AE parameters hits. The AE XY-events maps and DIC surface 

strain (εxx) profiles at different stages of damage in the steel and GFRP RC beams closely 

match with the actual cracked patterns observed in these differently RC beams.  
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CHAPTER 1 

INTRODUCTION 

1.1     GENERAL  

  Reinforcing steel bar corrosion is now well acknowledged as one of the most prevalent and 

serious causes of concrete structure degradation worldwide (Hansson, 1995; Raupach & 

Schiebl, 2001; El-Maaddawy, 2005 and Hawileh, 2011). Traditional steel bars in Reinforced 

Concrete (RC) constructions are vulnerable to rust, which compromises the structure's safety 

and serviceability (Batis, et al. 2005; Talakokula & Bhalla, 2014; Talakokula & Bhalla, 

2015 & Alhozaimy et al. 2018). Contaminants from the environment permeate the concrete 

cover and induce steel corrosion, decreasing strength, load-bearing capacity, lifespan, and cost 

of RC structures in humid conditions (Almusallam et al. 1996; Paik et al. 2004; Frangopol 

& Tsompanakis 2014; Wang et al. 2015 and Dhawan et al. 2019). The corrosion of rebars 

is caused by two primary mechanisms: chloride ion ingress and carbonation of reinforced 

concrete structures. When chloride ions enter concrete beyond the threshold value or when 

carbonation penetration overcomes the concrete cover, corrosion occurs in reinforced concrete 

structures, resulting in rebar delamination from the surrounding concrete (Francois & Maso 

1988 and Yoon, 2007). It produces voluminous corrosion products having a volume 6-10 times 

that of the surrounding parent steel, which leads to the cracking and spalling of the surrounding 

concrete (Castel et al. 2000; Ahmed et al. 2007; Ou et al. 2012 and Apostolopoulos et al. 

2019). Additionally, various environmental degradation factors such as moisture, chemical 

products, freeze-thaw, de-icing salts, and marine environments speed up the corrosion 

mechanism of steel bars in concrete assemblies (Francois & Maso, 1988 and Yoon, 2007). 

The National Association of Corrosion Engineers (NACE) has highlighted the negative 

impact of structural component corrosion on the Indian economy (Bhaskaran et al. 2005 and 

Raj et al. 2015). The Indian government spends around 26.1 billion US dollars per year, or 

about 2.4 percent of the country's GDP, to safeguard infrastructure against corrosion (Pardey 

et al. 2010). Degradation failure is a major problem associated with coastal infrastructures in 

metro areas such as Mumbai, Bangalore, and Chennai, which occurs as an outcome of climate 

change and rising sea levels, resulting in deterioration of various kinds of infrastructures and 

their systems (Valdez et al. 2016; Goldston et al. 2016 and Goldston et al. 2017). The 

expense of maintaining and replacing highways, roads, bridges, and marine substructures in 

coastal locations is further in billions of dollars (Pardey et al. 2010 and Koch, 2017). To avoid 
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maintenance costs, many strategies and methods for delaying the onset and progression of 

corrosion in RC structures have been proposed. Commonly suggested methods include the use 

of stainless steel (Gu & Meng 2016 and Rabi et al. 2019) and epoxy-coated rebars (Manning, 

1998; Lee, 2004 and Lopez‐Calvo et al. 2013) in place of conventional steel bars, admixing 

corrosion inhibitors (El-Hacha et al. 2010), using self-healing compounds in concrete 

(Stankiewicz et al. 2013 and Zhang et al. 2020) and use of polymer concrete (Fowler, 1999 

and Allahvirdizadeh et al. 2011). The use of stainless steel bars as reinforcement is not much 

effective as these bars are also prone to corrosion under a highly aggressive environment as 

well as they are costly (Cope et al. 2013). Epoxy-coated bars suffer from loss of adhesion with 

the surrounding concrete over a period of time (Lopez et al. 2013). Corrosion Inhibitors in 

concrete decelerate the diffusion rate of the reactants by absorbing the ions at the concrete 

surface, which delays the corrosion initiation but does not fully prevent it (Chigondo & 

Chigondo 2016 and Sehmi et al. 2020). Some researchers have recently proposed using self-

healing micro-capsules to protect metals against corrosion (Stankiewicz et al. 2013; 

Giannaros et al. 2016 and Zhang et al. 2020). After degradation, damage, or failure, these 

chemicals have the inherent ability to repair the substrate and restore functionality. However, 

this technique has practical challenges as the rupturing of self-healing-based micro-capsules 

takes place during the mixing of concrete. Apart from this, these specific techniques are not 

cost-effective and have scalability issues in structural applications. 

Fibre-Reinforced Polymer (FRPs) composites reinforcement has been introduced in 

recent decades as an alternative and/or substitute material to replace traditional reinforcing steel 

in many civil engineering applications, hence alleviating the corrosion problem (Alsayed, 

1998; Triantafillou & Antonopoulos, 2000, Ascione et al. 2003; Mancusi and Spadea, 

2010; Barris et al. 2012 Gudonis et al. 2013; Adam et al. 2015; Saleh et al. 2019 and 

Manalo et al. 2021). Although various fibres such as asbestos, paper, or wood have been used 

in the past, the most common are aramid, basalt, carbon, and glass. Typically, thermoset resins 

such as polyester and vinylester, as well as thermoplastics such as nylon, polyethylene, and 

terephthalate, are used (Hensher, 2016 and Abbood et al. 2021) are used. Furthermore, in the 

aerospace, automotive, marine, and construction industries, FRPs are commonly utilized for 

structural applications as well as for repair and rehabilitation due to their most common being 

cost-effectiveness and high strength properties, Glass Fibre Reinforced Polymer (GFRP) bars 

or sheets (Balendran et al. 2002). Because of these benefits, FRP composites have been 

utilized as internal reinforcement in RC structures, bridges, piers, and external reinforcement 
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in modern construction and restoration of structures for strengthening and seismic upgrading 

(Bonacci & Maalej, 2000; Pendhari et al. 2008 and Amran et al. 2018).  

Being non-corrosive, GFRP composite bars offer numerous benefits, including electric 

and magnetic neutrality, convenience of handling, high strength/weight ratio high and 

longitudinal tensile strength. They also are simple to construct and can be tailored to meet 

specific performance requirements (Goldston et al. 2016; Nanni et al. 2019; El-Hassan & 

Maaddawy 2019 and Abu-Obaida et al. 2020). Wharves, box culverts, dry docks, sea walls, 

floating piers, facades, and retaining walls can all benefit from GFRP bars, which can be 

utilized in place of steel rebars under harsh exposure situations such as coastal environments 

(Goldston et al. 2017). Magnetic resonance imaging lodgings in hospitals, as well as bridge 

decks close to electronic toll plazas, are examples of RC constructions that prohibit the usage 

of steel bars, where it has been suggested to use GFRP as reinforcement in concrete 

(Jakubovskis et al. 2014 and Goldston et al. 2016). But there are some inherent issues in the 

practice of GFRP bars in concrete as external reinforcement which needs elaborate and detailed 

investigation and studies before it can be practically implemented and replace the conventional 

steel bars. The initial cost of GFRP bars is significantly higher than the cost of steel reinforcing 

bars. Because of its linearly elastic stress-strain behavior up to collapse and low elastic 

modulus, Glass FRP bars behave differently than traditional steel bars, resulting in a significant 

reduction in flexural rigidity (El-Salakawy et al. 2003 and Ascione et al. 2010). Moreover, 

GFRP reinforced flexural members experience much larger deflection/deformations under 

service or loading conditions as compared to steel-RC flexural members (Theriault & 

Benmokrane 1998; El-Salakawy et al. 2003; Ascione et al. 2010; Escorcio and Franca 

2016 and Krasniqi et al. 2018). Another important issue is the sudden failure in the form of 

rupturing of GFRP reinforcement, and it is recommended to design them as an over-reinforced 

to facilitate failure by concrete crushing (ACI 2015). Therefore, it is very essential to monitor 

the crack initiation and its progression initiation and progression of the cracking and failure 

mechanism in GFRP reinforced concrete beams. 

In this research effort, the mechanical performance and behavior of steel RC & GFRP 

RC beams under flexure are investigated using the Acoustic Emission Technique (AE) and 

non-contact optical Digital Image Correlation (DIC) technique in conjunction with destructive 

testing. The joint approach provides complementary data from both the ear and the eye, aided 

by acoustic emission and digital image correlation, respectively. It is expected that the initiation 

and progression of the cracking and mode of failure in the beams will be characterized by 
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differently reinforced steel and GFRP concrete beams. AE and DIC are proposed to investigate 

and develop an advanced damage monitoring strategy to give an early warning of the onset and 

progression of damage.  

1.2 AE AND DIC FOR MONITORING RC STRUCTURES 

An effective and precise non-destructive approach is required to identify damage or cracks in 

concrete assemblies reinforced with conventional steel or GFRP bars at the early stages to 

ensure appropriate performance. In RC constructions, active NDT methods such as visual 

testing, infrared thermography, microwave, and ultrasonic testing have been employed 

(Sharma et al. 2015 and Sharma et al. 2018). However, a passive NDT approach based on 

AE is presented in this study. The AE method has established itself as one of the most 

dependable and well-established NDT procedures (Ohtsu and Tomoda, 2007; Ohno and 

Ohtsu, 2010 and Prem & Murthy, 2017) for damage detection and monitoring, as well as 

damage progress in various reinforced concrete structures (Providakis et al. 2014). As 

compared to other non-destructive techniques, the AE approach offers two significant benefits. 

i. It can provide important information about what is going on inside structures and 

ii. It has the capacity to monitor online during structural services. 

With the AE technique, it is possible to capture the damage process, when and where it 

occurs. It uses surface-mounted AE sensors to collect energy bursts in the form of elastic stress 

waves generated by fast energy release during RC structural deflection/deformation or crack 

propagation. In addition, the AE sensor transforms these transient elastic waves into an 

electrical signal (Maji and Shah, 1998; Yun et al. 2010 and Verbruggen et al. 2015). In the 

AE technique, various AE parameters are extracted and used to correlate to damage initiation, 

crack-growth, and progression in various kinds of infrastructures as well as localize and 

quantify it. In two ways, the AE approach is unlikely to vary from the rest of the non-destructive 

testing (NDT) procedures. The first distinction is related to the signal's origin. Rather than 

delivering energy to the item under investigation, this approach simply listens for the energy it 

emits. AE tests are frequently carried out on structures when they are in use, as this provides 

sufficient loading for flaws to propagate and acoustic emissions to occur. (Ohtsu and Tomoda 

2007; Prashanth & Kishen 2008; Ohno and Ohtsu 2010; Shah & Kishen 2012; Sharma et 

al. 2015; Prem & Murthy, 2017; Sharma et al. 2018; Burud & Kishen, 2020; Garhwal et 

al. 2021 and Burud & Kishen, 2021). The efficiency of the AE approach to study and identify 
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structural behavior and failure patterns of steel-RC and GFRP-RC beams is attempted in this 

research effort. 

The non-contact optical technique of Digital Image Correlation (DIC) has been 

proposed for detecting surface strain, displacement, or deformation in a variety of materials. 

(Prashanth & Kishen 2008; Blaber et al., 2015 and Gribniak et al. 2017). This approach is 

gaining popularity for studying crack development and material deformation being a low cost 

and a simple method to which gives an accurate solution. (Shah & Kishen, 2012) The 

positioning coordinates of digital images obtained from digital cameras before and after 

deformation are used in this approach to computing surface strains and deformations using 

cross-correlation or a least-squares function. (Choi & Shah, 1997; Prashanth & Kishen 2008 

and Bhowmik et al. 2019). Furthermore, data on displacement and strain acquired during the 

load testing of a structure may be used to assess adherence to both strength; lifespan, and 

maintenance cost. This substantially improves the effectiveness of a structural evaluation and 

allows for more regular structural monitoring. (Wang et al. 2005; Blaber et al., 2015 and 

Molina‐Viedma et al. 2020). 

 There are several DIC software’s available but an open-source 2D-Ncorr platform is 

the most promising tool used by researchers for measuring surface displacements and strain at 

a lower price than high-end equipment and post-processing software (Blaber et al. 2015 and 

Russ, 2016). This study attempts to use this non-contact digital imaging technique to examine 

and assess the structural behavior and performance of steel RC & GFRP RC beams. A brief 

review of the AE and DIC methods is presented, as well as their current applications for the 

health monitoring of civil engineering structures is provided in CHAPTER 3. 

1.3      GAPS IN RESEARCH AREA AND MOTIVATION  

As GFRP reinforced concrete structures are expected to fail suddenly and are relatively 

brittle, monitoring the initiation and progression of cracking and fracture behavior is important 

in these structures. No work has been reported so far which investigates the flexural 

performance behavior and damage monitoring of GFRP reinforced concrete beams using non-

destructive tools. Limited research evidence exists where investigators have used AE and DIC 

techniques for damage assessment to visualize crack propagation from invisible crack initiation 

to final fracture in plain concrete beams and specimens externally strengthened with Carbon 

Fibre Reinforced Polymer (CFRP) and Textile Reinforced Cement (TRC) sheets (Alam et al. 

2014; Verbruggen et al. 2014; Flansbjer & Limdqvist 2018 and Dai et al. 2019).  
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However, sudden brittle failure in GFRP RC structures necessitates the implementation 

of an effective and real-time health monitoring framework for assessing the integrity of 

structures, performance, and crack evolution before the damage becomes catastrophic and 

disastrous. Hence it is important to understand the initiation and progression of cracking and 

damage in GFRP reinforced concrete beams under flexure. This would go a long way in 

developing NDT tools for RC structures irrespective of the reinforcement used. It is expected 

that a judicious combination of AE and DIC as recommended in this study would lead to 

damage and fracture evaluation in steel RC as well as GFRP RC beams. The basic premise of 

integrating the two advanced non-destructive and non-contact techniques is that while AE can 

effectively monitor volumetric and surface effects in the structure due to damage progression, 

it has limited visualization accuracy. DIC, on either hand, identifies deformations and gives 

complete field displacement maps of the monitored structures' surfaces (Omondi et al. 2016 

Sharma et al. 2020 and Sharma et al. 2021). Both techniques when used simultaneously have 

the potential to lead to a comprehensive damage monitoring strategy for various kinds of RC 

structures utilizing steel or GFRP reinforcement.  

1.4 OBJECTIVES OF STUDY 

   The use of GFRP as concrete structure reinforcement is a new topic of research in 

structural engineering that requires more exploration. The major objective of this study is to 

investigate the structural performance of behaviour of steel and GFRP reinforced concrete 

beams in flexure using advanced NDT tools of AET and DIC. The main objectives of the 

research can be outlined as below:  

 Investigate and compare the behaviour of Steel Reinforced and FRP Reinforced Concrete 

Beams in flexure. 

 Analysis of bending behaviour of Steel and FRP reinforced concrete beams using 

Acoustic Emission Technique (AET) for internal defect detection and Digital Image 

Correlation (DIC) for surface cracking. 

 Characterization of the fracture process in Steel and FRP reinforced concrete beams using 

Acoustic Emission Technique (AET) and Digital Image Correlation (DIC). 

1.5 ORGANIZATION OF THE THESIS  

To accomplish the above-mentioned research goals and assess the problem definition and 

thesis structure has been broadly divided into as follows: 
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 The thesis is divided into 8 chapters that cover all of the study goals. The information in 

this dissertation is organized into 8 chapters with Chapter 1 being an introduction.  

 A detailed review of the literature on the mechanical behaviour of GFRP RC beams is 

presented in Chapter 2. The review of recent literature about the application of AE and 

DIC for monitoring reinforced concrete structures is presented in Chapter 3.  

 Chapter 4 outlines the experimental program and methodology undertaken in this work. 

The details about the materials used, descriptions of the test specimens including steel 

and GFRP RC beam specimens, and experimental setup for flexural monitoring of steel 

and GFRP reinforced concrete beams are presented along with details of AE and DIC 

test set-ups.  

 Chapter 5 focuses on the comparison in the mechanical behaviour and structural 

performance of steel and GFRP reinforced concrete beams under flexural loading. The 

results of the load-deflection characteristics, failure modes, and the progression of visible 

cracking pattern, moment carrying capacity, energy absorption capacity, and pre-and-

post cracking stiffness for two types of differently reinforced concrete beams have been 

compared in detail.  

 Chapter 6 presents the study of the bending behaviour of steel and GFRP reinforced 

concrete beams using AET for internal defect detection and DIC for surface cracking. 

Various AE parameters of cumulative AE hits, Average Frequency AF in (kHz), duration 

(µs), Rise Angle (RA), etc. along with Mid-point vertical displacement and surface strain 

in DIC have been used to study the variation in bending and failure pattern of steel RC 

and GFRP RC beams. 

 Chapter 7 examines the fracture monitoring of steel RC and GFRP RC beams, the results 

of cumulative AE hits, Cumulative Signal Strength (CSS), Amplitude, Average 

frequency, and Rise Time (RT), were utilized. Furthermore, the AE XY- plots and 

longitudinal surface strain (εxx) profiles are compared to real cracked images of steel and 

GFRP reinforced concrete beam specimens. 

 Finally, Chapter 8, lists the major conclusions drawn from the work and research 

recommendations for the future. 

 

CHAPTER 2 

GFRP AS REINFORCEMENT IN CONCRETE 
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2.1      GENERAL 

A number of studies on the flexural response of steel Reinforced Concrete (RC) 

structures under various types of loading have been undertaken in recent years (Sumarac et 

al., 2003, Parvez & Foster 2012, Bodzak, 2019). To overcome challenges of corrosion in 

steel-reinforced concrete structures, GFRP bars have been suggested in recent years as a 

potential and a viable solution commonly known as GFRP-RC structures (Theriault & 

Benmokrane, 1998; El-Salakawy et al. 2003; Ascione et al. 2010 Gudonis et al. 2013 

Escorcio and Franca, 2016; Krasniqi et al. 2018; Sharma et al. 2020 and Sharma et al. 

2021). Because of its non-corrosive properties, GFRP bars are ideal for use in coastal and 

marine environments (Goldston et al. 2016 and Goldston et al. 2017). Other important 

advantages include the high strength of tensile fiber, its non-conductive and non-magnetic, and 

it's lightweight and electrically and thermally properties.  

This chapter covers the definition and characteristics of FRP, as well as an overview of 

the historical development of FRP as a reinforcing material in civil engineering projects and a 

review of some of the latest important works done in the use of GFRP bars as reinforcement in 

concrete structures.  

2.2       FIBER REINFORCED POLYMER BARS 

2.2.1    FRPs and their characteristics 

Fiber-Reinforced Polymer (FRP) composites are made up of continuous fibers that are 

aligned and implanted in a resin matrix. Aramid, Basalt, Carbon, and Glass fibers can be used, 

and the resulting composites are designated for example AFRP, CFRP, and GFRP, respectively 

(Yao et al. 2016 and Bazan et al. 2021). The continuous fibres are embedded and bound by 

the polymer matrix, which is often a polyester, epoxy, or vinyl ester resin (Hensher, 2016 and 

Abbood et al. 2021). It also acts as a protective or shielding barrier for the fibers, reducing 

surface degradation throughout their service life. Thermosetting resins are a common form of 

polymeric matrix used in combination with fibers. Some of the most common thermosetting 

resins as presented in Table 2.1. The mechanical performance of the composite (FRP) will 

vary depending on the fiber quality, orientation, volumetric ratio, length, shape, adherence to 

a matrix, and manufacturing method (Goldston et al. 2016). The characteristics of these FRP 

kinds differ from those of steel in terms of modulus of elasticity and tensile strength (Boyle 

and Karbhari 1994 and Benmokrane et al. 1996). As demonstrated in Fig. 2.1, the tensile 

stress-strain conduct of FRP bars is linear-elastic till catastrophe for different types of fibers 

(Nanni at al. 1993; Ascione et al. 2003 and Gudonis et al. 2013). The tensile strength of FRP 

bars is often considerably higher than that of standard steel reinforcing bars. FRP bars are 
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particularly appealing for pre-stressed concrete applications due to their comparatively high 

tensile strength. However, the elastic modulus of these bars is lower than that of conventional 

steel bars (Barris et al. 2012 and Goldston et al. 2017). When compared to conventional steel 

bars, the modulus of elasticity of available GFRP and AFRP bars ranges from 20 to 25%, while 

that of CFRP bars ranges from 60 to 75 percent. Fig. 2.1 depicts typical stress-strain curves for 

FRPs, reinforcing steel, and pre-stressing steel ISIS, (2008). 

Table 2.1:  Thermosetting Matrices' Characteristics ACI (2015) 

 

Property 

 

Units 

Matrix 

Polyester Epoxy Vinyl 

Ester 

Density  (kg/m3) 1200-1400 1200-1400 1150-1350 

Tensile  (MPa) 34.5-104 55-130 73-81 

Longitudinal Modulus  (GPa) 2.1-3.45 2.75-4.10 3.0-3.5 

Thermal Expansion 

Coefficient  

(10-6/ °C) 55-100 45-65 50-75 

Moisture Content  (%) 0.15-0.60 0.08-0.15 0.14-0.30 

 

2.2.2   Advantages of FRP bars 

The usage of FRP bars as interior reinforcement for engineering constructions has a 

number of advantages. When compared to typical steel reinforcement, the main advantage is 

that it is non-corrosive. It is most suited to extremely corrosive situations, such as bridge decks, 

when de-icing salts are present (Goldston et al. 2016 and Goldstone et al. 2017). When steel 

reinforcement is utilized in this sort of climate, it corrodes, producing financial and structural 

difficulties with maintenance and safety. Low weight-by-strength ratio, high longitudinal 

tensile strength, and non-magnetic characteristics are among the other benefits, which makes 

GFRP reinforcement useful in medical applications that employ MRI equipment (Goldston et 

al. 2017). 
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Fig. 2.1: Stress-strain conduct for FRP and reinforcing steel (ISIS, 2008) 

 

2.2.3     Drawbacks of FRP reinforcing bars  

  One of the most significant disadvantages of all forms of FRP composites, including 

reinforcing bars, is their brittleness up-to collapse. FRP bar is acknowledged for being a non-

ductile material that does not yield like typical steel reinforcement (Sumarac et al. 2003). As 

a result, it is extremely difficult to bend FRP reinforcement on-site due to its lack of plasticity. 

The bending must be done by the manufacturer using specialist technology. Other drawbacks 

include the fact that the orientation of the fibers determines the reinforcing bar's strength. In 

comparison to the fiber direction, the longitudinal tensile strength is lower in the direction 

perpendicular to the fibers (El-Salakawy et al. 2003 and Ascione et al. 2010).  

Similarly, FRP bars have a low elastic modulus, resulting in greater deflections and 

increased cracking in flexural components, producing serviceability issues. Finally, while the 

initial rate of FRP bar is greater than steel bar, the entire lifecycle cost of a building component 

reinforced with FRP bar is cheaper, as structures reinforced with FRP bars require much less 

maintenance (Cadenazzi et al. 2019). The benefits and drawbacks of FRP are summarised in 

Table 2.2. 
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Table 2.2: FRP Reinforcement Bars: Benefits and Drawbacks (Goldston et al., 2016). 

Benefits Drawbacks 

Longitudinal tensile strength is high. Depending on the matrix type and thickness 

of the concrete cover, it may be susceptible 

to fire. 

Lightweight In a wet environment, glass fibers have a 

low durability 

Corrosion-resistant Lower compressive/shear strength 

Non-magnetic Lower elasticity modulus  

High service life/durability Cannot be bent in the onsite 

High fatigue tolerance Before a brittle rupture, there is no yielding. 

Minimum maintenance cost UV rays cause degradation. 

 

2.2.4   Historical development of FRP reinforcement 

 The increase of composites used in the defense sector following World War II in the 

1940s, notably in the aeronautical, naval sectors, and military applications, is credited with the 

invention of FRP reinforcement (Goldston et al. 2017). It was known at the time to have a 

high strength/weight relation and to be non-corrosive, making it the longevity to the 

atmosphere and the corrosive properties of the sea and salty environment. The necessity for 

year-round maintenance grew as the National Highway (NH) systems expanded in the 1950s. 

De-icing salts were commonly used in these structures, and those exposed to salty atmosphere 

faced considerable corrosion, which became a serious problem and resulted in expensive 

maintenance costs. ACI (2015) examined galvanized coatings, electrostatic spray, fusion-

bonded coatings, polymer-impregnated concrete, epoxy coatings, and glass FRP reinforcing 

bars. Until the late 1970s, when fiber-reinforced polymer reinforcing bar became commercially 

available, it was not considered a viable alternative. 

GFRP bars were initially thought to be a feasible substitute to steel for polymer concrete 

reinforcement because they eliminated the need to deal with the conflict of thermal expansion 

characteristics between polymer concrete and steel. For specialized advanced technology in the 

80s, the market wanted non-metallic reinforcement. The need for electrically non-conductive 

reinforcing was high in MRI medical tools installations (Goldston et al. 2016). As the benefits 

of FRP reinforcement became more increasingly recognized and demanded, new applications 

emerged, including seawall construction, power reactor bases, and electronics laboratories 
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(Goldston et al. 2017). Bridge degradation due to chloride-ion-induced corrosion has been a 

source of concern since the 1970s, and its impacts on America's aging bridges have been 

evident (Frangopol & Tsompanakis 2014). Furthermore, the discovery of corrosion in 

frequently used epoxy-coated reinforcing bars sparked curiosity in other corrosion-prevention 

techniques. FRP reinforcement was explored as a universal approach to solve corrosion issues 

in bridge decks and other constructions (Boyle and Karbhari 1994 and Benmokrane et al. 

1996). 

2.2.5   Field Applications    

Japan had the greatest FRP reinforcement applications up to the mid-1990s, with over 

a hundred demonstration or commercial projects. The Japanese Civil Engineering Society 

incorporated fibre enhanced polymer design criteria in their recommendation for design and 

construction (JSCE, 1997). In the 2000s, China exceeded the US as the world's largest 

employer of composite reinforcement for new construction, with uses spanning from bridge 

decks to underground construction (Feng, 2014 and Zhou & Zhang, 2019). In 1986, Germany 

was the first country in Europe to employ FRP reinforcement, with the building of a pre-

stressed FRP roadway (Knippers and Gabler 2008 & Lin et al. 2019). Since the building of 

this bridge, platforms have been developed across Europe to promote FRP reinforcement 

research and usage (Zyjewski et al. 2017). The Canadian Highway Bridge Design Code allows 

FRP strengthening and a series of earlier FRP reinforced concrete constructions were 

established in Canada (CSA 2012). 

In addition to that, Headingley Bridge in Manitoba included both Carbon FRP and 

Glass FRP reinforcement (ACI 2015). In 2006, the Floodway Bridge, which spans the Red 

River in Winnipeg, Manitoba, Canada, was finished. The bridge has sixteen spans, each 

measuring around 15 x 43 meters. Glass FRP bars are used to strengthen the concrete 

components above the girder. GFRP bars are used to strengthen all concrete parts above the 

girders. The project used 140000 kg of glass fiber reinforced plastic reinforcing bar, making it 

the world's largest non-metallic-reinforced concrete bridge. In addition, numerous bridges in 

Quebec, such as the Wotton Bridge in Wotton, feature GFRP bars in their decks. Three of the 

most well-known bridges in the area include the Magog Bridge on Highway 55 North, the 

Cookshire Eaton Bridge on Route 108, and the Val Alain Bridge on Highway 20 East. 

(Salakawy et al. 2003). Some of these bridges have been in use for over ten years with no 

evidence of GFRP reinforcement degradation (Mufti et al. 2007). As a result, the usage of 

GFRP bars has increased dramatically in Canada, where more than 200 bridge constructions 

have been completed positively. The Pierce Street Bridge in Lima, Ohio, was one of several 
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building applications and demonstration projects performed in the US and Canada to 

demonstrate the benefits of composite materials as revealed in Fig. 2.2(a) and the use of FRP 

bars in Ohio’s Salem Avenue Bridge in 1999 (Fig. 2.2 (b). 

  

(a) (b) 

Fig. 2.2 (a) Pierce Street Bridge in Lima, Ohio and (b) Dayton, Ohio’s Salem Avenue 

Bridge (Salakawy et al. 2003). 

 

2.3      DESIGN RECOMMENDATIONS FOR FRP REINFORCED STRUCTURES 

Design guidelines have been produced globally in Japan due to the growing use of Fibre 

Reinforced Polymer (FRP) reinforcement (JSCE 1997b), the USA (ACI 2015), Canada (ISIS 

2001; ISIS 2007; CSA 2002; CSA 2012), Italy (CNR 2006) and Egypt (HBNRC 2005). The 

sequential order of the design codes available for concrete structures reinforced with FRP 

reinforcement is presented in Table 2.3, respectively. 

Table 2.3: Sequential Order of Design Recommendations for Concrete Structures 

Reinforced with FRP Bars 

S.No Country Publisher Year Guide/Recommendation 

1 Japan Japan Society of Civil 

Engineers/(JSCE) 

1997 Recommendation for Design and 

Construction of Concrete Structures 

Using Continuous Fibre Reinforcing 

Materials 

2 Canada Intelligent Sensing for 

Innovative 

Structures/(ISIS) 

2001 Reinforcing Concrete Structures with 

Fiber Reinforced Polymers 

3 USA American Concrete 

Institute/(ACI) 

2005 Guide for the Design and Construction 

of Concrete Reinforced with FRP Bars 

4 Egypt Housing and Building 

National 

Research/(HBNRC) 

2005 The Egyptian Code for the use of Fiber 

Reinforced Polymer in the Construction 

Fields 
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5 USA American Concrete 

Institute/(ACI) 

2006 Guide for the Design and Construction 

of Concrete Reinforced with FRP Bars 

6 Italy Advisory Committee 

on Technical 

Recommendations for 

Construction/(CNR) 

2006 Guide for the Design and Construction 

of 

Concrete Structures Reinforced with 

Fiber-Reinforced Polymer Bars 

7 Canada Intelligent Sensing for 

Innovative 

Structures/(ISIS) 

2007 Reinforcing Concrete Structures with 

Fiber Reinforced Polymers 

8 USA American Concrete 

Institute/(ACI) 

2007 Report on Fiber-Reinforced Polymer 

(FRP) Reinforcement for Concrete 

Structures 

9 Switzerland The International 

Federation for 

Structural 

Concrete/(fib) 

2007 FRP reinforcement in RC structures 

10 Canada Canadian Standards 

Association/(CSA) 

2012 Design and Construction of Building 

Structures with Fibre-Reinforced 

Polymers 

11 USA American Concrete 

Institute/(ACI) 

2015 Guide for the Design and Construction 

of Concrete Reinforced with FRP Bars 

 

2.4  FRP REINFORCED STRUCTURES DESIGN AND CONSTRUCTION 

GUIDELINES 

ACI (2015) has developed a guide for the design of concrete beams internally reinforced 

with FRP reinforcement bars, “Guide for the Design and Construction of Structural 

Concrete Reinforced with FRP Bars”. According to this report, FRP reinforced concrete 

member design, particularly flexural capacity, may be estimated similarly to steel reinforced 

concrete member design. The technique for finding these parameters, including flexure 

requirements, is outlined in the handbook, which includes a beam design example (ACI 2015), 

makes the following assumptions: 

 The strain in the concrete and the FRP reinforcement is proportional to the distance from 

the neutral axis (NA).  
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 In concrete, the maximum acceptable compressive strain (𝜀𝑐𝑢) is 0.003. 

 The tensile strength of concrete is negligible. 

 Until failure, the tensile behavior of the FRP reinforcement is linearly elastic. 

 Because FRP reinforcement and concrete have a perfect connection, the strain in the 

reinforcement bar is identical to the strain in the concrete at the same level. 

Concrete crushing, FRP reinforcing bar rupture, and balanced failure are the 3 types of failure 

mechanisms for FRP RC specimens. (At 𝜀𝑐𝑢 = 0.003, FRP tensile reinforcement reaches rupture 

strain at the same time as concrete crushing). The reinforcement ratio (𝜌𝑓) and balanced 

reinforcement ratio (𝜌𝑓𝑏) determine the failure mode. If 𝜌𝑓 > 𝜌𝑓𝑏, the failure mode is governed 

by concrete crushing, whereas for FRP reinforcement rupture, 𝜌𝑓 < 𝜌𝑓𝑏. FRP RC specimens 

have a different suggested failure mode than steel RC specimens. Concrete crushing is favored 

over FRP bar rupture because if the reinforced FRP bars reach their strain for rupture (𝜀𝑓𝑢), 

failure without precaution would be highly sudden and devastating. When compared to FRP 

reinforcement rupture, an over-reinforced FRP RC beam produces a more "ductile" reaction 

and exhibits some plastic behavior. Equations (2.1) and (2.2) may be used to compute the 

reinforcement ratio (𝜌𝑓) and balanced reinforcement ratio (𝜌𝑓𝑏) for an FRP RC beam 

respectively. 

𝜌𝑓 =  
𝐴𝑓

𝑏𝑑
                                  (2.1) 

            𝜌
𝑓𝑏= 0.85 𝛽1 

𝑓′𝑐

𝑓𝑓𝑢 
 

𝐸𝑓∈𝑐𝑢
𝐸𝑓 ∈𝑐𝑢+𝑓𝑓𝑢

 
                                                                                                                                             

(2.2) 

𝜌𝑓𝑏 =balanced reinforcement ratio and 𝜌𝑓  = actual reinforcement ratio = 
𝐴𝑠𝑡 

𝑏𝑑
 where Ast is the 

area of reinforcement provided in the tension phase, 𝐴𝑓 = area of FRP tensile reinforcement, 𝑏 

= width of the beam, 𝑑 = effective depth, 𝑓′𝑐 = design characteristic concrete compressive 

strength, 𝐸𝑓 = FRP elastic modulus, 𝜀𝑐𝑢 = ultimate concrete strain, 𝑓𝑓𝑢 = tensile strength of the 

FRP and 𝛽1 = stress block parameter. For concrete strength, the 𝛽1 parameter is taken as 0.85 

𝑓′𝑐 up to and including 28 N/mm2. For concrete with a strength of more than 28 N/mm2, 𝛽1 is 

reduces at an amount of 0.05 for each 7 N/mm2 up to 𝛽1 = 0.65 (Equation (2.3). Henceforth, 

the stress block constraint should be within 0.65 ≤ 𝛽1 ≤ 0.85 (Equation (2.3). 

𝛽1 = (0.85 − 0.05 
( 𝑓′𝑐−28.0)

7.0
 ) ≥ 0.65                                                                                    (2.3) 
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The rectangular stress block may be utilized to calculate the nominal bending moment (Mn) in 

terms of the FRP reinforcement ratio (Equation 2.4) for an over-reinforced FRP RC beam (𝜌𝑓 

> 𝜌𝑓𝑏) as illustrated in Fig. 2.3 and Equation 2.4. 

                          𝑀𝑛 = 𝜌𝑓𝑓𝑓 (1 − 0.59 
𝜌𝑓 𝑓𝑓

𝑓′𝑐
 ) 𝑏𝑑2                                                               (2.4) 

Where 𝑓𝑓 = stress in the FRP reinforcement's under tension, which must be less than or equal 

to the tensile strength of the FRP reinforcement's (𝑓𝑓𝑢), and may be determined using Equation 

2.5. 

𝑓𝑓 = (√
(𝐸𝑓 𝜀𝑐𝑢)2 

4
 + √

0.85 𝛽1 𝑓′𝑐 

𝜌𝑓
  Ef 𝜀𝑐𝑢) – 0.5 Ef 𝜀𝑐𝑢 ≤ 𝑓𝑓𝑢                                                           (2.5) 

 

Fig. 2.3: Concrete Crushing's failure (ACI, 2015) 

The rectangular stress block is impracticable for FRP rupture to regulate the design (𝜌𝑓 < 𝜌𝑓𝑏) 

because the final strain in the concrete is unreachable. As a result, (ACI 2015) proposes a 

conservative and straightforward technique for calculating nominal bending resistance 

(Equation 2.6). When FRP reinforcement ruptures, the stress, and strain distributions are 

shown in Fig. 2.4. 

𝑀𝑛 = 𝐴𝑓 𝑓𝑓𝑢 (𝑑 −
𝛽1𝑐𝑏

2
 )                                                                                      (2.6) 

 

Where cb is the distance between the compression fiber and the NA under balanced strain 

circumstances, which may be calculated using Equation 2.7. 

𝑐𝑏 = (
𝜀𝑐𝑢

𝜀𝑐𝑢 + 𝜀𝑓𝑢
 ) 𝑑                                                                                                             (2.7) 

Where 𝜀𝑓𝑢 is the FRP tensile reinforcement's rupture strain. 

As shown in Fig. 2.4, a balanced failure situation occurs when the concrete reaches the 

anticipated ultimate strain of 0.003 while the FRP reinforcing bars reach the rupture strain (𝜀𝑓𝑢), 

that is, 𝜌𝑓 = 𝜌𝑓𝑏. 
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Fig. 2.4: Failure governed by FRP Rupture (ACI, 2015) 

 

The rectangular stress block is unsuitable for FRP rupture to guide the design (𝜌𝑓 < 𝜌𝑓𝑏), 

because the ultimate strain in the concrete (𝜀𝑐𝑢 < 0.003) is unachievable. As a result, the (ACI 

2015) proposes a conservative and simple method for calculating nominal bending resistance 

(Equation 2.8). When FRP reinforcement rupture dominates, the stress and strain distributions 

are seen in Fig. 2.5. 

Mn = Af ffu (d - 
𝛽1 𝐶𝑏

2
)                                                                                                      (2.8) 

where cb is the distance between the extreme compression fiber and the NA under balanced 

strain circumstances, and it can be calculated using Equation (2.9). 

Cb = (
 𝜀𝑐𝑢

 𝜀𝑐𝑢+  𝜀𝑓𝑢
) 𝑑                                                                                                             (2.9) 

 

Where 𝜀𝑓𝑢 is the FRP tensile reinforcement rupture strain 

As illustrated in Fig. 2.5, a balanced failure state occurs, when the concrete achieves the 

estimated ultimate strain value of 𝜀𝑐𝑢 = 0.003 while the FRP reinforcing bars reach the rupture 

strain (𝜀𝑓𝑢), which is 𝜌𝑓 = 𝜌𝑓𝑏. 

 

Fig. 2.5: Failure governed by Balanced Condition (ACI, 2015) 
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According to the concept of strength design (ACI 2015), says that the design flexural strength 

(∅𝑀𝑛) must exceed the factored moment (𝑀𝑢): ∅𝑀𝑛 ≥ 𝑀𝑢. Due to the variations in failure 

mode between GFRP-RC and steel RC components, a cautious strength reduction factor (∅) in 

flexure is suggested. To compensate for the loss of ductility, the GFRP RC beams should have 

greater reserve strength. Thus to ensure ∅𝑀𝑛 ≥ 𝑀𝑢, to calculate the necessary strength 

reduction factor, use equations (2.10, 2.11, and 2.13). Fig. 2.5 graphically shows Equation 

(2.9) as a function of the reinforcement ratio. Equation 2.10 for under reinforced section; 

Equation 2.11 for balanced and Equation 2.13 for over reinforced members. Where ρfb = 

balanced reinforcement ratio, ρf = actual reinforcement ratio.  

∅ = 0.55 𝑓𝑜𝑟 𝜌𝑓  < 𝜌𝑓𝑏                                                                                                       (2.10) 

    ∅ = 0.3 + 0.5
𝜌𝑓

𝜌𝑓𝑏
                                                                                                                 (2.11)    

   ∅ = 0.65 𝑓𝑜𝑟 𝜌𝑓 ≥ 1.4 𝜌𝑓𝑏                                                                                                (2.12) 

 

Fig. 2.6: Reinforcement Ratio and the Strength Reduction Factor (ACI, 2015) 

 

The theoretical moment of resistance (Mth) in the case of a steel-reinforced concrete beam, on 

the other hand, is computed using the formula in Equation (2.13) (ACI 2019). 

𝑀𝑡ℎ = 𝜌𝑓 𝑓𝑦  [ 1 − 0.59 𝜌𝑓  
𝑓𝑦

𝑓′𝑐
] 𝑏𝑑2                                                     (2.13) 

Where Mth = theoretical bending moment resistance, 𝜌𝑓 = reinforcement ratio, b= beam width, 

d= effective beam depth, f'c = Concrete compressive strength, ff = stress in fiber reinforced 

polymer bar, and fy = steel reinforcement tensile strength. 
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For steel RC and GFRP RC beams, the Mth/Mexp ratio is less than 1. As a result, the strength 

reduction factor (Ø) for excessively reinforced GFRP RC beams is determined using equation 

(2.14) from (ACI 2015). 

∅ = 0.65 𝑓𝑜𝑟 𝜌𝑓 ≥ 1.4 𝜌𝑓𝑏                                                                                                (2.14) 

ρ
fb= 0.85 β1 

𝑓′𝑐
𝑓𝑓𝑢 

 
𝐸𝑓∈𝑐𝑢

𝐸𝑓 ∈𝑐𝑢+𝑓𝑓𝑢
 
                                                                                                                            (2.15 )                  

 

Where ρfb = balanced reinforcement ratio, ρf = actual reinforcement ratio and  

The strength reduction factor for under-reinforced steel-reinforced RC beams is 0.9 (ACI 

2019).  

2.5   RC MEMBERS REINFORCED WITH GFRP BARS - A REVIEW 

A lot of research has been conducted on the performance of Simply Supported (SS) 

girders with internal reinforced with FRP bars under four-point bending. The previous study 

focused on the flexural behavior of FRP reinforced concrete beams with longitudinally 

reinforced Glass Fibre Reinforced Polymers (GFRP) reinforcing bars (Sam & Swamy 2005, 

Chitsazan et al. 2010, Ascione et al. 2010, Goldston et al. 2016 and Goldston et al. 2017). 

Furthermore, performance and reliability and deflection computation for FRP RC beams using 

latest methods for an effective moment of inertia are essential issues (Al-Sunna et al. 2005, 

Rafi, & Nadjai 2011, Toutanji and Saafi, 2000) incorporating the model supplied by FRP 

design suggestion (ACI 2015), which is based on (Bischoff et al. 2009) research. Furthermore, 

there have been several kinds of research on the behavior of normal and high strength concrete 

with FRP bars, highlighting the impact of concrete strength on the performance of FRP RC 

beams. (Theriaule and Benmokrane 1998). The following section, which also contains a 

review of the research, discusses the flexural behavior, serviceability, and influence of normal 

concrete and high concrete strength on the performance of FRP reinforced concrete beams. 

GFRP-RC beams have different flexural behavior than steel-RC beams. This is due to 

substantial mechanical and physical differences between GFRP and traditional steel reinforcing 

bars (Ascione et al. 2010). FRP is a linear-elastic material, whereas steel reinforcement is 

ductile, as previously stated. As a result, concrete crushing is the favored failure mechanism of 

FRP RC beams, as the beam exhibits some sort of "ductility" and plastic behavior before 

failure. The failure of FRP bars in tension can be catastrophic or disastrous occur without 

warning, thus it should be avoided (Goldston et al. 2016). As a result, the flexural design 
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philosophy was developed. FRP reinforced RC beams have a different concept than typical 

steel RC beams. For traditional steel-reinforced concrete beams, yielding steel before 

exceeding the moment capacity is critical because it provides ductility and failure warning. 

Consequently, the FRP design procedures specify that concrete crushing govern the design for 

FRP reinforced concrete beams. Furthermore, as compared to steel reinforced concrete beams, 

FRP reinforced concrete beams exhibit substantially greater deflections and fracture widths 

due to mechanical characteristics, largely due to the low elasticity modulus of FRP 

reinforcements (Goldston et al. 2017). A substantial expanse of study has been done in this 

field by examining the flexural behavior of FRP reinforced concrete spiecemens subjected to 

four-point loading (Alsayed 1998, Theriaule and Benmokrane 1998, Sam & Swamy 2005, 

Chitsazan et al. 2010, Ascione et al. 2010 Goldston et al. 2016 and Kumar and 

Sundaravadivelu 2017) and discussed briefly below: 

Alsayed (1998) examined the flexural conduct of 12 reinforced concrete beams subjected to 

4p-bending, dividing them into four groups, each with three specimens of different material 

characteristics. The control specimens (group A) were made using typical steel reinforcement 

and were meant to fail due to the steel reinforcement yielding.  

  

(a) (b) 

Fig. 2.7: (a) Cross-Section and Reinforcement Details for Beams in series A, B, C, D 

and (b) P-Δ curve for Series C Beams (Alsayed, 1998) 

 

The remaining 9 GFRP reinforced concrete beams (groups B, C, and D) were designed to be 

over-reinforced with GFRP reinforcement bars, with flexural strength judged to be comparable 
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to group one beams as shown in Fig. 2.7(a). The beams in the corresponding group were made 

in the same way. The normal strength concrete (NSC) utilized was between 31 and 41 MPa. 

The results of the experiments revealed that GFRP reinforcement is a viable substitute for steel 

reinforcement. The GFRP reinforced concrete (Series C) beams' average load-deflection 

behaviour showed a bi-linear correlation as shown in Fig. 2.7(b). The authors observed a 

considerable reduction in load drop near the cracking threshold, which they ascribed to the low 

mechanical properties (elastic modulus) of the GFRP bar. The controlled specimens were 

constructed as under-reinforced initially and were demonstrated to fail due to steel 

reinforcement giving, followed by compression failure. On the contrary, concrete crushing was 

the cause of the collapse because all of the GFRP RC beams were designed to be over-

reinforced. 

Theriaule and Benmokrane (1998) studied twelve concrete beams reinforced with E- Glass 

FRP bar rods were tested under 4 point loading with two different longitudinal  

  

(a) (b) 

Fig. 2.8: (a) Details of reinforcement and test specimen and (b) Cracking Pattern In 

BC4 and BC2 Specimen (Theriaule and Benmokrane, 1998) 

reinforcement ratios of 1.16 percent and 2.77 percent are denoted as BC2 and BC4, 

respectively. The reinforcement ratio and concrete strength were two of the most important 

factors investigated in this research. Furthermore, the behavior of the beams was monitored 

before and after cracking to quantify fracture widths, crack spacing, mid-span deflections, and 

stresses, among other things. The ultimate moment capacity of the tested beams increases as 

concrete strength and reinforcement ratio increase, however, this increase is limited by the 

concrete compressive failure strain of over reinforced concrete beams Furthermore, when the 
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reinforcement ratio improves, the remaining crack width, crack spacing, mid-span deflections, 

and stresses decrease as revealed in Fig. 2.8. 

Sam and Swamy (2005) studied the flexural behavior of RC beams measuring (0.15 x 

0.255 x 2.4) m and strengthened with Glass FRP and stainless steel bars was evaluated under 

four-point loading. The load-carrying capacity, load-reinforcement strain, cracking, and 

mechanism of failure of RC beams were all examined by the author. The flexural behavior of 

the beam reinforced with Glass FRP bars differed from that of the beam reinforced with 

stainless steel bars, owing to the lower modulus of elasticity of the GFRP bars. Furthermore, 

the author discovered that the deflection of the GFRP RC beam was approximately 3 times that 

of the traditional RC beam at the identical load level.  

Chitsazan et al. (2010) examined the flexural behavior of RC beams made of GFRP, 

looking at different types of failure, ultimate moment capacity, deflection, the load of the first 

crack, how to generate and expand cracks on the beam, and the position of the NA during 

loading for various GFRP bar ratios. On flexural behavior of concrete beams with GFRP, the 

author utilizes HSC mix instead of NSC mix and increases the effective depth across the width. 

The P-Δ plot of reinforced beams with FRP, according to the author, looks like a straight line 

with no failures. As a result, increasing concrete strength does not influence deflections. The 

author also noticed that in some GFRP-RC beams, particularly those composed of regular 

concrete mix, the NA rises due to the formation of fractures and that this process continues 

until ultimate loading. The NA then decreases until the beam ruptures completely and the 

GFRP-RC beams also exhibit elastic behavior as expected, with a large deflection shown to 

reverse after the load is removed. 

Ascione et al. (2010) examine the research observations of ten beam specimens to see 

what properties of concrete specimens reinforced with Glass FRP bars and stirrups are peculiar. 

Experimental evidence and theoretical expectations are compared as represent in Fig 2.9. The 

author found that the moment-curvature relationship of Glass-FRP reinforced members is 

linear in both the pre-and-post-cracked phases; moreover, experimental results support the 

accuracy of the prediction formulas provided in CNR-DT 203/2006 for both deflections and 

crack width. 
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(a) (b) 

Fig. 2.9: (a) Bending moment versus experimental flexural curvature and (b) 

Idealized bending moment versus experimental flexural curvature (Ascione et al. 

2010) 

RC beams strengthened by the reinforced GRP bars were examined by Kalpana and 

Subramanian (2011), the key factors being the strengthening ratio (1.0, 1.6, and 2.4%) and 

concrete compressive strength; NSC and HSC (20, 40, and 60) MPa three specimens each. 

Glass FRP beams dimensions were 1.8 m in length with a rectangular cross-section of (0.2 x 

0.25) m subjected to 4-point bending. Steel stirrups with an 8 mm diameter and a 100 mm c/c 

were utilized for shear reinforcement. The P-Δ behavior, failure mechanism, and fracture 

breadth at various load levels were also studied. The author found that improving the ultimate 

load-carrying capability of the GFRP-RC beams was more important than minimizing mid-

span deflection. Furthermore, for reinforcing ratios of (1.0, 1.6, and 2.4) percent, increasing 

concrete strength from 20 to 60 N/mm2 increased load-carrying capacities by (53, 67, and 62) 

percent, respectively. By maintaining concrete strength constant, load capacity increases by 

increasing the GFRP reinforcement ratio, whereas decreases mid-span deflection with NSC (20 

N/mm2), between 3%-20%, compared to 2%-13% and 2%-7% for 40 N/mm2 and 60 N/mm2 

HSC, respectively. When the GFRP reinforcement ratio was increased, while maintaining same 
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concrete strength, the load capacity is increased, while mid-span deflection decreased by 3%-

20% with NSC (20 N/mm2), compared to 2%-13% and 2%-7% for (40 and 60) N/mm2 HSC, 

respectively. 

Getzlaf et al. (2012) studied the flexural behavior of glass FRP reinforced concrete 

beams under 4 point loading. Sixteen GFRP RC beams were cast, reinforced with GFRP bars 

of various diameters, and the following factors were investigated: longitudinal reinforcement 

ratio (0.4-1.9%), failure mode (balanced, GFRP rupture, concrete crushing). The author utilises 

both normal and high strength concrete mixes (NSC = 41.4 N/mm2, HSC = 80.9 N/mm2). The 

GFRP-RC beams had a rectangular cross-section of 200 by 325 mm and a total length of 3620 

mm. The GFRP-RC beams were intended to fail in three different ways: balanced, under-

reinforced and over-reinforced. The impact of changing concrete compressive strength from 

NSC to HSC was studied and found to be significantly reliant on the longitudinal reinforcement 

ratio, according to the author. With a reinforcement ratio of 0.5 percent, the GFRP-RC beams 

were initially intended as under-reinforced (governs GFRP rupture). Furthermore, the author 

found that increasing concrete strength from 41.4 to 80.9 N/mm2 only enhanced load-carrying 

capacity by 6%.  

El-Nemr et al. (2013) studied the flexural behavior of twelve GFRP RC beams with 

normal and high strength, as well as two control specimens strengthened with conventional 

steel reinforcement. With cross-sectional characteristics of 0.2 m x 0.4 m and a total length of 

4.25 m, the RC beams were easily supported and tested under 4-point loading. The author 

employs GFRP reinforcement with diverse external surface textures, such as sand coated and 

helically grooved. The NSC varied from 29 to 34 N/mm2, whereas the HSC ranged from 59.1 

to 73.4 N/mm2. The major test parameters evaluated by the author were concrete compressive 

strength and reinforcement ratio. In comparison to NSC, the author found that GFRP-RC beams 

with HSC had a greater post-cracking rigidity. In comparison to the helically grooved, the sand-

coated GFRP-RC beams had lower fracture widths. With both NSC and HSC, increasing the 

quantity of longitudinal reinforcement increased the load-carrying capability of the GFRP RC 

beams as shown in Fig 2.10. The flexural performance of 10 GFRP reinforced RC beams was 

analysed by Adam et al. 2015 under 4-point loading. The FRP Glass RC beams had a 

rectangular cross-section of were 0.12m by 0.3 m rectangular and 2.8 m long and had shear 

reinforcement in form of 8mm diameter steel links spaced at 150 cm/c. The concrete 

compressive strength (three distinct classes, including NSC (25 and 45 N/mm2) and HSC (70 

N/mm2), reinforcement-ratio, and material type were all investigated by the author (GFRP 
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reinforcement and steel reinforcement). The author discovered a bi-linear P-Δ up to 

catastrophe, with the crack section considerably reducing the whole stiffness of the Glass FRP 

reinforced concrete beams, resulting in greater deflections. Furthermore, as compared to the 

under-reinforced GFRP RC beams, the over-reinforced GFRP RC beams with the highest 

amount of tensile reinforcement showed some ductility before failure. In addition it has been 

found that the GFRP RC beam failure process is dependent on the tension reinforcement’s 

ratio. Furthermore, raising concrete strength from 25 to 45 MPa (an 80 percent increase) 

decreased fracture width by 52 percent, compared to an 80 percent reduction when concrete 

strength was raised from 25 to 70 N/mm2 (180 percent increase). 

 
(a)  

 
 

(b) (c) 

Fig. 2.10: (a) Cross-section detail and test setup of the beam (b) Midspan deflection of 

beams for varying grades of the concrete and (c) Ultimate load of GFRP beams (El-

Nemr et al. 2013) 

 

High Strength (HS) and Ultra High Strength (UHS) concrete beams reinforced with 

GFRP bars were studied by Goldston et al. 2016. Six beams were utilized in the experimental 

program to study the flexural behavior of Glass FRP RC beams under 3-point bending. The 
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impact of reinforcement ratio and concrete compressive strength (HSC and UHSC) on capacity, 

for load carrying, deflection, capacity for absorption of energy, stresses in the concrete and 

reinforcement, and failure mechanisms were examined by the author. The energy absorption 

capabilities of UHSC GFRP RC beams were shown to be greater for the same amount of 

tension reinforcement as HSC GFRP-RC beams, according to the author. Furthermore, the 

GFRP-RC beam's flexural capcacity was found to be conservative (load-carrying capacity was 

36 percent under-predicted for both HSC and UHSC GFRP-RC beams). Furthermore, Glass 

FRP design guidelines for calculating deflection at the load-carrying capacity were found to be 

un-conservative (deflections for HSC GFRP-RC beams and UHSC GFRP-RC beams were 

under-predicted by an average of 10–22 percent). 

The findings of experimental research into the impact of using GFRP bars as internal 

reinforcement on the behavior of concrete beams under four-point bending are presented by 

Goldston et al. 2017. The longitudinal reinforcement ratio, with reinforcement ratios of 0.5  

 

(a)  

  

(b) (c) 

Fig. 2.11: (a) Schematic view of GFRP-RC beams (b) Load-midspan deflection 

behavior of GFRP-RC beams under static loading and (c) Effect of reinforcement 
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ratio and concrete strength on mid-span deflection at peak 1 load (Goldston et al. 

2017) 

 

percent, 1.0 percent, and 2.0 percent, and High Strength (HS) and Ultra High Strength (UHS) 

concrete compressive strength were the test variables. The P-Δ behavior of normal and high 

strength concrete GFRP RC beams showed a bi-linear response, with the first part of the 

response suggesting an un-cracked beam. The second part of the respondents indicated the 

cracking behavior of the GFRP-RC beam. Furthermore, before the whole breakdown, GFRP 

RC beams intended as over-reinforced with one percent and two percent reinforcement ratios 

exhibited symptoms of reserve capacity or "ductility." Furthermore, concrete strength was 

shown to have a stronger impact on lowering deflection and improving post-cracking bending 

stiffness. When concrete strength was increased with a greater reinforcement ratio (2.0 

percent), mid-span deflection was reduced by 21%, compared to just 7.0 percent for a 

reinforcement ratio of 1.0 percent. On the other hand, regardless of the reinforcing ratio, 

increasing concrete strength from normal to high strength had no influence on experimental 

moment capacity as presented in Fig 2.11. Krasniqi et al. (2018) studied the flexural conduct 

of two steel and four GFRP RC beam specimens, under 4-point loading. The control specimens 

(series A) were made with conventional steel and a tension reinforcement ratio of 0.46 percent, 

while the remaining four GFRP-RC beams (series B and C) were made with GFRP 

reinforcement bars and reinforcement ratios of 0.19 percent and 0.46 percent, respectively. The 

influence of the GFRP bars' reduced modulus of elasticity was obvious in early fracture to start 

in the beams reinforced with GFRP compared to conventional reinforcement, according to the 

author. Furthermore, as compared to concrete members reinforced with conventional steel, RC 

beams reinforced with GFRP bars have 2.5 times higher deflections and 1.6 times wider crack 

widths. Furthermore, the GFRP-RC beams' failure is primarily caused by lower post-cracking 

stiffness and rebar-to-concrete matrix slip. 

The flexural conduct of 8 GFRP RC beams under four-point loading was studied by 

Saleh et al. (2019). Rebars with diameters of 6.35 mm, 9.53 mm, and 12.7 mm were utilised, 

respectively with reinforcement ratios of 0.5%, 1.0%, and 2.0%. The energy Absorption 

Capacities and experimental load-deflection relationships were measured and evaluated. The 

author employed two design codes, ACI (2015) and CSA (2012), in relation to experimental 

data, for the flexural design of Glass FRP-RC specimens. The ACI-2015 predicted higher 

nominal loads, mid-span deflections at nominal loads, and energy absorption capacities than 

the CSA (2012) by a factor of 20 to 43. The nominal loads, mid-span deflections at nominal 
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loads, and energy absorption capacities predicted by the CSA (2012) were more conservative 

than those predicted by the ACI (2015). Furthermore, both ACI (2015) and CSA (2012) 

predicted values nearer to the experimental results for Glass FRP RC beams with high concrete 

compressive strength and tension reinforcement ratio with respect to maximum load, mid-span 

deflection and energy absorption capacity. 

 

2.6      CLOSING REMARKS 

 This chapter focuses on the definition and characteristics of FRP, as well as a timeline 

of how FRP has been used as reinforcement in civil engineering projects throughout history. 

Design guidelines for FRP-reinforced beams are explained in depth. In addition, a 

comprehensive literature study on GFRP utilized in reinforced concrete members was 

conducted. 
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CHAPTER 3 

AE AND DIC TECHNIQUES FOR DAMAGE MONITORING 

3.1      GENERAL  

The chapter analyses the effectiveness of sophisticated non-destructive testing (NDT) 

techniques such as the Acoustic Emission (AE) and Digital Image Correlation (DIC) for 

monitoring concrete structures. Acoustic Emission outperforms existing NDT methods in 

terms of monitoring dynamic deformation processes. Minor or significant fractures, bond 

failure, yielding, and other factors can cause material deformation. When a structure deforms, 

energy is released due to micro- and macro-cracking, resulting in a transient elastic wave 

known as "acoustic emission" that travels through the specimen. AE waves change in size and 

frequency with structural deformation may be readily captured by putting sensors on the 

structure surface. (Ohtsu and Tomoda, 2007; Prashanth & Kishen, 2008 Sharma et al. 

2015; and Burud & Kishen, 2021). DIC, on the either hand, is an optical and non-contact 

measuring technology that allows the displacement, deformation, and strain fields of a 

specimen's frontal surface to be determined under any loading condition (Bruck et al. 1989, 

Wattrise et al. 2001; Shah and Kishen 2010; Blaber et al. 2015, Gribniak et al. 2017). This 

approach is gaining popularity for studying crack development and material deformation being 

a low cost and a simple method to which gives an accurate solution (Shah & Kishen, 2012). 

In the sub-categories of AE and DIC, the chapter discusses about the principal, 

equipment, various parameters, and methodology of these monitoring techniques. 

3.2        ACOUSTIC EMISSION TECHNIQUE  

3.2.1     Basic Principle  

AE is the creation of elastic stress waves in a structure caused by a fast redistribution 

of stress or when a structure is subjected to an external stimulus such as a change in load, 

temperature, or pressure. Localized sources emit energy in the form of elastic-stress waves, 

which travel to the surface and are detected by a surface-momentum sensor (Ohstu & Tomoda 

2007; Yun et al. 2010; Sagar & Prasad 2012 and Gholizadeh et al. 2015). This elastic stress 

wave propagates through the solid due to the energy released during the bending process (Ohno 
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& Ohno 2010 and Prem & Murthy 2017). The quantity of acoustic energy emitted is 

determined by the magnitude and velocity of the local deformation process. 

In both extremely elastic and brittle materials, AE activity can be detected (Sharma et 

al. 2018). AE has been measured and recorded in a variety of materials, including, wood, 

polymers, and concrete (Verbruggen et al. 2015). With the aid of this approach, the 

maintenance team may be forewarned and repair work can be completed on time, saving money 

on repairs and extending the life of structures (Barile et al. 2020). This approach has been 

studied for almost sixty years, and various benefits and drawbacks have been identified, some 

of which are described below (Ohno and Ohtsu, 2010). The technique's advantages can be 

summarised as follows: 

 The only non-destructive approach that allows for worldwide and passive monitoring of 

active faults. 

 Using several sensors to locate the source of AE can help. 

  Real-time measurements are possible. 

 The signals are analyzed in detail to distinguish between real damage-related signals and 

background noise. 

AE is the consequence of an irreversible process; therefore any loading profile cannot be used 

to confirm the presence of a source in a suspected location. This characteristic, while generally 

beneficial, can occasionally be a barrier in testing. The tendencies for signals to attenuate, as 

well as the removal of background noise, are both drawbacks of this acoustic method (Ohtsu 

and Tomoda 2007 and Ohno and Ohtsu 2010). 

 

3.2.2       Types of AE waveforms 

    AE is described as brief elastic-stress waves caused by the fast release of energy 

during mechanical loading processes in a structure or material (Ohtsu and Tomoda 2007; 

Ohtsu et al. 2011; and Verbruggen et al. 2015). These transient elastic-stress waves 
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Fig. 3.1: Acoustic Emission Principle (Sharma et al. 2015) 

propagate through the structure before being detected by acoustic sensors placed on the 

structure's surface. Electrical AE signals are converted from mechanical AE signals, which are 

then transformed into an electronic data set (Sharma et al. 2015). This data collection is further 

examined, and the collected data is graphed. The method of generating and recording acoustic 

emissions is depicted in Fig. 3.1. 

In general, the following categories can be used to classify acoustic emission signals Transient 

Signals (Bursts): As illustrated in Fig. 3.2, these signals have a clear beginning and ending 

points that are distinct from background noise. They are frequently linked to crack propagation. 

 

Fig. 3.2: Transient signal (Sharma et al. 2015) 

 

1. Continuous Signal: These are never-ending waves with fluctuating amplitudes and 

frequencies, as the name implies. Fig. 3.3 depicts a typical continuous signal pattern. For 

motions or dislocations, they are usually the AE response.  
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Fig. 3.3: Continuous signal (Sharma et al. 2015) 

3.2.3       AE Set-up  

               The monitoring of AE is made feasible by a variety of equipment. Each component 

serves a specific purpose and is required for proper monitoring. This section includes a 

summary of each component: 

 AE Sensors: - It is used to record AE signals and is placed on the surface of an RC 

structure. A piezoelectric transducer is often used to transform mechanical AE waves to 

electrical signals. In order to properly identify the source location, the sensors must be 

carefully placed at the appropriate location. 

 

Fig. 3.4: Common types of AE sensors (www.googleimages.com) 

 

 Couplants and holders: Various couplants are used to attach sensors to the surface of the 

item to be evaluated. These are mostly utilized to assist inside the efficient and complete 
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transmission of the source's acoustic waves. The AE sensors are generally mounted on the 

surfaces to be monitored using Vaseline cream and held in place using cello adhesive tape.  

 Pre-Amplifiers: Pre-Amplifiers are used to provide gain in order to amplify signals to a 

less susceptible level and to filter and eliminate sound from locations outside the sensor's 

working range efficiently. 

 Data acquisition system: Modern AE systems use computers and associated software to 

offer menu-driven parameter input and system control. All of the signals received at the 

sensor end are collected and stored by the acquisition system. The new generation method 

also offers a wide range of post-processing options.  

 

 

3.2.4   AE signal parameters 

  Essentially, acoustic emission monitoring has two key characteristics: first, it can 

detect and record AE generated by a cause of damage, and second, it can pin-point the source 

of damage. Following the recording of AE waveforms, the detected signals are analyzed 

numerically and qualitatively to determine the properties of source acoustic emission. The 

features of AE sensors, the kind of damage source, and the distance between the source and the 

AE sensor are the three primary parameters that impact the recording of AE signals. 

Understanding an acoustic signal necessitates an understanding of certain fundamental 

terminology that is required to analyze and understand these indications. In Fig. 3.5, a typical 

signal is depicted. 

 Threshold: A threshold is a predetermined voltage level that must be surpassed before an 

acoustic emission signal can be recognized and processed. 

 Hit: A hit is a word used to describe when an AE transient is recognized and processed by 

an acoustic emission channel that is over the threshold value. The total number of AE 

strikes is recorded for all acoustic emission data. It also suggests that the material or 

structure has experienced some type of alteration. 
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Fig. 3.5: Waveform of Acoustic Emission signal and various parameters (Dunn et al. 

1984) 

 Arrival time: The exact moment when a burst signal passes the detection threshold for the 

first time. 

 Peak Amplitude: Throughout the course of the burst signal, the maximum absolute 

amplitude. The amplitude of the source event is related to its size. 

 Rise Time: The period between the first threshold crossing and the burst signal's maximum 

peak amplitude is known as the rise time (Ohtsu and Tomoda 2007). This parameter is 

frequently used in problems requiring time-dependent processes like dynamic loading or 

structural vibration. 

 Signal Duration: The time between the first and final time a burst signal surpassed the 

detection threshold. This parameter measures something similar to counts (Sharma et al. 

2015 and Sharma et al. 2018). It's very handy for noise filtering and other signal qualifying 

applications. 

 Counts: The nos. of times the amplitude of the signal surpasses the threshold value. 

 Absolute Energy: Over the period of the acoustic emission packet, absolute energy is 

defined as the integral of the squared voltage signal divided by the reference resistance. 

This is the real energy of an AE-hit, and its units are attojoules. The only constraint of 

absolute energy is that it only covers digitized signal length; if the signal length is longer, 

the total recorded energy will be significantly lower than the true energy. 

 Event: A single acoustic emission (AE) generates a transitory mechanical wave that travels 

in all directions in a medium. The AE wave is recognized when one or more AE sensors 

are struck. As a result, an event is defined as a collection of AE hits from a single source. 

The AE event is mostly used for source location with the aid of AE. 
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 Signal-Strength (SS): The term "signal-strength" (SS) is used to describe how damage 

evolves in structures. The word signal strength is defined by the Physical Acoustic 

Corporation (PAC) as the integral of the rectified voltage signal over the duration of the 

AE waveform packet, or the quantity of energy emitted by the material or structure. It is a 

direct function of the recorded Acoustic Emission (AE) signal's amplitude (db) and duration 

(us). 

 MARSE (Measured Area of the Rectified Signal Envelope): The area under the envelope 

of the sensor's rectified linear voltage-time signal is measured. Because it is sensitive to 

both amplitude and duration, this quantity is chosen over counts. It's also less responsive to 

a threshold and operating frequency settings. As demonstrated in Fig. 3.5, MARSE is most 

suited for defining the total cumulative AE activity.  

Several signal characteristics influence the accuracy of the data acquired using the 

collection equipment. The primary impacts include attenuation, which is defined as the loss of 

signal amplitude owing to material dampening, as well as the geometry of the material 

(Archana et al. 2003). The quantity of acoustic activity created is affected by wave velocity, 

shape, and material characteristics (Sarfarazi, 1992). The AE signature is affected by the kind 

of stress and rate of loading applied to the materials. Damage to materials, crack propagation, 

low temperature, and deformation are all connected to high AE, as are brittle fracture, 

anisotropy, heterogeneity, high strength, and high strain rate (Ohstu & Tomoda, 2007 and 

Ohno & Ohstu, 2010). 

The advent of new signal processing methods has simplified the elimination of 

unwanted segments during the post-processing stage. When analyzing large constructions like 

bridges, advanced approaches may be required, including the use of extra transducers 

recognized as guard sensors. These extra transducers have logic that allows signals detected by 

these sensors to be disregarded (Ohtsu and Uddin, 2008). 

3.2.5     AE Signal Analysis   

  Parametric Analysis (PA) and Waveform Analysis (WA) are two approaches for 

evaluating an acoustic emission signal to detect damage in RC structures (Sharma et al. 2015). 

PA is the process of extracting parameters from an AE signal and evaluating the amount of 

damage based on the features of the AE signal. Because it only deals with parameters 

concerning a certain threshold voltage and not the full acoustic emission signal, the parametric 

analysis approach has a fast recording and data storage speed. The WA approach involves 

immediately capturing the AE signal and determining the amount of damage based on the 
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behavior of the AE signal. The WA approach can distinguish between the AE signal waveform 

and noise and offer accurate results. But it requires a large amount of system memory for data 

storage and necessitates the temporary shutdown of the recording system while storing AE 

signals, resulting in a delay or interruption.  

As a result, recording of AE signal parametric analysis is recommended in real-world 

situations where massive reinforced concrete structures must be monitored. At the same time, 

technicians should confirm that the monitoring system is functioning properly by capturing and 

analyzing AE signals. 

3.2.5.1   Parametric Analysis (PA) 

 It includes capturing acoustic emission signal characteristics to give both qualitative and 

quantitative damage evaluations in reinforced concrete (RC) structures. Hits, energy, 

counts, amplitude, and signal intensity are some of the most often utilized AE 

characteristics for qualitative damage estimation. 

 Cumulative AE-hit: The regions of micro- and macro-cracks may be estimated using 

cumulative AE-hit. Higher AE activity or a greater number of AE strikes are associated 

with a higher crack evolution rate. 

 Cumulative Signal Strength: The term "cumulative signal strength" states to the 

accumulation of each hit's signal strength over time, with an emphasis on the overall 

quantity of acoustic emission activity generated. This curve can be used to notice 

significant damage in a reinforced concrete structure that occurs suddenly or unexpectedly. 

The CSS curve's height of spikes, also known as the knee, shows the existence of micro 

and major macro cracks in RC structures. 

 Amplitude of AE hits: The amplitude of AE impacts is proportional to the severity of the 

damage to the RC structure. Microcracks, which are generally formed in higher numbers, 

produce AE signals with lower or lower amplitude values (dB). Micro-cracks, on the other 

hand, provide a higher-amplitude AE signal when they are formed in small numbers. 

 Intensity Analysis: This is an analytical approach that aids in determining the specimen's 

overall integrity as well as the structural relevance of the observed AE events. The 

parameter under consideration is "signal strength," which is a distinctive AE signal 

waveform that includes both the amplitude and duration components. From the signal 

strength parametric data gathered during collection, two indices known as the "Historic 
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index" are calculated, demarcated as average signal strength among the largest numerical 

values of the signal; using the formula shown in Equation 3.1. 

      

Where HI (t) represents the historic index at time t, K represents the number of previous hits, 

Si represents the signal strength at the ith hit, and N represents the total number of hits. 

Severity Index is the average signal-strength for a specific number of hits with the highest 

signal-strength is used to compute the Severity Index. It is represented as in Equation 3.2. 

 

SI(t) = severity index at time t, L = number of hits with the highest signal intensity, and Sj = 

the signal strength at the jth hit. 

 AF/RA value analysis, using the raw AE signal parameters obtained from continuous 

Structural Health Monitoring (SHM) systems, several researchers have been able to 

identify, quantify, and locate various forms of damage in RC structures using AF/RA value 

analysis. For example, in RC constructions, the Average Frequency (AF) and Rise Angle 

(RA) values have been used to categorise distinct types of cracks (Ohtsu et al. 2010). This 

study shows that AE analysis can distinguish among tensile and shear cracks caused by 

external loads or forces on RC structures. 

 Average Frequency (kHz) and Duration (μs) analysis, apart from Amplitude of AE-hits, 

Cumulative AE-hits, and AF/RA value analysis, valuable information can also be derived 

from Average Frequency (kHz) and duration (μs) of AE hits with time. For instance, a 

reduction in AF and substantial increases in AE duration at the same time can be seen as a 

good indicator of key failure sites in RC structures. 

 AF/RT plot analysis, for damage quantification, AF/RT plot analysis uses the average 

frequency and rise time characteristics of AE signals. For example, in RC constructions, 

average frequency and rising time plot values have been used to distinguish distinct types of 

cracks (micro and macro) (Ohtsu, 2010). The author concluded that tensile cracking is 

indicated by a greater average frequency and shorter rise time, whereas shear cracking is 

indicated by a longer rise time and shorter average frequency. In RC constructions, there is a 

wide range of damage initiation and development, fracture classification (micro- and macro 

cracks), and failure mechanisms. 

 

(3.1) 

(3.2) 
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3.2.5.2     Waveform Analysis  

     The recording and analysis of acoustic emission signals, also known as Moment 

Tensor Analysis (MTA), is used to determine the amount of damage in RC structures. 

Processing techniques such as Fourier-Transform/(FT), Short Time Fourier Transform/(STFT), 

and Wavelet Transform/(WFT) can be used to analyze the recorded AE signal. 

 The Fourier-Transform/ (FT) converted the acoustic emission signal from time to 

frequency domain, allowing the frequency components of the AE signal to be identified. 

However, the information or data detailing the time-of-occurrence of the AE signal is lost 

during this conversion. Equation 3.3 is used to compute the Fourier-Transform/(FT) of a 

signal. 

 

 

 Short-Time Fourier-Transform/(STFT) By maintaining the time information as well as 

the frequency components of the AE signal, the STFT overcomes the limitations of the FT. 

The FT of the product of an acoustic emission signal and a window function is computed 

in STFT. First, at a specific moment, a fixed-size window is put over the AE signal, and 

the FT is determined. Second, the FT of this fixed-size window is computed and transferred 

to the next section of the AE signal. This procedure is carried out for the full AE signal. 

STFT has a fixed time and frequency resolution due to the settings window size. Equation 

3.4 is used to determine the signal's Short-Time Fourier-Transform/(STFT): 

 

where, 𝑠(𝑡−𝜏) represents the window function centered at time 𝜏 and 𝑆(𝜔) represents the 

STFT of AE signal𝑓(𝑡). 

 Wavelet-Transform/(WT) By utilizing a variable window size for Fourier-Transform, 

Wavelet-Transform/(WT) overcomes the constraints of the Short-Time Fourier-

Transform/(STFT) (FT). The frequency component of the AE signal determines the 

window size. A window with a short time interval is required for a low average frequency 

module, while a window with a short time interval is required for a high average frequency 

module. Splitting the acoustic emission signal into various levels with varying average 

frequencies and multiplying each level by an appropriate window size accomplishes this. 

Equation 3.5 is used to determine a signal's continuous wavelet transform: 

(3.3) 

(3.4) 
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Where, CWT (a,b) represents continuous WT of AE signal 𝑓(𝑡) and a and b are scaling and 

shift parameters of wavelet function of (t). 

It is proposed that sensors be mounted on the concrete surface to monitor the flexural behavior 

of RC beams subjected to 4-point loading using the AE approach. The next section examines 

the current state of the AE approach for corrosion monitoring in RC structures. 

3.3      REVIEW OF AET FOR DAMAGE MONITORING IN RC BEAMS 

Maji and Shah (1988) studied the localization of cracks and movement of the Fracture 

Process Zone (FPZ) using the Acoustic Emission (AE) technique. Laboratory experiments 

were performed on plain-mortar and model-concrete specimens were subjected under direct 

tension and the rate of acoustic emission events and sources of AE activity were studied. The 

author reported that the before peak load (Ppeak) was reached; all the recorded AE events were 

located near the notch. Furthermore, the author observed that a single peak load in plain-mortar 

specimen whereas multiple peak-load were observed in the model-concrete specimen. 

Moreover, the AE activity progressed during the strain-softening region with an increase in 

four-point loading. The FPZ was located using AE events and the location of the zone was 

confirmed with the location of the crack-tip evaluated by a modified Linear Elastic Fracture 

Mechanics (LEFM) model for plain-concrete and model concrete as well as by the 

microscopical observations. 

Quyang et al. (1991) studied mode I, mode II and mixed-mode failure in pre-notched 

plain concrete beams specimens using the acoustic technique. Pre-notched plain concrete 

beams with an X-section of 0.037 m x 0.15m were tested in the lab under 4p-loading over a 

span of 375 mm. AE activity in pre-notched plain concrete beams loaded in flexure using four-

point loading. The acoustic emission activity was represented as mode I-II, and mixed-mode 

using the AE seismic moment tensor demonstration. Moreover, the author also compared the 

observed visual cracking on the surface of the beams. For a mode-I macro  

 

(3.5) 
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(a)  (b)  

 

(c)  

Fig. 3.6: (a) Geometry of Center-Notched Beam (b) Load-Crack Mouth-

Opening Curve and Corresponding AE Events and (c) Locations and Fracture 

Modes of Microcrack for Center-Notched (Quyang et al. 1991) 

crack (center-notched), the majority of the micro-cracking or micro-crack planes were in a 

direction normal to the tensile stresses, where micro-cracking was rather uniformly distributed 

for a mode-II and mixed-mode macro-crack (off-center notched). In the end, the author also 

concluded that acoustic emission could be used as a powerful technique for assessing the 

damage in concrete as shown in Fig. 3.6. 

Zdunek et al. (1995) describe a technique for identifying early re-bar corrosion in 

reinforced concrete (RC) specimens exposed to cyclic salt exposure to initiate corrosion and 

monitored using an acoustic emission approach. The number of AE events increases in relation 

to micro-cracking of concrete owing to corrosion products build-up on re-bar, according to the 

author.  Furthermore, a high amplitude of AE events was also observed due to micro-cracking in 

RC specimens. Moreover, when acoustic signals recorded by the two transducers were analyzed, a 

shift of ~ 10 micro-sec was observed which can help in finding the source location of AE events. 

Finally, the researchers noted that AE can identify the beginning of rebar corrosion early on. 
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Sagar et al. (2002) use the acoustic emission approach to describe a method for 

assessing damage in RC bridge beams exposed to incremental cyclic stress. The four-point 

loading tests were carried out on high-strength RC beams with the same reinforcement ratio 

(1.395%) but under three different loading circumstances (0.2115, 0.2052, and 0.1954). Three 

RC beams were tested, each with a depth of 0.3 m, a width of 0.15 m, and a span of 3.0 m. The 

concrete's compressive strength was 58 N/mm2 after 28 days, and its tensile strength was 3.56 

N/mm2. The maximum size of coarse aggregate was 20 mm. The levels of damage indicated 

by AE data shift from minor to heavy damage levels as load cycles proceed, according to the 

author. As a result, the suggested revised criterion may be used to evaluate the damage of RC 

bridge beams. The author also investigates the relationship between AE activity and concrete 

and steel strain. Damage levels determined from maximum deflection and strain in steel and 

concrete are quite similar to the damage seen in RC beams, and flexure failure modes were 

created in RC beams. 

Yun et al. (2010) used the acoustic emission approach to evaluate the damage of 

reinforced concrete beams reinforced with CFRP sheets. Five beams, each 200 mm x 300 mm 

in cross-section, were evaluated in the laboratory under 3-point loading across a span of 1700 

mm. To serve as a reference, one of the beams was tested in its original state; the remaining 4 

beams were evaluated after being reinforced using CFRP sheets glued to the tension face. Both 

the quantity of CFRP sheets and the number of construction imperfections were studied by the 

author in this investigation. For four levels of damage (I, II, III, and IV), the AE parameters in 

terms of AE event, amplitude, frequency, and duration time were analyzed based on initial 

crack, propagation, yielding of main bars, and fracture or rip-off of the CFRP sheets, and show 

clear differences in the different loading stages, depending on the active damage mechanism. 

The parameters of the average AE signal for beams reinforced with CFRP sheets, i.e., 

amplitude, frequency, and duration time, are in the range of 52–74 dB, 83-201 kHz, and 489-

1099 µs when the crack is formed and propagated (damage levels I and II). The parameters of 

an average AE signal, i.e., amplitude, frequency, and duration time, were in the range of 72-89 

dB, 172-230 kHz, and 891-2030 µs, respectively, when substantial fractures remained seen, 

major bars had surrendered (damage levels III and IV). Finally, the author found that when 

damage levels grow, the characteristic value of the AE signal tends to increase. 

Shahidan et al. (2012) studied the damage classification of RC beam utilizing AE 

techniques. This method was utilized to determine the extent of damage as well as the kind of 

damage, such as tensile and shear crack motions at key zones inside an RC beam. Laboratory 

experiments are performed on one type of RC beam of concrete compressive strength 35 
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N/mm2 having the overall dimension of 0.15 m wide, 0.25 m depth, and 1.9 m length along 

with tension reinforcement i.e. 1.33% against balanced-section. The RC beam would go 

through four stages of mechanical behavior before failure, according to the author. These four 

stages are (20%, 50%, 80%) ultimate load and ultimate failure. The results were presented 

using an AE signal waveform such as amplitude, rise angle, average frequency, and signal 

strength. The result indicates high AF and low RA values are observed which implies a low 

level of tensile cracking at the initial stages (20% and 50% of ultimate load) in the RC beam 

specimen. As the load increases towards the final failure low average frequency and high RA 

values are noticed which implies shear movements slowly increase through the final loading 

stage (ultimate failure). 

Sagar and Prasad (2012) investigate an experimental study on damage assessment of 

RC beams subjected to progressive cyclic loading using the acoustic emission method. Three 

different depths of beams are examined in the laboratory, namely (150, 300, and 450) mm of 

grade M30 with 150 mm width and 3200 mm overall length of the RC beams specimen. The 

main parameter investigated in this article was relaxation ratio versus loading cycle. One 

notable outcome was observed for the relaxation ratio for specimens with depth 0.45 m, 0.3 m, 

and 0.15 m respectively. The ratio generally increases with the cycle number or in other words 

as damage increases. The trend changes when the load reaches about 70 percent, 75 percent, 

and 45 percent of maximum failure load respectively. Hence author concluded that the 

relaxation ratio could be a good parameter to identify the level of damage.  

The AE approach was used by Aggelis et al. (2013) to investigate the mechanical 

performance of beams externally reinforced with Textile Reinforcement Cementitious (TRC) 

and CFRP (Carbon Reinforced Polymer) Strip. A 4-point bending test was performed on 

reinforced composite concrete beams with a total length of 2.5 m, a distance between the 

supports of 2.3 m, and height and breadth of 0.3 m and 0.2 m, respectively, a 4 point bending 

test was accomplished. The key parameters investigated in this article were Average Frequency 

(AF) versus Rise angle (RA). The author observed that the TRC beam withstands a 10% higher 

load than the CFRP reinforced beam. However, higher average frequency and lower rise angle 

value were observed in TRC Beam, which represents Flexure failure; on the other hand, lower 

average frequency and higher rise angle value were observed in the CFRP layer beam which 

represents the shear failure.   

Verbruggen et al. (2015) investigated the structural analysis of Hybrid Composite-non 

carbon-reinforced beams and carbon-reinforced beams. In a laboratory test, AE analysis is used 

to monitor the failure of non-carbon reinforced and carbon-reinforced beams under four-point 
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loading. The main parameters investigated in this article were AF versus RT. The carbon-

reinforced beams eventually failed in the GFR due to debonding, according to the author. A 

substantial shift from short to longer RT signals, as well as from high to lower AF was observed 

in the box's GFR.IPC layers. A tensile composite failure was observed for the non-carbon 

reinforced beams. On the other hand, the non-carbon-reinforced beams exhibit a distinct AE 

pattern throughout the whole experiment. A strong shift from longer to short RT signals and 

from lower to high AF was recorded. This behavior allows for real-time evaluation of the 

behavior, especially the dominant fracture mode, which is difficult to do with any other 

approach. 

Prem and Murthy (2016) investigate the damage process of RC beams subjected to 

four-point loading. In a lab test, AE analysis is used to track the degradation of an RC beam 

under four-point loading. The study's major goal is to determine if AE monitoring can be used 

as an NDT approach in reinforced concrete structures. 3 types of reinforced concrete beams of 

grade M30 with overall dimensions of 0.1 m widths, 0.2 m depth, and 1.5 m length are tested 

in the lab against a balanced section with three different longitudinal tension reinforcements of 

0.42, 0.64, and 0.93 percent and it is denoted as A, B, and C. There are 4 stages of mechanical 

behavior the beam would experience before the collapse, according to the author. Micro 

cracking, localized crack propagation, widespread flexural cracking, and damage localization 

are the four phases. The number of counts, cumulative absolute energy, 

 

 

(a)  
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(b) (c) 

Fig. 3.7: (a) Under four-point bending, a typical test setup and data collection system 

(b) Categorization of damage zones in RC beams under bending and (c)  Relation 

between AF and RA value of B beams (Prem and Murthy 2016) 

 

nos. of hits, and amplitude all rise as the damage level increases, as observed by the author. 

Furthermore, a moving average is used to do a parametric comparison between average 

frequency and rising angle value based on over 50 AE hits. By applying the present 

classification the A, B, and C RC beams are analyzed at each level of damage. Fig. 3.9(b) 

illustrates the damage zone classification of B beams under loading and Fig. 3.9(c) illustrates 

the relation between AF and RA values of B beams. The rate of increase differs from one AE 

parameter to another, having amplitude having the lowest rate. Frequency varies as well, and 

as the level of damage increases, it decreases. The effects of longitudinal steel on all AE 

parameters are nearly identical, the average and cumulative values of these parameters increase 

as the reinforcement ratio increases (Fig 3.7). 

Corrado et al. (2017) used non-destructive techniques to assess the damage of an RC beam. 

The University of Salerno uses AE analysis to track the damage progress of an RC beam under 

load. Lab experiments are performed on one type of RC beam of concrete compressive strength 

40.62 N/mm2 having the overall dimension of 0.15 m wide, 0.2 m depth, and 2.0 m length along 

with tension reinforcement i.e. 1.12% against balanced-section. During a four-point loading 

test, mechanical and acoustic data were gathered using a loading technique that included 

multiple loading and unloading cycles. The Felicity ratio, SS, and CSS were all used to show 

the findings. When damage exceeds a 60% threshold, the Felicity ratio lowers to 0.7-0.75 

according to the author. Signal Strength, on the other hand, has been studied and compared to 
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the cumulative signal strength. It was discovered that when the maximum load was reached, 

the CSS increased significantly and suddenly. 

Sagar et al. (2017) studied the fracture monitoring of RC T-beam specimens that were 

put through an incremental cyclic load until they failed in bending. In a laboratory test, AE 

analysis is used to monitor the fracture monitoring of an RC beam under cyclic loading. Five 

RC flanged beams with a length of 3.2 meters and a span of 2.6 meters were tested out of which 

three flanged beam specimens each having 1.45 percentages of tension steel and a single 

specimen for test specimen containing 1.06 and 0.75 percentage of steel respectively. The total 

AE energy reported at the collapse of the specimen decreases as the reinforcement ratio 

increases, according to the author. Moreover, the author also observed that the slope of the line 

plotted between cumulative AE energy and time for a higher percentage of steel is less when 

compared with a lower percentage of steel. It might due to the fact that the reinforcement is 

more the specimen may behave more brittle and fails quickly. 

The AE method is used by Sutter et al. (2017) to detect fractures in lightweight 

composite concrete beams that are reinforced with TRC and CFRP strips. The author 

investigated four hybrid design beams in this research. The 1st design is a TRC box with four 

glass fiber textile layers, while the 2nd has eight; both types are referred to as reference beams 

or plain beams. The 3rd is a traditional hybrid, with two CFRP strips of 2.4 mm within the TRC 

box and 50 mm concrete on top of the eight layers of thickness of the TRC box. The reference 

beams, also known as CFRP-reinforced hybrid beams, have two CFRP strips (2.4 mm) outside 

the TRC box and 50 mm concrete on top of the 8-layer TRC box. The main fracture parameters 

investigated in this research were AF v/s RT. The CFRP-reinforced hybrid beams emitted 

longer signals based on the AE waveform measured at low load stages. Strong fluctuations are 

observed in the hybrid concrete-TRC beams, although the average values of AE parameters 

indicate stronger shear fracture appearances. At low load stages, the plain reinforced concrete 

beam emits shorter signals, indicating that the proportion of de-bonding and cracking events is 

larger for the CFRP hybrid beams and lower for the plain beams. Strong variations are observed 

for plain beams, whereas average AE parameter values imply stronger tensile fracture 

characteristics. 

Garhwal et al. (2020) used the passive AE approach to examine the P-Δ behavior of Glass 

FRP repaired corroded RC beams. In the laboratory, nine beams with concrete compressive 

strength of 35 N/mm2 and a cross-section of 0.127 x 0.227 m were evaluated under 4-point 

loads across a span of 4.1 m. The flexural performance of one control specimen with a 0.5 

percent tension reinforcement ratio was used by the author. Four RC beams had different levels 
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of corrosion (viz. C/0, C/10, C/20, C/30, and C/40). The four remaining damaged RC beam 

specimens (R/10, R/20, R/30, and R/40) were repaired using impressed current chloride (cl-) 

induced corrosion and examined under 4p-bending. The key acoustic emission parameters 

explored were cumulative AE hits and amplitude versus time. According to the author, flexural 

testing of corroded reinforced concrete beams shows a drop in load-carrying  

 

 

(a)  



 

47 
 

 

(b)  

Fig. 3.8: (a) Cumulative Hits for corroded and repaired beams;(b) Amplitude of AE 

hits in corroded and repaired beams (Garhwal et al. 2020) 

capacity as well as a decrease in deflection as corrosion levels increase. However, when the 

replicates of these corroded beams were repaired with micro-concrete and Glass (FRP) 

covering, substantial progress in the flexural properties of the corroded beams was found, 

indicating that strength and integrity were restored. Because of the attenuation of the recorded 

AE signals produced by pre-existing cracks, the authors noticed a substantial decline in 

cumulative acoustic hits and their associated amplitudes as corrosion levels increased, as well 

as depletion of distinct AE cracking phases. As illustrated in Fig. 3.8, the authors also 

concluded that AE monitoring has the benefit of detecting the beginning and progression of 

damage and fractures far before they become evident on the surface, making it more desirable 

and useful. 

3.4      DIGITAL IMAGE CORRELATION (DIC)  

DIC is an optical and non-contact measuring technology that allows the displacement, 

deformation, and strain fields of a specimen's frontal surface to be determined under any 
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loading situation (Bruck et al. 1989, Wattrise et al. 2001; Shah and Kishen 2010; Blaber et 

al. 2015, Gribniak et al. 2017). The structure of a digital picture will be defined in Section 

3.4.1 of this unit; the foundation of image matching algorithms can be established. The 2D-

DIC approach will be described in Section 3.4.2, as well as the operational idea of the DIC 

measurement technique, which is how the information contained in a digital picture is utilized 

to monitor an object's deformation. 

3.4.1     Structure of a digital image 

  The Color Intensity (CI) of a specific spot on the surface of an object of interest is 

collected by rectangular arrangements of individual picture elements, in digital photographs 

(Choi & Shah, 1997). Discrete pixels are not visible to the naked eye at  

  

(a) (b) 

Fig. 3.9: (a) Normal magnification digital image; (b) High magnification of a digital 

image (Wilbur, 2011) 

 

normal magnification; but, as illustrated in Fig. 3.9a, In a digital photograph, the CI variations 

between neighboring pixels mix and appear as continuous, progressive color shifts.  As seen in 

Fig. 3.9b, increased magnification demonstrates the discrete structure of the pixel array. 

Color Intensity (CI) data is generally recorded as an 8-bit integer ranging from zero to 

255 in each pixel of a picture (Peterson, 2005 and Reichmann, 2011). A value of 0 implies 

that there is no Color Intensity (CI), whereas 255 represents the highest intensity. The Red, 

Green, and Blue (RGB) color space, often known as the grey-scale color space, is the most 

popular color space utilized to capture digital pictures. Each pixel in the RGB color space has 

three layers of data, allowing each of the three color’s intensity levels to be defined (Wilbur, 

2011). Each CI matrix seems like a grey scale picture when presented separately; combining 

the 3 results in a full-color image, as illustrated in Fig. 3.10. 
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RBG Image Red level Intensity 

  

Grey Level Intensity Blue Level Intensity 

  

Fig. 3.10: RGB picture with all 3 color matrices shown and split into each colour 

matrix (Wilbur, 2011) 

 

The two most popular color spaces utilized to capture digital images are the RGB color 

space and the grey-scale color space. (Afifi & Ashour, 2012). Each pixel in the RGB color 

space includes three layers of data, allowing the three colors' intensity levels to be adjusted. 

Each colur intensity matrix will appear as a greyscale image when presented individually. A 

full-colored image will be generated when all three are merged, as seen in Fig. 3.10. Grey 

digital pictures are often used by DIC since just a single layer of information representing the 

color information on the surface of an object is needed (Maas and Hempel, 2006). Grey 

pictures can be produced in one manner or another: by making measurements of the light 

intensity from the surface of an object or by scaling three RGB image CI arrangements to create 

a single "averaged" intensity matrix (Stevens, 2007). Both options are acceptable for the use 

of DIC as long as the digital images have adequate changes in the intensity values of each pixel. 
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3.4.2   2-D DIC  

Although every pixel in a digital photograph represents a certain point CI on the 

forehead side of the object, the stressed deformation of the object can be detected by taking a 

series of digital images and comparison in two consecutive images of the CI values of the pixels 

(Wilbur, 2011). Fig. 3.11 depicts the procedure for collecting DIC measurements. 

The initial stages are to prepare the specimens and set up the experiment. A speckled 

arrangement of different black dots on a white backdrop is applied to the surface of the 

reinforced concrete specimen before testing. A 2D digital image of the specimen's frontal 

surface may be generated from grey scale digital images obtained during testing by one charge-

coupled device camera. Testing can begin when the specimen preparation and experimental 

setup are completed. Prior to loading, a digital picture of the specimen is taken, as well as 

during each load that needs displacement data. 

Specimen Preparation & Test Set-up 

 

Digital Image Acquisition 

 

Digital Image Correlation 

 

Converting from Object Coordinate System to 

Pixel Coordinate System 

            Fig. 3.11: The DIC process is depicted in a flowchart 

Although only one digital image per load phase is required, taking many photographs 

to assure data gathering at each load step is preferred. As demonstrated in Fig. 3.12a, the initial 

stage in digital image processing is to define the Region of Interest (R.O.I) in the different 

digital picture that requires deformation measurement. Because each pixel's intensity only can 

vary from zero to 255, and photographs typically comprise millions of pixels, many pixels in 

a picture will have the same intensity value. As a result, as shown in Fig. 3.12b, the R.O.I. is 

organized into a grid of square selections with various pixel widths that will be used to search 

for correlations. (Hild and Roux, 2006). 
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(a) 

 

(b) 

Fig. 3.12 (a) ROI selection in the sample image, and (b) Pixel sub-division of 

R.O.I (Hild and Roux, 2006). 

 

Using a correlation criterion, every subset from the reference digital picture is identified 

in a digital picture of the deformed test specimen to compute the dislocation of the test sample 

at every load stage (Pan et al. 2009). For every subset in the deformed digital photo that the 

reference subset is compared to, a CC, SSD, or NSSD coefficient is often computed, and then 

the shift in the location of the subset between the two pictures is computed by identifying the 

maximum of the correlation coefficient matrix and computing the shift in the location of the 

subset between the two pictures, the displacements are calculated as shown in Fig. 3.12 (Bruck 

et al. 1989). These coefficients determine how comparable the two pixels being compared are. 

A pixel subset at its reference location is illustrated in Fig. 3.13a, and the same pixel subset 

following deformation is presented in Fig. 3.13b. 
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(a) (b) 

Fig. 3.13: (a) Subset pixel illustration in position of reference and (b) after 

displacement (Bruck et al. 1989). 

 

The displacement vector produced for each subgroup at this level of digital image 

processing does not adequately represent the test specimen's deformation. Even though the 

deformed digital image's subset is skewed, the displacement vector remains constant 

nevertheless of the distortion of the entire subset, as seen in Fig. 3.14 below. This is because 

the correlation analysis ignores the translations and rotations of the subset that occur during  

  

Fig. 3.14: Deformed subset with the same vector at two different places (Bruck et al., 

1989). 

loading and instead focuses on determining which subset in the deformed digital image has the 

closest CI distribution to the reference subset (Bing, 2006). 

To obtain a test sample complete displacement profile, the displacement vectors 

obtained by correlation analysis must be interpolated. Some interpolation methodologies for 

sub-pixels that can be used to achieve varied degrees of precision include genetic algorithms, 



 

53 
 

intensity interpolation and correlation curve adjustment. (Bing, 2006). Because the members 

examined in the enclosed research will only be subjected to vertical forces, it is fair to infer 

that displacement will only occur vertically. The digital image of the body is described by a 

discrete function indicating the grey level of each pixel. The grey level value runs from 0 to 

255, with 0 being black and 255 indicating white, and all numbers in between indicating various 

shades of grey (Bruck et al. 1989).  

As illustrated in Fig. 3.15, the correlation computations are performed for a group of 

pixels known as a pattern. Inside a pattern, the deformation field is considered to be 

homogenous. The digital image of the body is a discrete function f(x, y), before deformation. 

The function f*(x*, y*) is transformed to a distinct function after deformation (Bruck et al. 

1989). Equation 3.6 expresses the theoretical relationship between the two discrete functions. 

𝑓∗(𝑥∗, 𝑦∗)  − 𝑓(𝑥 + 𝑢(𝑥, 𝑦), 𝑦 + 𝑣(𝑥, 𝑦)  = 0                                                  ( 3.6) 

Where u(x, y) and v(x, y) indicate the pattern's displacement field, as illustrated in Equation 

3.6. 

 

Fig. 3.15: Undeformed and deformed Pattern (Bruck et al. 1989). 

Correlation is now simplified to the process of matching subsets of numbers in the two 

digital photo. Equation 3.7 is used to determine the cross-correlation value, which evaluates 

how closely subsets match. 

C =  
1 − ∑[f(x, y). f ∗ ( x∗, y∗)]

∑ f(x, y)2. ∑ f ∗(x∗, y∗)2]1/2
                                                                                  (3.7) 



 

54 
 

f(x, y) is the grey level value at coordinate (x, y) for an undeformed photo, while f*(x*, 

y*) is the grey level value at point (x*, y*) for a deformed photo in Equations 3.8 and 3.9. 

The coordinates (x, y) and (x*, y*) are connected by the deformation that happened between 

the capture of the two digital photos. If the object's motion is parallel to the image plane in 

respect to the camera, then they are related by; 

x∗ = x + u +  
∂u

∂x
 δx +

∂u

∂y
δy                                                                                         (3.8) 

y∗ = y + v +  
∂v

∂x
 δx +

∂v

∂y
δy                                                                                          (3.9) 

The subset centers are displaced in the x and y-axis by u and v, respectively. The letters x 

and y represent the distances between both the subset's center and each point (x, y). Image 

correlation can be used to identify the values of coordinates (x, y), displacement (u, v), and 

derivatives. Detailed information about the DIC algorithms is available as open-source tools 

namely 2D-DIC code N-Corr (Blaber et al. 2014) operating in MATLAB (Russ, 2016).  

 

3.5     REVIEW OF DIC FOR DAMAGE MONITORING IN RC BEAMS 

Choi and Shah (1997) investigated the deformation of concrete subjected to 

compression testing is measured. The authors observed that the fractures patterns of concrete 

are very complicated; gages attached to the concrete specimens do not give an accurate reading. 

With the help of the non-contact (DIC) technique is applied to monitor the concrete fracture 

under compressive loads, so that gage readings are not disturbed while failure progresses. The 

study's major goal is to determine the viability of using DIC monitoring as a non-contact 

approach in concrete structures. Laboratory tests are performed on M20 grade concrete 

specimens with overall dimensions of 0.1 m width, 0.075 m height, and 0.075 m thickness. The 

prismatic shape of concrete specimens is necessary to give flat viewing frontal surfaces 

required for clear focusing during the digital-image grading. The author found that 

displacement contour maps profiles at various stages of loading were used to illustrate the 

development of non-uniform displacements in concrete. Authors also evaluate that with the 

help of this technique the cracks circumventing the aggregates and propagating parallel to the 

loading way in the concrete matrix.  

Wattrisse et al. (2001) use the DIC method to perform an experimental investigation 

to evaluate damage in RC beams subjected to increasing cyclic stress. Laboratory experiments 

are performed on flat Mild steel specimens of size (77.4 x 13.9) mm. The author used a digital 

camera to collect surface pictures before and after the deformations, and DIC techniques were 
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used to estimate relative motions of the points identified at the surface of interest. Additionally, 

the obtained digital pictures were manually adjusted to improve image quality before being 

input into DIC software for examination on the surface of interest. The main parameter 

investigated in this article was strain lagrangian strain-rate measurement (εxx) versus tensile 

load. The author observed that the strain-rate measurements will provide information about the 

onset and development of the strain localization. The author also reported that as the rate of the 

tensile load is small lagrangian strain-rate measurement is also small and represents with light 

bluish color but as tensile load is increased on flat Mild steel specimen the lagrangian strain-

rate is also increased and its represents with the dark red color. 

In a static test on Saint-Marcel bridge, Kuntz et al. (2007) studied the mechanical 

response of a shear crack on the RC beam. A DIC analysis of displacements was used to 

evaluate the mechanical conduct of a shear crack in an RC beam in response to full load cycles 

in static load testing. According to the author's study of displacement data, the fracture behavior 

changes meaningfully with load order, in this case, truck heading and position as it passes the 

bridge. Furthermore, a single displacement sensor does not capture tangential displacement 

along a fracture; at the absolute least, two displacement transducers positioned at 90˚ to each 

other are required, according to the author. The correlation digital-image method gives you 

access to the whole displacement field, whereas two connected transducers can only provide 

one displacement vector. Furthermore, the final results' quality in terms of uncertainty is largely 

determined by the care done during the digital-image capturing step. 

Shah and Kishen (2010) using the Digital Image Correlation (DIC) method and a 

three-bending test, the fracture characteristics for various concrete-concrete surfaces were 

investigated. Authors capture the digital images before loading (un-deformed stage) and at 

different stages of loading. For the DIC analysis, the open-source code 2D-Ncorr was utilized, 

and the simulations were run on a personal computer. Surface displacements, surface stresses, 

load point displacement, Crack Mouth Opening Displacements (CMOD), and crack tip location 

are all determined utilizing correlation algorithms on these digital images.  Vertical 

displacements and CMOD calculated with DIC and those obtained with Linear Variable 

Differential Transducers (LVDTs) and clip gauge are quite comparable, according to the 

author. Furthermore, the DIC method is a feasible and cost-effective alternative to LVDTs, 

strain gauges, and clip gauges, according to the author. In the end, the author concluded that 

DIC methods can successfully assess crack-tip position and crack length, which is challenging 

and costly for concrete-like materials using conventional sensors as presented in Fig. 3.16. 
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(a)  (b)  

 

(c)  

Fig. 3.16: (a) Geometry details of the specimen (b) Vertical load vs midspan 

displacement (interface beam AB) and (c) Results of strain, crack pattern, and 

displacement (interface beam AB) (Shah and Kishen, 2010) 

 

Destrebecq et al. (2010) Using a digital image correlation approach, researchers 

studied the mechanical behavior of a full-scale reinforced concrete beam that was exposed to 

four-point loads. Three varieties of grade M30 RC beams with total dimensions of 0.160 m 

width, 0.45 m depth, and 7.840 m length are used in the laboratory. Four 14 mm diameter 

HYSD steel rods serve as longitudinal reinforcement. In comparison with the digital reference 

image taken before loading, the author obtains digital photographs at various loading levels. 

The author evaluated that the detailed information about the cracking process and the flexural 

behavior were easily derived from the analysis of displacement fields processed from digital 

photographs of the beam captured at different loading levels. With the help of this technique, 

the early surface-crack detection and their crack widths were precisely measured as soon as 
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they appear during the different levels of loading cycles in the tensile region of the RC beam. 

Furthermore, the displacement longitudinal strain fields provided by the DIC method were used 

to obtain comprehensive information on the deflection and curvature of the bent RC beam. 

Values of the mid-span deflection obtained with the DIC technique are in fair correlation with 

values measured by the LVDT.  

Shih and Sung (2012) for studying the process of fracture formation in an RC beam, a 

digital image correlation approach is used by the authors. The study's major aim is to find the 

potential of using DIC monitoring as a non-contact approach in reinforced concrete structures. 

Experiments are conducted in the laboratory utilizing RC beams of grade M30 with overall 

dimensions of 0.15m and 0.25 m i.e. width and depth, and 1.5 m length, as well as longitudinal 

tension reinforcement of 2%, and three-point loading. The main parameter investigated in this 

article were surface strain and surface displacement fields. The DIC approach, according to the 

authors, can detect and identify early crack formation, whereas the conventional process cannot 

do so until a particular threshold of loading reached which already has caused breaking or 

rupture of the specimens. 

Fayyad and Lees (2014) under three-point loading, the fracture monitoring of steel-

reinforced concrete specimens was investigated. Digital image correlation (DIC) is utilised for 

a laboratory test to monitor the fracture control of the loaded steel RC beam. The study's main 

goal is to use DIC to analyze mode-I fracture propagation in reinforced concrete structures (see 

Fig. 3.17). In laboratory tests, two types of RC beams were utilized, with concrete compressive 

strengths of 36 and 46 N/mm2, overall dimensions of 0.1m width, 0.12m depth, and 0.84m 

length, and two distinct longitudinal tension reinforcement ratios of 0.5 percent. The 

displacement vectors of the DIC analysis findings were used to calculate the CMOD values for 

the investigated samples, which was the major parameter addressed in this research. The DIC 

analysis was carried out using an open-source tool called GeoPIV, and the simulations were 

run on a personal computer. CMOD was made on the basis of the DIC analysis and the concrete 

strength was revealed to have minimal effect on the opening of cracks; but the binding stresses 

between the reinforcement and the concrete seemed to have a role in the propagation of 

fractures and the breaking through of cracks. Researchers may also view and evaluate the 

fracture characteristics of RC beams using the DIC method.. 
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(a)  (b)  

 

(c)  

Fig. 3.17: (a) RC Beam dimensions of specimen 0.5% (b) Simple three-point loading 

set-up and (c) Strain diagram for specimen 0.5% subject to 107 kN loading (Fayyad 

and Lees, (2014) 

 

Using the DIC technique, Hamrat et al. (2015) examine cracking behaviour of both 

conventional and high-force concrete and high-force fibre concrete beams. Three flexural 

reinforcement ratios of 1.22%, 1.77%, and 2.42% were used for each series of beams. The 

beams were 1.5m long and had a cross-section of 0.1m x 0.16m. Beams were subjected to a 

symmetric loading composed of 4p-loading. The main parameters investigated in this article 

were crack detection, crack development, crack width measurements, and surface strain. The 

load-carrying capacity of concrete beams improves as the percentage of tensile reinforcement 

and compressive strength increases, according to the author. The comparison between standard 

measuring techniques (strain gauges, LVDT sensors) and the DIC approach was assessed by 

the author. The measurement of strains and displacements at or near failure, according to the 

author, is generally not feasible using normal methods, because of the safety risk and damage 

to equipment. In addition, the good agreement between the two metering methods shows that 
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the DIC methodology is an effective tool for monitoring displacement and stress areas 

throughout loading from beginning to failure. 

Tambusay et al. (2018) under three-point bending, study the shear fracture mechanism 

of RC beams is investigated by the author. DIC analysis is used to visualize the formation and 

propagation of shear cracking behavior in an RC beam in a laboratory test. In the lab, three 

types of M30 RC beams with overall dimensions of 0.1m width, 0.125m effective depth, and 

1.0m length are evaluated against a balanced-section with longitudinal tension reinforcement 

of 2.4 percent. The concrete's 28-day compressive strength was 43.4 N/mm2. According to the 

author, the suggested DIC system has enough resolution to monitor the onset and development 

of shear cracking in an RC beam. Furthermore, DIC findings revealed that concrete cracking 

appears as a succession of thin, high-strain strips. With increasing loading, the amount of strain 

increases, suggesting an increase in fracture width. In this work, hand-drawn crack maps and 

nonlinear finite element analysis strain fields (εxx) compare favourably to strain fields (εxx) 

created using the DIC approach, in this study. According to the author, DIC is also proving to 

be a useful technique for studying many aspects of the shear failure process in RC. 

The surface strain characteristics in reinforced asphalt concrete beams exposed to four-

point loads were studied using the DIC method by Sudarsanan et al. (2019). The author uses 

different types of geo-synthetic products such as woven geotextile; Coir geotextile; and 

Synthetic geotextile used for reinforcing the AC and compare it with unreinforced samples at 

10 and 30-degree temperatures. The strain or displacement field over an ROI may be measured 

using DIC analysis of successive digital pictures recorded throughout the test. For the DIC 

analysis, an open-source code called Geo-PIV-RG was utilized, and the simulations were run 

on a personal computer. The main parameters investigated in this article were horizontal 

surface strain and vertical surface strain fields. None of the available approaches, according to 

the author, are capable of assessing the strain generated over a large area. The DIC method, on 

the other hand, aids in the understanding of the stresses that have evolved inside an ROI. The 

strains created were estimated using an algorithm based on the pictures collected at regular 

intervals throughout the test. The horizontal strains (εxx) produced under four-point loading 

demonstrated that, as compared to UR samples over the same number of cycles, the 

reinforcement reduces strain mobilization at the fracture tip, extending fatigue life. 

Bhowmik et al. (2019) under the influence of static loading, a variety of small, 

medium, and large concrete beams were tested. The DIC method has been used to study 

concrete fracture mechanisms and crack development characteristics. Three distinct types of 

concrete beams with concrete compressive strength of 34.50 N/mm2 and total dimensions of 
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400 mm span, 550 mm length, 20 mm notch size, and 100 mm depth is tested in the lab. Surface 

displacements, surface strains, CMOD, and crack tip position are calculated using VIC-2D 

software to examine digital pictures. Digital images corresponding to peak load, 90% post-

peak load, 70% post-peak load, 50% post-peak load, 30% post-peak load, and 15% post-peak 

load were selected for the beam specimens under static loading. The vertical displacements 

produced from the 2D-DIC analysis were compared to experimental data under static loading 

conditions at various percentages of post-peak load. Vertical displacements produced by 2D-

DIC have also been compared to experimental results in fatigue loading scenarios. The authors 

discovered a strong correlation between the findings of the DIC analysis and the experimentally 

observed values. 

Johansson et al. (2020) studied the residual capacity in RC beams subjected to impact 

loading under three-point loading. DIC analysis is used to visualize and study the structural 

response of impact-loaded concrete beams. The main idea was to study the residual plastic 

deformation capacity of RC beams first subjected to impact loading, and this was done with 

high accuracy using DIC analysis. Drop-weight impact tests of 12 beams were carried out and 

the residual capacity were tested; out of which six beams were statically tested as references. 

With a span of 1000 mm and dimensions of (0.1 x 0.1 x 1.18) m, the beams were simply 

supported. The drop weight had a mass of 10 kg and was dropped from heights 2500 mm. A 

high-speed resolution camera, with 5000 fps, was used during the impact tests. From the digital 

images obtained, (DIC) analyses were conducted, and deformations and crack propagation of 

the RC beams were measured. The author observed that the deformations 

 

(a)  
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(b) 

Fig. 3.18: (a) Experimental setup for drop weight tests and (b) Initial and final crack 

pattern of RC beam subjected to four-point loading (Bhowmik et al. 2019) 

were obtained well, and the largest cracks were acceptably captured, but the smaller cracks 

were not observed using DIC as shown in Fig. 3.18. Furthermore, DIC analysis can detect and 

identify early crack deformations as well as crack propagation in RC beams. 

3.6      CLOSING REMARKS  

The processes and principles of AE and DIC, as well as testing methodologies, are 

presented in detail in this chapter. In addition, comprehensive literature review was conducted 

independently on AE and DIC flexural monitoring in RC structures. The review established 

the efficacy of AE and DIC for bending/damage/fracture monitoring in RC structures is carried 

out. But still need to be investigated before it can be practically employed in civil engineering 

structures. 
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CHAPTER 4 

EXPERIMENTAL PROGRAM & METHODOLOGY 

4.1      GENERAL  

In this research endeavor, it is proposed to examine the flexural performance and 

mechanical behavior of steel-reinforced concrete and GFRP reinforced concrete beams under 

flexural loading. The primary objective was to study the variation in the mechanical behavior 

and structural performance of steel-reinforced concrete & GFRP reinforced concrete beams 

under flexural loading using advanced Non-Destructive Testing (NDT) using Acoustic 

Emission (AE) and Digital Image Correlation (DIC) under four-point flexural loading. This 

chapter presents the experimental program and methodology in details of the work done in this 

thesis including the monitoring the flexural performance of steel and GFRP reinforced concrete 

beams.    

4.2      EXPERIMENTAL PROGRAM AND METHODOLOGY 

The experimental program of the present research consists of flexural testing of steel 

RC & GFRP RC beams with 150mm x 230mm cross-section and a span of 2100 mm. In the 

present study, Two types of beams were cast in this investigation, one reinforced with 

conventional steel bars of Fe500 grade and the other strengthened with Glass Fibre Reinforced 

Polymer (GFRP) bars with increasing tensile reinforcement percentages. Each RC beam is 

identified with two codes series, the letters S and G identify RC beams as being reinforced with 

steel and GFRP bars, respectively. The numeric characters 1, 2, and 3 refer to tension 

reinforcement ratio (Ast) of ~0.33%, ~0.52%, and ~1.11% of RC beam specimen respectively 

as shown in Fig. 4.1.  

These tension reinforcement ratios roughly correspond to the predicted failure mode 

respectively, steel yielding or flexural failure in case steel reinforced concrete beam and tension 

reinforcement rupturing, balanced failure, and concrete crushing in case of GFRP reinforced 

concrete beam. It is important to note that S-series beams had both longitudinal as well as shear 

reinforcement made of Fe500 steel bars whereas G-Series beams had both longitudinal as well 

as transverse reinforcement entirely made of GFRP bars.   
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Fig. 4.1: Schematic plan for an experimental program 

 

The ACI codes ACI (2019) and ACI (2015) are used to design RC beams. ACI (2019) 

was used to design steel-RC beams, whereas ACI (2015) was used to design GFRP-RC beams. 

The reinforcement ratio (ρ= 100Ast/bd %) for each set of beams was varied as ~0.33%, ~0.52% 

and ~1.11% based on volumetric calculations. The reinforcement details of both S and G-series 

are given in Table 4.1. Three specimens of each beam series were cast in order to ensure 

repeatability of results and the schematic plan for the experimental program is shown in Fig. 

4.1. 
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FRP RC beams should have higher reserve strength to account for the lack of ductility 

and hence they are recommended to be designed as over-reinforced sections according to ACI 

Committee 440 (2015). The balanced reinforcement ratio value for the GFRP RC beam is 

0.00308 or 0.3% (calculated using Equation 2.2) and hence a percentage of 0.33%, 0.52%, and 

1.11% (100 Ast /bd %) were chosen corresponding to reinforcement details given in Table 4.1 

to make GFRP reinforced section as over reinforced and steel reinforced sections as under-

reinforced. (Balanced reinforcement ratio value for steel RC beam is 2% calculated according 

to Equation 2.15).  

These differently reinforced steel RC & GFRP RC beams were subjected to flexural 

testing along with simultaneous AE and DIC monitoring while undergoing flexural testing. 

During flexural testing the mechanical performance of the steel and GFRP reinforced beams 

were compared by studying load-deflection characteristics, failure modes, ultimate moment 

carrying capacity, energy absorption capacity and pre-and-post cracking bending stiffness, etc. 

It was corroborated by analysis of the bending behavior of steel-reinforced concrete and GFRP 

reinforced concrete beams using Acoustic Emission Technique (AET) for internal defect 

detection and Digital Image Correlation (DIC) for surface cracking. Various AE parameters of 

cumulative AE hits, Average Frequency (AF) in (kHz), Rise Angle (RA), etc. along with DIC 

results of the mid-point vertical displacement and surface strain have been used to study the 

variation in bending and failure pattern of steel-RC and GFRP-RC beams. 

Table 4.1: Reinforcement details in the beams 

Series 

Code 

Reinforcement 

Condition 

ρ (%) Compression 

Reinforcement (Asc) 

Tension 

Reinforcement (Ast) 

S1 Under-Reinforced 0.33 2-8 mm Ø 2-8 mm Ø 

S2 Under-Reinforced 0.52 2-8 mm Ø 2-10 mm Ø 

S3 Under-Reinforced 1.11 2-8 mm Ø 3-12 mm Ø 

G1 Over-Reinforced 0.33 2-8 mm Ø 2-8 mm Ø 

G2 Over-Reinforced 0.52 2-8 mm Ø 2-10 mm Ø 

G3 Over-Reinforced 1.11 2-8 mm Ø 3-12 mm Ø 
*Under-reinforced section designed as per ACI 2019 and over reinforced section designed as per ACI 

2015 

Furthermore, analysis of the fracture patterns of these differently reinforced beams was 

also investigated using AET and DIC. The AE parameters of cumulative AE hits, Cumulative 

Signal Strength (CSS), Amplitude, Average Frequency (kHz), rise time (RT), and Duration 

(us) of AE hits and damage localization were used for the same. Moreover, the results of AE 
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XY-plots and longitudinal surface strain (εxx) profile were compared with actually cracked 

images of the steel-reinforced and GFRP reinforced concrete beam specimens. In this chapter, 

the experimental program, and methodology used in the study as well as the test results of basic 

materials used in the study are detailed including properties of concrete, tensile test properties 

of steel reinforcement, and GFRP reinforcement bars. 

4.3      MATERIALS USED  

Cement (C), Fine Aggregate (FA), Coarse Aggregates (CA), water, chemical, and 

mineral admixtures are the primary ingredients of the concrete mix. Reinforcing bars and other 

reinforcing fibers may be utilized in constructing concrete. The quality of the ingredients, their 

proportions, and the way they are mixed all affect the strength of the concrete. The materials 

fulfilled the conditions outlined in the appropriate Indian Standard (I.S 10262-2009) Code in 

general. The following properties were found in the materials used to make steel RC & GFRP 

RC specimens. 

4.3.1     Cement  

  Cement is a binder, a substance used in construction to bind materials together by 

setting, hardening, and adhering to them. Ultra-tech Pozzolana Cement (PPC) of 43rd grade 

was employed in the experiment and complied with the criteria of India's standards IS 8112-

1989 Code. It was fresh and free of lumps, which adds to the appeal. Table 4.2 shows  

Table 4.2: Physical characteristics of cement used 

S. No Properties Observation As per IS:8112-1989 (Part 1) 

1 Fineness (90 micron IS Sieve) 5 % 10% (Maximum) 

2 Specific gravity 2.88 2.89 

3 Soundness 2 mm 5 mm 

4 Initial setting time 65 minutes 30 (Minimum) 

5 Final setting time 370 minutes 600 (Maximum) 

6 Standard consistency 29.5 percent  

 3-days compressive strength 24.70  MPa 
23MPa (Minimum) 
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7 
7-days compressive strength 35.90 MPa 

33MPa (Minimum) 

28-days compressive strength 44.85 MPa 43MPa (Minimum) 

 

the results of standard tests on Ultra-Tech Pozzolana Cement (PPC) to determine various 

physical properties such as fineness, specific gravity, soundness, compressive strength of 

cement, and initial and final setting time, as well as their calculated and recommended values 

by Indian Standards.  Cement was properly kept to avoid its characteristics from deteriorating 

due to moisture interaction. The cement used in the study met all the standards set by IS: 8112-

1989 (Part 1). 

4.3.2   Fine Aggregates (FA) 

 Fine Aggregates (FA) are natural sand or crushed stone that is required in the 

production of concrete. Fine aggregate is granular material that passes through a 4.75mm 

screen and is used to make concrete or mortar. As a fine aggregate, natural river sand was 

employed. Table 3.3 shows the fine aggregates' particle size distribution and other physical 

characteristics. Before being used in concrete, lumps of clay and other extraneous materials 

were eliminated. Fine aggregates used in the experimental study belonged to Zone III are 

reported in Table 4.3  

Table 4.3: Sieve Analysis of Fine Aggregates (as per IS: 383- 1970) 

S.No I.S. 

Sieve 

(mm) 

Weight 

Retained 

Cumulative 

retained 

Percentage 

Cumulative 

Retained 

Percentage 

passing 

Limit 

1 10 ---- ---- ---- 100 100 

2 4.75 52 52 2.6 97.40 90-100 

3 2.36 60 112 5.6 94.4 85-100 

4 1.18 192 304 15.2 84.8 75-100 

5 600 μ 212 516 25.8 74.2 60-79 

6 300 μ 992 1508 75.4 24.6 12-40 

7 150 μ 444 1952 97.6 2.4 0-10 

8 Pan 48 2000 ---- ∑ 2.22 
 

Fineness Modulus of fine sand = 2.22 
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4.3.3 Coarse Aggregate (CA) 

The aggregate that is retained after passing through a 4.75mm screen is known as coarse 

aggregate. The coarse aggregate utilized in the experimental investigation for casting steel and 

GFRP reinforced beams was a 50:50 mixture of two crushed stones with sizes of 10 mm and 

20 mm. The sieve analysis and physical parameters of coarse aggregates with sizes of 10 and 

20 mm fulfilled the criteria of IS: 383-1970, as shown in Tables 4.4, 4.5, 4.6, and 4.7 

respectively.  

 

Table 4.4: Sieve Analysis for C.A 10mm (as per I.S: 383-1970) 

S.NO Sieve size 

(mm) 

Weight 

Retained (gm) 

Cumulative 

Retained (gm.) 

Percentage 

Cumulative 

 

Percentage 

passing 

 

IS:  

383-1970 

1 80 Nil Nil Nil 100 ------- 

2 40 Nil Nil Nil 100 ------- 

3 20 Nil Nil Nil 100 ------- 

4 10 350 350 17.5 82.5 85-100 

5 4.75 1500 1850 92.5 7.5 0-20 

6 PAN 150 2000 100 0.0 0-5 

Total weight of 10mm aggregates = 2000gms 

 

Table 4.5: Sieve Analysis for C.A 20mm (as per I.S: 383-1970) 

S.No Sieve 

size (mm) 

Weight 

Retained (gm) 

Cumulative 

Retained(gm) 

Percentage 

Cumulative 

Percentage 

passing 

IS: 383-

1970 

1 80 Nil Nil Nil 100 100 

2 40 Nil Nil Nil 100 100 

3 20 55 55 2.75 97.25 85-100 

4 10 1940 1995 99.75 .25 0-20 

5 4.75 2.5 1997.5 99.8 .2 0-5 

6 Pan 2.5 2000 100 0.0 ------ 

Total weight of 20mm aggregates = 2000gms 

Table 4.6: Proportioning of Coarse aggregates 

S.No Sieve 

size 

(mm) 

Cumulative 

Percentage passing 

of 10mm aggregates 

Cumulative 

Percentage passing 

of 20mm aggregates 

Proportion 

50:50 

(10mm:20mm) 

IS:383-

1970 

1 80 100 100 100 100 

2 40 100 100 100 100 

3 20 100 97.5 98.75 95-100 

4 10 82.5 0.25 41.375 25-55 

5 4.75 7.5 0.2 3.85 0-10 
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Table 4.7: Aggregate physical characteristics 

S.No Physical Properties Values 

1 Water Absorption of Fine Aggregates 2.60 

2 Water Absorption of Fine Aggregates 1% 

3 Specific Gravity of Coarse Aggregates 10 mm 2.65 

4 Specific Gravity of Coarse Aggregates 20 mm 2.65 

5 Free Moisture Content of Coarse Aggregates Nil 

6 Water Absorption of Coarse Aggregates 0.5% 

7 Fineness modulus (10mm) 6.1 

4.3.4    Mix Design Proportions 

 Concrete is a composite material made up of fine and coarse aggregates that are linked 

together by fluid cement (cement paste) that hardens (cures) over time. A portable concrete 

roller mixer produced the concrete for the steel & GFRP reinforced concrete beams utilized in 

the study. For casting beams, the design mix proportions of cement, fine, and coarse aggregates 

(crushed gravel with a max size of 20 mm) were 1:1.47:2.54 with a w/c ratio of 0.46 as 

indicated in Table 3.8. These design mix proportions were used for casting of standards 

150mm sized cubes and the average 28 days concrete compressive strength was determined as 

35.9 N/mm2 at 28 days (IS 10262 2009). The concrete mix designs are presented in Table 4.8. 

The concrete had a slump of 100 mm.   

Table 4.8: Concrete Mix Design Proportions 

S.No Material Quantity  

1 Cement 428.60 kg 

2 Sand 632.74  kg 

3 Coarse Aggregates 1088.71 kg 

4 Water 197.16 kg 

 C :   W :   FA :  CA 

1:   0.46: 1.47 : 2.54 

4.3.5     Water  

   Concrete is produced by mixing binding and inert materials with water. As a result, 

water and its purity are crucial in defining the quality of concrete. The water-to-cementitious-

materials ratios influence the strength and durability of concrete to a considerable extent. The 

concrete work was done with potable water from the Concrete Structures Laboratory at the 

Thapar Institute of Engineering and Technology (TIET). The water used for mixing and 

curing was devoid of harmful quantities of oils, alkalis, salt, and sugar, as well as other organic 

substances that might harm concrete. Potable water is typically regarded as adequate for mixing 
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and curing concrete, according to Indian Standard 456-2000. As a result, all concrete samples 

were prepared using potable water. 

4.4      TENSILE TESTING OF REINFORCING BARS 

 Material characteristics such as tensile strength, modulus of elasticity, and rupture strain 

were determined by preliminary material testing of steel and GFRP reinforcing bars. Table 4.9 

demonstrates the data of mechanical properties tests on steel and GFRP reinforcement bars, 

using the tensile testing procedure described in (IS 2008) for steel bars and (ASTM D7205 

2006) for Glass Fibre Reinforced Polymer Bars. 

Steel rebar purchased from NAV DURGA STEELS PRIVATE LIMITED located in 

Mandi Gobindgarh, Punjab, India. To strengthen the steel RC specimens in this  

Table 4.9: Mechanical characteristics of reinforcing bars 

Reinforcing 

bar diameter  

(mm) 

 

Ultimate Tensile 

Strength (MPa) 

 

Elastic Modulus 

(GPa) 

Ultimate Strain 

Steel GFRP Steel GFRP Steel GFRP 

8 530 866 201 41.3 0.0049 0.021 

10 544 1092 205 43.7 0.0048 0.025 

12 566 1219 210 41.20 0.0048 0.0296 

 

 
 

(a) (b) 

Fig. 4.2: Stress-Strain Plot for (a) steel bars and (b) for GFRP bars  
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investigation, three types of reinforcing steel bars were used: For longitudinal reinforcement, 

a deformed steel bar with nominal diameters of 8mm, 10mm, and 12mm is used (IS, 2008). 

Deformed steel bar of 8mm diameter served as shear reinforcement.  As illustrated in Fig. 4.2, 

the steel reinforcing bar failed owing to "cup and cone" failure within the free length. Fig. 

4.2a depicts the stress-strain conduct of steel reinforcing bars. The stress-strain response was 

linear until the yield point, and then plastic until maximum tensile strength was reached, with 

necking causing failure. 

  

                          (a)                                                          (b) 

Fig. 4.3:  Tensile testing of reinforcing bars (a) Tensile (cup and cone) failure 

of steel bars and (b) splitting failure of GFRP bars 

Similarly, three types of reinforcing GFRP bars Purchased from KC CONTECH 

Private Limited which is a leading GFRP Rebar manufacturer based in Chennai, Tamil Nadu, 

and India. In this thesis, to reinforce the GFRP reinforced concrete specimens: GFRP bar of a 

nominal diameter of 8mm, 10mm, and 12mm was used as longitudinal reinforcement and 8mm 

diameter bars served as shear reinforcement (ASTM, 2006). The stress-strain conduct of the 

GFRP reinforcement bars is presented in Fig. 4.2b. Tensile testing for GFRP bars is more 

challenging as compared to the strength (Goldston et al. 2017). A GFRP bar specimen tends 

to crush due to jaw pressure during tensile testing. To overcome this problem, GFRP bars were 

Cup and cone 

failure 
Splitting of 

GFRP bars 

Steel 

anchor 
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capped with cylindrical steel anchors using epoxy. A steel anchor prevents slip and uniformly 

distributes the pressure on the GFRP bar. The GFRP bars with steel anchors were placed in the 

jaws of the UTM and the specimen was clamped using a pressurized hydraulic system (Fig. 

4.3). Two specimens corresponding to each diameter for steel and Glass FRP bars obtained are 

presented in Fig. 4.2 and Table 4.9. There is a clear distinction between the modes of failure 

of steel and a GFRP bar, Steel bars undergo a typical “Cup and Cone” failure (Fig. 4.3a), 

whereas failure occurs outside the anchor and was primarily due to “Rupture and Splitting” 

of the fibers in GFRP bars (Fig. 4.3b).  

4.5  FABRICATION OF THE STEEL-RC AND GFRP-RC SPECIMENS 

Fabrication of reinforced concrete structural members plays a vital role in their 

performances. Steel and GFRP reinforcement cages were assembled as presented in Fig. 4.4 

(a) and (b). The formwork used to fabricate the beams was structural steel sections. Steel forms 

were used to keep all the specimens in a horizontal position. The sides were 18mm  

  
(a) (b) 

Fig 4.4: Formwork and  (a) steel and (b) GFRP Reinforcement Cages Before Concrete 

Pouring 

thick, and the bottom was 150mm wide. The forms were oiled, and then steel and GFRP 

reinforcement cages were placed in the formwork as presented in Fig. 4.4. The cage in the 

formwork was supported by concrete spacers along the side as well as the bottom to ensure the 

required concrete cover of 20 mm. To replicate typical construction practices with beams, all-
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steel RC and GFRP RC beams were cast horizontally. After oiling the forms, steel & GFRP 

reinforcing cages were placed in the formwork as presented in Fig. 4.4. The cage in the 

formwork was supported by concrete spacers along the side as well as the bottom to ensure the 

required concrete cover of 20 mm. An electrically driven concrete mixer machine with a 

capacity of 400 liters was used to make the concrete. Directly from the concrete mixer machine, 

the concrete was poured into the beam forms. To consolidate the concrete and eliminate air 

spaces, an electric vibrator was employed. Beams are covered with a jute bag and cured for 28 

days. Three standard cubes of 150 mm diameter were prepared and cured in the same situations 

as the beam samples. On the day of specimen testing, a concrete cube is tested, then the 

maximum and minimum values are excluded, and the average strength value is computed to 

ensure that the required strength is achieved. As mentioned the average cube compressive 

strength of the mix used for casting was obtained as 35.9 Mpa. 

 4.6  FLEXURAL TEST SET-UP DETAILS 

The steel and GFRP reinforced concrete beams were situated in the experimental test setup for 

static loading between two beams of the steel I section, with a total span of 2100 mm and an 

effective span of 2.0 m with overhang of 50 mm on both sides. The Steel RC & GFRP-RC 

beams were simply supported (SS), with a pined support at one end and roller support at the 

other end were tested under 4-point bending, see Fig. 4.5, using a spherical steel ball positioned 

in the center of the steel I-beam to provide two equally concentrated loads at 667 mm from 

either support. During testing, a 1000 kN hydraulic controlled load cell was employed. In order 

to quantify the beam deflection up to failure, a linear differential transformer with a range of 

50 mm and precision of 0.01 mm/sec has been linked to the bottom centre of the beams. Until 

failure, all beams were subjected to 1 mm/min displacement control loads. All statistics, 

including load and deflection, were recorded using a high-speed data collecting system. Fig. 

4.5 shows the typical flexural test setup for the research. Mechanical performance of the steel 

RC & GFRP RC beams were compared by studying load-deflection characteristics, modes of 

failure, the progression of visible cracking patterns, moment carrying capacity, energy 

absorption capacity pre-and-post cracking bending stiffness, etc. 
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Fig. 4.5: Flexural test set with reinforcement details 

4.7     ACOUSTIC EMISSION SET-UP 

During flexural testing, the concrete beams were also subjected to simultaneous AE and 

DIC monitoring. A Micro-II digital AE data acquisition system with AE sensors (PAC, USA), 

pre-amplifiers, and filters was used to monitor the AE of the steel & GFRP RC beams. When 

steel & GFRP reinforced concrete beams are subjected to flexural loading, AE sensors detect 

signals created by micro and macro cracks that arise as a result of flexural and shear cracks. 

Six AE sensors (Physical Acoustics Corp, (PAC) manufacture) with a resonant frequency of 

60 kHz were surface attached on the surface of steel RC & GFRP RC beams to explicitly cover 

an area where substantial damage and failure was expected. Three sensors were mounted on 

the front-face of the RC beam in-between-area, which was covered with a DIC speckle pattern, 

and the other three were mounted on the back-face. The AE sensors were mounted using a 

vaseline cream and held in position using cello adhesive tapes until the completion of the test. 

The experimental setup for AE data acquisition is shown in Fig. 4.6. AE-signals were recorded 

continuously until the completion of the experiment. AE-Win software was used for extracting 

the data providing various characteristics of AE-signal such as cumulative AE hits, amplitude 

(dB), Rise Angle (RA), Cumulative Signal Strength (CSS), Average Frequency (kHz), duration 

(µs), and Rise Time (RT), etc. Prior to the real AE monitoring, the Pencil Lead Break (PLB) 

test was conducted to check the sensitivity of the AE sensor. Following a successful PLB test, 
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the wave velocity of concrete was determined to be 3.5x106 mm/s (average of six 

measurements)by a pencil lead break test (Lee & Oh, 2016 and Sharma et al. 2018). To gather 

acoustic emission signals, a threshold of 45 decibels was first set with a preamplifier gain of 

40 dB as input. The signals arising from bending and subsequent breaking of steel & GFRP 

RC beams were acquired using the AE-win software. 

 

(a) Schematic 

 

(b)  Actual Beam with AE sensors 

Fig. 4.6: Acoustic Emission monitoring set up 

AE signals were recorded continuously during the entire duration of the loading of the steel 

RC & GFRP RC beams. From the recorded AE signals, numerous AE waveform parameters 

of cumulative AE hits, amplitude (dB), Rise Angle (RA) Cumulative Signal Strength (CSS), 

Average Frequency (kHz), duration and Rise-Time (RT), etc., their expanse and spread 

obtained using AE X-Y maps have been used to study the variation in initiation and progression 
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of damage classification of cracking (micro-and-macro cracks) and fracture and failure mode 

of steel & GFRP RC beams. 

4.8      DIGITAL IMAGE CORRELATION (DIC) SET-UP 

For DIC monitoring, a speckle pattern comprising of a white backdrop with black dots 

and measuring 1 meter in length is placed at the mid-span of steel-reinforced concrete and 

GFRP reinforced concrete beams, and it is referred to as the "Region of Interest" (ROI) (Fig. 

4.7a). Throughout the testing, pictures of the front surface of the beam were captured using a 

digital camera (Sony Exmor RV100 model) with a high-resolution image acquisition (5232 x 

3488 pixels). The camera was positioned on a tripod stand at a distance of 400 mm. The  

 

(a) Schematic 

 

(b)  Actual 

Fig. 4.7: DIC monitoring set up 

camera's focal length was set to 37 mm, the aspect ratio was set to 3:2, and the viewing direction 

was set to normal to the front surface of the beam. To eliminate any shaking and to maintain 

the same distance between the camera lens and the specimen, the digital photos are captured 
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using a remote control. The digital photos were manually modified to improve image quality 

before being loaded into the freeware 2D-DIC Ncorr V.1.2.1. 

It's worth noting that the DIC analysis was only performed on the zone indicated as 

ROI in Fig. 4.7. The flexural performances of steel RC & GFRP RC beams were compared 

using DIC parameters of mid-point vertical displacement and surface strains. On a UTM 

Machine, the beams were evaluated under four-point loading with the setup illustrated in Fig. 

4.7b. However, very limited research has used AE and DIC methods to assess the 

mechanical/fracture behavior of steel RC & GFRP RC beams. The load was assessed using a 

data-gathering system, and the mid-span deflections were measured using Linear Variable 

Differential Transducers (LVDT). The structural response of the steel & GFRP RC beams was 

studied by investigating the load-deflection behavior as well as AE and DIC parameters to 

understand the initiation and progression of damage and eventually resulting in unique cracking 

patterns. AE waveform parameters like cumulative AE hits, amplitudes, average frequency, 

signal duration, and rise angle were considered in the AE analysis. DIC was primarily 

employed to compute the vertical displacement at and surface strains at the mid-span. 

Moreover, the longitudinal strain field (ɛxx) so obtained from DIC was compared with AE X-

Y event plots and actual photographic images obtained during testing. 

4.9     CLOSING REMARKS  

The experimental program and testing details of the work is carried out in this work in 

detail. The test findings of fundamental materials, like cement, fine aggregates, coarse 

aggregates, steel reinforcement and GFRP enforcement bar water test features and 

manufacturing details for specimens of steel-RC and GFRP-RC are also discussed. All the steel 

reinforced & GFRP reinforced concrete beams were subjected to flexural loading along with 

AE and DIC testing and the details are also presented in this chapter.   
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CHAPTER 5 

FLEXURAL PERFORMANCE OF STEEL AND GFRP RC BEAMS  

5.1  GENERAL 

In this chapter, the flexural performance and mechanical behavior of differently 

reinforced steel RC and GFRP RC beams are examined and compared. As already discussed 

in Chapter 4, two types of steel-reinforced concrete and GFRP reinforced concrete beams were 

cast with an effective length of 2.0 m and an overhang of 50 mm on each side of 150 mm x 

230 mm cross-sectional dimensions using concrete design mix proportions of 1:1.47:2.54 of 

cement, sand, and coarse aggregates and a w/c ratio of 0.46. Two sets of beams were cast 

reinforced by conventional Fe500 grade (S-series) and GFRP bars (G-series) respectively. It is 

important to note that S series beams had both longitudinal as well as shear reinforcement made 

of Fe 500 steel whereas G Series beams had both longitudinal as well as transverse 

reinforcement entirely made of GFRP bars. Steel reinforced concrete beams were designed as 

under reinforced (ACI 2019); whereas GFRP reinforced concrete beams were designed as over 

reinforced (ACI 2015). The reinforcement ratio (ρ= 100Ast/bd %) for each set of RC beams 

was varied as ~0.33%, ~0.52%, and ~1.1% based on volumetric calculations. The 

reinforcement details of both S and G-series are presented in Table 4.1. 

In this chapter, the comparison of the flexural performance of different reinforced steel 

& GFRP RC beams is investigated in detail. The influence of different percentages i.e. ~0.33%, 

~0.52%, and ~1.1% of longitudinal reinforcement ratios with the same concrete compressive 

strength (35.9 N/mm2), on load-deflection behavior and variation in their failure modes is 

explored during testing (tension failure in under-reinforced beams and shear concrete crushing 

in over-reinforced beams). Various parameters like mid-span deflection, theoretical moment 

carrying capacity (Mth) and experimental moment carrying capacity (Mexp), energy absorption 

capacity, and pre and post-cracking bending stiffness of steel and GFRP reinforced concrete 

beam are compared with different reinforcement type as well with different percentages of 

reinforcements.  
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5.2  FLEXURAL PERFORMANCE AND MECHANICAL BEHAVIOUR 

5.2.1  Steel Reinforced Concrete Beams 

Table 5.1 shows load-deflection tables for steel RC beams with varying percentages of 

tension reinforcement ratio. For each S1, S2, and S3 beam with reinforcement ratios of 0.33%, 

0.52%, and 1.11%, etc., three samples are examined to ensure the repeatability of results (Fig. 

5.1). The representation of the plot with varying percentages of tension reinforcement is 

presented in Fig. 5.2. 

The load-deflection plot of steel-reinforced concrete beams is broadly classified into 3 

regions Un-Cracked Elastic, Cracked-Elastic, and Plastic Zones (Fig. 5.2). Initially, the applied 

loads as well as deflection are small and follow a linear relationship. This zone I is named an 

Un-cracked elastic zone. With further increase in loading, a significant change and reduction 

in stiffness of the steel-RC beam is observed with the development or formation of hairline 

cracks at cracking load (Pcr) of 5.58 kN, 7.65 kN, and 9.54 kN with a deflection (𝛿cr) of 0.61mm, 

0.56mm and 0.43mm for S1, S2, and S3 beam respectively (Table 5.1). These cracks proceed 

along the sides of the steel-RC beam with reducing stiffness. The cracks tend to appear and 

start becoming visible at a load of 16 kN, 20 kN, and 30 kN for S1, S2, and S3 beam 

respectively, in the tensile zone of the steel-RC beam. As the load increases, the cracks starts 

propagating and appear in the form of scattered flexural and shear cracks causing the steel to 

yield under load (Py) of 28.93 kN, 45.85 kN, and 75.09 kN with a deflection (𝛿y) of 6.27mm, 

6.85 mm and 4.94mm in S1, S2, and S3 beams respectively. This part of the load-deflection 

plot from Pcr to Py is termed as Cracked-Elastic Zone II. 

Table 5.1 Load-deflection Results for Steel reinforced concrete beams 

Beam Series Pcr (kN) 𝛿cr (mm) Ppeak (kN) Pu (kN) 𝛿u (mm) 

S1 5.58 0.61 35.18 33.43 55.51 

S2 7.65 0.56 50.80 47.10 43.10 

S3 9.54 0.43 88.94 82.75 30.90 

 

The concrete section in Zone III, also known as the Plastic Zone, is cracked and 

ineffective in resisting loads, and the entire load is taken on by steel bars, which yields. It is 

noticeable by an increase in the mid-span deflection 23.22 mm, 14.47mm, and 12.48 mm 

respectively, with a minor rise in load up to a peak load (PPeak) of (35.18 kN, 50.80 kN, and 

88.94  kN, pointing towards a larger strain at the level of steel and increase in curvature of the 
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Fig. 5.1:  Load v/s Deflection plots for S-series beams 

 
Fig. 5.2:  Generalized load v/s Deflection plots for S-series beams 

cracked section with an increase in reinforcement ratio. Furthermore, the beams fail at an 

ultimate load (Pu) of (33.43, 47.10, and 82.75) kN owing to the strain hardening of steel with a 
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deflection (𝛿u) of (55.51, 43.10, and 30.9) mm in for S1, S2, and S3 beams respectively as 

shown in Table 5.1. 

In general, as the reinforcement’s ratio increases, the ultimate load-carrying capacity of 

S2 and S3 beams improves by roughly 34% and 42%, respectively, as compared to S1, 

indicating higher load carrying capacity with increased tensile reinforcement. Another 

noteworthy finding is a significant increase in the area under the load-deflection plot as the 

reinforcement ratio is increased. It is also observed that Plastic Zone III reduces drastically 

with an increase in steel. The failure takes place at the much lower strain in the S3 beam. All 

S-series RC beams specimens failed by steel yielding and followed by concrete crushing. 

5.2.2   GFRP Reinforced Concrete Beams 

Similarly, the load-deflection plots of GFRP reinforced concrete beams with varying 

ratios of tension reinforcement ratio are detailed in Table 5.2. Three samples are tested for 

each G1, G2, and G3 beam with reinforcement ratios of 0.33 percent, 0.52 percent, and 1.11 

percent, respectively, to ensure that the results are repeatable (Fig. 5.3). The representation of 

the plot with varying percentages of tension reinforcement is shown in Fig. 5.4. 

The mechanical behavior of GFRP reinforced beams in flexure is visibly different from 

steel-reinforced concrete beams (Fig 5.3). Broadly, the behavior of GFRP reinforced beams 

exhibits bi-linear load-deflection characteristics up to the failure without any yielding or 

ductility as experienced by steel reinforced beams. Initially, the load-deflection curve is 

perfectly linear and this zone is Un-cracked Elastic Zone I.   

Table 5.2 GFRP reinforced concrete beams load deflection results 

Beam Series Pcr (kN) 𝛿cr (mm) Ppeak (kN) Pu (kN) 𝛿u (mm) 

G1 7.89 1.37 51.32 48.94 68.68 

G2 8.01 0.91 60.47 60.47 60.09 

G3 10.31 0.39 83.71 83.71 34.47 
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Fig. 5.3:  Load v/s Deflection plots for G-series beams 

 
Fig. 5.4:  Generalized load v/s Deflection plots for G-series beams 
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At a load (Pcr) of 7.89 kN, 8.01 kN and 10.31 kN, the enlargement of hairline cracks 

causes a significant reduction in the beam's stiffness with a deflection (𝛿cr) of 1.37 mm, 0.91 

mm and 0.34 mm in G1, G2, and G3 RC beams respectively (Fig. 5.4 and Table 5.2). These 

minor cracks propagate along the beam's sides at a constant stiffness. The initial bending 

stiffness increases as the reinforcement ratio is increased. At loads of 15 kN, 20 kN, and 33 kN 

for G1, G2, and G3 RC beams in the pure bending zone, cracks begin to form and become 

visible. Further with the increase in loading, cracks progress towards the compression zone, 

and this Zone II is named as Cracked-Elastic Zone. 

With the development of flexural cracks, GFRP beams demonstrate elastic action in 

this zone. This pattern continues until the load-carrying capacity drops for the 1st time at 33.6 

kN, 48.10 kN, and 63.57 kN with a deflection of 30.33 mm, 32.01 mm, and 16.37 mm with 

increasing reinforcement ratio, pointing towards initiation of concrete crushing. The failure is 

a typical flexural failure in the form of vertical flexural cracks in the pure bending zone along 

with their simultaneous spreading across the entire length of the beam. Concrete crushing 

continues to develop, with a significant increment carrying capacity in Zone III (Concrete 

Crushing Zone). The beam continuous to carry load linearly with a rise in deflection until the 

second drop in load is observed at 41.7 kN, 47.63 kN, and 73.99 kN with a deflection of 52.68 

mm, 40.74 mm, and 28.41 mm in G1, G2, and G3 RC beams respectively. The effective 

concrete section is highly reduced due to cracking and ineffective in resisting the tensile load 

and the beam fail at peak load of  (PPeak) 51.32 kN, 60.47 kN, and 83.71 kN for G1, G2, and 

G3 RC beam with the ultimate deflection (𝛿ult) 68.68 mm, 60.09 mm and 34.47 mm as shown 

in Fig. 5.4.  

All GFRP reinforced beams generally fail typically in shear followed by concrete 

crushing since they are designed as over-reinforced beams to avoid GFRP rupture, which is 

frequent in under-reinforced Glass FRP beams. Furthermore, Pre-and post-cracking bending 

stiffness behavior also was observed in GFRP reinforced beams. Initially, all of the beams 

would have a high bending stiffness, however, this decreased after cracking due to the reduced 

elastic modulus of the Glass FRP bars. The post-cracking bending stiffness improves slightly 

as the reinforcement ratio is increased, owing to an increase in load-carrying capacity and 

higher stiffness of the highly reinforced GFRP beams. Overall, in comparison to S1 and S2, 

the ultimate load-carrying capacity for G1 and G2 beams improves by about 34% and 42%, 

respectively, as the longitudinal reinforcement ratio increases.  It’s pointing towards higher 

tensile strength of GFRP bars in comparison to steel bars. But as the reinforcement ratio 
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increases from 0.52 percent to 1.1 percent there is a slightly 5.2 percent decrease in load-

carrying capacity in the G3 beam as compared to the S3 beam. It points towards a lower 

modulus of elasticity of Glass FRP bars as compared to steel bars. 

5.3          COMPARISON OF STEEL AND GFRP REBARS IN CONCRETE 

5.3.1        Load deflection characteristics 

     The load-deflection plot is used to assess the mechanical response and performance 

of steel & GFRP RC beams under a four-point loading and Fig. 5.5 shows such plots for one 

typical specimen beam each. The load-deflection plots of steel-reinforced beams typically 

exhibit three stages viz. Elastic, Cracked-Elastic, and Plastic Stage. GFRP RC beams exhibit 

bi-linear response up to the collapse which can also be broadly divided into three stages i.e. 

Elastic, Cracked-Elastic, and Concrete Crushing Stage as shown in Figs. 5.5 (a), (b) and (c).   

In the initial phase of the loading, both steel and GFRP-RC beams exhibit perfectly 

linear behavior up to a cracking load (Pcr) in S1, S2, and S3 RC beams and G1, G2, and G3 RC 

beams respectively. This is classified as an Elastic Stage which corroborates to Damage 

Level-I in the beams. Thereafter, a drop in the stiffness of both beams is noticed; this can be 

ascribed to the initiation of cracking in both the beams, and the load corresponding to this is 

termed as cracking load Pcr (Fig. 5.5). With a further increase in the loading, a substantial 

reduction in stiffness is noticed in both beams. But the rate of the reduction in stiffness of the 

G-series beam is far higher than the S-series beam owing to the lower modulus of elasticity of 

Glass FRP bars. During this stage, cracks progress along the sides of the beam at consistent 

rigidity. Thereafter, the cracks travel up to the surface and become visible (appearance of the 

visible crack) in the tensile zone of the beam in steel & GFRP reinforced concrete beams 

respectively.  

As the load increases, these cracks progress and reveal them as dispersed flexural and 

shear cracks. This trend continues in the S1, S2, and S3 RC beam until steel yields (Py), whereas 

in G1, G2, and G3 RC beam, this trend precedes until the 1st drop-in load is observed at (Py). 

This portion of the load-deflection plot is characterized as Cracked-Elastic Stage and the 

damage is classified as Damage Level II. Although the yield loads in both types of beams are 

comparable, the GFRP-RC beam exhibits a considerable increase in mid-span deflection when 

compared to the steel RC beam, indicating the linear elastic behavior of Glass FRP reinforcing 

bars. 
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(a) S1 and G1 RC beams 

 
(b) S2 and G2 RC beams 

 
(c) S3 and G3 RC beams 

Fig. 5.5: Comparative of load-deflection characteristics 
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With further loading, a marked increase in the mid-span deflection is observed in S1, S2, and 

S3 RC beam is observed in the s-series beam with a minor increase in load up to a peak load 

(Ppeak), pointing towards larger strain at the level of steel. This part of the curve is characterized 

as Plastic Stage and is named as Damage Level III in steel-RC beam and points towards the 

ductility of the steel-reinforced beams. The concrete is cracked during this stage and the entire 

load is carried by steel and ultimately steel yields. Furthermore, the beams collapse at an 

ultimate load (Pult) in S1, S2, and S3 RC beams owing to steel strain hardening. Hence, the 

steel RC beam fails by steel yielding and is followed by concrete crushing as shown in the 

steel-RC beam in Figs. 5.6, 5.8, and 5.10. 

On the contrary, in the case of the GFRP RC beam, the crushing of the concrete 

progresses with a sharp increase in the load-carrying capacity after the 1st drop of load in the 

Concrete Crushing Stage (Damage Level III). The beam continues to carry load linearly 

with an increase in deflection until the 2nd drop-in load is observed and this trend continues up-

to-the-peak load. In the end, the beam finally fails at an ultimate load of (Pult) and the failure 

observed in the GFRP reinforced beam is brittle in the form of concrete crushing as shown in 

Figs. 5.6, 5.8, and 5.10.  

 

5.3.2   Analysis of Damage  

  From the load-deflection plots of steel RC & GFRP RC beams, as revealed in Fig. 5.6-

5.11, the development of cracking patterns in the two beams can be classified as:  

 Damage Level I refers to the phase when the invisible cracking occurs. The development 

of visible hairline cracks distinguishes this damage zone from the undamaged condition, 

as does a noticeable drop in the beam's stiffness. 

 Damage Level II  refers to the phase between the formation of hairline cracks and the 

stage of steel yielding in the case of the steel-RC beams and 1st drop-in load in case of 

GFRP RC beam and further leading to the formation of distributed flexural and shear 

cracks. 

 Damage Level III refers to the phase between the steel yielding and final failure caused 

due to concrete crushing in the steel beam. In the case of GFRP RC beams, this refers to 

the phase between 1st drop in load and the final failure due to the crushing of compressive 

concrete. The formation of crack patterns at different levels of loading and the 

development of the different damage levels in steel-RC (Figs. 5.6, 5.8, and 5.10) and 

GFRP-RC beam are shown in Figs. 5.7, 5.9, and 5.11 respectively.  
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S1 Beam G1 Beam 

  

(a) Damage Level I 

  

(b) Damage Level II 

  

(c) Damage Level III 

Fig. 5.6: Typical crack patterns  

S1 Beam G1 Beam 

  

Fig. 5.7: Damage Level Classification  
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S2 Beam G2 Beam 

  
(a) Damage Level I 

  

(b) Damage Level II 

  
(c) Damage Level III 

Fig. 5.8: Typical crack patterns  

S2 Beam G2 Beam 

  
Fig. 5.9: Damage Level classification  
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S3 Beam G3 Beam 

  

(a) Damage Level I 

  

(b) Damage Level II 

 
 

(c) Damage Level III 

Fig. 5.10: Typical crack patterns  

S3 Beam G3 Beam 

  

Fig. 5.11: Damage Level classification  
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5.3.3   Mid-Span deflections  

The term deflection is used in structural engineering to describe the displacement of a 

body from its original position due to a force, load, or weight applied by the body itself. The 

effect of mid-span deflection with the same concrete strength is intrinsically related to the 

longitudinal tension reinforcement ratio (ρ). The mid-span deflection in both steel and GFRP 

RC beams decreases when the longitudinal tension reinforcement ratio (ρ) varies from 0.33 

percent to 0.52 percent to 1.1 percent. For instance in the case of steel RC beams, increasing 

the longitudinal reinforcement ratio changes from 0.33%, 0.52%, and 1.1% decreases the mid-

span deflection by 55.51 mm, 43.1 mm, and 30.9 mm. On the contrary, in the case of GFRP 

reinforced concrete beams decrease by 68.68 mm, 60.09 mm, and 34.43 mm. Hence the overall 

comparison of steel and GFRP reinforced beams under static flexural loading is widely 

different. GFRP RC beams exhibit higher deflections in comparison to steel reinforced beams 

at the same reinforcement ratios (Fig. 5.12 and Table 5.1 and 5.2). The deflections are 

23.72%, 39.41%, and 11.32% higher in G1 G2 and G3 RC beams in comparison to S1, S2, and 

S3 RC beams. This is because Glass FRP bars have a low elastic modulus than steel bars. 

 

Fig. 5.12: Maximum mid-span deflection Vs ‘ρ’  

 

 

5.3.4  Moment Carrying Capacities  
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The experimental moment carrying capacity is the maximum bending moment that can 

be resisted by a beam or any other structural member before it fails in bending. The effect of 

experimental moment carrying capacities with the same concrete strength is essentially related 

to the longitudinal tension reinforcement ratio (ρ). As the longitudinal reinforcement ratio 

changes from 0.33%, 0.52%, and 1.1% the experimental moment carrying capacity increases 

in both steel and well as GFRP reinforced concrete beams (Sharma et al., 2021). For example 

in the case of steel-reinforced concrete beams, increasing the longitudinal tension 

reinforcement ratio (ρ) changes from 0.33%, 0.52%, and 1.1% increases the 

experimental moment carrying capacity by 11.73 kN-m, 16.82 kN-m, and 29.66 kN-m. On the 

contrary, in the case of GFRP reinforced concrete beams increases by 16.32 kN-m 20.16 kN-

m, and 27.61 kN-m as shown in Fig. 5.13 and Table 5.3.  

 

Fig. 5.13: Variation in an experimental moment carrying capacities 

 

Overall, it's worth noting that as the longitudinal reinforcement ratio increases, so does 

the ultimate load-carrying capacity by 34% in G1 and 42 % in G2 beams in comparison to S1 

and S2 (approximately). It’s pointing towards higher tensile strength of Glass FRP bars in 

comparison to steel bars. However, as the reinforcement’s ratio increases from 0.52 % to 1.1 

% there is a slightly 5.09% decrease in load-carrying capacity in the G3 beam as compared to 

the S3 beam due to increase brittleness with higher ρ. It indicates that Glass FRP bars have a 
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lower modulus of elasticity than steel bars. Comparison of theoretical and experimental 

moment carrying capacities of steel & GFRP beams are presented in Table 4.3. The theoretical 

moment of resistance (Mth) in the case of the GFRP-RC beam is calculated by Equation (5.1) 

(ACI 2015). 

Mth = ρf ff [ 1 − 0.59 ρf
ff

f′c
] bd2                                      (5.1) 

On the other hand, the theoretical moment of resistance (Mth) in case of the steel-RC beam is 

calculated by the formula given in Equation (5.2) (ACI 2019)  

Mth = ρf fy  [ 1 − 0.59 ρf  
fy

f′c
] bd2                           (5.2) 

where Mth = theortical bending moment resistance, ρf = reinforcement ratio,  b= width of the 

beam, d= effective depth of the beam,  f’c = Design characteristic concrete compressive 

strength,  ff  = stress in the FRP reinforcement and fy = tensile strength of steel reinforcement. 

 The ratio of Mth/Mexp is less than 1 for both steel-reinforced as well as GFRP reinforced 

beams. Thus, for design determinations, the strength reduction factor (Ø) for over reinforced 

GFRP reinforced beams is calculated by equation (5.3) as given in (ACI 2015): 

                    ∅ = 0.65 for ρf ≥ 1.4 ρfb                                                              (5.3) 

Where ρfb = balanced reinforcement ratio, ρf = actual reinforcement ratio, and On the other 

hand, for the under-reinforced steel-reinforced RC beams, the strength reduction factor is taken 

as 0.9 (ACI 2019).  

Table 5.3: Moment capacities of steel and GFRP reinforced beams 

Beam Mexp (kN-m) Mth (kN-m) Mth/Mexp E (Joules) 

S G S G S G S G 

0.33% 11.73 16.32 7.83 15.33 0.66 0.93 1753.01 2308.66 

0.52% 16.81 20.16 12.63 18.92 0.75 0.93 1895.34 2561.17 

1.11% 29.66 27.91 23.95 24.83 0.80 0.88 2383.33 2019.41 
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5.3.5  Energy absorption capacity  

 Energy absorption capacity is also known as toughness is a term used to describe the 

region under a flexural load-deflection curve. Another important significant variation is the 

Total Energy Absorption Capacities (E) of steel RC & GFRP RC beams divided into E1 and E2 

(Fig. 5.14 and Table 5.3). For steel reinforced beams, E1 is the area under the load-deflection 

curve up to Cracked-Elastic Zone II and E2 is the area under the load-deflection curve in Plastic 

Zone III.  

 

Fig. 5.14: Energy absorption capacity of steel RC beams 

 

On the other hand, in the case of G-series beams, it is also evaluated as the area under 

the load-deflection curve reported as E1&E2 (Fig. 5.15 and Table 5.3). E1 is the area under the 

load-deflection curve up to Cracked-Elastic Zone II and E2 is the area under the load-deflection 

curve after the first load drop i.e. concrete crushing zone III. All the G-series beams continue 

to resist load after cracking and display ‘Reserve post-cracking strength’ or ductility E2 up to 

collapse. With the increase in the reinforcement’s ratio, the reserve strength or ductility 

reduces. It is because the increase in reinforcement’s ratio leads to lower deflection with a 

higher load carrying capacities leading to the overall reduction in the area under the load-

deflection curve. Steel reinforced beams exhibit very low E1 values in comparison to G series. 

A drop of E1 values of 90.58%, 88.93%, and 86.34% is observed in S1, S2, and S3 in 

comparison to G1 G2 and G3 RC beams as shown in Fig. 5.15. It points towards larger large 

cracked area in GFRP reinforced beams. On the other hand, E2 values in GFRP reinforced 

beams depicting post-cracking behavior are 29.14%, 60.74%, and 252% lower in G1 G2 and 
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G3 RC beams as compared to S1, S2, and S3 RC beams as presented in Fig. 5.15. GFRP RC 

beams experience bi-linear conduct up-to-the-final collapse without showing any significant 

yielding like steel causing larger E2 values in steel-reinforced beams. 

 

Fig. 5.15: Energy absorption capacity of GFRP RC beams   

 

 

Fig. 5.16:  Total energy absorption capacities Vs ‘ρ’  

 

The overall comparison of energy absorption capacities of the two types of beams is 

shown in Fig. 5.16. In general GFRP reinforced beams exhibits 31.69% and  35.12% higher 

resilience in comparison to steel reinforced beams at ρ= 0.33% and ρ = 0.52%. But at ρ=1.1% 
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a drop of 15.27% resilience is observed in the G3 RC beam as compared to the S3 RC beam 

due to reduced ductility at a larger reinforcement ratio in GFRP reinforced beams as presented 

in Fig 5.16.  

5.3.6  Pre- and Post-cracking bending stiffness 

 As shown in Table 5.4, all steel and GFRP reinforced beams have a typical pre- and 

post-cracking bending stiffness. Initially, all of the beams showed high pre-cracking bending 

stiffness (EcIg), which ranged from 1299.14 kNm2 to 3150.89 kN-m2 in steel RC beams and to 

comparatively lower values from 817.91 kNm2 to 4158.68 kN-m2 in GFRP RC beams. The 

post-cracking stiffness (EcIe) reduces in both steel RC & GFRP RC beams in comparison to 

pre-cracking stiffness. However, increasing the reinforcement ratio increases post-cracking 

bending stiffness in both steel & GFRP reinforced beams (Fig. 5.17). 

Table 5.4: Pre and post-cracking bending stiffness 

 

 

Fig. 5.17: Post cracking bending stiffness Vs ‘ρ’ 

Reinforcement 

ratio  

Pre-Cracking Bending Stiffness  

(EcIg) (kNm2) 

Post-Cracking  Bending  

(EcIe)  (kNm2) 

S  G S G 

0.33% 

0.52% 

1.11% 

1299.14 817.91 655.29 146.09 

1796.57 1262.41 915.98 202.78 

3150.89 4158.68 2158.78 496.07 
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For steel reinforced beams, the pre cracking bending stiffness was estimated up to the 

yield load, and for GFRP reinforced beams, up to the first drop. Post cracking bending stiffness 

in G1, G2, and G3 RC beams is 77.70%, 77.86%, and 77.02% lower as compared to S1, S2, 

and S3 RC beams. This is because GFRP bars have a low elasticity modulus than steel bars. 

As a result, GFRP RC beams are preferably designed as over-reinforced to avoid failure by the 

sudden rupture of GFRP bars which can be catastrophic. They're made to fail by concrete 

crushing, or brittle failure, which is preferable for GFRP reinforced members. To compensate 

for the lack of ductility in GFRP beams, a higher margin of safety in design is advised in 

comparison to steel reinforced beams. 

 5.4            MODES OF FAILURE  

     The design of both steel & GFRP concrete beams is based on ACI (2019) & ACI 

(2015). The GFRP RC beams were designed as over-reinforced beams with reinforcement’s 

ratio of (0.0033, 0.0052, and 0.0111) (ACI 2015) which was greater than the balanced 

reinforcement ratio of 0.00308. The steel RC beams were designed as under-reinforced beams  

  

(a) S1 (b) G1 

  
(c) S2 (d) G2 

  
(e) S3 (f) G3 

Fig. 5.18: Failure modes in Steel and GFRP-RC beams  

 

having a reinforcement ratio (0.0033, 0.0052, and 0.0111) less than the balanced reinforcement 

ratio of 0.02 (ACI 2019). During flexural testing, compression failure along with concrete 



 

96 
 

crushing for the GFRP-RC beams and tension failure along with concrete crushing for the steel 

beams were expected. The failure modes of steel RC & GFRP RC beams are shown in Fig. 

5.18. Steel-RC beam failed by the crushing of concrete after the tension reinforcement yielded 

as shown in Figs. 5.18 (a), (c), and (e) whereas the GFRP-RC beam failed typically in shear 

followed by concrete crushing as shown in Figs. 5.18 (b), (d), and (f), since they are designed 

as over-reinforced beams to prevent their failure by GFRP rupture. This indicates that even 

though both Steel-RC and GFRP-RC beams have the same area of tension reinforcement (Ast) 

ratio, GFRP-RC beams experience a different mode of failure as compared to the steel-

reinforced concrete beam. 

 

5.5      CLOSING REMARKS  

The flexural response of steel reinforced & GFRP reinforced concrete beams under 4-

point loading along with the varying percentage of tension reinforcement (~0.33%, ~0.52%, 

and ~1.11%) is discussed. Moreover, failure modes in steel reinforced and GFRP reinforced 

concrete beams are also discussed in chapter. The load-deflection plot of steel & GFRP 

reinforced beams show contrasting profiles. The experimental results shows that as the 

percentage of reinforcement ratio increases, the performance parameters such as the load 

carrying capacity, moment carrying capacity, energy absorption capacity, pre and post cracking 

bending stiffness also increases.   
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CHAPTER 6 

DAMAGE MONITORING USING AE AND DIC 

6.0      GENERAL  

In this chapter, the damage monitoring in steel RC & GFRP RC beams is studied by 

comparing the deformation and crack pattern during flexural loading with AE parameters to 

relate to the initiation and progression of damage. Various AE waveform parameters like 

cumulative AE hits, AE amplitudes, Average Frequency (kHz), and signal duration (μs), and 

Rise Angle (RA) are investigated. Additionally, AE-XY plots are compared to longitudinal 

strain profiles generated by Digital Image Correlation (DIC) to provide a real-time depiction 

of increasing AE activity and surface strains. The AE approach explains the onset and 

progression of a cracking pattern and failure mechanism in beams whereas the DIC method is 

utilised to visualise the displacement and strain fields while emphasising discontinuities in the 

field of displacement. 

The goal of the research is to create an in-situ, non-invasive health monitoring approach 

for RC beams with steel or GFRP bars that can offer a real-time pre-emptive warning and 

prevent catastrophic failures. Flexural results for all samples (steel & GFRP RC beam) are 

shown in Fig. 5.1 and 5.3 and the results were found to be within reasonable repeatable limits. 

AE and DIC plots were also generated for all three test sets, but only one such set is presented 

considering the similarity and avoiding duplications. 

6.1 ACOUSTIC EMISSION (AE) MONITORING 

As already outlined, during the flexural loading of steel & GFRP RC beams, the 

initiation and progression of damage were also picked up by AE sensors mounted on these steel 

RC & GFRP RC beams. Various AE waveform parameters of cumulative AE hits and their 

corresponding amplitudes, average frequency, signal duration, and rise angle are picked up and 

further analyzed. The detailed study and analysis of results of various AE waveform parameters 

are detailed below in the next section. 

6.1.1 Cumulative AE Hits & Amplitude 

Variations of the cumulative AE hits and their corresponding amplitudes with time 

indicate the progression of damage in S-series and G-series beams right up till the failure of 

beams when subjected to a constant loading rate of 0.01 mm/sec. An increase in AE hits is  



 

98 
 

S1 Beam G1 Beam 

  
(a) Cumulative AE hits Vs. Time 

  
(b) Amplitude of AE hits 

Fig. 6.1: AE Activity in S1 and G1 RC beams 
 

observed in both the steel RC & GFRP RC beams, indicating the initiation of AE activity in 

the form of invisible cracking. This lasts till 100s, 125s, and 225s in S1, S2, and S3 RC beams 

and 250s, 300s, and 396s in G1, G2, and G3 RC beams respectively as shown in Figs. 6.1(a), 

6.2(a) and 6.3(a). The amplitude of AE hits in this phase is about 55-60 dB, 61-64 dB, and 65-

68 dB in S1, S2, and S3 RC beams and 60-65 dB, 63-67 dB, and 64-67  in G1, G2 and G3 RC 

beams as shown in Figs. 6.1(b), 6.2(b), and 6.3(b). This phase is called “Invisible Cracking” 

and is very much prolonged in GFRP RC beam due to the longitudinal high tensile strength of 

Glass FRP bars as compared to steel bars. This phase I of AE activity corroborates well with 

the “Cracked Elastic Stage II” in the load-deflection curve. It's worth noting that no large 

surface cracks and only minor hairline cracks are seen on the surface of the beams during this 

phase. As a consequence, even when substantial effects are not visible on the surface, the graph 
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of cumulative AE strikes and their related amplitudes initially gives a good indicator of the 

beginning and evolution of cracking inside the concrete.  

Furthermore, with a drop in average amplitude of hits to below 50dB, the cumulative 

AE hits remain constant in “Calm Phase II” of activity for about 75s, 100s, and 125s in the 

S1, S2, and S3 RC beams and about 20s, 30s and 76s in the G1, G2 and G3 RC beam. The 

linear elastic behavior of GFRP bars is primarily responsible for the calm phase reduction in 

the GFRP RC beam. This phase is a transition phase in which the invisible cracks coalesce to 

form visible cracks in “Visible -Cracking Phase III” for about 473.78s, 747.7s, and 878.78s 

for S1, S2, and S3 RC and 612s, 623.85s and 996.96s for G1, G2, and G3 RC beams.  

S2 Beam G2 Beam 

  
(a) Cumulative AE hits Vs. Time 

  
(b) Amplitude of AE hits  

Fig. 6.2: AE Activity in S2 and G2 RC beams 
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(a) Cumulative AE hits Vs. Time 

 
 

(b) Amplitude of AE hits 

Fig. 6.3: AE Activity in S3 and G3 RC beams 
 

On the other hand, a similarly steep rise in AE hits is observed in G1, G2, and G3 RC 

beams in Phase III with amplitude in the range of 70-75 dB which continues till the failure of 

the G-series RC beam towards the end of Phase III as shown in Figs. 6.1, 6.2, and 6.3. A 

notable finding is a significant and abrupt increase in high-amplitude AE hits in the range of 

95-100dB in G1, G2, and G3 RC against the S1, S2, and S3 RC beam is observed followed by 

its sudden failure. It is well corroborated by the shear dominant failure of the G-series RC beam 

followed by concrete crushing as shown in Figs. 5.18 (b), (d) and (f) respectively. 

During this phase, a sharp rise in cumulative AE hits of higher amplitudes between 80-

90 dB, 85-90 dB, and 85-90 dB is observed in S1, S2, and S3 RC beams pointing toward major 

AE activity leading to visible cracking in the s-series beam. It is well supported by the 

appearance of profuse flexural and shear cracks appearing in the steel RC beam during flexural 

testing. Finally, in the steel RC beam no further significant increase in cumulative AE hits is 
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observed with the average amplitude of AE hits as 45-50dB pointing towards attenuation of 

AE signals by already cracked S-series RC beam. It is in coherence with the plastic stage of 

the steel RC beam pointing towards the failure of the steel RC beam initiated by steel yielding 

and followed by concrete crushing Figs. 5.18 (a), (c) and (e) respectively. 

At the same reinforcement ratio, it is observed that damage under flexural loading in 

steel RC beam progresses from slow initiation in the form of invisible cracking of low 

amplitudes to visible cracking of larger amplitude due to steel yielding. On the contrary, in the 

case of GFRP RC beams, the AE activity is mostly consisting of invisible and visible cracks of 

larger amplitudes. GFRP reinforced beams experience much wider and well-distributed cracks 

as compared to steel reinforced beams throughout the progress of loading as confirmed visually 

(Ascione, Mancusi, & Spadea, 2010).  It's presumably because GFRP bars have a low 

elasticity modulus and a higher tensile strength than steel-reinforced bars which consequently 

results in a steep rise in AE activity of very higher amplitudes towards the failure, pointing 

towards sudden cracking and failure of the GFRP RC beam. As a result, AE hits and their 

amplitudes are key indicators of failure and cracking development in both steel & GFRP RC 

beams. 

6.1.2  Average Frequency (AF) and Rise Angle (RA) 

Using moving averages and over 100 AE hits, a parametric comparison was done 

between AF and RA values (Ohno & Ohtsu, 2010 and Prem & Murthy, 2017). The 

proportions of AF and RA values are also set to 1:200 in this scenario. The plot of Average 

Frequency (AF) and Rise Angle (RA) values for all three damage levels, for S-series and G-

series RC beams, is shown in Figs. 6.4, 6.5, and 6.6 respectively.  AF-RA value plot gives a 

fair indication of the cracking modes in steel & GFRP reinforced concrete beams and is used 

for crack classification. The diagonal line is utilized as a crack classification reference line 

because it indicates the transition between tensile and shear cracks. 

In Damage Level I, the plot of AF-RA for the S1, S2, and S3 RC beam (Figs. 6.4(a), 

6.5 (a) and 6.6(a). shows the development of cracks initially due to tensile cracking whereas 

for the G1, G2, and G3 RC beam it is in shear cracking mode (Figs. 6.4(a), 6.5(a) and 6.6(a).  

A high average AF value of 32.2 kHz, 53.73 kHz, and 50.64 kHz with a lower RA value of 

579.9 μs, 398.78 μs, and 205.0 μs values were noticed in the S1, S2, and S3 RC beam as against 

lower average AF value of 15.0 kHz, 16.20 kHz and 26.73 kHz and a higher RA value of 

6432.5 μs, 7324.80 μs, and 10752.52 μs for the G1, G2 and G3 RC beam (Tables 5.2, 5.3 and 
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5.4) respectively. These values indicate that the steel RC beams can resist and bridge the cracks 

better owing to the perfect bond between concrete and steel and the high modulus of elasticity 

of steel bars as compared to GFRP reinforced concrete beams. At this damage level, the hairline 

cracks were clearly visible in both beams.   

With the increasing load in Damage Level II, invisible cracking is observed in the steel 

RC beam at higher AF and smaller RA value indicating tensile cracking mode whereas, in the 

case of the GFRP-RC beam, a reversed trend is observed with a slight increase in average AF 

value and drop in RA value pointing towards a shift from shear to tensile cracking in the GFRP-

RC beam Figs. 6.4(b), 6.5 (b) and 6.6(b).  Further in Damage Level III, a slight decrease in 

the average AF value of 37.3 kHz, 40.99 kHz, and 47.41 kHz with a minute increase in the RA 

value of 1327.0 μs, 1225.25 μs, and 454.92 μs value was noticed in the S1, S2, and S3 RC 

beam. A plausible explanation for this can be attributed to the reduction in the cross-sectional 

area due to the yielding of steel bars in the steel RC beam.  

                Table 6.1: Variation in RA and AF values in S1 and G1 beams 

Damage 

Level 

Rise Angle Average Frequency 

S1 G1 S1 G1 

I 579.9 6432.5 32.2 15.0 

II 427.9 5157.2 41.1 25.5 

III 1327.0 3317.6 37.3 42.2 

 

Table 6.2: Variation in RA and AF values in S2 and G2 beams 

Damage 

Level 

Rise Angle Average Frequency 

 S2 G2 S2 G2 

I 398.78 7324.8 53.73 16.20 

II 315.21 5956.17 56.72 27.65 

III 1225.257 5130.68 40.99 43.66 

 

Table 6.3: Variation in RA and AF values in S3 and G3 beams 

Damage 

Level 

Rise Angle Average Frequency 

 S3 G3 S3 G3 

I 205 10752.52 50.64 26.73 

II 238.79 7829.34 50.71 26.81 

III 454.922 5255 47.41 39.4 
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S1 Beam G1 Beam 

 
 

(a) Damage Level I 

 

 
(b) Damage Level II 

 

 

(c) Damage Level III 

Fig. 6.4: Variation in AF Vs RA values at different levels of damages  
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S2 Beam G2 Beam 

 
 

(a) Damage Level I 

  
(b) Damage Level II 

 
 

(c) Damage Level III 

Fig. 6.5: Variation in AF Vs RA values at different levels of damages  
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S3 Beam G3 Beam 

  

(a) Damage Level I 

 
 

(b) Damage Level II 

 

 

(c) Damage Level III 

Fig. 6.6: Variation in AF Vs RA values at different levels of damages  

 

 

On the contrary, a continuous increase in AF value of 42.2 kHz, 43.66 kHz and 39.40 kHz with 

a significantly lower RA value of 3317.6 μs, 5130.68 μs and 5255 μs was noticed in the GFRP-
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RC beam (Figs. 6.4(c), 6.5 (c) and 6.6(c). AF-RA plots at the failure point suggest that the 

steel RC beam experiences flexural cracks localization, while the Glass FRP reinforced 

concrete beam experiences shear cracking as also observed visually as shown in Figs. 6.2, 6.4, 

and 6.6.  

Hence, AF-RA plots can be exploited to predict the initiation and progression of 

invisible and visible crack formation in concrete as indicated by the density of dots in the plot 

of the AF-RA value. As a result, the AE plot of AF and RA value can effectively demonstrate 

the variation in initiation and progression of damage, classification of cracking and failure 

modes in steel as-well-as GFRP reinforced beams. 

6.1.3 Average Frequency (AF) and Duration (μs) 

Besides from cumulative AE hits and AF and RA value analyses, the average frequency 

(AF) and duration (μs) of AE hit over time might provide useful information. The moving 

average of the last 100 AE hits is represented by the solid line. While the data is well spread 

across various average frequency levels, the moving-average line depicts variations at various 

points in time, as indicated by the numbers in the graph. 

For the steel RC beam Figs. 6.7(a), 6.8(a), and 6.9(a), at point 1, AF drops by 40 kHz, 

40 kHz, and 38 kHz,  which coincides with the Ppeak of 35.18 kN, 59.32kN, and 88.94 kN 

sustained by the S1, S2, and S3 RC beam. Further, there is another drop in AF of 35 kHz, 39 

kHz, and 29 kHz at point 2 where a minor drop in load is also observed in S-series RC beams. 

Furthermore, with time as load increases, there is again another drop load in AF of 36 kHz, and 

18 kHz were observed in S2 and S3 RC beams. These significant drops in AF values point 

towards significant AE activity in the form of a shift in the damage mechanisms which are the 

cause of the emissions.  At the moments of load drop, the failure mechanism may be related to 

the de-bonding of the reinforcing bars from the surrounding concrete which leads to local 

cracking owing to stress redistribution (Aggelis, Mpalaskas, & Matikas, 2013). 

On the other hand, AF drops are more significant, sharp, and illustrative as compared 

to the S-series beam and closely match with the load drops at 1, 2, 3, and 4 in the G-series beam 

(Figs. 6.7(a), 6.8(a) and 6.9(a).  A drop in a load of (2.4 kN and 3.99 kN) in G1, (2.9 kN and 

5.1 kN) in G2 and (7.12 kN and 5.99 kN) is observed at points 1 and 2 in the AF curve with 

average frequency drops of (5 kHz and 20 kHz) in G1, (29.8 kHz and 30.1 kHz) in G2 and 

(40.19 kHz and 27.98 kHz) in G3 RC beams approximately. At point 3, a drop in AF of 45 

kHz, 17 kHz, and 10 kHz is observed in G1, G2, and G3 RC beams, which coincides with the 
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Ppeak load of 51.32 kN, 60.47 kN, and 83.71 kN. Finally, the G1 RC beam fails at a load of 

48.94 kN at AF of 25 kHz at point 4. 

 S1 Beam G1 Beam 

 

 

(a) Average frequency (AF)  

  
(b) Duration of AE signals 

Fig. 6.7: Variation of AF and Duration of AE signals  
 

It is important to note that at instants of loads and AF value drops, a corresponding 

significant jump in the duration of AE signals is observed and shown in Fig. 6.7(b), 6.8(b), 

and 6.9(b). The fact that substantial variations are documented in the AE behavior evidenced 

the shift of the damage mechanisms, which are the source of the emissions. At the moments of 

load drop, the failure mechanism may be connected to the de-bonding of the reinforcing bars 

from the surrounding concrete which also leads to local cracking owing to stress redistribution 

(Aggelis, Mpalaskas, & Matikas, 2013; Yan, Lin & Yang, 2016). It is also observed that the 

moving average line of AF was high and the duration line was low in the GFRP RC beam in 

comparison to the steel RC beam. The reason for this is that GFRP bars have different bond 
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characteristics, have a lower elastic modulus, and deflect more than steel bars, causing AE 

activity to accumulate (Yoo & Yoon, 2017). As a result, a drop in average frequency and 

significant jump AE duration at the same time indicate critical failure points in steel RC and 

GFRP RC beams. These changes are much more illustrative than those in load-deflection 

curves and can go a long way in developing real-time damage monitoring and evaluation tools 

for RC structures. 

S2 Beam G2 Beam 

 
 

(a) Average frequency (AF) 

 
 

(b) Duration of AE signals 

Fig. 6.8:  Variation of AF and Duration of AE signals  
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S3 Beam G3 Beam 

 
 

(c) Average frequency (AF) 

  
(d) Duration of AE signals 

Fig. 6.9: Variation of AF and Duration of AE signals  

 

6.5  DIGITAL IMAGE CORRELATION (DIC) MONITORING 

An algorithm (NCORR) is used to correlate the digital pictures captured throughout the 

experiment for the steel RC & GFRP RC beam specimens (Blaber et al. 2015). The results of 

a four-point bending test on steel RC & GFRP RC beams are shown and analyzed in Figs. 6.10-

6.18. The present study shows that 2 Dimensional-DIC, as a full-field method, is very well 

capable of capturing strain localization, which also enables visualization of crack development 

i.e. (invisible and visible cracking) at very low strain levels. Besides the qualitative 

representation of results, this method can be also used for the quantification of displacements. 

An open-source 2D-DIC is used to assess the surface strain of each point in the speckle 

pattern. An open-source can give full-field longitudinal strain data at the bottom mid-point 

location of the RC beam. (Figs. 6.10-6.18) show the pictorial description of the longitudinal 

strain fields (εxx) obtained from the 2D-DIC analysis of the selected images in both S-series 

and G-series beams. The dark blue color symbolizes a zero strain field (εxx) and as the color 
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evolves more towards the red tone, the strain becomes higher. The red zones, representing a 

strain (εxx) of 1 percent or higher, indicate the cracks.  

For effective damage monitoring and localization in the steel RC & GFRP RC beams 

using AE and DIC techniques, the longitudinal surface strain (εxx) profiles obtained using DIC 

are plotted along with the AE XY- event plots (Figs. 6.10-6.18). The red spawn in AE plots 

signifies the position of each AE event recorded and the crack mapping of DIC strain profiles 

indicate the frontal surface condition of the steel RC & GFRP RC beams at different stages of 

damage under flexural loading. Both of these approaches are intended to improve structural 

inspection efficiency by showing the beginning and development of cracking, as well as surface 

strains, in the two types of beams respectively.  

It is apparent from Figs. 6.10(a), 6.13(a), and 6.16(a) that, during the Damage Level I 

i.e.at cracking loads of ~5.58 kN, 6.99 kN and 9.54 kN for S1, S2, and S3 RC beam and ~7.89, 

8.01, and 10.31 kN for G1, G2 and G3 RC beam respectively, the DIC plot shows little 

development of strain localization at the bottom of the beam. It is indicated by a light bluish 

color of longitudinal strain (εxx) profile at the 1.2 m, 1.2 m, and 1.1 m for S1, S2, and S3 RC 

beam and 0.67 m, 1.0 m, and 0.85m for G1, G2, and G3 RC beam from the left support Figs. 

6.10(b), 6.13(b) and 6.16(b). The DIC plot depicts the variation in the value of the longitudinal 

surface strain (εxx) scale and indicates the possible locations of crack since there is no clear 

discontinuity. It is well confirmed by the appearance of AE events in the XY- plot at the same 

instant which suggests the formation of invisible cracks in Steel RC & GFRP RC at the same 

location as presented in Figs. 6.10(c), 6.13(c), and 6.16(c). Hence, it can be concluded that 

invisible cracking which is not visible to the human eye can be reliably displayed by DIC 

longitudinal strain profile images and AE XY- event plots.  

Further, with an increase in loading, it is visually observed that at a yield load (Py) of 

~28.93 kN, 45.85 kN, and 81.44 kN in S1, S2 and S3 RC beam the earlier invisible crack starts 

to become visible and eventually coalesce together to form visible cracks propagating vertically 

upwards. This indicates the progression of damage to Level II as shown in Figs.6.11(a), 

6.14(a), and 6.17(a). The DIC longitudinal surface strain (εxx) profile changes from light bluish 

to light yellow color at the same location at a longitudinal surface strain (εxx) value of 0.10, 

0.07, and 0.06 (approx.) These cracks do not result in sudden failure of the beam as their 

propagation is arrested by the presence of shear stirrups.  On the contrary, in GFRP RC beams, 

owing to the elastic behavior of GFRP bars, the beam continues to carry load linearly and 

invisible cracking is observed at a load of ~33.6 kN, 51.80 kN, and 57.46 kN and a 
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corresponding longitudinal strain value of 0.12, 0.1 and 0.03 (approx.,) as shown by dark 

yellow DIC plot as shown in Figs.6.11(b), 6.14(b) and 6.18(b). This is in a close match with 

the actual cracked beam. On the contrary, the AE event plot clearly shows the congregation of 

red dots pointing towards the coalescence of invisible cracks into visible cracks at 

approximately (1.2, 1.2, and 1.1) m and (1.3, 1.2, and 1.1) m distance from the left support for 

S1,S2 and S3 and G1, G2 and G3 RC beams. The same can also be noted in the actual beam 

sample and compared with the DIC images and AE X-Y plots Figs. 6.11(c), 6.14(c) and 

6.18(c). 

With further loading i.e. Damage Level III, steel bars yield leading to flexural failure 

followed by concrete crushing Figs. 6.12(a), 6.15(a) and 6.18(a). And the same is also 

confirmed by the dark red color band in the DIC image at an ultimate load of ~33.93 kN, 46.10 

kN and 84.85 kN and corresponding longitudinal surface strain (εxx) value of 0.15, 0.116 and 

0.94 (approx.,).at 1.2, 1.2 and 1.1 m from the left support Figs. 6.12(b), 6.15(b) and 6.18(b). 

The same can also be confirmed with the actual beam sample. On the other hand, the G1, G2, 

and G3 RC beam fail typically in shear followed by concrete crushing at Damage level III. The 

corresponding ultimate load of ~48.94 kN, 56.74 kN, and 76.98 kN and maximum longitudinal 

strain (εxx) value of 0.18, 0.1316, and 0.058 (approx.,) in G1, G2, and G3 RC beam and is also 

depicted in by dark red color in the DIC plot at 1.33, 1.33 and 1.33 m from the left support. 

The failure and cracking are also well corroborated by extremely dense AE event plots at the 

same locations Figs. 6.12(c), 6.15(c), and 6.18(c). 

A clear trajectory of transverse vertical cracks is also observed from the AE event plot 

as well as DIC images. This is also validated by the image of the actual cracked beams. Thus, 

AE events maps and DIC provide a reliable and real-time indication of the initiation and 

progression of cracking inside concrete in Steel RC and GFRP RC beams undergoing flexural 

loading. 
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S1 Beam G1 Beam 

  

(a) 

  

(b) 

  

(c) 

Fig. 6.10:  (a) Beam sample (S1&G1) (b) DIC longitudinal strain profiles (c) AE XY plots at  

Damage Level I  
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S1 Beam G1 Beam 

  

(a) 

  

(b) 

  

(c) 

Fig. 6.11:  (a) Beam sample (S1&G1) (b) DIC longitudinal strain profiles (c) AE XY plots at  

Damage Level II 
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S1 Beam G1 Beam 

  

(a) 

  

(b) 

 
 

(c) 

Fig. 6.12:  (a) Beam sample (S1&G1) (b) DIC longitudinal strain profiles (c) AE Location- 

XY plots at Damage level III  
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S2 Beam G2 Beam 

  

(a) 

 

 

(b) 

 
 

(c) 

Fig. 6.13:  (a) Beam sample (S2&G2) (b) DIC longitudinal strain profiles (c) AE XY plots at  

Damage Level I  
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S2 Beam G2 Beam 

  

(a) 

  

(b) 

  

(c) 

Fig. 6.14:  (a) Beam sample (S2&G2)  (b) DIC longitudinal strain profiles (c) AE XY plots 

at Damage Level II  
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S2 Beam 

 

G2 Beam 

  

(a) 

  

(b) 

 
 

(c) 

Fig. 6.15: (a) Beam sample (S2&G2) (b) DIC longitudinal strain profiles (c) AE Location- 

XY plots at Damage level III  
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Fig. 6.16: (a) Beam sample (S3&G3)  (b) DIC longitudinal strain profiles (c) AE XY plots at  

Damage Level I  
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Fig. 6.17: (a) Beam sample (S3&G3)   (b) DIC longitudinal strain profiles (c) AE XY plots 

at Damage Level II  

 

S3 Beam G3 Beam 

 
 

(a) 

 

 

(b) 

 

 

(c) 

 

 

Fig. 6.18:  (a) Beam sample (S3&G3)  (b) DIC longitudinal strain profiles (c) AE Location- 

XY plots at Damage level III  

 

The vertical surface displacement of each point of the speckle pattern is also analyzed 

using an open-source 2D-DIC algorithm. The vertical surface displacement point at the mid-

span of Steel RC & GFRP RC beams estimated by 2D-DIC analyses, and the deflection 

measured with an LVDT are plotted in Fig. 6.19 (a), (b), and (c) respectively. It can be noticed 

that there is a reasonably close match between the deflection measured with LVDT’s and the 

vertical deflection obtained from 2D-DIC. The findings show that DIC is a good replacement 

for LVDTs, with the extra benefit of being able to offer precise displacement values at any 

given point (Shah & Kishen, 2011).  
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S1 Beam G1 Beam 

 

 

(a) 

S2 Beam G2 Beam  

 
 

(b) 

S3 Beam G3 Beam 
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(c) 

Fig. 6.19: LVDT and DIC deflection with load 

 

 

6.6      CLOSING REMARKS 

In this chapter, damage monitoring of reinforced concrete beams using steel & GFRP 

beams under flexural loading utilizing AE and DIC is analysed. Various AE parameters such 

as cumulative AE hits, amplitudes, average frequency and rise angle not only determine the 

onset and development of cracking but can also be used to classify the cracking modes in the 

steel RC and GFRP RC beams. Furthermore, average frequency and signal duration analysis 

show significant drop in average frequency and significant jump AE duration at the same time 

indicates critical failure points in steel RC and GFRP RC beams. In the end, AE events maps 

and DIC longitudinal surface strains (εxx) and displacements, provide a reliable and real-time 

indication of the onset and progression of cracking inside concrete in conventional steel RC 

and Glass FRP RC beams undergoing flexural loading. Both the advanced NDT tools can be 

effectively used in conjunction with NDE of various types of RC structures incorporating steel 

as well as GFRP bars.   
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CHAPTER 7 

FRACTURE MONITORING USING AE AND DIC 

7.0  GENERAL  

In this chapter, the fracture behavior and cracking pattern in steel RC & GFRP RC 

beams is done by investigating the load versus deflection (P-Δ) behavior with AE and DIC 

parameters. Acoustic Emission parameters of cumulative AE hits, Cumulative Signal Strength 

(CSS), Average Frequency (kHz), and Rise Time (RT) were considered for fracture analysis 

using AE. DIC was primarily employed to compute the vertical displacement and longitudinal 

strain profiles at the mid-span of the steel & GFRP reinforced concrete beams. In addition, AE-

XY plots and DIC longitudinal strain profiles were also utilized to represent increasing AE 

activity and strains in real-time. While AE is recommended for characterizing the start and 

propagation of the cracking pattern as well as the cause of failure in beams, DIC assists in 

localization by visualization the displacement and strain fields while highlighting 

discontinuities in the displacement field. 

7.1.       ANALYSIS OF FLEXURAL PERFORMANCE 

7.1.1     Load deflection characteristics 

  The load versus deflection (P-Δ) plots for steel-reinforced & GFRP-reinforced 

concrete specimens are shown in Fig. 5.5. The initial linear segment of both the curves has a 

very steep slope, which corresponds to the un-cracked condition of these beams. In this region, 

the vertical deflection is directly proportional to the applied load and the entire concrete section 

is considered effective in resisting the loads. As can be seen from Fig. 5.5, the behavior of both 

S-series and G-series beams is similar before cracking when both beams are stiff. The end-

point of this linear part is an indication of the initiation of cracking in S1, S2, and S3 RC beams 

and G1, G2, and G3 RC beams respectively, hence it is termed as cracking load (Pcr) as shown 

in Fig. 5.5 (a)-(b) and (c).  

The second part of the curve that immediately follows this linear segment provides 

information about the bond quality and tension stiffening effects due to crack spacing. The 

slope of this part is smaller than the slope of the initial linear segment. This shows that the rate 

of deflection per unit load is higher after the beam has cracked, which is an indication of the 

reduction in the stiffness of the cracked beam. It can be seen that the gap between steel & GFRP 

RC beams widens pointing towards a higher rate of reduction in the stiffness of the GFRP RC 
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beam with the increase in the applied load as compared to steel reinforced beams. Thereafter, 

the cracks travel up-to-the surface and become visible in the tensile zone of the steel & GFRP 

RC beam. This trend continues in the steel RC beam until steel yields in steel-RC beams 

whereas, in the GFRP RC beam, it continues until the 1st drop-in load. The stiffness was 

calculated up-to-the yield load for steel RC beams and 1st drop for the GFRP RC beam. The 

stiffness in the G1, G2, and G3 RC beam is much lower as compared to S1, S2, and S3 RC 

beams. This can be attributed to the low elastic modulus of the GFRP bars. The reduced 

stiffness of the GFRP RC beams after cracking has also been reported by various other 

researchers. The last part of the curve is an indication of a possible failure mechanism in steel 

and GFRP reinforced beams. As shown in Fig. 5.5 (a)-(b) and (c), the steel RC beam showed 

a very ductile behavior and failed at an ultimate load (Pult) after undergoing considerable 

deformation with a very small increase in the load once steel yielded. 

On the other hand, in the GFRP reinforced concrete, the crushing of concrete progresses 

with a sharp increase in the load-carrying capacity after the 1st drop of the load. The beam 

continues to carry load linearly with an increase in deflection until the 2nd drop and this trend 

continues up-to-the-peak load (Ppeak) as well as the ultimate load as shown in Fig. 5.5 (a)-(b) 

and (c). The failure observed in the GFRP reinforced concrete beam is brittle in the form of 

concrete crushing as also observed. The ultimate load-carrying capacity of the G1 and G2 RC 

beams was observed to be around 46.39% and 28.95% higher than S1 and S2 RC concrete 

beams. This can be attributed to the higher strength of GFRP bars as compared to the yield 

strength of steel bars (Table 5.1 and 5.2). But as the reinforcement ratio increases from 0.52 

% to 1.1 % there is a slightly 5.2% decrease in load-carrying capacity in the G3 beam as 

compared to the S3 beam. It points towards a lower modulus of elasticity of GFRP bars as 

compared to steel bars.   

7.2 FRACTURE ANALYSIS USING AE  

7.2.1 AE Hits & CSS 

This section evaluates the crack propagation in terms of micro and macro cracking in Steel 

& GFRP-RC beams based on AE signals received during flexural testing (Ohno and Ohtsu 2010 

and Ohtsu et al., 2011). Amplitude and number of AE hits and cumulative signal strength values 

were calculated using ASCII OUTPUT utility option of AE-win software to identify and relate to 

crack initiation and progression in steel & GFRP reinforced concrete beams. Various AE 

parameters such as a change in slope in cumulative AE hits and their corresponding amplitude and 
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sudden rise in cumulative signal strength (CSS) values commonly known as knee pointing towards 

micro-and-macro cracking in steel & GFRP reinforced concrete beams.   

 Figs. 7.1-7.6 present the plots of increase in cumulative-AE hits, a sudden rise in CSS-

curve, and variation of the amplitude of AE hits with increasing flexural loading in Steel & GFRP-

RC beams along with load-time curve giving an indication of the progression of fracture/cracking 

in the two types of beams from initiation of cracking to the ultimate failure of these beams. 

An increase in the slope of cumulative AE hits is observed in both types of beams pointing 

towards initiation of AE activity inside in the form of micro-cracking up-to-100s, 125s, and 225s 

in Steel RC (Fig. 7.1(a), 7.3(a) 7.5(a) and 250s, 300s and 396s and GFRP-RC (Fig 7.2(a), 7.4(a) 

7.6(a). This is well supported by a sudden rise in the CSS curve called ‘Knees’ in CSS plots of 

1.1x109 pVs, 1.8x109 pVs, and 2x109 pVs ((Fig. 7.1(b), 7.3(b), 7.5(b) for steel RC beams and 

2.5x109 pVs, 2.2x109 pVs and 5x109 pVs (Fig. 7.2(b), 7.4(b) 7.6(b) for GFRP RC beam (approx.) 

which are also indicators of initiation of micro-cracking. It can also be observed the average 

amplitude of AE hits in this phase is about 55-60 dB, 61-64 dB, and 65-68 dB (Fig. 7.1(c), 7.3(c) 

7.5(c) in S1,S2 and S3 RC beams and 60-65 dB, 63-67 dB and 64-67  in G1, G2 and G3 RC beams 

(Fig 7.2(c), 7.4(c) 7.6(c) in the G1,G2 and G3 RC beam. This Phase-I is called the ‘micro-

cracking phase’. 

It is important to note that Phase I is very much prolonged and reports larger values of 

cumulative AE hits, their amplitudes, and CSS values in the GFRP RC beam as compared to steel 

reinforced beams due to the high tensile strength of GFRP bars. Another important observation is 

that no major cracks are observed in this phase and only minor hairline cracks start appearing on 

the surface of both types of beams. Hence, the plot of cumulative-AE hits, CSS, and their 

corresponding amplitudes indicates the initiation and progression of micro-cracking inside 

concrete even when significant effects are not visible on the surface.  

Further, with increasing loading on the beams beyond Phase I, cumulative-AE hits as well as CSS 

curve becomes constant with a drop in average amplitude of hits to below 55dB to 60 dB in “Calm 

Phase-II” of activity for about 75s, 100s, and 125s in the S1, S2 and S3 RC beams and about 20s, 

30s and 76s in the G1, G2 and G3 RC beam. The calm phase is relatively shorter in GFRP 

reinforced beam when compared to the steel RC beam primarily due to the linearly-elastic behavior 

of GFRP bars, hence the GFRP RC beam continues to carry load linearly. During this phase, micro-

cracks coalesce to form macro cracks and progress towards Phase-III i.e. Macro-Cracking Phase 

for about 298.75s, 522.7s, and 528.78 for the S1, S2, and S3 RC beam and 342s, 299.85s, and 

526.96s in the G1, G2, and G3 RC beam.  
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During this Phase III, a steep rise in cumulative AE hits of larger amplitudes between 80-

90 dB, 85-90 dB, and 85-90 dB are observed in S1, S2, and S3 RC beams pointing toward major 

AE activity leading to macro cracking in the steel-reinforced beam. A similar observation is made 

in the CSS plot with a sudden rise (2nd Knee) in the CSS curve with high fluctuations of 

approximately more than 2.1x1010 pVs, 2.26x1010 and 4.8x1010 pVs. On the other hand, in the G1, 

G2, and G3 RC beam also, a steep rise in cumulative-AE hits, along with the steep fluctuation of 

magnitude 1.1x1010 pVs, 1.25x1010 pVs, and 2x1010 pVs in CSS curve is observed in this Phase 

III with average amplitudes of AE hits in the range of 70-80 dB which continues till the failure of 

GFRP-RC beam towards the end of Phase-III (Figure 6). Finally, a sudden and steep rise in AE 

hits as well as with a large amplitude as high as 95-100dB is observed along with the sudden rise 

(2nd Knee) in the CSS-curve with high fluctuations of approximately more than 2.7x1010 pVs, 

2.9x1010 pVs and 5.3x1010 pVs with the sudden failure of the G1 G2 and G3 RC beam in Phase-

III. It is well confirmed by shear failure followed by concrete crushing in the G series RC beam.  

Finally, in steel-RC beams, there is no change in cumulative AE hits, and CSS-curve is observed 

and the amplitude of AE hits drops to 45-50 dB and thereafter becomes constant pointing towards 

attenuation of AE signals by already existing cracks developed in Phase II and III. It is in 

coherence with the plastic zone of steel-reinforced beams, indicating the progression to a failure 

caused by steel yielding followed by concrete crushing in the steel RC beams.  

Hence, it can be concluded that at the same reinforcement ratio, damage initiation, and 

progression in S-series and G-series reinforced concrete beams is widely differing. In the steel 

RC beam, it progresses from slow initiation in the form of invisible cracks of smaller 

amplitudes and smaller CSS values to higher amplitudes visible cracks at later stages due to 

steel yielding. On the other hand, in the GFRP-RC beam, AE activity mostly consists of 

initially invisible cracks as well as further visible cracks of larger amplitudes and larger CSS 

values primarily due to concrete crushing failure. It can be attributed to the lower modulus of 

elasticity of GFRP as compared to steel resulting in a steep rise in AE activity of very large 

amplitudes and CSS values leading to its final failure by abrupt cracking and fracture.  
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(a) Variation in AE hits with 

increasing loads 

(a) Variation in AE hits with 

increasing loads 

  
(b) Variation in CSS with increasing 

loads 

(b) Variation in CSS with increasing 

loads 

  
(c)Variation in the amplitude of AE hits (c) Variation in the amplitude of AE hits 

Fig. 7.1: Variation in AE parameters in 

S1 beam 

Fig. 7.2: Variation in AE parameters in 

G1 beam 
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(a) Variation in AE hits with increasing 

loads 

(a) Variation in AE hits with increasing 

loads 

 
 

(b) Variation in CSS with increasing 

loads 

(b) Variation in CSS with increasing loads 

  

(c) Variation in the amplitude of AE hits (c) Variation in the amplitude of AE 

hits  

Fig. 7.3: Variation in AE parameters in S2 

beam 

Fig. 7.4: Variation in AE parameters in G2 

beam 
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(a) Variation in AE hits with 

increasing loads 

(a) Variation in AE hits with 

increasing loads 

  
(a) Variation in CSS with 

increasing loads 

(b) Variation in CSS with increasing 

loads 

  
(c) Variation in the amplitude of AE 

hits 

(c) Variation in the amplitude of AE hits 

Fig. 7.5: Variation in AE parameters in S3 

beam 

Fig. 7.6: Variation in AE parameters in 

G3 beam 
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7.2.2 Average Frequency (AF) and Rise Time (RT) 

The early AE-activity in terms of the number of cumulative AE-hits and their 

amplitudes and CSS along with the load history is separated into ten different zones (multi-

color line) as shown in Figs 7.7-7.12. Expressing AE activity as a number of hits is quite 

common. Additionally, it is well-known that this AE activity is correlated to the rate of cracking 

and the number of active sources (Mpalaskas et al. 2015, Sutter et al. 2018 & Sharma et al. 

2021). However, to focus on the possibility to characterize the widely different damage 

mechanisms in steel & GFRP reinforced beams, AE parameters of Average Frequency (AF) 

and Rise Time (RT) are also studied in detail in addition to AE hits, CSS, and AE hit 

amplitudes. 

To assist in the fracture analysis, the entire time duration of the experiment is divided 

into ten equal parts (Figs. 7.7-7.12). Stage-I (initial) refers to low load steps, Stages (II to IX) 

indicate intermediate stages of loading leading to activity at peak load, and Stage X is recorded 

after the load drop (and thus after RC beam failure) while the deflection was still increasing. 

For these X stages, a value of the AE parameters of AF and RT are averaged and helps to 

differentiate the cracking modes in steel & GFRP reinforced concrete beams. Figs. 7.7, 7.9, 

and 7.11 represent the data for steel RC beam where, initially at the micro-cracking Stage (I 

and II), a higher AF with shorter RT signal value is observed, representing the tensile-cracking 

mode for the steel-reinforced beam. On the other hand, low AF with a longer RT value is 

observed up to stage-III in the case of the GFRP-RC beam which represents shear-crack mode 

for GFRP reinforced beam (Figs. 7.8, 7.10, and 7.12). This behavior may be due to the ability 

of the steel beam to resist and bridging the crack, owing to the perfect bonding between 

concrete and steel and higher modulus of elasticity of steel bars as compared to GFRP bars. It 

shows that the AF Vs RT plots can be used to predict the occurrence of the micro-crack 

formation in two differently reinforced concrete beams very efficiently. 

With further increase in load, the progression of micro-cracking at Ppeak load of (35.18, 

50.80, and 88.94) kN is observed in S1, S2, and S3 RC beams, which also coincides with the 

highest value of AF (59.94 kHz, 56.35, and 54.65) kHz and low RT (2.63, 2.72 and 3.58) µs 

value in Stage-IV in S1 RC beam and Stage-III in the S2 and S3 RC beam. Due to the strain 

hardening behavior of the steel RC beam, load-carrying capacity slightly reduces with time. 

On further increasing the load, a slight shift is observed with marginally lower AF and slightly 

longer RT value. This is because strain hardening behavior of steel RC beam  
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Fig. 7.7: Average Frequency versus Rise time for 

S1 RC beam 

Fig. 7.8: Average Frequency versus Rise time for 

G1 RC beam 

  
Fig. 7.9: Average Frequency versus Rise time for 

S2 RC beam 

Fig. 7.10: Average Frequency versus Rise time for 

G2 RC beam 

  
Fig. 7.11:- Average Frequency versus Rise time 

for S3 RC beam 

Fig. 7.12:  Average Frequency versus Rise time 

for G3 RC beam 

load-carrying reduces with time, which represents the shift in cracking mode from tension 

progressing marginally towards shear cracking up to the stage-IX.  In the last stage-X, which 
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refers to final failure at an ultimate load of (33.43, 47.01, and 82.75) kN represents slightly 

longer-RT signal (10.02, 41.63, and 22.89) µs and lower-AF (52.83, 31.83 and 43.74) kHz. 

This signifies the macroscopic collapse of the beams, indicating that the steel beam experiences 

tensile cracks localization; leading to flexural failure followed by concrete crushing as shown 

in Figs. 5.18 (a), (c) and (e) 

On the other hand, in GFRP reinforced concrete beams, it is observed that AF continuously 

increases, and RT-value continuously decreases with time as the load increases up to stage-X. It 

might be due to linearly-elastic behavior and the high tensile strength of GFRP bars. It is also 

noticed that at two stages i.e. IV and IX there is a slight decrease in frequency and an increase in 

rise-time value is observed. It might be due to the improper bonding and slippage between 

concrete and GFRP bars leading to a certain level of fluctuation between the successive stages, 

indicating that the failure mechanics do not follow a smooth succession as in the case of the steel 

RC beam. In the last Stage-X, which refers to final failure at peak load of (51.32, 60.47, and 83.71) 

kN, a lower RT (16.96, 20.12, and 14.01) µs value and highest AF value of (52.18, 48.74, and 

52.10) kHz) is observed in G1, G2, and G3 RC beams. This signifies the macroscopic collapse of 

the beams also coincides with the macro-cracking phase at Ppeak load. This indicates that the beam 

experiences shear-crack; leading to over-reinforced shear failure followed by concrete crushing as 

shown in Figs. 5.18 (b), (d) and (f). Hence, the AE plot of AF and RT value can be effectively 

demonstrate the variation of failure modes in steel as well as GFRP reinforced concrete beams. 

7.3  DAMAGE LOCALIZATION USING AE AND DIC 

   In structural health monitoring, an important step in damage diagnosis and prognosis is 

crack localization which can guide engineers to the most sensitive zone so that appropriate 

strengthening can be effectively applied (Tan et al. 2009 & Behnia et al. 2014). In this study, an 

attempt has been made to localize and pictorially represent stages of cracking in steel RC & GFRP 

RC beams using AE-XY plot and longitudinal strain (εxx) profiles using DIC. AE-XY plot give 

the online record of the events (red dots) from six AE-sensors that trace back the origin of the 

event. The origin and accumulation of crack events detected with AE-XY plots are compared with 

DIC longitudinal strain (εxx) profile images. These longitudinal strain fields are important in the 

sense that they represent the displacement of every point in the imaging zone which easily enables 

them to locate crack due to displacement discontinuity. The blue color represents a  

Time Actual Cracked Image DIC image AE XY Plot 
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s 

    

 (k) 

Fig. 7.13: Actual cracked images of S1 RC beam, DIC longitudinal strain profile, and AE events plots (a-k). 

The red spawn indicates the locations of the AE events: (a) Zero loading stage, (b-c) Initiation of 

microcracking, (d-j) crack propagation, and (k) final failure. 

 

 

 

 

 

 



 

135 
 

Time Actual Cracked Image  DIC image AE XY Plot 
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Fig. 7.14: Actual cracked images of S2 RC beam, DIC longitudinal strain profile, and AE events plots (a-k). 

The red spawn indicates the locations of the AE events: (a) Zero loading stage, (b-c) Initiation of 

microcracking, (d-j) crack propagation, and (k) final failure. 
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878.7
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 (k) 

Fig. 7.15: Actual cracked images of S3 RC beam, DIC longitudinal strain profile, and AE events plots (a-k). 

The red spawn indicates the locations of the AE events: (a) Zero loading stage, (b-c) Initiation of 

microcracking, (d-j) crack propagation, and (k) final failure. 

 

negative-or-zero strain field (εxx); as the color evolves more towards the red tones, the strain 

becomes higher. The red zones, representing a strain (εxx) of 1% or higher, indicate the presence 

of cracks (Hwang et al. 2008 & Ivanov et al. 2014). A close matching and coherence are observed 

between AE-XY plots and DIC longitudinal strain profiles in the form of micro-and macro-
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cracking leading to final failure as observed visually in the actual beams at various stages of 

loading initiation-to-final failure. 

Figs 7.13(a), 7.14(a) and 7.15(a) and Figs 7.16(a), 7.17(a) and 7.18(a) shows 2D-DIC 

analyzed the digital-images for steel RC & GFRP-RC beams initially, showing minimum/zero 

longitudinal surface strain (εxx) value, which is indicated by the dark blue color at the surface of 

the beam. On the other hand, it is also seen that no AE events were recorded on the XY plot at the 

same time which is further visually validated by the actual image of the beam (Sharma et al. 

2020). 

As the load increases, the 2D-DIC longitudinal strain (εxx) profile shows diminishing light bluish 

color at the 1.2 m (Approx.,) for S1, S2, and S3 RC beams in Figs. 7.13 (b-c), 7.14(b-c) and 7.15 

(b-c) and 0.67m 1.1m and 0.88 m for G1, G2 and G3 RC in Figs. 7.16 (b-c), 7.17(b-c) and 7.18(b-

c) from the left support. This depicts the variation in the value of longitudinal surface strain (εxx) 

values and points towards the possible location of crack since there is no clear discontinuity. This 

is in coherence with the AE events recorded in the XY plot which can be attributed to the formation 

of micro-cracking at the bottom of the steel-reinforced & GFRP reinforced concrete beam, at the 

same location. Hence, both AE-XY event plots and DIC longitudinal strain profiles can very well 

indicate the cracking initiation process in steel as well as GFRP reinforced concrete beams. The 

micro-cracking initiates at a load of (~ 5.58, 7.65, and 9.54) kN for S1, S2, and S3 reinforced 

concrete beams (Figs. 7.13 (b-c), 7.14(b-c) and 7.15 (b-c)  and (~ 7.89, 8.01, and 10.31) KN for 

G1, G2, and G3 RC beams as observed in Figs. 7.16 (b-c), 7.17(b-c) and 7.18(b-c). Hence, micro-

cracking in two beams which is invisible to the naked eye can be easily picked up by AE-XY event 

plots and DIC longitudinal strain profiles. 

With further increase in loading, it is observed that these micro-cracks open up leading to the 

formation of macro-cracks indicating crack propagation (Figs. 7.13 (d-j), 7.14(d-j) and 7.15 (d-

j) for steel RC, (Figs. 7.16(d-j), 7.17(d-j) and 7.18(d-j) for GFRP-RC beam. These cracks 

propagate vertically towards the height of the RC beam as indicated by DIC longitudinal surface 

strain (εxx) profile images which change color from light bluish to dark red color at the same 

location.  AE events recorded at the same instants also show the spawn of red dots moving towards 

the loading region indicating the appearance of a major crack across the height of the steel RC 

beam at 1.2m and for the GFRP-RC beam at 1.15m from the left support. Figs. 7.14 (d), 7.15(d) 

and 7.16 (d) represent the macro-cracking at a Ppeak load of (~35.18, 50.80 and 88.94) kN and 

longitudinal surface strain (εxx) value of 0.02, 0.050, 0.020 (approx.) in S1, S2, and S3 RC beams 

as shown by a light bluish color. In the Steel RC beam, the propagating cracks  

Time Actual Cracked Image DIC image AE XY Plot 
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Fig. 7.16: Actual cracked images of G1 RC beam, DIC longitudinal strain profile, and AE events plots (a-

k). The red spawn indicates the locations of the AE events: (a) Zero loading stage, (b-c) Initiation of 

microcracking, (d-j) crack propagation, and (k) final failure. 
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Fig. 7.17: Actual cracked images of G2 RC beam, DIC longitudinal strain profile, and AE events plots (a-

k). The red spawn indicates the locations of the AE events: (a) Zero loading stage, (b-c) Initiation of 

microcracking, (d-j) crack propagation, and (k) final failure. 
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(k)  

Fig. 7.18: Actual cracked images of G3 RC beam, DIC longitudinal strain profile, and AE events plots (a-

k). The red spawn indicates the locations of the AE events: (a) Zero loading stage, (b-c) Initiation of 

microcracking, (d-j) crack propagation, and (k) final failure. 

 

do not lead to sudden failure of the beam as they are intercepted by the presence of stirrups and 

show steel yielding leading to flexural failure followed by concrete crushing. Figs. 7.13 (k), 

7.14(k), and 7.15 (k) show the digital-image at an ultimate load of (~33.43, 47.01 and 82.75) kN 

and maximum longitudinal surface strain (εxx) value of 0.15, 0.1116, and 0.091 (approx.) in S1, 

S2 and S3 RC beams at failure indicated by dark red color which occurs at 1.2 m from the left 

support and is also confirmed visually by the dense spawn of AE events in AE-XY plots in S-

series RC beams.   

On the other hand, in GFRP reinforced concrete beam, due to the elastic behavior of 

GFRP bars, the beam continues to carry load linearly. GFRP reinforced beam fails typically in 

shear followed by concrete crushing as they are designed as over-reinforced beams to prevent 

the failure by GFRP rupture. (Figs. 7.16 (k), 7.17(k), and 7.18(k) show the digital-image at a 

Ppeak as well as an ultimate load of (~51.32, 60.47 and 83.71) kN and maximum longitudinal 

strain (εxx) value of 0.180, 0.1316, and 0.058 (approx.) at failure indicated by dark red color 

which occurs at 1.33 m from the left support and is also confined visually as well as by AE-

XY plots in G-series RC beams. It is also observed that the G1 and G2 reinforced concrete 

beams indicates 20% and 17.92% more longitudinal surface strain (εxx) and exhibits more 

central deflection as compared to the S1 and S2 reinforced concrete beam. But as the 

reinforcement ratio increases to 1.1 % there is a slightly 36.26% decrease in longitudinal 
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surface strain (εxx) in the G3 RC beam as compared to the S3 RC beam. It points towards a 

lower modulus of elasticity of GFRP bars as compared to steel bars.   

7.4      CLOSING REMARKS 

This chapter presents an insight into the effectiveness of AE and DIC techniques as 

health monitoring strategies of RC structures. AE parameters of cumulative AE-hits with their 

amplitudes and cumulative signal strength are well indicative of different damage initiation 

modes and failure progression in steel RC and GFRP RC beams. Moreover, AE parameters of 

Average Frequency (AF) and Rise Time (RT), in the form of AF/RT signal values are averaged 

to distinguish the fracture behavior in steel and GFRP RC beams. Additionally, a pictorial 

representation of different stages of fracture in steel and GFRP reinforced beams using AE X-

Y event maps and longitudinal strain (εxx) profiles using DIC is presented. As a result, wide 

scatter in AE event plots and longitudinal surface strain (εxx) profiles in DIC provide a real-

time visual plot of initiation and progression of micro-and-macro cracking inside concrete due 

to flexural loading in steel as well as GFRP reinforced concrete beams, which is well-validated 

by actual cracked images of the beams. 
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CHAPTER 8 

CONCLUSIONS 

8.0      GENERAL   

This research effort investigates the flexural behavior and mechanical performance, 

damage, and fracture monitoring in steel RC and GFRP RC beams along with AE and DIC 

techniques. The sudden brittle failure in GFRP RC structures calls for an effective and real-

time health monitoring strategy to evaluate its integrity, structural performance, and crack 

evolution before the damage reaches catastrophic levels.  

The focus of the present research is to critically investigate and differentiate between the 

mechanical behavior and flexural efficacy of steel and GFRP RC beams under 4-point loading 

with varying percentage of reinforcement ratios and the conclusion drawn from the study have 

been listed in Section 8.1. 

Due to the sudden brittle failure in GFRP-reinforced concrete structures, it is essential to 

evaluate the damage behavior of steel RC and GFRP RC beams using a combination of passive 

Acoustic Emission technique and non-contact Digital Image Correlation technique is presented 

and the major conclusion drawn from the study are outlined in Section 8.2. 

Further, AE and DIC methods have been used to study the fracture monitoring of steel and 

GFRP bars reinforced concrete beams in flexure. Much before it is evident to the naked eye, 

AE-XY plots and longitudinal strain profiles produced by DIC provide an early, online, and 

real-time depiction of increasing AE activity and stresses inside the concrete. The micro-and 

macro fracture development and progression in steel-RC and GFRP-RC at various stages of 

loading were effectively depicted by AE in combination with DIC, and the conclusions are 

presented in Section 8.3. 

 

8.1       FLEXURAL PERFORMANCE  

 The load-deflection plot of steel reinforced and GFRP reinforced concrete beams show 

contrasting profiles. With increasing reinforcement ratio, steel-reinforced beams typically 

show an increase in ultimate load-carrying capacity, shrinking plastic zone with reduced 

ductility, and failure taking place at the much lower strains by steel yielding followed by 

concrete crushing. On the other hand, GFRP reinforced beams exhibit bi-linear load-

deflection response up to the failure without any yielding and exhibit higher ultimate load-

carrying capacities and deflections due to their low elastic modulus as compared to steel 

reinforced beams indicating enhanced ductility and ultimate strength. 
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 An increase in reinforcement ratio resulted in lesser deflections at ultimate loads in both 

types of the beams. Because of the low elastic modulus of the GFRP bars, GFRP RC beams 

deflect more as compared to steel RC beams and the mid-span deflections observed in 

GFRP reinforced beams were 23.72%, 39.41%, and 11.32% more than in steel-reinforced 

concrete beams at 0.33%, 0.52%, and 1.1% reinforcement ratio. Furthermore, the ultimate 

moment carrying capacity of GFRP reinforced beams was 34.35 % 10.08 % more as 

compared to steel reinforced beams at 0.33%, and 0.52% reinforcement ratio due to the 

high tensile strength of GFRP bars. But when the reinforcement ratio increases to 1.1%, 

the ultimate moment carrying capacity decreases by 5.2% as compared to steel reinforced 

beams due to the sudden over-reinforced shear failure.  

 With an increasing reinforcement ratio in GFRP RC beams, the post-cracking bending 

stiffness improves slightly due to an increase in the load-carrying capacity leading to higher 

stiffness. But reserve strength or ductility reduces since the increase in GFRP reinforcement 

leads to reducing deflections at higher load carrying capacities leading to the overall 

reduction in the area under the load-deflection plot, when compared to steel reinforced 

concrete beams. The post cracking bending stiffness of GFRP reinforced beams was 

28.06%, 85.04%, and 41.61% less as compared to steel reinforced beams at the same 

reinforcement ratios 0.33%, 0.52% and 1.11%. The average energy absorption capacity (E) 

of GFRP reinforced beam was observed to be 26.33% and 22.94% more when compared 

with steel reinforced at 0.33% and 0.52% reinforcement ratio. When the reinforcement ratio 

increases to 0.52% to 1.1% for GFRP reinforced beams the energy absorption capacity 

reduces by 7.85 % when compared to steel reinforced concrete beams due to the sudden 

over-reinforced shear failure of GFRP reinforced concrete beams. 

 The failure mode of steel and GFRP reinforced concrete beams may be reliably predicted 

using sectional analysis, which is used for conventional RC beams. The ratio of beam 

reinforcement to calculated balanced reinforcement can be utilized as a failure mode which 

is indicative of typical failures in steel as well as GFRP reinforced beams. All the steel RC 

beams failed in flexure due to steel yielding, while all GFRP RC beams failed in shear due 

to concrete crushing irrespective of reinforcement ratio.  

8.2       DAMAGE MONITORING USING AE AND DIC  

 Various AE parameters not only determine the onset and development of cracking but can 

also be used to classify the cracking modes in the steel-reinforced and GFRP reinforced 

concrete beams. Progressive increase in cumulative AE hits and their varying amplitudes 
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directly point towards increasing damage levels experienced by steel and GFRP reinforced 

beams at different stages of flexural loading observed in the form of invisible and visible 

cracking in concrete. GFRP reinforced concrete beams exhibited increased number of 

cumulative AE hits of higher amplitudes as compared to steel reinforced beams due to their 

low elastic modulus and different bond characteristics. It is also well supported by the larger 

number of Knees indicated by a steep rise/jump in the CSS plot. Cumulative AE hits 

observed in GFRP reinforced beams were 26.47%, 17.97%, and 22.64% more than in steel-

reinforced beams with reinforcement ratios of 0.33%, 0.52%, and 1.11%. This is due to the 

low elastic modulus of the GFRP bars as compared with steel bars.  

 The Average Frequency (AF) and Rise Angle (RA) value plots can be used to predict the type 

of cracks experienced by steel-reinforced and GFRP reinforced concrete beams. The change 

in these values of AE parameters correspond well to the actual damage mechanisms in the two 

differently reinforced concrete beams as below: 

 High AF and low RA value indicate pure bending cracks in steel-reinforced beams at the 

microcracking level, whereas low AF and high RA value point towards shear cracks in 

GFRP reinforced beams initially. 

 At the macro cracking level, a marginal increase in RA and the drop of AF indicates 

flexure-failure by steel yielding followed by concrete crushing in steel-reinforced beams. 

On the other hand, in the GFRP RC beam, a significant increase in AF value and a decrease 

in RA value indicate sudden shear failure followed by concrete crushing.  

 It is also demonstrated that the behaviour of differently reinforced beams under flexural 

loading is well categorized by the AE parameters of the Average frequency (AF) and 

Duration (μs) with time. This analysis show significant drop in average frequency and 

significant jump AE duration at the same time indicates critical failure points in steel RC 

and GFRP RC beams. These changes are better indicative of damage than the load-

deflection plots. It is also observed that the moving average line of AF was high and the 

duration line was low in the GFRP RC beams in comparison to the steel RC beams. This is 

due to the fact that GFRP bars have different bond characteristics, and a lower elastic 

modulus, and deflect more than steel bars, causing AE activity to accumulate leading to the 

high frequency of hits. It can go a long way in developing real-time damage monitoring 

and evaluation tools for differently reinforced concrete beams. 

 AE and DIC have the potential to serve as an online non-destructive monitoring tool that 

can map the development of cracking in RC structures. A clear trajectory of transverse 
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vertical cracks is also observed from AE XY event plots as well as DIC images. This is 

also validated by the actual images of the cracked beams.  

 AE technique offers a qualitative insight into the fracture/damages process in concrete by 

studying variations in the amplitude of AE hits, AE XY events map and DIC strain gives a 

pictorial representation of cracking in terms of longitudinal surface strains (εxx) and 

displacements, and much before the actual cracking is visible to the naked eye. Thus, AE 

events plot and DIC provide a reliable and real-time indication of the initiation and 

progression of cracking inside concrete in steel-reinforced and GFRP reinforced concrete 

beams undergoing flexural loading, much before these are visible to the naked eye.  

8.3      FRACTURE MONITORING USING AE AND DIC 

 In two distinct types of RC beams, AE parameters of cumulative AE-hits and their 

amplitudes and Cumulative Signal Strength (CSS) are well indicative of different damage 

initiation modes and failure progression mechanisms. GFRP reinforced concrete beams 

exhibited a larger number of cumulative AE hits of higher amplitudes, as well as a sudden 

and steep rise in CSS curves with high fluctuations compared to steel reinforced beams. 

 The entire duration of the flexural experiment in steel & GFRP reinforced concrete beams is 

divided into 10 equal portions to aid in fracture analysis. AE parameters of Average Frequency 

(AF) and Rise Time (RT) values are averaged and help to differentiate the cracking modes in 

steel & GFRP reinforced concrete beams. The fracture behavior and type of cracking in steel 

and GFRP reinforced concrete beams may be predicted using AF and RT plots as below: 

 At the initial stage or low loads steps, the steel-reinforced concrete beam has a high AF 

and a shorter RT signal, indicating that the fracture is dominated by pure flexural cracks. 

Due to the low elastic modulus of the GFRP bars, low AF and longer RT signal was 

observed in GFRP reinforced concrete beams, with fracture dominance towards shear 

cracks.  

 At the final stage or high loads steps, a slight longer RT signal and a reduction (low) in AF 

suggest ultimate flexure failure due to steel yielding followed by concrete crushing in a 

steel-reinforced concrete beam. On the contrary, a considerable increase in AF value and 

drop in RT signal value suggests sudden shear failure followed by concrete crushing in the 

GFRP reinforced concrete beam. 

 AE X-Y plots along with AE hit analysis accompanied by DIC strains demonstrate the 

progressively damaged zones surrounding the cracked section in steel as well as GFRP 

reinforced concrete beams. The emergence of initial micro-and later stage macro cracking is 
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well be predicted in AE and DIC monitoring indicative of damage-prone zones in steel and 

GFRP reinforced concrete beams. The surface strain field (εxx) calculated using DIC analysis 

and AE events maps are compared with actual cracked images obtained from the experiment 

were found to be accurately matching.  

Hence, it can be concluded that the combined use of AE and DIC has the potential to 

serve as an online non-destructive tool to monitor and map the initiation, progression, and 

localization of damage and cracking in steel, as well as GFRP, reinforced concrete beams. The 

thesis suggests a judicious combination of AE and DIC techniques for the same. AE can 

successfully localize the initiation and progression of cracks; it gives limited information about 

the damage severity as measured by the amplitude of AE hits. Similarly, DIC offers to measure 

the relative displacement of selected points using virtual extensometers using a camera which 

reduces the measurement costs by replacing conventional LVDT’s and strain gauges. But the 

adequacy of the outcomes of the DIC systems is dependent on the image quality, presence of 

dust on the testing surface, and lenses. The combined application of these techniques is 

attempted to overcome their shortcomings. The information provided by DIC will help in 

validating AE observations, as visible changes in the strain field can be correlated well with 

the emissions recorded in AE.  

8.4       RECOMMENDATIONS FOR FUTURE RESEARCH 

From the research carried out in this work, following is recommended as a future scope of 

work:  

1. Investigate and compare the flexural performance and behavior of differently reinforced 

concrete structures using steel and other FRP as bar reinforcement like Aramid, Basalt, and 

Carbon Fibre bars. 

2. Characterization of the damage and fracture process in differently reinforced concrete 

beams subjected to various kinds of loadings (shear, fatigue, and impact) condition using 

advanced NDT tools of AE, DIC and combined with other advanced NDT tools like 

thermography, etc.   

3. Develop the analysis and design procedure for differently reinforced concrete beams 

utilizing different reinforcement like Aramid, Basalt, and Carbon fiber bars. 

4. Investigate AE and DIC techniques for damage monitoring in FRP reinforced concrete 

specimens under dynamic or quasi-dynamic loading.  
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5. Development of Damage Models or Finite Element Models which can be employed in cases 

where DIC and AE are difficult to apply like in FRP reinforced concrete subjected to 

extreme loadings.  
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