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ABSTRACT

Corrosion of steel in concrete is inevitable and is a worldwide problem which
causes heavy losses to the economy and industry. Concrete due to its alkaline nature
(pH > 13.5) provides a passive protective layer of oxides around the reinforcing steel
initially but when exposed to severe environmental conditions (like marine exposure)
corrosion in steel bar is initiated due to depassivation of this layer. Corrosion product
formed has a tendency to exert tensile pressure on surrounding concrete as rust product
has volume about 6-10 times that of parent steel leading to cracking and spalling of
surrounding concrete. Bond deterioration at steel concrete interface and reduction in
steel area due to corrosion which ultimately reduces the load carrying capacity of
Reinforced Concrete (RC) structure and can be catastrophic. In countries like India
with diverse environmental condition, losses due to corrosion has been estimated USD
40 billion per year for industrial and infrastructural segments. Due to this, most of the
structures need repair with 10-15 years of their construction. Therefore, it becomes very
important to monitor corrosion in RC structures alongwith sustained loading so that
proper timely remedial measures can be adopted before degradation leads to
catastrophic failures. Numerous studies have been reported by researchers in last few
decades for monitoring corrosion in RC structures like visual inspection,
electrochemical, optical methods, measurement of linear polarization resistance and
concrete resistivity, X-ray, gamma rays, etc. But these techniques only provide
qualitative information on the presence of corrosion but do not indicate the rate or
extent of corrosion.

In this study, an effort has been made to monitor various stages and aspects of
real time corrosion in RC structures using a judicious combination of various non-
destructive monitoring tools of active Ultrasonic Guided Wave (UGW), passive
Acoustic Emission (AE) technique and optical Infra-Red Thermographic (IRT)
technique. Bars with simulated corrosion damage representing pitting and delamination
in the bars prepared and were tested in air and concrete using UGW and IRT. Further
RC beams (80 x 80 x 400 mm) were subjected to real time actual accelerated impressed
current corrosion and were simultaneously monitored using advanced NDT techniques
of UGW, IRT and AE. As the corrosion progresses in RC beams a significant drop in
transmitted signal strength of a specific core seeking guided wave mode is observed



representing efficiency of UGW in picking progression of corrosion but UGW is not
very effective in picking up the initiation of corrosion. It was well corroborated by AE
testing which successfully picks up the initiation of corrosion along with its progression
in the surrounding concrete. It is well depicted by various micro-cracking and macro-
cracking phases at different stages of corrosion in the corroding beam as picked up by
increase in number of cumulative AE hits and their amplitudes with progressive
corrosion. AE X-Y event plots clearly demonstrate the initiation and progression of
cracks in pictorial representation. But localisation of corrosion damage still remains a
challenge and is explored in this study. IRT effectively picks up corrosion in rebars in
concrete as the rust products produced get heated at a fast rate than the parent steel and
the same is represented as differential temperature profiles in the IRT. Hence, it can be
concluded from the detailed qualitative as well as quantitative NDT monitoring of
corrosion that initiation is effectively picked up by AE, well supported by UGW for
picking up progression and localisation by thermographic images in IRT. It is important
to mention that UGW picks up deterioration only in embedded rebars while AE picks
up the effect of corrosion on the surrounding concrete.

Further in this study, effect of varying levels of corrosion alongwith sustained
loading on the overall performance of real size RC beams (127 x 227 x 4100 mm) was
investigated using a combination of global vibration diagnostics and local Acoustic
Emission technique. With the increase in corrosion level in RC beams, a shift and drop
in fundamental frequency and drop in Frequency Response Function (FRF) amplitudes
is observed as vibration signal attenuates due to increasing corrosion cracks. An attempt
has been made to establish a correlation between damage index (based on FRF
amplitude) and ultimate load of corroded as well as Glass Fibre Reinforced Polymer
(GFRP) repaired corroded beams. During flexural testing of corroded beams there is a
drop in the ultimate load carrying capacity and mid span deflection. For severely
corroded samples, ultimate failure behavior changed from ductile to brittle which is
alarming. AE monitoring during flexural testing of corroding beams indicate variation
in a number of AE hits and their corresponding amplitudes with an increase in corrosion
level. In healthy beams, specific micro-cracking (Phase I) and macro-cracking (Phase
[11) phases of damage progression are depicted by AE monitoring but with the increase
in corrosion levels, a significant drop in cumulative AE hits along with depletion of

different AE cracking phases is observed due to the attenuation of the captured AE



signals caused by pre-existing cracks as compared to healthy beam. Hence, AE
monitoring can serve as a non-destructive tool to monitor initiation and progression of
damage and cracks much before they are observed on the surface and also pick up effect
of increasing corrosion and sustained loading marked by depletion of AE phases.

Further the beams corroded to different levels were repaired using GFRP wraps to
investigate the efficacy of FRP wrapping for strengthening corroded structures. The
performance of GFRP repair was assessed using global vibration and local AE
monitoring during flexural loading. Micro-concrete and GFRP repair of corroded RC
beams leads to a significant improvement in dynamic characteristics of beams both in
terms of frequency as well as FRF amplitudes. Also as a result of repair, AE phases
reappeared with an increase in the number of AE hits pointing towards improved
integrity of beams after GFRP repair. AE X-Y event plots give a pictorial representation
of actual cracking inside the concrete much before it is observed on the surface. All the
cracking events right from initiation to the progression of micro-cracks into macro-
cracks is well presented by AE X-Y event plots. AE also aids in the visualization of the
repaired concrete beneath the FRP wrap as the surface of structure is not exposed for
visual observation. Also a correlation is established between non-destructive parameters
of cumulative AE hits and ultimate loads in both corroded and GFRP repaired corroded
beams to facilitate non-destructive evaluation of RC structures.

Hence it can be concluded that global vibration monitoring and local AE
monitoring of RC structures can serve as a potential tool for non-destructive evaluation
of effect of corrosion with loading and its efficacy post repair of corroded RC structures

which would help in deriving a post-corrosion maintenance strategy for RC structures.
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CHAPTER 1

INTRODUCTION

11 BACKGROUND AND MOTIVATION

Reinforced Concrete (RC) is the most commonly used construction material
throughout the world as it can be moulded into any shape and provides high
compressive strength along with promising durability. Due to its high alkaline pore
solution (pH > 13.5), concrete provides a protective covering to the reinforcement
against corrosion by forming dense impermeable film on the steel surface. Aggressive
environments like chloride or carbonation leads to depassivation and breakdown of this
protective layer thus leading to corrosion [1]-[3]. Rust produced as a result of corrosion
is estimated to have 4-6 times the volume as that of parent steel and thus tend to exert
tensile stresses on the surrounding concrete leading to its cracking and spalling [4]. It
can be very catastrophic for RC structures as it results in pitting and de-bonding of bars
from surrounding concrete thus affecting its overall strength and integrity [4]-[10].
According to Melchers the process and mechanism of corrosion in severe marine
conditions is typically divided into four different phases [11]. Initiation of corrosion is
due to breakdown of passive layer and is referred to as ‘Phase I’ of corrosion. The
corrosion product formed in this phase acts as a protective layer for reinforcing steel
and reduces the corrosion activity for a small duration in ‘Phase I1’. Further protective
layer of rust dissolves due to accelerated corrosion in ‘Phase I11” and results in sudden
increase in corrosion. This is the most damaging phase of corrosion. Finally, a small

corrosion rate is recorded in the later stages of corrosion is termed as ‘Phase 1V°.

Corrosion along with physical damage results in massive economic losses in
the form of maintenance and repair of structures [12]. Structures near coastal regions
and the structures exposed to severe tides or storms are more prone to corrosion. In
Middle East countries and in countries with a long coast line (like India) problem of
corrosion is predominant and most of the structures deteriorate within 15-20 years of
their construction. It has been estimated that in India, annual losses due to corrosion are
about around 100 billion USD where as it is about 2.5 trillion USD worldwide [13].
Hence, it becomes very important to monitor corrosion and pick its initiation at early
stage so that proper and timely remedial measures and repair can be adopted before

degradation leads to catastrophic stages.



In the last few decades lot of research have focused on monitoring corrosion in
RC structures. Visual inspection (V1) is the most commonly used technique and is
characterized by simplicity and virtually no cost but it gives indication at very late
stages when damage is beyond repair [14]-[16]. Numerous other techniques have been
suggested by researchers worldwide to pick up corrosion in RC structures [6], [17]—
[19]. These techniques fall broadly in two categories Destructive techniques (DT) and
Non-Destructive techniques (NDT). DT involve the inspection of reinforcing steel bars
by removing the concrete cover so as to estimate the extent of corrosion damage. Most
commonly adopted destructive testing techniques are pull out test and mass loss
estimator [20]-[22]. But, these DT are rarely adopted as it can damage the structure
fully or partially thus increasing the cost of repair exponentially. NDT on the other
hand, helps in detecting corrosion without affecting the integrity of the structure and its
use. Some commonly suggested NDT techniques used for picking corrosion in RC
structure include electrochemical based techniques like Half-Cell Potential (HCP)[25],
[9], [16, 17], linear polarization resistance [26], [27], galvanostatic pulse transient
method [28], concrete resistivity [29] and electrochemical noise [30], [31]. But these
electrochemical techniques only provide information on the presence of corrosion but
fails to quantify its extent or rate. Alternately specific methods like fiber optic
technology which is a strain sensing method and monitors strains in a localized region
due to corrosion is also proposed by some researches [32], [33]. Other specialized NDT
methods include impact-echo method, use of X-ray, gamma rays, etc.[34]-[36]. But
these techniques require skilled labor and suffer from the drawback of their application
in monitoring large sized RC structures. When applied to RC structures for corrosion
evaluation, the above-mentioned famous NDT techniques suffer from several

constraints as discrete access, and limited qualitative or quantitative monitoring data.

Recently wave propagations tool have been suggested by researchers for
damage detection in RC structures. They typically fall in two regimes: Active and
Passive technigques. Active monitoring techniques involve external excitation of wave
into the structure and monitoring the variation in its propagation characteristics with
damage. The change in wave propagation characteristics as compared to the healthy
specimen represents the severity of damage like impact echo method or Ultrasonic
Guided Wave approach. Ultrasonic Guided Wave (UGW) approach involves the
injection of a high-frequency wavelet pulse into a structure and the subsequent

2



observation of transmitted or reflected waves after interaction with damage. Recently
UGW have been used for damage detection in RC structures typically for corrosion
monitoring. Drop in transmitted waves amplitude of specific guided wave modes have
been used to identify pitting and delamination effects of corrosion [37]-[42]. Specific
core seeking and surface seeking modes were identified which were sensitive to
different stages of corrosion in RC structures along with identifying different types of
corrosion (chloride or oxide) in RC structures. Similarly, passive monitoring techniques
of Acoustic Emission (AE) has been established as one of the most promising methods
for effectively monitoring corrosion damage in RC structures. It has been sucessfully
used to pick up initiation of corrosion as increased volume of rust exerts pressure on
surrounding concrete which results in minor cracking at the interface of concrete and
steel. It leads to formation of elastic waves which are recorded by the AE sensors
mounted on the surface of specimen and processed using AE win software. Hence, AE
can be used as a non-destructive testing and assessment tool for RC structures which
are at risk of corrosion, providing an early warning before the damage becomes severe.
The approach has also shown promising in predicting damage during load testing of
various structures and materials, such as Fibre Reinforced Polymer (FRP), steel,
Reinforced Concrete (RC) and Prestressed Concrete (PC) structures [25], [38], [43]-
[53]. Similarly, another monitoring technique of Infrared Thermography Technique
(IRT) also has been used as an advanced tool for monitoring damage in structures. IRT
has been used to identify the damage beneath the surface. IRT works on the principle
that every material has different thermal conductivity. This change in thermal
conductivity is used to detect damage underneath the surface. Rust formed due to
corrosion tends to transmit heat at a different rate as compared to healthy steel and
hence change in surface temperature profile called thermogram is recorded to identify
the damage due to corrosion [37], [54]-[62].

While considerable research has been independently done concentrating
solely on either detecting corrosion, localizing it or limiting its progress, a combination
of a thorough qualitative and quantitative methodology which can pick up the initiation,
progression and advancement at all stages of corrosion still needs to be developed. In
this research work, an effort has been made to monitor real time initiation and
progression of corrosion in concrete beams utilizing a combination of active wave

propagation tools of UGW (Ultrasonic Guided Wave) along with passive AE (Acoustic

3



Emission) monitoring tool assisted by advanced thermal imaging technique of IRT
(Infra-Red Thermography). The research work tries to utilize the advantages of each

NDT tool to pick up whole process of corrosion at different stages in RC beams.

Another aspect of corrosion monitoring is application of the developed NDT
technique to real sized structures. In this work, it is attempted to extend the developed
NDT of local AE and global vibration monitoring to assess the performance of
differently corroded RC beams under flexural loading. It closely relates to real life RC
structures undergoing corrosion along with sustained loads (applied flexural loading).
Vibration monitoring technique is a universally adopted global NDT technique which
IS sensitive to damage even when cracks are located well within a structure. The
underlying concept behind this technique is that modal parameters are functions of the
structure's physical properties, such as mass, damping, and stiffness. Hence it is
expected that as a result of corrosion the development of cracks would lead to change
in modal parameters damage or cracks would lead to attenuation of the vibration
response leading to quantification of damage [63]-[70]. A change in vibration
parameters of a damaged structure marked by shift in frequency and amplitude of the
vibration signals is compared with the baseline signature of same undamaged structure
would help to quantify damage clubbed with local AE monitoring tool, localization of
corrosion damage is expected. Another aspect of the research work undertaken in this
thesis is the monitoring of beams corroded to different levels when repaired with Glass
Fibre Reinforced Polymer (GFRP) wraps. Differently corroded and corrosion repaired
RC beams were then monitored using global vibration monitoring technique. The GFRP
repaired beams were subjected to flexural testing and were simultaneously monitored
using local Acoustic Emission technique. Due to repair of corroded specimen surface
of specimen is not exposed for inspection thus it becomes essential to monitor repaired

specimens using NDT tools so as to monitor their condition.

Hence, it is proposed in this study to monitor RC structures using a combination
of global and local NDT techniques so that corrosion can be first detected in its early
stages and timely remedial measures can be adopted. Further monitoring the beams
subjected to corrosion and sustained loading simulating real like structures is attempted
using well established local global vibration monitoring and AE technique tools. The

corroded structures repaired with GFRP wrapping are also monitored after repair to



investigate the efficacy of repair using NDT. The aim of the work is to develop a novel
methodology for assessing damage progression in large sized RC structures undergoing
simultaneous corrosion and subjected to sustained loading and further their assessment
where corroded beams are GFRP wrapped and subjected to flexural loading. This
approach facilitates non-destructive evaluation of GFRP repaired RC structures with a
prior indication of their damage post repair.
1.2 CORROSION IN RC STRUCTURES AND REPAIR METHODS

In RC structures the corrosion of steel is one of the major problem faced by
concrete industry as it directly influences the durability of structures. In RC structures
surrounding concrete layer around steel reinforcement act as a barrier to corrosion and
prevent penetration of corrosive agents. Further a passive layer of oxides exists around
steel bar which delay corrosion but fails to prevent it completely. It does not sustain
long due to penetration of aggressive agents like carbon dioxide and chloride ions
leading to initiation of corrosion due to depassivation of reinforcement (Figure 1.1 b).
Further, corrosion progresses resulting delamination of steel from surrounding
concrete. It is due to the formation of voluminous rust product which is about 4-6 times
the volume of original steel [53] (Figure 1.1 c). The expanded steel exerts tensile
pressure on concrete leading to the cracking and spalling of concrete (Figure 1.1 d).
Eventually these cracks accumulate and travels to the concrete surface [71] and result
in cracking and spalling of concrete cover and further exposes the steel rebar to
corrosion. Progression of corrosion finally leads to pits in the steel bar ultimately
causing huge loss in load carrying capacity of structure and can lead to its catastrophic
failure. To mitigate effects of corrosion and enhancing the service life of structure
various methods have been suggested by researchers. Use of FRP bars, stainless steel
or epoxy coated bars, galvanized steel bars etc. in place of tradition bars have been
proposed. [72]-[79]. But these special type of bars are uneconomical and their long
term effectiveness is questionable. Their application is still in nascent stages of
research. Various conventional methods have also been suggested like removing
spalled concrete and addition of extra concrete layer or steel rebars etc [80]-[83]. But
these methods suffer from practical limitations like compromising the overall

appearance of structure, adding extra weight to the structure etc.



(b) Build-up of corrosion (c) Further corrosion, (d) Eventual spalling of
products Surface cracks, Stains concrete exposing
corroded steel bar

(#) Before corrosion

Figure 1.1: Cracking and spalling of concrete cover due to corrosion of
reinforcement [71]

During last few decades, an effective measure of FRP wrapping around
concrete has been suggested for repair and rehabilitation of damaged corroded
structures. To attain high strength and longer life of structures FRP materials are being
used on large scale in countries like North America, Western Europe, and Japan. Glass
Fiber Reinforced Polymer (GFRP) offers very high strength-to-weight ratio, stiffness-
to-weight ratio and increased corrosion resistance [84]-[87]. Thus, GFRP sheets not
only provide high flexural and shear strength to the RC structures but also provides
resistance to acids, alkalis and similar corrosive agents [84], [85], [88]-[91][20], [91]—
[98]. Additionally, FRP sheets are easy to handle and perform wonderfully in adverse
environments. Two major advantages of FRP for repair against corrosion has been

reported by various researchers [86], [97], [99], [100] which are summarized as below:

e Acts as a barrier to the infusion of corrosive agents on the reinforcement.
e Provides a confinement pressure on the damaged concrete hence preventing the

displacement of concrete cover.

Both Glass Fibre Reinforced Polymer (GFRP) and Carbon Fibre Reinforced
Polymer (CFRP) both most commonly used as repair or strengthening techniques,
CFRP provides better strength, stiffness and are durable. On the other hand, GFRP
sheets offers much superior electrical resistance making them comparatively better for

passive protection from corrosion.
A brief review of use of FRP wrapping for corrosion protection is presented below:

Masoud et al. (2001) examined the feasibility of using externally bonded FRP
laminates to rehabilitate corrosion damaged reinforced concrete beams with varying

chloride level (i.e. 0 to 3%) and subjected to four-point bending. The results indicate
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successful confinement to the corrosion cracking and spalling by FRP wrapping. Test
results also revealed that FRP strengthened beams exhibited higher stiffness in
comparison to un-strengthened beams, and increase in the ultimate and yield strength
was also recorded.

Maaddway and Soudki (2005) studied the viability of using externally bonded
carbon-fibre-reinforced polymer (CFRP) laminates to increase the serviceability or
service life of reinforced concrete beams. The RC beams were subjected to different
levels of corrosion damage upto 15% mass loss in bars. The corroded samples were
repaired using CFRP laminates. It was concluding that corrosion of reinforced steel
reduces the load carrying capacity of RC beams but their repair with GFRP wrapping
resulted in increase in ultimate strength of the corroded beams in comparison to non-

corroded or virgin beams but the deflection capacity was significantly reduced.

Kenneth et al., (2005) investigated the effects of FRP wrapping on restoring
strength losses due to steel corrosion as well as inhibiting further corrosion damage.
Two sets of experimental studies were performed to ensure the protection and
rehabilitation of corrosion damaged reinforced concrete columns. The first
investigation involved the use of three different types of FRP (glass/epoxy,
carbon/epoxy and aramid/epoxy), as well as two additional conventional waterproofing
systems (a siloxane sealer and polymer concrete overlay) to compare different
techniques for protecting steel rebars from corrosion. The results indicated that the FRP
materials provided superior protection against corrosion, even for specimens already
damaged by corrosion. However, the extent of protection was independent of the type
of FRP. Protection provided by the siloxane sealant and polymer concrete overlay was
found to be limited in time. In the second study, an accelerated corrosion process is
initiated on concrete columns with both axial and spiral reinforcement. The main goals
of the FRP rehabilitation of corrosion damaged column were to restore the initial
strength as well as restricting the further damage. The corroded and then repaired
specimens exhibited 40 % more strength when compared with the un-corroded
unstrengthened ones. Furthermore, the ductility was improved without increasing the

stiffness.

Masoud and Soudki (2006) presented an experimental study on RC beam
specimens subjected to corrosion and further repaired with GFRP and CFRP. Corrosion

7



activity of rebar was evaluated using half-cell potential measurements and mass loss
method. The average mass loss of FRP repaired specimen was 16% lower than
unrepaired specimen. The decrease in corrosion rate and average mass loss was
attributed to the reduction in diffusion rate of moisture and oxygen into concrete due to
FRP wrapping. It was concluded that GFRP wrapping reduces the corrosion activity
but CFRP provides only flexural strengthening and provides no considerable effect on

decreasing the corrosion activity.

Gadve et al. (2009) investigated the efficiency of using surface bonded FRP
composites for rehabilitation of corrosion damaged concrete. Electrochemical tests of
half-cell potential and cell voltage, mass loss and pull out strength test were used to
evaluate the performance of corroded as well as repaired corroded cylinders. The test
results demonstrate that surface wrapping of FRP decreases the corrosion rate, increases

the pull out strength, and decreases the mass loss.

Gadve at al. (2010, 2011) investigated passive and active corrosion protection of
the reinforcing steel with surface bonded FRP’s. For passive protection investigation,
sheets of GFRP and CFRP wraps were adhesively bonded to the beam specimen, while
for active protection electrically conducted carbon fibre wrap was made an anode and
reinforcing bar was used as cathode. Various tests were also performed like flexural
strength, mass loss and half-cell potential to report the performance of the samples. The
application of FRP increases the flexural capacity and decreased the mass loss due to
corrosion activity. It was also reported that the loss in bond between steel and concrete

was also eliminated by the confinement pressure exerted by the FRP sheets.

Sharma et al. (2015) investigated the efficacy of using CFRP and GFRP wrapping
against accelerated chloride induced corrosion. Specimens subjected to different levels
of corrosion were repaired by wrapping with CFRP and GFRP and further subjected to
corrosive exposure to study post-repair behaviour. To study the pre- and post-repair
behaviour of RC cylinders pull out strength and mass loss tests were performed alon
with ultrasonic monitoring. The results obtained shows that FRP bonding increases the
cell voltage by 300% indicating increase in corrosion resistance. The comparative
performance of GFRP and CFRP was also tested and it was concluded that GFRP
samples exhibited higher electrical resistance than CFRP. Fall in surface seeking mode

and core seeking mode indicates the initiation aand progression of corrosion.
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Sharma et al. (2021) investigated the efficacy of dual protection offered by CFRP
sheets against active and passive protection for corrosion inhibition. The performance
was evaluated by Ultrasonic Guided Wave (UGW). Results concluded that CFRP
wrapping reduces the corrosion rate by preventing the diffusion of oxygen and
moisture. Destructive tests also confirmed the beneficial effect by a decrease in mass

loss and increase in pull out strength of CFRP wrapped samples.

Hence, in this research effort, in addition to developing a comprehensive
corrosion monitoring strategy for picking up initiation and progression of corrosion, the
effect of GFRP wrapping on differently corroded RC beams when subjected to flexural
loading would also be investigated to assess the performance by use of NDT tools of
local AE technique clubbed with global vibration monitoring tool. Repairing and re-
strengthening of structures with FRP wrapping prohibits the inspection of surface as it
is not exposed. Hence, to evaluate the performance of FRP repaired structures, NDT
tools needs to be developed so as to estimate the actual condition of structures when
they are further subjected to adverse environmental conditions combined with sustained

loads.

1.3 GAPS IN RESEARCH AREA

From the literature, major gaps identified can be summarized as:

1. Real time corrosion monitoring in concrete using Infra-Red Thermography (IRT)

has not been investigated till date.

2. Combination of advanced NDT local techniques of AE, UGW and IRT for actual

corrosion monitoring in RC structures has not been reported.

3. Effect of simultaneous corrosion in real sized RC beams with loading has not been

investigated using non-destructive tools.
4. Effect of FRP repair against corrosion in beams under flexural loading has not been

investigated using Non-Destructive Testing tools.

From these identified gaps in the literature, the objectives of the proposed research
work are out lined.



1.4  OBJECTIVES OF RESEARCH

From the identified gaps in the research area, the objectives of the research are outlined

as follows:

e Assessment of damage due to real time corrosion in concrete using Infra-Red
Thermography, Acoustic Emission and Ultrasonic Guided Waves.

e Fracture monitoring of beams subjected to different corrosion levels under
flexure using Acoustic Emission and Vibration Monitoring Technique.

e Analysis of fracture in corrosion repaired beams with FRP using Acoustic

Emission and Vibration Monitoring Technique.

1.5 OUTLINE OF THESIS

CHAPTER 1: Introduces the problem of corrosion and its effect on RC structures and
the review of corrosion monitoring techniques. Further control
strategies and repair for corrosion protection and inhibitor are
discussed. The gaps in the research area are identified and objectives

and scope of the research work is outlined.

CHAPTER 2: Carries out a review of damage monitoring techniques used for
corrosion assessment in this work. The first segment throws light on
the studies carried using ultrasonic guided waves for damage
monitoring in RC structures. Further, review of work done using
advanced NDT tools of Acoustic Emission Technique and Infrared
Thermography along with global vibration monitoring for damage

monitoring in RC structures has been presented.

CHAPTER 3: This chapter focusses on the experimental details and methodology
adopted for the research work.

CHAPTER 4: This chapter focusses on real time monitoring of accelerated corrosion
damage in RC beams using Advanced Non-destructive Techniques of
Ultrasonic Guided waves, Infra-Red Thermography and Acoustic

Emission Technique.
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CHAPTER 5: This chapter focusses on the monitoring of corroding and corrosion
repaired RC beams when subjected to flexural loading using AE and

Vibration Monitoring Technique.

CHAPTER 6: This chapter focusses on monitoring of corroded beams and GFRP
repaired corroded beams under flexural loading using a combination of
local Acoustic Emission Technique and global vibration monitoring

tool.

CHAPTER 7: Presents the conclusions derived from the entire research work and

provides a few recommendations for further study.
1.6 CLOSING REMARKS

This chapter outlines the basic background and motivation for this research work.
The basic aim is to develop a comprehensive corrosion monitoring methodology for
RC structures using a combination of various advanced (wave) NDT tools of AE,
UGW and Vibration diagnostics (wave based tools) along with IRT- a thermographic
technique. These NDT tools would be further used for monitoring corroded and
GFRP repaired corroded RC beams when subjected to simultaneous loading. The
gaps in this research area and the objectives of the present work have also been

outlined. Further, the outline of the thesis is presented.
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CHAPTER 2

DAMAGE MONITORING TECHNIQUES - A REVIEW

2.1 GENERAL

Quality monitoring of infrastructure systems is critical for extending service life,
ensuring protection by identifying damage and deformations early, and taking timely
corrective action. Non-Destructive Testing (NDT) is commonly used to track materials
such as steel in the aerospace industry and other industries without causing any damage
to the structure. The principle of NDT technique is to find out the integrity and quality
of materials, components or assemblies without disturbing the ability to perform their
anticipated functions. As briefed in chapter 1, this research work is focussed on
developing a comprehensive real time corrosion monitoring technique in RC structures
utilizing combination of various NDT techniques of ultrasonic guided waves, acoustic
emission technique, infrared thermography and global vibration monitoring technique.
Further the beams corroded to different loads would be repaired with GFRP wrapping
and simultaneously were subjected to flexural loading and their behaviours and

performance would be assessed using these NDT tools.

This chapter throws light on the basic principles of these NDT tools of Ultrasonic
Guided Wave (UGW), Acoustic Emission (AE), Infra-Red Thermography (IRT) and
global Vibration Monitoring technique and the review of latest works done specifically

with reference to assessment of corrosion damage.
2.2 ULTRASONICS FOR DAMAGE MONITORING

Ultrasonic bulk waves propagation has been used since centuries for damage
monitoring in various infrastructures and a brief discussion of the same is presented

below:
2.2.1 Basic Principle

The basic principle of ultrasonic non-destructive testing technique is based on the
propagation of sound waves in any medium. A typical ultrasonic testing system consists
of various functional units such as ultrasonic pulser/receiver which excites piezoelectric
transducers for excitation of waves in media, and display devices to display the

reflected or transmitted waves after their interaction with damage / defect. The sound
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waves with certain velocity propagates large distances through the structure under
examination and is received by a sensor located at different positions. The signal
received by the sensor are further analysed further for locating as well as determining
the degree of damage in the structure. The applied voltage produces mechanical
disturbance that travel through the structure as wave. These waves are vibration
frequencies having range above 20 kHz, with the upper range varying between 15-30
kHz. It is to be taken into consideration that there are no structural and dimensional
changes when the test is being performed. This could only be possible when the applied
stress is lower than the elastic limit and to achieve the same low energy and high
frequency wave packet is introduced into the structure to be inspected and further
observing the subsequent propagation and reflection of this energy. It is possible to
identify fundamental properties of materials such as elastic constants, damping
characteristics and use them for damage diagnosis by investigating the propagation,
reflection, and attenuation of ultrasonic pulses. Most commonly used methods for

ultrasonic testing are: -

(@) Pulse Echo Method (b) Pulse Transmission
Method

(a) Pulse Echo Technique

In pulse echo method, a piezoelectric transducer is mounted over the surface of the
test specimen where it transmits and receive ultrasonic waves. The waves transmitted
in the specimen gets reflected back by the opposite face of specimen or due to any lack
of continuity, cracks, voids, or any other damage in the material. This reflected wave is
received by the same transducer and converted into electrical signal which is further
displaced on monitor as two echo peaks, one referencing to Back Wall Echo (BWE)
and appearance of a Crack Echo (CE) (Figure. 2.1). This method offers the advantage
of damage localization in addition to quantification of damage measured by magnitude
of crack echo. The display is used to calculate the travel time between the excited and
reflected pulses. The position of defect can be identified by using the following

formula:

D=Vt (2.1)
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where,

D is the defect distance from transducer end,

V is the wave velocity, and

t is the flight time
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Figure. 2.1: Test set-up for pulse echo technique [40]

(b) Pulse Transmission Method

In pulse transmission method two transducers are used where one acts as a
transmitter (T) which transmits the wave into the system and other act as a receiver (R)
which records the wave transmitted on the other end. Testing of specimen with this
method helps to locate damage (defect, holes and gaps) in the X-Y plane (Figure. 2.3).
The relative change in amplitude of the transmitted signal is used to estimate the degree
of a damage in the specimen undertesting shows cracks/ gap. Ultrasonic pulse

transmission technique helps to quantify damage accurately but does not localize it.

Figure. 2.2: Schematic representation of Pulse Transmission method [104]

14

FLAW LN TR TOR
SCREEN

{al

FlLaW LESS

FROOLC HEAL

LCH

= REDUCTION
M AMPLITUDE
GUE TO FLAW




Both these methods can be used together with advantage to exactly localize or
quantify damage. This type of ultrasonic testing for damage detection fall in ultrasonic
bulk wave propagation. But the ultrasonic bulk wave propagation is not suited for
damage monitoring in large structures like civil engineering applications due to high
attenuation of signal and limitation in scanning the large RC structures. Hence, guided
wave propagating through specific geometries are preferred for structural health

monitoring due to their enhanced and long range inspection capabilities.
2.2.2 Ultrasonic Guided Waves (UGW)

The types of elastic wave that exist in all frequency range (i.e. ultrasonic, sonic, and
subsonic) are typically classified as body waves (also called bulk waves) and surface
waves (also known as guided waves). As discussed body waves offer limited scanning
capabilities whereas guided waves guided by geometry of the structure are capable of
travelling long distance with minimal energy loss. The expression "waveguide" refers
to the mechanism that directs the wave. The thickness of the waveguide must be equal
to the operating wavelength for an ultrasonic wave to be considered guided. For the
occurrence of bulk wave and surface wave, the thickness of material should be much
greater than the working wavelength. Guided waves for damage diagnosis and detection

offer a large number of benefits as follows:

e Access to a small area of the specimen is required using guided wave, such as
small area of the structure or a rebar end.

e Guided wave has the capacity to examine the entire structure from a single point
as they can spread throughout the structure.

e Guided waves are highly sensitive and allows to identify minor defects.

e Detection of flaws deep within the structure is also possible due to its high
penetrating power.

e Mode tuning and frequency may be used to assess various forms of damage in

systems using guided waves.

Depending upon the geometry through which the guided waves propagate, they can
be further classified as Plate waves or Lamb waves, rod waves or bar waves, cylindrical
guided waves as in rebar in concrete and pipes, Rayleigh waves and Generalized

Rayleigh-Lamb waves. The directed wave propagating along the half space's surface is
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known as a Rayleigh wave, if the wave guide's configuration is a homogeneous half
space, while Lamb waves are waves that propagate across a plate-like system with two
adjacent stress-free boundaries. The elastic waves that propagate through a hollow /
solid cylindrical or pipe structure are called as cylindrical guided waves. The waves

travelling through the reinforcing bars in concrete fall in this category.

2.2.3 Cylindrical Guided Wave

e Guided Waves in Bar in Air

The sound waves when transmitted through a perfectly elastic bulk material gets
dispersed through the material as bulk wave which results in drop in amplitude. Whereas
in case of a perfectly elastic material like steel bar, the sound wave is constrained and
reflected back by the boundaries of the material and is termed as guided wave. Wave
propagation is influenced by the dispersion effects of boundaries in cylindrical system
resulting in three modes of propagation namely longitudinal (L), flexural (F) and
torsional (T) modes. All three modes are represented by the first letter and two reference
numbersi.e L (m, n), T (m, n) and F (m, n) for longitudinal, torsional and flexural modes
respectively. Two reference number ‘m” and ‘n’ represent variation in displacement
around the circumference of the bar and counter variable. By selecting a frequency band,
specific modes can be excited and the relationship representing the velocity-frequency

relationships of guided waves is known as dispersion curves.

Various guided waves modes based on solution of wave propagation equation
are obtained using dispersion curves. Dispersion curves are used to analyse the
properties of the phase velocity, wave number, and group velocity for a free, perfectly
elastic bar to explain the guided wave behaviour. For this purpose, DISPERSE software
has been developed and used [105]. Dispersion curves can also be used to find the
relationship between the velocity of guided waves and their frequency for a free elastic
structure. Phase velocity and group velocity are two widely used parameters for free

elastic structures. Phase velocity (Vpn) is the velocity of a wave at a certain frequency.

Vph = (22)

®
3
where,

o is the angular frequency of wave which is related to frequency as © = 2xf;
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& 1s the real wavenumber which is related to wavelength as § =2n/A.

On the other hand, group velocity is the velocity of entire group of waves
traversing through the structure. Group velocity (V) is associated with the angular

frequency (o) and real wave-number (&) as,

w

Vgr = 3_f

(2.3)

e Guided Waves in Rebars in Concrete

The monitoring of material become more complex when additional layers are added
around them such as in the case of embedded steel bar in concrete. In this case, the
elstic and damping properties of the different layers determine how the ultrasonic wave
propagates through the system. Further, the energy that leaks into the surrounding
layers like concrete leads to the attenuation of waves it becomes a leaky wave. To
analyse and monitor leaky wave energy velocity and attenuation characteristics are
used. Energy velocity is defined as the rate at which a wave packet propagates along a
structure, and it can be measured using data recorded from mode shapes (stress and
displacement fields). In a situation like the perfectly elastic steel bar in a vacuum it is
equal to the group velocity. However, there are variations in group and energy velocities
in leaky or attentive systems. Further, attenuation is caused by two factors: energy
absorption into the surrounding media like concrete around rebars and damping in the
waveguide material (steel rebars). Damping occurs as all the materials are not perfectly
elastic and some loss occurs due to visco-elastic losses. Disperse's typical damping
model assumes a constant attenuation per wavelength, which means that attenuation
increases with frequency in a bulk wave. In case of guided waves, the frequency-
attenuation relationships are much more complicated and are influenced by a variety of

other considerations, including leakage into the surrounding concrete media.

For rebar in concrete, input properties (Table 2.1) for steel and concrete properties
were used in modelling in DISPERSE software. To select a guided wave mode in an
embedded system, dispersion curves are plotted. Phase velocity, energy velocity and
attenuation curves are used to arrive at a particular mode and frequency of excitation.
The guided wave tends towards highest energy velocity (Figure 2.4 a) and minimum
attenuation (Figure 2.4b) is selected further for testing. Figure 2.4 (b) shows energy

velocity curve for 12 mm diameter steel bar embedded in concrete where L (0,7) tends
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towards maximum energy velocity and hence was chosen as the excitation longitudinal
guided wave mode at an excitation frequency of 1 MHz. Here, excitation frequencies
can be varied to excite the various longitudinal modes in the bars in concrete. The
selection of frequency is also dependent on signal accuracy. It is also important to
mention that this L (0,7) mode at 1 MHz proceeds towards decreasing or minimum
attenuation values (Figure 2.4 c). Hence, this L (0,7) mode at 1 MHz was selected for

12 mm bars in concrete for further ultrasonic investigations.

Table 2.1. Material properties of steel and concrete [105]

S.No. Material Property Steel Concrete
1 Modulus, E (GPa) 210 29.6
2 Density (p), (kg/m®) 7932 2200
3 Longitudinal Attenuation (dB/m) 0.003 0.2
4 Shear Attenuation (dB/m) 0.008 0.5
5 Longitudinal Velocity (m/s) 5960 4100
6 Shear Velocity (m/s) 3260 2300
7 Poisson’s Ratio 0.2865 0.27
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Figure. 2.3: Illustration of dispersion Curves for 12 mm bar in concrete [105]

2.2.4 Limitations for Use in RC structures

Ultrasonic guided wave faces some major problem in field application which are

discussed below:

e The modes and frequencies used for inspection of corrosion in reinforced

concrete structures have a restricted inspection spectrum.
e Due to absorption into the surrounding concrete, wave energy transmitted in

embedded steel bar is attenuated at higher rates.
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e The reflection coefficient of defects in addition to leakage of ultrasonic guided
waves is a concern. Although the reflection coefficients from defects cannot be
calculated, the recent finding of high frequency, low-leakage driven modes
[105] have the ability to minimize reduction due to leakage.

e Other disadvantages of the ultrasonic guided wave technique include the

requirement for technical expertise for accurate monitoring.

Despite these challenges, ultrasonic guided waves have been effectively researched
in last two decades for monitoring various kinds of defects and damages especially
corrosion related damages in RC structures. Section 2.2.5 outlines the major works
done in the application of Ultrasonic guided wave for corrosion monitoring in RC

structures.

In this work it is proposed to use ultrasonic guided wave (UGW) for corrosion
monitoring in RC bars along with other advanced local NDT tools of Acoustic Emission
(AE) and Infrared Thermography (IRT) while the corroded beams are subjected to
sustained flexural loading.

2.2.5 Review of Ultrasonic Guided Waves for Corrosion Monitoring

Pavlakovic et al. (2001) investigated the behaviour of ultrasonic guided wave
modes with minimum attenuation for a steel bar embedded in low impedance grout.
Both pulse-through and pulse-echo were employed in the studies. The dispersion curves
for circular bar with low impedance grout were calculated to establish attenuation
minima at higher frequencies. The findings are beneficial for inspecting tendons in post-

tensioned bridges.

Maia et al., (2003) studied the delamination as well as corrosion at the interface
between steel bar and concrete using guided ultrasonic waves. Plain and Rebar steel
bars with corrosion and physical separation were used as specimen for the study.
Ultrasonic cylindrical guided waves propagating along the reinforced steel bar were
found to be sensitive to the interface conditions between concrete and steel bar. The
transducers employed during the course of experiment were Electromagnetic Acoustic
Transducer (EMAT) and the Piezoelectric Transducer (PZT). The ultrasonic guided
waves were also found to be sensitive to the type of steel used and the rib patterns on

the deformed steel bars. The studies indicated that the guided ultrasonic waves are a bit
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uncertain in quantifying the amount of corrosion or delamination at the steel-concrete

interface.

Na et al., (2003) assessed the feasibility of employing generalized Rayleigh-Lamb
waves and cylindrical guided Lamb waves for inspection of concrete—steel interface.
Generally, the conventional ultrasonic methods use reflection, transmission, and
scattering of longitudinal waves by internal defect for inspecting defects in concrete.
However, the same was not found to be very efficient in detecting delamination at the
interface between concrete and steel bars. Therefore, Lamb waves which can propagate
a long distance along the reinforcing steel bars embedded in concrete and is sensitive
to the interface bonding condition between the steel bar and the concrete were taken
into account. The proposed transducer—receiver arrangements in the study has
successfully inspected reinforced concrete beams for delamination at the steel concrete

interface when the bars were accessible or not.

Sharma and Mukherjee (2010) investigated the use of longitudinal guided
ultrasonic waves to monitor notch and debond defects in steel bars in concrete
simulating pitting and delamination phenomena caused by corrosion. The two
ultrasonic techniques of pulse transmission and pulse echo were applied for in situ
corrosion monitoring of embedded reinforcements in RC beams. The combination of
both techniques not only indicated the presence of damage but also gave the exact
location and magnitude of damage. The specific core and surface seeking modes of
ultrasonic guided wave successfully identified the corrosion mechanism in a bar

embedded in concrete.

Sharma and Mukherjee (2011, 2013) investigated chloride and oxide induced
corrosion in RC beams using specific core and surface seeking mode. In case of chloride
corrosion, high freequency core-seeking mode were effective for picking up signal
showing pitting and non-uniform area loss at later stages of corrosion. In the initial
stages, surface seeking mode of low frequency picked up delamination and debonding
marked by increase in signal intensity. In case of oxide induced corrosion surface-
seeking mode indicated gradual decrease in signal intensity pointing towards only

delamination and not pitting.

Sharma S.K. and Mukherjee (2015) reported on the development of a non-

contact, in-situ, and non-destructive approach for monitoring corrosion in submerged
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plates using ultrasonic guided waves. Two modes operating at different frequencies,
0.1 MHz and 1 MHz, were used to track corrosion-induced damage in plates. In addition
to the ultrasonic signals, certain metrics such as plate mass loss, stress-strain behaviour,
and tensile strength were also measured. The research was found to be extremely useful
in the development of a non-destructive technique for measuring progressive
degradation in plates and evaluating their degradation in strength due to corrosion, as
measured by stiffness and mass loss, which would eventually aid in the assessment of
residual life of various kind of plate infrastructure assembles.

Sharma et al. (2015) monitored corrosion progression in FRP wrapped RC
cylinders using ultrasonic guided waves. The cylinders were repaired after exposing
them to corrosive environments at different rates using glass and carbon fibre reinforced
polymer wraps. An increase of 300% in the cell voltage was recorded for FRP wrapped
samples representing increase in corrosion resistance. By carefully monitoring the
performance of surface and core seeking modes of signal it was concluded that the FRP
reinforced bars were less prone to corrosion than the unwrapped samples. The
ultrasonic results were well supported by reduced mass loss and higher pull out strength

in wrapped samples.

Farhidzadeh et al. (2015) investigated use of ultrasonic guided waves to repair
corrosion damage in steel strands. A reference-free technique, continuous wavelet
transformations, and wave velocity measurements were developed on the basis of the

dispersion curves in order to achieve estimated loss in cross-section of the strand.

Beena et al. (2017) developed a non-contact damage monitoring technique for
detecting corrosion damage in Concrete Filled Steel Tubes (CFST) using guided waves.
UGW were used to identify corrosion-induced notch and debond flaws in CFST
components. The loss in cross-sectional area and pitting caused by accelerated

corrosion was picked successfully by guided waves.

Kairu et al. (2019) observed that, application of thin layer of epoxy on the
reinforcement bars will allow smooth propagation of the ultrasonic guided waves in
rebar. Rebar embedded in the concrete could only transmit 3% of the energy. After the
application of 0.3mm layer of epoxy, energy detected at 3.5 meters from the excitation
point was 27%. It was observed that these relative amplitudes are taken with respect to

signal amplitudes for reinforcement bars in air.
22



Sriramadasu et al. (2019) investigated UGW for detection of early cracks in the
rebars. It was aimed to develop robust and non-destructive assessment technique by
scattering the guided waves for estimation of local damages and early cracks in rebars
referred to as corrosion pits. Observing the energy and timing of arrival of the guided
wave modes back and front margins of damages could be picked up. The scatter
coefficient is defined by the factors affecting the scatter energy. It was observed from
the UGW studies that estimated size of the damage increases with the increase in
corrosion length of the rebar i.e. with 50% and 100% increase in corrosion length there

was increment of 29.5% and 78% in estimated size of damage respectively.

Hence, it can be seen that ultrasonic guided waves of specific nature can not only
pick up debonding and pitting effects of corrosion but also successfully differentiate
between corrosion in different environments. It can also be observed from literature
review that UGW can pick up corrosion in various steel geometries like plates, ribbed
bars, CFST sections, tendons in pre-stressed concrete structures etc. Hence, they can be
used with advantage for monitoring damages in various forms and conditions in RC
structures as explored in this work under combined effects of corrosion and sustained

flexural loads.
2.3  ACOUSTIC EMISSION TECHNIQUE
2.3.1 Principle and Advantages of AE

Acoustic emission with its ability to detect dynamic process of deformation has
outlined the existing NDT techniques. The deformation in material / structure can be
due to the initiation of minor or major cracks, bond failure, yielding, etc. This
deformation generates energy which transmit to the surface of structure in the form of
elastic waves which are termed as ‘acoustic emission’. These elastic waves are recorded
by the AE sensors which are mounted on the surface of the specimen being investigated
(Figure 2.4). These piezoelectric transducers convert the sound waves generated as a
result of deformation into electric signal and transmit it to the AE data acquisition
system for further analysis (Figure 2.4). This method is very sensitive and enables to
detect flaws much before they are visible to the naked eyes. Various factors such as
distance and direction of the source with respect to the sensor as well as nature of
transferring material affects the AE signal strength. After processing the recorded data

depending upon the wavelength signature and time of arrival, type of damage, damage
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intensity and its location can be classified using AE win software. The detected AE
signals are usually referred to as AE hits. AE technique has been effectively used for
monitoring structures subjected to loading and re-strengthen structures with materials
like FRP, steel, RC and Pre-Stressed Concrete (PC) structures. In case of repair with
engineered material it becomes difficult to monitor the surface of structure as it is not
exposed thus in such case AE plays a key role in determining the level of damage and

condition of structure underneath.

There are number of benefits of using the Acoustic Emission Technique (AE) over
other usual Non Destructive Testing Techniques (NDT) methods. Some of these

advantages are:

e Real time monitoring
e Detection of defects, flaws, cracks etc rapidly.
e High sensitivity

e Cost reduction especially maintenance cost

For these reasons, AE method is an influential aid for real time monitoring for
detection of deformation, fracture and cracks inside structures. It indicates about the
behaviour of materials which directly influence their strength, damage and failure at a
very early stage. Thus it is proposed in this study to use passive AET along with UGW
and IRT to monitor damages in RC structures subjected to combined corrosion and
sustained flexural loading. Section 2.3.5 throws light on the recent works done for

damage monitoring in concrete structures using Acoustic Emission Technique.

AE Sensor l I AE Sensor

AE Wave SN AE Wave

7

Figure 2.4: Schematic illustration of AE Monitoring Process [114]
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2.3.2 AE Test setup

AE test setup comprises of various devices which serve a specific role in monitoring
and recording of AE signals through any structure. The various components involved

are:

* AE Sensors: - These are piezoelectric transducers which are mounted on the
surface of test specimen and coverts sound waves into electric signals. In order to
monitor the specimen accurately and to locate the damage location the sensors must
be placed at the appropriate location. In order to avoid any discontinuity in the
signal received at the surface of specimen, proper contact should be maintained
between the specimen and sensor surface. To achieve this usually a coupling gel is
used.

* Pre-Amplifiers: The signal received by the AE sensors is very weak and contains
other disturbances. Thus to eliminate all noises and to amplify the received signal
to a better level pre-Amplifiers are used.

« Data acquisition system: The signal received at the sensor end is transferred to
modern AE systems which comprises of computers and associated software. All
the signal received are stored by the acquisition system for further analysis. AE
system offers a wide range of post-processing options for the recorded data for
further analysis.

2.3.3 AE signal parameters

The recorded AE signal waveforms are analysed to determine the properties of
wave source originating from the damage/crack/fracture To understand the AE
signal, it is necessary to understand certain fundamental terms which are required

to analyse a structure (Figure 2.5).

* Threshold: To eliminate sound waves from the surroundings a predetermined
voltage level is set for acoustic signal to surpass before it can be recognized and
processed.

« Hit: It is a AE waveform which surpasses the threshold limit and is recorded and
processed by Acoustic Emission channel. The AE hits also points towards the

deformation experienced by the structure under observation.
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Figure 2.5: Typical Waveform of Acoustic Emission signal [114]

Peak Amplitude: It is the maximum amplitude attained by an acoustic signal burst.
The size of source event is related to the corresponding amplitude.
Rise Time: The time between the first signal crossing threshold and the peak
amplitude is known as the rise time.
Signal Duration: It is the duration of time between the first and final time signal
burst which has surpassed the threshold limit.
Counts: The number of times the amplitude of the signal surpasses the threshold
limit.
Event: The AE sound wave generated gets transmitted into all the direction which
when recorded by one or more AE sensors are struck. As a result, an event is defined
as a collection of AE hits from a single source. Events are generally used for the
location of AE source.
Signal-Strength: The "signal-strength" represents the amount of energy emitted by
a source or material or structure. It is a direct function of the recorded Acoustic
Emission signal's amplitude (dB) and duration.

These characteristics of AE waveform signals received are analysed vis-a-vis
damage to characterize damage to localize and quantify the same
2.3.4 AE Signal Analysis

The analysis of detected AE signals is normally done in two ways:

Waveform Analysis

Parametric Analysis
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Waveform analysis

Waveform analysis is the process of capturing and analysing AE signals in order to
identify and localize damage. It records the acoustic signal and calculates the damage
depending on the signal's behaviour. This kind of analysis can distinguish between the
waveform of an acoustic signal and noise. The disadvantage of using this method is that
it necessitates a large amount of data storage, as well as a wait/pause after each

waveform to save it, which creates a delay and loss of intermediate data.
Parametric Analysis

The study entails capturing the AE signal in order to generate quantitative and
qualitative damage estimates in structures. The rapid recording and data storage speed
of this technology makes it superior to waveform analysis. The most commonly used
parameters for qualitative damage estimation are AE hits, AE amplitudes and

Cumulative Signal Strength.

e Cumulative AE hits can be used to identify the regions of micro- and macro-
cracking. Increase in AE activity corresponds to higher number of AE strikes which

are directly associated with a higher crack evolution rate.

e Cumulative Signal Strength: It is accumulation of each AE hit's signal strength
over time. This curve can be used to identify sudden or unexpected damage in a
reinforced concrete structure. The sharp rise in CSS value refers to as ‘Knee’, shows
the existence of micro- and major macro cracks in RC structures.

e Acoustic signals of smaller amplitude values are indicative of micro-cracks that are
usually produced in larger numbers and higher amplitude hits indicate macro-cracks
that are produced in small numbers.

In this work, the various AE parameters used for damage estimation and
evaluation are AE hits, Amplitude of AE hits, AE X-Y plots etc. for monitoring
corrosion in RC beams and further when differently corroded beams are subjected
to sustained loading.

A brief review of recent works utilizing AE technique for corrosion monitoring

is presented below:
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2.3.5 AE for corrosion monitoring — A review

Yoon et al., (2000) explored methods for assessing the damage mechanisms in
reinforced concrete using both conventional Acoustic Emission parameter analysis and
the wavelet transform method. It was found that AE responses exhibit different
characteristics such as amplitude, duration etc. for different failure mechanisms like
localized cracking, micro-cracking, flexural cracking, and shear/bond cracking. Both
AE event rate and AE generation behaviour signified much different characteristics
depending upon the degree of corrosion of reinforcing steel. Also, with an increase in
the degree of corrosion there was a reduction in the total cumulative AE events. The
results of wavelet transform and frequency spectrum for signals provided useful insight
about the relationship between AE generation mechanisms and damage mechanisms of
concrete. Conclusively, both AE parameter analysis and AE signal analysis unveiled a

positive correlation with the damage mechanisms in reinforced concrete beams

Kawasaki et al., (2010) study the corrosion process in cyclic wet and dry
environment. Stage 1 represented initiation of corrosion in which passive layer on the
rebar surface was damaged. Very small number of AE events were recorded this stage
1 representing minor damage. Tensile cracks were generated with increase in
accelerated corrosion around rebar which later changed to shear cracks. This change
was identified as Stage 2 and was detected by sigma analysis in AE monitoring. AE
sources were clearly observed as nucleation sites as the cracks developed around the
rebar. SIGMA analysis during the corrosion process was in remarkable agreement with

location of the cracks on the surface.

Kawasaki et al., (2013) used AE to study corrosion mechanisms in reinforced
concrete. Beginning of reinforcement corrosion could be identified by AE parameter of
decrease RA value and increase in Average Frequency (AF) with increase in corrosion
level. At later stages corrosion induced cracks increases and there was an increase in
RA value and decrease in AF values. Fluctuation in ib-value could identify both onset

of corrosion and progression of corrosion induced cracking due to corrosion.

Zaki et al. (2015) studied the influence of corrosion on the performance of RC beam
during a three-point flexure testing and monitored using AE testing. According to the
mass loss of reinforcement, the estimated steel corrosion induced in beam specimen

were at 0%, 4.55% and 32.37% respectively. AE data analysis shows distinguishable
28



trend for RA value and AF values for dissimilar corrosion levels respectively. A
Weibull damage function was introduced for the estimation of residual flexural capacity
in differently corroded beams. It was observed that with increase in the corrosion levels

tensile failure becomes more dominant.

Sharma et al. (2018) investigated the combination of Acoustic Emission (AE) and
Ultrasonic Guided Waves (UGW) technique for monitoring propagation of the
corrosion in RC structures. RC beams were subjected to anodic corrosion. UGW
technique could differentiate pitting and surface corrosion using specific surface and
core sensitive modes at later stages of corrosion. During the early stages of corrosion,
AE technique is very effective in tracking of initiation and progression of corrosion.

Abouhussien and Hassan (2018) presented an extensive study on the application of
acoustic emission monitoring for the estimation of the bond strength of corroded RC
beam specimen, which is exposed to the accelerated corrosion. RC beams are corroded
to level such that mass loss of steel reached to 5, 10, 20, and 30 %. Beams were
constantly monitored via three attached AE sensors at varied distances from the source
of damage. This study indicates the effectiveness of AE analysis for the assessment of
propagation of corrosion in large scale RC beams at different severity levels of
corrosion. The increase in the corrosion induced cracks and the steel mass loss were
associated with the AE parameter. At all corrosion levels, increase in the distance of
sensor from the source of corrosion results in the decline of cumulative number of hits,

signal amplitude values also.

Nair et al. (2019) studied the application of Acoustic Emission (AE) technique for
identifying the failure mechanism of a damaged specimen repaired using CFRP was
studied. Pattern recognition methods were developed with the use of the AE approach.
It was seen that (a) In some specimens, micro-cracks aggregated into a flexure crack.
Early on, matrix fractures were seen, which eventually lead to debonding failure. (b) In
shear-failure specimens, micro-cracks build into debonding and flexure cracks,
eventually leading to shear failure. (c) The specimen collapsed due to mix failure,
microcrack accumulation in localised flexure, shear failure, and eventually debonding

failure.

Yu et al. (2020) used AE technique to correlate AE characteristics with level of

corrosion damage in bar. With the help of Gaussian distribution function a model for
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damage distribution in form corrosion was established. This model was based on the
normalization of local energy with respect to total energy over the corroded steel bar.
The observation from this model were seen to provide more possibilities for the

improvement in the health monitoring as well as better structural performance.

Prem et al. (2021) investigated the AE monitoring with combination of mechanical
testing for identification of different failure mechanisms (such as flexure, shear-flexure
and shear) in RC structures. The major failures (like major cracks & steel yielding etc.)
could be observed through transitions in the AE energy Vs deflection curve. The
differentiation of the AE energy was done in four stages where yielding of specimens
shows maximum activity. Afterwards, maximum AE energy was showed by specimen
failed in shear followed by mixed and flexure failed specimens. It was observed that
there was an inverse relation in RA and AF values. The study of AE chart shows
quantitative and qualitative information about the failure mode identification and

damage evolution.

The review of recent works done in the area of AE for corrosion monitoring
indicates that it is successful for picking up initiation and progression of corrosion in
bars in concrete, various damage levels in concrete by using various AE parameters of
AE hits, AE event, ib-value, AE energy etc. The effect of corrosion on bond

characteristics of rebars in concrete is also picked up by AE.

In this research effort, it is proposed to use AE technique for monitoring real time
corrosion in RC beams along with monitoring when beams corroded to different levels

would be subjected to sustained loading.
2.4 INFRARED THERMOGRAPHY (IRT)
2.4.1 General

Thermography can be defined as the science of acquirement and investigation of
data from non-contact thermal imaging device. The images taken with an infrared
camera determine the distribution of temperature at the surface of the object. If the
temperature changes on the surface, it represents defect below the surface such as void,
crack etc. Thus infrared technology is the basis of thermography method and can give
the data about subsurface structure of a material by observing differences in thermal
emission from the surface.
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Depending upon the heat transfer thermography methods are divided into Active

and Passive thermography.

e An active thermography approach entails the use of an external energy source to
increase the temperature of an object which results in transfer of heat in it. Thermal
conductivity and diffusivity, density, moisture content, and other physical factors
influence the transfer of heat inside the material. As depicted in Figure 2.6, If a
flaw under the surface has better insulating characteristics than the remainder of the
material, it will tend to operate as a heat transmission barrier. As a result, the

emissivity of the surface over the greater defect is higher. [120].

Heat radiation
with defect
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Heat radiation
without defect
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Figure 2.6: Principle of subsurface detection using thermography [121]

e The passive thermography methods have no external energy excitation unlike
in the case of active thermography. The change in thermal emission of the
objects is observed when it placed in colder surroundings with a certain
temperature. The example of passive thermography in industrial application is
when the material is transferred from high temperature in one process to another
where it cools down and this rate of heat transferred is being observed.
Difference in surface temperature gives information about the possibility of
defects underneath the surface. The area above the defect appears as a cold spot
as it act as a barrier to the heat transfer of the core material as compared to
undisturbed material [121], [122].
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Figure 2.7: Principle of the passive thermography [121]

Active thermography methods are further classified as reflection mode and
transmission mode. These classifications are dependent upon the placement of an IR
camera and energy source. If both are placed on same side of the test specimen it is
classified as reflection mode and if both are placed on opposite sides it is termed as
transmission mode. Variants of the active thermography methods are: pulse, step
heating, lock-in and vibrio thermography[123].

External energy stimulation, such as electromagnetic radiation or ultrasound, is
commonly used to start a heat transfer. Infrared cameras are thermal imaging devices
that are sensitive to the infrared component of the thermal radiation, which is a region
between visible and microwave radiation in the electromagnetic spectrum, similar to
ordinary cameras that produce images using visible light (wavelengths 760 nm - 1 mm).
Infrared testing results are generally obtained by picture processing and analysis. A

brief of the IRT tools to detect damage in concrete / steel structures is presented below:
2.4.2 IRT setup & Methodology

IRT technique comprises of a heating device and Infrared camera. The concrete
sample under observation is subjected to heat by an external source. The rise and fall
in surface temperature of the specimen is continuously monitored using IRT camera
(Figure 2.8). The difference in heat transfer as a result of any defect, discontinuity,
damage etc. is recorded and is represented by variation in colors in thermograms. The
same data recorded is transferred and processed in computer for further classification.

This variation in surface temperature helps in identifying the damage area in a clear
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pictorial view. Section 2.4.3 presents a brief review of some latest works done in

concrete structures.

Specimen

Figure 2.8 Schematic illustration of IRT Process

2.4.3 IRT for monitoring RC structure- A Review

Chung et al. (2006) used Infrared Thermographic technique to measure corrosion
in reinforcing bar. The intention of this study was to develop a new technique to
determine the level of rebar corrosion using accumulated thermal data. Heating rate of
rebar rose with anticipated higher level of corrosion which shows corrosion of steel has
negative impact on infrared emission. Thermal data was collected using an infrared
camera and processed to discern between different levels of rebar corrosion. The results
of the tests revealed that the higher the amount of corrosion, greater is the temperature.

Lai et al. (2010) used quantitative infrared thermography for identification of the
deterioration of externally bonded CFRP-concrete composites. Flaws and delamination
are two different forms of defects in FRP wrapped structures. Flaws emerge during the
first application of the CFRP strips onto the concrete surface as a result of poor
craftsmanship, and delamination occur as a result of stress concentrations caused by
chemical/physical deterioration of the binding layer.

Aggelis et al. (2010) studied subsurface cracks in concrete using a combination of
infrared thermography and ultrasonic Rayleigh waves techniques. In this study, the
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concrete specimens were scanned using an infrared camera to point out position of the
crack. Simultaneously, ultrasonic sensors were placed on the specified part of the
surface in order to make a more comprehensive estimation of the depth of the crack.
The combination of these two NDT techniques seemed to be promising for real life

structures assessment.

Baek et al. (2012) proposed an integrated system of infrared thermography and
heat induction for observation of corrosion in rebars in RC structures. The heating rate
as well as cooling rate and the peak IR intensity rose with rise in extent of corrosion
due to change in electrical resistivity on the steel surface with increase in corrosion.
The author reported that the efficiency of induction heating decreased with increase in
cover depth as it took more time for heat to reach the concrete surface from rebar. The
relationship between heating or cooling rate and the amount of corrosion was difficult

to find out.

Milovanovi¢ and Banjad Pecur (2016) used infrared thermographic technique to
illustrate and identify faults in reinforced concrete. The author concluded that infrared
thermography has a number of advantages, including the ability to reduce the time
required to inspect a concrete structure because the defected area can be identified
immediately as compared to the sound test which requires the structure to be inspected
at multiple locations. Post-processing approaches improve flaw identification and
reduce susceptibility to non-uniform heating, imperfections, and colour differences on
the surface. For increased precision and dependability, it has been proposed that

infrared thermography can be used in conjunction with other non-destructive methods.

Janku et al. (2019) assessed corrosion in rebar using combination of infrared
thermography (IRT) and non-destructive ground penetrating radar (GPR) methodology.
GPR identified corroded bars, detachment and voids beneath separate concrete, as well
as areas having higher moisture and mineral salts content. The joint analysis of both
GPR and IRT data established the independent interpretation provided, which allowed
for a better understanding of the behaviour of the GPR signals.

The review of recent works done in the area of IRT for corrosion monitoring
indicates that it is successful for picking up damage, corrosion and delamination in RC
concrete. The variation in surface temperature immediately identify the damage

beneath the surface and it was also concluded that efficiency of induced heating
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decreases with increase in cover depth. The intensity of corrosion of rebars in concrete
is also picked up by IRT as higher rate of corrosion anticipates higher surface
temperature. In this research, it is proposed to use IRT technique for monitoring
simulated damages in concrete beams as well as for real time corrosion monitoring in
RC beams.

25 VIBRATION MONITORING TECHNIQUE
25.1 General

Crack initiation and propagation can occur at loads much lower than those required
for actual structural failure; early stages can be detected by means of visual inspection
and other traditional methods. Vibration measurements, on the other hand, are thought
to be sensitive enough to detect and track damage even when cracks are deep inside a
structure. For structural health monitoring, a variety of vibration-based parameters have
been used. The fundamental principle behind this technology is that modal parameters,
such as frequencies, mode shapes, and modal damping, are a function of the structure’s
physical properties, such as mass, damping, and stiffness of the structure. As a result,
changes in the physical properties can result in measurable changes in modal
parameters. Previous researches have shown that damage can be detected in structures
using modal analysis and characterisation of damage can be done by investigating

changes in various modal parameters like:

1) Modal Frequencies

(2) Mode Shapes

3) Amplitude of Signals like FRF amplitudes
4) Curvature

5) Modal Damping Characteristics

2.5.2 Test Setup and Methodology

Vibration monitoring setup includes instrumented force hammer that is connected
to the force input channel, accelerometers and data analysers like FFT analyzer.
Generally, the hammer is connected to the force channel of FFT analyzer gives power

to an integrated circuit piezoelectric (ICP). The frequency excited into the system by
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the impact hammer is recorded by the accelerometer. Each accelerometer is connected
to the input channel of the FFT analyzer. The response data received by the FFT
analyzer is recorded on a computer as Frequency Response Function (FRF) (Figure
2.9). The various components of a typical vibration test set up consists of following:

e Impact hammer

The vibration response is measured by performing impact testing on the structure.
The impact excitation is applied by an impact hammer having a hard rubber impact tip
which is swung from a horizontal distance of approximately 50 mm from the specimen.
The amplitude and frequency of forced impulse is directly associated with the material
of hard rubber tip, size and length of hammer. The impact consisted of a nearly constant
force over a broad frequency range and was capable of exciting all resonances in that

range by changing the impact tip of different mass.
e Accelerometer

Accelerometers are made of piezoelectric material which produces an electric
charge when exposed to forced vibration. These forced vibrations are recorded and
transmitted to FFT analyzer for further monitoring. In order to allow reasonable
resolution at all times, data signal for each accelerometer is recorded at several
sensitivity levels over the exponentially decaying vibration signal. To mount the
accelerometer to the surface of the test specimen, high strength cement plaster is used
specifically for monitoring concrete structures.

e FFT Analyzer
Spectrum analysis is defined as the transformation of a signal from a time-domain
representation into a frequency-domain representation. There are four forms of the

Fourier Transforms which are generally used.

a) Fourier Series
b) Fourier Integral Transform
C) Discrete Fourier Transform (DFT)

d) Fast Fourier Transform (FFT)
The time domain signal obtained from vibration monitoring was subjected to
FFT to get FRF (frequency response function). Normally a software performs this and

it is displayed as FRF. Comparison of FRF plot at different stages of damage indicates
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the level of damage. A brief review of recent works done in the area of global vibration

monitoring technique is presented below.
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Figure 2.9 Schematic illustration of Vibration monitoring
2.5.3 Vibration Monitoring in RC structures- A Review

Razak and Choi (2001) studied the effect of general corrosion on the modal
parameters of reinforced concrete beams. The full scale beams were corroded until a
substantial amount of reinforcement corrosion damage was introduced. The
measurement of crack width and spalling was performed to assess the states of damages
in the test beams. As per the results obtained, the modal parameters especially natural
frequencies and damping ratio showed significant change. Also, the changes in modal
damping ratio for the transfer function method and the normal mode method were
observed. Additionally, the static load test was used to determine the load carrying
capacity and the results were correlated with the changes in the modal parameters. The
study offers further understandings on the application of modal parameters for damage
detection in structural concrete elements which can be helpful for the structural

appraisal and assessment purposes when applied to full scale structures.

Burgueno et al. (2001) dynamic characteristics of a full-scale FRP composite
bridge prototype investigated the Kings Storm Water Channel Bridge. They discovered
that modal vibration studies were an efficient, cost-effective, and fast method of

determining dynamic structural properties. Change in structural behaviour due to
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changes in boundary conditions, as well as structural damage caused by loading, were
successfully determined using the modal vibration test results when compared with

healthy non-destructive health monitoring system.

Maia et al., (2003) analysed the possibility of using various damage detection
methods without the requirement for modal identification. It was found that the
damaged locations were identified where the change in mode shape was greatest. Also,
the use of direct measurement in the form of frequency response function found to be
considerably beneficial. The false damage location is although an issue in the methods
and needs close attention. The author suggested that some improvements could be made
in the interpolation process, in defining a noise level under which the results are not
considered, in the method to calculate the maximum occurrences, in applying statistics

to the results and, finally, in the set-up and skill of the experimentalist.

Kao and Hung (2003) proposed a method, consisting of two stages. The first stage,
System Identification, involves identifying the damaged and undamaged states of a
structure using neural networks. The damage detection phase employing neural
networks to produce free vibration responses with the same initial state constitutes the
second stage. The inputs in neural networks are typically structural responses in the
time or frequency domain, or structural modal parameters (frequency, damping ratio,
and mode shape), and the outputs are usually damage levels in the structures. The author
demonstrated that changes in structural properties of stiffness and damping results in
changes in the free vibration amplitudes. As a result, the intervals and amplitudes of

free vibration are helpful indices for detecting structural changes.

Baghiee et al. (2009) studied the changes in the dynamic parameters in specimens
undergoing gradual damage and further when they are CFRP repaired from initial to
failure state. The efficiency of the methods like frequency changes, modal assurance
criterion (MAC), Coordinate Modal Assurance Criterion (COMAC) and modal
curvatures was also investigated. Author concluded that frequency change method was
not effective for damage detection and prediction of strength. The MAC values could
predict the overall change in the stiffness of the beam due to damage. Whereas COMAC
evaluates the change of stiffness at each degree of freedom of beams. It was concluded
that the damage classification of the specimens was best described by modal curvature
method.
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Prasad et al., (2010) examined the changes occurred in the modal parameters in
response to the damage induced to the beams by cyclic loading. The dynamic
characteristics were related to the damage pattern of the structures for the purpose of
damage assessment. With the increase in the damage level on the beams, Natural
Frequency decreased and damping values increased. Furthermore, the Natural
frequency displayed more percentage drop in the over-reinforced beam than under-

reinforced beam.

Ede et al. (2015) used modal based parameter to assess damage in reinforced
concrete beam under four-point static loading. Dynamic test was done to identify the
degree of stiffness degradation after each static loading. The result obtained during the
investigation showed that dynamic based assessment method was good in monitoring
damage evaluation and stiffness degradation of structural element in RC beams under

static loading.

R. Capozucca (2018) investigated the behaviour of undamaged and damaged
reinforced concrete beams with dissimilar end conditions. The beams were
strengthened using near surface mounted glass fibre reinforced polymers. Damage was
achieved by developing cracks under bending in one beam and by artificial notches in
remaining beams. Dynamic experimental tests were performed for development of
Frequency Response Functions (FRFs) and the variations in natural frequencies were
correlated to the degree of damage. Finally, modelling of undamaged and damaged with
notches beams was done using finite element method. Only 10% maximum difference
was observed between theoretical frequencies and experimental frequencies in both the
cases. In strengthened beams; the damage was limited with small variation in

frequencies even for greater values of bending moments.

Kirlangi¢ (2020) investigated a nonlinear vibration based diagnostic technique to
measure the magnitudes of the corrosion-induced damage in the reinforced concrete.
The developed method utilizes an adaptive higher order spectral analysis, which
included wavelet transform in place of the Fourier transform, with the aim to suit the
transit vibration signals produced under an impact hammer. It was found that the
wavelet transform-based bicoherence (WTB) generated from the damaged and
undamaged cases are well separated from each other compared to the Fourier
transform-based bicoherence (FTB). The WTB features showed less variation than the
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FTBs. The implementation of the wavelet transforms in the bispectral analysis
improved the bicoherence sensitivity to damage by decreasing the variation in the

extracted features.

Pourrastegar et al. (2021) investigated damage in RC slabs using vibration testing
using random decrement signal processing techniques and fibre-optics. The test was
conducted in two stages: first stage focussed on the identification of damage and second
stage focussed on identifying damage intensity through change in frequency and
damping dynamic parameters. Accurate evaluation of damage location through change
in the first mode shape could be done by a damage recognition multi-channel random
decrement (MCRD) technique, and using an embedded smart network of fibre optic

Sensors.

From the literature review, it can be summarized that damage initiation and
progression in RC structures leads to modification in modal characteristics of RC
structures in the form of shift in frequency and change in amplitude of signal. Hence,
this technique can be successfully used to relate to corrosion damage with simultaneous

loading in RC structures.

2.6 CLOSING REMARKS

The chapter focusses on the basics of various damage monitoring
methodologies adopted for RC structures which are utilized further to assess corrosion
induced damage in concrete structures in this thesis and also for monitoring GFRP
repaired corroded beams subjected to sustained loading. Various NDT tools described
along with their state of art (review) are local Acoustic Emission (AE), Ultrasonic
Guided Wave (UGW), Infrared Thermography (IRT) and global Vibration Monitoring

Technique.
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CHAPTER 3

EXPEIMENTAL DETAILS AND METHODOLOGY
3.1 GENERAL

In this research effort, the work is subdivided according to the three outlined
objectives. First study deals with the monitoring of bars in air and concrete involving
simulated corrosion damages using advanced NDT techniques of UGW and IRT.
Further, continuous monitoring of RC beams subjected to accelerated corrosion was
done using local techniques AE, UGW and IRT. Second study deals with the
monitoring of real sized RC beams subjected to varying level of corrosion damage using
global vibration monitoring technique. Further the corroded and GFRP repaired
corroded were subjected to flexural loading to assess their mechanical behaviour and
performance using various load—deflection characteristics such as change in ultimate
deflection, load, energy etc. These RC beams were also monitored simultaneously using
AE during flexural testing by surface mounted AE sensors and their damage and
fracture was assessed using various AE parameters like AE hits, amplitude of AE hits

and damage localization using AE X-Y event plots.
3.2 MONITORING REAL TIME ACELERATED CORROSION

In this study bars with simulated corrosion damage representing pitting and
delamination were prepared and then cast in concrete and were monitored using
advanced NDT tools of UGW, IRT and AE. Further, continuous monitoring of RC
beams subjected to varying level of corrosion damage was done using these NDT tools

and the results were compared with simulated damaged beams.
3.2.1 Specimen Details

For developing real time corrosion monitoring methodology for RC structures,
corrosion was first simulated as pitting / area reduction damage and debond and
monitored using UGW and IRT. Further concrete beams with embedded rebars was
subjected to actual corrosion and corrosion initiation and progression was monitored
using UGW, AE and IRT technique. It is important to note that AE monitoring was not
done for simulated corrosion damage samples since it is an active technique which only

monitors damage while the dislocation, cracking or damage is taking place.
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For this purpose, two type of samples were prepared for simulating corrosion
damage in the form of area reduction / pitting (Simulated Damage 1, Table 3.1) and
increasing debonding simulating delamination of bars from surrounding concrete were
prepared (Simulated Damage 2, Table 3.2). Plain Mild Steel (MS) bars of 12 mm
diameter and 500 mm length were used in the study. Bars with Simulated Damage 1
(pitting) as in Table 3.1 had reducing diameter of 10 mm, 8 mm, 6 mm and 4 mm in a
constant length of 50 mm in the middle of each rebars (Figure 3.1 b). Bas with
Simulated Damage 2 (representing de-bonding) had increasing debond length of 50
mm, 75 mm, 100 mm and 125 mm in the middle of bars with a constant diameter of 10
mm (Table 3.2 and Figure 3.1 a). Three samples of each type of bars with simulated
damages were prepared. A total of 24 concrete beams were prepared for the study
(Table 3.1 and 3.2).

First the Mild Steel (MS) samples with simulated damages were tested without
concrete in air using Ultrasonic Guided Wave (UGW) and Infra-Red Thermography
(IRT). Then they were embedded in concrete and subjected to UGW and IRT
monitoring. Further, 4 rebar samples of plain MS of 12 mm diameter were cast in
concrete and subjected to accelerated impressed current corrosion to varying degrees
of corrosion (Section 3.2.2). For this purpose, beams of size 80x80x400mm with the
MS bar of length 500 mm were placed in the center of the cross section of beam were
cast (Figure 3.1 c¢). Ordinary Portland Cement (53 grade), aggregates of size not more
than 20mm, river sand, portable tap water with mix proportions of 1:1.4:2.7
(cement/sand/aggregates) and water cement ratio of 0.45 was used for casting of beam
[136]. The average characteristic compressive strength of the concrete mix prepared
was obtained as 28.5N/mm?,

Table 3.1: Nomenclature of rebar’s having Simulated (Pitting) Damage

Nomenclature Sample details Number of
of specimens samples
D10 Bars with reduced diameter of 10 mm tested in air 3
D8 Bars with reduced diameter of 8 mm tested in air 3
D6 Bars with reduced diameter of 6 mm tested in air 3
D4 Bars with reduced diameter of 4 mm tested in air 3
CD-10 Bars with reduced diameter of 10 mm cast in concrete 3
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CD-8 Bars with reduced diameter of 8 mm cast in concrete 3
CD-6 Bars with reduced diameter of 6 mm cast in concrete 3
CD-4 Bars with reduced diameter of 4 mm cast in concrete 3

~ Table 3.2: Nomenclature of the rebar’s having Simulated (De-bond) Damage—

Nomenclature Sample details Number
of specimens of samples
L-50 Bars with increasing debond length of 50 mm tested in 3
air
L-75 Bars with increasing debond length of 75 mm tested in 3
air
L-100 Bars with increasing debond length of 100 mm tested in 3
air
L-125 Bars with increasing debond length of 125 mm tested in 3
air
CL-50 Bars with increasing debond length of 50 mm cast in 3
concrete
CL-75 Bars with increasing debond length of 75 mm cast in 3
concrete
CL-100 | Bars with increasing debond length of 100 mm cast in 3
concrete
CL-125 | Bars with increasing debond length of 125 mm cast in 3

concrete

(b) Simulated Damage 2 (Change in Length)
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(c) Concrete Beam

Figure 3.1: Rebars with simulated damages
3.2.2 Inducing Accelerated Corrosion and Methodology

Concrete beams with embedded rebars were subjected to accelerated impressed
current corrosion using a constant voltage power supply (Aplab Dual DC Power Supply
64V,05A). For accelerating corrosion beam samples (80x80x400 mm) were wrapped
with cotton gauge all around in the middle 100 mm length and stainless steel wire mesh
was wrapped around it to create cathode and connecting to the negative terminal of the
power supply. A constant 20V power was supplied throughout the experiment and to
maintain conductivity continuous supply of 3.5% NaCl solution was maintained by drip
arrangement in the middle portion of the beam. One end of the rebar was exposed at
the end by 50 mm was connected to the positive terminal of the power supply to act as
anode (Figure 3.2).

During corrosion UGW readings were taken every 24 hours along with continuous
AE monitoring. Concrete was subjected to corrosion till UGW signature vanishes in 33
days. Further 3 different stages / levels of corrosion were identified and three more
beams were subjected to 8, 19 and 26 days of corrosion. Corrosion current, UGW signal
strength and AE signal were continuously monitored for all samples (S-8, S-19, S-26
and S-33) (Table 3.3). After corrosion to specified days, the corroded beams were
visually inspected and further subjected to IRT monitoring. Lastly the corroded bars
were removed from concrete for quantitative analysis of level of corrosion by checking
the mass loss and residual tensile strength to relate to the effect of corrosion on non-

destructive testing parameters.
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Table 3.3: Nomenclature of samples subjected to

accelerated corrosion

Corrosion Exposure Nomenclature No. of concrete beam
samples
8 Days S8 3
19 Days S19 3
26 Days S26 3
33 Days S33 3

400 mm
(i) L-section

(a) Schematic of corrosion set

12 mm (diameter of bar)

(ii) X-section

up

(b) Actual corrosion set up

Figure 3.2. Accelerated impressed current corrosion set up

45




3.2.3 Ultrasonic Testing Set up Used

In this study, a standard ultrasonic research device is used to excite longitudinal
guided waves in bars. A pulser/receiver system (DPR 500, JSR Make) (Figure 3.3 b),
cylindrical transducers (Karl Deutsch Make) (Figure 3.3 a), and display devices were
used. The compression transducer, which is operated by the pulser, produces an
ultrasonic pulse that passes through the bar in the form of longitudinal waves. There
are generally two modes of ultrasonic testing - Pulse Echo and Pulse Transmission. In
the Pulse-Echo method, a single touch transducer is used to produce and obtain wave
signatures while in the pulse transmission mode, two contact transducers are used — one
to transmit the signal called transmitter and the other to receive the waveforms called
receiver. In this study, pulse transmission is used for propagating guided waves through
bars in air as well in concrete. The transducers with a central frequency of 1 MHz were
used to produce longitudinal guided wave modes through bars in air as well as through
bars embedded in concrete. L(0,7) mode at 1 MHz which is the least attenuative and
easiest to excite, being a longitudinal mode is used for testing. The choice of a particular
frequency and mode for UGW monitoring is based on previous studies [22], [39], [42],
[108], [109], [137] and further detailed in Section 2.3.4.

Further, as explained 12mm bars embedded in concrete were also subjected to
accelerated corrosion for 8, 19, 26 and 33 days. The corrosion monitoring of these bars
in concrete was carried out using same L(0,7) mode at a frequency of 1 MHz for
ultrasonic testing. L(0,7) mode is a core seeking mode and is sensitive to pitting [108].
A Pulser/Receiver combination with a specific gain (0-66dB) and a maximum input
voltage of 475 V drives the transducers. The obtained signal is captured and processed
using a computer digitizer card (Acquiris Make- 12 Bit resolution). Also, an industrial
coupling gel is used to bind the transducer to the specimens, and is placed in a tray.
Afterwards, a compressive spike pulse with a length of 10-70 ns acts as the excitation
signal. The obtained signals are further analysed using ORIGIN software and each
waveform received is plotted. From the waveforms, the peak amplitude values are

normalised with respect to healthy amplitude to plot.

Hence it is important to note that guided waves are propagated and monitored

through rebars and not in concrete. The transmitted signal strength through the bars
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reduces as the bars undergo deterioration due to corrosion. Fall in signal strength is

quantitative indicator of extent of the corrosion.

(a) Transducer (S12 HB 1) (12 mm diameter) of 1 MHz frequency

CPU with DAC

DPR 500 Pulser-Receiver

Receiver

[
£ r‘m,@&"!”

g;bj

Transmitter

————

| Stainless steel wire mesh wrapped I

1

(b) Ultrasonic Guided Wave Set-up
Figure. 3.3 Experimental Set up
3.2.4 Infra-Red Thermography (IRT) Monitoring and Details

IRT is the non-destructive technique which is very useful for the visual analysis of
the corroded samples since it requires no physical contact with the structure. All the
objects in the proportion to their surface temperature emits infrared radiations which
can be read and analysed by IRT.

3.2.4.1 IRT Set-up

Infrared thermo-imager with spectral range of 7.5 to 13 um (FLIR T360 Prism DS)
was used for capturing IRT images. It had an infrared resolution of 464 x 348 pixels
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with temperature range of -20°C to +120°C (Figure 3.4 a). In this work it IS proposed
to use infrared thermography for monitoring real time corrosion as well as simulated
corrosion damage in concrete along with combination of AE and UGW. First the
samples were heated using a source of heat (Welding machine used) within temperature
range of 20-200°C. The IR camera was placed at the constant distance of 1.6m from
the samples to take IRT images at regular intervals as the beams were subjected to
increasing damage (Figure 3.4 b). First the IRT images of bars with simulated damage
in air were taken, then they were cast in concrete and IRT images were again taken. For
beams subjected to corrosion IRT images were taken for thermal wave inspection and
analysed after corrosion for 8, 19, 26 and 33 days (S8, S19, S26 & S33).

(a) FLIR T-540 used in study

Heating source (oil

(b) IRT set up

Figure 3.4: IRT setup used
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IRT works on the principle that every material has different heat conducting
properties and reduced area of steel gets heated at a faster rate as compared to its
surrounding. Thus these material properties are used to detect damage beneath the
concrete surface. Rebars with simulated damage 1 and 2 were cast in concrete and
monitored using IRT showed high intensity color at the middle portion representing the
severity of damage. Similarly, for corroded sample, rust induces higher temperature as
compared to the parent steel thus high temperature difference and different color
patches were observed representing the intensity of corrosion.

3.2.5 Acoustic Emission Monitoring

In this study, AE monitoring was only resorted for beams undergoing actual
corrosion for varying days and levels (S8, S19, S26 and S33). For this, 8 channel AE
data acquisition system (SAMOS Micro-1l digital, Physical Acoustics, USA) along
with AE sensors and pre-amplifiers was used. Any deformation or damage in the form
of micro or macro cracks produces waveforms which are recorded by surface mounted
AE sensors. All the AE sensors are mounted using coupling gel and tape to hold sensors

in their passion and to avoid any gap between the AE sensor surface and specimen.

In our study six AE sensors (R3a) (Figure 3.6 a) with a resonant frequency of 30
kHz, three on the front face and three on back face forming the triangular pattern were
surface mounted on concrete beams (80 x 80 x 400 mm size) (Figure 3.5). The signal
recorded by the sensors is very weak to study thus it is amplified using pre-amplifier
(Figure 3.6 b). The amplified signal is then transferred to Micro digital acquisition
system (Figure 3.6 ¢) and with the help of AE Win software and AE data is further
extracted in the form of amplitude, signal energy, signal strength, duration, count, rise
time etc. to relate to the progression of damage. The characteristics of damage source,
distance of the source from AE sensor, characteristics of AE sensors etc. are the prime

aspects effecting the recording of AE signals.

AE waveform received comprises of various AE parameters such as cumulative AE
hits their amplitudes, signal strength and signal energy (Figure 3.7). Initiation and
progression of cracks releases energy which are recorded by the surface mounted
sensors in the form of signals are known as AE hits. The energy released due to
cracking is represented by the area under the AE waveform (signal energy) and the

number of AE signals which crosses the threshold limit is known as AE counts. The
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crest of the AE waveform which is influenced by the source and type of crack is termed
as AE signal amplitude and the duration for which the waveform is above the threshold

is known as duration of AE signal (Figure 3.7).

In this study, cumulative AE hits and their amplitude along with pictorial AE X-Y
event plots for damage localization have been used to relate the corrosion damage. AE
X-Y plots will provide pictorial representation of cracking beneath the concrete surface,
which help us to understand the progression of damage inside concrete. Hence, it is
expected that change in AE parameters with corrosion damage will lead to quantitative
assessment of corrosion. The flow chart for the methodology followed for objective 1

real time corrosion monitoring is detailed in Figure 3.8.

Sensor 1,2 & 3
on front face

' Elastic wave
received by

transmitted
to AE

(a) R3a Sensors used (b) Pre-amplifier
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(c) Actual Set-up

Figure 3.6: Actual Acoustic emission monitoring set-up used in the study
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Figure 3.7. Characteristic of a burst type of AE signal [138]

51



Figure: 3.8 Flow chart for monitoring real time corrosion

3.3 MONITORING CORRODED AND GFRP REPAIRED CORRODED RC
BEAMS USING VIBRATION MONITORING

In this study, real sized RC beams were subjected to varying level of corrosion
and were repaired using GFRP sheets wraps. The corroded and corrosion repaired RC
beams were monitored using vibration monitoring technique and finally tested under

flexural loading along with simultaneous AE monitoring.
3.3.1 Specimen Details

Ten identical RC beams measuring127 x 227x 4100 mm were cast for this study.
The beams were designed as under reinforced sections using design mix proportions of
1:1.4:2.7 (cement: sand: aggregate proportions by volume) and water: cement ratio
(w/c) of 0.46. The average 28 days compressive strength of the concrete used for casting
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of RC beams was observed as 28.5 MPa. The reinforcement details of the RC beams
cast in the study is shown in Figure 3.9. They comprise of two bars of 10 mm ¢ bars on
the tensile face and two bars of 8 mm ¢ at on compression face. 6 mm ¢ diameter bars

at a centre to centre spacing of 150 mm was used as shear reinforcement.

Eight out of ten RC beams were corroded to different levels for 10, 20, 30 and 40
days with 2 samples of each using impressed current chloride induced corrosion at a
constant voltage of 10 V. two beams are used as control beams (C-0) with no corrosion.
The other beams are named as given in Table 3.4 (C-10, C-20, C-30 & C-40). One
sample of each C-10, C-20, C-30 and C-40 beams was further repaired against corrosion
by micro-concreting and GFRP wrapping as detailed below in Section 3.3.4. The
control beam along with corroded and GFRP repaired corroded beams were evaluated
using vibration monitoring to observe the variation in dynamic parameters with
increasing corrosion damage and their subsequent repair. Further, all the corroded RC
beams (Set 1) and corrosion repaired RC beams (Set 2) were further then subjected to
flexural testing in four-point bending to record the load deflection characteristics and

to relate to the NDT vibration parameters.

Table 3.4. Nomenclature of specimens

Specimen Details
(corroded at constant voltage)

C-0 Control
C-10 Corroded for 10 days
C-20 Corroded for 20 days
C-30 Corroded for 30 days
C-40 Corroded for 40 days
R-10 C-10 repaired with GFRP
R-20 C-20 repaired with GFRP
R-30 C-30 repaired with GFRP
R-40 C-40 repaired with GFRP
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(a) L-section

(1270 Dia 6.0mm

mm
Dia 8.0mm | (S.""Up Bar)
Top Rein,

227.0mm
Dia 10.0mm
Bottom Rein,

(b) X-section
Figure 3.9. Longitudinal and X-section details of RC beams cast

3.3.2 Vibration Measurement Set-Up

Vibration monitoring is executed by exciting the specimen through impact hammer
which generates a signal, which is observed by an accelerometer placed at the opposite
face of the specimen. This signal is further transferred to dual channel signal Fast
Fourier Transform (FFT) Analyzer, where refining and simplification of the signal take
places before displaying the Frequency Response Function (FRF) representing the
relation between frequency and amplitude. Vibration monitoring technique does not
interfere with the service of the structure, thus making it user-friendly [67], [139]-
[141]. Fall in the FRF amplitude and shift in the modal frequencies are related to

damage level in structures.

As per authors’ knowledge, no study has been carried out for assessing the dynamic
properties of GFRP repaired corroded RC beams using global vibration monitoring
technique. In this study, behaviour and change in dynamic properties of natural
frequency and amplitude of the received FRF signals is investigated to relate to
corrosion induced damage in RC beams and further when the corroded beams are
repaired with GFRP. For this, a hard rubber tip impact hammer (PCB 20135, OROS
make) with a sensitivity of 0.00225 V/N (Figure 3.10 b) was dropped vertically from
a height of 100 mm and two accelerometers (Dytron model 11197, 11305) with a
sensitivity of 1.055 V/g (Figure 3.10 a) were used to measure the response. The
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accelerometers were placed at mid-span and one third points in the RC beams at the
soffit with the help of high strength cement paste for recording the signal generated by
impact hammer (Figure 3.11). The output was observed in the form of Frequency
Response Function (FRF) using FFT real time multi-analyzer (Make- OROS, OR-35,
8 ch-102.4 KS/s-24 bits) (Figure 3.10 c). The RC beam with the impact hammer and
sensors in place is shown in Figure 3.11 below. It is important to note that for plotting
a typical FRF record, average of 8 impact hits was taken. Maximum deviation in
vibration signals received was observed at mid-span and thus FRF signatures were
plotted and studied at this location. In a typical FRF, the first peak corresponds to 1st
fundamental mode and variation in its response is measured in term of frequency shift.
Also change in amplitude of received FRF signal with progressively increasing

corrosion in RC beams is measured.

(c) FFT Analyzer (d) Impact hammer instrument with

impactor tips

Figure. 3.10. Vibration monitoring Set-up
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Impact hammer Fast Fourier
Transform (FFT)

s

Data from impact hammer and

accelerometer is transmitted to .

Accelerometer at a distance of
L2and L3

Figure 3.11. Experimental set up for Vibration Monitoring
3.3.3 Accelerated Corrosion

All eight RC beams were subjected to accelerated corrosion using impressed
current technique, where a constant electric potential of 10V is supplied using a
constant voltage source (APLAB Make, 64V, 5 A). The tensile reinforcement acting as

anode is connected to the positive terminal of power source.

Middle 1.5 m stainless steel wire
mesh wrap (cathode)

Figure 3.12. Accelerated impressed current corrosion set up

Middle 1.5 m portion of the beam was wrapped with cotton gauge to retain the
moisture and was kept moist with uninterrupted supply of 3.5 % NaCl solution using a
water tank arrangement as shown in Figure 3.12. Thereafter, the cotton gauge is
covered on the top with stainless steel wire mesh acting as cathode and connected to
the negative terminal of power supply. RC beams with four different levels of corrosion
were prepared with two samples for each level of deterioration as detailed outlined in
Table 3.4. To track the level of corrosion in various specimen, the corrosion current
was recorded at regular intervals. The increase in the corrosion current at constant

voltage is an indication of increasing deterioration due to corrosion in the RC beams.
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3.3.4 Repair of corroded beams using GFRP wraps

After RC beams were exposed to different level of corrosion damage, repairing
was carried out to attain its lost strength and ductility. Damaged concrete cover was
removed by tapping with hammer till sound concrete appears. Micro-concrete
consisting of good quality cement, fine grade aggregates and additives (Trade Name-
Dr Fixit Repair Pro, Pidilite Construction Chemicals) having average 28 days
characteristic compressive strength of 57 MPa was used to replace removed concrete
[142]-[144]. After sufficient curing of new concrete for 21 days, bottom and side
surfaces of beam were well grounded to make them smooth to avoid any air gap
between concrete and the GFRP sheet to be wrapped onto the concrete beams. To
strengthen the beam in flexural, two strips of GFRP sheet 127 mm wide and 4100 mm
long were applied at the bottom surface (Figure 3.13). To prevent spalling of micro-
concrete, an additional single layer of U-wrap was provided in the middle 2 m length
of beam. The main objective of GFRP repair was to investigate the efficacy of GFRP
wrapping on improving the strength and capacity of RC beams when subjected to
deterioration due to corrosion at increasing levels. Figure 3.14 shows the steps involved

for repair of corroded RC beams.

RC beams corroded to different levels (C-10, C-20, C-30 and C-40) and subsequent
GFRP repaired beams (R-10, R-20, R-30 and R-40) were inspected for assessing the
extent of damage due to corrosion by vibration monitoring technique. Further these
beams were then subjected to flexural testing until failure for determining their load
carrying behaviour after corrosion and further when repaired against corrosion by
GFRP wrapping (Figure 3.15).

Figure 3.13. Schematic of GFRP repair
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Figure. 3.14. Steps involved in GFRP Repair of Beams

Figure. 3.15. Flexure testing set up

3.4 MONITORING CORRODED AND GFRP REPAIRED CORRODED
BEAMS USING AE

RC beams corroded to different levels (C-10, C-20, C-30 and C-40) and GFRP
repaired corroded beams (R-10, R-20, R-30 and R-40) were tested under flexural
(Figure 3.16 b). During flexural testing, simultaneously AE monitoring was also
performed using surface mounted AE sensors to investigate the failure and cracking
pattern in all corroded as well as repaired RC beams. The AE sensors are placed away
from GFRP wraps because practically they cannot be placed on the GFRP wraps
(applied 2m in the middle). The AE sensors are mounted over the surface of the beam
for detecting the elastic waveforms generated by micro-cracking under static loading

with a threshold of 45 dB to eliminate unwanted waveforms. AE-Win software
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(SAMOS Make) is used for extracting AE data providing various characteristics of AE
signals such their number and amplitude of AE hits, AE signal energy, duration and

counts of AE signal and rise time etc. (Figure 3.16 a).

" AE sensors mounted
on surface of beam in

U-wrapped in : : LYDT at
middle 2 m mid-point

(b) Actual AE set up used
Figure 3.16 Flexural testing set up in combination with AE
Figure 3.17 shows the flow chart for the methodology followed for objective 2 and

3 monitoring corroded and GFRP repaired corroded beams using NDT tools.
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Figure: 3.17 Flow chart for monitoring corroded and GFRP repaired corroded

beams using NDT tools

3.5 Closing Remarks

In this chapter, experimental details and methodology used in this study are
explained in detail. The specimen cast and NDT techniques used for monitoring real
time corrosion are discussed in detail. Further to explore behaviour of real size beams
corroded to varying level and repaired using GFRP using global vibration monitoring
and local acoustic emission technique has been explained in detail.



CHAPTER 4

MONITORING REAL TIME CORROSION USING NDT TOOLS

4.1 GENERAL

Non-destructive techniques that are able to estimate the residual strength of
corroding structures would help a great deal in strategizing post-corrosion maintenance.
This chapter reports combination of three non-destructive techniques for monitoring
corrosion initiation and progression, based on active wave propagation of ultrasonic
guided waves (UGW), passive wave propagation of Acoustic Emission (AE) and Infra-

Red Thermography (IRT) based thermographic images.

In this study, two types of damage simulating corrosion in the form of pitting and
delamination were introduced to the reinforcing steel bars and were analysed both in
air and as well as in concrete using UGW, AE and IRT techniques. Further, reinforced
concrete (RC) beam of 80 x 80 x 400 mm size were corroded to varying levels of
accelerated corrosion and progression of damage due to corrosion was monitored using
the combination of three NDT tools of UGW, AE and IRT. The results of rebars with
simulated corrosion damage was compared with actual corroding RC beams using the
three NDT techniques of AE, UGW and IRT.

4.2 SIMULATED DAMAGE MONITORING
4.2.1 UGW Monitoring
Bars in Air and Concrete

The bars with simulated corrosion damage representing pitting (Damage 1) and
debond damage (Damage 2) were subjected to UGW monitoring as explained in
Section 3.2.3. The transmitted signals were recorded in healthy and in bars with
simulated corrosion damages as shown in Figure 4.1 and Figure 4.3 respectively. The
relative change in the transmitted pulse with respect to transmitted signal in healthy bar
are plotted as pk-pk voltage ratio (transmitted voltage / pulse voltage of healthy bar) for

both types of simulated corrosion damage bars.

From Figure 4.1 it can be observed that ultrasonic transmitted signal strength

reduces with reducing diameter of the bar indicating increasing pitting in bar. Since the
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guided wave propagating through the bar reduces with reducing diameter it is observed
that for D4 (diameter reduced from 12 mm to 4 mm), the ultrasonic signal completely
vanishes, indicating that there is no more sufficient material left to transmit the signal.
Initially for D10 (reduced diameter to 10 mm), the fall in signal strength is lower but
thereafter shows a steep drop for D8 and D6 and ultimately drops to a very low for D4
bar. Similar trends and signatures were obtained as shown in Figure 4.2 when these
bars with simulated damage were cast in concrete. Bars with Simulated Damage 1
(simulating pitting) were cast in the concrete and ultrasonic signals were taken for the
same settings to consider the effect of concrete on the signals. UGW signatures and
their pk-pk voltage ratio trend with reducing diameter are represented in Figure 4.2.
From Figure 4.2 (a-e) similar trends are observed for bars with simulated damage 1
when embedded in concrete. A drop in signal is observed with reduction in diameter.
UGW signature for D6 is very small and it completely disappears in D4. An important
observation is the drop in signal strength when the same rebars are embedded in
concrete and UG signal are taken at same setting. It is due to attenuation caused by
leakage of the ultrasonic signal into surrounding concrete.

Similarly, for bars with increasing debond (simulated damage 2) in rebar in
concrete, it is observed that initially with increasing de-bond, signal attenuation is low
but at larger lengths of de-bond from 75 mm to 125 mm, a drop in voltage observed is
significantly higher. This is because the tapered length of bar from center attenuates the
waveguide travelling on the surface or the circumference of the bar. Similar trends were
observed as shown in Figure 4.4 when these bars with simulated damage 2 were cast
in concrete. Figure 4.4 presents UGW signatures and pk-pk voltage ratio trends for
increased length of debond in rebars embedded in concrete. Disturbances in the
signature can be noticed and similar trend of reduction in the pk-pk voltage is observed
as for the rebars in air. When debond length increases from 75mm to 100mm, highest
drop in the signals is noted indicating that the steel bar has lost sufficient area caused

by increase in tapered length and transmitted signals strength drops drastically.
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Figure 4.2. UGW signatures for the Simulated Damage 1 bars in concrete
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Figure 4.4. UGW signatures for the Simulated Damage 2 bars in concrete

Hence, it can be concluded that high frequency ultrasonic guided wave modes
[L(0,7) for 12 mm bar in concrete at 1 MHz] propagated through rebars in concrete can
easily pick up deterioration in bars in the form of area reduction indicating pitting and
debonding or delamination from concrete by fall in transmitted signal strength. Hence,
guided waves can be further used for monitoring actually corroding bars in concrete
(Section 4.4.2).

4.2.2 Damage Monitoring Using IRT for Simulated Damage Specimen

Further, the bars with simulated corrosion damages (1 and 2) bars were also
subjected to Infra-Red Thermography imaging and monitoring. Figure 4.5 shows IRT
image of a healthy rebar where maximum temperature recorded is 45.6 °C. No
temperature difference on the rebar is observed and it is uniformly red from core and
yellow on the surface indicating that the rebar has no undulation or cracks which leads
to temperature differences indicating its healthy condition. IRT images for the bars in

air as well as in concrete with Simulated Damage 1 and Damage 2 were also taken.
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Figure 4.5. IRT image of healthy rebar in air

Figure 4.6 shows the IRT images for bars in air with Simulated damage 1
representative of reduced diameter indicating pitting effects of corrosion. It can be
observed that there is a color difference at the locations where the reduction in diameter
is done in the central 50 mm length. As the diameter reduces from D10 to D4,
correspondingly temperature of the rebar in the centre increased from 41°C to 61°C
respectively. During the electric heating of the metal the portion of the bar with reduced
area of cross-section tends to be heated faster as compared to the rest of the bar leading

to increased temperature in that portion of bar with simulated damage.

Similarly, in Figure 4.7 it can be seen that the delaminated region shows different
surface temperature from the rest of the rebar with an increase in length of de-bond as
indicated by different colors in the IRT image. The temperature of L50 is lowest i.e.
32°C and L125 is the highest temperature at 71.3°C during heating. This is because
with increase in debond length, the region heats faster than the surrounding healthy
portion and shows increased temperature which leads to ease of picking up degradation

in bars.

Hence, in IRT images, damaged portion of the rebar’s in the form of reduced
diameter or increasing debond is clearly depicted by variation in temperature which is
well identified by color change in the IRT images. Hence, it can be concluded that IRT
images are capable of giving pictorial representation of the exact location of damage.
While UGW monitoring relates to the extent of damage, IRT picks up the exact location
of damage. This was further investigated for bars with simulated damages when

embedded in concrete (Figure 4.8 and 4.9).
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(a) D10 n (b) D8

(c) D6 (d) D4
Figure 4.6. IRT images of rebar in air for Simulated Damage 1 (Pitting)

(a) L50 B (b) L75

(c) L100 (d) L125
Figure 4.7. IRT images of rebar in air for Simulated Damage 2 (De-bond)
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From the IRT images of bars in concrete with simulated damage 1 & 2, clear image
of rebar inside concrete is visible. In IRT images of beams with Simulated Damage 1
increasing from CD10 to CD4, the temperature of the rebar increased in reduced
diameter region at constant rate from 40°C to 52.6°C and gets heated up earlier than
healthy bars (Figure 4.8 a-d). In the damaged region representing pitting corrosion
variation in thermographic image color is different from the rest of the rebar indicating
imperfection / damage in surface geometry leading to temperature variation. Similarly,
the damage in the form of increasing debond is also very clearly visible in IRT images
(Figure 4.9 a-d). As the de-bond length increases from L50 to L125 the temperature of
the rebar in concrete increases from 38.2°C to 41.1°C. The change in temperature as
compared to intensity of damage is less in bars embedded in concrete with simulated
debond sample as with increase in damage length concrete dominates steel and thus
ultimate change in surface temperature is less. Hence, it can be concluded that Infra-
Red Thermographic imaging is capable of exactly locating simulated damage in the

form of pitting and delamination in rebar in concrete. It is further explored for

monitoring rebars in concrete undergoing actual corrosion in concrete.

(a) D10 | (b) D8

(c) D6 (d) D4
Figure 4.8. IRT images of rebar’s in concrete for Simulated Damage 1 (Pitting)
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(a) L50 ] (b) L75

(c) L100 (d) L125

Figure 4.9 IRT images of rebar in concrete for Simulated Damage 2 (Debond)
4.3 DAMAGE MONITORING IN CORRODING RC BEAMS

The rebars embedded in concrete were subjected to accelerated impresses current
corrosion for varying degrees and levels of corrosion and further monitored using IRT.
During corrosion continuous non-destructive and in-situ monitoring of the beams was
done by visual inspection of beams, Ultrasonic Guided Wave and AE techniques. Along
with it, four beam specimens subjected to varying days of corrosion exposure (8, 19,
26 and 33) named as S8, S19, S26 and S33 were also subjected to IRT monitoring.
Further, after corrosion to specific durations beams were visually observed for their
deterioration inspection. The rebars extracted from corroded beams and the condition

of the corroded beams is also assessed.
4.3.1 Visual Observations

Visual inspection of the RC beams for S8, S19, S26 and S33 are shown in Figure
4.10. It is observed in S8 beam, after 8 days of accelerated corrosion only minor visual
corrosion effects were observed in the middle 100 mm length reflected by yellowish

corrosion product which is also observed in the X-section. This indicates beginning of
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corrosion in the S8 beam (Figure 4.10 a). With the progression of corrosion in S19
beam, reddish brown corrosion product is observed in the beam indicating increased
rust formation. This exerts pressure on surrounding concrete which is weak in tension
and hence appears as hair line cracks in the longitudinal direction and a transverse hair
line crack after 19 days of accelerated corrosion (Figure 4.10 b). As corrosion level
increases in S26 beam a large longitudinal crack appears in the entire beam surface
along with numerous hairline transverse cracks. An important observation is the
appearance of transverse crack in the middle of the beam pointing towards large
expansive and tensile effect on surrounding concrete due to huge corrosion leading to
busting stresses in concrete (Figure 4.10 c). Further in S33 beam both in longitudinal
and transverse direction huge and widespread corrosion cracks are observed in the
entire length of the beam.

(b) S-19

(¢) S-26

(d) S-33

Figure 4.10. Visual images of corroding RC beam

For all RC beams corroded to different level of corrosion the rebars were extracted
and also visually inspected. Figure 4.11 represents the extracted rebar samples from
RC beams corroded to varying level of corrosion. In S8 rebar very little corrosion
product is seen and in S19 extracted rebar, initiation of surface corrosion is observed in
the form of scaling off passive layer of oxides. In S26, corrosion pits were observed at
various places in the bars where as in S33 rebar’s pitting extends throughout the length
of bars with deep grooves and pits at various places. Hence, it can be concluded that

with increase in corrosion exposure, the embedded bar experiences increase in pitting
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and rust product formation along the length of bar when subjected to accelerated
chloride corrosion. Also the surrounding concrete experiences widespread longitudinal
as well as transverse cracking with increases corrosion exposure along with widespread

rust staining.

(b) S-19 Scale ofT

Huge pitting Huge pitting

Figure 4.11. Rebar’s extracted from the concrete samples

4.3.2 UGW Monitoring

The corroding concrete beams with rebars were also monitored using ultrasonic
guided wave (UGW) signal of L (0,7) mode at 1 MHz in pulse transmission mode. It is
important to note that UGW are propagated through rebars every 24 hours to record the
transmitted signals as the rebars corroded. Figure 4.12 shows the ultrasonic guided
waves signals obtained in S33 sample which was corroded till 33 days until the UGW
signal vanishes (Figure 4.12 a). The ultrasonic peak-peak voltage ratio with increasing
corrosion exposure is shown in Figure 4.13. It is observed that with increasing
accelerated impressed current corrosion consistent and continuous drop in signal
strength is observed. Initially for 5-6 days no drop is observed pointing towards ingress
of corrosion agents breaking down the passive layer but no significant effects on rebar
in the form of area reduction / pitting. During this time, the breakdown of passive layer
leads to debonding / delamination of bar from surrounding concrete which is not picked
up by this high frequency L(0,7) mode at 1 MHz. This mode is sensitive to deterioration
taking place in the core of the bar, rather than the surface owing to the energy being

concentrated in the central core portion of the bar. Thus it is influenced by local
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topography of bar rather than change in surface profile. It has been reported that lower
frequency mode called surface seeking mode would be sensitive to bar profile changes
like debonds and can easily pick up delamination of bar from surrounding concrete [42,
115]. The initial phase of breakdown of passive layer called delamination dominated

zone and is picked up by low frequency mode which have not been studied in this work.

The UGW signal starts dropping after 6 days indicating the initiation and
progression of corrosion in the form of pitting. Pitting leads to signal attenuation caused
by waveguide scattering and multiple reflections causing reduction in the transmitted
signal strength which falls at a rapid rate in later stages of corrosion. This is chloride
induced corrosion leads to increased pit formation as observed visually with increased
corrosion exposure. The ultrasonic signal completely vanishes in 33 days. Similar
trends were observed in S8, S19, S26 and S33 beams where in a decline in UGW signal
strength is observed with increase in corrosion level. The zone representing the

corrosion mechanism in chloride environment is also depicted in Figure 4.13.
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Peak to Peak Voltage Ratio

Another important observation is that the drop in signal strength with progressive
corrosion closely follows drop in signal in Simulated Damage 1 (reduced diameter) bars
in concrete (Figure 4.2). At 8 days, the UGW peak-peak signal voltage closely matches
with D10 signal strength indicating that in 8 days of corrosion leads to an average
reduction of 2 mm diameter of bars which closely matches with visual observation of
extracted rebar’s (Figure 4.11 a of S8). Similarly, a close match is observed between
signal strength at S18 and D8, signal amplitude S26 and D6 and S33 and D4 indicating

Total voltage 1.071V

(d) S-26 (e) S-33
Figure 4.12. UGW signature in corroded beam
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Figure 4.13. Peak to peak voltage ratio with corrosion

an average loss of 4mm, 6mm and 8mm at 19, 26 and 33 days of corrosion.
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Since a close match is observed between the actual average diameter of the corroded
bars at respective days of corrosion, a correlation has been attempted between ultrasonic
pk-pk voltage ratio in actually corroding bars and average residual diameter at a
particular stage (Figure 4.14). The empirical relationship between DR and R is given

as below

Dp = 6.2492 (R) + 5.737
(4.1)

Where, Dr- Average Residual Diameter

R- peak to peak voltage ratio at particular instant

Reduced Diameter

Diameter Reduced (DR)= 6.2492 (Peak to Peak Voltage Ratio) + 5,737

T
08 0

0 0.l 0. 0.3 04 0.5 0.6 0

Peak to Peak Voltage Ratio

Figure 4.14. Actual reduced diameter Vs UGW Signal

Hence, UGW can be effectively used for picking up corrosion initiation and
progression by using specific surface and core seeking guided wave modes. But it’s
important to note that GW are propagated through rebars in concrete and hence monitor
the effect of corrosion in rebars only and not on surrounding concrete. It has been
observed that UGW fails to identify corrosion in its initial stages and does not pin point
the damage location. Hence, further AE technique is adopted to overcome these
limitations of UGW along with IRT monitoring. AE has demonstrated potential in
detecting initiation of corrosion along with its location. IRT gives a pictorial data which

point out the exact location of damage beneath the surface. Thus combination of the
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three NDT tools would lead to comprehensive damage monitoring strategy for rebars

in concrete.
4.3.3 Acoustic Emission Monitoring

AE sensors were mounted on the surface of beam as briefed in Section 4.2.5
and Figure 3.5. It is important to note AE monitors the effects of corrosion in concrete
as against UGW which measures deterioration in rebars only due to corrosion. AE
parameters of cumulative AE hits, amplitude of AE hits and AE X-Y event plots are
studied in detail to understand corrosion initiation and progression effects on
surrounding concrete.
4.3.3.1. Cumulative AE Hits

Cumulative AE hits were recorded in concrete beams as it undergoes
accelerated corrosion for 33 days (Figure 4.15). It is observed that AE hits start
appearing right from the beginning of accelerated corrosion indicating initiation of
micro-cracks due to corrosion in surrounding concrete. It is probably due to breakdown
of passive layer leading to AE events of smaller amplitude in the surrounding concrete
(delamination dominated zone) (Figure 4.15). AE hits increase up to 8 days slowly
indicating the initiation stage of steel de-passivation resulting in micro-cracking in
concrete in the beam. The average amplitude of AE hits in this initial stage ranges
between 40-45 dB. This illustrates that AE monitoring effectively captures the
corrosion activity right from the beginning while no significant change in UGW signal
is observed (Figure 4.13) marked by slow increase in AE hits and relatively low
amplitude indicating minor cracking in the surrounding concrete due to steel.

Further, AE hits increases at a faster rate with increase in corrosion beyond 8
days, indicating micro-cracking as a result of tensile pressure exerted by the rust
product on the surrounding concrete. During this Phase-11 Micro-Cracking Stage, a
steep fall in peak to peak voltage ratio is also observed in UGW monitoring (Figure
4.13). Hence, Phase Il of micro cracking indicates the transition phase where both
delamination and pitting take place whereas in GW monitoring (from 8 to 19 day). In
this stage, the average amplitude of AE hits lies the range of 55 dB to 70 dB which is
higher than in phase | of AE monitoring (Figure 4.16 b). Further in 26 days a sudden
sharp rise in AE hits is observed, pointing towards transformation of micro-cracks into

macro-cracks in concrete leading to spread of corrosion in concrete and is termed as
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Phase 111 Macro-Cracking phase of AE monitoring. It corroborates to pitting zone of
GW monitoring where pitting dominates the corrosion mechanism and leads to macro-
cracking in concrete. In this stage, amplitude of AE hits shows highest average value
of 75 dB to 85 dB (Figure 4.16 c) pointing towards major AE activity in this zone. AE
hits from 26 -33 days indicate a slow rise in AE events as major cracking has already
occurred in Phase I11. The AE hits recorded in this phase are due to the expansion of
macro-cracks already present in the beam. Similar trends were observed in all other
samples S8, S19 and S26. This indicates that the phenomenon of chloride induced
corrosion is repeatable within experimental errors.

Hence, cumulative AE hits and their amplitudes provide a clear representation
of initiation as well as progression of corrosion in the form of micro- and macro-
cracking stages in concrete beams subjected to accelerated corrosion. AE hit plot
correlates well with UGW for monitoring RC beam under corrosion but has over edge
over UGW monitoring especially detecting initiation of corrosion in concrete along
with its effect on surrounding concrete. UGW only measures the deterioration in rebars
and doesn’t reflect the effect on surrounding concrete which is more relevant for RC
structures so that proper remedial measures can be taken before the corrosion reaches

catastrophic level.
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Figure 4.16. Amplitude of AE hits Vs Time

An attempt has also been made to relate AE activity in the form of percentage
of AE hits with different phases of corrosion deterioration. About 20% of cumulative
AE hits are observed to occur in Phase | representing initiation of corrosion. With
increase in corrosion level, a major jump in percentage of AE hits is observed. In Phase
11, about (~60-75%) AE hits are observed which represents major AE activity in the
surrounding concrete as a result of micro-cracking. Further, constant increase in AE
hits are observed until 95% of cumulative AE hits are recorded in Phase Il of micro-
cracking which indicates that most of the micro-cracks have coalesced into macro-
cracks in their advanced stage of corrosion. These AE hits represents the expansion of
micro-cracks into macro-cracks and ultimately leading to the failure of beam in Phase
V.

Further, the spread of AE activity in beams in X-Y direction is studied as AE
X-Y event plots.
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Table 4.1. Damage level in concrete due to corrosion

% AE hits Damage Phase
14510 16.3 % | — Delamination Dominated Zone
60 to 75.24 % Il — Micro-cracking
7510 95.02 % Il — Macro-cracking

Upto 100 % IV - Failure

4.3.3.2 Damage localization using AE X-Y event plots

The pattern of cracking due to corrosion and its progression is represented and plotted
in the form of 2-D AE X-Y event plots. The AE events recorded during the increasing
corrosion exposure are pictorially represented at various stages (Figure 4.17). The red
dots are the AE events recorded. AE events are primarily representative of cracking in
concrete due to corrosion. The formation of voluminous rust product leads to tensile
stresses in concrete. Concrete, being very poor in tension, cracks and energy is released
as a result of cracking leading to AE events. In the initial stages of corrosion scattered
AE events are being observed with no visual sign of cracks on the surface of beam,
(Figure 4.17 a). This events are recorded due to minor cracking in surrounding concrete
as a result of breaking down of passive layer on rebars in the initial stages of corrosion.
After 8 days of accelerated corrosion (S-8) minor hairline cracks appear on the surface
of concrete beam and the same is observed by increased red dots in AE event plot which
continues till 19 days. In S-19 sample, a dense matrix of AE events is observed in the
form of vertical and transverse loops as observed visually (Figure 4.17 b). From 19 to
26 days, a longitudinal crack at the centre is observed along with numerous transverse
cracks throughout the length with reddish brown liquid oozing out of them (Figure 4.17
c). The same is represented by AE event plot which give a pictorial representation of
cracks development in 2-D beneath the concrete surface. On further corrosion AE event
map was crowded by events representing a major longitudinal crack along the length
along with major transverse crack (Figure 4.17 d). Thus AE event plot provide a
pictorial representation of initiation as well as progression of corrosion cracks inside
concrete and well localizes the zone of major AE events where corrosion cracks are

observed in actually corroding beams.
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Hence, AE monitoring of RC structures for corrosion is successful in picking
up initiation as well progression in the form of micro and macro-cracking in concrete
along with pictorial representation of cracking evolution by AE event plots

(d) S-33
Figure 4.17. AE X-Y event plot
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4.3.4 IRT monitoring

IRT images were taken continuously for the corroding beams at regular intervals
to illustrate sub-surface damage in the concrete beams or in embedded rebar’s due to
corrosion. Figure 4.18 (a) represents the IRT image in the healthy beam which uniform
surface temperature noticed around the rebar which indicates healthy condition of rebar.
Figure 4.18 (b-e) represent the IRT images of the beam sample at different degrees or
levels of corrosion damage. IRT image of S-8 sample after 8 days of corrosion indicates
no major surface temperature difference since there is only scaling off and minor
initiation of corrosion as observed visually from the extracted bars from S-8 beam. But
IRT images does indicate minor surface modification (Figure 4.18 b). Further as
corrosion proceeds in S-19 beam, a considerable surface temperature variation is
observed indicating signs of corrosion at various places of rebar and at the beam ends
of rebar (Figure 4.18 c) in the form of temperature gradient. The damage portion is also
represented by different color as rate of dispersing heat of corroded material is different
as that of steel. In S-26 beam, major temperature difference is observed as corrosion
activity is at its peak which are represented by red spots indicating pitting of rebar
(Figure 4.18 d). For S-33 beam as a result of corrosion a large longitudinal crack
appears on the surface which is also clearly distinguished by IRT image (Figure 4.18
e).

Hence, IRT imaging of bars undergoing corrosion in concrete is not only able
to pick up initiation of corrosion but also its spread and actual location as corrosion
progresses as indicated by color and temperature gradient in the thermography images.
IRT clearly localizes the region of damage and also picks up consequential cracking in
concrete (Figure 4.18 e) clearly observable as a major corrosion crack. This crack was

observed in IRT image after 33 days of corrosion.

: ——t iy o et
|

Healthy sample with constant
temperature throughout

(a) Healthy RC beam
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(c) S19 beam

Major Corrosion Crack

(d) S26 beam (e) S33 beam

Figure 4.18. IRT images of RC beams on different time intervals
4.4 COMPARISON OF DAMAGE WITH TEMPERATURE PROFILE

The bars with Simulated Damage (1 and 2) and beams subjected to accelerated
impressed current corrosion were monitored using Infra-red Thermography as
discussed above. It has been observed that with increasing damage, there is a visible
change in temperature profile of each specimen. Hence, this correlation is plotted with
increasing damage in Figure 4.19. For the bars with simulated pitting damage, it is
observed that there is steep rise in the surface temperature with increasing pitting level
when bars are monitored in air as well as when embedded in concrete (Figure 4.19a).
Similar variation in temperature profile is observed with simulated debond damage for
bars in air but there is a very minor variation in temperature when bars with debond
damage are embedded in concrete (Figure 4.19b). This may be due to the dispersion of
heat in highly attenuative surrounding concrete. Thus, it can be concluded that to detect
initiation of corrosion (debonding of bar from surrounding concrete) using other NDT

techniques along with IRT.

Further in RC beams subjected to accelerated corrosion, it is observed that there is
insignificant change in temperature profile of beam upto 10days (Small corrosion level)
but with increase in corrosion, from surface scaling to pitting, there is a drastic change

in surface temperature from 40°C to 92°C. Hence, it can be concluded that variation in
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temperature profile in RC beams subjected to actual corrosion conditions can serve as

an indicator of deterioration due to corrosion at later stages (Figure 4.19c).
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45. COMPARISON OF NDT TOOLS

This work proposes a combined monitoring methodology for real time corrosion
damage detection in RC structures. UGW for monitoring of rebar condition

monitoring, AE for consequent cracking in surrounding concrete due to corrosion and
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further IRT for imaging the deterioration in steel rebar’s as well as concrete is suggested
as NDT tool for monitoring corrosion in RC structure. UGW fails to pick up corrosion
in the early stages and provide only likelihood of corrosion initially. It also requires the
exposure of rebars at the end for monitoring condition of corroding beam. On the other
hand, AE sensors are surface mounted on concrete structure for passive monitoring. It
has the advantage of giving indication of initiation of corrosion along with damage
progression. Also it has advantage of monitoring effect of corrosion on surrounding
concrete. Additionally, AE monitoring of the structure does not disturb the working of
structure. But AE sensors are to be mounted throughout the process of monitoring while
UGW probes are mounted as and when observation are made. AE has also successfully
gives a pictorial representation of AE events indicating corrosion cracking and damage
state in the corroding RC beams. Amplitude of AE hits are also indicator of damage
level in surrounding concrete.

IRT has the advantage of proving thermal images making use of temperature
difference of material and air gaps developed due to corrosion to distinguish damage.
It gives a clear pictorial representation / photograph of bars as well as surrounding
concrete. Hence, judicious combination of active UGW and passive AE monitoring
along with optical IRT serve as a potential health monitoring strategy to monitor
corrosion right from its initiation to progression in RC structures.

4.6 CLOSING REMARKS

The chapter reports a combination of 3 non-destructive techniques based on wave
propagation principles and thermographic imaging for corrosion in concrete before it is
visible on surface. Bars with simulated damage (Damage 1 and 2) were monitored using
Ultrasonic Guided Wave along with Infrared thermography in air as well as in concrete.
Healthy bars of diameter 12 mm were cast in concrete beam and were subjected to
accelerated corrosion and were simultaneously monitored using surface mounted AE
sensors, ultrasonic guided waves and Infrared thermography. These results of simulated
damage and actual corrosion using different NDT techniques were correlated and
expression were derived. Also the effectiveness of 3 non-destructive tools of AE, UGW

& IRT for real time corrosion monitoring is explored.
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CHAPTER S

MONITORING CORRODED AND CORROSION REPAIRED RC

BEAMS USING VIBRATION MONITORING
5.1 GENERAL

Real size RC beams of 127 x 227 x 4100 mm were subjected to varying degrees of
corrosion (10, 20, 30 and 40 days) and their vibration signatures are recorded using
impact hammer set up. One set of corroded beams are subjected to different levels of
corrosion repaired with GFRP sheets (R-10, R-20, R-30 and R-40) and also subjected
to vibration monitoring to record the dynamic characteristics. Corroded and GFRP
repaired corroded beams were further subjected to four-point flexural loading and their
performance due to increasing corrosion and GFRP repair is assessed. Finally, an
attempt has been made to correlate the Damage Index obtained from vibration
diagnostic with ultimate load carrying capacity in corroded as well as GFRP repaired

corroded beams obtained from flexural loading.
5.2 MONITORING DAMAGE IN CORRODED AND REPAIRED BEAMS
5.2.1 Visual Observations

Visual inspection of all corroded beams (C-10, C-20, C-30 and C-40) was done to
determine the level of damage due to corrosion. Minor signs of corrosion were observed
in C-10 beam with reddish brown patches at few places on the surface with very few
minor hairline cracks (Figure 5.1 a). The number of these minor-cracks and reddish
liquid oozing out these cracks increased in C-20 (Figure 5.1 b). Further C-30 beam,
indicated severe corrosion damage as minor transverse cracks were also seen in addition
to longitudinal cracks with widespread corrosion product oozing out of these cracks.
Another significant change observed was the change in the colour of rust product from
reddish brown to brownish -black pointing towards severe corrosion (Figure 5.1 c).

In C-40 beam, along with numerous transverse cracks a major longitudinal crack
parallel to tensile reinforcement was observed (Figure 5.1 d). These cracks developed
were as a result of tensile force exerted by the corrosion product on the concrete. Hence,
as the level of corrosion increases, colour of rust product changes its colour from
reddish brown to black which is an indicator progression of corrosion damage beneath

the surface. Along with this development of micro-cracks and their transition to
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transverse cracks along with longitudinal crack is a clear representation of severity of

damage due to corrosion.

. (2) C-10 beam ’
with minor
hair line

(h) C-20 beam
| with minor
cracks through | =
| out the surface }

(¢) C-30 beam
with transverse
cracks

(d) C-40 beam
with u large
longitudinal

crack along with ‘
ransverse cracks I .

Figure 5.1. Beams corroded to different levels of accelerated corrosion
5.2.2 Corrosion Current

To ascertain the level of corrosion in various RC beams subjected to impressed
current corrosion in chloride environment, corrosion current was recorded after every
day. The increase in the corrosion current at constant voltage is an indicator of
increasing corrosion of bars in concrete (Figure 5.2). Along with this RC beams were
visually inspected to relate to various signs of corrosion. The corrosion current initially
rises very slowly for 1-2 days and then becomes constant for 5-6 days owing to the
resistance offered by the passive layer of oxides on rebar. Further the corrosion current
increases steadily from 6 up to 32 days indicating the breakdown of passive layer by
chloride ions and initiation and consistent progression of corrosion. A sudden jump in
corrosion current values is observed at day 34 pointing towards severe damage to main
steel in the form of pitting. It was observed that breach of passive layer and initiation
of corrosion as depicted by rise in corrosion current was also confirmed by reddish
brown liquid oozing out from various hair line cracks at different stages of corrosion.
With increasing corrosion levels and progression of corrosion, the spread and width of
cracks increased and change in colour of corrosion product from reddish brown to black

was observed.
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To quantify various level of corrosion, theoretical mass loss is calculated using
Faradays’ law which is compared with the actual mass loss experienced by the extracted
bars after undergoing different extents of corrosion. In order to calculate actual mass
loss, tensile and compression bars were extracted after flexural testing. Concrete and
corrosion product stuck on the surface of bars was cleaned and then bars were
thoroughly washed using acetone and the residual mass was noted. The extracted bars
were also tested in fully compressed servo- controlled Universal Testing Machine
(UTM, Hung Ta Instrument, Make, Taiwon of capacity- 1000 kN) for residual tensile

strength measurements with increasing corrosion.
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Figure. 5.2. Impressed corrosion current variation with time

Table 5.1. Destructive Test Parameters at varying corrosion levels

Average Theoretical | Ultimate Tensile | Loss in Ultimate
mass loss mass loss Strength Tensile Strength
(%) (%) (N/mm?) (%)
C-0 0 0 680.7 0
C-10 8.3 7.8 512.4 24
C-20 114 10.5 481.1 29
C-30 24.3 21.9 371.9 45
C-40 33.2 34.9 326.2 52

Table 5.1 exhibits the actual as well as theoretical mass loss experienced by
reinforcing bars at different stages of corrosion which closely match with each other. A

distinguishing observation is significant fall in tensile strength as against relatively
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small drop in mass loss. After 10 days and 20 days of accelerated corrosion, 8.3% and
11.4% mass loss is observed with significant 24% and 29% drop in tensile strength
respectively. Similarly, in C30 and C-40 beam samples, 24.3% and 33.2% mass loss is
observed with huge 45% and 52% loss in tensile strength respectively. This is very
alarming and misleading as mass loss is insignificant in comparison to loss in tensile
strength and can lead to catastrophic failures before giving an impending warning.
Hence, it becomes very pertinent to monitor damage at different stages of loading to
know the level of damage so that remedial measures can be taken at nascent stages.

5.2.3. Vibration Characteristics

For control, corroded and GFRP repaired corroded RC beams, changes in the
dynamic characteristics with increasing damage and further repair is studied using
global vibration diagnostics. The structures are made up of components possessing
finite level of stiffness, rigidity, mass and non-perfect energy transfer characteristics.
These properties are characterized by physical properties of structure such as Young’s
modulus, shear modulus, bulk modulus and mass distribution. As a result of damage
and deterioration, there is change in mass and stiffness of the structure which directly
influences the E and | of the structure leading to change in the modal parameters
including FRF response. The FRF response is the function of these modal parameters
and is studied for evaluation of damaged and repaired beams. The FRF signals obtained
from corroded and corrosion repaired beams are compared with the baseline signal
obtained from the control healthy beam to relate to the level of deterioration in corroded
beams and further their improvement in characteristics in repaired beams. Experimental
frequency of control beam (18 Hz) was observed very close to the theoretical

fundamental frequency (19 Hz), indicating the accuracy of testing.
e Corroded Beams

Figure 5.3 shows the FRF response of beams subjected to increased level of
corrosion. Table 5.2 represents the vibration characteristics of the corroded RC beams
obtained from FRF plots. It is observed that with increasing corrosion damage, 7.4%
drop in FRF signal amplitude is observed in C-10 beam as compared to C-0 beam with
no significant shift in frequency. This may be due to improvement in bond between
steel and the surrounding concrete as a result of formation of voluminous corrosion
product having volume 4-6 times the original steel.
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Table 5.2. Vibration characteristic of Corroded Beams

Natural Frequency Amplitude Damage Index wrt FRF
(Hz) (m/s?/N) X 1072 amplitude(%o)

C-0 18 6.99 0
C-10 18 6.47 1.4
C-20 17 6.12 12.46
C-30 16 5.53 20.86
C-40 15 4.26 39.05
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Figure. 5.3. FRF response of Corroded Beams

Further, in C-20 beam, a shift of 6.55% in fundamental frequency towards lower
side is observed with a drop of 12.46% in FRF amplitude. It may be due to attenuation
effect of voluminous corrosion product on vibration signals as well as due to
development of micro-cracks at steel concrete interface due to expansive corrosion
product since concrete is weak in tension which reduces the overall FRF amplitudes.
With further increasing level of corrosion, in C-30 beam, an increased shift of 11.11%
in fundamental frequency and drop of 20.86% in FRF amplitude is observed. Numerous
cracks were observed due to tensile force exerted on the concrete by rust product. In
heavily corroded C-40 beam, the integrity of beam is highly compromised, which leads
to an alarming shift of 17% in fundamental frequency and drop of 39% in FRF

amplitude.
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To know the extent of damage in a structure, damage assessment is necessary which
is done by calculating the Damage Index (DI). This index depends upon the specific
damage parameters such as structural stiffness, strength degradation, stiffness
degradation, deformation, energy dissipation and dynamic properties of structure.
Various researchers developed different damage indexes depending upon specific
dynamic properties, such as change in the natural frequency, mode shape and
Frequency Response Function (FRF) [145] presented a damage index based on the
change of frequency ratios. This method considers fundamental structural frequencies
before and after damage. The authors concluded that if the new vibration signature
obtained during a routine operation deviates from that of the baseline value, then the
structure should be checked for possible local defects developed the Modal Flexibility
Damage Index. [146] This index compares flexibility matrices from two sets of mode
shapes [106] presented an FRF-based mode shape method that uses FRF data taken
directly from structures without any intermediate steps. Typical vibration identification
assumes that the dynamic property of a structure is a sensitive indicator of its physical
integrity. When any of the properties like mass, stiffness, or damping of the structure
changes due to a structural defect, the vibration response of the structure will also
change concluded that the magnitude of FRF decreases with the increase in the level of
damage in the RC building model [147]-[149]. There is large reduction (more than
50%) in FRF magnitude at state of first visible crack.

FRF based damage index is one of most effective way to relate to the health of the
structure at different stages of damage. The change in fundamental frequency and
magnitude of FRF of a system defines the damage extent and behaviour. So to assess
and quantify the level of corrosion cracking in the RC beams, in this work FRF based
Damage Index (DI) based on variation in FRF magnitude is used[57]. It is because
change or shift in fundamental frequency vis-a-vis the extent of corrosion damage was

not as significant as drop in FRF amplitude with increasing corrosion.
D.I (%) = =% X 100 (5.1)
o
Where: -

Ao = amplitude of healthy sample, Ai = amplitude of corroded beam
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From Table 5.3, it is observed that DI increases for corroded beams with
increasing corrosion levels from 7.4 % in C-10 to 39.05%in C-40 beam. With
increasing corrosion level, corrosion cracks extend from steel-concrete interface to
surrounding concrete and upto surface. This widespread cracking in concrete dissipates
the vibration signal leading to fall in FRF amplitudes. Thus, as the damage due to
corrosion increases, there is a drop in FRF amplitude of the vibration signal from 6.99
x 1072 for C-0 beam to 6.47 x 107 for C-10, 6.12 x 10 for C-20, 5.53 x 102 for C-30
and 4.26 x 1072 for C-40 beam leading to increase in DI from 7.4% for C-10 to 39.05%
for C-40 beam. Hence, FRF magnitude based DI measures and quantifies the extent of
deterioration caused by increasing corrosion in RC beams based on dynamic
characteristics and can be used as a potential indicator of integrity of structures.

Hence, it can be concluded that with the increase in the level of corrosion, a shift in
fundamental frequency is towards lower side along with a drop in FRF magnitude is
observed pointing towards increasing degradation and damage due to cracking in
concrete caused by increased corrosion exposure. Vibration monitoring can effectively
pick up degradation due to increasing corrosion in RC beams marked by reduction in
fundamental frequency and drop in FRF amplitudes well quantified by increasing DI

values.
e GFRP repaired corroded Beams

RC beams corroded to different levels were repaired using GFRP wraps and
subjected to vibration monitoring. A significant improvement in fundamental frequency
and FRF amplitudes was observed after repairing the corroded RC beams with GFRP
wrapping (Figure 5.4 and Table 5.3). Damage index is also computed for repaired

beams vis-a-vis with respect to original corrosion level.

Corrosion repaired R-10 beam shows an increase of 6.26% and 8.2% in
fundamental frequency and FRF amplitude respectively in comparison to originally
corroded C-10 beam. Also in comparison to the control beam (C-0), an increase of
6.26% and 0.85% in fundamental frequency and FRF amplitude respectively was
observed in R-10 beam (Figure 5.4 a). This point out the fact that GFRP repaired
corroded beam outperformed even the healthy beam which indicates the effectiveness

of GFRP wrapping in corroded beams.
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An improvement in the vibration parameters after repair of corroded beams occurs
due to confinement of the cracked and damaged concrete by micro-concreting followed
by GFRP wrapping. It leads to the improvement in the structural integrity of corroded
specimens after repair. Similar observations are made with R-20 beam which shows an
increase of 6.55% in fundamental frequency and 10.91% in FRF amplitude in
comparison to originally corroded C-20 beam. (Figure 5.4 b). R-30 and R-40 beams
also exhibited improved fundamental frequency and FRF amplitude in comparison to
corroded C-30 and C-40 beams. While R-30 beam shows an increase of 6.88% and
14.56% in fundamental frequency and FRF amplitude in comparison to C-30 beam
(Figure 5.4 c), R-40 exhibited an increase of 6.25% and 27.79% in fundamental

frequency and FRF amplitude respectively in comparison to C-40 beam (Figure 5.4 d).
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Figure. 5.4. Comparison of FRF signals of corroded and corrosion repaired

beams

But the FRF magnitudes recorded in severely corroded C-30 and C-40 beams and
further repaired beams was less in comparison to the original control beam. This
indicates that even after repair with GFRP wraps, the original strength could not be

recovered since these beams were in a highly dilapidated condition and steel rebars as
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well as the concrete matrix was badly deteriorated. Beams couldn’t recover their
original strength and integrity even by replacing damaged concrete by high strength

micro-concrete and GFRP wrapping.

Table 5.3. Vibration characteristics of GFRP repaired corroded beams

Natural Frequency Amplitude Damage Index wrt FRF
(Hz) (m/s?/N) X 1072 amplitude (DI)
C-0 18 6.99 0
R-10 19 7.05 -0.8
R-20 18 6.87 1.68
R-30 17 6.48 7.37
R-40 16 5.82 16.63

From Table 5.3, decreased DI values of repaired specimens as compared to
corroded specimen depict the enhanced strength and integrity of RC beam. In R-10 and
R-20 beam DI measured is -0.8 and 1.68 which represented their behaviour is almost
equivalent to a healthy beam. Similar improvement in performance after repairing
severely corroded beam R-30 is observed. In severely corroded and then repaired beam
R-40 beam, a drop of 60 % in DI value is observed as compared to C-40 which is
impressive but a Damage Index of 16.63 is on a relatively higher side. It indicates that
the repair of corroded beams with GFRP wrapping will be most effective when the
reinforced concrete structures are not heavily corroded and compromised. Hence,
regular monitoring of RC structures for corrosion damage should be done so that proper
remedial measures could be adopted well within time to prevent catastrophic damage.
Vibration monitoring technique thus, has the potential to monitor integrity of RC

structures for corrosion assessment even when they are repaired with GFRP wraps.

Hence, it can be concluded that vibration monitoring for system identification and
damage detection can be applied to RC beams undergoing increasing levels of corrosion
as well as can be effectively used for monitoring their performance when the RC beams
are further strengthened and repaired against corrosion by GFRP wrapping. The
variation in dynamic characteristics of FRF amplitudes and frequency is a good
indicator for monitoring of condition of pre- and post-repair of RC structures subjected
to corrosion. Thus, vibration monitoring technique scan serve as global health
monitoring tool for investigating the performance of GFRP repaired RC structures also
along with local techniques to localize damage regions.
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5.3 FLEXURAL TESTING
5.3.1 Load- deflection Characteristics

All ten RC beams (one healthy, corroded and corrosion repaired beams) were
tested under four-point bending. Load-deflection characteristics were observed to
determine the change in ultimate load and deflection with the increase in corrosion level
and effect of GFRP repairing in restoring the strength so as to relate the non-destructive

global measurement parameters with actual condition of the beams.

Control beam (C-0) when tested in bending exhibited pure flexural failure at an
ultimate load of 46.95 kN and deflection of 81.05 mm. The load-deflection plot shows
two specific phases namely - Linear phase and Plastic phase. During initial stages of
loading minor hairline cracks are observed on the tensile surface at a load of 7 kN.
These hairline cracks became visible at a noticeable deflection of 14 mm and a load of
19kN. This linear trend continued until proportional limit of steel is reached at a load
of 37 kN (Figure 5.5) and the corresponding zone is referred as Cracked Linear Zone.
On further loading, the cracks spread and get distributed throughout the beam pointing
towards steel yielding, which is also represented by minor increase in load
corresponding to major increase in deflection. This zone is referred as Cracked Plastic
Zone. Ultimately the control beam fails in pure flexure with concrete crushing in the

compression zone and steel yielding in tension zone.
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Figure. 5.5. Load deflection characteristics of control beam (C-0)
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e Corroded Beams

RC beams corroded to varying levels of corrosion, when subjected to flexural
loading exhibit fall in ultimate loads and deflections with increase in corrosion level.
In C-10 beam, a significant drop of 24.6% in ultimate load and 14.37% in deflection is
observed in comparison to control beam (C-0) (Figure 5.6 a). This drop in ultimate
load and mid-span deflection with minor hairline cracks on surface represents the
deceptive behaviour of corrosion. Similarly, with few visible corrosion cracks in C-20
beam, a huge drop of 36.34% in ultimate load and 34.85% in mid-span deflection is

observed in comparison to C-0 (Figure 5.6 b) (Table 5.4).

Table 5.4. Load-Deflection characteristics of beams

Samples Corroded beams Samples GFRP repaired beams
Ultimate Ultimate Ultimate Ultimate
load deflection load deflection

(kN) (mm) (kN) (mm)
C-0 46.95 81.05 - - -
C-10 34.63 69.4 R-10 46.3 96.28
C-20 29.25 52.8 R-20 42.5 91.83
C-30 20.24 46.39 R-30 32.02 77.31
C-40 14.94 30.95 R-40 26.73 50.44

Further, in case of heavily corroded beams (C-30 and C-40), a sudden brittle failure
is observed which is alarming. In C-30 beam, corrosion cracks integrated to form a
large vertical cracks and the beam ultimately failed suddenly at a load of 20.24 kN with
an ultimate deflection of 46.39mm (Figure 5.6 c). In comparison to control beam, a
drastic drop in load and deflection of 56.9% and 43.9% respectively is observed, which
is very huge and alarming. Finally, in heavily damaged C-40 beam a sudden brittle
failure is observed at an ultimate load of 14.95 kN and 30.95 mm mid-span deflection
(Figure 5.6 d). Thus it clearly demonstrates the unpredictable behaviour of corrosion
and its adverse effects which could ultimately lead to catastrophic failures if not
intercepted at the right time and a proper remedial measure is not initiated.

Hence, corrosion, as expected, causes deterioration in the RC beams as depicted by

a drastic fall in load carrying capacity with an increase in corrosion levels. Even at
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initial stage of corrosion as identified visually, there is a considerable drop in the load
carrying capacity of the beam, which is very misleading. Hence, it becomes mandatory
to monitor and assess the damage in RC structures for corrosion, so that proper re-
strengthening can be done before it leads to catastrophic failures GFRP repaired

corroded Beams

Corroded RC beams with varying level of corrosion were repaired with micro-
concrete and GFRP wrapping when subjected to flexural loading showed enhanced load
carrying capacity as compared to originally corroded beams. As a result of wrapping,
change in the mode of failure is also observed from brittle failure (concrete crushing)
to ductile failure (debonding of GFRP sheets). A tremendous increase in number of
cracks in repaired beams was also observed as compared to corroded as well as control
beams. This is attributed to the strain-hardening and multiple cracking characteristics

of micro-concrete due to its micro structure in the repaired beams.

R-10 and R-20 beams reported impressive results as compared to original
corroded beams (C-10 and C-20) marked by increase in load carrying capacity by
33.69% and 46.29% along with increase in mid-span deflections by 37.29% and
73.92% (Figure 5.6 a&b). The improved performance of GFRP repaired corroded
beams is due to strengthening effect of high strength micro-concrete along with GFRP
sheets which not only provides strength but also gives confinement to the beams, which

enables them to behave as a single intact unit.

In heavily corroded RC beams (R-30 and R-40) an increase in ultimate load of
58.20% and 78.91% along with 70.32% and 62.97% increase in mid-span deflection in
comparison to C-30 and C-40 beams is observed (Figure 5.6 c&d). When compared
with the control beam (C-0), reduced ultimate load by 30.31% and 41.8%, and the
deflection by 4.6% and 37.7% was observed. Thus drop in ultimate load and defection
for R-30 and R-40 demonstrate the inadequacy of repair at this stage of corrosion.
Hence, it is recommended to arrest corrosion in its early stages before it leads to a
catastrophic failure. It is only possible if initiation and progression of corrosion at
various stages of loading can be picked up by non-destructive testing tools like global
vibration monitoring tools or local monitoring tools like Acoustic Emission as

explained in chapter 6.
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Figure 5.6. Load-Deflection characteristics of corroded and repaired beams
54  CORRELATION BETWEEN DI AND ULTIMATE LOAD
5.4.1 Corroded Beams

To assess the condition of RC beams at different levels of corrosion, an attempt is
made to correlate vibration characteristics in the form of Damage Index (DI) with
destructive parameters of ultimate load carrying capacity to facilitate non-destructive
testing evaluation of corroding RC beams and further when they are repaired with

GFRP wrapping.

As RC beams were corroded at different levels, a drop in ultimate load was
observed. In C-10 beam, with few signs of corrosion, drop of 24.63% in ultimate load
was observed. This fall in ultimate load with the increase in corrosion level was
observed upto 67.48% for C-40 beam. This can be directly correlated with a consistent

drop in FRF magnitude reported as DI (Equation 5.1) since the shift in frequency was
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not as significant and prominent as fall in amplitudes with increasing corrosion level in
RC beams (Refer Table 5.2).

A linear empirical correlation is established between ultimate load and DI (Figure
5.7) as given by the Equation (5.2) below. It will facilitate timely remedial measures to
be adopted for prevention of further corrosion in RC beams. This correlation will give
ultimate load carrying capacity in the RC beams at varying levels of corrosion based
upon the Damage Index calculated from vibration diagnostics. Hence, it facilitates the
use of vibration monitoring parameter of FRF magnitude for relating the ultimate load

carrying of beam undergoing progressive accelerated corrosion.

(UL)ge = —0.77 (DIy) + 41.22
(5.2)

Where
UL= Ultimate load carrying capacity at different instants in corroding beams

Dli = Damage Index at different instants in corroding beams
50

- U.L, =-0.7657 (D.L) + 41.218
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Figure 5.7. Correlation of DI with Ultimate Loads with increasing corrosion
damage
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5.4.2 GFRP Repaired Corroded Beams

An attempt is also made for correlating load carrying capacity of GFRP repaired
corroded beams with Damage Index w.r.t FRF magnitude. Beams when repaired with
micro-concrete and GFRP wraps, preformed well as compared to original corroded
specimens, but a fall in ultimate load is observed with increasing DI even after repair
as compared to healthy control beam (Refer Table 5.3). In R-30 and R-40 beams, a
drop of 30.31% and 41.82% respectively in ultimate load as compared to C-0 is
observed which is alarming. An empirical equation (5.3) is attempted to obtain a
relationship between Ultimate Load and Damage Index for repaired beams (Figure
5.8).

(UL)ig = —1.26 (D) g + 44.7
(5.3)

Where:

(UL)wr = Ultimate load at different instants in GFRP repaired corroded samples

(DI)r = Damage Index at different instants in GFRP repaired corroded sample

U.L, =-1.2552 (D.I,) + 44.695

Ultimate Load (kN)

-1 | 3 5 7 9 11 13 15 17
Damage Index (%)

Figure 5.8. Correlation of DI with Ultimate Loads in GFRP repaired

corroded samples
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It is important to mention here that the empirical relationships given for corroded
and FRP repaired corroded beams in Equations 5.2 and 5.3 respectively are limited to
the experimental test parameters under which it is performed. Hence, it is recommended
to monitor RC structures for corrosion related damage periodically using vibration
monitoring technique, as an idea of drop in load carrying capacity can be measured
using empirical relations, (Equation 5.2 and 5.3). It gives an indication that vibration
diagnostics can serve to prevent massive damage and save rehabilitation cost in RC

structures.
55  CLOSING REMARKS

This chapter focuses on the effective use of vibration monitoring technique for
damage detection in both corroded and GFRP repaired corroded beams. With
increasing corrosion level in RC beams, it is observed that vibration parameters of
frequency and FRF magnitude of fundamental mode reduces, but these characteristics
improve after GFRP repair pointing towards strength regain and enhancement post-
repair. It is also well supported by improvement in the flexural characteristics of the
repaired beams and a change in failure mode from brittle to ductile. The proposed non-
destructive and in-situ monitoring technique provides an extra edge over the existing

NDT tools in terms of detecting damage beneath the surface even after FRP repair.
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CHAPTER 6

MONITORING CORRODED AND GFRP REPAIRED CORRODED BEAMS
USING ACOUSTIC EMISSION TECHNIQUE

6.1. GENERAL

In this chapter, Acoustic Emission technique is employed as a non-destructive testing
tool to study the behaviour of corroded and GFRP repaired corroded beams when
subjected to flexural loading. AE sensors are mounted on beams and AE monitoring is
done during flexural testing. Acoustic Emission parameters of cumulative AE hits and
their amplitudes along with AE X-Y event plots are used to relate to the effect of
corrosion on the performance of bars and further to the role played by GFRP wrapping
in strengthening and regaining of strength after corrosion. AE event plots give a
pictorial representation of actual development and progression of micro- and macro-
cracking inside concrete as the corroded and corrosion reinforced beams are subjected
to flexural loading. This chapter reports an effort to develop a novel methodology for
assessing the performance of GFRP wrapped corroded RC structures using AE
techniques. This approach facilitates non-destructive evaluation of FRP repaired RC

structures with a prior indication of their damage post repair.
6.2 ACOUSTIC EMISSION MONITORING

Six AE sensors were mounted on the surface of the beams in a triangular pattern to
record the AE activity during flexure testing of corroded and GFRP repaired corroded
beams. AE hits and their respective amplitudes, AE X-Y event plots were plotted along
with flexure testing to understand the mechanism of propagation of cracking in beams

in corroded as well as GFRP repaired beams.
6.2.1 Cumulative AE hits
e Control Beam

Initiation and progression of cracks in C-0 are demonstrated by cumulative AE hits
plot depicted by well-defined AE phases (I-1V) (Figure 6.1).
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During the initial stages of loading, small AE activity is recorded even though there
is no visible sign of cracking. This initial AE phase can be related to the uncracked
linear zone of P-A curve (Figure 5.5). With further increase in loading, an increase in
the AE activity up to 250 seconds pointing towards small acoustic events with average
amplitude in the range of 50-60 dB (Figure 5.3). It probably relates to initiation of
micro-cracking in concrete around reinforcement (Cracked Linear Zone) and is termed
as ‘Micro-Cracking AE Phase I’. During this phase, no major cracks are observed
visually on the beam. Hence, AE hit map indicates initiation of micro-cracking inside
concrete well before it is visible on the surface. Further for a small duration, no
significant AE activity is observed in the ‘Calm Phase II’ indicating probable
coalescing together of micro-cracks with no active AE activity. The amplitude, as well
as the number of AE hits, drop in this phase.

But as the beam is further loaded, a sudden and significant jump is observed in AE
hits pointing towards the integration of micro-cracks to macro-cracking in “Macro-
Cracking Phase I11”. The amplitude, as well as number of AE hits significantly
increase in this stage, and the average amplitude of AE hits rise to 65-70 dB. It is also
well illustrated by the appearance of numerous flexural cracks on the surface of the
beam during testing. As the beam is further loaded, the number of cumulative AE hits
reduces and almost becomes constant pointing towards the failure of the beam in Phase

IV. This is due to attenuation of AE signals caused by significantly cracked beam.
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Hence, the plot of cumulative AE hits and their amplitudes give a clear indication of

different phases of cracking in a concrete beam right from the initiation of cracking to

its progression and give a prior warning of failure in RC beams under flexural loading.

e Corroded Beams

Further, as corroded beams are subjected to flexural loading, it is observed that

mildly corroded C-10 beam, having minute visible cracks, exhibits similar AE hits and

phases trends as C-0 but with an overall reduction in AE hits due to attenuation of the

signals caused by initial cracks due to corrosion (Figure 6.2 a).
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Figure 6.2. Cumulative AE Hits for corroded and repaired beams

But in C-20 beam, the number of AE hits reduces significantly with a huge delay

in the appearance of different phases of AE activity. It is due to micro-cracks already

present in the corroded beam in the initial stages of loading and with further loading

micro-cracks integrate into macro-cracks in Phase-I11 (Figure 6.2 b). This phase lasts
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for a short duration and leads to sudden failure in Phase IV. The average amplitude of
AE hits is almost similar to that in C-0. (Figure 6.3 a&c).
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Figure 6.3. Amplitude of AE hits in corroded and repaired beams
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On the other hand, in badly corroded beams (C-30 and C-40), no initial micro-
cracking and calm phases are observed due to already pre-cracked condition of these
beams. Only macro-cracking Phase Il and failure Phase IV are observed due to
coalescing of cracks lead to macro-cracking and ultimate failure (Figure 6.2 c&d). The
pre-cracked condition of the corroded beams is well indicated by a significant drop in

AE hits plots with depletion of various AE phases with an increase in corrosion.
e GFRP repaired beams

When beams corroded to different levels are repaired and further subjected to
flexural loading, there is a significant improvement in strength and deformation
capabilities of corroded beams. It is also well tracked by a sudden increase in AE hits
after repair of corroded beams. GFRP repaired beams showed outstanding performance
as compared to corroded samples. Phase-I representing the initiation of micro-cracking
is observed in all specimens (R-10, R-20, R-30 and R-40) as damaged and spalled
concrete in corroded beams are replaced with micro-concrete. For R-10, a significant 3
times increase in cumulative AE hits is observed as compared to control beam C-0
(Figure 6.2 a&b). This increase in the number of AE hits is directly representative of
micro-cracking in newly filled micro-concrete. The repaired beam behaves like a sound
beam and is indicative of its integrity after repair (Figure 6.2 a).

Similarly, R-20 also records a significant increase in AE hits (almost double) when
compared with C-0 (Figure 6.2 b). Phase | and Il representatives of micro-cracking
and macro-cracking appears distinctly in the repaired beams with a large increase in
AE hits. Also, a significant increase in the average amplitude of AE hits in Phase | and
I11 of 65 dB, and 70 dB is observed in R-10 and R-20 beams as compared to C-10 and
C-20 of 55 dB and 65 db. Repairing by removing cracked and spalled concrete, micro-
concreting and further GFRP wrapping improves the flexural behaviour of mildly
corroded beams significantly. It is well corroborated by load deflection behaviour and

significant enhancement of strength as well as ductility (Figure 6.2 b).

Heavily corroded R-30 and R-40, which were repaired after heavy corrosion with
micro-concrete and GFRP wrapping also significantly recovered post repair which is
indicated by the increase in the total number of AE hits for R-30 as well as R-40 beams
which were greater than originally corroded C-30 and C-40 beams. Phase | and Il of

AE activity which was absent in corroded C-30 and C-40 beams reappear as a result of
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repair with micro-concrete and GFRP repair. Well defined phases of AE activity
indicate improvement in the integrity of badly corroded C-30 and C-40 beam. GFRP
plays a key role in strengthening corroded samples (Figure 6.2 c&d). This is also well
supported by load deflection behaviour of these beams (Figure 5.6 c&d). But a
significant improvement in ductility is observed in comparison to originally corroded

C-30 and C-40 beams. The failure mode changes in both beams from brittle to ductile.

The results clearly demonstrate the importance and effectiveness of AE technique
in real time degradation monitoring of RC beams subjected to simultaneous loading

and corrosion and further monitoring of GFRP repaired corroded beams.
6.2.2 AE X-Y Event Plots

For real time monitoring, AE X-Yevent plots provide a pictorial representation of
the origin of cracks even when they are not visible on the surface. Initiation and
progression of cracks can be tracked within the region covered by the sensors. A close
relation is observed between actual micro- and macro cracks appearing in the corroded
beam and the AE X-Y event plots (Figure. 6.5)

For corroded beams, a significant drop in AE events is observed. For C-10, as a
result of corrosion, micro-cracks were already present below the surface. As, the beam
is loaded, these micro-cracks tend to extend and were successfully captured by AE
events before they were visible on the surface (Figure. 6.5 a). In C-20, micro-cracks
were already present on the surface, and on further loading, the micro-cracks integrated
into macro-cracks and led to ultimate failure. The same was represented by a reduced
number of AE events in C-20 as compared to C-0 and C-10. (Figure. 6.4 & 6.5¢). A
significant drop in the number of AE event is observed in heavily corroded beams (C-
30 and C-40) as numerous transverse and longitudinal cracks were present previously

due to pre-corrosion (Figure. 6.5 e&g).
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AE X-Y event plot for repaired corroded RC beams presented a tremendous
increase in AE events as compared to control and corroded beams. As R-10 was

subjected to increased loading, the surge in a number of AE events is observed. On
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further loading, failure of GFRP sheets was clearly demonstrated by an increased
number of AE events as compared to the control beam (C-0) (Figure 6.5 b). This entire
behaviour of beam from the initiation of cracks to final failure under loading was
represented and correlated closely to the actual condition of beam. R-20 beams showed
a similar trend of increase as that of R-10 beams, with a slight increase in the number
of total AE events. This attributes to the fact that GFRP plays a major role in
intercepting load as steel is compromised, which is well illustrated by the AE event plot
(Figure 6.5 d). Similarly, for heavily corroded repaired beams R-30 and R-40, a jump
in the total number of AE events is observed as compared to originally corroded beams.
This increase in AE events plot illustrates the effect of micro-concrete and GFRP sheets
in rehabilitating the structural strength. Cracks were observed at the same location
where a sudden cluster of AE events was observed (Figure 6.5 f&h). Continuous
increase in AE hits with loading in repaired beams pointing that it can take the larger

load before failure by de-bonding of GFRP and concrete.

Hence, it is concluded that AE plays a crucial role in detecting the initiation and
progression of cracks in both corroded and repaired specimens as given by AE hits and

their amplitude along with pictorial representation by X-Y AE event plots.

6.3 CORRELATION BETWEEN DESTRUCTIVE AND AE PARAMETERS

To assess the condition of RC beams at different levels of corrosion, an attempt is
made to correlate cumulative AE hits with destructive parameters of ultimate load
carrying capacity to facilitate non-destructive testing evaluation of corroding RC beams

and further when they are repaired with GFRP wrapping.
6.3.1 Corroded Beams

As RC beams were corroded at different levels, a drop in ultimate load was
observed. In C-10 beam, with few signs of corrosion, drop of 24.63% in ultimate load
was observed. This fall in ultimate load with the increase in corrosion level was
observed upto 67.48% for C-40 beam. This can be directly correlated with a consistent
drop in cumulative AE hits (Table 6.1) with increasing corrosion level in RC beams.

Hence, the drop in cumulative AE hits is a good indicator of increasing corrosion

levels in RC beams and can facilitate non-destructive evaluation of RC structures.
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Table 6.1 Comparison of AE parameters and Ultimate Load for corroded RC

beams
Cumulative AE hits Ultimate load (kN)
C-0 26000 46.95
C-10 20822 34.63
C-20 16271 29.24
C-30 11919 20.24
C-40 9094 14.94

6.3.2 GFRP Repaired Corroded Beams

An attempt is made to correlate load carrying capacity of GFRP repaired
corroded beams with AE parameter of Cumulative AE hits. Beams when repaired with
micro-concrete and GFRP wraps, preformed well as compared to their original
corroded specimens as well as controlled beams. It is observed that cumulative AE hits
in (R-10, R-20 and R-30) are much higher than C-0 as well as when compared with
their reference corroded samples (C-10, C-20 and C-30). The trend of increasing SE
hits is similar to increase in ultimate load as a result of repair when compared with
control as well as their reference corroded samples (Table 6.2). This increase in number
of hits directly represents the effectiveness of micro concrete and GFPR repair in
corrosion damage structures. Bu in -40 samples, though same micro concrete abed FGR
wrapping is done but the detrition in damage to the corrosion leading to large reduction
inn cross sectional area of steel is too high. Hence the number of AE hits drops and
ultimate load carrying capacity is closer to control beams as compared to other repaired
beams. Hence, AE hits are a potential non-destructive extent of deterioration as well as
a good indicator of effectiveness of repair against corrosion.

Table 6.2 Comparison of AE parameters and Ultimate load for GFRP
repaired corroded RC beams

Cumulative AE hits Ultimate load (kN)
C-0 26000 46.95
R-10 68687 96.28
R-20 49027 91.83
R-30 30711 77.31
R-40 23271 50.446
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Hence, it is recommended to monitor RC structures for corrosion related damage
periodically using Acoustic Emission Technique. An idea of drop in load carrying
capacity and hence strength of beam can be judged/related to the cumulative AE hits
recorded at an instant. It gives an indication that Acoustic Emission Technique can
serve to prevent massive damage and save rehabilitation cost in RC structures due to

corrosion.

6.4 CLOSING REMARKS

This chapter evaluate the flexural behaviour and performance of Glass Fiber
Reinforced Polymer (GFRP) repaired. Reinforced Concrete (RC) beams corroded to
different levels using Acoustic Emission (AE) techniques. A significant improvement
in the flexural characteristics of the GFRP repaired corroded beams is observed with a
change in failure mode from brittle to ductile. The benefits of GFRP repair in corroded
RC beams are further clearly demonstrated by AE monitoring parameters of cumulative
AE hits and their amplitudes. A significant improvement in the number of AE hits and
the reappearance of AE cracking phases after repair of corroded beams indicate the
efficiency of AE technique to monitor repaired structures also. A pictorial
representation of the development of micro-cracks beneath the surface of concrete and
GFRP to the formation of macro-cracks is well demonstrated in an AE event plot. The
assessment of local damage in RC beams using AE techniques subjected to
simultaneous loading and corrosion and their further repair would facilitate in-situ non-
destructive evaluation of actual RC structures in future for detecting damage beneath

the surface even after FRP repair.
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CHAPTER 7

CONCLUSIONS

7.1 GENERAL

This work reports the effect of corrosion and GFRP repair on the dynamic
properties of RC structure. The work is divided into three sub division, first section
deals with the monitoring real time corrosion using NDT tools of AE, UGW and IRT.
The second section deals with the monitoring of corroded and corrosion repaired RC
beams using vibration monitoring. Finally, the same were tested under flexural loading
and simultaneously monitored using surface mounted AE sensors.

7.2 MONITORING REAL TIME CORROSION USING NDT TOOLS
In this study, the real time monitoring of initiation and progression of corrosion
damage is attempted using a combination of Active guided waves, passive Acoustic

Emission and IRT.

1. In bar, simulating pitting corrosion in the form of area reduction in bars in a
constant length, a drop in ultrasonic signal strength is observed with reducing
diameter. It is due to a lesser transmitted signal strength through the rebar caused
by area reduction leading to attenuation in signal, when bars are tested in air as
well as when they are embedded in concrete. When the rebars are embedded in
concrete a significant drop in ultrasonic signal strength observed due to leakage
into the surrounding concrete. The ultrasonic guided waves mode chosen for
study is core sensitive mode sensitive to bar profile deterioration and here is

slightly affected by reducing diameter simulating pitting.

2. Inbars simulating de-bond effect of corrosion, with increasing length of debond
in bars in air and in concrete, drop in signal strength is not very high as observed
with reduced diameter simulating pitting. But at larger length of de-bond, signal
dissipation increases leading to drop in peak to peak voltage in the transmitted

signals.

3. Real time monitoring of corrosion in rebars in concrete using ultrasonic guided
wave approach indicates that it is not very effective in picking up the initiation of

corrosion but very effectively picks progression of corrosion at later stages. It is
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well indicated by significant drop in ultrasonic transmitted signal strength

voltages.

Chloride induced corrosion in rebar in concrete is well picked up by core seeking
guided wave mode well depicted by delamination phase, transition phase and

pitting phases.

AE successfully picks up initiation of corrosion along with its progression. It is
well depicted by various micro-cracking and macro-cracking phases at different
stages of corrosion, distinguished on the basis of slope of cumulative AE hit plot
and the amplitude of AE hits. Cumulative AE hit plot clearly distinguishes
between various stages of chloride induced corrosion in RC beam which is well
complimented by drop in UGW voltages and the phase of corrosion as depicted
by guided wave approach. This is due to the core-seeking nature of guided wave

mode used for damage monitoring.

The initiation and progression of corrosion damage is also well picked up by
change in amplitude of AE hits. Initiation of corrosion in phase | is marked by
low amplitude events of 55 dB indicating beginning of hairline or minor cracking.
As the effect of corrosion damage increases into the surrounding concrete, the
amplitude of AE hits increases from 55 dB to 70 dB in phase Il micro-cracking
phase. The increasing amplitude of AE hits point towards progression in AE

activity of larger magnitude in the form of macro-cracking in concrete

AE X-Y plot clearly demonstrate the initiation and progression of cracks in
pictorial representation. As the level of corrosion increase AE X-Y plot
represented in the form dots become dense at area exposed to corrosion and the

same is verified by the corrosion cracks appeared at the surface in later stages.

IR technique effectively picked up location of damage in bar with rise in
temperature in the middle portion of bar with simulated damages as well as in
concrete due to the reduced diameter of bar. Reduced cross-section of bar tends
to heat at a faster rate thus it gives a clear representation of damage. For bars in
concrete undergoing actual corrosion, there is minor difference in temperature in

the initial stage of corrosion but with the progression of corrosion marked change
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7.3

in temperature is observed in the corrosion rebar in concrete. It is because the

further rust produced get heated at a fast rate than the parent steel.

IRT successfully gives a pictorial representation as well as exact localization of
damage due to corrosion in surrounding concrete which is clearly visible in
thermograms and finally a large crack in concrete is observed in IRT images at
advanced stages of corrosion.

A comprehensive combined non-destructive tests methodology for picking up
actual corrosion in concrete is proposed in this work using local Acoustic
Emission, Ultrasonic Guided Waves and Infra-Red Thermography techniques.
Guided wave effectively picks up rebar deterioration using specific guided wave
modes propagated through it. AE picks up effect of corrosion on surrounding
concrete well picked up amplitude and number of AE hits and marked by different
cracking stages whereas IRT gives a pictorial representation of progressive
damage as well as localizes damages due to corrosion in concrete.
MONITORING CORRODED AND CORROSION REPAIRED RC
BEAMS USING VIBRATION MONITORING

RC beams subjected to increasing levels of corrosion indicate severe deterioration
beginning with minor hairline cracks with reddish brown corrosion product
oozing out and further spreads in the form of numerous and widely distributed
transverse cracks and large longitudinal cracks parallel to reinforcement. Severe
deterioration in badly corroded RC beams demands for timely monitoring and
maintenance to avoid catastrophic failures in structures.

Changes in corrosion current with increasing corrosion points towards the
corrosion mechanism in RC structures. Initial drop in corrosion current indicates
the resistance offered to corrosion by passive layer of oxides on embedded steel
in concrete. But as corrosion progresses, breakdown of passive layer leads to
corrosion initiation and progression indicated by increase in corrosion current.
Corrosion current can be used as an initial indicator of corrosion initiation in RC
structures but fails to quantify the extent of corrosion deterioration in RC
structures.

Beams corroded to different levels when subjected to vibration monitoring and

reported a shift and drop in fundamental frequency and significant drop in FRF
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7.4

amplitudes with increasing corrosion levels. This is due to attenuation of
vibration signal produced by impact of hammer and picked up by accelerometer
due to increasing corrosion cracks.

With increase in corrosion levels a significant decrease in ultimate load carrying
capacity and mid-span deflections is observed when the corroded beams are
subjected to flexural loading as area of steel reduces which ultimately
compromises its ductility. A significant improvement in these flexural
characteristics is observed when replicates of these corroded beams were repaired
using micro-concrete and GFRP wrapping.

Micro-concrete and GFRP repair of corroded RC beams leads to a significant
improvement in dynamic characteristics of beams both in frequency as well as
FRF amplitudes. It points towards effective strength regain after repair due to the
replacement of spalled concrete with sound micro-concrete and confinement
offered by U-shaped GFRP wraps which enabled beam to behave as good as
control beam.

Increasing corrosion leads to significant drop in dynamic vibration parameter of
FRF amplitudes as well as drop in load carrying characteristics of the RC beams.
Hence, to facilitate non-destructive evaluation of corroded beams, an empirical
correlation is attempted between FRF amplitude based Damage Index and load
carrying capacities both in corroded as well as corrosion repaired beams.

MONITORING CORRODED AND GFRP REPAIRED CORRODED
BEAMS USING ACOUSTIC EMISSION TECHNIQUE

AE monitoring of corroded and GFRP repaired corroded RC beams when
subjected to flexural loading successfully detects the cracking behaviour. It is
well picked up by variation in various AE waveform parameters such as number
of AE hit and their amplitudes and AE X-Y event plots.

Variation in a number of AE hits and their corresponding amplitudes with an
increase in corrosion level portrays the condition of RC beam at different levels
of corrosion. With the increase in corrosion levels, a significant drop in
cumulative AE hits along with depletion of different AE cracking phases is
observed due to the attenuation of the captured AE signals caused by pre-existing

cracks. AE monitoring provides an extra edge of detecting initiation and
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7.5

progression of damage and cracks much before they are observed on the surface,
thus making it more desirable and an efficient non-destructive tool.

The repair of corroded beams using GFRP wrapping causes reappearance of the
AE phases with an increase in the number of cumulative AE hits pointing towards
improved integrity of the beams after GFRP repair. Successful AE monitoring of
corroded and further GFRP repaired corroded beams establish it as a good
potential real time NDT candidate for RC beams subjected to simultaneous
corrosion and loading.

AE X-Y event plots give a pictorial representation of actual cracking inside the
concrete much before it is observed on the surface. A close mapping is observed
between the actual cracking pattern observed visually in the beams and the AE
X-Y events plots. AE event plot can play a key role in monitoring GFRP repaired
RC specimen because as wraps otherwise restrict the visual observation of cracks.
All the cracking events right from initiation to the progression of micro-cracks

into macro-cracks is well presented by AE X-Y event plots.

FUTURE SCOPE OF WORK

The research effort in this work can be further explained as follows:

1.

Investigate the combined effect of vis-a-vis sustained loading with real-time
corrosion in RC structures to develop a real time damage monitoring tool. The
effect of combined corrosion and sustained loading using vibration monitoring
to relate to practical situations to which the RC structures are subjected would
be an interesting future scope of work.

Repairing of corroded beams using other repair strategies and monitoring their
vis a vis effectiveness under loads.

Monitoring the effectiveness of various repair strategies against corrosion using
NDT tools.

Develop corrosion models in RC structures using numerical modelling tools vis-

a-via various repair strategies.
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