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ABSTRACT

Reinforced concrete (RC) is an economical, versatile and successful construction material as
it can be moulded to a variety of shapes and finishes. In most cases, it is durable and strong,
performing well throughout its service life. However, in some cases, it does not perform
adequately due to various reasons, one of which is the corrosion of the embedded steel bars
used as reinforcement. Concrete provides an almost ideal environment for protecting the
embedded steel from corrosion due to the passive film surrounding the steel rebars. However,
the breakdown of this passive film, either due to chloride attack or due to carbonation, results
in the corrosion of rebars. Thus rebar corrosion is one of the main causes of damage and
premature failure of the RC structures worldwide, causing enormous costs for inspection,
maintenance, restoration and replacement. Therefore, early detection of corrosion and timely
remedial action on the affected portion can facilitate an optimum utilization of the structure,

imparting longevity to it.

A large number of investigations have been conducted on the problems related to the
deterioration of RC structures due to the corrosion of steel rebars. Usually, the condition of
the structure is monitored by visual inspection and remedial measures are resorted to only
when the condition becomes very serious. In order to prevent the deterioration levels
reaching severe dimensions, it is desirable to monitor the condition of strategic structures
right from the construction stage using structural health monitoring (SHM) techniques. The
recent advent of the electro-mechanical impedance (EMI) technique for SHM has provided a
new paradigm to the maintenance engineers to diagnose the onset of the damage at the
incipient stage itself. The EMI technique utilizes the piezoelectric ceramic patches (PZT) as

collocated actuators-sensors and employ ultrasonic vibrations (typically in 30-400 kHz
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range) to acquire the characteristic ‘signature’ of the structure, which contains vital
information governing the phenomenological nature of the structure, and can signal the onset

of structural damages.

Although the EMI technique is well established for damage detection and quantification of
various civil and aerospace structures, limited studies have been reported for its application
in corrosion detection. This thesis presents a new corrosion assessment models based on the
equivalent parameters extracted from the impedance spectrum of concrete-rebar system using
the EMI technique via the PZT sensors. The corrosion assessment models are developed
based on an accelerated corrosion study carried out on RC specimens covering both chloride
and carbonation induced corrosion using PZT sensors that are surface bonded on rebars as as
well as using piezo-composite concrete vibration sensor (CVS) embedded in concrete near
rebar. This is the first ever research reporting such extensive studies on the application of the

equivalent parameters for corrosion assessment of rebars embedded in concrete.

Proof-of-concept experiments were performed extending up to 120 days to detect chloride
induced corrosion using surface bonded PZT patches as well as CVS. Accelerated corrosion
tests were performed in order to obtain the data in a reasonable time frame for a laboratory-
based study. Firstly, the equivalent structural parameters were extracted from the admittance
spectra of the PZT patches surface bonded to bare rebars for chloride induced corrosion and
an empirical model was developed for correlating the actual mass and stiffness with the
equivalent mass and stiffness identified by the PZT sensor. Further, the empirical model was
extended to the RC specimens to determine the corrosion rates and identify various phrases
of corrosion using the PZT patches both surface bonded to rebar as well as CVS embedded

near rebar. The experimental results indicate that the equivalent parameters and the



developed model are effective in detecting and quantifying the rebar corrosion in a realistic

manner.

The research was further extended to the second type of corrosion i.e., carbonation induced
corrosion through accelerated carbonation tests conducted on RC cylinders (with rebars
surface bonded with PZT patches) in a carbonation chamber for a period of 250 days. The
carbonation corrosion assessment models developed were correlated with the progress of
depth of carbonation. Imaging techniques such as scanning electron microscopic images and
Raman spectroscopy were also used to further establish the onset of carbonation corrosion

and correlate with the signal provided by the PZT patches.

Finally, to enhance the efficiency of the proposed model in real life application, the empirical
model developed for chloride induced corrosion under accelerated tests was validated by
comparing the corrosion rates of RC specimens exposed to natural environment for a period
of 420 days. In addition, the influence of mineral admixture, namely fly ash, on the corrosion

performance of steel is also investigated non-destructively using the developed model.

The corrosion assessment models developed are empherical and non-destructive in nature.
The stiffness model is used to determine the severity of corrosion damage during various
phases and the mass model for determining the corrosion rates for both chloride induced and
carbonation induced corrosion. These models can be used for non-destructive corrosion
monitoring of RC structures in real life with no “a-prior” information regarding the structure
and with no modelling required. It is expected that this research will provide a new
alternative experimental technique to the researchers and diagnostic engineers working in the

field of rebar corrosion.
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CHAPTER- 1
INTRODUCTION

1.1 BACKGROUND

Concrete is a versatile, cost effective and easy to handle construction material, widely used
next only to water. Its lack of adequate tensile strength is taken care by steel rebars making
the combination reinforced concrete (RC). In most cases, RC structures are durable and
strong, performing well throughout its service life. However, in some cases, they do not
perform adequately due to various reasons and one of the reason being corrosion of steel
rebars. In fact, corrosion of the steel rebars has become the major cause of deterioration of

RC structures around the world (Hansson et al., 2007; Darek, 2012).

The corrosion of steel rebars embedded in concrete is most frequently the result of the
breakdown of the passive film formed due to highly alkaline environment around steel rebars
(Moreno et al.,, 2004). Two conditions can break down the passivating environment
surrounding the rebar without attacking the concrete itself, one is the chloride attack and the
other is carbonation (Broomfield, 2007). Rebar corrosion is generally accompanied by the
loss of rebar cross section and accumulation of corrosion products, which occupy much
larger volume than the original steel (Broomfield, 2007), thereby generating tensile stresses,
which lead to cracking and spalling of concrete, commonly known as concrete cancer
(Dehwah et al., 2002). Over the time, this problem reduces the strength capacity of the
affected structure due to the loss of bonding action between steel and concrete, ultimately
leading to loss of serviceability. It is reported that, the economic losses and damage caused
by the corrosion of steel rebars in RC structures is the largest infrastructure problem faced by

the industrialized countries (Broomfield, 2007). As a result, the repair costs constitute a
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major part of the current spending on infrastructure. Corrosion consumes considerable
portion of the budget of the country by way of either restoration measures or reconstruction.
It is estimated that billions of dollars are spent annually on the maintenance and repairs of
corroding RC structures in North America alone (Darek, 2012). India loses more than $40
billion a year, (about 4 per cent of the size of the total economy) due to corrosion in
infrastructure and industry segments (Financial Express, 2012). Quality control, maintenance
and planning for the restoration of these structures need non-destructive inspections and
monitoring techniques that detect the corrosion at an early stage. For detection of corrosion
and for determining rebar corrosion rate, several electro-chemical and non-destructive
techniques are available. Conventional corrosion detection techniques based on electro-
chemical principles consists of potential measurements, alternating current impedance
spectroscopy, gravimetric (mass loss) and linear polarization techniques. However these
techniques are affected by a number of factors. Hence, there is a need for development of a
sensing technique to inspect the structure in real-time (to supplement routine inspections) so

that corrosion could be detected and treated before significant cracking develops.

The newest generation of autonomous structural health monitoring (SHM) systems with
active sensors can possibly assess the current and the future performance of the structure
subjected to corrosion. For this purpose, effective corrosion sensor technology is critical for
ensuring safety of RC structures during life time. Several proof-of-concept experiments to
detect corrosion using piezoelectric-ceramic (PZT) patches in metallic structures have been
reported (Simmers, 2005; Park and Park, 2010; Rathod and Mahapatra, 2011). Extensive
analytical and experimental works have been devoted to the detection of rebar corrosion in

RC structures using fiber optic sensors also (Fuhr and Huston, 1998; Grattan et al., 2007,
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2009; Zheng et al., 2009, 2010, Gao et al., 2011). However, these studies were preliminary in
nature and did not provide any solid means of rigorous qualification of corrosion damage

after its detection. This thesis is focused towards this goal.

1.2 RESEARCH HYPOTHESIS

Rebar corrosion in RC structures is a worldwide problem, SHM using PZT sensors via
electro-mechanical impedance (EMI) technique can provide a new corrosion assessment
technique non-destructively without any a-prior information regarding the structure . The
equivalent parameters extracted from the admittance signatures of the PZT sensors such as
equivalent stiffness parameter and equivalent mass parameter may provide a fairly good idea
about the severity of corrosion during various phases and could determine the corrosion rate
respectively as they have already proven their competence for bolted steel joints (Bhalla et

al., 2012) and concrete (Soh and Bhalla, 2005).

1.3 RESEARCH OBJECTIVES AND SCOPE

Interest of the research community in the corrosion problem has been increasing for several
years because of the severe durability problems faced by RC structures due to rebar
corrosion. This research aims at developing a new corrosion detection and assessment
approach, which can detect corrosion at initial stages before the signs of corrosion such as
rust strains appear on the concrete and assess the severity of corrosion at different corrosion
phases. The EMI technique has been utilized to develop the corrosion model for both
chloride and carbonation induced corrosion of rebars in RC structures. This research

encompasses the following specific objectives:
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To carry out a thorough review of state-of-the-art in corrosion detection and
monitoring, as well as SHM using PZT patches especially focussing on the EMI
technique and its application.
To detect and quantify chloride induced corrosion through accelerated corrosion
experiments in

a. Bare steel bars via equivalent structural parameters extracted from admittance

spectrum of PZT patches surface bonded to the rebar.
b. Extend the experimental approach of bare bars to rebars embedded inside the
concrete, as in real RC structures.

. To develop corrosion assessment models for determining the severity of corrosion
damage during various phases of chloride induced corrosion and the corrosion rates
without the need of actual parameters.
To carry out the feasibility of utilizing piezo-composite concrete vibration sensors
(CVS) which can be embedded inside the concrete while casting so as to diagnose the
structure right from day one and compare its corrosion sensing abilities with the PZT
sensors surface bonded to rebar.
To develop a similar corrosion assessment model like chloride induced for
carbonation induced corrosion in RC structures through accelerated experiments.
Correlate the impedance data acquired with micro structural imaging techniques to
gain further insight into the changes developed in the microstructure with corrosion

and fine tune the developed models.
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6. To validate the proposed chloride corrosion assessment model developed under
accelerated environment with the naturally corroded specimens and also to investigate

the performance of fly ash (FA) blended concrete under corrosive environment.

1.4 RESEARCH SIGNIFICANCE

It is expected that the developed corrosion assessment models using PZT sensors will
facilitate more realistic performance prediction of RC structures affected by corrosion over
time. PZT patches can facilitate the development of non-obtrusive miniaturized systems with
higher resolution, faster response and far greater reliability than the conventional non-
destructive evaluation (NDE) techniques. These smart materials possess immense capabilities
of damage diagnosis because of their inherent ‘stimulus-response’ and energy transduction
capabilities. The PZT patches can be embedded or bonded unobtrusively on locations
inaccessible for physical inspection of rebars. Due to self-sensing nature of the PZT patches,
the number of sensors required are much less than the rival approach based on separate
actuation and sensing. The assessment models are based on the equivalent structural
parameters identified from the experimental data alone, thus circumventing any analytical/
numerical model as a prerequisite. These models are more realistic and totally non-
destructive compared to the conventional corrosion assessment techniques. It is believed that
this thesis will make significant contribution to the state-of-the-art of corrosion diagnosis in
RC structures as the developed model can determine the corrosion rates non-destructively
and can assess the severity of corrosion. The Corrosion assessment based on these models
can provide large saving to the society by detecting corrosion in early stages and providing

timely remedial measures.
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1.5 OUTLINE OF THE THESIS

This thesis has been organized into eight chapters. First chapter covers the background of
corrosion of rebars in RC structures, research hypothesis, objectives, scope of the research
and its significance. Chapter-2 outlines the literature review consisting of the working
principle, applications of the EMI technique for health monitoring and a detailed review of
state-of-art of corrosion detection in RC structures. The chapter begins with a brief overview
of various conventional techniques for corrosion detection and quantification, their
advantages and limitations, followed by the application of EMI technique in damage
detection of various civil, mechanical and aerospace structures. Corrosion in metallic
structures using the EMI technique is also summarized. The chapter closes with a discussion

of the research gaps in the current state-of-the art.

Chapter-3 explores the basics of the occurrence of corrosion of steel rebars in concrete,
covers detailed overview of chloride induced corrosion, corrosion mechanism and the
reactions associated with it. The preliminary investigation of the EMI technique for corrosion
assessment in bare steel bars via PZT patches bonded to the surface of the bar is also

covered.

Chapter-4 presents the detailed development of corrosion assessment models for rebars
embedded in concrete based on accelerated chloride induced corrosion experiments. The
correlation of the developed equivalent stiffness model with the various phases of corrosion
and the determination of corrosion rates with the developed equivalent mass model is also

presented.
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Chapter-5 covers the assessment of corrosion using embedded piezo-composite CVS
(embedded near rebar). The main advantages and the limitations using embedded sensor for

corrosion detection are deliberated upon.

Chapter-6 presents the diagnosis of carbonation induced corrosion studied by means of
accelerated carbonation tests performed for over a period of 250 days. The correlation of the
developed equivalent stiffness model with imaging techniques for studying the changes in the

microstructure during the carbonation is also discussed.

Chapter-7 presents validation of the proof-of-concept of the corrosion assessment models
developed in this research via accelerated tests, through its application on naturally corroded

specimen and further extended to FA blended concrete subjected to accelerated corrosion.

Chapter-8 highlights the summary and conclusions of this research. Suggestions for further
research are also included in this chapter, followed by a list of publications based on this

research, a comprehensive list of references along with author’s curriculum vitae.
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CHAPTER- 2
LITERATURE REVIEW

2.1 INTRODUCTION

Rebar corrosion in RC structures has been widely reported in the literature over the last three
decades. It is recognized as the predominant factor that reduces the service life of RC
structures exposed to aggressive environment. In most cases, the total mass loss due to
corrosion within the structure is trivial, but significant reductions in mechanical strength and
fatigue life occurs in the localized corroded region of the rebar, leading to advanced crack
growth with enhanced risk of the failure of the structure. Since the structural damage due to
localized corrosion pitting is small and the crack growth rates are relatively large, early
detection of the corrosion prior to local failure can prevent catastrophic collapse of the
structures. The interest in the ability to monitor corrosion in a structure and detect damage at
the earliest possible stage is pervasive throughout the civil, mechanical and aerospace
engineering communities. A wide range of electro-chemical/non electro-chemical techniques
and sensors based techniques have been reported in the literature for the purpose of

diagnosing and quantification of the rebar corrosion.

The prime motivations behind the ongoing research on rebar corrosion in RC structures have
been elaborately covered in Chapter 1. In this chapter, a thorough review of the literature on
corrosion process and its monitoring techniques with emphasis on rebar corrosion is
presented. A critical review of the SHM with regard to the EMI technique using PZT patches
is also presented, since the aim of this research is to detect and quantify rebar corrosion in

RC structures using PZT sensors via the EMI technique.
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2.2 THE CORROSION PROCESS

American society for testing and materials (ASTM) terminology defines corrosion as “the
chemical or electro-chemical reaction between a material, usually a metal, and its
environment, that produces a deterioration of the material and its properties” (ASTM G193,
2012). Since corrosion has an adverse effect on structures, it is important to understand the
mechanism and the associated effects. Metals are extracted from the ore through the
application of a considerable amount of energy. With time, it reacts with the environment
chemically and tends to return to its original lower energy level. Steel, like most metals
(except gold and platinum), is thermodynamically unstable under normal atmospheric
conditions and tends to revert back to its natural state i.e. iron oxide, or rust by releasing
energy, this process is called corrosion. For corrosion to occur, three basic elements are
essential. Firstly, there must be at least two metals or two locations on a single metal at
different energy levels. Secondly, an electrolyte and finally a metallic connection are

required. The absence of any one of these three would inhibit the process of corrosion.

In the electro-chemical corrosion of metals, the ‘corroding’ metal undergoes oxidation (the
anodic reaction), whereas the 'corrosive' chemical species undergoes reduction (the cathodic
reaction). Corrosion, is the sum of two half reactions, oxidation and reduction. Both half
reactions must simultaneously exist at the same rate to ensure equitable production and
consumption of electrons for the electro-chemical reaction to proceed without an external
source and to maintain the charge balance (Hansson, 1984). The generic form of the

oxidation of a metal (anodic reaction) is:

Fe » Fe?* + 2e (2.1)
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The most common cathodic or reduction reactions contributing to the corrosion of a metal

are:
0, + 2H,0 + 4e — 40H- (2.2)

The possible cathodic reactions depend on the availability of oxygen and on the pH in the

vicinity of the metal (Hansson, 1984).

2.3 REBAR CORROSION IN REINFORCED CONCRETE STRUCTURES

The three basic elements that are necessary for the corrosion process (see previous section) to
occur are present in RC structures. Firstly, the rebar has many areas at different energy
levels. Secondly concrete acts as the electrolyte and finally, metallic connection is provided
by the rebar itself. However, the microscopic pores in concrete contain high concentrations
of soluble calcium, sodium and potassium oxides, which form hydroxides when combined
with water, creating a high alkaline environment of pH 12-13. This high alkalinity enables
the formation of the passive layer over the rebar surface (Elsener et al., 2003; Poupard et al.,
2006) providing a high degree of protection to the embedded steel rebars against corrosion.
In addition, well compacted and properly cured concrete with low water-cement ratio has low
permeability, which further minimizes the penetration of corrosion inducing agents such as
chloride ions and carbon dioxide. Further, the high resistivity of concrete enables it to restrict
the corrosion rate of the rebar by retarding the flow of the electric current. Hence, in a
properly designed, constructed and maintained RC structure, there will hardly be any major
problem of rebar corrosion during its design life (Broomfield, 2007). Unfortunately, this

desirable condition is not always met in practice due to several reasons. Therefore, rebar
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corrosion in concrete has become a commonly encountered cause of degradation of the RC

structures.

The alkaline environment around the steel rebars protecting the steel is not always
maintained, and can be destroyed either by chloride attack or carbonation attack which
reduces the pH of the pore solution (Page et al., 1986; Poupard et al., 2006; Page et al.,
2000). The four basic mechanisms for transport of these aggressive ions include capillary
suction, permeation, diffusion, and migration. The rate at which these ions penetrate to
breakdown the passive film is a function of the quality and quantity of the concrete
surrounding the reinforcement and the internal and external environments. The time for the
chloride ion concentration to reach a critical level for the onset of corrosion is known as the
‘initiation Period’. Once the protective layer around the reinforcement has been removed,
corrosion can take place in the presence of moisture and oxygen. The time taken for
corrosion to result in sufficient deterioration such that remedial action is required is known as
the ‘propagation period’. Different conceptual models are proposed to describe the corrosion
process of steel rebar in concrete (Tuutti, 1982; Cady and Wayers, 1983; Francois and
Arliguie, 1999). The concept of Initiation and Propagation periods can be illustrated by
famous Tuutti’s model (Tuutti, 1982). A schematic representation of Tuutti’s model

illustrating the initiation and propagation periods is presented in Fig.2.1.

2.3.1 Chloride Induced Corrosion in Concrete

One of the most common causes for rebar corrosion in RC structures is the presence of
chloride ions. They cause localized breakdown of the passive film that initially forms around

steel as a result of the alkaline nature of the pore solution in concrete (Montemor et al., 2003

11
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Figure 2.1 Tutti’s model of corrosion initiation and propagation (Tutti, 1982)

and Moreno et al., 2004). The main corrosive agents, that is, the chlorides, can ingress into
concrete from several sources. The aggressive chloride ions can originate either from the
contaminated mixing ingredients (cast into the concrete as part of the ground water/seawater
in the mix or contaminated aggregates or due to sea salt spray/direct wetting or deicing salts)
in the fresh state or from the surrounding environment in the hardened state (Hussain et al.,
1995; Dehwah et al., 2002; Broomfield, 2007).They can be. These chlorides, when diffused
into concrete, reduce the alkalinity of the pore solution (from the original pH . 13 to below 7)

thereby initiating corrosion.

It has been reported in the past that the corrosion initiation takes place when the chloride
concentration at the rebar level reaches a critical level, which is also often referred to as the
threshold level (Glass and Buenfeld, 1997; Alonso et al., 1998; Maheswaran and Sanjayan,
2004; Trejo and Monteiro, 2005). Mechanism of breakdown of the passive film was studied

by a large number of researchers. Montemor and his co-researchers suggested that the
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initiation of passive layer destruction takes place due to the adsorption of Cl~ with
simultaneous displacement of O from the passive layer. Hoar (1967) found that chloride
ions lower the interfacial surface tension, thus weakening the passive film which results in
the formation of cracks and flaws. Pradhan (2007) suggested the service life of RC structure
exposed to chloride ions consists of two phases, namely the initiation phase and the

propagation phase.

2.3.2 Carbonation Induced Corrosion in Concrete

Carbonation is the result of the interaction of carbon dioxide gas in the atmosphere with the
alkaline hydroxides in the concrete. Like many other gases, carbon dioxide (CO.) dissolves
in water to form carbonic acid. The carbonic acid does not attack the cement paste, but just
neutralizes the alkalies in the pore water, mainly forming calcium carbonate that fills the

pores (Parrot, 1987 and Bakker, 1988) as given by following equation
Ca(OH), +CO, - CaCO, +H,0 (2.3)

Calcium hydroxide is not the only substance that reacts with CO», the other hydration
products and even the residual unhydrated cement compounds also take part into carbonation
reactions (Claisse et al., 1997). The formation of calcium carbonate requires three equally
important substances: COy, calcium phases (Ca), and water (H20). CO: is present in the
surrounding air, calcium phases mainly calcium hydroxide (Ca(OH)2) and calcium silicate
hydrate (CSH) are present in the concrete, and water is present in the pores of the concrete.

The process of carbonation is schematically illustrated in Fig. 2.2. The first reaction in the

pores is the formation of carbonic acid (H,CO,) can be written as
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CO, +H,0 - H,CO, (2.4)
The carbonic acid then reacts with the calcium phases

H.CO, +Ca(OH ), - CaCO, +2-H,0 (2.5)

Once Ca(OH)2 has been converted, hydrated CSH will liberate CaO which also undergoes

carbonation:

H,CO, +Ca0 —CaCo, + H,0 2.6)

CO:

Figure 2.2. Schematic diagram of CO> ingress

During the occurrence of these reactions, there will be drastic decrease in the pH value from
12.6 to a value about of 8.0, a critical-value when the passive layer cannot protect the steel

(Parrot, 1987) leading to corrosion.

2.4 TECHNIQUES FOR CORROSION DETECTION

Corrosion can cause serious failures, potentially causing irreparable economic losses. The

most important step in order to hinder or reduce the extent of such failures is to detect the
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corrosion as early as possible and adopt effective preventive measures. To detect and to
measure the corrosion rate of rebars in the RC structures, several electro-chemical,

destructive and non-destructive techniques are available, which are briefly described below.

2.4.1 Electro-Chemical Techniques

Traditionally, visual observation has been the common practice to detect corrosion. As the
rebar corrodes, there are usually signs of rusting, cracking and spalling. However, due to the
different degrees of aggressivity of concrete quality and of structural geometry, once the
signs of deterioration are seen on the concrete cover (rust, cracking and spalling) it may be
too late to prevent the advance of deterioration by repair works. Electro-chemical techniques
have emerged as liable means for corrosion detection due to their potential non-destructive
character. They are the most widely used techniques for the study of rebar corrosion process
in laboratories and on-site applications (Andrade and Alonso, 1996). The commonly used
electro-chemical techniques include potential measurement, polarization resistance
measurement and electro-chemical impedance measurement. The following sub sections

cover a detailed description of each technique.

2.4.1.1 Potential measurement technique

The most popular technique of monitoring reinforcement corrosion is by means of electrode
potential measurements. As a corrosion detecting technique, it was first used by Stratful
(1957). The application and the interpretation of this technique are described in ASTM C876
(1999). The potential measurements for determining the probability of corrosion in concrete

has been extensively described by Flis et al. (1995), Grantham et al. (1997) and Zvica (2001).
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The effectiveness of the test was thoroughly studied by Erdogdu et al. (2004). The basic
measurement in this technique is the voltage of the electro-chemical cell formed between the
embedded steel and a reference electrode (of which potential is constant) which is placed on
the concrete surface, as shown in Fig. 2.3. These measurements can be performed on all
kinds of real life RC structures. However, the identification of active corrosion of rebars
embedded in concrete is delicate and depends on numerous factors related to the material and
its environment such as concrete moisture, cement characteristics etc. It is essential to always

quote the reference electrode being used for potential measurements.

Voltmeter

[ Reference
+ - w/ electrode

Steel reinforcément
Concrete
Figure 2.3 Schematic diagram of Potential measurement set
The standard reference electrode or half cell is a simple device, consisting of a piece of metal
in a fixed concentration solution of its own ions (such as copper in saturated copper sulphate,
silver in silver chloride, etc.). In practice, the most commonly used reference electrodes are
Copper- copper sulfate (Cu/CuSQOs), Calomel (Hg/Hg2Cl>), Silver-silver chloride (Ag/AgCl),
with a defined constant and reproducible potential versus the standard hydrogen electrode

(SHE). The potential measurement using reference electrode gives an indication of the

corrosion risk of the steel. The measurement is linked by empirical comparisons to the
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probability of corrosion as listed in Table 2.1 (ASTM C 876, 1999). Several researchers have
used the potential measurements for detection of rebar corrosion and contributed to new
findings based on their measurements. Alonso et al. (1998) have reported that these values

depend on the conductivity of the corrosion products formed and also on the age of concrete

Table 2.1 ASTM criteria for different standard reference electrodes

>-200mV >-100mV +120mV >-80mV Low (10%risk of
corrosion)

-200 to -100 to +120 to -80 to Intermediate corrosion

-350mV -250mVv -30mV -230mV risk

<-350mV <-250mV -30mV <-230mV High (>90% risk of
corrosion)

<-500mV <-400mV -18-mV <-380mV Severe corrosion

Oh et al. (2003) measured the potential value, extent of the corroded areas of steel and
determined the threshold free chloride, the total chloride and CI/OH" ratio in prismatic
concrete specimens made with ordinary portland cement (OPC), sulphate-resisting Portland
cement (SRPC), OPC blended with FA and OPC blended with slag. Their results showed that
concrete made with SRPC exhibited relativ.ely higher negative values of potentials at the
same total chloride content as compared to other mixtures, implying greater susceptibility to

corrosion.

Sakr (2005) studied the effect of the proportion of tricalcium aluminate (C3A) on the

corrosion of steel embedded in cement specimens. From the results of the potential
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measurements along with other techniques, it was found that chloride ions are more

aggressive for rebar corrosion than sulphate ions.

Nakamura et al. (2008) reported a practical application of the potential measurements for
corrosion assessment on an existing prestressed concrete bridge near the coastline in Japan.
Based on experimental observations, they concluded that the most negative potential area on
the equipotential contour map corresponds to the point with high chloride content and
localized corrosion. They also concluded that the potential gradient is a good indicator to
select the position for further destructive tests if there are no signs of corrosion on the
concrete surface. They also found that the measured values of the potential fluctuated due to
various factors, such as the temperature, the type of reference electrode, and the pre-wetting
time. However, the potential gradient pattern remained same for the structure. They further
concluded that numerical values of the potential are not particularly suitable for assessing the
corrosion risk of the existing concrete structures. The equipotential contour map is more
reliable tool for detecting localized corrosion and deciding the position for further destructive

tests.

Pradhan and Bhattacharjee (2009) demonstrated that potential measurements are stable
indicators of rebar corrosion initiation based on their experiments conducted on RC beams.
Their work also reconfirmed that the critical chloride level leading to corrosion initiation is
not a unique value and varies with steel type, cement type, and water-cement ratio. Blended
cements, i.e., Portland pozzolona cement (PPC) and Portland slag cement (PSC) both
exhibited higher chloride tolerance and corrosion initiation period than those exhibited by

OPC. Similarly, Tempcore thermo-mechanically treated (TMT) bars resulted in higher values
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of chloride tolerance and longer corrosion initiation period than those exhibited by Thermex

thermo-mechanically treated (TTMT) and cold twisted deformed bars (CTD).

Ghaz et al. (2009) modelled the potential measurements numerically by solving the Laplace’s
equation, considering the effect of resistivity, cover thickness, oxygen availability, and
anode-to-cathode area (A/C) ratio on the potential mapping. Based on the results, they
concluded that in low resistivity concrete, the potential distribution along the surface closely
represents the potential distribution at the interface of steel/concrete. As the resistivity of
concrete increases, the potential distribution at the surface tends to part noticeably from that
of the steel/concrete interface. This difference was more significant at sections close to the
transition zone between the anode and the cathode. They also found that with increase in
cover thickness, the potential of the surface differed from that of the interface significantly.
They further noticed that oxygen concentration in concrete is not a significant factor
affecting potential measurement unless concrete is completely deprived of oxygen. A higher
average potential value at the surface of concrete implies lower the probability of the
corrosion as per ASTM (1999). However, the rate of such corrosion, if occurring locally, was
found to be very high. On the other hand, at small values of average potential, the probability
of the corrosion is higher, but such corrosion may proceed more uniformly. Accurate
detection of localized corrosion, in which A/C ratio is small, may not be feasible with

potential measurement method unless supplementary measurements are made.

Even though potential measurement technique is widely used, following points highlights

some of its limitations.
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1. The numerical value of the measured potential difference between the rebar in
concrete and the reference electrode depends on the type of reference electrode used
and on the corrosion condition of the rebar in concrete. In addition, potentials of rebar
in concrete cannot be measured directly at the interface of steel/concrete due to the
presence of the concrete cover (Fig. 2.3) and are thus influenced by voltage drop
through electrolyte (IR drop) in the cover, the macrocell current and possibly the
junction potentials (Elsener et al., 2003).

2. A simple comparison of the potential data with the ASTM guidelines on rebar
corrosion probability could not be worthwhile, as, a more negative reading of
potential, which is generally considered to indicate a higher probability of corrosion,
may not always be valid as many factors can shift the potential readings towards more
positive or negative values (Gu et al., 1996).

3. While carrying out the potential measurements, potential readings should be
interpreted in accordance with the resistivity of the system. Otherwise, the results can
be misleading, for the same corrosion rate, one can measure different potentials at the
surface of concrete, corresponding to different values of resistivity, and thus have

more than one probability for the same state of corrosion.

Owing to the above said limitations, The application of potential measurements is restricted
to as the first approach for corrosion detection, and needs to be supplemented with other non-

destructive testing methods for further diagnosis
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2.4.1.2 Linear polarization resistance technique

Linear polarization resistance (LPR) monitoring is an effective electro-chemical technique
for measuring rebar corrosion rates. The calculation of the corrosion rate using this technique
is based on the relationship between the electro-chemical potential and the current generated

between electrically charged electrodes.

The LPR technique (also known as polarization resistance) polarizes the rebar with an
electric current and monitors its effect on the reference electrode potential. It is carried out
with a sophisticated reference electrode (incorporating an auxiliary electrode) and a variable
low voltage direct current (DC) power supply. The reference electrode potential is first
measured and then a small current is passed from the auxiliary electrode to the
reinforcement. The change in the reference electrode potential is simply related to the

corrosion current (Stern and Geary, 1957) by the equation

_ (2.7)

lcorr = B/RP
where B is a constant (unit volts) and R is the polarization resistance (in ohms). In concrete,
the value of B is generally regarded within the range between 26mV to 52mV (Andrade et

al., 2004). R, is given by

__ Change in potential (2.8)

P~ Applied current

In a conventional LPR test, the perturbation is applied from an auxiliary electrode on the
concrete surface as shown in Fig. 2.4. The surface area of steel assumed to be polarized is the

area lying below the auxiliary electrode. However, the current flowing from the auxiliary
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electrode is unconfined and can spread laterally over an unknown, larger area of steel (Feliu
et al., 1989; 1994). This can lead to inaccurate information of the surface area of steel
polarized and thus result in an error in the calculation of the corrosion current density, which,

in turn, will lead to an inaccurate estimation of the extent of corrosion.

In order to overcome the problem of confining the current to a predetermined area, the use of
a second auxiliary guard ring electrode surrounding the inner auxiliary electrode has been
developed (Feliu et al., 1988; 1990; 1994; Broomfield et al., 1993 and Sehgal et al., 1992).
The principle of this modified set up is that the outer guard ring electrode maintains a
confinement current during the LPR measurement, which prevents the perturbation current

from the main inner auxiliary electrode spreading beyond a known area.

In order to select an appropriate level for the confinement current, two sensor electrodes are
placed between the inner and outer auxiliary electrodes. The potential difference between
these sensor electrodes is monitored and a confinement current is selected to maintain this

potential difference throughout the LPR measurement (Milliard et al., 2001).

Reference, Ag/AgCl
cell

Brass plat,p\* ‘J LI Wood base Auxiliary electrode
Conductive foam—__| [ }—‘1/
Stee|\A Working electrode

Concrete

Figure 2.4 Schematic diagram of LPR measurement set up
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In concrete, however, the main difficulty in the use of this technique arises from the irregular
distribution of the electrical signal applied via the counter electrode of much smaller
dimensions than the RC structure under test. Instead of a uniform distribution over the whole
metallic system, the electrical signal tends to vanish with increasing distance from the

counter electrode location.

To solve this problem, Gonzalez et al. (1991) and Feliu et al. (1998) developed an approach
based on a ‘‘transmission line”” model. They proposed an analytical solution for estimating
the R, and checked their validity by comparing the analytical solution with direct
measurements of Rp obtained under conditions projected to achieve a uniform distribution of
the signal applied to the reinforcement. Their model demonstrated that the response of a large
RC structure to an electrical signal applied via a counter electrode of much smaller
dimensions can be based on the response of a transmission line. Two approaches were
derived from the model. The first one used the response in current resulting from the
application of a potential step to the reinforcement with the aid of a smaller counter
electrode, placed on the concrete beam. The second one is based on the decrease of the
potential applied in this manner in terms of the distance from the referred counter electrode.
The model clearly differentiated between the behaviour of the steel in the passive and the
active states. This model has been adopted by a number of researchers as a way to estimate

the corrosion rate (Ahmad and Bhattacharjee. 1995).

In spite of sophistications, the LPR measurements pose a number of difficulties in high

resistivity media such as those encountered in large concrete structures. Notable amongst
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such difficulties are the following, which may even render the in-situ measurement highly
erroneous.

1. The high resistance of concrete between the rebar (i.e. working electrode) and the
reference electrode, which offers a potential drop commonly referred to as an ohmic
drop;” must be either compensated externally or eliminated mathematically.

2. The sample being larger compared to the counter electrode, the distribution of the
electrical signal applied for polarisation of the rebar is non-uniform throughout the

cross-section of the beam.

2.4.1.3 Alternating Current Impedance Spectroscopy Technique

The AC impedance spectroscopy is also known as electro-chemical impedance spectroscopy
(EIS). It involves the application of a series of small AC potential with different frequencies
to the RC specimen, measuring the responses and analyzing them in the frequency domain.
Due to sophistication of the measurement, this technique is more widely used in laboratory
studies rather than in field. Further, it is often difficult to interpret and is time consuming in
nature. Nevertheless, its use is nowadays a research tool to understand the behaviour and
mechanism of the steel/concrete interface and to reveal information of the rebar corrosion

kinetics (Gu et al., 2001).

2.4.2. Gravimetric Measurement Technique

Mass loss measurement is the most accurate and precise method for determining corrosion
rate because the experimentation is easy to replicate. Although the method is destructive and

long exposure times may be involved, the relatively simple procedure reduces the propensity
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to introduce systematic errors. The main issues to consider while using this technique is that
since mass can be measured easily only to about 0.1 mg, the sensitivity of mass loss
measurements is limited. The mass loss measurements are usually performed after long
exposure times, therefore they provide an average rate over time as well as over the exposed

surface.

2.4.3. Corrosion Monitoring Using Sensors

The recent developments in the area of smart materials and systems have ushered new
openings for SHM and NDE. Smart materials, such as the PZT, and the fibre-optic materials,
have facilitated online monitoring with higher resolution and faster response as these
materials possess immense capabilities of damage diagnosis. Recently, through the
measurement of parameters related to the corrosion of rebars, sensors based on optical fibers
and piezo ceramics have been investigated for corrosion assessment in RC structures. Gao et
al. (2011) developed a fiber optic corrosion sensor comprising of a fiber bragg grating (FBG)
sensor, twin steel rebar elements and some protectors to detect rebar corrosion. Through a
series of accelerated corrosion experiments, a relationship between reflected wavelength
change from the grating and the weight loss rate of rebar (by gravimetric loss method) was
obtained. Using this relationship, it was observed that the larger the wavelength shift, the
greater the weight loss rate in the rebar. Fuhr and Huston (1998) presented a multiple-
parameter sensing fiber optic sensors, which may be embedded into the roadway and the

bridge structures to provide an internal measurement and assessment of their health.

Lalande et al. (1996) used PZT sensors to detect abrasive wear (a type of corrosion) in

complex precision parts like those found in gear sets. Simmers (2005) reported the
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application of PZT sensors using the EMI technique to detect corrosion induced damage in
plates and beams and found that the technique correlated well with the change in the
corrosion pit depth and could reasonably detect and quantify the pre-crack surface corrosion,
which often leads to shortened fatigue life in structures. Thomas and Welter (2004) used
“Lamb” waves to detect material loss through corrosion in thin plate’s representative of
aircraft skins using piezoelectric wafer sensors in pitch-patch configurations. They found that
as the “Lamb” waves travelled through the simulated corrosion damage, the signal changed
and correlated well with the magnitude of the damage. Park et al. (2007) employed PZT
sensors using miniaturized impedance measuring chip (AD5933) and a self-sensing macro
fiber composite (MFC) patch to detect and quantify corrosion in aluminium structures. Park
and Park (2010) conducted an experimental study involving wireless monitoring of corrosion
damage in metallic structures and found that the amount of resonant frequency shift
increased with the increase in the extent of corrosion. Bedekar et al. (2008) noted a
systematic variation in the conductance of the PZT patch as corrosion progressed in their
aluminium test specimen. Their results also indicated an optimal distance between the
piezoelectric sensor and the location of corrosion. Recently, Yang et al. (2013) conducted
experimental study to monitor the local corrosion of a steel beam using the EMI technique
and found that a quantitative relationship exists between the damage index and corrosion
time, which can be used as a baseline reference for subsequent local corrosion monitoring.

The next section deals with the SHM techniques emphasizing on EMI technique.
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2.5 IMPEDANCE BASED STRUCTURAL HEALTH MONITORING

The advent of the EMI technique using PZT sensors has provided a new path forward for non
destructive SHM, which can be possibly utilized for corrosion condition assessment.
Furthermore, the large physical size of host structures may require innovative sensing
technologies utilizing appropriate software and hardware systems for data
acquisition/reduction for rational SHM/NDE applications. Over the past two decades, several
SHM and NDE techniques have been reported in the literature, based on either the global or
the local interrogation of structures. The EMI based SHM provides an interface between the
global vibration techniques and the traditional ultrasonic techniques (Shanker et al., 2011).
The PZT patches, owing to the inherent direct and converse mechatronic effects, can be
utilized as impedance transducers for SHM using EMI technique, through the measurement
of electrical admittance (consisting of real and imaginary parts, the conductance and
susceptance) as a function of frequency. It has been demonstrated that the EMI-based SHM
method is a practical powerful and innovative tool for local damage detection for a variety of

structures.

2.5.1 Piezoelectric Materials

The piezoelectric materials have a unique property of generating electric dipoles (opposite
surface charges) when subjected to mechanical stress (see Fig. 2.5 a) and conversely they
undergo mechanical deformations when subjected to electric fields as shown in Fig. 2.5 (b).
The piezo materials are commercially available as ceramics and polymers. Lead zirconate
titanate oxide or PZT, which has a chemical composition (Pb[Zr(x)Ti(1-x)]Oz3), is the most

widely used type piezoceramic. It is light weight, low-cost, small size and has good dynamic
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performance, high elastic modulus, high rigidity, brittleness and low tensile strength.
Besides, it exhibits large range of linearity, fast response, long term stability and high energy
conversion efficiency (Sirohi and Chopra, 2000a). On the other hand piezopolymers are
characterized by low charge characteristics and low stiffness. Due to their flexibility, they
can be formed into thin sheets and can be adhered to any curved surfaces. However,
piezopolymers are more sensitive to mechanical loads over a larger range, which renders
them to be better sensors. The most commonly available form of piezopolymers is the
Polyvinylidene Fluoride (PVDF), which has negligible shear lag effect (Sirohi and Chopra,

2000b).
(a) Direct effect (Sensor)

Mechanical stress ——— Electric field
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Figure 2.5 Direct and converse effect of piezoelectric materials
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Figure 2.6 Typical Polarization observed in piezoceramic materials (Cook, 2001)
(@) Unpolarized Ceramic Material (b) Polarized Ceramic Material
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2.5.2 Geometric Details of PZT Patches

Several types of PZT patches are commercially available in market in different shapes such
as circular, rectangular, square and of varying dimensions. Fig. 2.7 shows a typical
commercially available PZT patch used in the present research. The characteristic feature of
the patch is that the electrode from the bottom edge is wrapped around the thickness, so that
both the electrodes are available on one side of the PZT patch, while the other side can easily

be bonded to the host structure.

3(2)
2(y) omm

10;N ?Qi.Bmm '

Bottom electrode film
wrapped to top surface

Top electrode film

Figure 2.7 Geometric details of a typical PZT patch (Pl Ceramics, 2012)

2.5.3 Diverse Applications of Piezoelectric Materials

Since this thesis is primarily concerned with piezoelectric materials, some typical
applications of these materials are briefly described here. Traditionally, piezoelectric
materials have been well-known for their use in accelerometers, strain sensors, distributed
vibration sensors, and pressure transducers (Sirohi and Chopra, 2000a and 2000b).They have
been shown to be very promising in active structural control of lab-sized structures and

machines and underwater acoustic absorption, robotics, precision positioning and smart skins
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for submarines (Kamada et al., 1997; Manning et al., 2000; Song et al., 2002). The present

research aims at exploring the application of piezo sensors in corrosion monitoring.

2.6. EMI TECHNIQUE USING PZT PATCHES

2.6.1 Physical Principles

In the EMI technique, a PZT patch is bonded to the surface of the structure to be monitored
using a high strength epoxy adhesive, and electrically excited via an inductance capacitance
and resistance (LCR) meter. In this configuration, the PZT patch essentially behaves as a thin
plate undergoing axial vibrations and interacting with the host structure, as shown in Fig. 2.8
(a and b) and these interactions are reflected back in the form of electrical admittance
consisting of conductance and suseptance. Assuming 1D interaction (host structure as a
skeletal structure), the PZT patch-host structure system can be modelled as a mechanical
impedance (due the host structure) connected to an axially vibrating thin bar (the patch), as
shown in Fig. 2.8 (a). The patch in this figure expands and contracts dynamically in direction
‘1’ when an alternating electric field Ez (which is spatially uniform i.e. 0E3/0x = 0OE3/0y = 0)
is applied in the direction ‘3’. The patch has half-length ‘I’, width ‘w’ and thickness ‘h’. The

direct and converse effects, can be mathematically expressed as (Ikeda 1990)

D3 = 8;3E3 + d31Tl (29)
S, = J; +D,E, (2.10)

where axis ‘3’ points along the thickness of the patch and axes 1’ and ‘2’ lie in the plane of

patch, as shown in the Fig. 2.8 (a). Further, S: is the strain along axis’1’, D3 the electric
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displacement over the surface of PZT patch, ds; the piezoelectric strain coefficient and T: the

axial stress in the patch along the axis ‘1°. electric field and % = el3(1 — &j) its complex
electric permittivity at constant stress, with » and ¢ denoting the mechanical and dielectric
loss factors of the patch respectively. The PZT loading in direction ‘3’ can also be neglected
by assuming the frequencies involved to be much less than the first resonant frequency for
thickness vibrations. The vibrating patch is assumed infinitesimally small and to possess

negligible mass and stiffness as compared to the host structure.

Alternating  electric field Boundary
3(2) E3

TAZ(vy)l(x)

PZT patch

Structural Impedance

‘Unknown’ host

(@) (b)

Figure 2.8 Bonded PZT patch and its interaction (a) Modelling of PZT-structure interaction (1D)
(Bhalla and Soh, 2003) (b) A PZT patch bonded to the host structure (2D)

The structure can therefore be assumed to possess uniform dynamic stiffness over the entire
bonded area. The two end points of the patch can thus be assumed to encounter equal
mechanical impedance, Z. Under this condition, the PZT patch has zero displacement at the
mid-point (x= 0), irrespective of the location of the patch on the host structure. Under these
assumptions, the vibrations of the 1D patch can be represented by the following differential

equation (Liang et al., 1994), derived based on dynamic equilibrium of the PZT patch.
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yELY _ 0%

axz ~  axtz

(2.11)

where ‘U’ is the displacement at any point on the patch in direction ‘1°. Solution of the
governing differential equation by the method of separation of variables and boundary
conditions consistent with assumptions stated above leads to

u = Asin(kx)e/®t (2.12)

where k is the wave number, related to the angular frequency of excitation o, the density p

and the complex Young’s modulus of elasticity of the patch by

E

ﬁ

Making use of the PZT constitutive relation (Eg. 2.13), and integrating over the entire surface
of the PZT patch (0 to + ), we can obtain an expression for the electro-mechanical
admittance (the inverse of electro-mechanical impedance) as

V _ a)j M 6‘_3T3+ Za d:lY_E tankl —dszlY_E (2.14)
h Z+Z K

where Z, is the short-circuited mechanical impedance of the PZT patch, given by

7 = kwhv® 215
" (jo)tan(kl) @15)

Z, is defined as the force required to produce unit velocity in the PZT patch in short circuited

condition (i.e., ignoring the piezoelectric effect) and ignoring the host structure. The electric

current, which is the time rate of change of charge, can be obtained as

[ D,dxdy = jo] D,dxdy (2.16)
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It may be noted that no assumption about the operating frequency range is made in the

tankl

derivation of the above equation. For the particular case of w <<®,,, when —1, the

Eq. (2.14) reduces to

= wl | — Z —
Y: _ T _ szE
Zh {ssg (Zﬂ J : } (2.17)

a

Eq. (2.14) or Eq. (2.17) couples the mechanical impedance of the mechanical system to the
electro-mechanical admittance of the PZT-structure system. The first term in these equations
is the capacitance of PZT, and the remaining terms signify the mechanical interaction

between the structure and the actuator.

The abovementioned 1D model derived by Liang et al. (1994) is considered oversimplified
for the modelling of some complex structural systems. Zhou et al. (1995, 1996) extended the
impedance based 1D (skeletal) model to a more generic 2D (planar) model by Incorporating
direct impedances Zxx and Zyy, and the cross impedances Zyy and Zyx in Liang’s equation.
Although the analytical derivations of Zhou et al. (1995 and 1996) are reasonably accurate
the experimental difficulties prohibit their direct application for extraction of host structure’s
mechanical impedance. To alleviate the shortcomings inherent in the existing models, Bhalla
and Soh (2004a) introduced a new concept called ‘effective impedance’. The actual
interaction between the patch and the structure is not restricted at the end points, but
extended all over the finite size of PZT patch as shown in Fig. 2.8 (b). They introduced the
concept of effective velocity rather than drive point velocity, thus ensuring that the force

transmission between PZT patch and structure occurs along the entire boundary of the patch
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shown in Fig. 2.8 (b). They derived the following expression for complex admittance of the

bonded PZT patch (assumed square shape, as shown in Fig. 2.7 a), as

T 2| 2\ E 2\ E 7
Y :\L/: G + BJ — 4a)j|_l:gT . 2d31Y + 2d31Y (Z a,eff j(tan klj} (2.18)

* (1-v) (@-v) w2, kl

where Z, , is the short-circuited effective mechanical impedance of the structure, v the

a eff
Poisson’s ratio. Any damage to the structure (such as corrosion, which changes the mass and
stiffness characteristics of the structure) will cause the structural parameters to change and
will thus alter the structural impedance (Zs, eff), which in turn changes the admittance (Y) in

the above equation, thus serving as an indicator of the state of health of the structure.

The EMI technique has been shown to be extremely sensitive to incipient damages, it is
practically immune to mechanical noise and demands a low implementation cost (Park et al.,
2000a). The PZT patches can easily be bonded to inaccessible locations of structures and
aircraft and can be interrogated as and when required, without necessitating the structures to
be placed out of service or any dismantling/ re-assembling of the critical components. All
these features definitely give an edge to the EMI technique over other existing passive sensor

systems.
2.6.2 Frequency Range Selection

One of the unique characteristic of the EMI technique is its high frequency of excitation (in
the order of 50 to 500 kHz) which ensures high sensitivity. Sun et al. (1995) recommended
that the frequency range in the EMI technique is to be selected such that major vibration
modes of structure are included. Park et al. (2003) and Bhalla (2001) additionally

recommended that a frequency range ought to be kept within 30 to 400 kHz to ensure high
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sensitivity to incipient damage invisible to naked eye. Further, it is also recommended that
frequency larger than 500 kHz is unfavourable if lateral modes are used, because the sensing
region becomes extremely localized and the PZT patch shows adverse sensitivity to its
bonding conditions. Baptista and Filho (2010) proposed a formal procedure to determine the

frequency ranges in which the PZT transducers are more sensitive for damage detection.

2.6.3 Effect of Temperature

The electrical admittance signatures acquired from the impedance analyzer are found to be
temperature sensitive (Sun et al., 1995; Park et al., 1999). The most undesirable effects
caused by temperature on the acquired signatures are the horizontal shift, caused by the
change in the host material’s Young’s modulus, and the vertical shift, due to variations in
parameters ¢33 and ds1 of the PZT patch (Bhalla and Soh, 2004a). Therefore, the effect of
temperature was studied by several researchers (Sun et al., 1995; Bhalla, 2001; Schulz et al.,
2003 and Nguyen et al., 2004) and concluded that the overall shift in the frequency spectrum
varies linearly with temperature over narrow frequency bands. The most critical vertical shift
was caused by the changes of e33. Sun et al. (1995) suggested a compensation technique
based on cross correlation coefficient to compensate for temperature induced horizontal shift.
Park et al. (1999) latter proposed an empirical based methodology for temperature
compensation, proving the damage detection capability of the EMI technique under
fluctuating temperature. In the present research, all the tests were performed under controlled

laboratory conditions so that the temperature fluctuations were controlled.
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2.6.4 Sensing Range and Optimal Placement of PZT Patches

In the EMI technique, the typical excitation frequency lies in the range of 30-400 kHz. This
high frequency of excitation induced renders the actuation and sensing zone to be localized.
Esteban (1996) performed extensive theoretical modelling to identify the sensing region of
the EMI technique. Based on various case studies, it has been estimated that the sensing zone
is closely related to the host materials and density, ranging from 0.6m in concrete to 2-3m in
metal. Therefore, in actual application, spacing between the PZT patches should be
reasonably chosen according to the abovementioned considerations. Soh et al. (2005)
suggested that the PZT patches should be placed at critical location such as those susceptible
to shear crack and bending failure and thus the number of the PZT patches required in

monitoring the entire structure can be optimized.

2.6.5 Excitation Voltage and Signature Acquisition

The PZT patch is normally excited by the LCR meter with an alternating voltage signal of 1
volt r.m.s. (root mean square) over the user specified frequency range. Sun et al. (1995)
reported that the conductance signature remains practically constant when the excitation

voltage was increased from 0.5 to 15 V.

2.6.6 Instrumentation and Other Considerations

The impedance measurements (i.e., the real and the imaginary parts) need to be measured for
the complete impedance or admittance signatures. For this purpose, there are LCR meters
such as Agilent E4980A Precision LCR meter and Wayne Kerr Precision Impedance

Analyzer. The issues related to the hardware were first investigated by Peairs et al. (2004),
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who proposed a low-cost version of the EMI technique using a FFT analyzer which is less
expensive than LCR meters. The work was further extended by Xu and Giurgiutiu (2005)
Park et al. (2006) and Panigrahi et al. (2008). Bhalla et al. (2009) further extended the work
of Panigrahi et al. (2008) and developed a new impedance-measuring approach with lower

cost, greater accessibility, and smaller size.

For a surface bonded PZT patch, the efficiency of strain transfer between the PZT patch and
the host structure is mechanically joined by adhesive/bonding layer. In the EMI technique,
the adhesive is capable of changing the structural signature by lowering the peaks of the
conductance and the slope of the susceptance, as reported by various researchers (Sirohi and
Chopra, 2000b; Bhalla, 2004; Qing et al., 2006; Dugnani, 2009; Bhalla et al., 2009). Bhalla
and Soh (2004a) suggested that the effect of adhesive on the PZT patch is negligible if the

bonding layer is less than one third of the patch’s thickness.

2.7 MAJOR RESEARCH IN ELECTRO MECHANICAL IMPEDANCE

TECHNIQUE SINCE 1990’s

The capabilities of the EMI technique and its advantages have been proven over extensive
investigations. Major developments and contributions made by various researchers in the
field of EMI technique during the last two decades are summarised as follows. A very
detailed review of the various case studies and applications is covered by Park et al., 2003b
and Bhalla 2004 who have provided a comprehensive review of the developments in EMI
technique since its invention in1995. The developments after 2004 are summarized as

follows:
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Bhalla et al. (2005) presented a detailed review of the available sensor technologies and
methods for comprehensive monitoring with special emphasis on the conditions encountered

underground practically.

Lim et al. (2006) presented a new method for identifying structures from the measured
admittance signatures in terms of equivalent structural parameters, whereby the identified
parameters are used for damage characterization. The new method has been applied to a
truss, a beam and a concrete cube, and found to be able to successfully perform structural

identification and damage diagnosis

Hey et al. (2006) presented practical issues concerning the implementation of EMI based
SHM and proposed new sensors interrogation algorithms utilizing the sensor multiplexing

technique to reduce the time required in interrogating PZT patches one by one.

Yang et al. (2008) simulated the PZT-structure interaction at the high frequency range
(upto1000 kHz) using ANSYS8.1. Their studies proved that FEM could merge as an

excellent alternative to the experimentation in the study of the EMI technique.

Rickli and Camelio (2008) combined a PZT sensor with multi variate statistical process
control (MSPC) to accurately monitor the structural integrity of locating fixtures. This
methodology reduced the cost associated with production downtime due to faulty failures and
was able to reduce the false alarms and enabled healthy sensor identification with improved

capabilities.

Shanker et al. (2010) proposed the simultaneous application of the local EMI and the global

dynamic techniques using the same set of PZT sensor patches for improved SHM. Based on
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the experimental study conducted on a two-story reinforced concrete frame structure using
PZT patches embedded in the structure it was well established that the same PZT patch can
be used as the sensor element for the global dynamic technique as well as the local EMI
technique. The EMI technique was able to detect the incipient damage more effectively, and
the global dynamic technique was effective for moderate to severe damages thus

complementing each other.

Neto et al. (2011) proposed a low cost, highly expandable SHM architecture for monitoring
an array of PZT transducers, which does not use fast Fourier transform analyzers/algorithms
nor any digital computers for processing. They concluded that the proposed architecture
offers stability, reliability, low cost, and scalability and monitor any kind, size, and
complexity of a structure. It was shown that the impedance signals obtained from the
proposed architecture are similar to those obtained from a classical impedance analyzer with

much lower better adapted for industrial application.

Yan et al. (2011) proposed an analytical model of a cracked functionally graded beam. The
dynamic behaviour of the PZT patches was considered and a viscoelastic law was adopted to

describe the bonding imperfection between the PZT patches and the beam.

Lim and Soh (2012) conducted experimental, analytical and numerical studies to investigate
the effect of varying axial load in the presence of fixed boundary conditions on the
admittance signatures and suggested that the effect of the boundary condition was substantial

and needs to be carefully considered in real-life application of the EMI technique for SHM.

Baptista et al. (2012) presented a simple and versatile measurement system for SHM using

the EMI technique, which allowed real time data acquisition from multiple sensors and also
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included temperature compensations. The proposed system is low cost compared to the

conventional impedance analyzers.

Bhalla et al. (2012) presented new approach for fatigue life assessment of bolted steel joints
using the equivalent stiffness determined by surface-bonded piezo-impedance transducers.
The equivalent system parameters of the joint were identified from the acquired electro-
mechanical admittance signatures. Through tests on three prototype steel joints, empirical
equations were derived to relate the residual fatigue life to the loss of equivalent identified
stiffness. The most promising feature of the proposed approach was that it employs the
admittance signature of the surface-bonded piezo transducers directly, thereby circumventing

the determination of the in situ stiffness of the joint.

Xu and Jiang (2012) showed that the EMI technique can be employed to evaluate the
condition of interfacial bolts for a concrete-steel composite girder element with removable

bolts which are employed to simulate the damage of bolts.

Annamdas and Yang (2012) extended the application of EMI technique for monitoring of
soil excavation carried out in Singapore and concluded that the PZT sensors can be groomed

for practical applications without much difficulty.

Quinn et al. (2012) developed an embedded wireless sensing system for monitoring initial
curing and health of concrete structures. Their results showed that the embedded EMI
method was sensitive to the removal of formwork and possibly debonding effects on

aggregate and the effect that these have on the concrete.
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Providakis et al. (2013) designed a wireless and miniaturized EMI based measuring to
monitor the early age strength of concrete. Based on their experimental studied, they found

that the EMI signatures gradually shift to the right as the concrete curing time increased.

Cherrier et al. (2013) proposed a method to generate damage localization map based on two
techniques EMI and inverse weighting interpolation, which was validated on one

dimensional and two dimensional composites structures.

Recently, Annamdas and Radhika (2013) presented some important developments in
monitoring the metallic and non-metallic structures using the EMI technique, specifically

concentrating on wired, wireless and energy harvesting methods.

2.8 LIMITATIONS IN APPLICATION OF PZT PATCHES FOR

STRUCTURAL HEALTH MONITORING

The main limitation with the PZT materials is their brittle nature, due to which, the PZT
sheets cannot withstand bending, exhibit poor conformability to curved surfaces, show
considerable fluctuation in their electric properties with temperature. Also, soldering wires to
the electrode of PZT patch requires special skill and often results in broken elements,
unreliable connections or localized thermal depoling of the elements. The other limitations
with PZT materials are (i) aging: PZT patches erode gradually, in a logarithmic relationship
with time after polarization (Pl Ceramic, 2012). Exact rates of aging depend on the
composition of the ceramic element and the manufacturing process used to prepare it. (ii)
Electrical Limitations: PZT patches depolarize when exposed to a strong electric field of

polarity opposite to that of the polarizing field. A field of 200-500 V / mm or higher can have
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a significant depolarizing effect. The degree of depolarization depends on the grade of
material, exposure time, temperature, and other factors. (iii) Mechanical Limitations:
Application of mechanical stress on PZT material beyond certain limit can destroy the
alignment of dipole. This limit generally depends on the type of grade and the brand of the
material used to prepare the PZT patches. (iv)Thermal Limitations: If a PZT sheet is heated
to above the Curie point (temperature at which materials lose its piezoelectric effect), the
domains become disordered and the material gets depolarized. The recommended upper

operating temperature for a ceramic is between 0 °C and the Curie point. In general,

temperature fluctuations affect the properties such as d“,g_; and Y = of the PZT patch, and to

some extent structural properties of the host system (Bhalla, 2001).
In addition to the above, the specific limitations of EMI technique include:

1) Due to the utilization of high excitation frequencies, the sensing zone of the PZT
patch is very small (For metals it is 2m and for non homogeneous materials 0.2m), so
in order to monitor a real life structure, several PZT patches need to be deployed. The
location of the bonding of the PZT patch needs to be judiciously decided.

2) The main drawback of the EMI technique is its inability to assess the overall
structural stability as it is a local SHM technique and since most of the civil structures
are statically indeterminate, the cracking of a few joints/members may not necessarily
affect the overall safety and stability of the monitored structure (Bhalla, 2004) and the

data need to be carefully interpreted.
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2.9 SUMMARY: CRITICAL POINTS OF REVIEW

In this chapter, initially a general idea about the corrosion and its process with emphasis on
rebar corrosion is presented. The main causes of rebar corrosion in RC structures (i.e.,
chloride induced and carbonation induced corrosion) are briefly described. Various

techniques to detect and quantify the rebar corrosion are elaborated with their limitations.

As the primary focus of this research is to extend the applications of PZT sensors to
corrosion monitoring using the EMI technique, the concept of SHM using PZT sensors is
described covering the geometric details, sensing abilities and diverse applications of the
PZT sensors. During the recent years, the EMI technique using the PZT sensors has proven
to be an efficient tool in SHM. As the research is focused on EMI technique, the basic
principles and the governing equations of the technique are elaborately discussed and finally

the recent technological developments of this technique are presented.

From the critical literature review discussed regarding rebar corrosion detecting techniques

and from the SHM using EMI technique, following points can be noted

1. The use of potential measurements to assess corrosion has been criticized in the past
by various researchers for its instability depending on the prevailing measurement
conditions (Ghaz et al., 1990; Elsener et al., 2003).

2. There is no general correlation between the icorr (COrrosion current rates) and potential
measurements (Broomfield 2007). For practical purposes, the potential values need to

be complimented with other corrosion assessment techniques.
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3. The LPR measurements are subjected to several complications, such as the
compensation of IR drops, the presence of localized corrosion, the interference with
other electrical signals, and the determination of the rebar area being tested (Gozalez
etal., 1985 and Feliu et al., 1989)

4. The gravimetric measurements such as mass loss method is an efficient method for
determining the corrosion rates, however it is destructive in nature and is generally
performed after long exposure periods.

5. From the literature review, it is found that the EMI technique is very effective and
sensitive in detecting the damage (loss of structural parameters) caused to the
structures. Detection of corrosion in RC structures using this technique is still a new
area of research and has not yet been explored, although some of the researchers had
applied the EMI technique for corrosion monitoring using PZT sensors, their work
has been only limited to the metallic structures and using statistical parameters only.

6. Further, limited research is available based on the utilization of extracted equivalent
parameters (from PZT patches) for correlation with the actual parameters, while all
the previous studies used the raw conductance signature for damage detection. The
success of the equivalent parameters in concrete (Soh and Bhalla, 2005) and fatigue
(Bhalla et al., 2012) provides motivation for exploring their potential for better

corrosion assessment.

2.10 RESEARCH OBJECTIVES

Based on the critical review points relating to the corrosion detection techniques and SHM

using EMI technique, the following objectives have been set for the present Ph. D. research:
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To investigate the capabilities of PZT patches (using the EMI technique), to inspect
the structure in real-time (to supplement routine inspections) so that corrosion could
be detected and treated before significant cracking develops.

To develop a new corrosion detection and assessment methodology using PZT
patches, which can be autonomously, remotely monitor, alert operators about the
immediate structural problems and speed up the maintenance repairs.

To present a new diagnostic approach for the assessment of corrosion based on the
equivalent system parameters identified by means of the EMI technique, using real
and imaginary components of the admittance signature and also identify the damage
sensitive equivalent parameters for reinforced concrete structures.

To develop an empirical model for expressing corrosion (chloride induced) severity
in terms of changes in the equivalent structural parameters (stiffness and mass)
directly “identified” by PZT patches surface bonded to the bare steel bars as well as
rebars embedded in concrete.

To derive empirical relation between the actual stiffness loss and the PZT identified
stiffness loss, which can be used in real life corrosion monitoring of RC structures,
where the determination of actual stiffness loss of rebar is impractical.

To differentiate various phrases of corrosion i.e., corrosion initiation, propagation and
cracking using the derived equivalent stiffness model.

To determine corrosion rates, knowing the mass loss of the rebar from the equivalent
mass model.

To detect, with reasonable certainty, the carbonation initiation corrosion through

accelerated carbonation tests and to correlate the structural changes due to

45



CHAPTER- 2 Literature Review

carbonation with the microstructural properties i.e. with scanning Electron
microscope (SEM) imaging and Raman spectroscopy analysis.

9. To apply the developed model of accelerated chloride induced corrosion in
determining the corrosion rates in natural environmental conditions and further study
the effect of FA blended concrete on reinforcement corrosion.

The following chapters present details of how the above objectives are met, starting from
experimental study on bare steel rebars to the ones embedded inside concrete, experiencing

chloride/carbonation induced corrosion process.
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CHAPTER-3
DIAGNOSIS OF CHLORIDE INDUCED CORROSION IN
BARE STEEL BARS

3.1 INTRODUCTION

Steel is principally used as the reinforcing material in RC structures as it is the time proven
match for concrete. RC structures are designed on the premise that steel and concrete act
together to withstand the induced forces. The coefficients of thermal expansion for both steel
and concrete are approximately the same; this along with excellent bendability property and
bond with concrete makes steel the best material as reinforcement in the RC structures. One
of the problems encountered by this combination is the occurrence of corrosion in steel,
which is a very common problem faced by the ageing infrastructure across the world. The
Interest of the scientific community in rebar corrosion problem has increased during the last
several years because of the wastage of the precious metal owing to corrosion, apart from
endangering the structural performance. Corrosion of steel reinforcement has been identified
as the most common cause of deterioration and premature failure of RC structures

(Montemor and Simoes, 2003).

This chapter presents a new approach for the assessment of corrosion in bare steel bars, using
the EMI technique. The quantification of corrosion induced damage is based on the
equivalent parameters identified by the surface bonded PZT patch. The chapter covers the
specific experiments conducted on bare steel bar specimens followed by the development of
empirical mass and stiffness models based on the measured electro-mechanical impedance

data.
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3.2 MECHANICAL IMPEDANCE OF STRUCTURES

Lamb waves techniques and the EMI technique are the two prominent damage detection
techniques, which utilize the direct and converse capabilities of smart piezoelectric materials
to non-destructively inspect and evaluate the health of structures. Both techniques have
recently been integrated into autonomous SHM devices, such that the same self-sensing
patch can perform both detection techniques (Park et al., 2003a). The main aim of this
research is to evaluate the EMI technique as a corrosion detection and quantification tool for
rebars embedded in concrete. For this purpose, as a first step, the tests have been conducted

on bare steel bars and then the experiments are extended to steel bars embedded in concrete.

Electrical impedance is a parameter used to characterize electric circuits and components,

given as

Z=R+Xj (3.1)

where the real part of impedance is the resistance R and the imaginary part is the reactance X.
The electrical admittance on the other hand, is a measure of how easily a circuit or a device

allows current to flow, and is the inverse of impedance. It is defined as
1 :
Y:Z:G+BJ (3:2)

where G is called the conductance and B the suseptance. To understand the EMI technique, it
is important to understand the concepts of mechanical impedance as it is analogous to

electrical impedance.

A harmonic force, acting upon a structure, is given as (Bhalla, 2004)
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F(t)=F cosat + jF, sinet = F ™ (3.3)

The resulting velocity response u , at the point of application of the force, is also harmonic in

nature. However, it lags behind the applied force by a phase angle 4, due to the ‘mechanical

impedance’ of the structure. Hence, velocity can also be represented as a phasor, as
U =0, cos(at —¢)+ ju, sin(at +¢)=1e"" (3.4)

The mechanical impedance of a structure, analogous to the electrical impedance, at any point,
is defined as the ratio of the driving harmonic force to the resulting harmonic velocity at that

point, in the direction of the applied force, that is

Fe“ F
Z:E: - O_e :'_oeW (35)
u ae'™” u

0

The main advantage of the impedance approach is that the differential equations of
Newtonian mechanics are reduced to simple algebraic equations and a black-box concept is
introduced. Critical forces and velocities only at one or two points of interest need to be

considered, thereby eliminating the need of a complex analysis of the system (Bhalla, 2004).

Like the electrical relationships, combinations of mechanical elements like dampers, springs,
and masses comprise mechanical systems. The mechanical impedances of the three basic
mechanical elements such as for a pure mass ‘m’ can be derived as ‘mw;’ (Hixon, 1988).
Similarly, the mechanical impedance of an ideal spring possessing a spring constant ‘K’ can
be derived as ‘-jk/w’, and that of a damper can be obtained as ‘C’ (the damping constant). The
rules for series combination of impedance elements are similar to electrical impedances

connected in parallel. Similarly, mechanical impedances connected in parallel are treated like
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electrical impedances in series. Hence, for a parallel combination of ‘n” mechanical systems,

the equivalent mechanical impedance is given by Hixon (1988) as

Z,=%27, (3.6)
and, for a series combination,
1 .1 (3.7)
I Z—
i=1 Z

eq i

A healthy structure may be thought of as a multiple degree of freedom system composed of
several mechanical elements i.e., different combinations of mass, spring, and damper
elements. If the basic elements are known, they could be combined using superposition
theorems. The result would be a single impedance equation which would describe the input
(Force) output (velocity) relationship for the structure. The equation would define the
frequency dependant structural response of the system which thus identifies the healthy
mechanical impedance composition of the structure. Thus, if the structure is corroded or
cracked, the mechanical impedance composition would deviate from the healthy response,
and it would be possible to see the effect of the damage through the mechanical impedance

change.

3.3 MECHANICAL IMPEDANCE OF PZT PATCHES

Based on the above concept, Liang et al. (1994) derived the mechanical impedance of the

PZT patch (in the short circuited condition), as
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7 - Foo _ whT, _ whY*S,.., (3.8)
) L](x:|) l'](x:l) u(le)

Where, u the velocity response and |, w and h the patch dimensions. It should be noted that
only one symmetrical half of the PZT patch (I = half length) has been considered. The next
section applies the concept of mechanical impedance to corrosion degradation of bare steel

bars.

3.4 DETAILS OF ACCELERATED CORROSION STUDY

The mechanics of chloride induced corrosion in rebar of RC structures was discussed in
detailed in Chapter 2. In this chapter, the feasibility of the EMI technique for corrosion
detection in bare steel bars is explored. Three high yield deformed (HYD) steel bars of Fe415
grade (IS 1786, 1985) of 300 mm length and 16 mm diameter were chosen for performing
the accelerated corrosion experiments. All the bars were machined in the central portion so as
to achieve a smooth surface to bond the patch (as shown in Fig. 3.1a). A thin layer of two
part Araldite epoxy adhesive was applied on the machined surface and a PZT patch of size
10x10x0.3 mm and grade PIC 151 (Pl Ceramics, 2012) was placed on it. Light pressure was
applied over the assembly using small weight. The set up was left undisturbed in this
condition at room temperature for 24 hours to enable full curing of the adhesive. Wires were
then soldered to the electrodes of the PZT patch and connected to Agilent E4980A LCR
meter (Agilent Technologies, 2012), as shown in Fig. 3.1 (b). The LCR meter imposes an
alternating voltage signal of 1 volts rms to the bonded PZT transducer over the user specified
preset frequency range (100-300 kHz in the present case). The magnitude and the phase of

the steady state current are directly recorded in the form of conductance and susceptance
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signatures in the frequency domain, thereby eliminating the requirements of domain
transform. In addition, no amplifying device is necessary. In this manner, the electro-
mechanical admittance signature, consisting of the real part (conductance G) and the
imaginary part (susceptance B) was acquired in a frequency range of 100-300 kHz for all the
three bars, as shown in Fig. 3.2 for a typical specimen. A frequency interval of 100 Hz was
used for each admittance measurement. Since the conductance signatures of piezo-impedance
transducers have been reported to be temperature sensitive (Sun et al., 1995; Park et al.,
1999), all the tests were performed under controlled laboratory conditions so that the

temperature fluctuations could be ruled out.

LCR meter
L 11 11 | |
i —
A
g —
Machined | b
surface A /
Rebar
"u‘ T T
[ ]
Computer
(@) (b)

Figure 3.1 Experimental set up (a) Rebar specimen prepared for bonding
the PZT (b) Experimental set up

Under normal environmental conditions, corrosion of a rebar is a relatively slow process,
often taking several years to progress significantly. In order to obtain the results in a
reasonable time frame for a laboratory-based study, accelerated corrosion through impressed
current technique was adopted (Grattan et al., 2009; Zheng et al., 2009 and 2010; Gao et al.,
2011). After the baseline signatures were acquired (as shown in Fig. 3.2), the specimens were
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placed in a beaker containing “brine” solution (of salinity 35 parts per thousand). It was duly
ensured that the PZT patch was always above the top surface of the brine solution i.e. the
PZT patch was never submerged in the solution, so as to rule out the possible deterioration to
PZT patch. To accelerate corrosion, an electrical loop was set up with the steel bar specimen
forming the anode and the negative terminal was connected to a copper bar dipped in the
solution acting as cathode, as shown in Fig. 3.3. A constant current 150pA/cm? was applied
to the specimens using fixed power supply device, model ST 4076 (Scientech Technology,
2011) for a total period of eight hours and the admittance signatures were acquired
periodically at an interval of one hour. Before the signature acquisition, the bars were taken

out of the solution and dried under running fan for a period of about 15 minutes.
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Figure 3.2 Experimental admittance signatures (a) Conductance (b) Susceptance

Copper roci(Cathode)

il

—  PZT patch

‘.

Brine solution

Figure 3.3 Accelerating corrosion set up
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Fig. 3.4 shows the condition of one of the steel bar before and after accelerated corrosion. As
clearly visible from the figure, substantial corrosion has occurred in the bar after eight hours
of the application of the constant current. The cross section of the bar has reduced
considerably (see Fig. 3.4b) in the region which has been dipped inside the brine solution.
While the steel bar is placed in the brine solution, care has been taken such that the PZT
patch is always above the surface of the solution. The distance of the affected region (where
corrosion occurred) from the patch was within its zone of influence, which typically extends

to about 1m in such 1D structures (Park et al., 2000b).

The conductance signatures obtained from the sensor are shown in Fig. 3.5 for all the
specimens. The variation of G (the real part of admittance) of the PZT patches, bonded to the
bare steel bar specimens is considerable after subjected to eight hours of accelerated
corrosion and the signatures can be observed to change substantially for all the three
specimens. The change in the conductance signature can be seen in light of degration of
mass, stiffness and/or damping of the steel bar due to the exposure to accelerated corrosion

for eight hours.

PZT Patch PZT patch  Severe corrosion area

(a) (b)

Figure 3.4 Condition of specimens (a) Pristine specimen (b) Corroded specimen
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Figure 3.5 Variation of the conductance signature due to accelerated corrosion exposure
(@) Specimen 1 (b) Specimen 2 (c) Specimen 3
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However, as observed in the figures, the conductance signature varies from specimen to
specimen due to the fact that the signature depend on number of factors such as bonding
conditions of the patch, local surface and the variability of the PZT parameters. From the
marked difference in the signature, it can be concluded that the mechanical impedance has
changed due to corrosion. This happens because corrosion changes the mass, stiffness, and/or
damping properties of the bar, which in turn causes the conductance signature to change in
accordance with Eg. (2.21). The next section focuses on quantification of the corrosion

induced deterioration.

3.5 DAMAGE QUANTIFICATION

Described below are some of the computational techniques which can be used for the
comparison of two signatures, one of which is the baseline signature of the healthy structure

and the other one is the signature after an unknown damage.

3.5.1. Root Mean Square Deviation (RMSD)

The RMSD index is defined as (Giurgiutiu and Rogers, 1998; Giurgiutiu et al., 1999) as

(3.9)

where G; is the conductance of the PZT patch at any stage during the test and Gi° is the

baseline value (in pristine condition), i representing the frequency index (100 to 300 kHz).
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3.5.2 Signature Assurance Criteria (SAC)

Let, u=[ui ].i=1,2,3,..., N be a reference signature obtained from an healthy structure,
and v=|vi].i=1,2,3,...,N be the second signature obtained from the same structure after

an unknown level of degradation has occurred, then SAC value is given by

W[
SAC (U, V) :#
u.u.v.v

0 < SAC < 1.0 (3.10)

SAC = 1.0 implies that u and v are identical and a value of SAC=0 implies that the two are

totally uncorrelated (Bhalla, 2001).

3.5.3 Waveform Chain Code (WCC) Technique (Bhalla, 2001)

Let u and v be two signatures as defined above. WCC uses the summation of the absolute

differences between two slopes and two curvatures (Samman and Biswas, 1994 a and b).

The slope at a point is givenby S, =U, U,  wherei = 2,3,4,.....,N (3.11)
The relative Slope can be expressed as, S :SS—‘ (3.12)

max

This can be converted to a scaled slope by scaled relative slope,

(3.13)
S =508 (-50< C*" <50)

Similarly, Scaled Relative Curvature, which is the derivative of slope, can be expressed as

cr =S ; S, (-50<C* <50) (3.14)
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The two signatures, u and v, as defined above, may be compared by calculating their Slope

Differential VValues (SDV) and Curvature Differential Values (CDV) as defined below

Slope Differential Value, S/ =[S""—S" (3.15)

Curvature Differential Value, C" = |C{” -C™

(3.16)

Larger value of SDV or CDV at a point implies a significant difference between the two

signatures in the neighbourhood of the point. Their values may range from 0 to 100%.
3.5.4 Adaptive Template Matching (ATM)

Two signatures u and v are considered identical if the following two criteria are satisfied

(Samman and Biswas, 1994 a and b)
@ (1-p)ui < vi < (1+ ) u (3.17)
(b)ui>Aandvi> A (3.18)

in which, g is the percent tolerance on the magnitude and A is the threshold of the

magnitude.

A = & X max (ui, Vi) (i=1,2,3,.) (3.19)

where 0<o<1
Given u, v, and A, the technique calculates the minimum tolerance value z.

These damage metrics, as described above, can be used to mathematically quantify the
damage while reducing the deviation in admittance data to single scalar value. For

preliminary investigations, the RMSD metric has been widely used because it is an
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established statistical metric to quantify damage (Giurgiutiu and Rogers, 1998; Giurgiutiu et
al., 1999). The variation of the RMSD index can be studied in light of the degradation of

actual stiffness of the specimen with the increase in corrosion.
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Figure 3.6 Variation of RMSD (a) Specimen 1 (b) Specimen 2 (c) Specimen 3

59



CHAPTER- 3 Diagnosis of Chloride Induced Corrosion in Bare
Steel Bars

Fig. 3.6 shows the variation of the RMSD indices of the three specimens as a function of the
duration of accelerated corrosion exposure. For specimen 1, the RMSD index appears to
follow a crudely linear trend (Fig. 3.6a). For specimen 2, the RMSD increases abruptly in
between first and second hour and then exhibits a weakly linearly increasing trend (Fig.

3.6b). However, for Specimen 3 (Fig. 3.6c¢), essentially a scatter of values are observed.

Although all the three bars were identically affected (since the specimens as well as the
exposure conditions were identical), the overall magnitude and the variation of the RMSD
index differs significantly from specimen to specimen. Hence, it does not provide damage
related information regarding the corrosion severity consistently. This is not unexpected
since RMSD is only a statistical quantifier. It was also reported in the literature that the raw
conductance signatures as well as the RMSD index are not very dependable as they only
provide a qualitative information about the damage (Bhalla et al., 2012).. To gain further
insight into the phenomenon, structural parameters were extracted from the impedance
spectrum. The next section performs detailed analysis to extract inherent system parameters

and identify the one showing consistent variation with advancement of corrosion.

3.6 ANALYSIS OF STRUCTURAL MECHANICAL IMPEDANCE

EXTRACTED FROM ADMITTANCE SIGNATURE

The electro-mechanical admittance (given by Eq. 2.21) can be decomposed into active and

passive parts as (Bhalla, 2004)

— 2 | —— 2 VE 2 vEj2 —
¥ = 4wj % €13 — szlvy) ] S“ffjj) l (Z Z“ff )T'
N\ ) seffTraelt” ) (3.20)
Y '
Active Part

Passive Part
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or Y=Y+Y, (3.21)

The passive part solely depends upon the parameters of the PZT patch and is independent of
the host structure. The host structure’s parameters appear in the active part only, in the form
of the structural impedance, Z .. Using the computational procedure outlined by Bhalla
and Soh (2004 a, b), the real and the imaginary components (x and y, respectively) of the

structural impedance i.e., Zs s can be determined as

Zoorr =X +yj (3.22)
M(xgR—YqS)+N(xqS+VaR
Where x = MxaR7y ngNg" HaR) _ (3.23)
_ M(xqR+y45)—N(xqS—YqR) _
o M2 +N?2 Ya (3.24)
_ Bah _ Gah
e and N = 4wKI2 (3.25)
o _ _ 2d3,YE
and R=r—mt,S=t+nr,K = ST (3.26)
where, G, and B, are the real and the imaginary components of the active admittance,
computed from
_ (3.27)

and Zgerr = x4 +yqj Is the effective mechanical impedance of the PZT patch. This
procedure enables the determination of the drive point mechanical impedance of the
structure, Z,.rr, at a particular angular frequency w from the measured data, without

demanding any a priori information governing the phenomenological nature of the structure.
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Depending upon the variation of ‘X’ and ‘y’ with the frequency and the associated values, the
inherent elements (stiffness k’, mass ‘m’ and Damping ‘c’) making the host structural
system can be identified. The experimental signature of the PZT patches bonded to the three
specimens consists of G and B over 100-300 kHz range. The mechanical impedance of the
host structure (here steel rebars) was obtained at each frequency using the above
computational procedure. A close examination of the extracted impedance components (x
and y) in the frequency range 100-110 kHz of the healthy state revealed that the system
behaviour is similar to that of a Kelvin-Voigt system i.e. a parallel arrangement of a spring
element (k) with a damper (c), as shown in Fig. 3.7, for which the real and imaginary

components are given by Hixon (1998) as

X=C and y =—£ (3.28)
(4]

Within the frequency range 100-110 kHz, x was found to possess more or less a constant
positive value and y a negative value with magnitude decreasing with frequency, which is the
characteristic of the Kelvin-Voigt system as illustrated in Fig. 3.8 (a, b and c) respectively for

all the three specimens.

Figure 3.7 Kelvin-Voigt system (Hixon 1998)
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Figure 3.8 Comparison of experimental plots x and y with those of identified system
a) Specimen 1 (b) Specimen 2 (c) Specimen 3

For Kelvin-Voigt system, the value of ‘k’ equal to the slope of the plot of y with w*

(Eq. 3.28) which should be a straight line as illustrated in Fig. 3.9 for all the specimens.
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A very consistent observation is that with the advancement of corrosion, the slope of the
curve decreases consistently, this is much more consistent than the trend of the RMSD

indices shown in Fig. 3.6.

Using Eq. (3.28), the values of k and ¢ were determined for all the specimens after each hour
of accelerated corrosion. Fig. 3.10 (a, b and c) display the effect of corrosion severity (in
terms of number of hours of application of the constant current) on the identified equivalent
structural parameters (c and k). With corrosion progression after an exposure of eight hours,
the damping can be observed to increase by about 41%, 38% and 60% and the identified
stiffness can be observed to reduce by about 19%, 16% and 29% for the specimens 1, 2 and 3
respectively, after an exposure time of eight hours of accelerated corrosion. Compared to the
variation of the RMSD index (see Fig. 3.6), this observed variation in identified parameters is

much more agreeable.

The major phenomenon accompanying the corrosion process is the loss of mass occurring on
account of thinning of section as observed in Fig. 3.4. Although the Kelvin-Voigt system
based analysis showed consistent results, the identified system (parallel spring-damper
combination) does not include mass element, which is expected to play significant role due to
the loss of mass associated with corrosion process. To identify a system consisting of mass, a
closer observation of frequency range 250 to 300 kHz showed that the system behaviour was
similar to a series combination of spring, damper and mass such as the one shown in Fig.

3.11(a).

The analytical plots of ‘X’ and ‘y’ obtained by the equivalent parameters match well with

their experimental counterparts, for specimen 1 as shown in Fig.3.11 (b and c). Specimen 2

65



CHAPTER- 3 Diagnosis of Chloride Induced Corrosion in Bare
Steel Bars

also followed a similar trend in the frequency range 250-300 kHz. However, specimen 3 was

exception and was therefore not considered.
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Figure 3.10 Variation of extracted system parameters (stiffness and damping)
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For this combination, the system parameters are related to and as (Hixon, 1998).

_(w_ly
‘o ¢t and - K om (3.29)

2 ((O 1 jz 5 ((0 1 jz
Co+| ———— Cl4| ————
K wm K om

The angular frequency at which y=0 is denoted by wo. Using Eg. (3.29), the system

parameters can be determined, by algebraic manipulations, as

o K (3.30)

(3.31)

and C =

(3.32)

The system parameters i.e. equivalent spring constant, equivalent mass and equivalent
damping constant were determined for specimens 1 and 2 using the Egs. (3.30 to 3.32) after
each hour of corrosion exposure. The equivalent stiffness was found to reduce by 24% and
20%, the equivalent mass reduced by 24% and 19% and the equivalent damping increased by
24% and 20% for specimen 1 and 2 respectively after eight hours of exposure. The variations
of the system parameters with increasing corrosion exposure for this system are shown in
Fig.3.12. For this model, the relative reduction in the equivalent mass is agreeable between
the two specimens. During the experiment, the actual mass loss of the specimen was also

measured to correlate with the PZT identified equivalent mass.
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Fig.3.13 shows a plot of the mass loss of the specimens measured with the progression of
corrosion. This was measured directly using a weighing balance by removing the specimens

from the accelerated corrosion after each hour.
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Figure 3.13 Variation of actual mass loss with accelerated corrosion exposure
(a) Specimenl (b) Specimen 2
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For purpose of quantification, mass loss can be expressed in non-dimensional form as

5
N (3.33)
m

where m is the original mass of the specimen and Jm is the loss of mass. Here, both the
actual and the PZT identified mass can be substituted. To correlate the mass loss identified

by PZT (using Eq. 3.30) with the actual mass loss measured directly, a non-dimensional

(A~
T = mo| (334)
m actual m PZT

Where A__ is a constant relating the non-dimensional PZT based mass loss with actual mass

model is derived as

loss for bare steel bar. Fig. 3.14 shows that (@j determined from the PZT identified mass
m

correlates well with that based on the actual mass loss. Thus, the PZT identified mass can
provide a reasonable estimation of the actual mass loss of the specimen. Based on the data
averaged over the two patches for the two specimens, the value of A_, is found to be equal to

4.974. This non-dimensional mass model of steel bars helps to find out the actual mass of the

specimen without the need of actual mass.

The experimental results were also verified by using conventional half cell potential (using
ACM field machine).When the PZT identified mass loss changed from 0.15 kg to 0.21 kg,
the potential reading changed from -501 mV to -394 mV for specimen 1 which has the

probability of severe corrosion (ASTM C876, 1999).
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Figure 3.14 Correlation between loss of actual mass with PZT identified mass loss
(@) Specimenl (b) Specimen 2

Eqg. (3.34) can thus be directly used, with no requirement of determining the absolute mass of

the specimen as it gives the loss of mass directly.

The approach is more reliable as compared to the conventional potential measurement values
because the value of the potential difference depends on various factors such as type of
electrode used, concrete porosity etc. In addition, for real-life structures, the potential
measurement of steel rebar embedded in concrete cannot be measured directly at the

interface of concrete/ rebar due to the presence of concrete cover. Further, the potential
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measurements do not provide quantitative information on the actual corrosion rate of rebars.
Whereas, from the derived non-dimensional mass model corrosion rate can be determined
this is covered in detail for rebar corrosion in RC structures in the next chapter. Moreover,
the potential measurements need to be interpreted in the context of complementary data from
the concrete structures by specialists or skilled engineers. The approach presented in this

chapter, however is more practical, direct and consistent.

3.7 CONCLUDING REMARKS

This chapter presented a new corrosion measurement approach for bare steel bars using the
EMI technique through the use of surface bonded PZT patches based on the extracted
structural parameters from the impedance spectrum. Better response of ‘k’ and ‘m’ is
observed as compared to the RMSD index as it makes use of real as well as imaginary
components of admittance signature for extracting damage sensitive equivalent structural
parameters. This approach based on equivalent structural parameters is an improvement over
the statistical indicators, such as RMSD, which fail to provide meaningful indication of the
loss of stiffness and mass of the specimens. Further, the identified mass follows a very
consistent behaviour with corrosion progress and the relative loss of the identified mass
correlates well with the relative loss of actual mass of the specimens. The empirical
correlation derived from the PZT patches can be utilized in corrosion detection of rebars in
real-life RC structures, where they are not exposed for direct visual check. The next chapter

extends the study to rebars embedded inside concrete.
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CHAPTER-4
DEVELOPMENT OF CORROSION ASSESSMENT MODEL
FOR REBARS EMBEDDED IN RC STRUCTURES

4.1 INTRODUCTION

In Chapter 3, as a preliminary investigation, a new empirical model was developed to assess
the corrosion in bare steel bars based on the extracted structural parameters from the
impedance spectrum of surface bonded PZT patches. This chapter extends proposed method
to the rebars embedded in concrete and presents corrosion assessment models which can be

used in real life corrosion monitoring of RC structures.

Comprehensive tests were performed on RC specimens under accelerated chloride exposure
until the specimens were cracked due to corrosion in order to calibrate the identified system

parameters (equivalent stiffness and mass) to the actual parameters of the structure.

4.2 REBAR CORROSION IN REINFORCED CONCRETE STRUCTURES

As pointed out in Chapters 1 and 2, corrosion of steel rebars in concrete is probably the most
serious durability problem of RC structures in the modern times. The main corrosive agents
i.e., the chlorides can ingress into concrete from several sources. They can be cast into the
concrete due to use of ground water/seawater in the mix or contaminated aggregates. They
may also diffuse into the concrete due to sea salt spray and direct seawater wetting or de-
icing salts. These chlorides diffused into concrete reduce the alkalinity of the pore solution
thereby initiating corrosion. The durability of steel within concrete depends upon the

alkalinity of the pore solution, typically at pH > 13, (high degree of alkalinity) steel
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passivates in the presence of oxygen by the formation of a surface layer of Fe.Oz as given

below.

2Fe +60H — Fe,0, +3H,0 +6e (4.1)

However, the degree of protection provided by concrete due to the formation Fe>Os layer
may be considerably reduced when the RC structure is exposed to de-icing salts, when
immersed in seawater, or due to high chloride content of water used in concrete mix, through
the penetration of chlorides into the hardened concrete and reaching the rebar. Once they
reach the rebar, passivation provided by the alkalinity of the cement fails to protect it from

corrosion, leading to the formation of rust on the steel surface.

Fig. 4.1 illustrates the basic reactions of corrosion. It may be noted that water and oxygen are
needed at the cathode for corrosion to occur. The anodic and the cathodic reactions shown in
Fig. 4.1 are only the first steps in the process of rust formation. However, a chain of reaction
takes place where ferrous hydroxide becomes ferric hydroxide and then hydrated ferric oxide

or rust, as given by Egs. (4.2-4.4) (Broomfield, 2007).

Figure 4.1 The anodic and cathodic reactions for corroding steel (Broomfield, 2007)
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Fe” +20H "~ — Fe(OH), (4.2)

Ferrous hydroxide

4Fe(OH), +0O, +2H,0 — 4Fe(OH), (4.3)
Ferric hydroxide
2Fe(OH), » Fe,0,-H,0+2H,0 (4.4)

Hydrated ferric oxide (rust)

The unhydrated ferric oxide has a volume of about twice that that of the steel. When it

becomes hydrated, it swells even more and becomes porous. As a result, the volume at the

steel/concrete interface increases to about six to ten times, as indicated in Fig. 4.2. This leads

to the cracking and spalling that we observe as the usual consequence of corrosion of steel in

concrete.

Fe(OH),

FE-'3 04

FeO©

L

Figure 4.2 Relative volumes of iron and its oxides (Mansfield, 1981)
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This chapter presents the results of the accelerated corrosion tests performed on five concrete
cubes with embedded rebars. The assessment of corrosion has been done via the PZT
patches surface bonded on the rebars, using the equivalent structural parameters identified by
the patches. The corrosion assessment models are formulated based on the analysed data.
While all the previous studies have concentrated on metal components, and employed the
raw conductance signature for corrosion monitoring (as discussed in chapter 2), the study
covered in this chapter focuses on corrosion in RC structures using the equivalent structural
parameters extracted from the mechanical impedance, after filtering out the PZT parameters.
The next section deals with the detailed experimental study, data acquisition, analysis and

development of the corrosion assessment model based on the equivalent parameters.

4.3 SPECIMEN PREPARATION

In this investigative study, five RC cubes of M30 grade (as per IS 456, 2000),
150x150x150 mm in size, were cast along with 200 mm long, 16 mm diameter HYD rebar
located centrally. The rebars were thoroughly cleaned with a wire brush prior to bonding the
PZT at mid length as explained in Chapter 2. The concrete cube specimens were then cast
with rebars placed centrally using OPC, fine aggregate of Zone 1 grading (as per IS 383,
1970) and crushed coarse aggregate of nominal size 10 mm. Table. 4.1 present the details of
composition of the concrete mix. The standard moulds were filled with concrete in three
layers, taking particular care in pouring the concrete to avoid damage to the PZT sensor. The
concrete was compacted carefully using table vibrator, the specimens were demoulded after

24 hours of casting.
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Table 4.1 Concrete mix design details

Materials/Parameters Quantity
Water-cement ratio 0.4
Ordinary Portland Cement 53 Grade (kg/m?®) 500
Fine aggregate (kg/m?) 570.5
Coarse aggregate (kg/m®) 1062.2
Slump (mm) 100

After 28 days of curing, the wires soldered to the electrodes of the PZT patch were connected
to the LCR meter as shown in Fig. 4.3. In this manner, the electro-mechanical admittance
signature, were acquired in a frequency range of 50-400 kHz. A frequency interval of 100 Hz

was used for each impedance measurement.

4.4 ACCELERATED CORROSION EXPOSURE ON CONDUCTANCE

SIGNATURES

The accelerated corrosion experiments were performed on same lines as described in Chapter
3 for bare bars after a period of 28 days from the day of casting so as to rule out the
simultaneous occurrence of both concrete curing and corrosion. Out of the five specimens,
one specimen (number 5) was selected as the control specimen and was reserved for splitting
during the test. Fig. 4.4 shows the initial baseline conductance spectrum of the PZT patches
bonded to the rebars of the remaining four specimens (numbered 1 to 4), acquired after 28
days of curing, and before being subjected to accelerated corrosion. As can be observed in

the figure, the conductance signatures vary from specimen to specimen.
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Figure 4.3 Specimen preparation and data acquisition setup
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Figure 4.4 Baseline conductance signatures of PZT patches embedded in RC specimens
(@) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4
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This is because a particular PZT patch monitors a limited area. There may be a variability of
parameters associated with the patch, the surrounding concrete as well as the bonding
conditions. In the EMI technique, it is the deviation in signature with respect to baseline
signature, which is of greater importance than the baseline signature itself. In order to inflict
a significant degree of corrosion to the rebars embedded in concrete in the limited available
time, the corrosion was accelerated using the impressed current approach as described in
Chapter 3 for a period of over four months (with an impressed current of 150 pA/cm?), until
the cubes were cracked. During the exposure period, admittance signatures were acquired for
each specimen at regular intervals. Before any signature acquisition, the cubes were taken out

of the brine solution, wiped clean of water, and dried in running fan for 30 minutes.

After 45 days of exposure, accumulation of rust was observed on the surface of all the
specimens. Figs. 4.5 (a and b) show the condition of specimen 5 (reference specimen) in the
pristine state and after accelerated chloride exposure of 45days. To examine the condition of
the concrete and the rebar inside it, the specimen was cut open at 45 days as shown in Fig.
4.5 (c). The corrosion initiation is clearly visible as the red rust, in both the steel rebar as well
as in the concrete at the steel/concrete interface. As apparent from the figures, it can be
concluded that the corrosion had already initiated by the 45" day. After this observation, the
other specimens (numbered 1-4) were continued in the accelerated corrosion environment

until cracks were developed on the surface of the cubes.

Substantial cracks appeared in all the RC cubes after 120 days of exposure, as shown for
typical specimenl in Fig. 4.6 (a). This happened due to the accumulation of the corrosion

products, creating an expansive stresses exceeding the tensile strength of concrete. To
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examine the condition of the rebar and the concrete inside the specimen, all the remaining
specimens (1 to 4) were split open and the rebars were removed to carry out the gravimetric
mass loss measurements. Figs. 4.6 (b and c) show the condition of the rebar and the

surrounding concrete for a typical specimen 1 split open after 120 days.

@ o

Figure 4.5 Condition of RC specimen 5
(a) Pristine state (b) After 45 days (c) After split open at 45 days

Figure 4.6 Condition of specimen 1 after 120 days of accelerated corrosion
(@) Cracked specimen (b) Cracked specimen after splitting (c) Corroded bar
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On comparing the condition of the concrete and the rebar for 45 and 120 day exposure
periods, it can be commented that the corrosion reached an alarming level at 120 days. The
level of bar reduction in the embedded region is typically far greater than that observed on
the rest of the bar. Most of the free region (projecting above the concrete) showed no sign of
reduction in the cross-section due to corrosion. Another observation is that the severity of
corrosion is non-uniform (i.e., uneven surface topography) along the bar length in all the
specimens. The upper embedded region of the bar has greater reduction of the cross-section

than the bottom region, as apparent in Fig. 4.6 (c).

From Eq. (2.26), as described in Chapter 2, when the properties of the host structure are
altered, the mechanical impedance of the structure gets changed, resulting in deviation of
signature. Any changes in the conductance signature, such as frequency and magnitude of the
peaks, are attributed to the changes in the mechanical impedance of the structure. In order to
monitor the changes in the RC cubes during the accelerated corrosion, the shifts in the
magnitude and the frequency of the conductance signature were tracked at the main

resonance peak.

Figs. 4.7 to 4.10 show the acquired conductance signature of the PZT patches bonded to the
four specimens during the accelerated corrosion period of 120 days. As seen from the figures,
the peaks of the conductance signature have reduced considerably during the corrosion
process. The reduction in the magnitude of the peaks is attributed to increase of the damping
at the rebar concrete interface due to the formation of corrosion products and also due to the

associated cracking in the concrete.
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Figure 4.7 Variation of conductance signatures of specimen 1 during accelerated corrosion process

Baseline

0.0025

0.002

0.0015 |

0.001 H

Conductance G (s)

0.0005 1

50 100 150 200 250 300 350 400
Frequency f (kHz)

Figure 4.8 Variation of conductance signatures of specimen 2 during accelerated corrosion process
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Figure 4.9 Variation of conductance signatures of specimen 3 during accelerated corrosion process
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Figure 4.10 Variation of conductance signatures of specimen 4 during accelerated corrosion process
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This is in contrast to the observations made by Soh and Bhalla (2005) in their experiments to
monitor concrete curing, where the peak magnitude increased, as the additional stiffening

action caused by the increase of concrete strength.

To quantify the changes in the conductance signature, statistical indices such as RMSD was
calculated. Fig. 4.11 illustrates the variation of the RMSD index of the four RC specimens.
For specimen 1, the RMSD values exhibit a linear trend with a large scatter. Specimens 2 and
4 exhibit a haphazard trend, while specimen 3 shows a parabolic trend. In general, the RMSD
values exhibit a large variation from one specimen to another. The trend of RMSD values as
observed here for embedded rebars and that of bare steel bars (Chapter 3) are very similar to
that reported by Bhalla et al., (2012), where the RMSD based damage index could not
provide a consistent variation for steel bolted specimens. The subsequent sections deals with

the development of corrosion model using extracted equivalent parameters.

4.5 ANALYSIS BASED ON EQUIVALENT STRUCTURAL PARAMETERS

Again, the procedure outlined in Chapter 3 was adopted to determine the drive point
mechanical impedance of the structure, Z; s = x + yj , at a particular frequency w, from
the admittance signature. The 2D interaction model represented by Eq. 2.21 was used, since
the PZT patch bonded on rebar and surrounded by concrete exhibits ds; and dz2 couplings. At
the same time, the PZT patch loading in direction ‘3’ is neglected by assuming the
frequencies involved to be much less than the first resonant frequency for thickness
vibrations. Following this procedure, ‘X’ and ‘y’ were determined for the entire frequency 50
to 400 kHz. A close examination of the extracted impedance components in the frequency

range 150-250 kHz revealed that the system
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Figure 4.11 Variation of RMSD index during accelerated corrosion procress
(@) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4

exhibited similar system behaviour as that of parallel spring-damper-mass (k-c-m)
combination (Hixon, 1998) as shown in Fig. 4.12. This system is chosen to include mass and

calculate the rate of corrosion.

Figure 4.12 Identified system (Parallel combination of spring-mass-damper)
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For this system,

and —ma)—E
y_ w

(4.5)

The angular frequency at which y =0 is denoted by wo. Using Eq. (4.5), the system

parameters can be determined, by algebraic calculations, as

and

(4.6)

(4.7)

(4.8)

Fig. 4.13 shows the comparison between the experimental plots with the analytical plots for

the identified equivalent system (parallel combination of k-c-m). Reasonably good agreement

can be observed between the two plots. Hence, the structural system identification is

satisfactory. Using Egs. 4.6 to 4.8 and the actual impedance plots, the average “equivalent”

system parameters ¢, k and m in the healthy state (before subjecting the specimens to

accelerated corrosion) were determined as listed in Table. 4.2.

Table 4.2 Equivalent structural parameters identified by PZT patch in healthy state

Specimen ¢ (Ns/m) k (KN/m) m (kg)
1 231.45 683.91 0.21
2 135.06 473.29 0.14
3 188.37 753.60 0.23
4 177.62 618.36 0.19
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Figure 4.13 Experimental and analytical plots of ‘X’ and ‘y’ for baseline signatures
(@) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4

The variation of the equivalent structural parameters m and k with corrosion progression are
shown in Figs. 4.14 and 4.15 respectively. As expected (see Eqgs. 4.6 and 4.7), both k and m

follow similar trends.
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Figure 4.14 Variation of PZT identified stiffness with corrosion progres

(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4
The variation of m and k as observed exhibit more or less a linear trend with large scatter
during the initial 45 days and after that the values found to decrease consistently. In contrast
to the variation of RMSD (Fig. 4.11) the variations of m and k are more regular. With
corrosion progression, the equivalent stiffness and the equivalent mass can be observed to
reduce by about 35% and 18% respectively on an average after an exposure period of 120
days. The dimensionless parameters Ak/k and Am/m, where AKk is the stiffness loss and Am is
the mass loss respectively, were also computed and plotted against the duration as shown in
Fig. 4.16 and 4.17 respectively. The calibration of these parameters on the basis of observed

deterioration is covered in the next section.
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Figure 4.15 Variation of PZT identified mass with corrosion progression
(@) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4

4.6 CALIBRATION OF EXTRACTED EQUIVALENT PARAMETERS WITH

CORROSION SEVERITY

This section deals with the calibration of the various phases of corrosion with the PZT
identified stiffness parameter and also correlating the corrosion rates based on equivalent

mass loss with the actual mass loss.

4.6.1 Development of Equivalent stiffness model

The actual stiffness (initial and final) of the rebar was calculated indirectly based on the
minimum cross sectional area (along the length of the bar), before the rebar was embedded in

concrete and after the rebar was removed from the concrete specimen by splitting after 120
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days respectively. The PZT identified equivalent stiffness, both initial and final, was directly
obtained from the Eq. (4.6) by substituting the impedance parameters of baseline (for initial)
and of 120 days (for final). Table 4.3 lists the computed stiffness (both PZT identified and

actual) for all the four specimens.

Knowing the stiffness, the relation between the actual stiffness loss and the PZT identified

stiffness loss can be written as

(%) et = 2 (%), @9

where Ay is a constant relating the non dimensional PZT based stiffness loss with actual
stiffness loss. Using Eq. (4.9) Ay is calculated for all the specimens and tabulated in Table
4.4. Three out of four specimens have closely matching value of Ay. The value of
Ay averaged covering all the four specimens comes out to be 0.49. This correlation helps in
estimating the actual stiffness loss due to the corrosion (whose measurement is not feasible in
a real structure non-destructively) by determining the PZT identified stiffness loss instead

(using Eqg.4.6), which can be achieved non-destructively.

Table 4.3 Initial and final stiffness (actual and PZT identified)

Initial Final Initial Final stiffness

: stiffness | stiffness | stiffness (PZT e

Specimen : e PZT identified

(actual (actual identified KN/m)
N/m) N/m) kN/m)

1 119.75 95.35 683.91 437.92

2 119.75 89.14 473.29 247.61

3 119.75 87.81 753.60 105.53

4 119.75 86.04 618.36 297.01
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Table 4.4 Relation between non-dimensional actual stiffness loss and
PZT identified stiffness loss

Akl Akl %)
SPeCmen | . cwal) | (PZT identified) | ™= (IZ_k;Ctual
k Jpzr
1 0.20 035 0.56
2 0.25 0.47 053
3 0.26 0.85 031
4 0.28 051 0.54

By visual inspection of the specimen 5 shown in Figs. 4.6 (a, b and c), it can be observed that
by the 45" day, the accumulation of corrosion products had just started and by 120 days, it
had reached an alarming level where the specimen had cracked due to the larger volume of

the corrosion products at the steel/concrete interface.

Hence, the chloride induced corrosion process can be distinguished into three different
phases, namely, corrosion initiation followed by propagation and finally, the cracking, based
on the visual inspection and the variation of the dimensionless stiffness parameter, as

illustrated in Fig. 4.16. Phase |, the corrosion initiation phase up to 45" day, during which the
dimensionless stiffness parameter % (based on PZT identified stiffness) ranges between 0 to
0.2. This is followed by phase Il, the corrosion propagation phase from 45" day to 90" day
during which the %k values ranges from 0.2 to 0.4, i.e. after initiation of the corrosion

process, the accumulation of corrosion products (iron oxides and hydroxides), occupying a
volume several times larger than that of the original iron (Tutti, 1982). This leads to internal

stresses that result in cracking and spalling of the concrete cover.
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Figure 4.16 Variation of (Ak/k) PZT identified stiffness loss with corrosion progression
(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4

At this stage the intrusion of aggressive agents, oxygen and humidity is facilitated. Finally,

phase 11l starts, accompanied by large scale concrete cracking due to the overshooting of the
internal stresses caused from the building up of corrosion products, during which the %

values are typically in excess of 0.4. This can be considered as an alarming situation, where
the total loss of the structural integrity occurs. Hence, in an actual scenario, the PZT
identified stiffness ‘k’ parameter alone can thus provide satisfactory information about level
of corrosion induced damage non-destructively in term of identifying the relevant phase of

corrosion and can be substitute to the conventional electro-chemical techniques. The
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application of this approach is illustrated in chapter 7 for the case of RC specimens subjected

to naturally occurring corrosion.
4.6.2 Development of Equivalent Mass Model for Corrosion Rates

Gravimetric mass loss technique is a destructive method, which deals with the measurement
of mass of the rebar before being embedded into the concrete and after the end of the
corrosion experiments, taking it out destructively. The detailed test procedures of preparing,
cleaning, and evaluating corrosion test specimens are described in ASTM G1 (ASTM, 2012).
The difference in mass (gravimetric loss) is a quantitative average of the attack of corrosion.
Although this method is very time-consuming and only applicable to the laboratory studies, it

is a useful tool to check the corrosion rates obtained from other techniques.

To determine the corrosion rates, the initial mass of all the rebars were measured before
embedding them. After splitting all the specimens, the final mass loss of the steel bars was
determined by the gravimetric method after chemically cleaning the corrosion products. The
PZT identified mass was also calculated directly using Eq. (4.7) during the corrosion

exposure, without any destructive measure.

Knowing the actual and the PZT identified mass a similar relation as Eq. (4.9) can be derived

relating both as,

Am Am

(?)actual = Am (?)PZT (4.10)

Where A,,, is a constant relating the non-dimensional PZT based mass loss with actual mass

loss.
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Figure 4.17 Variation of (Am/m) PZT identified mass loss with corrosion progression
(@) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4

Table 4.5 compares the non dimensional actual mass loss and non dimensional PZT
identified mass loss. A4,, was computed for all the specimens and the average value of 4,,
works out to be 0.54. This correlation will be useful in calculating the corrosion rates of the
rebar, because measuring the actual mass loss in real life structures is not possible as rebar is

inside the concrete. Based on the EMI measurements, this can be achieved non-destructively.

Knowing the mass loss, the corrosion rate (mm/year) can be calculated as

__ (KxAm)
€™ (axT*D)

(4.11)
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where K is a constant equal to 8.76x10* Am is the mass loss in grams, a is the area in cm?,
T is the time of corrosion exposure in hours and D is the density of steel i.e.,7.8g/cm®. The
corrosion rates were calculated using both PZT identified mass loss and actual mass loss and

tabulated in Table 4.6.

Table 4.5 Relation between non-dimensional actual mass loss and PZT identified mass loss

Initial Final Initial Final mass Am "
Specimen | Mass | mass | mass (PZT (PZT Am/m | Am/m (Wm)
P (actual | (actual | identified | identified | actual PZT | = #““a’
kg) | ko) kg) k) G,
1 027 | 021 0.21 0.14 0.20 | 033 0.60
2 027 | 021 0.14 0.07 0.22 | 0.47 0.46
3 027 | 0.19 0.23 0.11 0.26 | 0.49 0.53
4 027 | 0.19 0.19 0.09 028 | 0.51 0.54

Table 4.6 Corrosion rate values (without consideringA, )

Specimen | Identity Initi(a;(lgr)nass Fin?ll(g;ass Ma(si;sgl)oss A = (87.6*Am [a*D*t)
Actual 0.27 0.21 0.05 1.06
' PZT 0.21 0.14 0.07 1.37
Actual 0.27 0.20 0.06 1.33
? PZT 0.14 0.07 0.06 1.29
actual 0.27 0.19 0.07 1.39
> PZT 0.23 0.11 0.11 2.24
actual 0.27 0.19 0.07 1.47
) PZT 0.19 0.091 0.09 191
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Table 4.7 presents a comparison of the corrosion rate determined using the PZT identified
mass (A, =0.54 was considered) and the one determined based on the actual gravimetric
mass loss. Two out of the four specimens, the corrosion rate has been predicted with only 20
% error. In the remaining specimens, the error has been over 40%. However, keeping in view
of the complicated natures of corrosion and associated variability this provides some picture.
The variability in HCP is much higher. It is concluded that the PZT identified mass loss can
conveniently substitute the actual mass loss determination, thus circumventing the use of

actual mass loss, which is in fact practically not feasible for corrosion rate determination.

Table 4.7 Comparison of actual and PZT identified corrosion current rates (considering A, )

Corrosion rates | Corrosion rates using PZT
Specimen using actual |den_t|f|ed mass loss after Error (%)
mass loss incorporating A,
(mm/year) (mm/year)
1 1.066 0.859 19.4
2 1.338 0.457 65.8
3 1.396 1.212 13.18
4 1.474 0.848 42.46

4.7 CONCLUDING REMARKS

The chapter has presented a new diagnostic approach to carry out the assessment of rebar
corrosion based on the equivalent system parameters identified by means of the EMI
technique. The real and imaginary components of the admittance signature were used to
extract the damage sensitive equivalent structural parameters. The extracted equivalent

structural parameters (m and k) correlate well with the actual mass and stiffness. Empirical
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models derived between the actual parameters and the PZT identified parameters can be used
in real life corrosion monitoring of RC structures, where the determination of actual
parameters of rebar is impractical. Based on the mass model, corrosion rates determined
using the PZT identified mass loss correlate well with those calculated based on the actual
mass. Based on the stiffness model, it is recommended from the results and observations that
a value of Ak/k over 0.2 indicates corrosion initiation and 0.4 indicates alarming corrosion
level. The next chapter explores the possibility of using ready to use piezo-based CVS for

corrosion assessment instead of PZT patches surface bonded on to the rebars.
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CHAPTER-5

COMPARISON OF REBAR CORROSION ASSESSMENT
CAPABILITY OF SURFACE BONDED AND EMBEDDED
PIEZO SENSORS

5.1 INTRODUCTION

As described in the previous chapters, the PZT patches need to be bonded to the surface of
rebar prior to casting in order to monitor corrosion induced damage. This needs surface
preparation and other minute bonding tasks so as to warrant certain skill level for the user.
Recently, ready to use packaged sensors have been proposed (Bhalla and Gupta, 2007),
which can simply be embedded into concrete and do not require high skill from the user. The
packaging also protects the sensor from the harsh environment. This chapter presents a
corrosion monitoring study of RC specimens using the embedded sensor, for this purpose,
CVS, a proprietary product of 1IT-Delhi (Bhalla and Gupta, 2007), as shown in Fig. 5.1 have

been directly used.

50mm

Embedded CVS

Figure 5.1 RC cube specimen with embedded sensor
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The main objective of this chapter is to assess corrosion using embedding CVS in RC
structures and compare the results with the surface bonded piezo sensors (SBPS),

already discussed in Chapter 4.

5.2 ADVANTAGES OF EMBEDDED SENSORS

In general, the PZT patches can be either surface bonded to monitor the existing structures or
embedded into the structures during their casting. The important features of embedding the
PZT patch into the host structure are durability, protection from the surface finish and safety
against vandalism etc. In addition, these patches do not interfere with the aesthetic beauty of
the structure. When used in an onsite situation, embedding the sensor is standardized than

that of the SBPS.

The application of adhesive for bonding the SBPS to the host structure, while accurate in a
laboratory situation, may not be satisfactory at site, as a higher variability is likely to be
associated. Since the performance (sensing/actuating) of a piezo transducer highly depends
on the ability of the bond layer to transfer the stress and strain (through shear lag mechanism)
between the transducer and the structure (Bhalla and Moharana, 2013), embedded sensors

show better and more consistent performance.

5.3 CONFIGURATION AND APPLICATION OF EMBEDDED PZT SENSORS

Several configurations of embedding PZT patches are described in the literature. However,
the embeddable PZTs assembled by various methods are not general purpose and are mostly
application based. Annamdas et al. (2010) has presented details of various configuration of
embedding the PZT patch with its merits and demerits. For example, an embeddable patch
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prepared for axial load monitoring cannot be used for transverse load monitoring and vice
versa (Annamdas and Soh. 2006; Annamdas et al., 2010). However, the CVS developed at
II'T Delhi is completely encapsulated (unlike the design of Chen et al., 2004) to ensure much
superior protection. It has superior signal to noise ratio, better strain compatibility with

surrounding concrete and has higher longevity as compared to SBPS.

The several applications of embedded sensors for SHM of concrete and other composites are

summarized as follows:

Wu and Chang (2006 a, b) have studied the damage detection method of debonding damage
in RC structures using embedded PZT sensors built into the structure. The method is also
verified by experimental test results, which showed that the signal’s amplitude of the sensor

decreased with the extent of increase in debonding.

Qin et al. (2010) studied the feasibility of using embedded sensor to detect the acoustic
emission activities in concrete. They reported excellent sensing abilities of the sensor for
acoustic emission detection through a four point bending test on concrete beam. Higher

sensitivity was also observed for the embedded sensors.

Kang et al. (2010) conducted an experimental study to assess damage in composite plates by
fusing information from multiple sensing paths of the embedded PZT sensor. Their tests

showed satisfactory detection of defects in composite plates using the embedded sensor.

Kim et al. (2011) proposed a real time concrete strength monitoring technique using
embedded sensors. They found that the resonant frequencies in the impedance signals shifted

gradually to the right due to the strength development of the concrete.
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Quinn et al. (2012) developed a wireless sensing system to monitor initial curing and
subsequent structural health of concrete. Their initial tests results showed that the embedded
sensor to be sensitive to the removal of form work and can possibly detect debonding effects
on aggregates. However, a detailed package design and the choice of packing material are

required to ensure that package-cement interface does not initiate failure in concrete.

Hari et al. (2012) examined the effects of embedded piezoelectric fiber composite sensor
(PFCSs), macro-fiber composite (MFC) and piezoelectric fiber composite (PFC) on the
structural integrity of glass-fiber-epoxy composite laminates. From the tensile tests, it was
observed that embedding the PFCS and the PZT sensors in a composite structure led to
reduction in the ultimate strength by 3 % and 6% respectively. From the fatigue tests, it was
concluded that both embedded PFCS and surface bonded PZT sensors exhibited change
resulting from the fatigue behaviour of composite specimens. Overall, the pure PZT sensor

seemed to have lower compatibility with composites when compared to PFCSs.

In this chapter, the corrosion sensing abilities of embedded CVS is compared with that of

SBPS based on the experimental observations and results.

5.4 EXPERIMENTAL DETAILS AND RESULTS

Three RC cubes were cast following the same procedure outlined in Chapter 4. The only
basic difference was that the PZT patch was not surface bonded to rebar but it was embedded
inside the concrete as CVS while casting as shown in Fig. 5.1. All the other details such as

dimensions of the rebar, the PZT patch and the cube were same as in the specimens described
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in Chapter 4. It should be noted that unlike SBPS, the CVS is not directly in contact with the

corroding rebar but situated at a horizontal distance of 20 mm from the rebar (see Fig. 5.1).
5.4.1 Comparison of Conductance Signature

The baseline conductance signature from the embedded CVS was acquired after the 28 day
curing period and is compared with that of the CVVS embedded inside concrete in Fig. 5.2.As
seen from the figure, it may be noted that the magnitude and the frequency of the resonance
peak of the SBPS is higher than that of the embedded CVS, which suggests that the SBPS
encounters a stiffness higher than that of embedded CVS. In addition, the embedded CVS
exhibits less sharp peaks when compared to the SBPS, which is because of the greater
damping encountered by the CVS inside the mortar. These observations are consistent with
the fact that SBPS is directly attached to the steel (which is stiffer and has much smaller

damping than concrete), thereby getting a greater influence from steel rebar.
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Figure 5.2 Comparison of conductance signature of SBPS and CVS in pristine state
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After acquiring the baseline signature, the cubes were subjected to accelerated chloride
induced corrosion following the same procedure outlined in Chapter 4 for 120 days with the

aim of determining the feasibility of using the CVS as corrosion monitoring sensor.

Fig. 5.3 shows the variation of conductance signatures of the embedded CVS for a typical
specimen 1 during the accelerated corrosion exposure. It can be observed that the CVS
conductance signatures have shown considerable changes (Resonant peak frequency has been
lowered consistently and the signature showed less sharp peaks during the entire exposure
period) during the accelerated corrosion exposure. Fig. 5.4 compares the representative
conductance signatures of SBPS and CVS during accelerated corrosion exposure. It can be
observed that the resonance peak values have reduced for both SBPS and CVS. However, it
can be observed that the reduction in magnitude of the resonance peak of corroded state is
higher for the SBPS when compared to the CVS. This needs to be studied in depth so as to
determine the utility and the sensing capabilities of embedded one, covered in the subsequent

sections.
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Figure 5.3 Variation of conductance signature of CVS of typical specimen
during accelerated corrosion exposure
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Figure 5.4 Comparison of variation in conductance signature due to corrosion exposure of
CVS and SBPS of typical specimens

5.4.2 Comparison of Root Mean Square Deviation Index

The RMSD (see Eq. 3.9 of Chapter 3) index was determined and its variation with the
accelerated corrosion exposure is presented in Fig. 5.5 for a typical CVS and SBPS. It can be
observed from the figure that as the accelerated corrosion progresses, the RMSD values also
increase, however reaching an asymptotic value of about 20 %. On comparing the RMSD
graphs of both the SBPS and the CVS during the corrosion process, it can be observed that
during the initial days of exposure, the RMSD values of the embedded CVS were higher than
those of the SBPS, which indicates that the changes occurring during the ingress of chloride
ions into concrete i.e. the corrosion initiation period has been captured better by the

embedded CVS.
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Figure 5.5 Comparison of variation in RMSD of CVS and SBPS of typical
specimens

5.4.3 Comparison of Equivalent Stiffness Parameters

In order to evaluate the behaviour of the identified equivalent stiffness parameter of CVS,
during the accelerated corrosion exposure, the equivalent structural parameters were
determined in the 150-200 kHz frequency range from the admittance signature. In this
frequency range, the system behaviour was similar to the one identified in Chapter 4 (for
SBPS one). Fig. 5.6 shows the comparison between the experimental plots and the equivalent

analytical plots, based on which the system is identified.

Fig. 5.7 (a, b) shows the effect of accelerated corrosion on the equivalent stiffness parameter
of CVS and SBPS with corrosion progression. The stiffness can be observed to reduce until
40" day. Thereafter, with further exposure, the values remained more or less constant. It
should be noted that the initial changes (up to 40" day) were captured reasonably well by

CVsS.
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On comparing the equivalent stiffness of the SBPS and CVS in Fig. 5.8, it can be observed
that the magnitude of the equivalent stiffness identified by the embedded CVS is
comparatively lower than that of the SBPS, since it is directly bonded to the surface of the

rebar whereas CVS is embedded near rebar.
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Figure 5.8 Comparison of variation of equivalent stiffness of CVS and SBPS

Fig 5.9 shows the variation of the non-dimensional stiffness loss for the CVS. To compare
the relative stiffness loss of both SBPS and CVS, the non-dimensional stiffness loss is plotted
for both for all the three specimens in Fig.5.10. It could be noticed that during initial priod of

exposure the non-dimensional stiffness loss increased for both the SBPS and the CVS.
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Figure 5.9 Variation of Ak/k with corrosion progress of CVS
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Figure 5.10 Comparison of variation in Ak/k of CVS and SBPS
(a) Specimen 1 (b) Specimen 2 (c) Specimen 3

After the 40" day (corrosion propagation phase just starts here), the stiffness loss of the CVS
remained constant and that of the SBPS one increased monotonically. This shows that the
CVS is able to capture the changes inside the concrete during the ingress of the chloride ions,
passive layer break down and attack of the reinforcement. However after 40" day, the values
of CVS remained more or less constant, which implies that the embedded CVS could not
able to track the further changes occurring in the concrete rebar interface once the corrosion
had initiated. In contrast, the values of the SBPS were found to increase during the corrosion

exposure.
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As pointed out in the previous chapter, the chloride induced corrosion process, can be
distinguished into three different phases, namely, corrosion initiation, corrosion propagation
and finally, concrete cracking, which were defined based on the visual inspection and the
dimensionless stiffness parameter by SBPS. Fig 5.11 (a and b) compares the corrosion phases

distinguished by CVS and SBPS respectively along similar lines.

Based on the Figs. 5.11 (a) and (b), it can be observed that the CVS is highly sensitive during
the corrosion initiation stage, corresponding to the period of time in which the chloride ions
diffuse into the concrete and build up at the rebar surface towards a critical state when the
passive layer’s breakdown occurs. The SBPS, on the other hand, comparatively is less
sensitive during this phase. However, the SBPS can be observed to be more sensitive during
the second and third phases of corrosion i.e., corrosion propagation and cracking
respectively. The initial stage ends when the passivity breaks down, at which corrosion
propagation begins and significant corrosion starts. This stage can be identified by SBPS
reasonably well. The higher sensitivity of CVS during initial stages is attributed to the fact
that the sensor is embedded inside the concrete, and is very sensitive to the changes occurring
inside the concrete during the chloride ions diffusion. Once chloride ions reach the rebar and
the alkalinity is lost, the rebar started corroding. During this stage, the changes in the
concrete are minimal. This is the reason that the values of Ak/k are more or less constant for
CVS after the 40" day. In contrary to this, the SBPS can be observed to be highly sensitive
once the passive layer breaks down and rebar started corroding. This is because of the fact
that the SBPS is directly bonded to the rebar, where the second and third phases

predominantly occur. Hence, it may be concluded that the CVS shows a high sensitivity
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during the corrosion initiation stage while SBPS shows the same during the later stages

namely during the propagation and the cracking phases.
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Figure 5.11 Comparison of various phases of corrosion (a) Using CVS (b) Using SBPS

However, together, both CVS and SBPS form complimentary sensors and substantiate each
other. It is recommended that in actual field applications, both types of sensors should be

used.

5.5 CONCLUDING REMARKS

This chapter presents the assessment of corrosion using embedded CVS. On comparing the
conductance signatures and the equivalent stiffness, it may be concluded that the embedded
CVS are effective in monitoring the initial changes occurring during the ingress of chloride
ions into the concrete. However, once the passive film is broken down and the reinforcement
starts corroding, the effectiveness is substantially reduced. The results presented in this
chapter very well establish that the same PZT can be either embedded or surface bonded and

both the CVS and SBPS complement each other. CVS has been employed here since it is
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very robust. The PZT patch is very carefully protected against any deterioration by corrosive
environment, which might otherwise affect the SBPS. Next chapter presents the diagnosis of

carbonation induced corrosion using SBPS.
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CHAPTER-6
MONITORING AND ASSESSMENT OF CARBONATION

INDUCED CORROSION IN RC STRUCTURES
6.1 INTRODUCTION
Besides the chloride induced corrosion, the other commonly occurring type of rebar
corrosion in RC structures is that induced by the ingress of atmospheric carbon dioxide into
concrete, commonly referred as carbonation induced corrosion. The carbonation
phenomenon can fill up the pores leading to more durability, however, it makes the
alkalinity of the pore fluid drops from a pH value of over 12 to as low as 8, thus providing an
ideal environment for corrosion to initiate. Whether chloride induced or carbonation induced,
the rebar corrosion is generally accompanied by the loss of rebar cross section and
accumulation of corrosion products, which occupy much larger volume than the original

steel.

The process of carbonation and its associated reactions are already covered in Chapter 2.
This chapter focuses on extending the earlier assessment approach of chloride induced
corrosion to carbonation induced corrosion. However, the carbonation induced corrosion
operates with a different mechanism. As carbonation progresses, a strengthening of the
concrete occurs owing to filling of the concrete pores with calcium carbonate crystals. When
the carbonation depth reaches the rebar, a drop in pH renders it highly susceptible to
corrosion due to breakdown of the protective passive film formed at higher pH. Compared to
chloride-induced corrosion, carbonation is generally a relatively slower process, the initiation
phase varies depending upon a number of factors. In a high-quality concrete, it has been

estimated that carbonation will proceed at a rate of not more than 1.0 mm per year. The
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carbonation rate is significantly increased in concrete with a high water-cement ratio, low
cement content, short curing period, low strength, and highly permeable or porous paste.
Carbonation is also highly dependent on the relative humidity of the concrete. The
carbonation rates are highest at a humidity range between 50 % and 75 %. Carbonation-
induced corrosion typically occurs on areas of building facades that are exposed to rainfall,
shaded from sunlight, and have small concrete cover over the reinforcing steel (Concrete

Technology, 2013).

This chapter presents the results of experimental accelerated carbonation corrosion tests
performed on RC cylinders with rebars (surface bonded with PZT patch) embedded in
concrete to monitor corrosion. The study involved accelerated carbonation tests performed on
four cylindrical specimens spanning over 250 days of exposure at Department of Physics,
University of Bath UK (under UK India Education and Research Initiative (UKIERI)
sponsored Project “Interactive Systems and Coatings for a Sustainable Built Environment”).
The corrosion assessment is based on procedure outlined in Chapter 4. The piezo based
equivalent stiffness parameter has been primarily relied upon for corrosion assessment. The
results are correlated with high resolution microscopic images.

6.2 ACCELERATED CARBONATION STUDY: EXPERIMENTAL
PROCEDURE

Four RC cylinders of Grade M30 (IS 456, 2000), were cast with diameters of 25, 35, 45 and
60 mm respectively, and a length 100 mm, as detailed in Table 6.1. The mix design
proportions are same as detailed in Table 4.1 of Chapter 4. A single piece of 16 mm diameter
HYD steel rebar, grade Fe415, was cast in the centre of each cylinder with a PZT surface

bonded to it. The rebar length was 120 mm allowing 20 mm to project out at one end of the
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cylinder. Out of the four cylinders one specimen was chosen as the reference specimen for

the purpose of monitoring carbonation penetration depth through phenolphthalein staining.

Table 6.1 Details of specimens used for accelerated carbonation induced corrosion

assessment
SpeNCiOf?en Specimen size Cover to reinforcement (mm)
1 60 * 100 mm (Control specimen) 22
2 25 *100 mm 4.5
3 35 *100 mm 9.5
4 45*100 mm 14.5

Accelerated carbonation has been used since 1960’s (Page, 1988) as carbonation of concrete
is relatively slow under natural conditions. After the 28day curing period, the four specimens
in the current investigation were placed in a carbonation chamber (as shown in Fig. 6.1).
Wax was applied to the base of each cylindrical sample to limit CO; through the base. The
CO- concentration in the chamber was maintained at 5% under a relative humidity of
7545 % and temperature of 25°C. During the accelerated carbonation exposure, the
admittance signatures were acquired at frequent intervals throughout the experimental

exposure period of 250 days.

Fig. 6.2 shows the initial baseline conductance spectrum of the PZT patches of three
specimens, acquired after 28 days of curing, before being subjected to accelerated
carbonation. From the figure, it can be observed that with the decrease in the diameter of the
specimen, the conductance signature’s peak tend to become sharper and at the same time

occurs at a higher frequency. The higher resonance peak frequency for the smaller diameter

115



CHAPTER- 6 Monitoring and Assessment of Carbonation Induced
Corrosion in RC Structures

specimen indicates that the PZT patch identified the specimen to be stiffer as compared to the
larger diameter specimen. This observation is attributed to the increasing influence of the
concrete cover, which has a lower stiffness and contributes a higher damping, as the cover to

reinforcement ratio increases from Specimen 2 to 4.
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Figure 6.1 Carbonation chamber and test set up
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Figure 6.2 Baseline conductance signatures of PZT patch embedded in RC

cylindrical specimens
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At any stage during the CO2 exposure, in order to measure the carbonation penetration depth,
a slice was cut from the reference specimen and the fracture surface was sprayed with a
saturated solution of phenolphthalein indicator in ethanol. At high pH (uncarbonated) the
indicator has a bright pink colour. However, below a pH of 8.6 (carbonated material) it
becomes colourless. The interface between pink and colourless regions indicates the
carbonation front. In the present study, a small slice of 50 mm thick from the bottom was cut
from the reference specimen, as shown in Fig. 6.3. Maximum and minimum depth of
carbonation was measured and numerically averaged. The carbonation penetration depth was
periodically measured using the phenolphthalein method by cutting such slices from the

reference specimen, as detailed in Table 6.2.

Carbonation depth

L x

Aggregates
(b)

Figure 6.3 Phenolphthalein test (a) Schematic diagram representing the depths of
carbonation (b) 5 mm slice sprayed with phenopthalien indicator

Table 6.2 Phenolphthalein test results

No. of days Carbonation depth (mm)

20 2.5
30 12
40 15
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6.3 ANALYSIS OF RESULTS

Fig. 6.4 (a, b and c) shows the conductance spectrum of the bonded PZT patches for the three
specimens during the exposure period. It is noteworthy that the specimens were 28 days old
and the majority of the hydration processes, which are expected to influence the conductance
spectrum, are considered completed. As seen from the figures, the resonance peaks of the
conductance signature have changed for all the three specimens with increasing carbonation.

Fig. 6.5 (a, b and c) show the variation of the RMSD index of the three specimens with

exposure period.
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Figure 6.4 Variation of conductance signatures during accelerated corrosion process
(a) Specimen 1 (b) Specimen 2 (c) Specimen 3

The RMSD values increased during the exposure period, which show that the conductance

signatures captured the changes occurring during that period in a good manner.
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Figure 6.5. Variation of Variation of RMSD index during accelerated corrosion process
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To gain further insight into the corrosion mechanism, equivalent structural parameters were
extracted from the impedance spectrum outlined in chapter 3. In the frequency range of 150-
250 kHz system behaviour was similar to the one identified in Chapter 4 (for SBPS one). Fig.
6.6 shows the comparison between the experimental plots with the analytical one, based on
which the system is identified as parallel spring-damper-mass (k-c-m) combination. Using
the already derived equations (Chapter 4), the equivalent stiffness was calculated and plotted.

Fig. 6.7 displays the the effect of corrosion on the identified ESP.
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The figures show an initial increase in ESP for all the three specimens. This increase is

attributed to calcium carbonate formed during carbonation of the cement phase filling the
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pores and leading to an increase in stiffness. However, once the carbonation front reached the
steel/concrete interface, a reduction in alkalinity and subsequent breaking down of the
passive film is expected to trigger corrosion. The greater volume of the corrosion products
would induce stresses in the adjacent concrete material leading to the formation of micro
cracks and a decrease in ESP values. Hence, the phase where the ESP value tends to decrease
is believed to indicate the corrosion initiation period. From these plots, this period works out
to be in between 50-90 days for all the specimens. This is confirmed from the
phenolphthalein test results. When seen together with Table 5.2, it can be noted that
carbonation reached the rebar surface after 20-25, 25-30 and 40 days for Specimens 2, 3 and
4, respectively. Hence, the plateau region of ESP occurred definitely after CO, reached the
rebar. Further confirmation of this fact is covered in the next section by means of image

analysis.

Non dimensional stiffness loss (Ak/k) was also determined, to differentiate the two phases of
corrosion, namely ingress of carbon dioxide through the pores and corrosion initiation. Fig.
6.8 (a, b and c) shows the variation of (Ak/k) with the exposure period. From the figures it
can be observed that for smaller diameter specimen the carbonation initiation had started
when the Ak/k value reaches 0.3. As the diameter of the specimens increases (thereby
increasing the cover to steel) it could be noted that the Ak/k values for carbonation initiation
have also increase to 0.4 and 0.45 respectively. Hence, this feature of ESP based diagnosis

clearly gives it leverage over the conventional statistical diagnostics such as RMSD.
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1. Carbonation penetration phase

2. Corrosion propagation phase
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Figure 6.8 Variation of Ak/k during accelerated corrosion process
(@) Specimen 1(b) Specimen 2 (c) Specimen 3

The equivalent mass parameter (EMP) has been used for determining the rate of corrosion

using the model developed in Chapter 4, given as

(%n)actual - Am (%n)PZT (61

where A, is a mass constant equal to 0.54 from findings reported in Chapter 4. The
corrosion rates for all the specimens were calculated and tabulated in Table 6.3 after an
accelerated carbonation exposure period of 250 days. Compared to chloride induced
corrosion in general, this value is not very high and can be pronounced as a low rate of

corrosion.
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Table 6.3 Corrosion rate values (without considering A, )

Corrosion rates using PZT
Specimen No. identified mass loss after
incorporating A, (mm/year)

1 0.332
2 0.676
3 0.135

The important point to be noted for this approach is that both the equivalent stiffness and
equivalent mass has been obtained non-destructively, circumventing the measurement of

absolute stiffness or mass.

6.4 CORRELATION WITH MICROSCOPIC IMAGE ANALYSIS AND RAMAN

ANALYSIS

To verify the nature of changes highlighted by the ESP, complementary analytical
techniques including optical microscopy, scanning electron microscopy and Raman
spectroscopy were applied to representative cross sections of representative samples. The
sections were cut after 250 days from the beginning of the test. In order to produce high
quality polished sections and reduce the possibility of breaking the samples, the end of each

cylinder was embedded in low-viscosity resin at atmospheric pressure prior to polishing.

The sections were, then, cut perpendicularly to the cylinder axis (parallel to the base) using
a diamond impregnated cutting disc, in dry conditions. The surface of each section was
subsequently ground using progressively finer silicon carbide papers from 180 to 1200 grit
size before polishing with 6, 3 and 1 micron diamond paste. A final polish was achieved

using colloidal silica suspension. Optical inspection of the polished sections was carried out
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using a Leica DM ILM inverted metallurgical microscope equipped with an Infinity 1
digital camera at department of Physics, University of Bath, UK. Images of the sections
were acquired using Studio Capture Software version 4.0.1. Visual inspection using the
microscope and images of the sections showed several radial cracks evolving from the rebar.
This phenomenon is in agreement with the effects of concrete cancer. Fig. 6.9 shows typical
cracking in Specimen 2 (2.5cm diameter). Several cracks (black areas) are visible,
propagating from the rebar (upper part of the image) towards the external surface (lower
part). Cracks often follow the interface between aggregate and cement matrix. The images
correlate well with the ESP values as shown in Fig. 6.9. As it can be seen in the SEM image
(on the right side) of Fig. 6.9 calcium carbonate crystals filling up the pores due to which
the ESP values increased on account of stiffening action. Once the carbonation initiates and
steel starts corroding thereby developing cracks on the surface (as shown in the optical
image of Fig. 6.9) this resulted in the decrease of equivalent stiffness values. Thus, the ESP
identifies the changes occurring during the carbonation induced corrosion correlate well

with the imaging analysis.

To investigate these structural changes further, a microstructural analysis of the cement
matrix was carried out using a Field Emission Scanning Electron Microscopy (FESEM)
JEOL model FE-SEM-6301F. This microscope can image at low accelerating voltages (1-5
KV) and, consequently, it is possible to achieve high magnifications reducing at the same
time the charge effect in non-conductive samples. The analysis was performed on a few
fragments of cement taken from the same sections. The fragments were attached to the
SEM sample stub using double sided carbon sticky tape and were analysed in the as

received condition (i.e. without coating with a conductive material).
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Figure 6.9 Correlation of ESP values with SEM and optical images.
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Figure 6.10 SEM image showing fine interlaced silicate needles forming
dense structure.

Fig. 6.10 shows typical surface of one of these fragments taken from the specimen 2. The
image highlights a tight network of fine interlaced silicate needles (CSH) that form a very
dense structure. Crystals of calcium carbonate with scalenohedral habit were identified on
the internal surfaces of the pores. This finding is in agreement with the degradation process

previously described for the rebar corrosion induced by carbonation.

To verify the nature of the oxides formed on the rebar surface (which, through expansion led
to the formation of the cracks identified during the analysis with the optical microscope),
analysis was performed using Raman spectroscopy of the metal phase located at the cement/

rebar interface (box in Fig. 6.11).

A Renishaw inVia Raman Spectrometer with a laser of wavelength 532 nm (green visible
light) was used. The laser was set at 100% of the power; scan was performed between 100

and 3200 cm-1 with only one accumulation and an exposure time of 10 seconds. A WiRE
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software version 3.4 developed by Reinshaw was used to set the experiment and acquire the

spectra.
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Figure 6.11 Raman spectrum of a-hematite (Fe2Os) oxide layer on steel rebar. Inset
shows optical image of polished section and location of analysis.

Fig. 6.11 shows one of these spectra with the corresponding location along the interface
highlighted by a red dot in the box (upper left corner). Peaks in the spectrum are located at
220, 278, 390, 486, 582, 804, 1058, 1280 cm-1. Oh et al. (1998) attributed the peaks at 220,
278 and 1280 to hematite a-Fe2Oz.1t is already known, in fact, that depending on the
crystallinity and grain size, characteristic double at 294/225 cm-1 of this mineral in some
cases shifts downward in wave number (Wang et al. 1998). Peaks at 390, 486 and 582
attributed to goethite a-FeOOH (Oh et al., 1998). Both these phases are common in the

corrosion products associated with rebar corrosion.
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6.5 VALIDATION OF CORROSION RATE PREDICTION MODEL

In the previous section equivalent mass model developed in Chapter 4 through (agcelerated
chloride induced corrosion was applied to determine the rate of corrosion for carbonation
induced corrosion. To validate this gravimetric measurement were performed. The specimens
were split open and the rebar was removed after 250 days of exposure to enable mass loss
measurements. The mass loss of the steel bars was determined after chemically cleaning the
corrosion products as described in ASTM G1-03. The initial mass before embedding and
final mass after removing the rebar from cylinder was determined for all the three rebars.
From the mass loss, the corrosion rate is calculated as described in ASTM G1-03 using the
Eq. (4.11). The actual corrosion rates using the mass losses determined are tabulated in Table
5. Upon comparing the actual corrosion rates with the corrosion rates calculated using PZT
identified mass loss (see Table 6.4), it was found that using the equivalent mass model, the
corrosion rates can be calculated with reasonable accuracy (average error of 11 % only). This

circumvents the determination of actual mass loss, which in practice is unfeasible”.

Table 6.4 Corrosion rate values (considering A,y )

Actual corrosion Corrosion rates using | Percentage error
Specimen rates using PZT identified Mass
P gravimetric mass | loss after incorporating
loss (mm/year) Ay (mm/year)
2 0.059 0.067 12.6
3 0.048 0.052 9.1
4 0.011 0.013 13.4
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6.6 CONCLUDING REMARKS

This chapter has presented a new and simple approach for monitoring the process of
carbonation induced corrosion in RC structures right from initiation to rebar corrosion based
on the ESP extracted out from the admittance signatures of PZT patches surface-bonded to
the rebars. The ESP extracted out from the admittance signatures of surface-bonded PZT
patch on the rebar is established as the solely required carbonation progression as well as
rebar corrosion indicator. ESP correlates very well with the phenolphthalein test results as
well as microscopic image analysis in identifying the onset of corrosion. The most promising
feature of the proposed approach is that the two main phases in the process, namely
carbonation penetration through concrete cover and corrosion initiation are clearly
demarcated. The proposed approach is non-destructive in nature and fully autonomous. The
empirical correlation derived from the PZT patches can be utilized in carbonation induced
corrosion of rebars in real-life RC structures, where they are not exposed for direct visual

check.
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CHAPTER-8
CONCLUSIONS AND RECOMMENDATIONS

8.1 INTRODUCTION

The aim of this research was to extend the application of the EMI technique (using PZT
sensors) for corrosion assessment of rebars in RC structures, especially utilizing the

equivalent structural parameters for development of corrosion damage model.

The major novelty in the present thesis is that for the first time, such an extensive studies on
the application of the equivalent structural parameters for corrosion assessment of rebars in
RC structures have been investigated and related empirical corrosion assessment models
have been developed. This chapter draws conclusions and gives some ideas about future

work that would complement the material presented in this thesis.

8.2 RESEARCH CONCLUSIONS AND CONTRIBUTIONS

The original research contributions of this thesis mainly consist of development of a new
corrosion assessment model based on the equivalent structural parameters, for both chloride
and carbonation induced corrosion in rebars, thereby circumventing the determination of
actual structural parameters, which are either very difficult or impossible. Major research

conclusions and contributions can be summarized as follows

1. As a first step, the effect of corrosion on the admittance signature has been studied on
bare steel bar specimens with surface bonded PZT patch, subjected to accelerated
chloride induced corrosion. The mechanical impedance has been observed to change

due to corrosion progression, which is reflected as a change in the conductance
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signatures for all the specimens. With the advancement of corrosion, the slope of the
y vs ! curve has been found to decrease consistently, which is more consistent than
the trend of the RMSD indices which were used earlier to quantify damage.

After satisfactory results on the bare steel bar, the experiments have been extended to
rebar embedded into concrete i.e., RC specimens. The peaks of the conductance
signature for RC specimens have been observed to reduce considerably during the
accelerated corrosion process, which is attributed to the increase of damping on
account of the formation of corrosion products.

The structural systems have been identified based on the plots of real and imaginary
components of mechanical impedance as (i) Bare steel bar specimens: Kelvin-Voigt
system and series combination of spring, mass and damper (ii) RC specimens:
parallel combination of spring, mass and damper; for both types of corrosion:
chloride induced and carbonation induced, which showed consistent results.
Compared to the variation of the RMSD index based on the raw conductance
signatures, the observed variation in indentified equivalent structural parameters c’,
‘k> and ‘m’ extracted from the impedance spectrum are more consistent and exhibit
considerably lesser uncertainty.

The equivalent stiffness model can be directly used in an actual scenario, to provide
real time information about level of corrosion induced damage non-destructively and
can be a substitute to the conventional electro-chemical techniques. The various
phases of corrosion have been identified with the developed model and concluded
that a value of Ak/k over 0.2 indicates initiation of corrosion and values over 0.4

indicates alarming corrosion level. Similarly, equivalent mass model can be directly
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used to determine the corrosion rate, with no requirement of determining the absolute
mass of the specimen. On comparing the corrosion rates using the developed mass
model and the corrosion rates using conventional gravimetric, it is found that the PZT
identified mass loss can easily substitute the actual mass loss determination, thus
circumventing the use of actual mass loss, which is in fact practically not feasible.
The feasibility of utilizing the embedded sensors has also been investigated and on
comparing the surface bonded sensors and embedded sensors, it may be noted that the
embedded CVS are able to effectively track the changes occurring during initial
stages of corrosion. The surface bonded sensors show higher sensitivity after the
corrosion initiation. Hence, they can complement each other for effective corrosion
monitoring

The equivalent stiffness model developed for chloride induced corrosion is also
effective in tracking the changes due to carbonation. The initial stiffening effect
caused due to filling of pores of cement paste by calcium carbonate (values of Ak/k
found to increase during this period) is clearly observed in the plots, which correlate
well with the phenolphthalein tests and imaging results.

The lab study is an accelerated corrosion process has resulted in the development of a
model in few months time which otherwise would have taken several years. Based on
this model, a correlation between accelerated corrosion test data and natural corrosion
data has been made. It is found that the developed model is effective in identifying
the corrosion rate in natural environmental conditions. Even though a reasonable

correlation is presented here, more long term investigations are required to ascertain
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the relationship especially for other two phases of corrosion, which however is
beyond the scope of present thesis.

9. As an application, the developed models have been utilized to study reinforcement
corrosion in FA blended concrete. From the results, it can be concluded that 25% FA
replacement is effective in resisting the corrosion.

10. From the experimental investigations, it can be concluded that PZT materials, which
belong to the category of “smart materials™ can be used for effective corrosion sensor
technology. Although the tests reported in this study were carried out on M30 grade
concrete and HYSD bars of small size, the dimensionless parameters represented can
also be conveniently used for life-sized structures, since the zone of influence of the

PZT patches is usually very small in concrete.

This research work attempted to take the EMI based SHM technique, which otherwise is
signature based in nature, a step forward by making the method model-related and thus

providing quantitative SHM.

8.3 LIMITATIONS

The empirical relations developed as a part of proposed models will depend on the type and
size of the PZT patches and type and thickness of the bonding layer. Hence, dimensionless
parameters cannot be considered as a universal relationship. Therefore, it is recommended
that similar calibration should be first established in the laboratory for the particular

concrete-steel-PZT-bond layer combination before using the method in the field.
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CHAPTER- 8-Conclusions and Recommendations

8.4 RECOMMENDATIONS FOR FUTURE

The following tasks are recommended to be undertaken to continue the research further

1. The present work was carried out on normal strength concrete; the same can be extended
to high strength concrete and using different grades of steel.

2. The developed corrosion model can be validated, based on the measurements of
corrosion from real life structures for long term effects, spanning at least for ten years, so
as to cover the corrosion propagation and cracking phase.

3. The equivalent parameters developed can be compared with analytical results for simple
structures.

4. The impedance data can be further correlated with the conventional electro-chemical
techniques.

5. Research may focus on Remaining Service life prediction of the RC structure based on

the developed models for chloride and carbonation induced corrosion.

The author strongly believes that there is a strong potential in developing the EMI technique
using PZT sensors as a NDE technique for corrosion assessment, which can be possibly

provide better assessment than the conventional electro-chemical techniques.
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