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ABSTRACT
The proposed study explores the feasibility of detecting and quantifying corrosion
and delamination (physical separation) at the interface between reinforcing steel bars and
concrete using ultrasonic guided waves. The problem of corrosion of the reinforcing
steel in structures has increased significantly in recent years. The emergence of this type
of concrete deterioration, which was first observed in marine structures and chemical
manufacturing plants, coincided with the increased applications of deicing salts (sodium
and calcium chlorides) to roads and bridges during winter months in those states where
ice and snow are of major concern. Concrete is strengthened by the inclusion of the
reinforcement steel such as deformed or corrugated steel bars. Bonding between the two
materials plays a vital role in maximizing performance capacity of the structural
members. Durability of the structure is of concern when it is exposed to aggressive
environments. Corrosion of reinforcing steel has led to premature deterioration of many
concrete members before their design life is attained. It is therefore, important to be able
to detect and measure the level of corrosion in reinforcing steel or delamination at the
interface. The development and implementation of damage detection strategies, and the
continuous health assessment of concrete structures then become a matter of utmost
importance. The ultimate goal of this research is to develop a nondestructive testing
technique to quantify the amount of corrosion in the reinforcing steel. The guided
mechanical wave approach has been explored towards the development of such
methodology. The use of an embedded ultrasonic network for monitoring corrosion in
real structures is feasible due to its simplicity.

The ultrasonic waves, specifically
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cylindrical guided waves can p ropagate a long distance along the reinforcing steel bars
and are found to be sensitive to the interface conditions between steel bars and concrete.
Ultrasonic transducers are used to launch and detect cylindrical guided waves along the
steel bar.
In this dissertation, in-situ corrosion monitoring technique for reinforced concrete
is developed based on two methods – 1) variation of signal strength and 2) the time-offlight (TOF) variations as the corroded member is loaded transversely. This is the first
attempt ever to monitor corrosion inside concrete by measuring the change in the time of
flight of guided waves along reinforcing bars as the concrete beam is subjected to
bending. Advantages of corrosion monitoring by TOF change are discussed in the
dissertation.
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CHAPTER 1

INTRODUCTION

1.1 The Urgency of Health Monitoring System for Reinforced Concrete
Concrete, an extraordinarily versatile building material, is used for utilitarian,
ornamental, and monumental designs. It is used widely in many structures such as
commercial, residential or industrial buildings, educational or correctional facilities,
airports, libraries, hospitals, warehouses, parking garages, stadiums, power plants,
bridges, dams, towers, tanks, sound barriers, and the list goes on. Because of the low
tensile strength, concrete is strengthened by the inclusion of the reinforcement steel such
as deformed steel bars, prestressing tendons, or welded wire fabric. This combination of
concrete and steel provides a relatively inexpensive and durable material that has become
widely used in construction. Bonding between the two materials plays a vital role in
maximizing performance capacity of the structural members. Corrosion of the reinforcing
steel causes de-bonding (delamination) at the steel-concrete interface and results in
weakening of the structure, significant reduction of its service life and premature failure.
Volume increase, as the results of the corrosion process, exerts a high internal pressure at
the interface causing the concrete to crack and peal off. It is therefore, important to be
able to detect and measure the level of corrosion in reinforcing steel or delamination at
the interface.
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Durability is of concern when the structure is exposed to aggressive
environments. Effects of freeze-thaw, chemical attack, and corrosion of embedded
materials are of major concerns. Reinforcing steel is protected from corrosion by being
embedded in concrete. A protective iron oxide film forms on the surface of the bar as a
result of alkalinity of the cement paste. This protective film may be lost in presence of
oxygen, moisture and chloride. Chlorides may be found in concrete aggregates, water,
cementitious materials or admixtures, and hence may be present in the concrete when
cast. Reinforcing steel in concrete with high permeability and of insufficient cover is
likely to be attacked by chlorides due to the presence of deicing salts. In the northern
United States, deicing salt usage increased to approximately 15 million tons per year in
1990 compared to less than one million tons per year in 1950 (Baboian 1992). Moisture
and oxygen alone can cause corrosion of reinforcing steel. Cracking may allow oxygen
and moisture to reach the embedded steel, resulting in conditions where rusting of the
steel and staining of the surface may rapidly occur.
Corrosion of reinforcing steel has led to premature deterioration of many concrete
bridges in the United States before their design life is attained. Over half of the bridges in
the United States are reinforced concrete (Hartt et al. 2004). This has placed tremendous
financial burden on many state and local transportation agencies in their attempts to halt
ongoing reinforcing steel corrosion in the existing structures that are still functional, and
to replace those structures that have already deteriorated to the point that it does not make
any economic sense to keep on maintaining them. In addition, badly deteriorated bridges
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have considerable adverse effects on the nation's economic output and also place the
safety of motorists at risk.
To counteract the destructive corrosion process, standard practices for reinforced
concrete design have been improved over the past two decades. The quality of concrete
cover, placement, compaction, depth, sealants, and curing practices have tremendously
delayed the ingress of deleterious substances. Carbon fibre-reinforcement polymer wraps
(Wootton et al. 2003) and electrochemical chloride removal systems (Bennett et al. 1993)
have been used to protect and restore reinforced concrete in marine and corrosive
environments. Protection of the reinforcement by polymer/metallic coatings (Sanjurjo et
al. 1993) and cathodic protection (Broomfield and Tinnear 1992) have also been
effectively used. These practices are good for retrofitting the structure when the corrosion
problem is identified. Monitoring the corrosion process over time is still necessary to
ensure serviceability and safety requirements.
Therefore, the demand exists for a feasible and economical structural health
monitoring systems. The development and implementation of damage detection
strategies, and the continuous health assessment of concrete structures then become a
matter of utmost importance. The ultimate goal is to develop a nondestructive testing
technique to quantify the amount of corrosion in the reinforcing steel. Towards the
development of such methodology, a guided mechanical wave approach has been
undertaken. An ultrasonic approach was chosen because of the feasibility of using an
embedded ultrasonic network for monitoring corrosion in real structures. Guided
mechanical waves were chosen because they have the capability of testing over long
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distances with sensitivity often greater than the conventional NDT techniques. Guided
wave based ultrasonic methods have the ability to test multilayered structures, and are
relatively inexpensive due to the simplicity and sensor cost (Hay and Rose 2004).

1.2 Nondestructive Testing Method
The American Society of Nondestructive Testing (ASNT) defines Nondestructive
Testing (NDT) as the examination of an object with technology that does not affect the
future usefulness of the object. The technology of nondestructive testing of material with
ultrasonic waves is more than fifty years old. From its initial use of flaw detection in
materials the ultrasonic methods have been extended to many other applications, such as
material characterization.

Today, with support from great advances in instrument

technology, it is expected that ultrasonic testing will give reproducible test results within
narrow tolerances.
At the beginning of the fifties the technician only knew radiography as a method
for detection of internal flaws. After the Second World War, the ultrasonic method, as
described by Sokolov in 1935 and applied by Firestone in 1940, was further developed.
Soon after, instruments were available for the ultrasonic testing of materials. Today,
nondestructive testing (NDT) plays an increasingly significant role in quality control of
material processing, pre-assembly validation and in-service health monitoring of
structures.
Guided Mechanical Waves are generated when a wave encounters a particular
geometry such as a plate, cylinder or a pipe. Tests are conducted by mounting the
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transducer on one end and a recorder on the other end of the steel bar. The bar is then
struck on its end or a side to create dispersive waves that travel through its length, thus
sampling all regions of the specimen. The data is then digitally displayed or stored on a
PC based acquisition system.

1.3 Research Tasks
This research carried out the NDT experiments and reports the variations of the
receiving signals due to the: (1) changes in the amount of corrosion; (2) surface geometry
of the bars or rib orientation; (3) bar diameter and length; and, (4) changes in the applied
loads.
With the aforementioned anticipations, the following sets of specimens were
prepared and examined:
Set 1 – Variations in rib patterns – non-corroded, no concrete
#4 bars
•

Plain Bar (no ribs)

•

Perpendicular (vertical) ribs

•

Diagonal (Slant) ribs

•

Cross ribs

#5 bars
•

Plain Bar (no ribs)

•

Perpendicular (vertical) ribs

•

Diagonal (Slant) ribs
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#6 bars
•

Plain Bar (no ribs)

•

Perpendicular (vertical) ribs

•

Diagonal (Slant) ribs

Set 2 – Variations in size – non-corroded, no concrete
Smooth bars (without ribs)
•

#4

•

#5

•

#6

Perpendicular Ribs
•

#4

•

#5

•

#6

Diagonal Ribs
•

#4

•

#5

•

#6

Set 3 – Variations in amount of corrosion
#6 bar with perpendicular ribs cast in concrete
•

No corrosion

•

Slight corrosion
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•

Medium corrosion

•

High corrosion

Set 4 –Signal time of arrival variation due to applied transversely loads
#4 smooth bar without concrete
•

Subjected to 5.0 kg loads with 1.0 kg increments

#4 bar with diagonal ribs without concrete
•

Subjected to 2.0 kg loads with 0.5 kg increments

#6 bar, corroded with perpendicular ribs cast in concrete
•

Subjected to 125 pounds loads with 25 pounds increments

#6 bar, non-corroded, with perpendicular ribs cast in concrete
•

Subjected to 125 pounds loads with 25 pounds increments

#6 bar, non-corroded, with perpendicular ribs cast in concrete
•

Subjected to 250 pounds loads with 50 pounds increments

1.4 Annotation for File Name and Report
The annotation used for file naming and presentation in this report has the
following format:
P6E4C0,

where the first letter represents the bar surface geometry (or rib

pattern). The second character is the number representing the bar size. The third and
fourth characters represent the level of concrete embedment while the fifth and sixth
characters represent the level of corrosion. The sizes of the bars used in this study are
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shown in Table 1.1. The annotations for the bar surface, levels of concrete embedment,
and degree of corrosion are defined below.
Rib pattern annotation
S:

Smooth bar – steel bar with no ribs

P:

Perpendicular ribs – rebar with ribs perpendicular to its axis

D:

Diagonal ribs – rebar with ribs forming an angle to its axis

C:

Cross ribs – rebar with diagonal ribs cross over the bar surface

Table 1.1 – Steel bar number and diameter
English Unit

Metric Unit

Bar No.

Diameter (in)

Bar No.

Diameter (mm)

4

0.500

13

13

5

0.625

16

16

6

0.750

19

19

Embedment levels
E0:

0% embedment - steel bar has no embedment in concrete

E4:

100% embedment – steel bar is fully embedded in concrete

Corrosion levels in reinforcement bar
C0:

No corrosion

C1:

Slightly corroded

C2:

Moderately corroded

C3:

Highly corroded

C4:

Extensively corroded
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1.5 Main Contributions
The goal of this experiment is to study the feasibility of detecting the corrosion
and delamination at the interface of concrete and reinforcing steel by nondestructive
testing. Previous studies have shown that corrosion in the steel can be detected using
guided ultrasonic waves. Therefore, the next questions are - can the amount of corrosion
be quantified? How sensitive are the signals to the amount of corrosion? What impact do
other field conditions have on the output signal? Is there any limitation of the testing
technique? What are the suggestions and recommendations from the experiment? The
final question would be what does it take to apply the technique in the field condition?
This study certainly does not give the clear answers to all of the above questions and are
not anywhere near its final goal. Though, this investigation generated some valuable data
and gave an initial start to the study of detecting corrosion and delamination of
reinforcing steels in reinforced concrete structures.

1.6 Organization of Dissertation
This dissertation focuses on the experimental detection of the corrosion and
deterioration at the interface of reinforced steel and concrete using ultrasonic guided
waves. The assessment of the bonding between the steel and concrete are based on the
received signal strength and the variation in the arrival time of the received signal when
the concrete member is subjected to some bending load.
Chapter 2 presents the literature review on the mechanisms of corrosion of the
reinforcing steel, ultrasonic waves and nondestructive testing technique.
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Chapter 3 provides an overview of previous studies and findings relevant to this
research.
Findings of delamination and corrosion detections using artificial gap between
steel/concrete interface and implanted corroded reinforcement bars in the concrete
specimens are presented in Chapter 4.
Chapter 5 presents the variation in the signal arrival time for specimens subjected
to bending loads. The experiment was carried out for steel bars without concrete
embedment and reinforcement bars within concrete specimen.
Chapter 6 presents the experimental studies and results for the detection of an ongoing corrosion process on the surface of the reinforcing steel in the concrete specimen as
it was exposed to the galvanostatic and artificial climate corrosion inducing methods.
The variation of the signal arrival time for reinforced concrete specimens subject
to bending load as the corrosion develops at the reinforcement steel bar-concrete interface
are presented in Chapter 7. It shows how the change in the time of arrival for an applied
load varies with the amount of corrosion.
Chapter 8 shows the experimental results on how the received signal amplitude is
related to the geometry of the reinforcing steel bar such as its diameter and surface
geometry.
Chapter 9 presents the numerical modeling and results on how the received signal
amplitude is related to the diameter of the plain (smooth) steel bar using the finite
element method.
Important conclusions and discussions are presented in chapter 10.
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CHAPTER 2

LITERATURE REVIEW

2.1 Corrosion of Steel in Concrete
Metal tends to revert to its more stable and natural state as an ore. This reversion
process is known as corrosion (oxidation). A refined metal such as iron or steel has a
natural tendency to corrode and thereby return to the stable state that exists in nature, iron
ore (Fe2O3). The rate of steel corrosion depends on its composition and the surrounding
environment.
A closer look at the chemical reactions involved will help in understanding the
mechanisms behind the corrosion of reinforcing steel in concrete. There are four
mechanisms that cause fluids and ions (dissolved in fluid) to move through the concrete:
capillary suction, permeation, diffusion, and migration (Bertolini et al. 2004). Concrete
has a very high alkalinity - with a pH of 12 to 13 due to the presence of abundant amount
of calcium hydroxide and relatively small amount of alkaline elements, such as sodium
and potassium. A protective iron oxide or hydroxide film forms on the surface of the
reinforcing steel bar as a result of high alkalinity. As long as this film is not disturbed, it
will keep the steel passive and protect it from corrosion (Bazant 1979). However,
concrete structures, (especially bridges) are often exposed to deicing salts, salt splashes,
salt spray, or seawater. Chloride ions slowly penetrate into the concrete through cracks,
or through the pores in the hydrated cement paste. The chloride ions eventually reach the
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steel and then accumulate beyond a certain concentration level, at which the protective
film is destroyed and the steel begins to corrode, when oxygen and moisture are present
in the steel-concrete interface (US Department of Transportation 1998).
Once corrosion sets in on the reinforcing steel bars, it continues forming
electrochemical cells on the surface of the metal and the electrolyte or solution
surrounding the metal. Each cell consists of a pair of electrodes (the anode and its
counterpart, the cathode) on the surface of the metal, a return circuit, and an electrolyte.
Basically, on a relatively anodic spot on the metal, the metal undergoes oxidation
(ionization), which is accompanied by the production of electrons, and subsequent
dissolution. These electrons move through a return circuit, which is a path in the metal
itself to reach a relatively cathodic spot on the metal, where these electrons are consumed
through reaction involving substances found in the electrolyte. In reinforced concrete, the
anode and the cathode are located on the steel bars, which also serve as the return
circuits, with the surrounding concrete acting as the electrolyte (US Department of
Transportation 1998).
When corrosion occurs on reinforcing steel in concrete, the electrochemical
reactions involved are dependent on the environment at the steel-concrete interface.

2.2 Corrosion Mechanisms
2.2.1 In the Presence of Oxygen
At the anode, iron is oxidized to the ferrous state, releasing electrons.

Fe → Fe +2 + 2e −

(2.1)
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At the cathode, the two electrons created in the anodic reaction combine with oxygen and
moisture to form hydroxide ions.

1
2e − + H 2 O + O2 → 2OH −
2

(2.2)

The anodic and cathodic reactions are only the first steps; yet they play a very important
role in the corrosion process. The ferrous ions combine with hydroxyl ions to produce
ferrous hydroxide. The latter is further oxidized in the presence of moisture to form ferric
oxide.
Fe +2 + 2OH − → Fe(OH ) 2 : Ferrous hydroxide

(2.3)

4 Fe(OH ) 2 + O2 + 2 H 2 O → 4 Fe(OH ) 3 : Ferric hydroxide

(2.4)

2 Fe(OH ) 3 → Fe2 O3 H 2 O + 2 H 2 O : Hydrated ferric oxide (rust)

(2.5)

2.2.2 In Absence of Oxygen
At the anode, in the upper layer of steel in a bridge deck, the oxidized iron reacts
with chloride ions to form an intermediate iron complex.

Fe → Fe +2 + 2e −

(2.6a)

Fe+2 + 4 Cl- --> (FeCl4)-2 + 2 e-

(2.6b)

This compound then reacts with moisture to form ferrous hydroxide.
(FeCl4)-2 + 2 H2O --> Fe(OH)2 + 2 H+ + 4 Cl-

(2.7)

At the cathode, the hydrogen ions are reduced or combined with electrons to form
hydrogen gas.
2 H+ + 2 e- --> H2

(2.8)
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It has been suggested that the chloride complex ions formed in reaction 6 may react with
calcium hydroxide in the surrounding cement paste as shown below:
(FeCl4)-2 + Ca(OH)2 --> Fe(OH)2 + CaCl2 + 2 CL-

(2.9)

It is apparent from the above reactions that, unfortunately, none of the chloride
ions in the concrete are consumed and are, therefore, available again to contribute to
corrosion. By forming hydrogen ions, or acid, in reaction 7, the pH at a local anodic site
can reduce rapidly to values of 5 to 6. The resulting low-pH anode on a rebar is so
different from that of other nearby rebars, which are surrounded by concrete of a higher
pH, that a powerful macro-cathode is created, which then feeds the original anodic spot.
It is obvious that moisture is required, not only to support the cathodic reactions but also
to enhance the electrical conductivity of the concrete (US Department of Transportation
1998).

2.2.3 In Absence of Chloride
Corrosion can also occur even in absence of chloride ions. For example, when the
concrete comes into contact with carbonic acid resulting from carbon dioxide in the
atmosphere, the ensuing carbonation of the calcium hydroxide in the hydrated cement
paste leads to reduction of the alkalinity, to a pH level as low as 8.5, thereby permitting
corrosion of the embedded steel (US Department of Transportation 1998). The rate of
carbonation in concrete is directly dependent on the water/cement ratio (w/c) of the
concrete, i.e., the higher the ratio the greater is the depth of carbonation in the concrete.
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CO2 + H2O --> H2CO3

(2.10)

H2CO3 + Ca(OH)2 --> CaCO3 +2 H2O

(2.11)

The corrosion product (rust) occupies a greater volume than the steel and exerts
substantial stress on the surrounding concrete. Hydrated ferric oxide (Fe2O3H2O) has a
volume about twice that of steel. When it becomes hydrated, the volume increases even
more and becomes porous. The volume increase at the steel/concrete interface can be
two to ten times. This leads to the delamination, cracking and eventual spalling of the
concrete, forming flaky rust on the bar, and the creation of rust stains seen at cracks.
Estimates of the expansive force exerted on concrete when steel converts to rust
varies from 32 to 500 MPa. Similarly, different estimates have been made on the amount
of corrosion product necessary to crack the concrete or mortar, and these have ranged
from 0.1 to 20 mils. As corrosion takes place, the cross section area of the steel is
reduced, which leads to loss of bonding between the steel and the concrete. This effect
can be of serious concern in prestressed concrete bridge members, where the bonding
between the high-strength tendons and the concrete is critical (US Department of
Transportation 1998).
It is important to remember that corrosion is not the only deterioration mechanism
in reinforced concrete. Alkali-silica reactivity (ASR), freeze-thaw, plastic shrinkage,
thermal movement, uneven settlement and other movement can all lead to the cracking
and spalling of concrete. Some structures may be prone to unusual chemical attacks of

37
the reinforcing steel or concrete. For example, septic tanks are subjected to sulfuric
attack; storage vessels are attacked by its liquid content; offshore structures are often
attacked by seawater, and carbonates in water can attack concrete pipelines and
underground structures. However, the scope of discussion in this thesis is limited to
corrosion of atmospherically exposed structures.

2.3 Ultrasonic Waves
Ultrasonic wave can be used to characterize the material property and detect
defects in a structure. The term ‘ultrasonic’ refers to the mechanical waves propagating in
solids or fluids at a frequency greater than the upper limit of the human hearing i.e.
20,000 Hz. The main advantage of ultrasonic testing is that it is nondestructive. Guided
mechanical wave can propagate through cylinders, pipes and plates. For analyzing these
waves, Helmholtz decomposition of the vector displacement field is written in terms of
the potential functions and substituted in the equation of motion. Nondestructive testing
using guided ultrasonic waves, specifically cylindrical guided waves, along the
reinforcing steel bar is found to be sensitive to the interface conditions between steel bar
and concrete. Ultrasonic transmitter and receiver are used to launch and detect cylindrical
guided waves (often called Lamb waves) along the steel bar. However, it should be noted
here that only the guided waves in plates are called Lamb waves. The earlier study shows
that the guided wave inspection technique is feasible for detecting corrosion and
delamination at the interface between the concrete and the steel bar.

38
2.3.1 Principle of Ultrasonic Testing
The ultrasonic testing principle is based on the fact that many solid materials are
good conductors of ultrasonic waves. The waves are reflected and refracted at the
interface or boundary of the material. Cylindrical guided waves are waves that propagate
in cylindrical structures such as pipes, bars and rods. They are dispersive waves, which
means that the phase velocity depends on the frequency.
Although it is relatively complicated to analyze the dispersive waves such as cylindrical
guided waves, they have several advantages over other waves in nondestructive
evaluation applications. First, guided waves propagate over a long distance; hence, it is
economical for long distance inspection. Second, they have several modes at the same
frequency. Therefore they may have a mode that is sensitive to a defect and may be used
effectively for detecting that defect. Because of these advantages, many investigators
have started using guided waves for several applications (Na 2001).

2.3.2 Equation of Motion
The equation of motion in the Cartesian coordinate system is given by (Kundu
2004):

σ ij , j + f i = ρu&&i

(2.12)

Where σ ij is the stress tensor in the Cartesian coordinate system and u i is the component
of the displacement vector. Without the body moment, the stress tensor is symmetric and

σ ij = σ ji .
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The body force per unit volume of the material is defined as f i , and ρ is the
material density. For homogeneous isotropic elastic solid, the stress-strain relationship
can be expressed as:

σ ij = 2µε ij + λδ ij ε kk

(2.13)

Where λ and µ are Lame’s first and second constants, respectively and µ is also known as
shear modulus G. δ ij is the Kronecker delta and is equal to one for i=j and equal to zero
for i≠j. The relationship between the strain and displacement is:

1
2

ε ij = (u i , j + u j ,i )

(2.14)

The equation of motion can be expressed in terms of strain and displacement,

2 µε ij , j + λε jj ,i + f i = ρu&&i

(2.15)

µu i , jj + ( µ + λ )u j , ji + f i = ρu&&i

(2.16)

2.3.3 Governing Equations in Cylindrical Coordinate System
The displacement equations of motion in the cylindrical coordinate system can be
written as (Qu et al. 2004):
ur
2 ∂uθ
1 ∂∆ 1 ∂ 2 u r
∇ ur − 2 − 2
+
=
r
r ∂θ 1 − 2ν ∂r cT2 ∂t 2
2

∇ 2 uθ −

uθ
2 ∂u r
1 ∂∆ 1 ∂ 2 uθ
−
+
=
r 2 r 2 ∂θ 1 − 2ν ∂θ cT2 ∂t 2

1 ∂∆ 1 ∂ 2 u z
∇ uz +
=
1 − 2ν ∂z cT2 ∂t 2
2

(2.17)
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Where ∇ 2 is the Laplacian operator and the symbol ∆ represents the dilatation,
∇2 =

∆=

∂2 1 ∂
1 ∂2
∂2
+
+
+
∂r 2 r ∂r r 2 ∂θ 2 ∂z 2

(2.18)

∂u r 1 ⎛ ∂uθ
⎞ ∂u
+ ⎜
+ ur ⎟ + z
∂r r ⎝ ∂θ
⎠ ∂z

From the Stokes-Helmholtz decomposition, the displacement vector can be written in
terms of a scalar φ and a vector potential function ψ = (ψr, ψθ, ψz)T.
ur =

∂ϕ 1 ∂ψ z ∂ψ θ
+
−
∂r r ∂θ
∂z

uθ =

1 ∂ϕ 1 ∂ψ r ∂ψ z
+
−
r ∂θ r ∂z
∂r

uz =

∂ϕ 1 ∂ (rψ θ ) 1 ∂ψ r
+
−
∂z r ∂r
r ∂θ

(2.19)

The formula for the six stress components in the cylindrical coordinate system, σrr, σθθ,
σzz, σrθ, σzθ, σzr, can be found in the literature.

2.3.4 Guided Waves
Waves propagating along a body such as rod, bar, pipe or plate, are called guided
waves because the problem boundary or interface guides these waves. The body which
guides the propagation of such waves is called the waveguide. Four types of guided wave
that are often encountered are Rayleigh wave, Lamb wave, interface wave and cylindrical
guided wave. Rayleigh wave travels along the surface of an elastic half-space with a
velocity approximately 90% of that of the shear wave speed in that medium. Penetration
depth of Rayleigh wave is about one and a half wavelength beneath the surface of the
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waveguide. Lamb wave travels inside a plate like body (waveguide) taking advantage of
its two stress-free boundary surfaces. Interface wave propagates along an interface
created by two media where at least one of them is a half-space. Love wave and Stoneley
waves are examples of interface waves. Cylindrical guided wave propagates along a
cylindrical waveguide such as rod, pipe, etc.

2.3.5 Wave Propagation in Steel Rod
To date, the analyses of guided waves in a cylindrical body with stress free
boundary (σrr = σrθ= = σzr = 0), such as steel rod, are available in the wave propagation
literature (Qu and Jacobs 2004).

The wave propagation analysis in periodically

corrugated structures has also been published (Banerjee 2005, Banerjee and Kundu
2006a,b). Though researchers have been trying to study and analyze the characteristics
of wave propagation in reformed bars (unsymmetrical corrugated steel bars), no
analytical results have been published yet. Furthermore, with the addition of surrounding
concrete, a heterogeneous material, the analysis for the system becomes even more
complicated.
For the aforementioned reasons, the analytical approach of wave propagating in
the reinforced concrete specimen is not possible and is not attempted. This study focuses
on the experimental investigation and analysis of the experimental data using the current
state of modeling knowledge. The final objective is to detect and quantify the corrosion
and delamination defects.

42
2.4 Nondestructive Testing
2.4.1 Inspection Principles and Techniques
Ultrasonic inspection can be performed using one of the following procedures: (1)
pulse echo; (2) through transmission; (3) reflection pitch catch; (4) resonance; and (5)
frequency modulation (Na, 2001). Because of the large impedance mismatch between air
and solid material, it is difficult to propagate waves from a transducer through air into the
structure to be tested. Therefore, a coupling medium between the two is generally
employed although dry coupling mechanisms have been developed as an alternative
technique. Motor oil, glycerin, honey, water, or special gel are generally used as a
couplant (Bray and Stanley 1997). Glue is used in this experiment to attach the
transmitter/receiver to the steel bar.

2.4.2 Ultrasonic Transducers
Two types of transmitter/receiver are used in this investigation: the piezoelectric
transducer and the Electromagnetic Acoustic Transducer (EMAT).

2.4.2.1 Piezoelectric Transducers
The conversion of electrical pulses to mechanical vibrations and the conversion of
returned mechanical vibrations back into electrical energy is the basis for ultrasonic
testing. The active element, as shown in Figure 2.1, is the heart of the transducer as it
converts the electrical energy to acoustic energy, and vice-versa. It is basically a piece of
polarized material (i.e. some parts of the molecule are positively charged, while other
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parts of the molecule are negatively charged) with electrodes attached to two of its
opposite faces. When an electric field is applied across the material, the polarized
molecules will align themselves with the electric field, resulting in induced dipoles within
the molecular or crystal structure of the material. This alignment of molecules will cause
the material to change dimensions. This phenomenon is known as electrostriction.
In addition, a permanently-polarized material such as quartz (SiO2), barium
titanate (BaTiO3) or Lead Zirconate Titanate (Pb[ZrxTi1-x]O3 0<x<1) will produce an
electric field when the material changes dimensions as a result of an imposed mechanical
force. This phenomenon is known as the piezoelectric effect. Most piezoelectric materials
can sustain temperatures up to 600°F without losing their capacity to convert energy. The
most commonly employed ceramic crystal for making transducers today is LeadZirconate–Titanate, which can be cut in various ways to produce different wave modes.
Additional information on why certain materials produce this effect can be found at
http://www.ndt-ed.org, (see references), with the links to the presentations produced by
the Valpey Fisher Corporation.

Figure 2.1 – Piezoelectric element and piezoelectric effect
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PZT Piezoelectric transducer as shown in Figure 2.2, is a transducer that when
excited by a short electrical discharge transmits an ultrasonic pulse or vice versa. The
same element on the other end generates an electrical signal when it receives an
ultrasonic signal, thus causing it to oscillate. The probe is coupled to the testing object
with glue (coupling paste) so that the sound waves from the probe can be transmitted into
the test object.

Figure 2.2 – Piezoelectric transducers

2.4.2.2 Electromagnetic Acoustic Transducers
Electromagnetic acoustic transducer (EMAT), as shown in Figure 2.3, is a
transducer that uses eddy currents to generate and receive acoustic signals. It operates
without a coupling medium (Oursler and Wagner 1995). The transducer can induce
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specific ultrasonic modes including normal beam and angle-beam shear waves, horizontal
shear waves, Rayleigh and Lamb waves. The advantages of EMAT are: (1) it does not
need any coupling agent to compensate for acoustic mismatch; (2) by using horizontally
polarized shear waves it can efficiently inspect austenitic welds; and (3) it can be used at
high temperatures. The main disadvantages of EMAT are: (1) it gives relatively low
transmitted ultrasonic energy and may be difficult to distinguish from the electronic
noise; and (2) the induced energy is critically dependent on the probe proximity to the
test object, which for practical applications is commonly maintained below 1 mm (Na
2001).

Figure 2.3 – Electromagnetic acoustic transducer – hollow disk
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CHAPTER 3

EARLIER WORKS ON CONCRETE INSPECTION

3.1 Introduction
This chapter provides a brief overview of previous researches pertaining to
Nondestructive Testing (NDT) and Structural Health Monitoring (SHM) using guided
mechanical waves to monitor reinforced concrete (or mortar/grout). In the past two to
three decades, researchers have been continuously carrying out experimental studies and
building analytical models for structural health monitoring applications. While not all of
the research reported focused specifically on monitoring corrosion, the test results are
relevant due to the similarity in damage mechanisms. Studies have been conducted to
assess the bonding between steel and concrete, attenuation from the surrounding
concrete, and the effects of loading conditions and other interfaces such as corrosion
products, anchorage (i.e. stirrups), and ribs.

3.2 De-Bonding Studies
Na, Kundu and Ehsani (2002, 2003) fabricated a set of four reinforced concrete
beam specimens with 0% (perfectly bonded), 25%, 50% and 75% delaminated interfaces.
The concrete specimens were rectangular blocks and two sets were formed with different
cross sections. One of the sets was the 5 in x 5 in x 24 in (127 mm x 127 mm x 610 mm)
block while the other had the dimension of 5 in x 3 in x 24 in (127 mm x 76 mm x 610
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mm). Number 7 rebar was used as the reinforcement. The bar diameter is 7/8 in (22 mm).
PVC pipes with 1-inch diameter were used to create the artificial debonding at the
interface. Two set ups were used one with the low frequency, from 10 to 500 kHz, and
the other with higher frequency, above 500 KHz. Three different transmitter-receiver
arrangements were used for the studies: (a) spherical-conical plexiglas coupler; (b) direct
contact at the bar ends; and, (c) wedge plexiglas coupler between concrete and ultrasonic
transducer resulting 25° incident and receiving angle. The results of lower and higher
frequencies indicated that as the amount of debonding increased, the received waveform
is less attenuated. The results obtained from specimens with lengths of debonding in
different locations along the bar shows that the location was not discernible. This
concludes that the amount of de-bonding, rather than its location, was the critical factor in
determining the guided wave characteristics.
Wu and Chang (2006) used the piezoelectric discs as sensors and actuators to
detect debond in reinforced concrete structures. A set of reinforced concrete beam
specimens with various bond levels were built and tested using guided mechanical waves
at lower frequencies. The experiments were carried out using 20 in x 4 in x 4 in (508 mm
x 101.6 mm x 101.6 mm) concrete beam with a #6 rebar (0.75 in or 19 mm diameter).
The bar was placed along the axis of the beam similar to that proposed by Na et al. (2002,
2003). Transducers were attached to the steel rebar via silver epoxy in a throughtransmission arrangement and then embedded into concrete. Actuators and sensors were
placed on the bar with 16 in. (406.4 mm) separation. A section of a PVC pipe with a
thickness of 0.1 in (2.54 mm) was wrapped in the middle portion of the bar to simulate
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debonding damage. Five pairs of concrete beam specimens were constructed with debond
sizes of 0 in., 1in. (25.4 mm), 2 in. (50.8 mm), 4 in. (101.6 mm), and 8 in. (203.2 mm).
Two specimens of each debond size were made to demonstrate reproducibility of the
tests. Longitudinal modes were invoked using 5-cycle tonebursts, primarily around 90
kHz. The results indicated that the received waveform is less attenuated as the amount of
debonding increased. However, there was no significant change in the waveform arrival
time reported.
De-bonding studies were also carried out by He et al. (2006) on concrete
cylinders that have different bond levels. The cylinder is 36 in (0.914 m) long and has a
diameter of 4 inches (10.16 cm). The reinforcing steel was #6 bar with diameter equal to
0.75 in (19 mm). The tests were carried out using toneburst excitations with frequencies
between 1 and 2 MHz. The transducer was attached to the exposed end of the rebar in a
pulse-echo arrangement. High Density Poly-Ethylene (HDPE) pipes with desired lengths
were used to create the artificial delamination between the steel and concrete. The desired
length of the reinforcement bar was inserted into the HDPE pipe during casting of the
specimen to prevent from bonding to concrete. Six levels of artificial delamination
created between the reinforcement bar are 0%, 25%, 33%, 50%, 75%, and 100%. The
results indicated that the received signal increases as the amount of debonding increases.

3.3 Corrosion Detection
Gaydecki et al. (1992) embedded a #2 (0.25 in or 7 mm diameter) steel wire into a
concrete mix with 4% calcium chloride solution added to induce corrosion. The
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reinforced concrete specimen was cylindrical, with an outer diameter of 150 mm (5.91 in)
and a length of 1 m (39.37 in). The steel wire was exposed on either end of the concrete
to allow for transducer coupling. A transducer with a 200 kHz resonance frequency was
used to invoke a longitudinal wave (single cycle pulse), after the concrete had initially
cured. Another wave was sent into the specimen after slight corrosion had occurred six
months later (corrosion was confirmed after breaking the specimen open). The higher
frequency content was most affected (i.e. loss in signal strength) by the corrosion product
accumulation. This was attributed to the corrosion pressure creating better acoustic
coupling at the interface between the steel and concrete, thereby allowing more energy
leakage.
Miller, Hauser and Kundu (2002) corroded rebar specimens to different levels
using corrosion inducing solution with impressed current and then embedded the
corroded bars into concrete. The steel rebar was a #7 rebar with the diameter of 0.875 in
(22.23 mm). The concrete specimen had the dimension of 5 in x 5 in x 24 in (127 mm x
127 mm x 610 mm). Toneburst pulses were invoked at 1 MHz signal frequency. The
results indicate that the wave is more attenuated as corrosion level increases. This was
attributed to better bonding between the corroded steel surface and concrete, allowing
more energy leakage.

3.4 Corrosion Products from Different Accelerated Corrosion Methods
Yuan et el (2007) studied the differences in corrosion products, characteristics and
structural behavior of the corroded reinforced concrete specimens by the galvanostatic
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and artificial climate accelerated corrosion methods. The galvanostatic accelerated
corrosion method is the method to use an induced current to accelerate the steel bar
corrosion. The artificial climate environment accelerated corrosion method involves high
temperature, high humidity, and repeated wetting. Three groups of reinforced concrete
beam specimens were fabricated, one remained non-corroded, one group was subjected to
the galvanostatic corrosion method and the third group was corroded using the artificial
climate environment. The beam had the dimension of 3.9 in wide x 6.3 in high x 59.1 in
long (100 mm x 160 mm x 1500 mm). The reinforcement composed of five steel bars. A
½” (12 mm) diameter stainless steel bar was placed along the center of the beam. Two
0.3” (8 mm) diameter steel bars were used as the top reinforcement and two ½” (12 mm)
diameter steel bars were used at the bottom reinforcement.
The beams were loaded with equal load at second and third points (with equal
distance) in the simple support arrangement. The results showed that: 1) different
corrosion acceleration methods lead to different corrosion distributions on the surface of
the steel bar. The surface characteristics of the corroded steel bar are found to be different
when the corrosion is induced by galvanostatic method from that induced by natural
environment. With the artificial climate and natural environment methods the corrosion
mainly occurs on the surface of the steel bar on the side facing the concrete cover. With
the galvanostatic method the steel bar is corroded on its entire surface; 2) the corrosion of
the main steel bar in the beam reduces the load carrying capacity and ductility; and, 3) the
corrosion products generated by the artificial climate acceleration method are closer to
that of the natural environment than the galvanostatic method.
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3.5 Attenuation Measurement
Beard (2002, 2003) embedded plain steel bars of different diameters and 0.33 m
(13 in) in length into grout. The grout size was 0.1 m x 0.1 m x 0.3 m (3.94 in x 3.94 in x
11.81 in). The embedment length was short enough to allow multiple reflections from the
end of the bar to be detected and compared to each other for attenuation measurements.
Multiple frequencies were invoked for the different bar diameters using a 100-cycle
toneburst. All modes of propagation were longitudinal. It was assumed that losses from
reflections from the back wall of the steel bar were less than ±5%. The predicted values
for attenuation were used to normalize the measured values.
The predicted values overestimate the amount of attenuation for every case. The
measured attenuation values were closer to the predicted attenuation values for only in
the free bar case. The difference in predicted and measured attenuation values was
attributed to two main factors. The first is that the material damping constants are most
likely imprecise due to the difficulty in accurate measurements. The second factor is that
the interface conditions between the steel and grout are not completely known (i.e. bond
is most likely less than perfect). It was concluded that the predicted attenuation
measurements were not completely reliable and should be used as an upper bound for
determining maximum inspection ranges.

3.6 Effect of Stirrup
Na, Kundu and Ehsani (2002) tested reinforced concrete specimens with and
without stirrups surrounding the reinforcing bars. Toneburst excitation signal at 150 kHz
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frequency was used to generate longitudinal waves and 1 MHz was used to generate the
flexural waves. Transducers were attached to the exposed ends of the rebar in a throughtransmission arrangement. Experimental results show that the signal amplitude for the
specimen with stirrups is lower than that from the one without stirrup. It was concluded
that specimens with stirrups had weaker waveform amplitudes than specimens without
stirrups.

3.7 Effect of Surface Geometry
Beard (2002, 2003) tested a smooth bar and a rock bolt to examine whether the
surface features affect the wave propagation characteristics. The smooth bar was 70.9 in
(1.8 m) long while the length of the rock bolt was 94.5 in (2.4 m). The rock bolt had a
combination of threads, shear pins and mixing ribs along its length. Both bars had a
diameter of 0.75 in (19 mm). The excitation signal was a 10-cycle Gaussian windowed
toneburst at 50 kHz. There were no reflections from the surface features and the wave
amplitude was relatively unaffected. The explanation was that the ratio of the wavelength
to the surface feature dimensions was large.
Miller et al. (2002) described strong scattering effects for longitudinal modes,
with frequencies greater than 600 kHz, propagating in the #7 rebars (the bar diameter was
0.875 in or 22 mm). There was particular sensitivity to diagonal rib patterns compared to
an orthogonal axisymmetric rib pattern. Kundu et al. (2006) studied the frequency ranges
for guided waves in plates with corrugated patterns. The results show that only a certain
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frequency range, referred to as the pass band, can effectively propagate through such
rods.
3.8 Smart Aggregate
Gu et al. (2006) used smart aggregate to monitor the early age strength of
concrete. The smart aggregate was fabricated by casting waterproof Piezoelectric Lead
Zirconate Titanate (PZT) material in concrete. Thirty-four concrete cylinder specimens,
with the dimensions of 6” diameter x 12” height (15.2 cm diameter x 30.5 cm height),
were tested for compressive strengths in accordance with the ASTM C39/39M-2003
specification. Among these cylindrical specimens, three concrete cylinders were made
with embedded piezoelectric actuators and sensors for early-age strength monitoring
purposes. The experimental results show that the proposed piezoelectric-based
monitoring method has the potential to be applied to strength monitoring of concrete
structures at early ages.
Mulkern and Choi (2007) also fabricated the smart aggregate by casting
waterproof Piezoelectric Lead Zirconate Titanate (PZT) material in concrete. The PZT
material had the dimension of 10 mm x 10 mm (0.4 in x 0.4 in) and was soldered to a
24/2 (24 American Wire Gauge (AWG), 2 Conductors) shielded communication cable.
The cable provides access for connection to testing instruments. PVC pipe cap, 1-1/2”
diameter x 2” height (38 mm x 51 mm) was used as the mold to pour the smart aggregate.
Type III cement and fine aggregates were used as the mortar to form the smart
aggregates. The PZTs were cast into the concrete cylinders, 6” diameter x 12” height
(15.2 cm diameter x 30.5 cm height). Two types of concrete were used, normal concrete
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and self-compacting concrete. The cylinders were tested on the Universal Compression
Testing Machine with a steady load rate of 500 lbs/sec. The results conclude that it is
possible to build smart aggregates and embedded smart aggregates have no negative
effect on the ultimate strength of the cylinders.
Song et al. (2008) expanded the use of smart aggregate, not only to monitor the
early age strength of the concrete, but also to detect impact. A radio-controlled truck was
used to collide several times with the concrete block during the impact test. For the
comprehensive structural health monitoring studies, a two-story concrete frame was built
and instrumented with piezoceramic-based smart aggregates at every end of the beams
and columns. Two hydraulic actuators were installed at right corners of the concrete
frame to apply load to the frame structure and conduct the so-called ‘push-over’ tests.
The load was monotonically increased until failure. Experimental results demonstrated
the effectiveness and multi-functionality of the proposed smart aggregates.

3.9 Loading Effect and Cross Correlation of Signal Arrival Time
Wu and Chang (2006a and b) investigated tension test on the rebar to determine
whether loading would have any effect on the guided wave characteristics. Number 6
rebar was used in the experiment. The diameter of the rebar was 0.75 in (19 mm) and the
length was 26 in (660 mm). PZT transducers were used in the experiment in a through
transmission setup. A flat smooth surface was cut on the bar for mounting the
transducers. The spacing between the transducers is 16” (406 mm). A tapered notch was
created in the middle of the bar length to ensure that yielding would occur at that

55
location. The tension tests were performed on a 50 kip (222 kN) MTS machine. The bar
was fixed at both ends by clamps. A tensile load was applied to the bar and continuously
increased until the bar started to yield. Longitudinal modes were invoked using 5-cycle
tonebursts, primarily around 90 kHz. The results indicated that the time of arrival of the
waveforms did change once yielding occurred due to the rapid increase in length. The
applied load does not affect the wave amplitude for the frequency range and mode tested.
Wu and Chang (2006a and b) also investigated how guided wave characteristics
are affected by bending. The test specimens were a reinforced concrete beam with the
dimension of 4” x 4” x 24” (102 mm x 102 mm x 610 mm). The reinforcement was a #4
rebar with the diameter of 0.5” (13 mm). The rebar was placed in the center of the beam.
The transducers were attached to the sides of the rebar in a through-transmission setup.
The spacing between the transducers is 16” (406 mm). The specimens were subjected to a
four point bending test and loaded continuously until they failed, while being monitored
with guided waves. Longitudinal modes were invoked using 5-cycle tonebursts, primarily
around 90 kHz. As the load was increased during the four-point bending test, a crack,
perpendicular to the axis of the reinforced concrete specimen, formed in the tension zone
and extended up towards the neutral axis. The results showed that as the applied loads
and cracking of the surrounding concrete matrix increased, the amplitude of the
waveform increased.
Miller et al. (2009) studied the change in the signal arrival time (time-of-flight,
TOF) for the rebar, with and without embedment in concrete, due to the applied lateral or
bending loads. The specimens, without concrete embedment, were smooth steel bars and
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rebars that had a diameter of 0.5” (13 mm) and length of 36” (914 mm). The rebar with
concrete embedment was also 36” long and had the diameter of 0.875 in (22 mm).
Piezoelectric transducer (PZT) disks were used as transmitters and receivers in pitchcatch arrangement. The specimens were simply supported at the two ends and
incremental loads were applied in the middle. The experiment and results are presented
and discussed in Chapter 5. The results show that there exists a relationship between the
average changes in the time of flight and the lateral (bending) load on the specimen.
Many other studies related to structural health monitoring for reinforced concrete
using ultrasonic guided wave are available in the literature. Ervin et al. (2008 and 2009)
studied the longitudinal guided waves for monitoring corrosion in reinforced mortar at
high frequency. Lee et al. (2008), used time-frequency analysis to study the integrity of
rock bolt. Rizzo (2006) studied ultrasonic wave propagation in progressively loaded
multi-wire strands. Additionally, Sun et al. (2008) studied the application of low-profile
piezoceramic transducers for SHM of concrete structures. Giurgiutiu (2002) studied
Lamb wave generation with piezoelectric wafer active sensors for Structural Health
Monitoring (SHM). Other recent developments in NDT and SHM in the United States
were also discussed in a brief summary report prepared by Popovics (2009).

3.10 Other Methods for Corrosion Monitoring of Reinforced Concrete Structures
Many non-destructive inspection and electrochemical techniques have been
developed and are available for monitoring corrosion of steel in reinforced concrete
structures. This section provides an overview of these techniques.
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3.10.1 Open Circuit Potential (OCP) Measurements (Herald et al. 1992 and ASTM 1999)
In this method, the electrochemical potential of the reinforcement is measured
against a reference electrode placed on the concrete surface such as saturated calomel
electrode (SCE), copper/copper sulfate electrode (CSE), silver/silver chloride electrode
etc. The steel reinforcement is connected to the positive end of the voltmeter and the
reference electrode to the negative end. The principle for this technique is based on the
fact that the tendency of any metal to react with an environment is indicated by the
potential it develops in contact with the environment. In reinforced concrete structures,
concrete acts as an electrolyte and the reinforcement will develop a potential depending
on the concrete environment, which may vary from place to place (Song et al. 2007).
Based on this technique, ASTM standard C876 was developed to provide general
guidelines for evaluating corrosion in concrete structures. This method is commonly used
by engineers to assess the severity of corrosion in reinforced concrete structures and has
been successfully used in bridge deck corrosion survey. However, the measured
electrochemical potentials are affected by many factors, which should be considered in
interpreting the results, such as: oxygen concentration, carbonation, chloride ion
concentration, use of corrosion inhibitors, epoxy coated and galvanized rebars, dense
concrete cover, concrete resistance, organic coatings and sealers, concrete patch repair,
cathodic protection and spray current, etc. (Gu and Beaudoin, 1998). In addition, access
to the steel bar is required for conductor connection with the voltmeter.
For more discussion on this technique readers are referred to ASTM C876-91
(ASTM 1999).
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3.10.2 Surface Potential (SP) Measurements (ILZIC 1995)
This technique measures the potential drop on the surface of the concrete, at
different locations; based on the fact that an electric current flows between the cathodic
and anodic sites through the concrete during corrosion process the degree of corrosion
process is estimated. In this method two reference electrodes are used and they are
applied to the surface of the reinforced concrete member. No connection to the steel bar
is required. One reference electrode is held at a fixed location while the other, called the
movable reference electrode, is moved along the reinforced concrete member. The
greater the potential difference between anodic and cathodic areas greater is the
probability of corrosion (Song et al. 2007). ILZIC (1995) provides a detail discussion of
this technique.

3.10.3 Galvanostatic Pulse Technique (Elsener et al. 1997 and Frølund et al. 2002)
The setup for the galvanostatic pulse method requires a constant current
generator, a datalogger, a reference electrode and the counter electrode associated with a
guard-ring and conductivity sponge. A short-time anodic current pulse is generated
galvanostatically on the reinforcement from a counter electrode placed on the concrete
surface. The applied current is usually in the range of 10 to 200 µA and the typical pulse
duration is between 5 and 30 seconds. The small anodic current results in change of
reinforcement potential, which is recorded by the data logger. The reinforcement is
polarized in anodic direction compared to its free corrosion potential (Frølund et al.
2002).
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The galvanostatic pulse method gives relatively better information on the
corrosion behavior. The magnitude of the polarization depends on the corroded
conditions of the reinforcement steel. For the non-corroded reinforcement bar, there is a
big difference between the corrosion potential and the polarized potential. When the
reinforcement steel is corroded, the difference between the two potentials is smaller. One
difficulty with the galvanostatic pulse transient technique is that the response to the pulse
has to be stabilized to give an accurate value for the maximum final steady potential
value (Song et al. 2007). Access to the reinforcement is required. Further discussions of
this technique are found in Elsener et al. (1997) and Frølund et al. (2002)

3.10.4 Concrete Resistivity Measurement (Morris et al. 2002)
This method is based on the principle that corrosion is an electrochemical process.
In order for corrosion of steel reinforcement to occur in concrete, an ionic current must
pass between anodic and cathodic regions of the concrete. The electrical resistivity of
concrete is an important parameter concerning determination of intensity of the initiated
corrosion process. It affects the ionic flow and the rate at which corrosion can occur; a
higher concrete resistivity decreases the current flow
Corrosion activity on steel reinforcement can be assessed by measuring the
electrical potential of the reinforcement against a reference half-cell, such as
copper/copper sulfate. Alternating Current (AC) and Direct Current (DC) measurements
are the two techniques used for determination of electrical resistivity. In these
measurements both surface and embedded probes are used. Applying a constant electric
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field between the two embedded electrodes and measuring the resulting current as a
voltage drop over a small resistance accomplish the DC measurements. The AC
measurements can be conducted both by means of two and four-pin methods. The most
common surface mounted probe is known as the Wenner array- originally developed for
measuring soil resistivity. The probes are commonly pointed metal rods, a few
centimetres long and about 5 mm in diameter, equally spaced in a straight line, typically
50 mm apart. An alternating current is passed between two outer probes and the potential
difference is measured across the two inner probes. The resistivity is then calculated
Resistivity is strongly influenced by concrete qualities such as cement content,
water/cement ratio, admixtures and curing, etc. The electrical resistivity of concrete also
depends on the capillary pore size, porosity of concrete and moisture content. Chlorides
have little direct effect on resistivity as the hydroxyl ions from the cement dissolved in
the pore water outnumber the few chloride ions. However, chlorides in concrete can be
hygroscopic, i.e. they encourage the concrete to retain water. For this reason, chlorides
are wrongly considered to reduce concrete resistivity.
The resistivity measurement is a useful additional measurement to aid in
identifying problem areas or confirming concerns about poor quality concrete. These
measurements can only be considered along with other measurements. Reinforcing bars
interfere with resistivity measurements (Song et al. 2007).
For more discussion on this technique readers are referred to Morris, et al. –
“Corrosion of Reinforcing Steel Evaluated by Means of Concrete Resistivity
Measurements” (2002).
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3.10.5 Linear Polarization Resistance (LPR) Measurement (Stern and Geary 1957,
Gowers et al. 1994 and Broomfield 1996)
The electrochemical principle behind the linear polarization technique is based on
the Stern-Geary equation, which gives the inverse relationship between the corrosion
current density and the polarization resistance with the Stern-Geary constant and the area
of steel that is polarized. The normal set up requires three electrodes. The working
electrode is connected to the rebar while the reference electrode and the counter electrode
is applied to surface of the concrete. A guard-ring is used as a secondary counter
electrode. The guard-ring concentrically surrounds the primary counter electrode to
ensure that the current between the working electrode and the central counter electrode
has straight paths. Only the current passing through the center (primary) counter
electrode is recorded and the area of the working electrode (steel bar) being polarized is,
in theory, equal to the central counter electrode (Gu et al. 2001).
Several types of linear polarization devices with the guard ring feature are
commercially available for corrosion evaluation of reinforced concrete such as PR
Monitor (Cortest Columbus Tech., Inc.), Gecor (GEOCISA), and NSC (Nippon Steel
Corp.). The linear polarization technique is the most successful nondestructive, rapid,
non-intrusive, cost-effective, and a quantitative approach in reinforced concrete corrosion
assessment to date. It requires only localized damage to the concrete cover to enable an
electrical connection to be made to the reinforcing steel. It allows the corrosion rate of
rebar to be determined and the remaining diameter to be estimated. Linear Polarization
Resistance Measurement (LPR) is a very useful technique in the field assessment of the
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remaining service life of the reinforced concrete structure. The data provides a valuable
insight into the instantaneous corrosion rate of the steel reinforcement, giving more
detailed information than a simple potential survey (Song et al. 2007). More details
regarding Linear Polarization Resistance (LPR) Measurement technique can be found in
Gowers et al. (1994) and Broomfield (1996).
Transmission Line Model (Andrade et al. 1990) is an approach to use
mathematical calculation to model the steel/concrete system using the transmission line
theory to determine the effective polarization range of the counter electrode rather than
using the guard-ring (Gu et al. 2001).

3.10.6 Embeddable Corrosion Sensors
3.10.6.1 Embeddable Reference Electrode (Force Technology 2010)
The Embeddable Reference Electrode (ERE20) is a reference electrode which is
cast into concrete to check the cathodic protection and to monitor the corrosion state of
reinforcing steel. It can be used in wet or dry concrete, whether exposed to chlorides or to
carbonation since its potential is nearly independent of changes in the chemical properties
of the concrete (Force Technology 2010).
Embedded Corrosion Instrument (ECI), Optical fibre sensors (Fuhr and Hustan
1998), and Vibrating wire and electrical strain gauges (Song et al. 2007) are other
embeddable corrosion sensors that are widely used to provide early warning of conditions
that damage steel reinforcement. These non-destructive evaluation devices can gather and
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deliver data without the need of obtaining samples, interrupting the use of structure or
even a site visit.

3.10.6.2 CorroWatch Multisensor (Force Technology 2010)
The CorroWatch acts as an early warning system to predict the initial stages of
corrosion in the reinforced concrete structures. The sensors are cast into the reinforced
concrete member and can measure most of the relevant corrosion parameters. The
standard CorroWatch version consists of four steel anodes (black) and one noble metal
cathode. The current between the single anodes and the cathode is monitored to predict
the occurrence of the corrosion. When the corrosion starts, the current increases
significantly. CorroWatch can be monitored onsite or remotely when used with a modem
(Force Technology 2010).

3.10.7 Tafel Extrapolation (Anodic/Cathodic Polarization) Technique (Dawson 1990 and
ACI 222R-01 2001)
The Tafel extrapolation technique (TP) is another electrochemical method
involving a large range of anodic and cathodic potential polarization that is applied to the
working electrode. The method calculates the corrosion rate based on the intensity of the
corrosion current and the Tafel slopes. Tafel slopes also could be used to calculate
corrosion rate with Linear Polarization Resistance (LPR) measurement. Both LPR and TP
techniques are based upon application of either steady fixed levels of current, followed by
monitoring of the potential (galvanostatic) or application of specific potential followed by

64
monitoring of the current (potentiostatic). The main difference between these two
methods is that the change in potential for the Tafel Extrapolation technique could be
more than ten times greater than that of the LPR technique (Song et al. 2007). This is one
of the reasons that TP technique may not be suitable for field corrosion assessment of
reinforced concrete structures, since it may damage the reinforcing steel/concrete
interface. For more discussion on this technique readers are referred to Gu et al. (2001).

3.10.8 Electrochemical Impedance Spectroscopy (Wenger and Galland 1990 and
MacDonald 1991)
The Electrochemical Impedance Spectroscopy (EIS) technique is widely used
with many applications in both fundamental and applied electrochemical studies, and has
been used extensively in determining the corrosion rate of reinforcing steel in concrete.
It is a useful non-destructive technique for quantifying corrosion of reinforcing steel
embedded in concrete (Gu et al. 2001).
The technique involves the application of an alternating voltage of about 10 to 20
mV to the rebar and the resultant current and phase angle are measured for various
frequencies. The impedance of the system is the ratio of the A.C. voltage to the current
which is easily evaluated. From studying the variation of the impedance with frequency,
an equivalent electrical circuit can be determined which would give the same response as
the corrosion system being studied. The corrosion rate determination involves
acquisitions on impedance spectra and data processing using electrical equivalent circuit
fitting (Song et al. 2007).
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The technique can quantitatively measure the corrosion rate of the rebar. It
provides corrosion kinetics information and insight into corrosion mechanisms of the
reinforcing steel which is important in decision making of repair and protection.
However, due to the cost of equipment and the sophistication of the measurement, the
technique is less frequently used in the field. In addition, it requires substantial
knowledge and working experience in order to interpret the spectra correctly (Gu et al.
2001).

3.10.9 X-ray/Gamma Radiography (Song et al. 2007)
The X-ray/Gamma Radiography is not a corrosion detection technique but it is
one of the non-destructive methods of testing concrete for obtaining information about
concrete quality, defects within the reinforced concrete structures. It is a reliable method
for locating internal cracks, voids and variation in density of concrete. There are two
types of radiographic methods: the x-rays and the γ-rays.
The principle of radioscopy is that the emission of photons by the radiation
generator is transformed in visible light by a fluometallic converter for attaining
maximum energy. The x-rays and γ-rays can penetrate concrete and travel in straight line
and its attenuation depends on properties and geometries of the concrete structural
members. Due to the high energy of the particle, the method is considered dangerous to
heath (Song et al. 2007).
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3.10.10 Infrared Thermography (Sato et al. 2001)
Similar to the X-ray/Gamma Radiography method, the Infrared Thermography
method also provides the properties of the reinforced concrete members. The principle
behind the technique is based on the fact that there is a good correlation between apparent
diffusion coefficient of chloride ion and the heat dissipation characteristics of concrete.
This system consists of near–infrared irradiation equipment, imaging spectroscope and
near-infrared multi spectrum camera. Dispersed near-infrared rays through the
spectroscope can be received in every wavelength by light sensitive element on multi
spectrum camera. The sodium chloride is applied to the target specimen on surface area.
Electromagnetic waves are absorbed or reflected from any substance depending on the
characteristics of their components (Song et al. 2007).

3.10.11 Mass Loss (Gileadi 1993)
The mass loss technique is one of the oldest and yet very reliable methods of
determining the corrosion rate of steel. The corrosion current or rate can be calculated
from the mass loss over a known period of time using Faraday’s Law. The mass loss
method is often used in atmosphere and immersion corrosion studies. It is also used as a
tool to validate other electrochemical methods such as linear polarization and A.C.
impedance techniques. It is, however, not as commonly used as the latter two in
reinforced concrete corrosion studies because of its time consuming, non-field
application restriction and destructive natures (Gu et al. 2001).
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A number of other techniques have been developed and widely used for
inspection of reinforced concrete structures and corrosion assessment of reinforcing steel.
Their principle, methodology and application are widely published in the literature. Song
et al. (2007) and Gu et al. (2001) provided a good review of these techniques. These
methods include:
•

Harmonic Analysis (Sathyanarayana 1975 and Gill et al. 1983)

•

Electrochemical Noise Analysis (Eden and Rothwell 1992)

•

Cover Thickness Measurement (Clear and Kay 1973 and Rajagopalan et
al. 1978)

•

Ultrasonic Pulse Velocity Technique (Prasad et al. 1983)

•

Potential Step and Current Step Technique (Bard and Faulkner 1980,
Kissinger 1884)

•

Coulostatic Method (Rodriguez and Gonzalez 1994)

•

Cyclic Voltammetry Technique (Gu et al. 1994 & 2001)

•

Macro-Cell Monitoring Technique (Ehrlich and Rosenberg 1991)
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CHAPTER 4

ARTIFICIAL DELAMINATION AND IMPLANTED CORROSION

4.1 Introduction
Two types of debonding (or delamination) at the interface of concrete and
reinforcing steel are considered in this study. Those are “mechanical” separation
(physical gap) and “chemical” delamination (corrosion). Conceptually, separation at the
interface caused by long-term corrosion, pore or honeycomb in concrete is classified as
mechanical delamination. Chemical delamination represents the separation due to shortterm corrosion of the reinforcing steel. The term ‘separation’ is used to describe
mechanical delamination, and chemical delamination implies ‘corrosion’.
In a deteriorated reinforced concrete structure both mechanical and chemical
delaminations are expected due to corrosion. When the member is exposed to a corrosive
environment and subjected to corrosion attacks, the reinforcing steel undergoes the
oxidation process and corrosion begins. Rust is formed as a product of the oxidation
process. As discussed earlier in this dissertation, the volume of rust is much greater than
that of steel and thus corrosion gives rise to a large internal pressure. Consequentially,
concrete cracks and spalls to form one type of mechanical delamination. It is important to
remember that corrosion is not the only deterioration mechanism in reinforced concrete.
Alkali-silica reactivity (ASR), freeze-thaw, plastic shrinkage, thermal movement, uneven
settlement and other movement can all lead to the cracking and spalling of concrete.
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4.2 Specimens
The specimens are 5” x 5” x 24” (127 mm x 127 mm x 610 mm) concrete blocks,
with a reinforceing steel bar going through the block as shown in Figure 4.1. The
reinforcement is a 7/8" (22 mm) diameter plain steel rod, 36" (914 mm) long, embedded
in the center of the concrete block. The exposed length of the steel bar is 6" on each side
of the concrete block. Piezoelectric cylindrical transducers are used as actuators and
sensors in the pitch-catch arrangement. The transducers are placed in contact with the
smoothened ends of the steel bars and held in place by a coupling tube. The spacing
between the transmitter and receiver is 36” (914 mm), equal to the length of the steel bar.

7/8 " DIAMETER
STEEL BAR

CONCRETE

24"

6"

5"

5"

6"

7/8 " DIA.
STEEL ROD

Figure 4.1 – Typical specimen and its dimensions
The #7 rebar is the standard reinforcement steel bar used in the construction
industry with a registered manufacturer stamp and has a minimum yield stress of 60 ksi
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(413.7 Mpa). The concrete mix has the course aggregate to sand to cement ratio, using
“rule of thumb”, of 3:2:1 and is expected to have the minimum compressive strength of
3000 psi (20.7 Mpa). All specimens are placed in the curing room with standard moisture
and temperature conditions for proper curing. The testing is conducted after the specimen
had reached an age of 28 days.

4.3 Inspection Methodology
4.3.1 Transducers Used in Artificial Delamination and Implanted Corrosion Studies
Two types of transmitter/receiver arrangements are used for this study. Figures
4.2 and 4.3 show the Electromagnetic Acoustic Transducer (EMAT) and piezoelectric
transducer (PZT) used in this research.

4.3.1.1 Electromagnetic Acoustic Transducers
Electromagnetic acoustic transducer (EMAT, see Figure 4.2) is a transducer that
uses eddy currents to generate and receive acoustic signals that operate without a
coupling medium (Oursler and Wagner 1995). The transducer can induce specific
ultrasonic modes including normal beam and angle-beam shear waves, horizontal shear
waves, Rayleigh waves, and Lamb waves. The advantages of EMAT are: (1) it does not
need any couplant to compensate for acoustic mismatch; (2) by using horizontally
polarized shear waves it can efficiently inspect austenitic welds; and (3) it can be used at
high temperatures. The main disadvantages of EMAT are: (1) it gives relatively low
transmitted ultrasonic energy and may be difficult to distinguish from the electronic
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noise; and (2) the induced energy is critically dependent on the probe proximity to the
test object, which for practical applications is commonly maintained below 1 mm (Na
2001).

Figure 4.2 – Electromagnetic acoustic transducers – rectangular block

4.3.1.2 Piezoelectric Transducers
Piezoelectric transducer made of Lead (Pb) - Zirconate (Zr) – Titanate (Ti) (PZT,
see Figure 4.3) is a transducer that when excited by a short electrical discharge, transmits
an ultrasonic pulse or vice versa. The same element on the other end generates an
electrical signal when it receives an ultrasonic signal, thus causing it to oscillate. The
probe is coupled to the testing object with liquid or coupling paste so that the sound
waves from the probe can be transmitted into the test object.
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Figure 4.3 – Piezoelectric transducers - cylinder

4.3.2 Experimental Setup
The experimental set up for the bond assessment studies is shown in Figure 4.4.
Based on the characteristics of the transmitter/receiver and different types of reinforcing
steel, two transmitter/receiver arrangements were used in this experiment. The two
arrangements are denoted as A-arrangement and B-arrangement, as shown in Figure 4.5.
The A-arrangement is the setup using the electromagnetic acoustic transmitter/receiver
(EMAT). The setup using the piezoelectric transmitter/receiver (PZT) will be denoted as
the B-arrangement. Note that the setup with EMATs (A-arrangement) was used to
examine the plain steel bar specimens while the B-arrangement (setup using PZTs) was
used to examine all rebar specimens. The plain steel bar, with smooth surface, provides
good contact with the EMATs and the received signals are relatively strong and feasible
for the analysis. Due to the deformed ribs on the rebar, the EMAT could not be placed
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along the side of the rebar and still provide the adequate contact. The PZTs with the end
attachment showed a relatively stronger output signal with respect to the EMAT.
Therefore the PZT was used to examine the specimens with rebars. Additional
equipments used in the experimental set up are listed below.

Figure 4.4 – Instrument arrangement

Figure 4.5 – Two types of experimental setup
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4.3.2.1 Waveform Generator - Industrial Sensors and Actuators (ISA), Model 10 – Driver
- Amplifier
Its main function is to generate an ultrasonic pulse. The ISA Model 10 – Driver
generates an electrical pulse, which is converted to an ultrasonic pulse that is transmitted
and propagated into the test material. The ultrasonic pulses generated by the driver are
routed through a preamplifier before those are sent to the transmitter.

4.3.2.2 Preamplifier
This is a small device with the maximum voltage of 1 Volt and a current of 10
Amperes. The preamplifier receives and alters the signal from the driver-amplifier before
sending it to the transmitter. The preamplifier is connected to the oscilloscope where the
input signal can be controlled and displayed.

4.3.2.3 Industrial Sensors and Actuators, Model 23 – Tuned Amplifier
This device acts as an amplifier for the received signals. After the signal passes
through the material being tested, its amplitude is reduced significantly due to the energy
loss in the material. For a more effective analysis, the largest signal is preferred. The
device amplifies the signal and sends it to the digitizer in the CPU.
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4.3.2.4 Preamplifier for the Receiver
This is a more complex device in comparison to the preamplifier for the
transmitter. Four electrical devices working in series makes the preamplifier. Signals
received at the receiver are routed through this amplifier.

4.3.2.5 Oscilloscope - Tektronix Model TDS 210 – Two Channel Digital Real Time
This

device

controls

and

displays

all

adjustable

parameters

of

the

transmitter/receiver signals such as amplitude, frequency, triggering, and type of wave.
Each item is adjustable. Below are some characteristics of this device:

Bandwidth -

60 MHz

Sample Rate -

1 GS/s on each channel

Channels -

2 identical channels plus external trigger

Sensitivity -

2 mV to 5 V/div (bandwidth limited to 20 MHz at
2 mV/div and 5 mV/div, and 20 MHz at 10 mV/div
in Peak Detect mode)

Volts/Div Setting -

2 mV to 200 mV/div; >200 mV to 5 V/div

Automatic Measurements -

Period, frequency, cycle RMS, mean, peak-to-peak

Time/Division Range -

5 ns to 5 s/div

Trigger Modes -

Auto, normal, single sweep

Trigger Source -

CH1, CH2, Ext, Ext/5 and AC Line
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4.4 Separation of Reinforcing Bars from Concrete
4.4.1 Specimen Preparation
A 1-inch (25.4 mm) diameter, Schedule 40, PVC pipe is used to form a gap at the
concrete-steel interface during the fabrication of the specimens containing mechanical
delaminations. The amount of separation was controlled by the embedded length of the
PVC pipe. As shown in Figures 4.6 & 4.7, the percent of separation is determined by the
ratio of the pipe embedment length and the total length of the concrete block, which is 24
inches. The PVC pipe was set in the form before concrete is poured. The pipe was turned
every 30 minutes to break the bond with the concrete and removed 6 hours later, after the
concrete was set. In reality, the un-bonded regions are likely to be scattered throughout
the interface of steel and concrete. Although it is difficult to accurately duplicate the real
specimens, it is still worthwhile to explore how these artificially separated specimens
affect the results.

Figure 4.6 – Typical specimens (delamination in steel rod specimens)
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5"
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STEEL ROD

75% MECHANICAL DELAMINATION

Figure 4.7 – Setting of the percent of separation in specimens
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4.4.2 Experimental Results
The experimental results obtained from four different specimens are presented in
Figure 4.8. Each specimen is tested three times to study the consistency of the received
signals. The results from the three tests show a good level of consistency. Plots of
Voltage Amplitude (of the received signal) versus the Frequency for the four specimens
are shown. The peak signals are detected in the vicinity of 0.8 MHz frequency.
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Figure 4.8 – Plots of amplitude versus frequency for plain steel rods embedded in
concrete specimens with separation
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Plots in Figure 4.8 show the V(f) curves for four plain steel bar specimens that
have different levels of delamination, varying from 0% to 75%. Here, the horizontal line
represents the frequency, in Mega Hertz and the vertical line gives the voltage amplitude
of the received signal in volts. The plots show that different signal amplitudes are
obtained for specimens with different amounts of separation (mechanical delamination).
Clearly, the separation has a strong effect on the received signal. The results suggest that
the signal amplitude is proportional to the amount of separation at the interface between
the steel bar and concrete. In other words, the signal amplitude increases as the percent of
separation increases. The relationship between the signal amplitude and the amount of
separation appears to be almost linear.

4.5 Implanted Corrosion
4.5.1 Specimen Fabrication
The implanted corrosion specimens are formed by pouring concrete around the
corroded reinforcing steel. Steel rods are placed into a chemical solution as shown in
Figure 4.9. The solution is a mixture of water with 1.41 gallon Clorox Outdoor Bleach,
15 lbs of Instance Ocean Salt and approximately 5 lbs of soil. Two 6-Volt batteries,
connected in series, were used to produce an induced current and accelerate the corrosion
process. The cathode is a 1/2" diameter, 24" long, copper pipe, which dissolved quickly.
The anodes are the steel rods. It is noticed that the plain steel bar corrodes within the first
day in the solution. Nevertheless, the rebar, with the manufacturer protected mil coat,
took several days to start corroding. It took the rebar approximately 5 days to reach the
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desired 75% corrosion. The corrosion occurs uniformly on the surface of the steel and the
amount of corrosion is determined by visual inspection.
(2) 6V LANTERN BATTERIES
CONNECTED IN PARALLEL
1/2 " COPPER PIPE
(CATHODE)

7/8 " DIA.
STEEL RODS
(ANODES)
SOLUTION OF WATER WITH
- 15 LB OF INSTANT OCEAN SALT,
- 1.41 GAL OF CLOROX OUTDOOR BLEACH,
- 5 LB OF SOIL

(a)

(b)
Figure 4.9 – Corrosion induction system, a) Schematic diagram; b) Photo with
corroded plain steel bars
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For the mechanical delamination, the amount of separation can be controlled
easily by setting the embedded length of the PVC pipe. But for the corrosion, the actual
‘percent of corrosion’ cannot be controlled or determined. To be consistent with the set
up for mechanical separation samples, the corrosion samples are also prepared to
represent the four levels of delamination. The four levels of corrosion prepared in theses
studies were: no corrosion, slightly corroded, moderately corroded, and highly corroded.
Their photos are shown in Figures 4.10 and 4.11.

Figure 4.10 – Corroded plain steel bars. Front to back: no corrosion, slightly
corroded, moderately corroded, and highly corroded.
In reality, with low permeability concrete, the corrosion of the reinforcing steel is
likely to occur at the cracked area in the concrete member, where chemicals can reach the
steel. Also, the corrosion occurs long after the concrete is poured, or in other words, at a
later period of the service life of the structural member. The corrosion peels off layers of
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the steel and causes the deterioration. Therefore, realistically, the study of detecting
corrosion in the structural members should be performed on specimens subjected to
chemical attack for a period of time, or better yet, on real members under the same
conditions as an abandoned structure. Nevertheless, because of the prohibitively
prolonged time required for the natural corrosion, the specimens fabricated in the
laboratory are used for this initial study.

Figure 4.11 – Corroded plain steel bars set in wood molds

4.5.2 Experimental Results
The graphs in Figure 4.12 show the V(f) curves for the corrosion of four plain
steel bar specimens that have variations in the amount of corrosion. Once again, the
horizontal line represents the frequency (MHz) and the vertical line gives the received
signal amplitude. The plots show that different signal amplitudes are obtained from
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specimens with different amounts of corrosion. Clearly the corrosion has a strong effect
on the received signal strength. The results suggest that the signal amplitude is inversely
proportional to the amount of corrosion at the interface of the steel bar and concrete. It is
clear that the signal amplitude decreases as the corrosion increases.
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Figure 4.12 – Plots of amplitude versus frequency for plain steel rods embedded
in concrete – for different levels of corrosion
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4.6 Conclusion and Discussion from the Fabricated Delemination and Implanted
Corrosion Study
The findings from this study shows that the guided ultrasonic wave testing
technique is feasible for detecting corrosion and separation at the interface of reinforcing
steel and concrete. The results also show that the ultrasonic testing technique is capable
of distinguishing corrosion and mechanical delamination. It is also found that the signal
amplitude is proportional to the amount of separation (mechanical delamination) and
inversely proportional to the amount of corrosion. In other words, for the mechanical
delamination specimens, the signal amplitude increases as the amount of separation
increases. The implanted corrosion specimens show opposite results: the signal amplitude
decreases as the amount of corrosion increases. This is true for both deformed bar and
plain steel bar.
The received signal is related to the amount of separation or corrosion at the
interface of concrete and steel because of the dispersion and scattering effect. As
discussed in Chapter 2, Ultrasonic guided wave is sensitive to the boundary condition of
the waveguide, which is the steel bar in this case. Guided waves are dispersive and travel
away from the source in the radial direction. The guided wave in a steel bar has the
tendency to leak energy into concrete. When the surrounding medium is air, due to the
large impedance mismatch, most of the wave energy is reflected at the interface. When
the bar is in contact with a medium other than air, then depending on the properties of the
surrounding medium, some of its energy will "leak" across the rod boundary into the
surrounding medium.
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In this experiment, the steel bar is embedded in concrete. The steel bar with 0%
mechanical delamination (MD, separation) has the most contact surface with the
concrete. Some wave energy in the steel travels across the interface. In this case, only a
certain amount of the wave’s energy is reflected at the interface back into the bar and
guided along the bar. Therefore the signal amplitude detected at the other end is smaller
than that of the input. On the other hand, the steel bar in the 75% mechanical
delamination sample has the least contact with the concrete (relative to the other samples
in the group). In this case, most of the wave energy is confined within the bar. The
amplitude of the received signal is much larger than that of the 0% MD specimen. In
summary, the smaller contact surface of steel and concrete will result in a smaller
scattering or energy leak into the surrounding medium. This causes the amplitude of the
received signal to increase when the percent of mechanical delamination increases.
The scattering also depends on the geometry of the bar surface condition. When
the surface is smooth, as in the case for plain steel bars, most of the wave energy is
reflected back into the bar. In this case, the wave is confined within the bar and guided to
the other end, therefore, most of the energy from the input signal is kept within the bar
and is detected by the receiver. In the corrosion specimens the surface of the steel bar is
rough due to the corrosion. The wave energy is scattered at the corroded specimen
surface in many directions and the intensity of the wave is reduced by this effect,
therefore the received signal is much weaker than that of the smooth and clean bar. It
decreases the amplitude of the received signal as the corrosion increases.

86
CHAPTER 5

TIME OF ARRIVAL MEASUREMENT BY CROSS CORRELATION TECHNIQUE
IN LOADED SPECIMENS

5.1 Introduction
The findings presented in this section show the change in the signal arrival time
(time-of-flight, TOF) for the rebar, with and without embedment in concrete, due to the
applied lateral or bending loads. In this study piezoelectric transducer (PZT) disks were
used as transmitters and receivers in pitch-catch arrangement. The disks were glued
symmetrically onto the two ends of the steel reinforcing bar with ACE quick set epoxy.
The inner wire of the coaxial cable was welded to the disk (the large outer pole of the
transducer) and the outer wire of the cable was fastened to steel bar, which was in contact
to the small inner pole of the transducer. The spacing between the transmitter and the
receiver was also the length of the steel bar that was equal to 36 inches (914 mm). The
transmitter is then excited by the electric pulses generating elastic waves that travel
through the bar length, thus sampling all regions of the specimen. The data is then
digitally displayed or stored on a PC based acquisition system.
A Chirp signal with the starting frequency of 10 kHz and final frequency of 100
kHz was used to excite the transmitter. The wave generator triggered the signal with an
amplitude of 12 Volts and was recorded with a sampling rate of 50 MHz. The received
signal, after being routed through an amplifier, was colleted by the scope and displayed

87
on the computer screen. The amplitude and time of arrival of the first wave peak were
selected and analyzed. The changes of the signal arrival time, in comparison to the
baseline data as the load was applied, were correlated and reported. These changes were
recorded as the difference in the time-of-flight versus the clock time of the computer
during the duration of the experiment.

5.2 Inspection Methodology
5.2.1 Transducers Used in Loaded Specimen Studies
Piezoelectric transducers (PZT) used in this study are shown in Figure 5.1. These
transducers, when excited by a short electrical discharge, generate mechanical waves that
propagate through the test specimen. The same piezoelectric element on the other end
generates an electrical signal when it is excited by the mechanical wave. The foil probe is
attached to the testing object with glue (coupling paste) as shown in Fig. 5.2 so that the
elastic waves from the probe can be transmitted into the test object.

Figure 5.1 – Piezoelectric transmitter / receiver - disk
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Figure 5.2 – Connection of the transmitter / receiver to the specimen
5.2.2 Experimental Setup
The experimental set up is shown in Figure 5.3. The wave generator is the
HANDYSCOPE HS3 model, which has a bandwidth equal to 100 MHz.
AMPLIFIER
ARBITRARY
FUNCTION
GENERATOR &
TRANSIENT
RECORDER

RECEIVER

SPECIMEN

Figure 5.3 – Experimental setup

PC

TRANSMITTER
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5.2.3 Other Instruments Used for the Experimental Setup
5.2.3.1 Waveform Generator – HANDYSCOPE HS3
Its functions are to generate and receive the electrical pulse. The HS3 generates an
electrical pulse, which is converted into an ultrasonic pulse by the transmitter. The
ultrasonic pulse is then transmitted and propagated into the test material. At the receiving
end, the ultrasonic pulse is detected and converted to the electric signal by the receiver.
The electrical pulse is also picked up by the HANDYSCOPE and sent to the Processing
Unit. To better display the receiving signal, the receiving electrical pulse is routed
through an amplifier before it is sent to the PC.
Bandwidth -

100 MHz

Input:
Channels:

2 identical channels plus external trigger

Resolution:

12 Bits to 16 Bits

Maximum Voltage:

200 Volts

Impedance

1 Mohm / 20 pF

Output:
Sample Rate -

14 Bits; 50 MS/s; 0±12 Volts

Current:

0.5 A DC Max

5.2.3.2 Amplifier
This device is used to receive and amplify the signal from the receiver before
sending it to the PC.
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5.3 Bars Without Concrete
5.3.1 Specimen Preparation
The two specimens used in this test were ½” (13 mm) diameter (#4) steel bars,
one smooth (plain steel rod) and one reformed (rebar). The bars were 36” (914 mm) in
length and machine finished on the two ends to assure the flat and smooth surfaces for
transducer attachment. The bar was placed on two supports made of aluminum to provide
clearance for the suspended load application. As shown in Figure 5.4, the supports were
placed at 3” (76.2 mm) from the two ends of the bar. Loads were placed on a 700g (1.54
lbs) hanger suspended at the midpoint of the bar.

Figure 5.4 – Sketch of three-point-load setup on rebar

Five different weights, varying from 1.0 kg to 5.0 kg (2.2 lbs to 11 lbs) with 1.0
kg (2.2 lbs) increment, were applied to load the plain steel bar. The TOF for the plain
steel bar was found to be sensitive to these loads. Four smaller weights, 0.5 kg, 1.0 kg,
1.5 kg and 2.0 kg (1.1 lbs, 2.2 lbs, 3.3 lbs and 4.4 lbs) were also applied to the rebar, and
recorded signal clearly changed as the load varied.
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The hanger was placed on the bar after one minute into the test. The first load was
placed on the hanger one minute after that. The load is then removed from the hanger one
minute later. The next load was applied after 30 seconds. Desired loads were placed on
the hanger for one-minute duration and then removed. The next load was applied 30
seconds after the previous load had been removed, also for the same one-minute duration.
The load application with respect to test running time for the plain steel bar and rebar are
shown in Tables 5.1 and 5.2 respectively. With only four load increments, the testing
time for the rebar took 14 minutes while the running time for the plain steel rod was 17
minutes.

5.3.2 Experimental Results
Figures 5.5 and 5.6 show the changes in time-of-flight for the plain steel bar and
the rebar with the loading-unloading cycles shown in Tables 5.1 and 5.2, respectively.
For the plain steel bar test, the setup was left for several hours prior to data being
recorded. The specimen adjusted itself to a stable room conditions. The received signal
was leveled-out and shown as a horizontal line. Several hours of setting time was not
provided for the rebar specimen. As a result, the signal was always in the self-adjusting
mode for room temperature and displayed as slightly inclined curve. Both Figures 5.5 and
5.6 show clear jumps in the TOF measurements due to the change in the applied load.
Clearly the TOF is sensitive to the stresses in the steel bar as larger changes in TOF are
recorded with larger loads, or stresses.
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Figure 5.5 – Change in time-of-flight for #4 plain steel bar due to applied loads

Table 5.1 – Applied load versus running time for #4 plain steel bar: a) loading, b)
unloading
Time, min

1

2

3

3.5

4.5

5

6

6.5

7.5

8

9

Load, kg

0

H(1)

1.0

H

2.0

H

3.0

H

4.0

H

5.0

(a) loading
Time, min

9.5

10.5

11

12

12.5

13.5

14

15

16

17

Load, kg

H

4.0

H

3.0

H

2.0

H

1.0

H

0

(b) unloading
(1)

H is the hanger, which weighs 700g

As mentioned above, the signal for the rebar shows a sloping trend as if the
specimen was adjusting itself to the room conditions. Ideally the signal should be leveled
(horizontal) and should show no changes when the load or temperature is not changed.
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Nonetheless, the signal still shows a good detection capability of the stress in the steel
bar. It should be noticed that the steel bar with concrete embedment is subjected to pure
tension or compression depending on the location of the bar while the steel bar without
concrete embedment is exposed to bending.

Figure 5.6 – Change in time-of-flight for #4 rebar (0.5 in diameter), with diagonal
ribs, due to applied loads
Table 5.2 – Applied load versus running time for #4 rebar with diagonal ribs:
a) loading, b) unloading
Time, min

1

2

3

3.5

4.5

5

6

6.5

7.5

Load, kg

0

H(1)

0.5

H

1.0

H

1.5

H

2.0

Time, min

8

9

9.5

10.5

11

12

13

14

Load, kg

H

1.5

H

1.0

H

0.5

H

0

(a) loading

(b) unloading
(1)

H is the hanger, which weighs 700g
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5.4 Bars Embedded in Concrete
5.4.1 Specimen Preparation
The two specimens used in this test were the 5” x 5” x 24” (127 mm x 127 mm x
610 mm) concrete beam structure with the 7/8” (22 mm) diameter (#7) rebar. Both of the
reinforcing bars in the two specimens have ribs in the plane orthogonal to the axis of the
bar. The bars were 36” (914 mm) in length. Five cuts, at 3” (76 mm) spacing, were made
across the bottom of the beam as shown in Figure 5.7 to form artificial cracks in order to
maximize the bending stress in the beam and thus maximizing the tensile stress in the
steel bar. The artificial cracks were 2” (51 mm) deep at the center and 2.5” (64 mm) deep
at the edges to ensure no damaged was made to the rebar. Without the cuts, the TOF did
not show any change to the applied load up to 500 pounds (227 kg). The artificial cracks
place the steel bar in the bottom tension chord, which made the TOF of the received
signals more sensitive to the applied loads.
The RC beam was placed on the two 3” (76 mm) wide x ¼” (6 mm) thick
aluminum plates to provide the simple support conditions. As shown in Figure 5.7, the
supports were placed at the end of the beam. Loads were placed directly on top of the
beam at the mid-span location. Five different weights, varying from 25 lbs (11 kg) to 125
lbs (57 kg) with 25 lbs increment, were used to load the corroded rebar in the RC beam.
The corroded rebar showed good sensitivity of TOF to these load variations but the noncorroded specimen did not respond that well (discussed in Section 5.4.2). The TOF for
the non-corroded specimen was found to be sensitive to larger load variations. For that
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reason, the loads used in testing the non-corroded specimen were doubled in comparison
to the corroded one.
The author acknowledges that different weight units (kg and lb) were used for
testing the steel bar with and without embedment in concrete. It was unavoidable since
large weights were not available with metric units in the lab.

Figure 5.7 – Sketch of three-point-load on RC specimen

Each desired load was placed on the specimen for one-minute duration. The
incremental load was applied in addition to the previous load, also for the same amount
of time as the previous one, which is one-minute duration. After reaching the maximum
load the weights were removed from the beam, with the same decrement every minute.
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The applied load versus the running time for the concrete beams, with corroded and noncorroded rebars, are shown in Tables 5.3 and 5.4 respectively. The non-corroded rebar
required a larger load, twice of that for the corroded bar, to show noticeable changes in
the time-of-flight.

5.4.2 Experimental Results
Figures 5.8 and 5.9 show the changes in time-of-flight for the corroded and noncorroded rebars embedded in concrete for the loadings shown in Tables 5.3 and 5.4,
respectively. Despite the fact that the signals do not show very clear jumps during
unloading, both figures show significant jumps in the TOF during the loading process. It
also shows about the same shift for the same amount of load increment. Figure 5.8(b)
shows a smaller change in the TOF for the non-corroded bar in comparison to the
corroded bar for the same load increment. Figure 5.9 shows that the non-corroded rebar
responds much better when the load increment is doubled. For the corroded beam, the
TOF changes, on average, 7 ns for each 25 lbs (11 kg) load increment. For the noncorroded rebar, the TOF changes, on average, 4.5 ns for each 25 lbs load increment, and
about 10 ns for each 50 lbs load increment.
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(a)

(b)
Figure 5.8 – Change in time-of-flight through reinforcing bars embedded in concrete
beams due to same applied loads given in Table 5.3. (a) corroded rebar;
(b) non-corroded rebar
Table 5.3 – Applied load versus time for RC concrete beam: experimental results for this
loading are shown in Figure 5.8
Time, min

1

2

3

4

5

6

7

8

9

10

11

Load, lbs

0

25

50

75

100

125

100

75

50

25

0
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Figure 5.9 – Change in time-of-flight through non corroded reinforcing bar embedded in
concrete beam due to applied loads given in Table 5.4
Table 5.4 – Applied load versus time for RC concrete beam: experimental results for this
loading are shown in Figure 5.9
Time, min

1

2

3

4

5

6

7

8

9

10

11

Load, lbs

0

50

100

150

200

250

200

150

100

50

0
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5.5 Discussions
The findings presented in Section 5.4 clearly show that there exists a relationship
between the average change in the time of flight and the lateral (bending) load on the
specimen. When transmitting a pulse through the reinforcing bar, the received signal
tends to attenuate, distort as well as is time shifted when it is subjected to applied
stresses.
The cross correlation technique is used to determine the change in the time of
flight of the ultrasonic wave. In the cross correlation method, the resulting maximum
peak after cross correlation between two signals indicates the difference in the time of
flight between them. The signal can be made of single or multiple pulses, composed of
one or a combination of frequencies. Correlation is a commonly used mathematical
operation where two signals are multiplied together after one signal is time shifted and
the resultant signal is integrated for different amount of time-shift. In this manner the
time shift between two signals can be accurately measured even when one signal is
distorted relative to the other signal.
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CHAPTER 6

IN SITU CORROSION MONITORING

6.1 Introduction
This study shows the decay of the signal strength (amplitude) as the corrosion at
the interface between the concrete and the reinforcing steel increases during the
continuous corrosion process. Unlike the study presented in Chapter 4, where the steel
bars were corroded before placing them into the concrete, this study observes the
corrosion process as it takes place in the rebar, originally not corroded. The concrete
specimen is immersed in the corrosion inducing solution for producing quick corrosion.
The methodology used in this study is closer to reality than that presented in Chapter 4.
In reality, ‘healthy’ new reinforced concrete members, with the expected long service
life, are placed in service, where it might be exposed to aggressive environment that
shortens its service life.
Reinforced concrete members, pre-cast or cast in place, are clean and corrosion
free at the beginning of its service life. If these members are placed in the corrosive
environment, corrosion attacks take place at the reinforcing steel as discussed in Chapter
2. Corrosion process develops locally then globally on the surface of the reinforcing steel
and at different rates depending on how aggressive the environment is. With an attempt
to mimic the natural corrosion process, ‘healthy’ reinforced concrete specimens, prepared
for this study, were placed into the corrosion inducing system. It is true that the corrosion
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process in real structures occurs at much slower rate than that in specimens placed in the
corrosive environment in the laboratory.

6.2 Inspection Methodology
6.2.1 Transducers Used in Corrosion Monitoring
Piezoelectric transducer (PZT) disks were used as transmitters and receivers in
this study in pitch-catch arrangement. The method of attaching the transducer to the
specimen was discussed in Chapter 5. The disks were glued symmetrically on the two
ends of the steel reinforcing bar with ACE - 5 minutes quick set epoxy. The inner wire of
the coaxial cable was welded to the large disk (outer pole) of the transducer and the outer
wire of the cable was fastened to the steel bar, which was in contact with the small inner
pole of the transducer. The spacing between the transmitter and the receiver was also the
length of the steel bar and was equal to 36 inches (914 mm).
The transmitter is then excited by the electric pulses generating elastic waves that
travel through the bar length, thus sampling all regions of the specimen. The data is then
digitally displayed or stored on a PC based acquisition system. A Chirp signal with the
starting frequency of 10 kHz and ending frequency of 100 kHz, was used to excite the
transmitter. The wave generator triggered the signal with an amplitude of 12 Volts and
was recorded with a sampling rate of 50 MHz. The received signal, after being routed
through an amplifier, was colleted by the scope and displayed on the computer screen.
The signals were recorded daily during this experiment. The changes in the amplitude of
the received signal were monitored during this study.
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6.2.2 Experimental Setup
The experimental set up is similar to that presented in Chapter 5 and shown again
in Figure 6.1, for convenience. The Waveform Generator - HANDYSCOPE HS3 (the
arbitrary function generator and transient recorder) and the amplifier have been discussed
in Chapter 5.

AMPLIFIER
ARBITRARY
FUNCTION
GENERATOR &
TRANSIENT
RECORDER

RECEIVER

SPECIMEN

PC

TRANSMITTER

Figure 6.1 – Experimental setup

6.3 Specimen Preparation
6.3.1 Specimen
The specimen was a 5” x 5” x 24” (127 mm x 12.7 mm x 610 mm) concrete
beam, with one reinforcing steel bar placed eccentrically, slightly off the central axis of
the concrete beam. The reinforcement was a #6 rebar which has a 0.75” (19 mm)
diameter and placed with one inch (2.54 cm) of concrete cover. In practice, concrete
structure members are required to have at least 2” to 3” (51 mm to 76 mm) minimum
cover of the reinforcement. In this experiment, the concrete member is relatively smaller
and the required 2” cover will put the rebar very close to the neutral axis of the beam and
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hence only 1” concrete cover was chosen. The typical dimensions of the reinforced
concrete specimen are shown in Figure 6.2. The reinforcing steel bar is 36” (91.4cm)
long and has a perpendicular rib pattern, which means the ribs run perpendicular to the
axis of the bar. The bar is grade 60 with the expected minimum yield stress of 60 ksi (414
MPa). The rebar has 6” (15.2 cm) exposed length at both ends of the concrete beam for
the ease of transmitter/receiver attachment.

Figure 6.2 – Specimen geometry

Concrete used in casting the specimen is a product from Sakrete, High Strength
Concrete Mix in the 80 lbs bag. The product is a mixture of Portland cement, washed and
graded sand, and gravel, which meet the ASTM C 387 with the expected compressive
strength of 4,000 psi (27.6 MPa) at 28 days. The specimens were cast in the wooden
mold, then placed in the concrete laboratory moisture room for a 28-days curing period.
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6.3.2 In-situ Corrosion Setup
The setup for this study is shown in Figure 6.3. Two plastic containers, 44” L x
20” W x 6” D and 34” L x 16” W x 6” D, were used. The inner container (smaller) holds
the corrosive solution and the specimen while the outer (larger) container captures any
leakage or spillage of the solution. Slots were cut on the end wall of the small container
to make room for the rebar and were sealed with Play-Doh. The corrosive solution was
filled and maintained at the same level as the top of the rebar most of the time throughout
the experiment. The concrete beam specimen was placed on two ¼” thick x 3” wide x 6”
long aluminum plates (one on each end) for the in situ corrosion load test discussed in
Chapter 7.

Figure 6.3 – In situ corrosion setup
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The power source is a low voltage direct current regulated power supply, product
of HQ Power, model PS1502AU, which generates a controllable current up to 2.0 amps
maximum with the voltage varying from 0 to 15 volts. The current passing through the
corrosive solution was kept at a constant value to 1.5 amperes while the voltage varies.

Figure 6.4 – Snapshot of the experimental setup

6.3.3 Corrosion Inducing Solution
The corrosion inducing solution was a mixture of 10 pounds of Morton pool salt,
30 pounds of desert soil, 0.5 gallon of Kem-Tek Chlorinating Liquid and 8 gallons of tap
water. The objective was to create a corrosive environment to induce corrosion in the
reinforcing steel bar. As discussed in Chapter 4, the rebar is usually coated with an oil
layer to make the bar retardant to corrosion. In addition, the bar was embedded in the
concrete specimen. Therefore, in order to accelerate the corrosion process, an electric
current was employed. A low voltage, constant power supply was used to regulate a
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steady current through the specimen. The anode was a galvanized wire mesh with #2 wire
at ½” on center wrapping around the concrete specimen. The wire mesh, 6” wide x 24”
long, was wrapped completely around the specimen. Three layers of cotton clothes were
wrapped around the specimen, underneath the galvanized wire mesh, to keep the moisture
around the specimen. The cathode was a 1/2" diameter, 24" long, copper pipe, which
dissolved quickly during the first few days of the experiment. A third copper pipe was
used in the experiment.
The method of using an induced current technique for accelerating steel bar
corrosion in concrete is referred to as the galvanostatic method (Yuan et al 2007).
Corrosion on the steel bar is induced by applying an electrical potential using the steel
bar in concrete as the anode and a copper pipe as the cathode. Another method to
accelerate the corrosion process is known as the artificial climate environment. In this
method, the corrosion process of the test specimens can be accelerated by way of high
temperature, high humidity, and repeated wetting-and drying cycles (Yuan et al 2007).
Both methods were employed in this study for accelerated corrosion. The corrosion
inducing system, as described above, consists of both the induced current and the
artificial corrosive environment where the specimen was submerged in the corrosive
solution, without the high temperature and the wetting-drying cycles. Two third of the
specimen was kept in the solution most of the time throughout the experiment while the
top is wetted with the corrosive solution frequently and partially covered with wet
clothes. It was reported by Yuan et al, 2007 that the two different electrochemical
corrosion processes as described above lead to different corrosion distributions on the
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surface of the steel bar. Under an artificial climate and natural environment, the corrosion
mainly occurs on the surface of the steel bar on the side facing the concrete cover; while
the whole surface of the steel bar is corroded when using the galvanostatic method.

6.4 Experimental Results
The result from the in situ corrosion monitoring tests is presented in this section.
The experiment was carried out, with the specimen placed in the corrosion inducing
solution, for more than two months. The data is recorded almost daily, however, only the
selected data points, which show significant changes in the signal amplitude are reported
here.
Figure 6.5 shows the images of the monitor screen with the received signal
strength declining as the corrosion progressed through 9 weeks of the in situ corrosion
monitoring period. Images in Figure 6.5 are the plots of the amplitude of the waveform
versus time, in nanoseconds. The red waveform is the excitation signal and the white
waveform is the received signal. The time origin is when the excitation signal at the
transmitter was generated.
It is worthwhile to mention that the specimen was not submerged in the solution
for the entire 9 weeks of the experiment. Due to the leakage of the corrosion inducing
solution, and the intention to lengthen the corrosion process to ensure the presence of the
corrosion, the reinforcement bar was intentionally kept above the solution level about
half of the time. The electric current was also turned off a few times during the
experiment.
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(a) P6E4C0 Signal 082809 – in air

(b) P6E4C0 Signal 090409 – 14 days submerged in solution

(c) P6E4C0 Signal 090909 – 19 days submerged in solution

(d) P6E4C0 Signal 092509 – 35 days submerged in solution
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(e) P6E4C0 Signal 100909 – 49 days submerged in solution

(f) P6E4C0 Signal 101909 – 59 days submerged in solution

(g) P6E4C0 Signal 110209 – 73 days submerged in solution

(h) P6E4C0 Signal 110609 – 77 days submerged in solution
Figure 6.5 – Snap shots of signals from the monitor screen
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Table 6.1 shows the shortened and highlighted version of the signal log with
noticable decline in the signal amplitude.
Table 6.1 – Tracking of signal amplitude during corrosion monitoring process
Experiment

Signal

Time

Amplitude

Date

(Days)

(Volts)

08.21.09

0

6.80

Concrete beam is ready for testing

09.04.09

14

6.80

Specimen is placed in air at room temp.

09.04.09

14

5.20

Specimen is placed in corrosive solution

09.09.09

19

5.00

Corrosion monitoring in progress

09.25.09

35

3.60

Decline in signal amplitude

10.09.09

49

2.50

Further decline in signal amplitude

10.19.09

59

2.00

Further decline in signal amplitude

11.02.09

73

1.00

Further decline in signal amplitude

11.06.09

77

0.50

Signal begins to disappear

Comments

It was noticed that there was approximately 1.6 volts drop in the signal amplitude
as the specimen was placed into the solution. The signal amplitude was approximately
6.8 volts when the specimen was in the air, at room temperature, and dropped down to
about 5.2 volts when the specimen was placed into the corrosive solution.
The loss in the signal strength when the specimen was placed in the corrosive
solution, compared to that when the specimen was in the air at room temperature, is due
to the fact that ultrasonic guided wave is sensitive to the boundary condition of the
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waveguide. The wave travels away from the source in the radial direction when the bar
comes in contact with the liquid. When the surrounding medium is air, most of the wave
energy is confined in the bar. However, when the bar is in contact with a medium other
than air, like liquid in this case, depending on the properties of the surrounding medium,
the wave energy leaks into the surrounding medium.
Figure 6.6 is the plot, based on the data in Table 6.1, of signal strength versus
time in days, or the time the specimen was placed in the corrosive solution. It clearly
shows the decay in the signal amplitude as the time passes, or as the corrosion increases.

Signal Amplitude vs Corrosion Time

Signal Amplitude (Volts)

.

8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00
0

20

40

60

80

Time (Days)
Figure 6.6 – Plot of the signal amplitude versus time of in situ corrosion
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The signal amplitude of 5.20 volts was set as the initial value when the corrosion
process started at time equal to 14 days as the specimen was submerged into the
corrosion inducing solution. At the beginning of the corrosion process, when the
reinforced concrete specimen is placed in the corrosion inducing solution, the amplitude
of the received signal is 5.20 volts. The signal amplitude drops down to 0.50 volts after
63 days and that is when the specimen is removed from the solution. The signal almost
disappeared after 63 days even when the specimen was placed in the dry area, at the room
temperature. The photo of the specimen after removal from the solution is shown in
Figure 6.7.

Figure 6.7 – Photo of the specimen with the corroded reinforcing bar

It was also observed that when the water level was dropped below the steel bar,
due to leakage, the signal amplitude increased compared to the submerged condition.
Near the end of the corrosion process, the received signal amplitude almost disappeared
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and the differences in the signal amplitude between submerged and non-submerged
conditions were less noticeable.

6.5 Discussions
The received signal strength is related to the amount of corrosion at the interface
of concrete and steel because of scattering by the rough surface. Ultrasonic guided wave
is sensitive to the boundary conditions of the waveguide, which is the steel reinforcement
bar in this case. Guided wave in steel bar leaks into the surrounding medium reducing the
strength of the received signal on the other end.
When elastic waves pass through an interface between materials having different
acoustic properties, refraction and reflection take place at the interface. The larger the
difference in properties between the two materials the more energy is reflected. A void is
generally a better reflector than a metallic inclusion because the impedance mismatch is
greater between air and metal than between two metals.
In this experiment, the steel bar is embedded in the concrete. The non-corroded
steel bar generally has good contact with the concrete specimen. The wave in the steel
propagates across the interface into concrete for the good contact condition. In this case, a
certain amount of the wave’s energy is transmitted into the surrounding medium and the
rest is reflected at the interface. The reflected energy is guided along the bar to the
receiver end. Therefore the received signal strength is a direct measure of the intensity of
the reflected, scattered and transmitted waves at the bar-concrete interface.
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The surface or boundary of the rebar, with the presence of the rust is much
rougher compared to the non-corroded steel bars. In addition, the corrosion product (rust)
occupies a greater volume than the steel that produces the rust. Hydrated ferric oxide
(Fe2O3H2O) has a volume about twice that of steel. When it becomes hydrated, the
volume increases even more and becomes porous. The volume increase at the
steel/concrete interface can be two to ten times.
Density describes the mass of a substance per volume. A substance that is denser
has more mass per volume. Usually, larger molecules have more mass. If a material is
denser because its molecules are larger, it has slower elastic wave speed if its stiffness is
not changed. Acoustic waves have some kinetic energy. It takes more energy to make
large molecules vibrate in comparison to that for smaller molecules. Therefore rust
generally absorbs more wave energy than steel.
Hydrated ferric oxide is found to be porous. Porous material tends to absorb more
wave energy than nonporous material. The best absorptive material is full of holes around
which elastic waves can bounce back and forth and lose energy. When corrosion occurs
and rust is formed, more porous materials are produced at the reinforcing steel-concrete
interface. From the dense and porous properties, hydrated rust show greater capability to
absorb wave energy, compared to steel, air and concrete. When rust is formed, more
wave energy leaks into surrounding rust and concrete and absorbed by the corrosion
product. Therefore, the intensity of the wave is reduced significantly by the corrosion.
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CHAPTER 7

TIME OF ARRIVAL MEASUREMENT FOR LOADED IN SITU CORROSION
SPECIMENS

7.1 Introduction
This study shows the sensitivity, or the lack of it, of the guided wave arrival time
to the applied loads for corroded specimens. Similar to the studies presented in Chapter 5,
which show how the signal arrival time changes due to the applied bending stress in the
specimen, this study applies the same concept to the specimen subjected to in situ
corrosion process.
In the past few decades, researchers have spent great amount of time and efforts
to explore the technique of using ultrasonic guided waves to detect the corrosion of
reinforcing steel in concrete. A few examples of these studies are summarized in Chapter
3. The ultimate goal of these investigations was to be able to detect and quantify the
amount of corrosion. To accomplish that goal, it is also important to have more than one
technique that can be combined with one another to verify the results and strengthen the
findings.
The good news is that the guided wave is capable of detecting the corrosion. As
discussed in Chapter 4, two mechanisms occur as corrosion develops depending on the
timing and the level of corrosion. Before delamination occurs, the increase in corrosion
shows a decrease in the transmitted signal amplitude. After delamination has occurred, an
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increase in corrosion also leads to separation, or gap formation between the steel and
concrete, which leads to an increase in the received signal strength with increasing
delamination. With those contradictory findings, there was a need to develop a second
method to detect the corrosion. The second method is developed after noticing the
sensitivity of the signal arrival time to the applied lateral load.
Any method based on the signal strength has another shortcoming arising from
the dependence of signal strength on the bonding condition between the sensor and the
specimen. The signal strength may decay because of the change in the bonding condition
between the sensor and the specimen, and not necessarily due to corrosion in the
specimen. Therefore, an alternative method must be developed that will show variation
only due to corrosion and not because of the variation in the bonding condition between
the sensor and the specimen. The time of flight (TOF) based technique developed here is
such a technique.
The applied lateral load causes bending in the specimen. Depending on where the
reinforcement bar is located in the specimen, it is subjected to either compression or
tension. The bar elongates when it is placed in the tensile zone of the specimen, or is
shortened if it is located in the compression zone. The stressed bar changes the arrival
time of the signal and this change can be detected from the cross correlation analysis. The
stress level in the bar is related to the lateral load, or bending load on the structural
member. It also depends on the bonding condition at the steel–concrete interface or in
other words the strength of the grip the concrete has on the rebar. Corrosion of the steel
affects the steel-concrete bonding and can weaken the grip. When the corroded specimen
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is subjected to the lateral load, or bending stress, some slippage is expected to occur at
the steel-concrete interface. Therefore, if the bar is placed in tension or compression
zones it is anticipated that the arrival time change in the corroded specimen is less
sensitive to the lateral load than that in the non-corroded specimen.
With the above anticipation the time of flight TOF measurement on the corroded
beam specimens were carried out. The experimental set up and the results are presented
in the following.

7.2 Inspection Methodology
The inspection methodology, transducers, specimen and the experimental setup
are similar to that presented in Chapter 6. Piezoelectric transducer (PZT) disks were used
as transmitters and receivers in this study in pitch-catch arrangement. The disks were
glued symmetrically on the two ends of the steel reinforcing bar. The specimen is the
same as that was used for in-situ corrosion studies presented in Chapter 6 (see Figure
6.2). It was a 5” x 5” x 24” (127 mm x 12.7 mm x 610 mm) concrete beam, with one
reinforcing steel bar placed eccentrically in the concrete beam. The reinforcement was a
#6 rebar which has a 0.75” (19 mm) diameter and placed with one inch (2.54 cm) of
concrete cover. The specimen is placed in the corrosion inducing solution, for in situ
corrosion monitoring study, as shown in Section 7.3 and lateral loads were applied.
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7.3 The Corrosion Inducing System
The galvanostatic and artificial environment corrosion accelerating system is
similar to that presented in Chapter 6. Two plastic containers were used to hold the
corrosive solution and protect against water spill. The corrosion inducing solution was a
mixture of 10 pounds of Morton pool salt, 30 pounds of desert soil, 0.5 gallon of KemTek Chlorinating Liquid and 8 gallons of tap water. A constant 1.5 amperes induced
current was maintained across the solution and the specimen. The anode was a galvanized
wire mesh with #2 wire at ½” on center that wrapped around the concrete specimen and
the cathode is the copper pipe. The schematic diagram of the corrosion inducing system
is shown in Figure 6.3 and is repeated here as Figure 7.1 for convenience.

Figure 7.1 – Specimen and corrosion inducing system
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7.4 Load Test Setup
The reinforced concrete specimen was placed on two 3” wide x ¼” thick (76.2
mm x 6.4 mm) aluminum plates to provide the simple support conditions for loading. As
shown in Figure 7.2, the supports were placed at the two ends of the beam. Loads were
placed directly on top of the beam at the mid-span location. Five different weights,
varying from 50 lbs to 250 lbs with 50 lbs increments, were used to load the specimen.

Figure 7.2 – Load test set up
In order to minimize the disturbance to the specimen for the in situ corrosion
monitoring purposes, the specimen was loaded for Time of Flight (TOF) tests while it
was kept in the corrosion inducing solution. For easy access to the transducers and to
ensure that it was attached to the bar ends, the specimen was placed into the container
with the bar placed in its upper region. With its location at approximately one inch from
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the top surface, and the load is well below the cracking load of the reinforced concrete
specimen. Clearly the bar is placed in the compressive zone of the beam for the threepoint bending arrangement.
Each desired load was placed on the specimen for a thirty-second duration. The
incremental load was applied while keeping the previous load, for the same amount of
time as the previous one, which is thirty seconds. After reaching the maximum load, the
weights were removed from the beam, at the same rate at thirty second intervals. Table
7.1 shows the applied load versus time for the loading-unloading cycle of the reinforced
concrete specimen.
Table 7.1 – Applied load versus time for the concrete beam with reinforcing steel bar
developing corrosion
Time, min

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

Load, lbs

0

50

100

150

200

250

200

150

100

50

0

The applied load of 250 lbs is calculated to be well below the cracking load for
the concrete, therefore the specimen does not crack due to the applied loads. Clearly, the
load meets the Non-Destructive Testing (NDT) criterion that the inspection technique
should not cause any harm to the structure. Secondly, the required load, or in other
words, the required stresses in order to observe the changes in TOF, is relatively small
which makes it more manageable and this inspection technique more feasible. The
changes in the signal arrival time (or Time of Flight, TOF) can be observed for the
reinforcement bar located both in the compressive and tensile zones of the concrete
member.
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7.5 Experimental Results
Figures 7.3 (a) through (e) show the images of the monitor screen with the plots
of the difference in the Time of Flight (TOF) in nanoseconds versus the clock time of the
computer. While the data for the in situ corrosion monitoring is recorded daily, the load
tests were carried out less frequently with a few weeks of interval between two
consecutive load tests. The reason for the load tests being spaced out in time was that it
would give the specimen more time developing corrosion and thus the changes in time of
flight would be more noticeable. In addition, as mentioned in Chapter 6, the specimen
was not submerged in the solution for the entire 9 weeks of the experiment to lengthen
the corrosion process and to ensure the presence of the corrosion. Thus the accelerated
corrosion process was halted a few times with the electric current turned off for a few
days each time.
Figure 7.3(a) shows the load test results (change in TOF) for the reinforced
concrete specimen with no corrosion, i.e. before the specimen was placed in the corrosion
inducing solution. The amplitude of the received signal was recorded as 6.8 volts. As
mentioned in Chapter 6, there was approximately 1.6 volts difference in the signal
amplitude between when the specimen was in the air at room temperature, and when it
was submerged in the corrosion inducing solution. The signal amplitude was adjusted to
take into account this difference between water and air exposure. The signal amplitude
for this test is shown as 5.2 volts, which is also set as the original signal value for this
study. Without the corrosion of the reinforcing steel, the time of arrival for the selected
waveform was changed by 52 ns (from +354 ns to +406 ns) for the total of 250 lbs load.
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Taking the average, the change in time of arrival for the selected waveform is 10.4 ns for
each 50 pounds load increment.
It could be noted that the unloading curve was not recorded in Figure 7.4(a). Also
the duration of the loading time was one minute rather than thirty seconds for this case.
Originally, the time interval for loading and unloading was set at one minute, similar to
that of the studies presented in Chapter 5. It was decided later that the one-minute
duration was not necessary. The thirty-seconds duration could provide the same result
while shortening the test running time in half.
Figures 7.3 (c) through (e) show more results from the load tests for the
reinforced concrete specimen with slight, moderate and high corrosion, while it was
submerged in the corrosion inducing system after 18 days, 30 days and 74 days,
respectively. The signal amplitude decays from 3.6 to 1.4 volts, the signal loss increases
from 31% to 73%, while the change in the time of arrival for the selected waveform falls
from 8.8 to 5.5 ns for each 50 pounds load step
Figure 7.3(e) shows the results from the load test for the reinforced concrete
specimen with extensive corrosion. The specimen was removed from the corrosion
inducing system. The signal amplitude was found to be at about 0.5 Volts, which is
equivalent to approximately 10% of the original value of 5.2 volts for the non-corroded
condition. With extensive corrosion of the reinforcing steel, the time of arrival for the
selected waveform changed by 16 ns (from -311 ns to -395 ns) for the total of 250 lbs
load. Taking the average, the change in time of arrival for the selected waveform is 3.3 ns
for every 50 pounds load step.
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Figures 7.3(b) through (e) show noticeable change in TOF during the unloading
process. The graph of the unloading region is flatter as the amount of corrosion increases
(more signal loss). It takes the specimen longer to get back the initial value of the arrival
time.
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Figure 7.3(a) Load test for reinforced concrete specimen with no corrosion, i.e. 0% signal
loss. Time of arrival for the selected waveform changed 52 ns (from +354 ns to
+406 ns) for the total of 250 lbs load, average value of 10.4 ns for each 50 pounds
load step, signal amplitude = 5.2 Volts. Note that unloading was not recorded.

Figure 7.3(b) Load test for reinforced concrete specimen slightly corroded, i.e. 31%
signal loss. Time of arrival for the selected waveform changed 44 ns (from -214
ns to -170 ns) for the total of 250 lbs load, average value of 8.8 ns for each 50
pounds load step, signal amplitude = 3.6 Volts
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Figure 7.3(c) Load test for reinforced concrete specimen moderately corroded, i.e. 42%
signal loss. Time of arrival for the selected waveform changed 40 ns (from -5 ns
to +35 ns) for the total of 250 lbs load, average value of 8.0 ns for each 50 pounds
load step, signal amplitude = 3.0 Volts

Figure 7.3(d) Load test for reinforced concrete specimen highly corroded, i.e. 73% signal
loss. Time of arrival for the selected waveform changed 27.5 ns (from –17.5 ns to
+10 ns) for the total of 250 lbs load, average value of 5.5 ns for each 50 pounds
load step, signal amplitude = 1.4 Volts
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Figure 7.3(e) Load test for reinforced concrete specimen extensively corroded, i.e. 90%
signal loss. Time of arrival for the selected waveform changed 16 ns (from –311
ns to -295 ns) for the total of 250 lbs load, average value of 3.2 ns for each 50
pounds load step, signal amplitude = 0.5 Volt
Figure 7.3 – Changes in signal time or arrival for reinforced concrete specimen subjected
to bending loads at different corrosion levels.
Figures 7.3(b) and (c) show a falling pattern or continuous change in time of
flight even when the load is not changed. For the time-of-flight test, the set up was
usually left several hours prior to data being recorded. The TOF signal has the tendency
to adjust itself to a stable room conditions. The received signal can be leveled-out and
shown as a horizontal line. Several hours of setting time was not provided for the rebar
specimen. As a result, the signal was always in the self-adjusting mode and was displayed
as a slightly inclined curve
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Table 7.2 shows the recorded data for lateral load tests on the in situ corrosion
specimen. A few intermediate test data was not reported here and omitted from the set
due to lack of noticeable changes in the received signal amplitude or difference in the
time of flight. The rest of the data show a consistent trend in the relationship between the
amount of corrosion (signal loss) and the changes in the signal arrival time.
The signal amplitude listed in Table 7.2 is the value recorded during the load test
experiment. Based on the adjusted signal amplitude of 5.2 volts for the non-corroded,
submerged conditions, the percent strength of the in situ signal amplitude relative to the
original value were determined. The percents of signal loss are the differences between
the original and the in situ signal amplitudes. The differences in the time of flight were
calculated from the beginning value and the final value as 250 lbs load is applied. The
average change in the time of flight for each 50 lbs load is equal to the total difference in
TOF divided by 5 (since 5 of 50 lbs load increment gives a total of 250 lbs load).

Table 7.2 – Time of flight (TOF) variation caused by the applied bending load
Signal
Percent of Percent
Recorded
amplitude original signal
date
(Volts)
signal(1)
loss

Begin
TOF

End
TOF

Averaged
Total
change in
different
TOF (ns) for
in TOF
each 50 lbs(2)

061209

5.2

100%

0%

354

406

52

10.4

092509

3.6

69%

31%

-214

-170

44

8.8

100709

3.0

58%

42%

-5

35

40

8.0

112009

1.4

27%

73%

-17.5

10

27.5

5.5

121810
0.5
10%
90%
Original Signal Amplitude = 5.2 Volts
(2)
Total Load = 250 lbs

-311

-295

16

3.2

(1)
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Figure 7.4 shows how the time of arrival (or the time of flight) changes as the
reinforced concrete specimen is subjected to bending loads at different corrosion levels.
The graph was generated from the data shown in Table 7.2. It is the plot of the average
change in TOF (ns) for 50 lbs load increment versus the percent signal loss. The curve
shows the variation of the average change in the time of flight for a load step of 50 lbs as
a function of the percent signal loss of the corroded reinforced concrete specimen.
Based on the graph in Figure 7.4, it appears that the projected average change in
the signal time of flight would be zero for 100% signal loss (totally corroded) reinforced
concrete specimen. However this value will be difficult to verify experimentally since the
signal amplitude for this condition is also zero.

Average Change in TOF (ns)
for each 50 lbs Load

Change in Time of Flight (TOF) vs Signal Loss
12.0
10.0
8.0
6.0
4.0
2.0
0.0
0%

20%

40%

60%

80%

100%

Percent Signal Loss

Figure 7.4 – Changes in signal time or arrival for reinforced concrete specimen subjected
to bending loads at different corrosion levels.
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7.6 Discussions
The findings presented in Section 7.4 clearly show that there exists a strong
relation between the average changes in the time of flight for each incremental load and
the amount of corrosion (or amount of signal loss) in the reinforced concrete member.
The curve in Figure 7.4 appears to be a parabola, which means approximately a second
order relationship between these two quantities exists.
In these tests the specimen was loaded with the bar located in the top region,
which placed the bar in the compressive zone of the specimen. The change in the signal
arrival time (from cross correlation analysis) is positive meaning the signal arrives later.
The late arrival of the signal as the load increases is clearly due to the acoustoelastic
effect. As the amount of corrosion in the reinforcing steel increases, the percent of signal
loss also increases. At the same time the bonding between the steel and concrete
decreases. Concrete looses grip on the rebar when corrosion occurs and the composite
action becomes less effective. Therefore some slippage occurs at the reinforcing steel
concrete interface when the corroded member is subjected to bending stress. The
reinforcing steel is subjected to lesser stress as the amount of corrosion increases, and
thus it gives relatively lower change in the wave speed. The change in the signal arrival
time for each load increment decreases as the amount of corrosion increases.
It is worthwhile to mention that there is almost no change in the time of flight
when the specimen is loaded on its side. This is predictable since then the steel bar is
placed on the neutral plane of the reinforced concrete member where it is subjected to
zero or minimal stress. The result agrees with this expectation.
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During the unloading process, the time of flight plot gradually falls back to the
initial value rather than falling in steps, unlike the loading curve. Unloading seems to fall
back to the original TOF value when the corrosion is low. For higher amount of
corrosion, the unloading curve seems to follow a gradual relaxation mode. Figures 7.3(b)
through (e) show noticeable change in TOF during the unloading process. The graph of
the unloading region is flatter as the amount of corrosion increases (more signal loss). In
other words, it takes the specimen longer time to attain the initial value of the arrival time
with increasing amount of corrosion.

131
CHAPTER 8

SIGNAL VARIATION WITH BAR GEOMETRY

8.1 Introduction
The findings presented in this section show the variation in the signal strength
(amplitude) for the reformed and smooth steel bars, without embedment in concrete, due
to the changes in the bar geometry such as bar diameter and rib pattern. In addition, the
changes in the signal amplitude for the rebar due to concrete embedment are also
discussed in this chapter.
The objective of this study is to determine how the propagating waves interfere
with the surface geometry of the steel bars. Guided waves are known to be sensitive to
the boundary conditions of the waveguides. A number of Non-Destructive Testing
techniques use guided waves to detect corrosion and bonding conditions along the surface
of reinforcing steel and concrete. Transmitters and receivers, used in these techniques, are
attached to reinforcing steel bars. Therefore, it is important to know the properties and
characteristics of the waveguide used for the nondestructive inspection. In other words, it
is important to know what effects on the received signal are caused by the geometry of
the rebar so that those effects can be taken into account while interpreting the
detected/received signals.
Some analytical models have been established for wave propagation in corrugated
rods. However, since it is not available for all types of surface geometry it is useful to
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have experimental data for different types of rebar. The surface geometry or rib patterns
for some reinforcement bars are rather complicated and could be difficult to accurately
model analytically or numerically.
With the aforementioned curiosities, experiments were carried out as discussed in
Sections 8.2 and 8.3. The experimental results are presented in Section 8.4. In addition,
numerical analyses for the smooth bar specimens were also conducted. The numerical
results and their comparison to experimental results are presented and discussed in
Chapter 9.

8.2 Experimental Setup
In this study Lead Zirconate Titanate (PZT) disks were used as transmitters and
receivers in pitch-catch arrangement. The method of attachment of the transducers to the
steel bar and exciting the signal are similar to that discussed in Chapters 5 through 7. The
spacing between the transmitter and the receiver was also the length of the steel bar as
given in Table 8.1. The experimental setup for this study is shown in Figure 8.1. The steel
bars were placed on two supports at two ends to prevent damaging the transducer disks.
Ten bar specimens were used in this study as listed in Table 8.1. The photo of the
specimen set is presented in Figure 8.2.

Figure 8.1 – Experimental setup for signal variation studies
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8.3. Specimens
Specimens used in this study are the steel bars with different surface geometries
(rib patterns) and diameter. Reinforcement bars with cross ribs are not available in larger
size and only #4 (0.5” or 14 mm diameter) were available at the time of specimen
selection. Bars are grade 40 with the expected minimum yield stress of 40 ksi (276 MPa).

Bar Size

Table 8.1 – Steel bars used in signal variation due to bar geometry changes
Rib Patterns

Bar
Diameter

Cross

Smooth

Perpendicular

Diagonal

#4

½ inch
13 mm

36”
91.4cm

36”
91.4cm

36”
91.4cm

36”
91.4cm

#5

inch
16 mm

N/A

36”
91.4cm

36”
91.4cm

36”
91.4cm

#6

¾ inch
19 mm

N/A

36”
91.4cm

36”
91.4cm

36”
91.4cm

5

8

Figure 8.2 – Photos of steel bars for signal variation studies

134
8.4 Experimental Results
A Chirp signal, with the starting frequency of 10 kHz and ending frequency of
100 kHz, was used to excite the transmitter. The wave generator triggered the signal with
an amplitude of 12 Volts. The received signals for all specimens with the same setting
were recorded. Table 8.2 shows the detected signal amplitude, in volts, for the steel bar
specimens without corrosion or embedment in concrete. Only the bar sizes are listed here.
The respective bar diameters are listed in Table 8.1. An amplifier was used to amplify the
received signal. The values presented in Table 8.2 are ten times larger than the actual
detected signal amplitudes in absence of the amplifier.
Table 8.2 – Received signal amplitude (in Volts) for the steel bar

Bar Size

Rib Patterns
Cross

Perpendicular

Smooth

Diagonal

#4

4.15

4.40

5.50

6.80

#5

--

1.45

2.40

2.50

#6

--

0.87

1.40

2.20

As a side note, the steel bars used in this experiment are not produced by the same
manufacture. At the time of the specimen selection, the goal was to obtain all specimen
steel bars with different size and surface types from the same manufacture. However,
none of the steel supplier in town carried that wide variety of steel bar sizes and surface
geometries. According to the steel supplier, most manufactures do not produce rebar with
all sizes and shapes.
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8.4.1 Signals Amplitude versus Surface Geometry
Since the #4 bar specimen has the most variety in the surface geometry, only the
results from the #4 specimens are discussed in this section. Note that the results for the #5
and #6 specimens also show similar variations of the signal amplitude versus the bar
surface geometry. Figure 8.3 shows the four #4 steel bars with four different surface
geometries. Experimental results obtained from these specimens are discussed in this
section.

Figure 8.3 – Bars with different rib patterns. From left to right: cross ribs,
smooth (no ribs), perpendicular ribs, and diagonal ribs
Figure 8.4 shows the images of the monitor screen with the received signal
strength for the four #4 steel bar specimens. The image is the plot of the waveform versus
time, in microseconds. The red waveform is the excitation signal and the white waveform
is the received signal. The time origin is when the excitation signal at the transmitter is
generated. Signals generated from the #5 and #6 steel bar specimens are not presented
here.
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(a) C4E0C0 – #4 with cross ribs

(b) P4E0C0 – #4 with perpendicular ribs

(c) S4E0C0 – #4 smooth bar

(d) D4E0C0 – #4 with diagonal ribs
Figure 8.4 – Signal amplitude versus rib pattern for #4 steel bars
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Figure 8.5 shows the plot of the received signal amplitudes for the three sets of
specimens (#4, #5 and #6) as recorded in Table 8.2. The signal amplitudes are sorted
from the weakest to the strongest. In Figure 8.5, it is easy to see that the signal for the bar
with cross rib pattern is the weakest. Next to that is the signal for the bar with the
perpendicular ribs. Plain (smooth) steel bar has the stronger signal amplitude than those
two bars. However, the signal for the bar with diagonal ribs is surprisingly the strongest.
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Figure 8.5 – Plot of signal amplitude versus surface geometry

Even though, the steel bars did not come from the same manufacture, they are
expected to have similar material properties. First, they all should have similar Young’s
modulus and density. The yield stresses might vary from one type of steel to another but
they all should meet the minimum requirements per ASTM standards. Note that the yield
stress is not a factor to alter the velocity of ultrasonic wave propagation.
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8.4.2 Signal Amplitude versus Bar Diameter
Figure 8.6 shows the images of the monitor screen with the received signal
amplitude for the smooth (plain) bar specimens with different diameters. It is the plot of
the received signal versus time, in microseconds.

(a) S4E0C0 – #4 smooth bar

(b) S5E0C0 – #5 smooth bar

(c) S6E0C0 – #6 smooth bar
Figure 8.6 – Signal amplitude versus bar diameter for smooth bars
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Figure 8.7 shows the images of the monitor screen with the received signal for the
bar specimens with perpendicular rib pattern having different diameters.

(a) P4E0C0 – #4 with perpendicular ribs

(b) P5E0C0 – #5 with perpendicular ribs

(c) P6E0C0 – #6 with perpendicular ribs
Figure 8.7 – Signal amplitude versus bar diameter for bars with
perpendicular ribs
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Figure 8.8 shows the images of the monitor screen with the received signal for the
bar specimens with diagonal ribs for different diameters. Note that the red waveform is
the excitation signal and the white waveform is the received signal

(a) P4E0C0 – #4 with diagonal ribs

(b) P5E0C0 – #5 with diagonal ribs

(c) P6E0C0 – #6 with diagonal ribs
Figure 8.8 – Signal amplitude versus bar diameter for bars with diagonal
ribs
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Figure 8.9 shows the plot of the received signal amplitude plotted for different bar
sizes and bars with perpendicular ribs, smooth (no rib) and diagonal ribs. The signal
amplitude values are recorded in Table 8.2. The signal amplitudes were sorted from
strongest to weakest and show that the received signal amplitude decreases as the bar
diameter increases. The #4 bar, with 0.5” (13 mm) diameter, has the strongest received
signal amplitude while the #6 bars, with 0.75” (19 mm) diameter, has the weakest
amplitude. This received signal amplitude-bar diameter relationships are similar for all
three surface conditions: smooth, perpendicular ribs and diagonal ribs. Note that the plots
have steeper slopes between the #4 and #5 and shallower slopes between the #5 and #6
bars. This change in the slope of the plot also agrees with the numerical results for the
smooth steel bars using COMSOL Multiphysics (Finite Element Method) as presented in
Chapter 9.
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Figure 8.9 – Plot of signal amplitude versus bar diameter
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8.5 Conclusions and Discussions
The experimental results presented in Section 8.4.1 clearly show that there exists
a clear variation in the received signal strength as the surface geometry of the wave-guide
varies. The signal amplitudes were sorted from weakest to strongest. In Figure 8.5 it is
easy to see that the signal for the bar with the cross rib pattern is the weakest, next to that
is the bar with perpendicular ribs, then the smooth bar, and the bar with diagonal ribs
produces the strongest received signal.
In Section 8.4.2 Figure 8.9 shows the plot of the received signal amplitudes versus
the bar size for perpendicular rib, diagonal rib and smooth bar specimens. The
experimental results show that the signal amplitude decreases when the bar diameter
increases. The #4 bar, with 0.5” (13 mm) diameter, has the strongest received signal
while the #6 bars, with 0.75” (19 mm) diameter, has the weakest received signal
amplitude. The dependence of the received signal amplitude on the bar diameter is the
same for all three surface conditions: smooth, perpendicular ribs and diagonal ribs
When acoustic wave travels through a medium, its intensity diminishes with
distance. In idealized materials, acoustic pressure (signal amplitude) is only reduced
because of the spreading of the wave. Natural materials, however, further weakens the
acoustic wave. This further weakening results from scattering and absorption. Scattering
is the reflection of the wave in directions other than its original direction of propagation.
Absorption is the conversion of the wave energy to other forms of energy. The combined
effect of scattering and absorption is called attenuation. Ultrasonic attenuation is the
decay rate of the wave as it propagates through a material.
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For the case of the bars with different rib patterns, the results can be explained
considering the scattering effect. Intuitively, the bar with the cross ribs is expected to
have the weakest signal due to its complex surface geometry. As shown in Figure 8.3,
this bar specimen has the most surface obstruction for guided wave propagation. The bar
with perpendicular ribs has had the lesser level of obstruction in comparison with the
cross rib bar. Nonetheless, the ribs were formed unsymmetrically on both sides of the bar
(on each side of the two longitudinal ribs), therefore the ribs still cause significant
obstruction to the guided wave. The bar with the diagonal ribs has the similar surface
obstacles as the bar with the perpendicular rib pattern. However, a closer look at the bar
reveals that the ribs oriented at an angle to the bar axis or the direction of the wave
propagation. This feature lessens the obstacles to the propagation of the guided wave and
thus imposing less obstruction and passing through a stronger signal.
While the signal strength - surface geometry relationship for the rebars can be
explained with scattering effects, the signal for the smooth bar should be explained
considering absorption. Otherwise the smooth bar is expected to give the strongest signal.
The smooth steel bars were produced by a different manufacturer than that of the rebars.
It is expected to have a different amount of carbon and other alloys inclusion and thus
might have different composition than the rebar. Different composition led to different
rate of absorption of the ultrasonic wave energy. Figure 8.5 shows that the smooth bar
has a higher absorption rate than the rebar, while it might have the least scattering effect.
Therefore the overall attenuation in the smooth bar is more than that of the bar with the
diagonal ribs.
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Dependence on the received signal strength on the bar diameter is explained and
analyzed in Chapter 9.
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CHAPTER 9

SIGNAL VARIATION WITH BAR DIAMETER – NUMERICAL ANALYSIS

9.1 Introduction
In this chapter, the finite element modeling is carried out to verify experimental
results obtained for the bar diameter-received signal amplitude relationship for the
smooth bar specimens. COMSOL Multiphysics was used to model the smooth steel bars
with different diameters, subjected to the guided wave propagation. The strength of the
signal at the receiving end was calculated for three specimen bars with different
diameters. The results were compared with the experimental results.
As discussed in Chapter 8, guided waves can be used to detect corrosion and
bonding conditions along the surface of reinforcing steel and concrete since these waves
are known to be sensitive to the boundary conditions of the waveguides. Transducers are
attached to the reinforcing steel bars to transmit and receive wave energy. It is important
to know the properties and characteristics of the bar (waveguide) used to determine how
the detected signals interact with the surface geometry of the steel bars.
The effect of the bar surface geometry on the propagating guided waves can be
obtained analytically, experimentally or numerically. The surface geometry of the
reinforcement bars is complicated and difficult to accurately model analytically or
numerically. Thus, analytical or numerical models for wave propagation in corrugated
rods are not available for all types of surface geometry. Therefore it is useful to have
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experimental data for different types of rebar. However, it is also equally important to
have some analytical or numerical results in order to justify and interpret the
experimental results. With this in mind, the numerical results for the wave propagation in
smooth steel bars are studied in this Chapter. Since the smooth bar is comparatively easy
to model this geometry is chosen. The obtained results are used to compare and validate
the experimental results for smooth bars presented in Chapter 8.
One set of experimental results presented in Chapter 8 shows that the amplitude
of the received signal is reduced as the diameter of the bar increases. This is true when
the energy transmitted into the bar by the transducers is constant. Larger diameter means
a larger volume and more material. More material leads to more wave energy being
absorbed by the material for the same attenuation coefficient of the material. Therefore,
for the same transmitted signal energy, the received signal in a larger diameter rod will be
smaller compared to that in a smaller diameter rod.
The modeling of the input signal was based on the assumption that the PZT
transducer generates and transmits a constant power into the steel bar regardless of the
bar diameter. Note that the power (P) is given by

P=

dW F * dx
dx
=
=F*
= F *v
dt
dt
dt

(9.1)

Where W is work done, F is force, dx is incremental displacement, dt is
incremental time and v is the velocity of a particle in the specimen. Since the excitation
signal is a longitudinal wave mode, the particle velocity only in the direction of the axis
of the steel bar can be considered for simplicity. The problem is simplified to a one-
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dimensional problem with all parameters measured in the z-direction, which is the central
axis of the cylindrical rod. The force (F) generated by the transmitter and detected by the
receiver can be expressed as:
F =σ *A

(9.2)

In the above equation, σ is the axial stress caused by the propagating guided wave.
A is the contact area between the steel bar and the transducer which is equal to the cross
sectional area of the steel bar. Note that in our experiments the transducer diameter is
always greater than the bar diameter. Substituting equation (9.2) into equation (9.1) and
replacing the cross section area A by πr², the formula for the power becomes:

P = πr 2 * σ * v

(9.3)

Additionally, the velocity is also a function of the applied force or the pressure
generated by the transmitter. If the linear relationship between the particle velocity and
the applied pressure is denoted as:
v = k *σ

(9.4)

where k is the proportionality constant, then equation (9.3) becomes:

P = kπr 2 * σ 2

(9.5)

Equation (9.5) shows that for a transducer generating a constant power an inverse
relationship exists between the stress applied to the bar end by the transducer and the
radius of the steel rod, or:

σ =K

1
r

Where K is a constant, which is equal to

(9.6)

P
.
kπ
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9.2 Finite Element Analysis
In this study, COMSOL Multiphysics, a finite element program, was used to
model the ultrasonic wave propagation in smooth steel bars with different diameters.
With the built-in mode features, COMSOL Multiphysics is a widely used finite element
program owing to its capability of solving various physics and engineering problems.
COMSOL Multiphysics has also been widely used to model acoustic and ultrasonic wave
propagation. Castaings et al. (2006) used COMSOL to model torsional wave modes
along pipes with absorbing material. Borelli and Schenone (2009) used finite element
analysis to analyze sound propagation in lined ducts. Paolis et al. (2009) studied finite
element modeling of ultrasonic transducers for polymer characterization.
In this study, Structural Mechanics Frequency Response Module was select to
perform the numerical analysis since it was suitable for modeling ultrasonic wave
propagation inside a steel rod. Figure 9.1 shows the problem geometry for the smooth
steel rod specimen. The length of the rod was 36 in (0.914 m). Three bar sizes, #4, #5 and
#6, were modeled and their diameters were 0.5”, 0.625” and 0.75” (13 mm, 16 mm and
19 mm) respectively. In the model these bar sizes were selected because their
experimental results were available (see Chapter 8). The program allows different
boundary conditions for the six surfaces of the modeling object. Boundary conditions for
each surface of the modeling object can be defined individually or together as a group.
The steel rod was modeled as a cylindrical object with axial symmetry along the z-axis
and free boundary on the wall surface along its length.
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Figure 9.1 – Specimen geometry
At one end of the steel bar, a predefined uniform pressure was applied to simulate
the transmitter’s excitation signal. The pressure was applied in z-direction with intensity
equal to one divided by the radius of the steel bar. This excitation signal pressure and bar
radius ratio was determined from equation 9.6, based on the assumption that the power
generated by the transducer is constant for all the steel bar specimens. The Frequency
Response module was selected to model the wave propagation in the steel bar. Single
frequency was picked to simulate the wave propagation in each specimen. The excitation
signal had a frequency of 100 kHz.
Figure 9.2 shows the mesh grid for the steel bar model. The mesh size has been
adapted to every acoustic subdomain in order to properly resolve the wavelength. The
maximum dimension of the finite element was set at a value that is 1/6th of the acoustic
wavelength in the steel rod. Since the wave speed is known, maximum element size can
be defined for a particular frequency.
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Figure 9.2 – Global mesh modeling

Stress, strain and velocity values were obtained for different sizes of the bar.
Figure 9.3 shows the variation of normal stress along the steel bar.

Figure 9.3 – FE output - normal stress variation along steel bar
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9.3 Numerical Results
Figure 9.4 shows the typical output of COMSOL. Figure 9.4(a) gives the variation
of the particle velocity along the central axis of the steel bar while Figure 9.4(b) gives the
variation of the normal stress. The results presented in Figure 9.4 are for the #5 smooth
steel bar with 5/8” (16 mm) diameter. Similar analyses were performed for the #4 and #6
bars, however their plots are not shown here. The particle velocity and stress values at the
two ends of every steel bar were extracted from the plots and recorded in Table 9.1.
Table 9.1 – Calculated output power for smooth steel bars
Bar
No.

Excitation Excitation Excitation Detected Detected Detected
Stress
Velocity Power
Stress
Velocity Power

Dia.

Area

(in)

x10-4 m2

(Pa)

4

½

1.29

2.00

6.10

15.74

1.60

2.40

4.95

5

5/8

2.00

1.60

5.00

16.00

0.60

2.10

2.52

6

3/4

2.84

1.33

4.25

16.05

0.55

1.60

2.50

x 10-8 m/s x10-12 W

(Pa)

x 10-8 m/s x10-12 W

Table 9.1 also shows the calculated excitation power and detected power at the
two ends of the smooth steel bar, using Equation 9.3, based on the recorded particle
velocities and stresses. In Table 9.1, note that the bar diameters were presented rather
than the bar radius and the unit for the bar diameter is given in inches.
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(a) Velocity variation along #5 steel bar

(b) Normal stress variation along #5 steel bar
Figure 9.4 – Typical output from COMSOL Multiphysics
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In Table 9.1, it should be noted that the excitation (input) power for the three steel
bars are almost same but the signal power received at the other end (right most column)
varies with the bar diameter.

9.4 Comparison Between FEM Output and Experimental Results
Table 9.2 shows the variation of the received signal amplitude for different steel
bar sizes from both experimental investigation and numerical analysis. The signal
amplitude for the experimental study was measured in Volts while the power calculated
from the numerical analysis has the unit of Watts. The input power and voltage amplitude
are not listed here because only the variations of the received signal with steel bar sizes
are of interest. Nonetheless, it is worthwhile to restate that the input powers were the
same for the three smooth bars in the numerical analyses. Likewise, the voltage
amplitude of the excitation signal was also the same for the three smooth bar specimens
in the experimental study; it was 12 Volts.
Table 9.2 – Comparison of experimentally detected signal amplitude and FE results
Bar

Finite Element

Experimental

Number

Result

Result

(x 10-12 W)

(Volts)

4

4.95

5.50

5

2.52

2.40

6

2.50

1.40
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Figure 9.5 shows the plots of the received signal amplitude versus the bar size for
#4, #5 and #6 smooth steel bars, from the experimental study and the numerical analysis.
Diameters of the bars are 1/2”, 5/8” and 3/4”, respectively. For the #4 and #5 steel bars,
the numerical results are very close to the experimental data. However, for the #6 bar, the
received signal amplitude from the experiment is slightly lower than that calculated from
the finite element analysis. However, two sets of results agreed very well for #4 and #5
bars.

Signal versus Bar Diameter
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Figure 9.5 – Received signal strength versus bar diameter –
Numerical and experimental data
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9.5 Discussions
The results from the numerical analysis presented in this chapter quantitatively
agree with the experimental results presented in Chapter 8 and confirm that there exists a
relationship between the signal amplitude and the diameter of the steel bar specimen. It
shows that the amplitude of the detected signal decreases when the diameter of the steel
rod increases. This relationship between the signal amplitude and the bar size (or bar
diameter) can be explained with the effects of attenuation due to absorption of the wave
energy by the material of the steel bar. Further explanations of this effect has been given
in Chapter 8.
As mentioned earlier in this chapter, the surface of the deformed bar in presence
of ribs, is too complicated to be modeled numerically or analytically. Therefore, this
analysis was limited to the smooth bar. Yet the agreement between the experimental and
numerical results for the smooth steel bars, to some extent, helps us to understand the
experimental results for the deformed bars as well.
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CHAPTER 10

CONCLUSIONS AND DISCUSSIONS

In this dissertation a guided ultrasonic wave based technique is developed for
detecting the corrosion at the interface of reinforcing steel and concrete. The study began
with implanted corrosion and physical separation (delamination), then advanced to in-situ
corrosion produced by a corrosion inducing system. The corrosion monitoring technique
was further improved by relating the amount of corrosion to the average change in the
signal arrival time for incremental lateral load applied to the reinforced concrete member.
The experimental data presented in Chapter 4 shows that the guided ultrasonic
wave testing technique is feasible for detecting corrosion and physical separation at the
interface of reinforcing steel and concrete in reinforced concrete members. Moreover, the
results suggest that the ultrasonic testing technique is capable of distinguishing between
the corrosion and the physical separation at the interface, if the reinforced concrete
member is monitored during its service life and the results are collected and properly
analyzed. The experimental results show that the signal amplitude decreases as the
amount of corrosion increases and the signal strength increases as the amount of
separation increases.
The experimental results from the in situ corrosion monitoring presented in
Chapter 6 reaffirms the findings of Chapter 4 and bring the experiment closer to the field
conditions for which the guided ultrasonic wave testing technique can be employed for
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Structural Health Monitoring. It clearly shows that the received signal amplitude decays
as the amount of corrosion increases. The experiment was carried out with continuous
monitoring of the structure as corrosion developed and grew at the steel-concrete
interface as the healthy reinforced concrete member was exposed to an artificial corrosive
environment for producing quick corrosion. Together with the development of the smart
aggregate technique as discussed in Chapter 3, in situ corrosion monitoring can provide
an important stepping stone to automated Structural Health Monitoring.
The findings presented in Chapter 7 provide an alternative way of monitoring the
corrosion damage. Section 7.4 clearly shows that there exists a relationship between the
average change in the time of flight for each incremental load and the amount of
corrosion (or amount of signal loss) in the reinforced concrete member. The curve in
Figure 7.5 shows a monotonic variation of the signal loss with the change in time-offlight recorded as the applied load varied.
In these tests the reinforcing bar in the specimen was placed above the neutral
axis, which positioned the bar in the compressive zone of the specimen. The change in
the signal arrival time (measured by the cross correlation analysis) is found to be positive.
It means that the signal arrives later as the load increases. As the amount of corrosion in
the reinforcing steel increases, the percent of signal loss increases. At the same time the
bonding strength between the steel and concrete decreases. Concrete looses its grip on the
rebar when corrosion occurs and the stress transfer from concrete to steel due to the
composite action is then less effective. Therefore, slippage occurs at the reinforcing steel
concrete interface when the corroded member is subjected to bending stress. Therefore,
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the reinforcing steel is subjected to lower level of stress as the amount of corrosion
increases. As a result the change in the signal arrival time for each load increment
decreases as the amount of corrosion increases.
It is worthwhile to mention that there is almost no change in the time of flight
when the specimen is loaded on its side. This is predictable since then the steel bar is
placed on the neutral plane of the beam where it is subjected to zero or minimal stress.
The experimental result agrees with the prediction.
During the unloading process, the time of flight plot gradually returns to the initial
value rather than showing clear steps as observed during the loading process. The
recorded TOF returns to the original value when the corrosion is low. However, with the
higher amount of corrosion, the unloading curve seems to level out in a relaxation mode.
Figure 7.3(b) through (e) show noticeable change in TOF during the unloading process.
In other words, the graph of the unloading region is flatter as the amount of corrosion
increases (more signal loss). It takes the specimen longer to get back to the initial value
of the TOF.
Based on the graph in Figure 7.5, it appears that the projected average change in
signal time of flight due to the bending load for the 100% signal loss (totally corroded)
reinforced concrete specimen would be zero. However this value will be difficult to
verify experimentally since the signal amplitude for this condition is also zero.
The experimental results presented in Chapter 8 clearly show that there exists a
variation in the received signal strength as the surface geometry of the wave-guide varies.
It shows that for the same transmitted signal the received signal was weakest for the bar
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with cross ribs, it was slightly stronger for the bar with perpendicular ribs, and the signal
was strongest for the bar with the diagonal ribs. Additionally, the results show that the
received signal amplitude of the guided wave also depends on the diameter of the
waveguides. It shows that the signal amplitude decreases when the bar diameter
increases. The dependence of the transmitted signal amplitude on the steel bar surface
geometries is partly due to the attenuation of the steel material.
The variations of the received signal amplitude with the diameter of the steel bar
were verified with the numerical results using COMSOL Multiphysics as presented in
Chapter 9. Finite Element Method was used to model the wave propagation in the smooth
steel bar and the results agreed with the experimental data.
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