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ABSTRACT

ABSTRACT

This thesis investigates the use of guided mechanical waves for monitoring uniform and localized
corrosion in steel reinforcing bars embedded in concrete. The main forms of structural deterioration from
uniform corrosion in reinforced concrete are the destruction of the bond between steel and concrete, the
loss of steel cross-sectional area, and the loss of concrete cross-sectional area from cracking and spalling.
Localized corrosion, or pitting, leads to severe loss of steel cross-sectional area, creating a high risk of bar

tensile failure and unintended transfer of loads to the surrounding concrete.

Reinforcing bars were used to guide the waves, rather than bulk concrete, allowing for longer inspection
distances due to lower material absorption, scattering, and divergence. Guided mechanical waves in low
frequency ranges (50 - 200 kHz) and higher frequency ranges (2 — 8 MHz) were monitored in reinforced
mortar specimens undergoing accelerated uniform corrosion. The frequency ranges chosen contain wave
modes with varying amounts of interaction, i.e. displacement profile, at the material interface. Lower
frequency modes were shown to be sensitive to the accumulation of corrosion product and the level of
bond between the surrounding mortar and rebar. This allows for the onset of corrosion and bond
deterioration to be monitored. Higher frequency modes were shown to be sensitive to changes in the bar
profile surface, allowing for the loss of cross-sectional area to be monitored. Guided mechanical waves in
the higher frequency range were also used to monitor reinforced mortar specimens undergoing
accelerated localized corrosion. The high frequency modes were also sensitive to the localized attack.
Also promising was the unique frequency spectrum response for both uniform and localized corrosion,
allowing the two corrosion types to be differentiated from through-transmission evaluation. The isolated
effects of the reinforcing ribs, simulated debonding, simulated pitting, water surrounding, and mortar

surrounding were also investigated using guided mechanical waves.
Results are presented and discussed within the framework of a corrosion process degradation model and
service life. A thorough review and discussion of the corrosion process, modeling the propagation of

corrosion, nondestructive methods for monitoring corrosion in reinforced concrete, and guided

mechanical waves have also been presented.
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CHAPTER 1: INTRODUCTION TO CORROSION OF REINFORCED CONCRETE

CHAPTER 1:
INTRODUCTION TO CORROSION OF REINFORCED CONCRETE

Reinforced concrete (RC) makes up a large part of the U.S. and international infrastructure. For instance,
over half of the bridge inventory in the U.S. is reinforced concrete [1]. From bridges to buildings, the
ease of formability, cost, fire resistance, durability, and aesthetics makes concrete a valuable construction
material. In many cases, reinforced concrete is designed to withstand harsh environments for well over
one hundred years. Normally, concrete reinforced with steel is a rather splendid combination. One can
think of the combination as a composite material, where the concrete is the matrix and the steel is the
reinforcement. Both materials have similar thermal expansion coefficients allowing for its use in a wide
range of temperatures. The high tensile strength of the steel reinforcement makes up for the weak tensile
strength of the concrete. Concrete also provides a high alkaline environment for the steel, helping to

protect it from corrosion.

However, corrosion does occur and it is currently one of the primary durability concerns for reinforced
concrete structures [2]. Corrosion leads to infrastructure problems associated with aesthetics,
serviceability, and safety. Infrastructures in almost all geographic locations are considered vulnerable to
corrosion. Corrosion of reinforced concrete is complicated, costly, and the frequency of its occurrence
has increased with time. One of the major complications in addressing the problem of corrosion is that so
many different sciences must be employed to completely define the process such as electrochemistry,
chemistry, mechanics, and physics to name a few. It is not always clear what approach is best to address

the problem.

To begin discussion on this topic, general descriptions of several aspects of the problem will be given. A
description of the service life of an RC structure with respect to corrosion, structural implications,
methods to offset the effects, real examples of in service deterioration, and cost estimates will be given.
The objective of the current report will be outlined, along with assumptions, description of experiments,

and a summary of how the report has been organized.

1.1 CORROSION PROCESS MODEL FOR REINFORCED CONCRETE
To effectively deal with corrosion in RC structures, one must try to understand the entire process. Tuutti
[3] set forth a model for the corrosion process in RC structures. Figure 1.1 is a close derivative of the

original model [4-6].
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CHAPTER 1. INTRODUCTION TO CORROSION OF REINFORCED CONCRETE

Corrosion Damage

Time

A
.
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Initiation Period Propagation Period
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Figure 1.1: Corrosion process model for reinforced concrete. Points A, B, C, D and E are located in different
stages of the corrosion process and are illustrated in Figure 1.2. Point A is after deleterious substances have started
to ingress but before reaching reinforcement depth. Point B is immediately after corrosion initiation. Point C is
after the initial corrosion product accumulation but prior to cracking. Point D indicates that cracking is beginning
while point E indicates more substantial cracking and possible spalling.

Corrosion damage in Figure 1.1 can be thought of as the amount of metallic mass loss from the corrosion
reaction, but a similar model could be given for many different condition parameters (e.g., aesthetics,
cracks, deflection, spalling, flexural capacity, shear capacity, and compressional capacity). The model

defines two periods during the corrosion process: initiation and propagation.

When bare steel is initially exposed to oxygen and water, it forms a very thin (1 um) dense layer of either
metal oxide or hydroxide on its surface [7]. This film, referred to as the passive layer, protects the steel
while it is contained in the proper environment. The initiation period is the amount of time that the
passive layer on the embedded steel is protected by the surrounding concrete. The initiation period begins
when the structure is built or rehabilitated and it is assumed that the passive layer has been formed on the
surface of the steel. The concrete provides a highly alkaline environment to protect the passive layer.
The length of the initiation period is determined by the amount of time that deleterious substances (e.g.,
chlorides and carbon dioxide) take to ingress through the concrete pore structure and/or cracks and reach
a critical threshold at the reinforcement depth. Both chlorides and carbon dioxide can eventually destroy
the passive layer and lead to the initiation of corrosion. In Figure 1.1, point A reflects a moment during
the ingress of the deleterious substances prior to reaching the reinforcement depth, with an illustration of

this process in Figure 1.2.
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CHAPTER 1: INTRODUCTION TO CORROSION OF REINFORCED CONCRETE

Steel

Steel

Concrete s Concrete
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Time
Figure 1.2: Progressive stages of corrosion process in RC structure. Points A, B, C, D and E are located in
different stages of the corrosion process model shown in Figure 1.1.

Chlorides are present from deicing salts deposited during the winter months in certain regions, exposure
to seawater, and/or admixtures (e.g., set accelerators) present at the time of concrete mixing. In the
northern United States, deicing salt usage increased from less than one million tons per year in 1950 to
approximately 15 million tons per year forty years later [8]. Carbonation takes place from a reaction
between the concrete and carbon dioxide present in the atmosphere. There are four mechanisms allowing
for fluids and ions (dissolved in fluid) to move through the concrete: capillary suction, permeation,
diffusion, and migration [9]. The ingress of chlorides and carbon dioxide are usually considered to take
place by a diffusion process through the pore system of the concrete. If cracks are present, there are
direct pathways for chlorides, water, and oxygen to reach the reinforcement. Once the chlorides or
carbonation has reached the reinforcement depth and destroyed the passive layer, both oxygen and water
must be present in order for the steel to corrode. For instance, reinforced concrete that is in a splash zone
of sea water (a few feet above sea level) usually corrodes at a higher rate than a section that is completely
submerged in sea water due to the availability of oxygen. Figure 1.3 shows the conditions for corrosion

of steel in concrete.

Carbonation
{(pH)
Chiloride

Figure 1.3: Conditions for corrosion of steel in concrete (extracted from [10]).

It should be noted that the type of corrosion depends on whether carbon dioxide or chlorides are present

and by the amount that ingresses. Carbon dioxide and a high concentration of chlorides usually remove
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CHAPTER 1: INTRODUCTION TO CORROSION OF REINFORCED CONCRETE

the passive layer more uniformly which leads to uniform corrosion (i.e. general or homogeneous), while a
lower concentration of chlorides remove the passive layer in select locations which leads to localized (i.e.
pitting) corrosion. Cracks connecting the concrete cover to the depth of reinforcement, usually caused by
other sources of deterioration (e.g., shrinkage, overloading, freezing/thawing, and settling), will lead to
more localized corrosion as well. Once the passive layer has been destroyed (point B), the initiation

period is over and the propagation period begins.

The propagation period tracks the progression of reinforcement corrosion over its service life. Point C
from Figure 1.1 is an example of corrosion product accumulation after the breakdown of the passive
layer. It is illustrated in Figure 1.2. Corrosion products are more voluminous than iron, generally two
(black rust) to six (red rust) times the volume. The surrounding concrete confines the amount of volume
expansion, creating hoop stresses from the pressure. Cracks are created (point D) in the concrete from the
hoop stress. The cracks degrade the ability of the surrounding concrete to confine the corrosion product
and subsequently reduce the interfacial bond. The crack patterns created are dependent on the
reinforcement location, the ratio of the depth of cover to the reinforcement diameter, and the type of
corrosion [11]. Multiple cracks (point E) can eventually lead to concrete section loss (spalling). The end
of the propagation period is determined by how service life is defined for the particular structure (e.g.,
crack width limit, deflection limit, and excessive spalling). Notice in Figure 1.1 that the rate of
deterioration increases as more pathways are generated from the surface of the concrete to the

reinforcement depth.

1.2 STRUCTURAL IMPLICATIONS OF CORROSION IN REINFORCED
CONCRETE

Localized corrosion accentuates the loss of bar cross-sectional area in one location, creating high stress
concentrations. This results in a loss of ductility and load bearing capacity of the structure. Localized
corrosion does not necessarily cause damage to the surrounding concrete, making detection of the damage

particularly difficult using traditional nondestructive evaluation methods.

The main contributing factors to structural damage in RC infrastructure from uniform corrosion are:
* Loss of the steel cross-sectional area during the corrosion reaction
¢ Cracking and spalling of the concrete from corrosion product accumulation

e Destruction of bond between the steel and concrete from corrosion product accumulation
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CHAPTER 1: INTRODUCTION TO CORROSION OF REINFORCED CONCRETE

Studies have been conducted to assess the depreciation of structural design parameters such as flexural
strength, shear strength, yield strength, ultimate strength, bond strength, ductility, and fatigue strength.
Those studies will be discussed further in Chapter 2.

1.3 EFFORTS TO COMBAT CORROSION IN REINFORCED CONCRETE

To counteract the destructive corrosion process, standard practices for reinforced concrete design have
been improved over the last 25 years. The quality of the concrete cover with respect to mix design,
placement, compaction, depth, sealants, and curing practices will tremendously delay the ingress of
deleterious substances. Carbon fiber-reinforced polymer wraps [12] and electrochemical chloride
removal systems [13] have been used to protect and restore reinforced concrete in corrosive
environments. Protection of the reinforcement by polymer/metallic coatings [14] and/or cathodic
protection [15] have also been effectively used. Ultimately, however, these practices generally only delay
the onset of corrosion rather than prevent the process entirely. Monitoring the corrosion process over
time is still necessary to ensure serviceability and safety requirements. Furthering the need for
monitoring is the industry goal to push service design lives of reinforced concrete structures well over one

hundred years.

14 EXAMPLES OF CORROSION IN REINFORCED CONCRETE

There are numerous examples of corroding reinforced concrete structures with only a few recent incidents
highlighted in this section. One very publicized example was Wrigley Field in Chicago, IL.. The baseball
park had several large chunks of concrete fall off (spalling) into the seating area in 2004 after being in use
for over 90 years. The cause of the falling concrete was most likely from corrosion of the steel
reinforcement initiated from chloride ingress and possible carbonation. Figure 1.4 shows the predominant

reasons for the spalling of concrete.

Bad Construction _,
(18%) p

Fatigue
(3%}

Freeze/Thaw [
(5%)

Insufficient Grout 7’-
(3%}
Cacbonaﬁon(

(5%)

Figure 1.4: Common reasons for spalling in reinforced concrete structures (extracted from [16]).
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CHAPTER 1: INTRODUCTION TO CORROSION OF REINFORCED CONCRETE

Clearly, corrosion of the reinforcement is the predominate reason for spalling in concrete structures. In
20035, a 60-ton bridge spanning 53 feet in length over Interstate 70 in Pittsburgh, PA. collapsed onto the
highway [17]. Figure 1.5(a) is a picture of the collapsed bridge.

Figure 1.5: Structural collapse of a remforced concrete(a on h1g way xtracted
from [17]) and (b) pedestrian walkway onto highway U.S. 29 in Charlotte N.C. (extracted from [18])

The collapse was attributed to two factors, corrosion of the bridge and a history of being hit by trucks.
The corrosion of the bridge was caused by 45 years of depositing deicing salts on the structure. In 2000, a
pedestrian bridge at the Motor Speedway in Charlotte, N.C. collapsed. A picture of the collapsed
pedestrian bridge is shown in Figure 1.5(b). The collapse was attributed to high amounts of calcium
chloride (used as a set-accelerating admixture) in the grout mix, causing the steel strands to corrode.
Over 100 pedestrians were injured in the collapse. There are numerous other examples, such as those

shown in Figure 1.6, of aesthetic and serviceability problems in current structures.

Figure 1.6: Rust staining and crac in RC structures from corrosion (extracted from [19]).

1.5 COST OF CORROSION IN REINFORCED CONCRETE

The annual cost associated with metallic corrosion in the United States alone has been estimated at $276
billion, making up 3% of the GDP (Gross Domestic Product) [20]. Of these costs, 16.4% ($22.6 billion)
are estimated for the infrastructure. Highway bridges are considered to make up 37% ($8.33 billion) of
the infrastructure, with the majority being reinforced concrete. If indirect costs to users (delays,

inconvenience, lost productivity) are taken into account, the cost can be over ten times as much per year.
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CHAPTER 1: INTRODUCTION TO CORROSION OF REINFORCED CONCRETE

Taking direct and indirect costs into account and assuming that half of the highway bridge inventory is
reinforced concrete, the cost of the problem is estimated at nearly $46 billion annually. To make matters
worse, the federal government has gradually reduced investment in public works. Due to the large cost
associated with the problem and the lack of funding, many have called for innovative testing methods to

be developed in order to help alleviate the situation [21].

1.6 OBJECTIVE OF INVESTIGATION

Ultimately, the public demands RC structures that are functional, cost-effective, reliable, and safe.
Therefore, regardless of whether better materials, design practices, and corrosion inhibiting systems are
being used, inspection of RC structural health must be undertaken. To date, numerous on-site non-
destructive and semi-destructive testing methods exist and are discussed further in Appendix A.
However, many of the methods are time-consuming procedures that require the structure to be
temporarily shut down. The closure will create indirect costs associated with the use of the method.
Direct costs associated with the methods use is the human task force sent out to inspect the structure and
the equipment involved. Most of the methods rely very heavily on the inspector’s expertise to visually
assess damage and their knowledge of the equipment (if any) used to inspect the structure. For some
structures, the demand of having an inspector on-site poses safety risks (e.g., heavy traffic areas). Other
methods that can avoid on-site inspections (e.g., ground penetrating radar from a moving vehicle) are

generally structure specific, allowing for inspection of only certain parts of a structure (e.g., bridge deck).

Therefore, a demand exists for smart structural health monitoring systems. The current research is aimed
towards the development of an embeddable corrosion monitoring systems for RC structures. Embeddable
sensors, in conjunction with artificial intelligence systems (e.g., neural networks, case-based reasoning,
and fuzzy logic) for the processing and interpretation of data, would allow for continuous updates of
structural health and real-time decision-making capabilities to ensure serviceability and safety
requirements. Since the corrosion process occurs in multiple stages (discussed in more detail in Chapters
2 and 3), it is doubtful that one particular method or technique can monitor the entire process. Within
recent years, several embeddable sensors for detection and monitoring of corrosion in reinforced concrete
have been or are currently being developed. A need still exists for an embeddable sensing method that
will allow for a more direct assessment of the condition (e.g., steel cross-sectional loss and bond loss) of

the reinforcing steel.

Towards the development of such a methodology, a guided mechanical wave approach has been

undertaken. An ultrasonic approach was chosen because of the relative feasibility of using an embedded
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CHAPTER 1: INTRODUCTION TO CORROSION OF REINFORCED CONCRETE

ultrasonic network for monitoring corrosion in real structures. Guided mechanical waves were chosen
because of the cylindrical geometry of the rebar, the lower attenuation of wave propagation in steel
compared to concrete, and the possibility of analyzing guided wave behavior in certain frequency ranges
to distinguish between the loss of bar cross-sectional area and changes in interface conditions. A system
of wireless embedded sensors for ultrasonic wave transmission and reception are envisioned. Figure 1.7

shows a sensor mounted onto the side of a reinforcing bar, within a bridge.

Reinforcement

L

[}
Transducer

Figure 1.7: Idealized wireless embedded sensor for in-situ ultrasonic corrosion monitoring system.

The possibility exists for utilizing the same ultrasonic network to monitor the time of set [22] and other
durability issues besides corrosion such as freeze-thaw attack, overloading, cracking, and earthquake
damage. For the testing reported, waves were propagated along exposed rebar ends under different types

of environmental and deterioration conditions. Figure 1.8 is an example of how specimens were tested.

Rebar

Wave in ~ Mortar Wave out

Figure 1.8: Guided mechanical wave pfopagating aldng rebar embedded in mortar.

One disadvantage of guided mechanical waves for monitoring corrosion in reinforced concrete is the
limitation of inspection range for certain modes and frequencies. Unlike guided wave propagation in
metal pipelines in air, wave energy in steel bars embedded in mortar is lost (i.e. attenuated) at high rates
due to leakage into the surrounding mortar. Generally, different modes have attenuation minima that
have a minimal amount of wave energy lost due to leakage and material absorption. However, once

corrosion begins to occur the corrosion product accumulation will actually cause an increase in bond
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CHAPTER {: INTRODUCTION TO CORROSION OF REINFORCED CONCRETE

(discussed in more detail in Chapter 2) and subsequently lead to more energy leaking into the surrounding
mortar. Irregularities in the bar profile surface from corrosion can cause more attenuation from
reflections, scattering, and mode conversions. Figure 1.9 is an illustration of wave energy leaking out into

the surrounding mortar.

Mortar Leaked Energy

Rebar

Figure 1.9: Wave energy leaked from rebar into the surrounding mortar. Image was generated with the aid of
Disperse software.

Further complicating the analysis of guided wave behavior is the presence of water in the mortar, the
unknown angle and depth of bar profile irregularities during testing, the change in pressure at the
rebar/mortar interface, and the constantly changing confinement strength provided by the surrounding
mortar. For an in-situ monitoring system using guided mechanical waves to be realized, the effects of
these factors must be isolated and better understood. This report intends to begin shedding light on many

of these issues.

1.7  ASSUMPTIONS FOR THIS INVESTIGATION

To date, the use of guided mechanical waves for continuous monitoring of actual corroding reinforced
concrete specimens has not been reported. Since the experimental results detailed in this report are one of
many steps towards an actual in-situ monitoring system, a few simplifying assumptions were made.

e Mortar was used for testing rather than concrete. Concrete is the combination of cement, water,
small aggregate (e.g., sand), and large aggregate (e.g., rocks). To create mortar, the same
combination of materials was used as with concrete but without the large aggregate. The
omission was made to reduce variability from large aggregate placement and interaction along the
specimen. Mortar was used, as opposed to a cement paste (cement, water), because the
mechanical behavior is closer to concrete.

e In this report, reinforcement refers to ribbed cylindrical reinforcing bars (rebar) with solid cross-

section. Although reinforcing strands (tendons) are used in industry for prestressed reinforced
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CHAPTER !: INTRODUCTION TO CORROSION OF REINFORCED CONCRETE

concrete, they are not explored within this report. In 2003, the FHWA reported that prestressed
concrete (i.e. concrete using strands for reinforcement) makes up the majority of all new and
replaced bridges in the United States at 38.7%. However, normal concrete is a close second, with
35.7% of the market. Reinforcing strands have typically one center strand with six outer strands
wrapped around the center strand. Figure 1.10 is a photograph of both a rebar and a seven-wire

strand specimen.

‘ Tendon

/

Figure 1.10: Photogljaph of rebar (left) and seven-wire strand (right). Rebar was monitored in this report.

Small diameter tendons have been investigated in previous work [23] for monitoring wire breaks
from corrosion. It was reported that the tendons would have limited inspection potential due to
the attenuative effects of curvature and leakage. Opportunity might still exist for embeddable
sensors attached to strands to overcome these issues. However, the report noted that there was
much more promise with inspecting larger diameter rebar and grouted bolts.

e Corrosion is accelerated using impressed current. The corrosion process can take several years to
occur naturally. To allow for several guided wave tests, the corrosion process was substantially
accelerated.

e Mortar specimens were tested with no external loading, temperature changes, or wet/dry cycling.
The mortar specimens used had a relatively small cross-sectional area to allow for a rapid
corrosion reaction. The effects of external loading and other environmental factors are critical to
the use of guided mechanical systems for an in-situ monitoring system. However, the effects

were not explored within this report.

1.8 DESCRIPTION OF EXPERIMENTAL INVESTIGATION

To explore guided mechanical waves as a viable method for monitoring corrosion of reinforced concrete,
several experiments have been designed. Material properties of the mortar were first investigated.
Compression tests were conducted on dry and wet mortar cylindrical specimens to ascertain the static
modulus of elasticity and Poisson’s ratio. The effect of reinforcing ribs on wave propagation was

investigated by testing rebar with different rib patterns and comparing the results to those obtained for a

10
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CHAPTER 1: INTRODUCTION TO CORROSION OF REINFORCED CONCRETE

solid steel bar. Guided wave experiments with an embedded steel bar in water and mortar were
conducted to find the attenuation characteristics for different modes and frequencies. Since water is
present in the corrosion process and likely to fill cracks and voids adjacent to rebar, its effect on guided

wave characteristics was investigated.

Since the process of corrosion in actual structures is a complicated interaction between several variables,
simulated corrosion experiments were then conducted to isolate certain effects. Rebar specimens with
corrosion damage along their length were tested in air. Bond was inhibited between the rebar and mortar
over specific lengths, with different guided wave modes and frequencies tested for monitoring
capabilities. A rebar specimen in air was monitored while being cut in half to determine the effect on the
guided waves. A set of reinforced mortar specimens with seeded local defects were used to test the
feasibility of monitoring pitting corrosion. The effect of moisture at the rebar level was investigated by

wetting dry reinforced mortar specimens while monitoring.

Actual corrosion tests were then conducted on reinforced mortar specimens. Corrosion was accelerated
using impressed current. In order to find a relationship between the theoretical amount of mass loss and
the actual amount of mass loss from corrosion, several specimens were corroded to various levels and
then the bar was extracted and weighed. Once the actual amount of mass loss was known for a certain
level of accelerated uniform corrosion, continuous monitoring of reinforced mortar beams was conducted
using various modes and frequency sweeps. Continuous monitoring of localized corrosion in reinforced

mortar beams was also conducted for higher frequency modes.

1.9 OVERVIEW OF ENTIRE REPORT

Chapter 2 provides a description of concrete and its hydration products, a review of electrochemistry and
Pourbaix diagrams, and the chemical and electrochemical reactions that take place during the ingress of
deleterious substances and the propagation of the corrosion reaction. Efforts to model the corrosion
process, specifically the propagation period, are described in Chapter 3. Details on the modeling of
corrosion pressure at the steel/concrete interface are given, with a solution for the geometry of specimens
used in this report. The theoretical results from the model of corrosion pressure are used to compare to
the experimental results from guided mechanical wave testing. The derivation of guided mechanical
wave solutions for the system with mode selection is provided in Chapter 4. Chapter 5 provides a
literature review of previous research on monitoring reinforced concrete with guided mechanical waves.
Chapter 6 is a full description of the experimental setup and results from guided wave testing, Chapter 7

provides conclusions from the experimental investigation and suggestion for the direction of future work.

11
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The Appendices provide a review of nondestructive testing and evaluation (NDT & E) methods for
corrosion monitoring, modeling efforts for the initiation period and service life of corroding reinforced
concrete structures, and wave propagation in solid bulk materials. Brief descriptions are also provided on
Pourbaix diagrams, Fick’s 2™ law of diffusion, cylindrical coordinates, vector and tensor notation, and

Bessel functions.

12
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CHAPTER 2: |
CORROSION PROCESS FOR REINFORCED CONCRETE

The purpose of this chapter is to physically describe the entire corrosion process in reinforced concrete
and how it affects the structural performance of RC structures. The discussion will begin with a
description of the hydration of concrete and subsequent hydration products. An overview of the
electrochemical nature of metals is provided, with specific emphasis on iron. The different mechanisms
for the initiation and propagation periods of the corrosion process will then be discussed. The different
mechanisms initiating corrosion are discussed first, with the chemical and electrochemical equations for
the propagation period given next. Discussion of the different types of metallic corrosion is provided.

The structural implications are given at the end.

2.1 DESCRIPTION OF CONCRETE HYDRATION PRODUCTS

Concrete affects the corrosion process by providing a highly alkaline environment for creation of a
passive layer on the surface of the steel and acting as a barrier for the ingress of deleterious substances.
In order to understand how concrete affects these two aspects of the process, one must understand the
chemistry. The chemistry related to concrete hydration is rather involved and complex. Therefore, this
section shall only try to briefly summarize the components of the process that will affect corrosion of the
reinforcement surrounded by concrete. Concrete is a composite material consisting of cement, water,
small aggregate (e.g. sand), and large aggregate (e.g. rocks). The type of cement that is typically used is

Portland cement, consisting of the components shown in Table 2.1.

Table 2.1: Main components of Portland cement (extracted from [9] and [24]).

Component Chemical Formula __ Shorthand Notation Weight Percentage
Tricalcium silicate 3Ca0-S8i0, CsS 45 — 60%
Dicalcium silicate 2Ca0-Si0, C,S 5-30%

Tricalcium aluminate 3Ca0-AlL0; CA 6—-15%
Tetracalcium ferroaluminate  4Ca0-AlO; - Fe,0; C4AF 6-8%
Gypsum CaSO42H,0 CcsS 3-5%

Reactions with water are referred to as hydration reactions and the products are referred to as hydration
products. When only cement and water are mixed to create a paste, the components in Table 2.1 will
combine with water to create hydration products. The two calcium silicates (CsS and C,S) will produce

calcium silicate hydrate and calcium hydroxide:

2C3S + 6H20 g C3SzH3 + 3C3(0H)2 ......................................... (21)
2C,S + 4H,0 — C3S,Hs + Ca(OH)ynnvveeoneeeeeeeeeersesereseeseesne (2.2)
13
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Calcium hydroxide (also referred to as portlandite), Ca(OH),, are hexagonal crystals that occupy 20 —
25% of the paste volume [24]. The calcium hydroxide can create a pore liquid with a pH of up to 13.5,

helping to protect the steel from corrosion (refer to Section 2.2.1).

After hydration, the cement paste will have interconnected pores varying in sizes throughout its matrix.
The three types of pores are macropores, capillary pores, and gel pores. Gel pores are the result of
interlayer spacing with the calcium silicate hydrate (C;S,H;) [9]. The gel pores are roughly 28% of the
gel volume and are in the size range of nanometers. Capillary pores are the result of areas not filled with
hydration products. They are much larger than gel pores, generally ranging in size from 10 to 50 nm, and
in some cases reaching as high as a few micrometers. Powers [25] proposed an equation to solve for the

volume of capillary pores in a cement paste:
Vip = (W/€ —0.36h) c.ooveririiiniriirieiiennieniniereesenesessesessessenens 2.3)

where w/c is the water-to-cement ratio and h is the degree of hydration. The macropores are the result of
trapped (or entrained) air bubbles and are on the size of a few millimeters. The macropores and capillary
pores play a critical role with respect to the ingress of deleterious substances discussed later. Figure 2.1 is

a sketch of the microstructure of concrete.

Unhydrated cement

Air

Bubble ydrated cement

and gel pores

apillary pores
icrocrack

N\

Figure 2.1: Microstructure of concrete (xtracted from [26]).

When rebar is embedded in fresh concrete, an interfacial transition zone (ITZ) develops between the two
materials. It is comprised mainly of portlandite and is approximately 50 um thick [27,28]. The ITZ is
less stiff, more porous, and more heterogeneous than the bulk concrete. The ITZ stiffness has even been
reported as larger on the top of a bar compared to below the bar due to internal bleeding and settlement of
particles during the placement of the concrete [28]. The difference in stiffness and higher porosity may

explain some of the discrepancies in predictions from modeling and experimental results discussed later.

14
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The ITZ will also act as a porous zone for the deposit of corrosion products, allowing for some

accumulation before a dramatic increase occurs in the concrete hoop stresses.

2.2  DESCRIPTION OF ELECTROCHEMICAL NATURE OF METALS

Corrosion typically occurs between two dissimilar conducting metals where electrons are transferred from
the metal with a lower electrode potential (anode) to the metal with a higher electrode potential (cathode).
This type of corrosion reaction is termed galvanic corrosion. A classic example of galvanic corrosion is

illustrated in a galvanic cell, or a voltaic cell. Below in Figure 2.2, a galvanic cell setup is illustrated.

EXTERNAL CIRCUIT

) TONS —

ELECTROLYTE (A)

B Figﬁre 22 Gal vaﬁic cell.
The anode, material A, is connected to the cathode, material B, via an external circuit. The anode and
cathode has been placed in electrolytes containing positive ions of the respective material. A porous plug
connects both solutions to allow transfer of positive ions, maintaining electrical neutrality. If electrical
neutrality is not maintained, the reaction would stop due to the buildup of such a large charge. The
following reaction occurs at the anode (oxidation reaction) and cathode (reduction reaction):

A — A™+ ne (anodic reaction) ............eeeveerrrreereereerersescnsnseesnns 2.4

B™ + ne” — B (cathodic 1eaction) ...........c.coevvrervveirereeerensennnnns 2.5)
where n represents the number of ions and electrons involved. The electrons given off by the anode,
travel through the external circuit to the cathode. The anode is considered corroding due tb the release of
electrons. This process is termed an oxidation reaction. The cathode has a collection of reaction products

forming at its surface. This process is termed a reduction reaction. The formation of products on the

cathode protects the material from corrosion.
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Assuming a constant temperature and pressure, there must be a decrease in free energy for the chemical
reaction to take place from left to right [29]. This change in energy is related to the conversion of the
reactants to the products. It is typically measured from the heat given off (exothermic) or the heat taken

away (endothermic) from the environment. Take for instance a typical generic chemical reaction:
DA FTNEB =0C 0D .o (2.6)

where A and B are the reactants, C and D are the products, and each n represents the number of moles
involved for each respective material. For this reaction to occur (reactants to products) the associated
change in free energy (AG) must be less than zero. The change in free energy is found by using the
following equation:

[C]" [D]™

AG=AG +RT It e 2.7
[A]% [B]™

where AG® is a thermodynamic constant experimentally found for each respective reaction, R is a gas
constant, T is the temperature at which the reaction occurs (in Kelvins), and the brackets circumscribing
the reactants and products refer to the concentration of each material. The concentration of the material is
in molarity, which is the amount of moles of species per liter of solution. A mole represents 6.023 x 10?
atoms. A state of equilibrium exists if the change in free energy is zero. The possible occurrence of this
chemical reaction can be estimated if the thermodynamic constant, respective reactant concentrations, and
the environment can be relatively well estimated. For the particular case of corrosion, one is dealing with
an electrochemical reaction. The generic electrochemical reaction shown below will be used for this

discussion:
DA +TDEB 26 =nCH gD o (2.8)

where the same idea applies from the chemical reaction, except that free electrons are involved and the
number of which is designated by ‘z’. In order for this reaction to occur from left to right (reactants to
products) the electrode potential must be less than the value of electrode potential at equilibrium. The
following equation, called the Nernst equation, now describes the electrode potential at equilibrium for

the case of the generic electrochemical reaction:

. B A]%s [B]"
Bo =B + XL q AT B _pe  RT 530310 LB 2.9)
ZF  [C]"[D]™ zF [C]* [D]™
16
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where F is Faraday’s constant and E’ refers to the standard electrode potential for the reaction (relative to
the thermodynamic constant for the chemical reaction). Faraday’s constant is equal to 96,500
Coulomb/mole. This represents the amount of charge contained in 1 mole of electrons. An estimate can
be made as to whether this electrochemical reaction will occur if the standard electrode potential, reactant
concentrations, and the environment can be reasonably estimated. The Nernst equation determines if the
corrosion reaction is thermodynamically possible. However, it does not determine the rate of the reaction.,
When a potential is applied to the cell and E deviates from E,, the concentrations of ions will change to
regain equilibrium [30]. During the time it takes to regain equilibrium, electrons flow in the external
circuit shown in Figure 2.2. At equilibrium the rate of transfer is equal in both directions and is termed
the exchange current density, i,. Each material has an i, value, which is dependent on how catalytic the
material is and the surface characteristics. Faraday’s law provides a relationship between the current and

the amount of mass (grams) reacted:

where I is the current (amps), t is time (in seconds), and a is the atomic weight of the reactant (grams).

One could rewrite this as a rate for the electrochemical reaction:

where i is the current density (amps/area). Current density, rather than current, indicates the rate of the

corrosion reaction and is proportional to the rate of loss of anode material per unit area of anode [31].

The difference between the cell potential, V, and the equilibrium potential, E, is defined as the
overvoltage, . When n 20, the cell is consic{ered polarized. An overvoltage can control the direction
and rate of the reaction. Two different types of polarization exist: activation and concentration [32].
Activation polarization arises from a free energy barrier (i.e. electrical double layer or Helmholtz layer) at
the electrode/electrolyte interface. Essentially water molecules at the interface interact more strongly
with the electrode than the metal ions in solution [30]. In order for the reaction to occur, the free energy
barrier must be surmounted. Ultimately, the anodic and cathodic overpotentials from activation

polarization can be written as a function of the anodic and cathodic current densities [31]:

17
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n, =B, -log(l:—cJ ....................................................................... 2.13)

/]

where B, = 2.3RT/azF, B, = 2.3RT/(1- a;)zF, and o, is a transfer coefficient (i.e. fitting parameter) with
idealized behavior equal to %. The relationship between 1 and 7 is of the form n « log i and is referred to
as Tafel behavior [30]. Concentration polarization is the result of high currents either depleting the
adjacent solution at the cathode of the dissolved species or not allowing the transport of soluble oxidation
products away from the anodic surface [31]. The overvoltage can be written as a function of the current

density:

n=%-1og[1-’4j ................................................................ (2.14)

L

where if is the limiting current density. The limiting corrosion density can be calculated based on an
expression for the rate of ion diffusion through an idealized diffusion layer near the electrode [7]. The
overvoltage from activation and concentration polarization can be added together to give the total

overvoltage.

2.2.1 POURBAIX DIAGRAMS

Pourbaix diagrams are electrochemical phase diagrams for metals, originally proposed by Pourbaix and
associates for use with iron in water. However, Pourbaix diagrams have been constructed for most other
metals. They aid in understanding what type of environmental conditions allow corrosion to occur.
Depending on the particular electrode potential and pH, various electrochemical reactions are
thermodynamically possible. The diagram indicates which type of ion or solid is present at equilibrium.
The diagram does not shed light into the kinetics of the reaction. In other words, the diagram will allow
for a determination of whether corrosion is possible but not a determination of the rate of the reaction.
The diagram is much more sensitive to increased temperature than pressure [33]. The Pourbaix diagram
does not convey the effect of strong reducing environments (e.g. chlorides and sulfides), the effects of
which will be discussed later. Pourbaix diagrams for iron have been provided (Figures 2.3 and 2.4) with

more information on how they were constructed provided in Appendix B.
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Figure 2.4: Pourbaix diagram for iron in water (T = 25°C, p = 1 atm, solids considered: Fe, Fe(OH), and Fe(OH)5).

One notices in Figures 2.3 and 2.4 there are solid, dashed, and dotted lines on the diagram. The solid
lines represent areas of solid substances (solid names bolded). The dashed lines pertain to the stability of
water. Water is unstable above and below the dashed lines marked “oxygen evolution” and “hydrogen
evolution”, respectively. In between the two dashed lines, water is thermodynamically stable for 25°C
and 1 atm of pressure. The dotted lines represent areas where ions are present. One can assume that the
solids are more stable than the ions. The ions in areas of solids are shown to give the reader an idea of
how many types of reactions can occur. Two different Pourbaix diagrams are provided for iron based on
assumptions of what type of solid substances will form. Table 2.2 lists some of the different solid
corrosion products that can form from corroding iron. The mass (@) and volume (a;) ratios for the

corrosion products with respect to iron are also listed.
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Table 2.2: Various corrosion products resulting from corrosion of iron (extracted from [34]).

FeO FC304 F6203 F C(OH)2 FC(OH)3 FC(OH)3 '3H20
Ferrous . . Ferrous . . Hydrated
Name Oxide Magnetite | Haematite Hydroxide Ferric Hydroxide Ferric Hydroxide
Color Black Black Red-Brown White Red-Brown Red-Brown
a 0.777 0.724 0.699 0.622 0.523 0.347
(o3} 1.80 2.00 2.20 3.75 4.20 6.40

The region labeled immunity is the best protection against corrosion. In this region, corrosion is
thermodynamically impossible. The next best region is passivity. In the region marked passivity, a
passive layer forms on the steel surface composed of the solid substance indicated in the diagram. The
third region is corrosion, meaning that the steel is in an active state. In this region, the iron has a strong

tendency to break down into ions. For iron in water, corrosion refers to uniform (i.e. general) corrosion.

23 DESCRIPTION OF CORROSION PROCESS IN REINFORCED CONCRETE
A description of the corrosion process stages is now outlined. Even though models of the corrosion
process are covered in more depth in Chapter 3, the classical representation (described by [3]) of the

process is used in this chapter for illustrative purposes (Figure 2.5).
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Figure 2.5: Classical corrosion process model (extracted from [3]).

There are two distinct periods described for the corrosion process in reinforced concrete, the initiation
period and the propagation period. The initiation period begins with the initial construction, repair, and/or
rehabilitation of the structure. It is assumed that a protective passive layer is uniformly created along the
length of reinforcement. The end of the initiation period is marked by the destruction of this passive layer
(depassivation) with the subsequent initiation of corrosion. How permeable or damaged (i.e. cracked and

spalled) the concrete is determines the ability of fluids to penetrate the concrete and initiate corrosion.
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Assuming the passive film is destroyed and that oxygen and water are available, reinforcement corrosion
begins. This marks the end of the initiation period and the beginning of the propagation period. The
propagation period starts with the initiation of corrosion and ends with whatever definition of service life
is in place for the structure (e.g., aesthetics or flexural failure). The primary substances responsible for
the destruction of the passive layer are the ingress of carbon dioxide (CO,) and/or chlorides. The
interaction of these two substances will be discussed later since both could be present at the same time.
The initiation period is the time that these deleterious substances take to ingress (shown in Figure 2.6) to

the reinforcement depth.

Surface

Reinforcement

Figure 2.6: Ingresé of déletéﬁoﬁs Sﬁbstahces in concrete.
The passive layer can also be destroyed by a lack of oxygen (fully submerged and/or buried RC
structures), resulting from the limiting cathodic current density becoming insufficient [29]. To model the

length of time for the initiation period of the structure, one must model the ingress of CO, and chlorides

in concrete.

2.3.1 INITIATION PERIOD IN CONCRETE
There are four mechanisms allowing for fluids and ions (dissolved in fluid) to move through the concrete:
capillary suction, permeation, diffusion, and migration [9]. Each will be briefly described with special

emphasis on diffusion since this is usually assumed as the main mechanism of ingress for real structures.
Capillary suction is from the capillary action from long slender (small diameter) spaces called capillary
pores in the cement paste (see Figure 2.1). Capillary action describes the physical effect of a fluids

interaction with the walls of a narrow tube or passageway (water “climbs” up the walls). Water behaves

as bulk water and menisci are created as the pores are filled and emptied [24]. How much capillary
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suction takes place in concrete is dependent on the surface tension, viscosity, and density of the liquid as

well as the size of the pores [9].

Permeability is a quantitative measure of the ability of a porous media to conduct fluid flow. Permeation
is the physical act of fluids flowing through the porous media, resulting from a pressure gradient in the
concrete. The rate (dg/dt, units of kg/m’) at which the fluid will penetrate is calculated using Darcy’s

Law:

where K is the intrinsic permeability of concrete (m®), AP is the difference in pressure (Pa), A is the
transverse area (m?), L is the thickness of the concrete specimen (m), and u is the viscosity of the fluid
(N-s/m®). This not only describes the ingress of chlorides and carbonation, it can also take into account
the amount of corrosion product that permeates away from the reaction site from pressure buildup at the

material interface.

Diffusion is the process by which matter is transported from one part of a system to another as a result of
random molecular motions [35]. A relevant example of diffusion is helium trapped within a balloon.
Over time the balloon will get smaller due to helium atoms diffusing through the balloon membrane.
Differences in the concentration of the diffusing matter will drive the transport. For the diffusion of
chlorides and carbon dioxide through concrete, the process is more complicated due to the porous nature

of the concrete. Fick’s 1% law characterizes diffusion in a steady state condition:

F=-D - VC (three-dimensional)..........c.coceererurerrrrricesrerernnnens (2.16)

F=—D%—C— T R ) P @.17)
X

The variable F represents the diffusion flux, D is the coefficient of diffusivity, C is the concentration, and
V represents the gradient (refer to Appendix H). Flux is the amount of diffusing matter that flows through
a unit area per unit time. Fick’s 1¥ law defines how fast particles pass through a given area, assuming
steady state diffusion (concentration within the diffusion volume does not change with respect to time).
Non-steady state diffusion occurs when the concentration changes within the diffusion volume with
respect to time. Fick’s 2™ law (refer to Appendix D) can be used to define the chloride level when non-

steady state diffusion occurs:
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x,t)=C,|1—erf L S 2.18
c(x,t)=C {1 (2«/5]} (2.18)

where C, is the surface chloride ion concentration, x is the depth, t is the time, D is assumed a constant

coefficient of diffusivity, and:

Tables of calculated erf values exist to allow for quick calculation using this closed form solution.

Migration is the transport of ions in a solution from an electric field [9]. In order to accelerate corrosion
in laboratory studies, impressed current has been used to transport the chloride ions to the reinforcement.
During corrosion initiated from the ingress of chlorides, an electric field can be created from the

accumulation of chloride ions.

2.3.1.1 INGRESS OF CARBON DIOXIDE IN CONCRETE

Carbonation of concrete is the result of a chemical reaction involving carbon dioxide (CO,) from the
atmosphere and calcium hydroxide (Ca(OH),) from the concrete (refer to Section 2.1). The reaction is a

multiple step process starting with calcium hydroxide dissolving [36]:
Ca(OH)y = Ca™ + 20H ..ooooeeeeeeeeeeeeeeeeeseeereeessseeeeeess (2.20)
and the carbon dioxide dissolving in the concrete pore water:

HyO + CO; = HCO3 + H oo (2.21)
HCO3 = CO3ZH H oot vesereseeseresssessenssesenes (2.22)

Calcium carbonate (carbonation product) is finally produced from the combination of the products of the

previous equations:
Ca™? + 20H +2H" + CO3? — CaCOs + 2H3O .o, (2.23)

The total reaction is more generally written in the literature:

H,0
CO, +Ca(OH), = CaCO; +Hy0 ooveerereeererrieeeeevsieeeenas (2.24)
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As carbon dioxide reacts with the calcium hydroxide, the pH of the concrete decreases from around 13 to
below 9. The carbon dioxide proceeds in steps, eventually penetrating to the depth of reinforcement.
Referring to the Pourbaix diagrams in Figures 2.3 and 2.4, pH levels below 9 indicate that corrosion is
thermodynamically possible. The environment, the pore structure of the concrete, and the presence of
water in the pores will determine the rate at which carbon dioxide will react and further ingress.
Diffusion of carbon dioxide in air is much faster than in water (10 time faster in air) [29]. However, the
carbonation reaction will not occur if water is not present. Therefore, partially water filled pores in

concrete is the quickest route for the carbonation reaction to proceed.

2.3.1.2 INGRESS OF CHLORIDES IN CONCRETE

As mentioned previously, chlorides are present from deicing salts, exposure to seawater, admixtures, and
ground salinity. The sum of the chlorides that enter the concrete are referred to as the total chlorides. A
portion of the total chlorides will react chemically with components of the cement paste and become
chemically bound or will become physically adsorbed to the cement gel or physically trapped in gel or
capillary pores [37]. These chlorides are referred to as bound chlorides. The portion of the total chlorides
not bound are referred to as free chlorides. Free chlorides are responsible for acting as a reaction catalyst
[38]. Corrosion is typically thought to occur once a critical free chloride threshold has been breached.
Figure 2.7 illustrates the electrochemical behavior of steel immersed in a chloride free solution and a

solution containing chloride.

IMMUNITY IMMUNITY
2 R . N R N j 2
¢ 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

pH pH
Figure 2.7: Behavior of iron in solutions containing (a) no chloride (left) and (b) containing chloride (355 ppm).
Experimental conditions for immunity, general corrosion, perfect and imperfect passivity, and pitting are shown
(extracted from [39]).

Protection that is considered perfect or imperfect depends on whether or not the passive film perfectly

shields the metal from contact with the solution [39]. Imperfect passivity allows corrosion to affect weak
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points in the passive film and therefore is localized in nature. The effect of chloride is pronounced from
the diagrams. The region of passivity is significantly decreased in the presence of chloride, with the
appearance of a pitting region for a pH range of 6 to 10. For even lower pH values, the region of general
corrosion has been further increased. Free chlorides have the unique ability to be reused over and over as

areaction catalyst. The ferrous ions react with chloride to create ferrous chloride [38]:

Fe?* +2C17 3 FECly vvvrrvornverneeeeneeeseeeessseseseeessseessssesssees s (2.25)
The ferrous chloride can react with water to create ferrous hydroxide and free chlorides:

FeCl, +2H,0 = Fe(OH ), +2C1 wuuvuniereeerienecreeeeeenereeesenens (2.26)
or react with oxygen and water to create magnetite, hydrogen ions, and free chlorides:

6FeCl, +0, +6H,0 — 2Fe;0, +12H" +12C1™ ooovrvorrrrr. (2.27)

Figure 2.8 shows how both the chloride concentration and pH play a critical role in determining the

likelihood of corrosion initiation.
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Figure 2.8: Critical chloride concentration threshold as a function of pH level (extracted from [24]).

2.3.1.3 INTERACTION OF CARBON DIOXIDE AND CHLORIDES IN CONCRETE

When the carbonation reaction lowers the pH, some hydration products with bound chlorides (e.g.
Friedel’s salt) will breakdown. This chemical effect raises the chloride concentration in the concrete.
However, the carbonation reaction will also reduce the total porosity of the concrete [40]. This physical

effect will slow down the diffusion of the chlorides in the concrete. The physical effect has been shown
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to be the dominant effect [41]. The mix design will play a critical role in determining the overall

interaction effects between carbon dioxide and chloride ingress.

23.2 PROPAGATION PERIOD FOR CORROSION OF REINFORCEMENT IN CONCRETE
Unlike galvanic corrosion, corrosion in reinforced concrete does not usually have two dissimilar metals
fueling the corrosion process. The corrosion in reinforced concrete usually takes place within the same
bar of steel, however there must still be an anode and a cathode in order for corrosion to occur. The
anode and cathode are created due to heterogeneities in the steel such as grain structure, composition,
impurity levels, and different amounts of residual strain [24,42]. These are typically a reflection of how
the reinforcement was created during the casting process, loading scenario, and age of the material. The
concrete also creates heterogeneities due to its inherent nature. Different concentrations of oxygen and
water will exist along the bar. The pH level, compaction, cracks, w/c ratio, and void size will vary along
the steel and concrete interface. Other causes are air bubbles trapped in the mix, bleeding, and
mechanical degradation of the interface between the steel and concrete [27]. Three conditions typically
exist to allow corrosion in reinforced concrete [43]:

1. A difference in voltage potential between points on the steel surface or surrounding material

2. The concrete must be conductive to form the electrolyte (i.e. close the circuit)

3. The concrete must have electrical contact with the steel

A sketch of the process is shown in Figure 2.9.

CATHODE

Figure 2.9: Corrosion reactions in reinforced concrete.

It should be noted that the entire electrochemical process at the interface is very complicated. The
explanation given here is a simplified view including the critical components. To start, it is assumed that

the pH has been sufficiently lowered and/or a critical chloride concentration at bar level has been reached
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to initiate corrosion. The Nernst equation will be used with the electrochemical equations involved to

derive the potential. The corrosion process begins with the dissolution of iron in the pore water:
FE™ 26 = €. eeees s ese s se s e s es e (2.28)

The ferrous ion Fe™ is a green color. The standard half-cell potential for this oxidation reaction (E =
0.440 v) is measured versus the standard hydrogen electrode (SHE) and was found from reference [31].
The electrons freed from the electrochemical reaction travel through the steel to the site of the cathode.
At the cathodic site, the electrons transferred from the anode combine with water and oxygen to form

hydroxyl ions:
2H,0 + Oy +4e" — 40H ..ocoiiiiiiiiiiiiicininreenreeseseenseneens (2.29)

The standard half-cell potential for this reduction reaction (E' = 0.401 v) is measured versus the standard

hydrogen electrode (SHE) and was found from reference [31]. The entire cell reaction can be written:
2Fe +2H,0 + O, = 40H +2F€™ ... (2.30)

The standard potential for this reaction is calculated by adding the anodic and cathodic standard half-cell
potentials together (E = 0.841 v). Using the Nernst equation the electrode potential can be found for the

cell reaction (assuming a temperature of 25° C):

. _RT _[C]"[DJ%s (8314 oo x) lou~ [ [re2 |
O SO Wy R il L) Y YO (2.303)l0g| LS L 1Fe |
N ZE (AP [B] (@06, so0ommZ ) ¥ TeeFat,0F103]) oo (2.31)
4 2
OH™ +2
= 0.841-(0.01478 )1og[[£T]§II;1%J
2 2

The molarity of the water is equal to one because it is the solvent in the cathodic reaction (O, dissolved in
water). The molarity of the iron is equal to one because it is a pure metal. Also, a substitution can be

made for the hydroxide concentration in the form log[OH'] = pH —~ 14. One can now rewrite the equation:
E.q = 1.669 - (0.0591)pH - (0.0296)log[Fe"?] + (0.0148)log[O,]............ (2.32)

After the creation of the hydroxyl ions, they travel towards the anodic site in the pore solution in the
concrete. The ferrous ions then combine with the hydroxyl ions at a location between the anodic and

cathodic sites to create ferrous hydroxide:

IR 1) & W (0] 3 ) (2.33)
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The ferrous hydroxide combines with oxygen and water to create ferric hydroxide:

4Fe(OH); + Oz + 2H,0 — 4Fe(OH); ..o (2.34)
The ferric hydroxide can be further converted to hydrated haematite:

4Fe(OH); — 2F€,03 * HyO + 40 eeeooeereeeeeeeeeeeeressresssresonns (2.35)

Since the molarity of Fe*? will equal that of Fe(OH),, relationships can be formed. Bazant rewrote the
concentration of [Fe*] in terms of mass concentrations (grams per cubic meter of concrete) of Fe(OH),
and the capillary water (electrolyte) involved in the anodic reaction using the symbols us and u,?,

respectively [7]:

[Fe+2]= 1 Xl,OpOgXufx 1 mole Fe xlmoleFe(OH)2=(ll.255) U - (236)
u,*  lliter 1mole Fe(OH ), 88.87g u, A

w

The concentration of [O,] was rewritten in terms of mass concentrations (grams per cubic meter of
concrete) of O, and the capillary water (electrolyte) involved in the cathodic reaction using the symbols

u,© and u,,°, respectively:

c
[02]= lcxl,OOOgXuoxlmoleOz u,

={31.250
u, 1liter ( )

32g u,©

w

Bazant assumed that the pH would stay around 12.5 due to the large amount of Ca(OH),. Plugging pH =
12.5 into the equation and the rewritten concentrations of Fe™ and O,, one arrives at the formulation for

the electrode potential:

E,, =0.9213+(0.0148)logu,© +(0.0296)logu,,* —(0.0148)logu,, © —(0.0296)10g U ...rvrvverrerrveenrrrernnne, (2.38)

As pointed out previously [7], the potential is still dependent on the supply of oxygen at the anode
because of the u; term. The standard potential for this reaction is E = 0.841 v. Therefore, a small
concentration of oxygen or a large concentration of ferrous ions at the anode could affect the electric

potential difference enough to bring the reaction into equilibrium conditions (i.e. stopping corrosion).

Some consider activation polarization to be the controlling factor with reinforcing bar corrosion [32],
while others consider concentration polarization to be the controlling factor [7]. Bazant argued that the

diffusion of oxygen in concrete is a very slow process, while surmounting the free energy barrier under

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2: CORROSION PROCESS FOR REINFORCED CONCRETE

anodic polarization takes place much quicker [7]. Lack of oxygen at the cathode or abundance of ferrous

ions at the anode could cause concentration polarization to determine the rate.

24  TYPES OF CORROSION IN METALS

The intrinsic modes of corrosion occur in a material despite the geometry of the surrounding environment
[33]. The modes of corrosion are commonly referred to as general, intergranular, pitting, stress corrosion

(transgranular, intergranular) and fatigue. Figure 2.10 shows the different modes of metallic corrosion.

FEL

TRANSGRANULAR INTERGRANULAR
FATIGUE
PITTING STRESS
CORROSION
CRACKING

Figure 2.10: Intrinsic modes of corrosion (extracted from [33]).

GENERAL

INTERGRANULAR
CORROSION

General corrosion is typically due to a widespread acidic environment. It causes the largest amount of
material loss. It is termed microcell corrosion, because the anodic and cathodic reactions are immediately
adjacent to one another and mixed [9,44]. Intergranular corrosion takes place along grain boundaries,
does not necessitate the application of any kind of stress to take place, and is typically a problem with
welds. Pitting corrosion is considered to be localized corrosion, arising due to a large concentration of an
acidic environment in a very specific location. It is difficult to detect, but catastrophic under certain
-circumstances (e.g. post-tensioned ducts). It is termed macrocell corrosion, because there is a local anode
and a large cathode. Macrocell corrosion can take place within the same bar or between separate bars,
such as a top rebar exposed to chlorides and a bottom rebar that is still passivated. Due to the current
flowing from the anodic area towards the cathodic areas, some ferrous ions migrate away from the
corrosion site [9]. This could lead to macrocell corrosion having less corrosion product accumulation at
the anodic site, possibly preventing cracking. The prevention of cracking keeps the surrounding concrete
in good health but prevents early detection of pitting corrosion through visual inspection of surface
cracks. Stress corrosion cracking is caused by stress in the metal and the environment (i.e. temperature,
pH level). Transgranular stress corrosion cracking takes place through the grains. Intergranular stress
corrosion cracking takes place along the grains. Fatigue corrosion is caused by the dual action of cyclical
stresses and a corrosive environment. The endurance limit of a material can be severely depreciated by a

corrosive environment.
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For reinforced conérete, the two modes of corrosion that are most common are general and pitting. Using
special alloys and/or careful placement of welds can prevent intergranular corrosion [45]. Stress
corrosion can usually be avoided by proper design of structural loads. In a typical scenario, the critical
level for stress corrosion is well above the stress condition. Fatigue corrosion is a problem in certain
situations, but for typical structural applications, the cyclical loading and environment is not conducive to
fatigue corrosion. Carbonation attack, high chloride concentrations, and/or other acidic gases lead to
general corrosion because the passive layer is destroyed along the whole surface of the steel [9]. This is
caused by the lowering of the pH of the pore water at the depth of the reinforcement [29]. Chloride attack
is considered localized (pitting) corrosion because there are smaller areas of attack (anodic site)
surrounded by larger non-corroding areas (cathodic sites). The situation is accentuated in cases where
cracks are present in the structure. When the positive iron ions are located within the pit, it draws even
more negative chloride ions into the pit. This excess amount of chloride ions makes it difficult for the pit

to form a protective film. The iron ions also start to hydrolyze according to the reaction:
Fe? + HyO — FEOH' + H' ..o (2.39)

which makes the pit environment even more acidic (lower pH) and harder to passivate. Even in cases
where the surrounding environment is at a high pH, the localized pit could be at a much lower pH due to
drawing in more chlorides and the metal hydrolyzing. Looking at the Pourbaix diagrams (Figures 2.3 and

2.4), as the pH is lowered it makes passivation more difficult and corrosion more likely. Figure 2.11 is

considered a representation of differential aeration, showing the pitting of steel.

©

IRON

Figure 2.11: Pitting of steel from differential aeration (extracted from [46}).
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Notice that the walls of the pit and surface of the steel become the large cathodic site, while the bottom of
the pit becomes the local anode increasing the depth further.

25 STRUCTURAL RESPONSE OF CORRODED REINFORCED CONCRETE

Pitting corrosion will not usually cause concrete cracking due to the localized nature of the attack, the less
expansive form of oxidation products from the corrosion reaction, and the macrocell reaction causing
corrosion products to migrate away from the corrosion site [9,47]. There is obviously a reduction in steel
cross-sectional area at the location of pitting corrosion, but even more damaging is the stress
concentration that is created from the abrupt discontinuity. Researchers have found that the maximum
penetration of pitting corrosion is equivalent to four to eight times the average general penetration [48].
The average strain over the undamaged portion of the bar is smaller than the local strain in the pit. This
results in the bar breaking at an average strain smaller than the ultimate strain of a healthy bar [49].
While there is some increase in strength due to the hardening of the undamaged steel at the localized
corrosion site, ductility is severely impaired with the bar eventually becoming brittle. Researchers
simulated pits on rebar specimens and conducted tensile tests [47]. The ductility of bars with 5% and
50% section loss at the simulated pit location was reduced by 30-40% and by approximately 80%,

respectively.

The main forms of degradation to the structural performance of reinforced concrete from uniform
corrosion is the cross-sectional loss of the reinforcement, the cracking of the concrete matrix, and the
bond loss between the steel and concrete interface. The cracking of the concrete matrix can result in
section loss (e.g. spalling). Figure 1.2 illustrates the progression of the corrosion process. When iron
dissolves into ferrous ions, the cross-sectional area of the reinforcement is effectively reduced. The
ferrous ions are eventually converted to rust, which is considered to be a granular material. Granular
materials (e.g. sand) have only compressional properties. Rust is more voluminous than iron in almost all
forms (refer to Table 2.2). When the rust replaces the iron, pressure immediately starts to accumulate at
the steel and concrete interface from the confinement of the surrounding concrete. The pressure
accumulates even if some aqueous rust products diffuse into the concrete matrix or fill surrounding pores.
The pressure will cause the concrete and the steel to deform elastically. The stiffness of the concrete is
much less than the steel and therefore it will deform more substantially. Hoop stresses are created in the
concrete that eventually causes rupture (i.e. cracking). As more rust product accumulates, the cracks
propagate further. Cracking, spalling, and rust staining are usually the earliest indications of corrosion in
the concrete. The crack provides an exit channel for aqueous rust products to leak out and cause staining

(refer to Figure 1.6). Cracking occurs at small percentages of steel mass loss, usually around a rust
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thickness of 0.1-0.2 mm [11]. This is a good indication that bond deterioration occurs much earlier
during uniform corrosion than significant loss of cross-sectional area in the steel [50]. Cracking of the
concrete decreases the confinement level of the surrounding concrete, reducing the amount of bond
between the steel and concrete. The rust product between the two interfaces can act as a lubricant
(especially when hydrated), further reducing the bond between steel and concrete. The loss of reinforcing

rib area also reduces mechanical interlock at the interface.

Studies have been conducted to assess the depreciation of structural design parameters from uniform
corrosion damage [2,51-55]. While not all of the studies conducted testing in the same manner, an
appreciation can be gained for the level of structural degradation caused by corrosion. In one study [53],
corrosion resulting in a 10% reduction of steel mass embedded in a concrete beam reduced its flexural
strength capacity by 75%. In another study [55], corrosion resulting in a 10% reduction of the steel mass
embedded in a concrete slab reduced both the yield and the ultimate load by 20%, but the fatigue strength
capacity by up to 75%. The large reduction in capacity, from a comparatively small loss in cross-
sectional area, was caused by corrosion induced longitudinal splitting cracks that extended through to
supports and significantly reduced anchorage capacity. In a third study [51], corrosion resulting in a 9%
reduction in steel mass embedded in a concrete beam increased the mid span deflection by 1.5 times.
With regards to ultimate strength, a reduction in steel mass loss of 4%, 11%, and 17.5% had a relative

depreciation of 1.6%, 10.4%, and 20% compared to an uncorroded specimen, respectively [54].

Bond strength is discussed with the most detail since it has major implications towards guided wave
behavior discussed later. Bond strength for varying degrees of uniform corrosion follows a trend similar
to what is shown in Figure 2.12. Note that this discussion excludes the effects of stirrups. Stirrups are U-
shaped bars that pass around the tension steel and are hooked at the top for anchorage in the compression
zone [56]. They are primarily used to increase the shear capacity and ductility of a reinforced concrete
member. The characters shown in Figure 2.12 correspond to the stages shown in Figure 1.2. In most
casés, bond strength increases initially up to an apex (point D). This initial region is sometimes referred
to as the pre-cracking stage. The initial increase in bond strength is attributed to a couple of factors. As
the corrosion product begins to accumulate between the steel and concrete, the pressure increases. This
pressure increases the reactionary confinement and the mechanical interlocking of concrete around the bar
[52]. Also, as the steel corrodes the roughness of the surface increases, creating more friction between the
two interfaces. Bond failure in pullout tests conducted on specimens at corrosion levels below the apex is
usually caused by the crushing of the concrete keys adjacent to the ribs without any splitting of the

concrete [52].
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AB

Bond Strength

Corrosion Percentage
Figure 2.12: Bond strength as a function of corrosion percentage.

The region between points D and E is sometimes referred to as the cracking stage. It is not clear from
existing published literature as to whether cracking always initiates before the apex. However, cracks
seem to have more of a critical role in the type of bond failure after the apex. At the beginning of the
cracking stage, the reinforcing ribs have not been depreciated to negligible levels. When the bar is pulled,
the ribs create horizontal bearing stresses and hoop stresses in the concrete. The hoop stresses widen the

present cracks, causing less confinement of the reinforcement. Bond failure occurs due to the splitting of

the specimen along the cracks [52].

The region after E is sometimes referred to as the post-cracking stage. The ribs are becoming more
appreciably degraded and the behavior is more similar to a plain bar. The corrosion product between the
steel and concrete can act as a lubricant, further reducing the bond strength. Cracks and the rib profile

deterioration have saturated to levels where further progression will not contribute to loss of bond.
Bond strength of embedded reinforcement has been measured experimentally for varying percentages of

general corrosion using accelerated corrosion techniques [2,53,54,57]. Figures 2.13(a) and 2.13(b) show

the results from two experimental studies. All points were normalized with respect to the pullout

specimens without corrosion.
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Figure 2.13: Pullout test results (a) (extracted from [57]) and (b) (extracted from [54]).

Figure 2.13(a) shows experimental points with increasing bond levels for low levels of corrosion (<1%).
However, quickly after reaching the apex the bond strength begins to depreciate. A saturation level of
bond strength occurs for higher levels of corrosion. Figure 2.13(b) does not have any data points with
bond levels higher than the specimen tested without corrosion. However, no pullout specimens were
tested in the region most likely to produce this type of behavior. For higher corrosion levels, the bond

strength is reduced significantly. Figure 2.14 shows experimental results for pullout specimens with

different diameters.
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Figure 2.14: Pullout tests for varying rebar diameters (data extracted from [2]).
The bond strength initially increases for all of the pullout specimens with different diameters. Each reach
an apex and then the bond strength decreases with further corrosion. Notice that observable surface
cracking occurred at a corrosion level after the apex and changed for the different diameters. Figure 2.15
plots bond strength and surface cracking results for the same type of experimental specimens. Surface

cracking was measured with a microscope.
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Figure 2.15: Measured bond strength and crack widths from pullout tests (data extracted from [53]).

The surface cracking occurred before the apex for this particular specimen set. This implies that cracking
was initiated and propagated to the surface almost immediately after corrosion products started to
accumulate. There is a sharp jump in the crack width after the apex is reached. As the crack width gets

wider, the bond strength keeps depreciating due to the loss of confinement.

2.6 SUMMARY

This chapter has provided a brief introduction to the hydration products of concrete, the electrochemical
nature of iron corrosion, an outline of the initiation and propagation periods for the corrosion process, a
description of the types of metallic corrosion, and the structural response of the reinforced concrete
undergoing corrosion attack. The main purpose was to introduce all of the terminology that is used in
later sections, along with bringing the reader up to speed in the multifaceted areas involved in
understanding corrosion in reinforced concrete. The next chapter will go into more depth as to how the

propagation period has been and will be modeled within this report.
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CHAPTER 3:
CORROSION PROCESS MODELING FOR REINFORCED CONCRETE

There has been an extensive effort to model the entire corrosion process in reinforced concrete. The
capability of modeling the entire corrosion process for specific structures with different loading scenarios,
environmental conditions, corrosion inhibiting systems, and design (e.g., w/c ratio, cover depth,
admixtures, bar diameter, and stirrups) is enticing. A major difficulty lies in the acquisition of data for
validation of the models with a combination of different service conditions. If the models could be
validated, the opportunity would allow for service life estimates of the structure, making rehabilitation
and maintenance scheduling much more efficient. It would also allow for life cycle cost estimates,
affording the designer to take durability into account from the outset. With respect to the ultrasonic
monitoring system that is the focus of this report, one could plan for the integration of the system during
the construction of the structure. Using the models discussed, the life cycle cost could be estimated with
the structural health monitoring system embedded. This would help determine what type of structure
would be best suited for the system, the optimal location, and other nondestructive test methods to be
coupled with the system. For the purposes of this report, modeling is used to relate the deterioration

process from corrosion to the results of the guided mechanical waves monitored.

A rather comprehensive review of service life models has been presented elsewhere [58]. More general
equations that can be used to model the process for most scenarios up to service life limits are now
discussed. The modeling efforts will be branched into two categories: initiation and propagation models.
By modeling the ingress of chlorides and carbon dioxide, the time to corrosion initiation can be estimated.
By modeling the electrochemical reactions involved, the rate of rust product accumulation and cross-
sectional loss can be estimated. The time to initiate concrete cracking from the rust product accumulation
rate can be estimated using a mechanics of materials approach. The progression of concrete cracking can
be modeled with the use of mechanics of materials or fracture mechanics. Modeling of the initiation
period for both carbon dioxide and chloride ingress is presented in Appendix C. Modeling the
propagation period is presented within this chapter. Discussions of various service limits, along with

probabilistic service life models, are provided in Appendix E.

In the past, greater emphasis was placed on modeling the initiation period than the propagation period
[59]. This is most likely a result of how long (in years) the initiation period usually is with respect to the
propagation period. Liang et al. used several initiation and propagation models from recent literature and
found the initiation period is on average six and a half times longer than the propagation period [58]. For

some models, the propagation period is considered a fixed value because it is so short compared to the
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initiation period [60]. In other cases, some have reported that when RC structures are exposed to marine
environment (especially in the presence of load-induced cracks) the initiation time is relatively short in
terms of the overall service life [59]. Nevertheless, the propagation period is an extremely important
region because of its direct impact on structural health and determining long-term viability of the RC
structure. It is the current focus of the modeling detailed in this chapter and the monitoring effort detailed

in this report.

3.1 RATE OF REACTION

The rate of the electrochemical reaction will ultimately determine the characteristics of the propagation
period. Using the Nernst equation, the potentials of the electrochemical reactions can be written. A
model of the resistance between the anodic and cathodic sites can then be formulated. Using Ohm’s law,
one can solve for the corrosion current. The corrosion current can be converted directly to mass loss
(using Faraday’s Law) and will dictate the rate at which the propagation period progresses. The model
shown in Figure 2.5 assumes a constant corrosion rate once corrosion has been initiated. For this to
occur, the temperature and pressure would have to be constant with adequate amounts of water and
oxygen for the reaction to proceed. While water is generally abundant, oxygen can play a critical role in
determining the corrosion rate (especially in water immersed structures). It is also likely that once
corrosion products start to accumulate, the corrosion rate will slow due to corrosion product buildup at the
anodic site along with a change in the area ratio between the anodic and cathodic sites [61,62]. Therefore,

the corrosion rate is highly variable over the lifetime of the RC structure.

Assuming that the corrosion current can be reasonably estimated, the amount of rust that would have to
accumulate to cause cracking of the concrete can be solved. Solutions have been provided in the
literature using a mechanics of materials formulation and more extensive finite element analysis (FEA)
models. Once cracking has occurred, a model using mechanics of materials or fracture mechanics can be
created along with an FEA model. There have been empirical formulas derived for the time leading up to
and after the initiation of concrete cracking as well. The driving force behind the initial cracking and
more extensive damage after cracking is still the electrochemical reactions. However, it is most likely
that the resistance and potential will drastically change after progressive damage occurs. Bazant wrote

the corrosion current densities as the following [63]:

E

i1= e‘; ............................................................................... 3.1
a,A°R
E
1 s (3.2)
abC R
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where aj, is the steel bar surface per unit area, A? is the anodic area, C? is the cathodic area, and R is the
total ohmic resistance of the circuit. Bazant assumed effective cross-sections and simple paths. for the
electrical current between the cathode and anode for the cases of large-scale and small-scale corrosion to
estimate the total ohmic resistance of the circuit. The potential E,, can be solved from Equation 2.38 in
Chapter 2. Bazant’s formulation of corrosion current is based off of an idealized representation of the
electrochemical nature of the process [63]. There are several unknowns within the equations that change
over time. Many have simply assumed constant corrosion rates based on averages of experimental
findings. The linear polarization resistance (LPR) method, detailed in Appendix A, has been used to find
the corrosion rate in-situ. Others have formulated empirical relationships for the corrosion current based
on experimental evidence [61]. Vu & Stewart assumed that when oxygen availability dictates the
corrosion rate, factors such as concrete quality (w/c ratio), cover, and the environmental conditions (i.e.
temperature, relative humidity) determine the rate [61]. These factors will determine how quickly oxygen
can diffuse into the concrete and fuel the reaction. They used the following empirical relationship to

model the corrosion rate at initiation, assuming a relative humidity of 75% and a temperature of 20°C:

i*(1)= 37'8(:;?)_ (MA/Cm? ) e (3.3)

To model the corrosion rate after initiation, experimental data from [64] was used to form an empirical

formula:
i(tp )= (1)-0.85tp ™% oo (3.4)

where tp is the time elapsed since initiation of corrosion. When water availability dictates the corrosion
rate, the electrical resistivity of the concrete is the critical issue [61]. Hansen and Saouma simulated the
electrochemical process as a mass transfer using finite element code and were able to model the effects of

activation polarization [32].

Referring to Equation 2.11, the rate of rust (e.g. Fe(OH),) formation per unit area can be written:

106.87

= i = (0.0005537) 5% e 3.5
Jr 2(96,500) it =( )-i (3.5

The amount of rust mass per unit length that has accumulated is calculated with the following equation:
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M, =j, t=—if. _ 10687 4 £ =(0.0005537)-i% -t ceoverreeeeer e, (3.6)
zF 2(96,500)

If uniform corrosion is assumed, the change in diameter is calculated as:

AD = 0.0232 15 oot ees s e 3.7

with the change in millimeters, t in years, and the corrosion current density in uA/cm’. The rate of
increase in the thickness (and the weight) of the layer of corrosion products at the surface of the metal can
be affected by the thickness of the layer. The increase in layer thickness can slow the diffusion process of
iroﬁ atoms through the oxide layer. This can lead to concentration polarization and a reduction in the
corrosion current density. Three common trends between the weight gain of an oxidation layer as a

function of time are shown in Figure 3.1:

a
OB on RABO"'\C

LOGARITHMIC

WEIGHT GAIN

Figure 3.1: Common trends in weight gain as a fun:tlr)i of time for the oxide layer (extracted from [31]).
Linear proportionality between weight and time usually occurs when the layer thickness is rather low. It
can also occur from microcracking of the oxide layer or porosity leading to direct pathways to the surface
of the steel [31]. Many times a linear rate will transition to a parabolic rate during corrosion. Equation
3.5 assumes the linear rate law for the production of rust. The logarithmic rate law generally occurs from
very thin oxide layers and is thought to involve electric fields across the layer. Parabolic rates result from
diffusion of iron atoms through the oxide layer as the controlling mechanism. The parabolic rate law
usually defines relatively thick oxide layers. The following equation defines how the rate is affected by

the weight accumulation:

dM B
= D e ettt rte e eetttssesnneeeresanaeesasanesesasaateaeranans 3.8
=g M, 3-8
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where 8 is a function of the corrosion current. Pantazopoulou & Papoulia [65] fit Equation 3.8 to data
from a previous study [64]. A linear relationship between 8 and i (also referred to as i.,,) was assumed,
yielding 8 = (3.328 x 10"%)2Dji, [65]. D; is the initial diameter of the bar in meters, while i,,, is in units

of A/m’. One can integrate and arrive at a relationship between the weight and time:
M, S2BES Kyt coocerereeemnnenerecessessssssene e sssssssss s sseseseseseesesenens (3.9)

where t is in seconds, k; is the parabolic rate constant, and M, is in kg/m. For more information on the
diffusion process through the oxide layer and the parabolic rate constant consult [31,66]. Generally, to
find the parabolic rate constant for a material (assuming constant temperature) one can plot the square of

the mass loss as a function of the corrosion time with the slope of the function the parabolic rate constant,

k.

3.2 PROPAGATION MODELS (PRE-CRACKING OF CONCRETE COVER)

Relationships have been derived between the amount of rust mass accumulated (M,) and the duration of
time during the propagation period (t,). Corrosion products will be generically referred to as rust
products in this chapter for convenience. Rust is more voluminous than steel (refer to Table 2.2).
Therefore, internal pressure is created as rust accumulates between the steel and concrete interfaces. The
amount of volume the rust can occupy prior to cracking of the concrete varies depending on which

particular model is used. A brief review of some analytical and finite element models is now discussed.

Imagine a bar of steel embedded in a bulk surrounding of concrete to a cover depth R, — R;, illustrated in
Figure 3.2. Now assume that the bulk surrounding of concrete is translated to a thick walled cylinder of

concrete, also shown in Figure 3.2.
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Concrete Cover

Shal e s Concrete
7 BukConorete

Figure 3.2: Translation of steel in bulk concrete medium to a thick walled concrete cylinder.

Figure 3.3 is an illustration of some propagation period models prior to the cracking of the concrete cover.

Figure 3.3(a) shows the translated thick walled cylinder assumed at the beginning of each model with

initial steel radius R; and outer concrete radius R,,.

A B C D

Figure 3.3: (a) Healthy concrete prior to corrosion. The other figures detail rust accumulation using the (b) Bazant
[7,63], (¢) Liu & Weyers [62], and (d) Pantazopoulou & Papoulia [65] models, respectively.

3.2.1 BAZANT MODEL

Figure 3.3(b) shows the Bazant corrosion model. The radius of steel after corrosion has occurred is R,
while the radius of the rust front is R,. Notice that R, <R; <R,. The rust radius R, can be assumed greater
than R; because all of the rust products in consideration are more voluminous than steel (refer to Table
2.2). The rust front will displace the concrete in the radial direction by d,, equal to the difference between
R, and R;. The distance between the initial radius, R;, and the radius after corrosion, Ry, is d;. The total
thickness of the rust layer is equal to d, = d; + d;, because the steel converted to rust will free up volume.

The amount of volume that is available to the rust using the Bazant model is the following:
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v, = (an -mR’ )= (n(Rs +d, ) -nR > )= 2n(R; —d )d, =27(R; =d J(d +d,) worrrrrerrrrverinnne (3.10)

Assuming this volume is available for rust accumulation, the time to cover cracking can be estimated.
Bazant translated the problem to a pressurized thick walled cylinder shown in Figure 3.4. The internal
pressure p; on the inside surface of the cylinder simulates the pressure from the rust product accumulation
(Peor)- In reality, the steel and rust product deforms from internal pressure as well. However, the stiffness

of the steel is significantly larger than concrete and the rust layer is very thin so both are neglected.

Figure 3.4: Translation of rust accumulation between the steel and concrete interfaces to a pressurized thick walled
cylinder. The internal pressure p; is considered the corrosion pressure peo.

The elastic response of the thick-walled cylinder is the following [67]:

b|a?+b?
d, =AR; =pi'8pp =pi'§!:a2 o2 +1):| .................................. (311)
where p; is the pressure, J,, is the flexibility (inverse of stiffness), v is Poisson’s ratio, and E is the
modulus of elasticity. Bazant assumed the response of reinforced concrete (3,,) would be somewhere
between the response of a pressurized hole in an infinite surrounding of concrete (8pp° where a=R,»o0, b

=R;) and a pressurized thick walled cylinder (é‘),,pl where a=R,, b=R)):

8y €8 8] et (3.12)

800 = (14Dt et e eres (3.13)

pp E of

42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3: CORROSION PROCESS MODELING FOR REINFORCED CONCRETE

The effective elastic modulus of concrete, Er, has been used in place of the elastic modulus, E, to account
for creep (i.e. viscoelasticity) in the model. The effective elastic modulus can be written Er = E/(1+¢,)

where ¢, is the creep coefficient (around 2). Sppl is the following:

R, |R 2+R?
8, = 1{#“)] ........................................................ (3.14)

Bazant assumed an average of the two:

TRV LI S B (3.15)

The flexibility of the concrete surrounding a corroding bar is affected by other corroding bars that are in
close proximity. Bazant solved for the change in flexibility assuming that ‘s’ is the distance from the

center of one bar to the center of an adjacent bar:

_16R;’

Ad

_R; | RJ2+R{ +16Ri2
pp E 2(R2—R-2 2

o] 1

Plugging the flexibility into Equation 3.11 and assuming p; is equal to peor:

d,

_Peor Ri[ R +R{ +16Ri2
Ee |2(R,2-R;?) s

Bazant solved for the corrosion pressure, peo, for two cases of cracking; inclined planar cracks and cover

peeling. Figure 3.5 shows the different cracking cases:
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Rust expansion force

Figure 3.5: Inclined cracking (left) and cover peeling (right) due to rust expansion force (extracted from [63]). The
label f; refers to the tensile strength of concrete.

Rust expansion force

The left diagram in Figure 3.5 shows inclined cracking. Inclined planar cracks were assumed to occur
when the spacing between two adjacent bars is large (e.g. s > 12R,). The right diagram in Figure 3.5
shows cover peeling, assumed when bar spacing is relatively close. To solve for the critical rust thickness
for inclined cracking, the forces are summed in the y-direction and the concrete is assumed fully plastic at
failure (0p = f; at every layer, where f; is the tensile strength of concrete). The force created in the y-
direction from the pressure p; is the following (6 is considered the angle from vertical direction):

%

Fo= JR; Py 1€080-d0O=2p R oo, (3.19)
T

The force created in the y-direction from the concrete is the following (assuming cracking angle is 45°

from horizontal):

Setting the two equations equal to each other and solving for peo:

R, -R;)f
Peor =(;K——)—t— ..................................................................... (321)

1

Plugging Equation 3.21 into Equation 3.18, one arrives at the critical d; value for inclined cracks:

‘ _(RO—Ri)ft[ R,2+R;> 16R;’
=
2

+ a1 o 74 I 3.22
Eef (R 2 —Riz) S2 2] ( )

For cover peeling, the bars are spaced closer together. If the forces are summed in the y-direction for

cover peeling, one arrives at:
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(S=2R; M, =200 R coveveereeeeneeeeeeerase e ssereseesseeses (3.23)
Solving for peor:
s—2R; )f
pcor = —(T)t ....................................................................... (324)

Plugging into Equation 3.18, one arrives at the following critical d; value for cover peeling:

S_ZRi)f‘( R,” +R;’ +16Ri2 FO+Y | e, (3.25)
2B (2(R,2-R;2) &2 ?

dt=(

Equation 3.10 solves for the volume of rust using the Bazant model, with d, d, and R; needed. The initial
radius R; is known, d, is calculated from Equations 3.22 or 3.25, leaving d; to be calculated. The volume

of rust is created from the following volume of steel:

Vi =R —d )y covrrerenrenienieese st neenne (3.26)

s

This volume of steel is converted to a mass by multiplying by the density of steel:

where a is the ratio of atomic weights between steel and the particular type of rust assumed in the model
(provided in Table 2.2). Therefore:

This can be rearranged in terms of V, and set equal to Equation 3.10 to solve for d:
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Once both d, and d; are calculated, V, will yield the critical volume of rust to cause cracking. To calculate
the amount of time for this to happen, one must assume a rate law. Bazant assumed a linear rate law.
Equation 3.30 was rearranged in terms of V, and Equation 3.6 was plugged in for M,. The equation was

rearranged in terms of t and the critical time to cracking is the following:

t= Zn'jr'ps (

Ri =y J(dg +d; ) e eeneesese e, (3.32)
n

3.2.2 LIU & WEYERS MODEL

Liu & Weyers added the effects of a porous zone at the steel and concrete interface [62,64]. Effectively,
the porous zone is extra space for rust product to deposit before pressure starts to build (refer to Section
2.1). The pores are considered evenly distributed around the steel and concrete interface, with an average
depth. It is accounted for by making a composite thickness (d,) based on the volume of interconnected
pores at the interface distributed in a uniform layer. Figure 3.3(c) shows the Liu & Weyers model. This
extra accumulation of rust in the pores is not accounted for in the Bazant model. After the porous zone
volume is filled, the corrosion product accumulation starts to create hoop stresses in the concrete. This

will proceed as described in the Bazant model. The volume of the rust product is the following:
Vv, = (an -nR 2 )= (n(RS +d, ) -mR 2 )= 2m(R; —d, )d, = 21(R; —d (dg +dp +dy ) oo (3.33)

To solve for d;, one can use Equation 3.22 or 3.25 as in the Bazant model. To solve for d,, multiply the

volume of rust (V) in the Liu & Weyer model by rust density and set it equal to Equation 3.29:

M, = "R “(1; ) -ps _ 270, (R; —d, )(d; +d, +d, ) oo (3.34)
n
2{d, +d
.= R (3.35)
&)
o
Petra-Lazar provided Equation 3.36 to calculate the pore band thickness [68]. The thickness is
Ay =t ‘P ceeerererenrerrnernrnne s (3.36)
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where t;, is the thickness of the rebar/mortar interface (reported as 40 um) and py, is the porosity of the
mortar. The porosity of the mortar was estimated to be half of the porosity of the cement paste and is

calculated as:

_1+1.31ahJ

=1/ 1-22%
Pm A( 1+32%/

where ay, is the degree of hydration and w/c is the water to cement ratio. Liu & Weyers used a value of

12.5 pm for the pore band thickness.

Liu & Weyers used the parabolic rate law, accounting for the slowed rate of rust production due to the
accumulation of the oxide layer at the steel surface. Using the same procedure for finding the critical
volume of rust as described with the Bazant model, but assuming a parabolic rate law, the following is the

time to cracking using the Liu & Weyers model:

2
t=l(2°-pi(Ri -d, )(d, +d, +d, )) ........................................... (3.38)

k,\ n

3.23 PANTAZOPOULOU & PAPOULIA MODEL

Pantazopoulou & Papoulia [65] modeled the problem using a smeared crack approach. Smeared refers to
the crack being distributed around the entire cross-section. The strain field is dealt with rather than
modeling crack characteristics (e.g., number of cracks, size, location, and pattern). For more discussion
on smeared cracks and the differences between it and a discrete crack, refer to [69]. The Bazant and Liu
& Weyer models assumed instantaneous cover cracking when the tensile strength of the concrete is
breached. Pantazopoulou & Papoulia assume the concrete cover maintains some residual strength, even
after its tensile strength is breached at the inner surface. Instead of the cover cracking instantaneously, a
crack front was modeled that propagates toward the outside surface. As more rust product accumulates,
the crack width increases and the residual strength decreases. Another feature was that corrosion products
move away from the reaction site, depositing into the concrete cracks (similar to the porous zone). Figure
3.3(d) shows the cracked layer of concrete (radius = R.) surrounding the passive layer. The volume of
rust deposited in the cracks is dependent on the crack length. The volume of each individual crack is

assumed one half of the crack width opening (w) multiplied by the length (triangular in shape):

Verack =Y W (R =R, ) vt esssessesssssesissnnns (339
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The total amount of crack width openings is calculated as the difference in circumference between the

original bar radius and the rust front:

Therefore, the volume of rust assumed to deposit in the cracks is:
Veraeks = TR =R N R =R, ) vt ceeessissssesessesesenan. (3.41)
The volume of rust created from the corrosion reaction is:
V, = (n(R, )? =7(Ry )2 1+ Vi = (R(R, ) =R, )2 J+ (R, R (R =Ry ) e (3.42)

If one substitutes in R, = R, + d,, where d, is the thickness of the rust layer, the volume of rust created in

the corrosion reaction can be rewritten as:

V, =nd, (2R, +d, )+ (R, =R R =R, ) oo, (3.43)
The volume of steel lost to the corrosion reaction can be written:

AV, =R -7R > =n(R, +d, )* -nR =nds(2Rs +ds2) ........ (3.44)

s

This can be written in terms of the volume of rust created:
V, =n-AV, =nd, (2Rs+d52) ..................................................... (3.45)

The crack propagation distance and the corrosion thickness can be equated by setting Equation 3.43 equal

to Equation 3.45 and rearranging in terms of d.:

d. = n(zRids _dsz )+ds (Rc _Ri +ds)
T (Rc+Ri)

The radial displacement d, (also referred to as u|-g;) caused by rust accumulation is equal to R, — R;=d, —

d,. This can be written as:
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Assuming once again the pressure analogy used in previous models, the solution for hoop stresses in a

thick-walled cylinder under internal pressure p;, as shown in Figure 3.4, is the following:

WARD (3.48)

Ge (r)=pi 2w

(o f -1

As in previous models, the stiffness of the steel and rust are neglected. In the Bazant and Liu & Weyers
models, the entire cross-section was assumed to go into a fully plastic state. In the current model, the
hoop stress in the elastic uncracked outer ring (R, <r <R,), as shown in Figure 3.3(d), is assumed equal

to the tensile strength of the concrete at the crack tip (r = R.) only. The hoop stress distribution is then:

oe(r=Rc)=pi-(RV )2 1=ft ................................................ (3.49)
R,/ ~
Pi fi
. o ettt r b enennens (3.50)

(Bom, -1 (o, f 41

Plugging back into Equation 3.48:
2
oo (r)=f S 3.51)

A visualization of the hoop stress field over the elastic uncracked outer ring is shown in Figure 3.6.
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Figure 3.6: Hoop stress and radial displacement disﬁ’ibhﬁydﬂkiﬁ'éracked thick-walled cylinder. The partly cracked
inner ring has a softening behavior dependent on the hoop strain. The crack front layer has a hoop stress equal to the
tensile strength of the concrete f,.

Neglecting Poisson’s ratio, the hoop strain €, and radial displacement u(r) for the elastic uncracked outer

ring can be written:

go(r)= °°E(r) ............................................................................. (3.52)
Re/F+1 g (ReyF +1

ulr)=r- Srgy e — s e 3.53

)=realr)=re (R%( )2+1 E (R/ ) +1 G359

Note that € refers to the critical tensile hoop strain to cause cracking at a layer and is equal to f/E. The
assumption has been made, presently and in previous models, that the radial displacement distribution for
the elastic uncracked outer ring (Equation 3.53) is also valid for the cracked inner ring [70,71]. The radial
displacement distribution is shown in Figure 3.6. The assumption is an upper bound on the radial
displacement distribution with the lower bound being a constant radial displacement distribution equal to
the displacement at the crack tip layer. As pointed out by [70], the true radial displacement distribution
for the cracked inner ring lies somewhere between these two bounds. The elastic hoop stress distribution
used for the uncracked outer ring is not considered valid for the cracked inner ring (see Figure 3.6). The

hoop stress equations for the cracked inner ring are dependent on the hoop strains, with the complete
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solution detailed shortly. Using Equation 3.53 to solve for the radial displacement at the inner wall =
R;) of the thick-walled cylinder:

A relationship between the steel bar thickness loss from corrosion and the propagation distance of the

crack layer can now be formed by setting Equation 3.47 equal to Equation 3.54:

(4,) =

Ry = e (3.55)
R, .
()

Using Equation 3.55 allows for an estimate of either R, or d; by assuming a value for the other. If one

(n-D2Rid, -d,2) £,
R, +R, )

1

4

assumes R, =R,, the critical d; value for cracking to reach the concrete cover can be solved. To find the

time for this to occur one must calculate the amount of steel involved in a thickness loss of d,:

one can now use either the linear or parabolic rate law to calculate the amount of time to accumulate the

critical amount of rust.

Once d; and R, have been solved, the corrosion pressure pe,: can be calculated. Figure 3.7(a) shows the

pressure due to the outer uncracked ring and the corrosion pressure. Figure 3.7(b) shows the translation

to forces over a small volume element of the cracked ring.
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—->: ' p -—» :(-— Fe
Figure 3.7: (a) Pressure from corrosion product accumulation is shown along with the pressure from the outer
uncracked ring with (b) a translation to forces for a small volume element in the cracked ring.

To solve for the force from corrosion pressure:

T B . 10| SR (3.59)

where dl is the length of the small volume segment. To solve for the force from the elastic uncracked

outer ring pressure p.:

S Y - I | OO (3.60)

The force in the x-direction from the hoop stress is the following:
F, = d@- joe( )ALl oot nee (3.61)

Summing the forces in the x-direction:

RC
Poor ‘Ri =P¢ 'R+ [0 (TH wovvirirreeiccee e (3.62)

R;

The pressure from the elastic uncracked outer ring (p.) must now be solved. In order to do this, the forces

are summed in the x-direction:

Using Equation 3.51 for hoop stress and integrating, the pressure from the elastic uncracked outer ring

can be solved:

Equation 3.62 can now be rewritten:
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R, -R,}2 R
pCOl‘.Ri=RC.ft'o2—cT+ Ice(rﬁr .................................... (3 65)
R,”+R.,” &r;

The hoop stress in the cracked ring is now needed. A tension-softening model was used to describe the
mechanical behavior of the cracked ring. The tension-softening model allows for some residual strength
after the concrete has reached its critical tensile strain. There have been a variety of different tension-
softening curves proposed (e.g., linear, bilinear, and exponential), with a bilinear curve used for this
derivation. The equations for hoop stress in the cracked region are dependent on the hoop strain and are
shown in Table 3.1. The value of strains € and g, are 0.0003 and 0.002 respectively, with the

determination of these values detailed in [65]. Figure 3.8 shows the assumed stress-strain behavior of the

concrete:

Table 3.1: Relationship between average hoop stress and strain using tension-softening model.

€o(r) < &ut € < 8(r) < & g <g(r) <&, €y < £o(1)
G(_):Gel:E.ge(r) 60=662=ft'l:1_0'85'89_(r)ﬂj, oe=603=0,15.ft.£§l(r) Ge=°'e4=0
€1 -84 €, €
Go

£l

0.15 1,

T
€, &, g, €
Figure 3.8: Average stress-strain relationship for cracked concrete (extracted from [65]).

To solve for the corrosion pressure, the proper hoop stress equations must be inserted into Equation 3.65
and integrated. Wang & Liu solved for the equations explicitly, with their solutions provided here [71].
The hoop stress solutions are divided into two regions: prior to cracking reaching the concrete cover and
after. Before cracks reach the concrete cover, [71] rearranged Equation 3.53 in terms of r and plugged in
€; and &, separately to solve for the radial distances (named RR1 and RRu respectively) where those hoop

strains would be reached:
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R
RR1= O e (3.66)
TAIVARIS
RRU = R e (.67)

This assumes the upper bound elastic displacement distribution defined earlier, even in locations where
the hoop strain at the inner wall has breached g, Table 3.2 provides the conditions with the
corresponding solution for the integral of hoop stress prior to cracks reaching the concrete cover (gg, <

€). The hoop strain €y, refers to the hoop strain at the outer radius of the thick walled cylinder.

Table 3.2: Hoop stress integral equations after crack initiation but prior to surface cracks (gg, < €) [71].

R,
# | Condition: I= [oq(r)dr= Solution:
R,
g, —-0.15¢ (R, -R,)-
R, €1 —€y
1| ex<ease S0z (r)dr £l ogst, 1 R,” R,’
t . . - +R, -R;
(e; -4 )E (R% )2+1 R; R, ¢
eu(RRl_Ri)_
0.15f
5ty £, 1 Roz Roz +
€, € | = . - +RR1-R;
u E (R/ Pi(Ri RRI
Fous () ar+ o0, () -
2| & <gn < Og3\r)dr+ [Og,(r g, —0.15¢
1 80 = & R, 03 RRlez 1 ot (Rc—RRl)—
€1 &y
f, 2 2
0.85f R R
L e _Zeo 4R, -RRI
(e, -24 )E (RA )2 +1 | RRT R,
€y (RRI_Ri)_
0.15f, 2 2
f R R
e |t —1 |2 2o Lpri-rru||t
u LI B (R/ )2 +1 | RRU  RR]
RR1 R, Re
3 &= &g [Ogs (r)dr+ [0q,(r)dr m(R -RR1)-
RRU RR1 € =€ ¢
f, 2 2
0.85¢f R R
t . 1 | ——-—-+R,. -RR1
(e, —e4 )E (RA )2 +1 | RR1 R,

Bhargava et al. [34] solved analytically for three different variations of this model. The first, referred to
as M3, assumed that the cracked concrete retains its original strength. The second, referred to as M4,
assumed that the cracked concrete has zero strength post-cracking. The third, referred to as M5, assumed

the linear softening model as described earlier. M3 and M4 were considered upper and lower bounds on
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the residual strength of the concrete. The results of the three models are shown in Figures 3.9(a) and

3.9(b).

™y 1 4 1.0 LI ¥ T
& 54.50815F : P ]
o i §
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9 =1 ¥ . “
o 7.38905} | 1 % o6 M3
& 3 e S M5
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Figure 3.9: (a) Normalized radial pressure and (b) normalized crack location as a function of normalized time (both
images extracted from [34]).

In Figure 3.9(a), the corrosion pressure climbs rapidly once corrosion products start to accumulate and
continues to climb until fracture (except for M4). The tension-softening model (M5) is clearly bounded
by the other two models (M3 & M4). The models only predict corrosion pressure up to when the crack
reaches the concrete cover. In Figure 3.9(b), the crack length can be tracked as a function of time,
allowing for the time to cover cracking to be estimated. Figure 3.10 shows the models with experimental
results. The corrosion pressure has been normalized with respect to the tensile strength of the concrete

and the corrosion penetration depth has been normalized with respect to the radius.

20.08554 3
7.38906 j
2.71828 ;

= 1. :

8 0.36788 LI 3
— Expetimentalh' L%

0.13534 § .w.. Mg a=0523 ‘. 1

-~ M3, = 0.523 " :

0.04979 § o ms:0=0.523 " ;

. 1
0 0002 0004 0.006 0.008 0.010
[dy/R;] ———»

Figure 3.10: Normalized pressure (w.r.t. tensile strength) as a function of the normalized corrosion penetration
depth (w.r.t. initial radius) (extracted from [34]).
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The corrosion pressure increases substantially after a small amount of penetration depth due to the
voluminous rust product. It reaches a maximum value of corrosion pressure when the crack had
propagated almost 90% of the distance to the concrete cover. The experimental data shows a substantial

drop off in corrosion pressure after the crack has reached the concrete cover.

3.24 SUWITO & XI MODEL

Suwito and Xi used a tension-softening model to track the progression of smeared cracking to the
concrete cover [72]. The cracking is initiated by the interface pressure reaching the tensile strength of the
concrete. A porous zone was assumed to exist at the concrete surface. Permeation of rust at the interface
was also taken into account from the pressure buildup using Darcy’s Law. The pressure at the interface
will cause rust product to deposit within the concrete matrix. The relationship between the rust

concentration and the pressure distribution was given as:

Co _ V( “mst vp,__ J ............................................................. (3.68)
at T]mst

where C, is the concentration of rust, K is the permeability of rust in the porous concrete, Nrust 18 the
viscosity of rust, and Pnq is the pressure distribution from the rust product accumulation. The
concentration Cy, is set equal to B-Py,y, where B is the state function for the concrete and is determined by
the amount of rust saturation. The volume of rust that permeates into the concrete matrix from the

pressure buildup in the model is calculated:

The volume of rust that permeates away from the corrosion site can be added to the available volume for
rust deposits for the particular model used. This will slow down the rate at which concrete cracking will
occur. Suwito & Xi solved for the corrosion pressure as a function of time using an iterative numerical

method. Figure 3.11 shows the interface pressure as a function of time.
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Figure 3.11: Corrosion pressure as a function of time using a tension-softening model that takes into account
permeation of rust into the concrete and a porous zone layer (extracted from [72]).

The pressure builds after corrosion is initiated but not as rapidly as in previous models. As the crack
starts to approach the concrete cover, pressure drops off quite rapidly. The strength of the concrete was

assumed negligible in Figure 3.11 once the crack has reached the cover.

3.25 LEUNG MODEL

Leung developed an analytical solution describing the relationship between the propagation of assumed
cracks in a reinforced concrete specimen and the thickness of the corrosion product [73]. The assumed
cracking pattern was two cracks, each on opposite sides of the bar. In the corrosion model, the
displacement of the steel form the corrosion pressure was taken into account. However, the loss of bar
thickness from corrosion was not taken into account in the model. It was assumed the bar was embedded
in an infinite surrounding of concrete. Fracture mechanics was used in order to derive stress intensity
factors for the model. A lower bound and upper bound solution was derived. The lower bound solution
(case I) was assumed to have no friction between the steel and concrete interface (free sliding), allowing
for no constraints on the crack opening. The upper bound solution (case II) was assumed to have a
perfect bond between the steel and concrete, allowing for no crack opening at the interface. Figure 3.12

illustrates the two situations.
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Figure 3.12: The (a) lower bound (free sliding) picture, (b) upper bound (no debonding) picture, and (c) solutions
for both the lower and upper bound (extracted from [73]).

Leung used a previous derived solution for case I and derived case II, arriving at the solutions shown in
Figure 3.12. K, is the critical stress intensity factor for concrete. The real cracking behavior should lie
somewhere between these two bounds. The solution shows that for crack sizes that are very small, the
volume of corrosion products needed to propagate the crack further is substantial. However, the larger
the initial crack size is, the less corrosion products necessary to further propagate the crack. As soon as
the corrosion product reaches a critical value for a particular initial crack size, the crack will jump over to
the rising portion of the same curve at the corresponding corrosion product thickness level. The results
are of interest because it shows how quickly large cracks can form once a certain level of corrosion

products have accumulated.

33 PROPAGATION MODELS (POST-CRACKING OF CONCRETE COVER)

Models have now been discussed that attempt to describe the corrosion pressure and crack propagation
prior to the crack reaching the surface of the concrete. Discussion is now provided on models that
describe the mechanical behavior of the concrete once cracking has propagated completely through the

concrete cover.

33.1 LI LAWANWISUT, & ZHENG MODEL
Li, Lawanwisut, & Zheng developed an analytical solution for the crack width opening at the surface

[74]. The crack width w, at the surface is given as:

W =20R  [£ (R )=Eq | cermerrmmrmmrinnremnesnneresessesesssssssssensennesens (3.70)

where €4 is the hoop strain at the cover surface and ¢ is the elastic hoop strain at fracture. One can

calculate the hoop strain with the following equation:
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2d,/R
g (R, )= TN 3.71)
(R 7 A T 7
where a; is the tangential stiffness reduction factor (<1). Equation 3.70 can be rewritten:
w, 2R oL (3.72)

) 4nd, _
(1-v)(Re4. )‘/“_ +1+o)(Rog e Ee

Verification of the applicability of the equation was conducted by comparing the numerical solutions of

the equation with experimental results [75]. Figure 3.13 plots the analytical solution along with the
experimental points.

4
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Figure 3.13: Analytical solution for crack width at the concrete cover surface caused by corrosion of reinforcement.
Experimental data [75] was plotted for verification of the model (extracted from [76]).

3.3.2 VU,STEWART, & MULLARD MODEL

Vu, Stewart, and Mullard developed an empirical formula for use in calculating the time to reach a critical
crack width [77]. Two parameters were determined as being critical for estimating the time to reach a
critical crack width once surface cracking has initiated: water-to-cement ratio (w/c) and the depth of the
concrete cover (R,). The ‘concrete quality’ was quantitatively described as Ry(w/c)”. They accelerated
corrosion in the reinforced concrete specimens galvanostatically (iAexp = 100 uA/cm?), monitoring the time
for a surface crack to appear and different crack widths to be reached. The following empirical

relationship between the time (in hours) to reach a critical crack width and the concrete quality was

found:

B
R
t., (experiment ) = A[ — ] ......................................................... 3.73)
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The value of constants A and B are determined for particular critical crack width limit and are provided in
Table 3.3. The coefficient of correlation is listed as well to provide an indication of the linear relationship

between the concrete quality and the time since cracking initiated at the surface.

Table 3.3: Empirical constants for time to critical crack width limit equation (extracted from [77]).

Critical crack width (mm)  Constants Cé)efﬁcwl_lt of
orrelation
Wer A B R
0.3 65 045 0.89
0.5 225  0.29 0.60
1.0 700  0.23 0.45

The correlation between the concrete quality and the time since the initiation of cracking decreases as the
crack width increases. Since the corrosion current density in a real structure will most likely not be 100

pA/cm?, an equation for extrapolation of the time to reach a critical crack width is created:

iA

t. (exp)=kg "_:xp_ “t o, (eXperiment) ......vvveenrvvvrerrrrenniennn, 3.74)

! ral

The correction factor kg is used to account for discrepancies between the mechanical response of concrete
from different loading rates (i.e. sensitivity to corrosion rate). This will be discussed further in Chapter 6
with regards to the experimental results presented in this document. For corrosion current densities below

200 pA/cm?, kg can be estimated from experimental data:

A
(-03?"’ } 1 i4
Kp =095 e\ "/ o 03| e (3.75)
2,500 4

3.3.3 WANG & LIU MODEL
Wang & Liu continued the modeling effort of [65] once surface cracks were created. Once cracks reach
the concrete cover, Equation 3.65 changes because there is no longer an uncracked outer ring. The

equilibrium equation is now:

The radial displacement distribution (Equation 3.53) will also change. There is no longer a crack tip layer

radius (R.) so the outer cover radius (R,) is used for a substitution. Also, the critical tensile hoop strain,
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written f/E in Equation 3.53, was changed to the average hoop strain at the concrete cover (€00). The
elastic radial displacement distribution, assumed over the entire cylinder that is now completely cracked,

is the following:

R, /P
u(r)=r-gq(r)=r-gq, # ................................................ 3.77)
Assuming R, = R. for Equation 3.47 as well, the radial displacement at the inner wall (r = R)) from

corrosion product accumulation is now written:

_m-1fRr,d,~q,?)
=R, (Ro +Ri)

This assumes that the volume created by the cracks for rust products to deposit stay triangular in shape.
While this is not entirely accurate, it is a reasonable assumption. Setting Equation 3.77 equal to Equation
3.78 at r = R, yields a relationship between the steel bar thickness loss from corrosion and the average

hoop strain at the concrete cover once cracks have reached the cover:

(R° Ri)z +1

(n-1)2R:d, -, )=Ri By e et (3.79)

(R, +R;)

The average hoop strain at the concrete cover is used to determine which tension softening equation to
use to calculate hoop stress. Again, the radial distances RR1 and RRu where the hoop strains reach €; and
&, respectively are written for convenience. The radial distance RR1 is written again by using Equation

3.51 and now assuming R, = R..

RRL S e e (3.80)

2%% -1

Wang & Liu assume a lower bound radial displacement distribution (as shown in Figure 3.6) once &, has
been breached at a location. The displacement at the initial radius (u-g;) is assumed to have the same

displacement as the location of the layer at a hoop strain equal to €, (Ur—gro). Using Equation 3.77:
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This assumption is not entirely compatible with Equation 3.79 because it was assumed an elastic

distribution was valid over the entire cross-section in order to calculate €go. However, the assumption

affects the overall solution marginally and is kept to maintain a consistent model to [71]. Table 3.4

provides the conditions with the corresponding solution for the integral of hoop stress.

Table 3.4: Hoop stress integral equations after cracking reaches the concrete cover (€ < €q,) [71].

RC
I= [oq(r)dr=

# Condition: Solution:
R,
RRI 0.15f € [ R, R,?
jogs(r)dr=—"| ¢, (RR1-RRu)-—2| =2 __9_4 RR]-RRu
RR1 R, RRu €, & 2 | RRu RRI1
1 €go < <E, <&y Rl{"es (r)dr+Rl£?92(r)dr N o5 R 2 RRL
u 0 —_—
fce2(r)dr=ft G '(Ro ‘RRI)“ 08 EwX
RR1 £ —€q (e, -e4) 2 RRI

R

o

R, 0.15¢ €4, [ R,2 —RRu?
. Gy (1) dr= tle, (R,—RRu)-=2| o 7"
2| & <ee <e,<t Joos (r)ar lemes() p—s « (R, ~RRu)-=2 o
R, R,
3 €, < &g, <Ey; R.fo'e4 (r)dr Rf°'e4 (r)dr=0
R, R, 0.15f, €0 [ R,2-R,;2
4 €1 < Ego < &g <E, f"es (r)dr .’.663 (r)dr— &y (Ro Rx) - | T
i i 8!1 _81 2 Rl
RR1 2 2
Joos (1) dr =20t e (RR1-R, )-8 Re” Ro oy g,
RR1 R, R, €, —€ 21 R; RRl
5 €go < €1 < €g; <8, fces(r)dr+kl£?ez(r)dr N . ' Rpy?
; . g, —0.15¢ 085 €¢ R -
Oy, (r)dr=1f,| 2—"""¢ (R —-RRI1)- =% "o
leuez() t[ 81"% ( [ ) (81—801) ) RR1 :I
R R 2 2
o o g, —0.15¢, 085 &g R,"—-Ry
. dr dr=f,| 2—"""¢ .(R_-R,)- .
6 €90 < L SS[ Ii692 (I‘) R{GOZ (I') r tl: € —£y ( o 1) (81 _ect) ) Ri

Pantazopoulou & Papoulia solved the boundary value problem using a finite difference scheme [65]. A

linear rate law (Faraday’s Law) and a parabolic rate law (referred to as ‘Liu & Weyers (1998)’ in their

analysis) were used. The problem was solved with no rust product accumulating in the cracks and then

with the cracks completely filled with rust product for both rate laws. The solutions are shown in Figures
3.14 and 3.15 (i = 0.018 A/m?, & = 0.622), respectively.
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Figure 3.14: (a) Pressure and (b) hoop strain for no rust product accumulating in cracks as a function of time
(extracted from [65]).
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Figure 3.15: (a) Pressure and (b) hoop strain with rust product accumulating in cracks as a function of time
(extracted from [65]).
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Figures 3.14 and 3.15 show the corrosion pressure at the steel/concrete interface. The corrosion pressure
builds until cracking occurs for both the linear and parabolic rate laws. However, the parabolic rate law
takes significantly longer to rupture than with the linear rate law. For Figure 3.15, the rust product fills
the cracks completely and a parabolic rate law is assumed. The time to cover cracking is significantly
delayed. Realistically, there are probably partially filled cracks with rust product accumulating initially at
a linear rate and later at a parabolic rate. Notice that when the crack front reaches the surface, there is a

substantial drop off in corrosion pressure for both rate laws.

34  FINITE ELEMENT MODELS

A brief review of previous work on finite element models towards reinforced concrete corrosion is now

provided.

34.1 OHTSU & YOSIMURA MODEL

Ohtsu and Yosimura used a pressure vessel to model the volume increase from creation of corrosion
products [78]. From the boundary conditions, equations for the stress state and displacement were
formulated due to the pressure at the hole. The displacements were used to solve for the stress intensity
factor K; at the location of proposed cracks. When K; exceeded the critical stress intensity factor, K¢, for
concrete, the crack would propagate further. Figure 3.16 shows the boundary element model (BEM)

used.

st s

AAAAAAATS A A AA

o Flgure 3.16: Boundary element model (extracted from [78]).

To model the propagation of the crack tip, displacement constraints are released at the node located at the
crack tip. Two different pressure distributions were modeled, uniform and vertical. The vertical pressure
distribution is simply the uniform pressure distribution without any horizontal contribution. The vertical
pressure distribution was modeled to investigate cases where cracking around the reinforcement destroys
the contact between the steel and concrete partially. The results for uniform pressure applied at the hole,
with the generation of a surface crack (extending from rebar to concrete cover), are shown in Figure
3.17(a).
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Figure 3.17: (a) Pressure as a function of displacement and (b) tensile stress as a function of angle for a uniform
pressure distribution (extracted from [78]).

The pressure shown is at the top of the hole. Point A marks the initiation of the surface crack. The tensile
stresses in the concrete are shown in Figure 3.17(b). Notice that there are large stresses at 45° and 135°.
These large stresses could explain the initiation of alternative cracks. The results for a vertical pressure

distribution with the generation of a surface crack are shown in Figure 3.18(a).
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Figure 3.18: (a) Pressure as a function of displacement and (b) tensile stress as a function of angle for a vertical
pressure distribution (extracted from [78]).

After the crack is initiated at point A, the pressure continues to climb. At point B, the pressure finally
starts to decrease. It appears as though an alternative crack at 0° could be created. This type of modeling
is of interest because it allows one to understand better the different crack distributions that arise during
corrosion of reinforced concrete. Since completely uniform corrosion is never realized in real structures,

the various pressure distributions help to explain some of the different cracking behavior.
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342 PADOVAN & JAE MODEL

Padovan and Jae used finite element analysis to model crack propagation caused by the rust product
accumulation [79]. In the model, a global mesh was created with a moveable template mesh assigned to
each crack tip to more accurately calculate the crack tip behavior (i.e. stress intensity factor, crack
direction, and growth). To calculate the stress state within the moveable template, the load and deflection
data along the boundaries are found by interpolation of the global field. The global field is determined
from the displacement caused by the growing oxide layer. A slowed rust accumulation rate relative to
rust thickness was assumed via an empirical relationship (similar to the parabolic rate law). The tensile
fracture strength of concrete was used as the criteria for the initiation of cracking and determined the
direction of the crack as time progressed. The case of all rebar uniformly corroding in a column (column
1), corner rebar uniformly corroding in a column (column 2), and all rebar uniformly corroding in a slab

are shown in Figure 3.19(a).

@ Corroding rebar O Clean rebar

000/ |(000|leg o o Column 1
® oj|OC O
eoe|| 0060

Column1 Column 2 Slab

Slab

(@) (b)
Figure 3.19: (a) Rebar uniformly corroding in a column (column 1), corner rebar uniformly corroding in a column
(column 2), and all rebar uniformly corroding in a slab. (b) Experimental and finite element results. All figures
extracted from [79].

Figure 3.19(b) shows the comparison of the crack trajectory using the model, compared to the crack
trajectory of experimental corrosion specimens for column 1, column 2, and the slab. Cracks from both
corroding rebar connect, creating cover peeling in column 1. In column 2, the cracks from the corroding
rebar in the corner lead to the corner cracking off. In the slab, the cracks of the corroding rebar link up
together and create cover peeling. The experimental cracks are more jagged than the model cracks and
this was attributed to the non-homogeneous aggregate to cement material property transitions and that real
concrete will most likely have stronger local properties. It should be noted that a non-uniform buildup of
corrosion product was solved using the finite element program for the case of the slab. The corrosion
product buildup was fastest on the side of the rebar closest to the surface of the slab. Cracking
concentrated itself between the rebar and the surface but eventually the cracks between the non-uniformly

corroding rebar linked up and again caused cover peeling.
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3.4.3 LUNDGREN MODEL

Lundgren developed a corrosion model, coupled with a model of the bond mechanism between steel and
concrete, to predict the bond strength using three-dimensional finite element analysis [80]. To calculate
the critical deformation at the concrete interface to cause cover cracking, the stiffness of the
reinforcement and rust layer, along with the deformation of the bond layer, are all taken into account.
The stiffness of the rust is treated like a granular material, meaning that the stiffness increases with the

stress level [80]. Lundgren estimates the relationship between stress and strain for rust as the following:

On =K o "Beor’ verereremrrmreteieneees et ese st ses s eereneessasenas (3.82)

where K¢r = 14 GPa and p = 7. The relationship was found from the experimental data shown in Figure

3.20(a).
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Figure 3.20: (a) The normal stress as a function of strain in the rust layer and (b) maximum load as a function of
corrosion penetration for experimental and finite element results. Both plots extracted from [80].

Figure 3.20(b) is one example of using the FEA model to predict the maximum load during pullout tests
of actual specimens. The experimental results were gathered by [52]. One can see that the finite element

analysis reasonably predicts the maximum load during pullout tests.

344 MOLINA, ALONSO, & ANDRADE MODEL

Molina et al. [75,81] created a finite element model to simulate cracking. The material properties of the
corrosion layer were assumed to be almost equal to that of water, due to the possibility of aqueous
corrosion products. A smeared crack with tension softening of the cracked concrete was assumed. Figure

3.21 shows the solution provided from finite element analysis.

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3: CORROSION PROCESS MODELING FOR REINFORCED CONCRETE

-
(&)

-
(=]

Pressure (N / mmz)
(3,

0.010 0.020 0.030 0.040 0.050

Penetration (mm)
Figure 3.21: Finite element analysis solution for pressure at the rebar interface at six different elements (extracted
from {81]).

Molina et al. assumed that the corrosion current was 100% efficient in dissolving iron atoms in the
corrosion process, while noting that more work needed to be done in order to verify the true relationship.
The pressure at the rebar interface is shown as increasing initially but then hitting a plateau. The

specimen maintains pressure at the interface despite substantial cracking using this model.

3.5 SUMMARY

Examples of models used for the entire corrosion propagation period have now been discussed.
Obviously, no model will ever capture the entire process completely due to the enormous amount of
complexity, uncertainty, and interaction between different parameters. However, many simple models do
a decent job of illustrating the major trends of the experimental data. The modeling allows for design

changes to be explored, maintenance and rehabilitation efforts to be planned, and life cycle cost analysis

to be conducted when used in a probabilistic manner.

For the purposes of this report, corrosion pressure has been solved as a function of corrosion percentage
(i.e. percentage mass loss) for a reinforced mortar cylindrical specimen using a few of the analytical
models discussed. The diameter of the rebar is 0.472” (11.99 mm) and the outer diameter of the concrete
is 47 (101.6 mm). The mortar had a modulus of elasticity of 24.1 GPa and a tensile strength of f, = 3
MPa. The corrosion product was considered twice the volume of steel (n = 2). Figure 3.22 shows the

corrosion pressure solution as a function of corrosion percentage for the analytical models.
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Figure 3.22: (a) Corrosion pressure as a function of corrosion percentage for a reinforced concrete cylindrical
specimen prior to the crack reaching the concrete cover for three different models. (b) Pantazopoulou & Papoulia
model conjoined with the Wang & Liu model (i.e. complete model), which was used to compare to guided wave
results in Chapter 6.

Both the Bazant and Liu & Weyers model have a linear increase in pressure prior to the crack reaching
the concrete cover. The Liu & Weyers model has a slight delay since corrosion products are assumed
deposited in the porous zone. The Pantazopoulou & Papoulia model has a steep initial increase in
pressure but then bows over as the rust is deposited in the propagating crack and the tension softening
behavior begins. The Pantazopoulou & Papoulia model is conjoined with the Wang & Liu model in
Figure 3.22 (bottom). Notice that once the crack reaches the surface, the interface pressure steadily
decreases in value and then reaches a plateau. The conjoined model will be used for later analysis of

guided wave experimental results.

As discussed in Section 3.4.3, the corrosion product is a granular material. As such the material
properties are dependent on the confinement level. The corrosion pressure model shown in Figure 3.22

predicts that pressure increases at the mortar interface, causing an increase in the confinement of the
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corrosion product. Figure 3.23 shows a stress-strain curve for a compression test conducted on a dried

iron oxide:
Strain
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Figure 3.23: Compression test on a dried iron oxide (extracted from [82]).

Non-linear behavior is observed from point 0 to A, attributed to the rearrangement of the particles [82].
There is a linear response from point A to B during loading, but a non-linear response during the
unloading (B-C). A permanent strain was present in the granular material after unloading. The tangent
modulus was measured from the unloading portion of the curve for different stress-states (provided in

Table 3.5).

Table 3.5: Tangent modulus from unloading portion of stress-strain curve for stress-states (extracted from [82]).
Stress (MPa) E (GPa)
28 7
20 6
-10 4.38
-5 1.26

Therefore, the material properties of the corrosion product layer will change during the corrosion process.
Adding to this complexity is the formation of several different types of corrosion products and the change
in material properties due to being aqueous or dry. The effect of changing the material properties is

studied in a parametric study contained in Chapter 4. The implications of the material properties change

on guided wave testing are also discussed in Chapters 6 and 7.
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CHAPTER 4:
GUIDED MECHANICAL WAVES IN A CYLINDER

A description of the theoretical framework for guided mechanical waves in a cylinder is described within
this chapter. While the following presentation of guided mechanical wave theory is based on several
derivations [83-88], the main source of information follows the derivation provided by [89]. The
discussion will begin with the use of the ‘equation of motion’. Appendix F has been provided to explain
the derivation of the ‘equation of motion’ and wave propagation within bulk materials. For discussion of
other waveguide geometries (e.g., plates and pipes) please refer to [85,89,90]. After the presentation of
the theory, solutions to the layered system (i.e. rebar embedded in mortar) used in this report are provided
and discussed. The selection process used to choose the guided waves to monitor corrosion in reinforced
concrete is explained. A parametric study has been included to discuss the changes in guided wave
behavior from several aspects associated with corrosion, geometry, and material property changes. The
utility of guided mechanical waves for a wide-range of industrial inspection applications has been

discussed previously [91].

There are a few assumptions for this particular presentation that must be addressed prior to beginning
discussion of the model. It is assumed that:

1. continuous sinusoidal waves are propagated

2. waves propagate through homogeneous isotropic materials

3. the cylinder has infinite length

4. the bar is a solid cylinder
These assumptions do not invalidate the solutions of the model towards use in comparison to the
experimental work. Previous authors [92-94] have shown that the propagation of pulses applies to the
theory as well. Steel is considered a homogeneous isotropic material, while mortar (or concrete) is
generally considered a heterogeneous viscoelastic material. However, the effects are limited and the
solution is considered adequate, as it has been used in other investigations with success [23,95-100].
Previous studies [101] have shown that the finite length has a negligible role in determining wave
behavior when the diameter-to-length ratio for the bar is below 0.4. The diameter-to-length ratio used in
the current study is well below this value for all tests. Beard [95] has shown that the wave mode features
are largely unaffected by the presence of ribs, provided the ratio of the wavelength to the surface
characteristic dimension of the ribs is large. Strong scattering effects were described for longitudinal
modes (>600 kHz) propagating in rebar 7/8” (22.2 mm) in diameter [102]. There was particular

sensitivity to diagonal rib patterns compared to an orthogonal axisymmetric rib pattern. The presence of
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ribs is thought to affect the behavior of the guided waves in certain frequency ranges used in the
experimental investigation used in this study. At 2.5 MHz, the ratio of the wavelength to the width of the
1ib for the lowest attenuated longitudinal mode is approximately 3 (compared to a ratio of 82 at 80 kHz).
However, at even higher frequencies wave energy becomes more concentrated at the center of the bar.
This concentration of energy should create less sensitivity to the effects of the ribs. Experimental results

are provided in Chapter 6 illustrating the effect of the ribs on guided wave behavior.

4.1 THEORY

Wave propagation within a bounded configuration, such as a cylindrical bar, is considered a guided wave.
The cylindrical bar is considered the waveguide. Energy flows mainly along the direction of the guiding
configuration [103]. Guided waves are combinations of compressional and shear waves that continually
interact with the boundaries to form a composite wave [96]. Therefore, the geometry and boundary

conditions of the waveguide affect the characteristics of the propagating wave.

For a cylindrical bar in a vacuum, the only boundary condition that must be met is that the outer surface is
traction free (zero stress). The displacement profile at the outer surface has no imposed boundary
conditions. The boundary conditions for stress at the outer radius (r = a) are listed below for a cylindrical

bar in a vacuum;

1]y T 0 ettt 4.1)
Trzliry DO ettt ettt 4.2)
T0] iy SO ettt (4.3)

For a review of stress terms within a cylindrical coordinate system please refer to Appendix G. For a
multilayered waveguide (e.g., rebar embedded in mortar), the derivation is similar to a solid cylindrical
bar in a vacuum; however stress and displacement boundary conditions must now be met at the layer

interfaces (r = a):

O T O (4.4)
Ug |, g T Ug |,y wrerermmsseenrsssisinise e (4.5)
Ug | s T UL e e (4.6)
Orr iye = Om| Ly werremerrermmsseeessssmmiensssesesesesssneseessseseesesssesees 4.7)
Tzl gt = Tig| iy wrerseerressmmsneesssmisssiesesesesesaesesssssnessessesnsessnes 4.8)
Y P OO 4.9)
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Waveguides affect two different wave characteristics: velocity and attenuation. In a bulk substance, the
velocity of a waveform is generally considered constant and independent of frequency. However, the
wave velocity in a waveguide becomes dependent on the frequency (i.e. dispersive). In a bulk substance
and a waveguide, attenuation of the waveform is caused by material absorption. However, in
multilayered waveguides (e.g. rebar embedded in mortar) wave energy can also leak out into the
surrounding material. To determine how a cylindrical waveguide will specifically affect waveform
characteristics one must start with the equation of motion:

2
p%—?—:(x+2u)VVos—quV><s ............................................... (4.10)
t

where p is the density of the material, A and y are Lamé’s constants, and s is the displacement vector. For
further information on the derivation of the equation of motion refer to Appendix F. The equation of
motion is written in terms of vector operators (refer to Appendix H) where different coordinate systems
can be transferred. Therefore, a cylindrical coordinate system (refer to Appendix G) is used, writing the

displacement vector as:

$ = ud, + ugig + uji, 4.11)

Much like the derivation provided in Appendix F, where the original displacement of a point in space for
rectangular coordinates is given as (uy, uy, Uy), it is now given in cylindrical coordinates as (u;, ug, u,). If
the displacement vector (written in cylindrical coordinates) is inserted into the equation of motion, one

arrives at the following set of equations:

2 2 2 2 2 2 2 2
aat“r = (h+2 )[a B 13w, u, 3%, %, 1 aue]_u( 12 12%, 1 3%, 2%, 3 uzJ ................... (4.12)

a2 r or 2 ozor o990 12 00 T2 00 rodor 12 90’ oz’ | ozor

0%, —(h+2m) 1 du, +132u, L1 9%, +182uz L 19%u, ’uy L 13 _%ug 13w, 12%, . (4.13)
a2 r2 90 1o 2 392 r o0dz r ozo® g2 rZO ror 2 2 90 r o

2 2 2 2 2 2 2 92
pa uz=(x+2u)lau,+au,+lau9+a Uz |_ lau,+a ur_lauZ_a u2_lauz+l U0 |eeereriverrenreenenns (414)
at? roz oJzor r dz00 g rdz ooz r o gr? 2 992 r 00z

Using Helmholtz decomposition, the displacement vector is rewritten in terms of an irrotational and

rotational part:

S=Udy T Uglg T UE, = VO + VXH ....ooooeieereeeeeeeeeeeeeereesseenns 4.15)
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where O is the scalar potential (irrotational) and H = Hji, + Heig + H,i, is the vector potential (rotational).

The following stipulation is given for the vector potential:
VHZFE,E) = 0ttt esesesens (4.16)

where r is the position vector and t is the time. Assuming that the divergence of the vector potential is
zero eliminates the possibility of sources or sinks of energy in the region, making the field solenoidal
[89]. This allows for the unique determination of three components of the displacement vector u from the
four components of the two potentials ® and H [89]. The displacement vector can be rewritten in terms

of the potentials ® and H:

_(o® 10H, 0Hg), 1o0®@ oH, oH, ), op 1(0 oH, )|,
s—(ar T Jl, +(r YA —— Jne +(§-+;(ar(rHe) = )an ......................... (4.17)

The equation of motion can be rewritten in terms of the potentjals ® and H as well:

1 |o*® 9%® 100 1 %@ 9@
Vio=| — |Z—= e e e, 4.18
(cdzjatz o’ ror r? 99 9z’ 418)
1 |9’H H, 20H H, 2 0H
VH=| — =|VH, ——L-=" 8} 4+|Vv2H, -2 r 740 ¢ U5 TRV 4.19
[CSZJW [ " or?2 f? 06 JI' ( 12 12 38 o ¥ 2z (4.19)

where ¢4 and c, are the bulk dilatational (i.e. compressional) and shear wave speeds, respectively.
Potentials must now be found that satisfy the wave equation by assuming a general form and modifying
later. One can assume potentials with harmonic motion and r, 0, and z dependence. Since the wave
propagates in the z-direction (along the cylinder axis) and does not change except due to harmonic motion

and attenuation, the following form has been assumed:

D = fD)ZHO)E XY ..ot eee s (4.20)
3 P 9 T (- ) T OO 4.21)
Ho = -i(ho(D)Z0(B)E ™™ ™) v seeeseeenn (4.22)
H, = -i(hy(1)ZA0)€TT ™) ..o eeeeeen e s s (4.23)

where k is the wavenumber (k = w/c,), @ is the angular frequency (o = 2=f), f is the frequency, Cp is the
phase velocity, z is the axial distance, and t is the time. This form states that there is an unknown r and 6-
dependence. The 6-dependence, assuming it exists, must be sinusoidal so the same solution exists at 6

and 6 + 2n. Phase angles have been added to the potential equations to make terms drop out later. They
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do not affect the final solution because they are compensated for by the coefficients of the functions
themselves [89]. Plugging the general form of the scalar potential ® and vector potential H into the

equation of motion, the following differential equations are found:

% 10f , Q
4= X I 20 et 4.2
arz+rar+(oc " “4.24)
0’h, 10h 2 (R+1) 2 1 dg
— oI B2- h,—i=— =8 h, =0 e 4.25
9%h, 10h, 5 (s+1)) 2 1 og
o2 - R i I 426
— +(B g i, (4.26)
9*h, 13h 2 T
2417z e B, =0 e )
— L~ +(B rzj ,=0 4.27)
where;
aZ
L e (4.28)
gy 00
1 82g
R o= 2l ettt e et s s e s s ee s re s s res e 4.29
g, 002 (4.29)
2
12 L (4.30)
8o 00
1 a2g
T e o e eesee e e tes s ese e s e s s e e e e e sese e e e 431
g, 00° 431
and:
2
a2=m—2—k2=m2[—1—2———17] ............................................... (4.32)
Cd Cd Cp
2
(I L S U, (4.33)
Cq Cs S

The equations are very similar in form to that of the Bessel equation (refer to Appendix I). Looking at the
differential equations resulting from the scalar wave equation and the third component of the vector wave

equation, the equations would match with the Bessel equation if Q =T =n’. Setting Q =T =n’:
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2
T =_giaa—eg2.z_=n2 .................................................................... (4.35)

then one possible solution for gy(8) and g,(6) is the following:

20(0) = 2,(8) = cos(nB) + isin(nB) =™ ........ovvevrereererrenrnn, (4.36)

In order for the same solution to exist at 6 and 8 + 2, ‘n’ must be an integer. Using the equation for 6-
dependence shown above, the solution for the r-dependence in the scalar potential and the third

component of the vector potential is the following;

TRV R X (01 I (4.37)
(1) = AsZu(B) + B3Wa(BI) wevevrrmeeeeeeeeeeeeesseeeeesseeeeseses e (4.38)

where Z and W represent Bessel functions with the particular combination depending on whether o and
(Eqns. 4.32 & 4.33) are real, imaginary, or complex. The symbols A and B represent integration
constants and are discussed shortly. Appendix I provides a brief overview of the different Bessel
functions that are used, with an explanation of the recurrence parameter y. Table 4.1 gives the conditional

statements for the use of different Bessel functions:

Table 4.1: Conditional statements for the use of different Bessel functions.

Ifcp>cy Ifcg>cp>c Ifcs>cp
=1 T1=-1 T=-1
Y. =1 vn=1 Y. =-1
Ev‘ Z,(or) = J(or) Z(or) = I(or) Z,(or) = Ly(or)
2 Walou) = Ya(or) Wa(or) = Ky(0r) Wa(or) = Kq(o)
= Z,(B1) = T Z,(B1) = T.(B1) Z,(B1) = TL(Br)
Wi(Br) = Y,(Br) Wi(Br) = Ya(Br) W,(Br) = K(Br)
o B nh=1 n=1 n=1
g & =1 =1 =1
g E Wi(or) = Hyl(ar) Wi =Hl(0r)  Wa(or) = Hyl(on)
& Wa(Br) = H,'(Br) Wa(Br) = H,'(Br) Wi(Br) = H,'(Br)
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The first and second components of the vector potential have a dependence on both g, and go and h, and
he. The two components are grouped together and solved simultaneously. If one uses the same form for

the 8-dependence as with g, and g,, then subtracting the second equation from the first results in:

2 19 ., (n+1) _
{¥+;§;+ﬁ 7 (hy ~hp)=0 e, (4.39)
where:
hr - h(.) = 2AIZm1([3r) + 2B1Wn+1(ﬁr) ........................................... (440)

Adding the first component to the second component results in:

82 1 8 2 (Il - 1)2
_— —_— hg)=0 e, .
{arz +r ar+B r? (B, +ho)=0 (#4D
where:
hr + he = 2A2Zn_1(BI') + 2B2 W n-l(Br) ............................................ (442)

Since there are only six boundary conditions at each interface layer that must be met (Uy, Us, U, O, Te,
) and there are eight integration constants (A, A, A,, As, B, By, B;, B;), two of the integration constants
can be eliminated. This is a property known as gauge invariance, meaning that the actual field is
unaffected by changes in the potential solution (as long as the wave equations are satisfied) [104]. The
integration constants A, and B, will be set to zero, resulting in h(r) = -hg(r). The form for the 1-

dependence in the case of the first and second components of the vector potential are shown below:

RNy A (1 39 5= 1\ AN (125 VO (4.43)
RGNy ANT(. 7y R : AN (:3 ) (4.44)

The general forms for the scalar and vector potentials are shown below:

@ = (AZ(0r) + BWLO) @ oo (4.45)
H; = (A1Ze1(BD) + BiWai BD)E™™ ™ e, (4.46)
Ho = -i(A1Zyr1(BY) + BiWrt B o ooeeeeeeeereesnenn (4.47)
H, = #(AsZo(B1) + BsWo(Br)E ™ oo, (4.48)

Now that the scalar and vector potentials have been rewritten in terms of Bessel functions, partial wave
amplitudes are discussed. The partial wave amplitudes are the partial bulk wave contributions that

interact to make a composite guided wave. The partial wave amplitudes are the integration constants: A,
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A;, A, B, By, Bs. The partial wave amplitudes represented by ‘A’, ‘Al’, and ‘A3’ are inward (-)
propagating waveforms that are referred to as ‘L-’, ‘SV-’, and ‘SH-’, respectively. The partial wave
amplitudes represented by ‘B’, ‘B1’, and ‘B3’ are outward (+) propagating waveforms and are referred to
as ‘L+’, ‘SV+’, and ‘SH+’, respectively. ‘L’, ‘SV’, and ‘SH’ represent the bulk compressional, shear
vertical, and shear horizontal components, respectively. The naming convention was created for plates,
but was carried over to cylinders by previous authors [89]. All of the terms are contained in Table 4.2 for

clarity.

Table 4.2: Naming convention for integration constants.
Integration Constant A B Ay B; A; B;
Partial Wave L- L+ SV-  SvV+ SH- SH+

An illustration has been provided in Figure 4.1 to better explain what is meant by inward and outward

propagating waves within cylindrical layers.

Layer 2

Boz‘tom syt gHt

Top \\\/7

Figure 4.1: Inward and outward propagating waves in a multilayered cylinder (extracted from [89]).

b

Bessel functions represented by ‘Z’ in the equations are inward propagating waveforms, while those
represented with ‘W’ are outward propagating waveforms. The cylindrical core only has inward (-)
propagating waveforms. The core is modeled as a semi-infinite half-space. The outward (+) propagating
waves not shown in the core are represented by the inward propagating waves from the other half of the

core [89]. Semi-infinite surrounding layers (e.g. layer 3 in Figure 4.1) will have only outward (+)
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propagating waves since no waves are reflected inward. The final forms of the boundary conditions are
now written. Shortcuts for the derivatives of Z and W terms are found in Appendix I. The three

displacements are written:

8<I> 10H, dHy (0f n i{nB+kz~ot )
= — —h

YT T oz ( or kb j

_ L[A(mzn ((XI')—I' YlaZn+l (ar))"'B(ann ((X,I')—I’2(XWn+1 (a‘r))+]ei(n9+kz—0)t)

r’ AlrsznH (Br)+B1r2kwn+l (Br)+A3ann (Br)+B3ann (Br)

ug = 18<I>+BH oH, _in dh, ) o (n0+kz-at)
rod oz or r or
.L[Anrzmr)mmwn (ar)- A r2KZ 0,y (Br)- Jum) ............... (4.50)

r? Blrzkwn-l-l (Br)+A3 (nrzn (Br)‘fzhﬁzuﬂ (Br))+B3 (mwn (ﬁr)—rZBWnH (Br)

o0 He LOHg 10H, (n+1). 3, ) (merizean)
20 % il h +—1 |iln
V2= x ro T Mt

=z—2-(Ar2an (ar)+Br’kW_ (or)+ A r?pzZ, (Br)+ B r2y,pW, (Br))ei(“e+kz"°’t) ........................... 4.51)
r

The three stress boundary conditions can now be written. By plugging the original differential equation

back into the stress formulas, the recurrence relationships and parameters can be used.

G, =lA+2ua—;r'—=}\,V2cI)+2uaar((§+nh +kh J i(n6+kz—mt)]

(ﬂ oy ndh, o ]ei(n(-nkz—mt)
z

T AL
or 2 % r or

Al((x? -2 ) +2n(a-1))z, (r)+ 27,00Z 1y (o) + B(k2 —B2 J? +20(a-1))W, (0r)+ 200Wy o))+
=L A, (26BrZ, (Br)-2ke(n +1)Z,, (Br)}+ B, (2ky,Br2W, (Br)-2ke(a+1)W,., (Br))+ ollooria-a) -
A, @n(n-1)Z, (Br)-207,BiZ,,, (Br))+B; (2n(n=1)W, (Br)-208:W,,, (Br))

au aue
Tro =Kl =W~ T

oh oh, .
‘M[l—[%rf-+nh +kh )_l%(% + arz r] aar[ £+ Stk J]ez(n(-nkz—(m)

N " 2 Bh ahz 2 2 a hz i(n0+kz-ot)
_—r—z[an 2nr§—(n+l)rkh +kr ?+ P -n“h, -r ? €

AQ2n(1-1)Z, (or)+2nr7,0Z ., (ar))+B(20(1-n)W, (or)+ 2010w, (ar))+
~it) A1 (k2,82 (Br)-2(n + )0z, (Br))+ By (ke BW, (Br)- 2(0+1)ikW,s (b)) ol(moria-a) ... (4.53)
A (20(1-n)+7e? )z, (Br)- 217,82, (Br))+ B, (20(1-n)+B202 W, (Br)-2eBW,., (Br))

2%f oh, n 2n ah_z)ei(n9+kz—0)t)

(4.52)
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ou, du, of nk (n+1) (n+1)oh, 9°h
- - 2k r I3 kz—())t)
T, =UY, (az + ] u( —+—h ( e h, + - t— cos(ne)e

A(zkmz (or)-2y,kor?Z (ar))+ B(2kann (or)=2kar? W, (ar))+

=it Al(ﬁmznmr) ? (& Bz) wrt () By (Burys W, (Br)e® (k2 = Wy (Br))i [cos(n)e (o) v (4.54)
" As (aaz, (Br)+B; (alaw, (Br))

The displacements and stresses are all multiplied by r* to avoid dividing by the radius, eliminate the
common term, and be consistent with previous derivations. The displacements and stresses are organized

into the partial wave amplitude contributions to each boundary condition [89]:

L+(B) L-(A) SV+(B;) SV—(A;) SH+(B;) SH-(A;)

u, D(,1) D@12 D(1,3) D(1,4) D(1,5) D(1,6)

. D(2,1) D(2,2) D(2,3) D(2,4) D(2,5) D(2,6)

u,  D(3,1) D(3,2) D(3,3) D(3,4) D(3,5) D(3,6)

6. D(41) D@42) D@4,3) D(4,4) D(4,5) D(4,6)

1, D(51) D(5,2) D(5,3) D(5,4) D(5,5) D(5,6)

1o D(6,1) D(6,2) D(6,3) D(6,4) D(6,5) D(6,6)
D(1,1)=1(r2kW, (orr)) D(2,1)=nrW, (or)-r2aW,,, (ar) D(3,1)=i(mW,, (or))
D(1,2)=i(r*kz, (ar)) D(2,2)=nrZ, (or)-r2y,0Z,,, (or) D(3,2)=i(neZ, (ar))
D(1,3)=(r? vzsw (Br)) D(2,3)=12kW, ., (Br) D(3,3)=—i{r kW, (Br))
D(14)=i(r2pz, () D(2,4)= Kz, () D(3,4)==i(r"kZy (pr))
D(1,5)=0 D(2,5)=nrW, (Br) D(3,5)= i(nrW, (Br)r? —BW,,,, (Br))
D(1,6)=0 D(2,6)=wZ, (Br) D(3,6)=i{niZ, (Br)-ry,BZ, (Br))

D(4,1)=p(((k? - B2 2 + 2n(n - 1))W, (ar) + 200W,., (ar))

D(4,2)= u(((k2 B2 );2 +2n(n -1))zn (or)+ 2y,00Z .., (ar))

D(4,3)= (27, KBr*W, (Br) - 2kr(n + 1)W,,, (Br))

D(4,4)= (2812, (Br) - 2k (n + 1)2,, (Br)

D(4,5)=p(2n(n - 1)W, (Br) - 2nrw,,,, (r))

D(4,6)=p(2n(n -1)Z, (Br) - 2ny,BrZ,,, (Br))
D(5,1) = in(2kneW,, (o) 2kor? W, (o)) D(6,1)=in(2n(n-1)W, (ar)-2nraW,,, (ar))
D(5,2)=iu(2kann(ar)—271k(xr Z,. (or) D(6,2)=in(2n(n-1)Z, (ar)-2y,010Z,,,, (ar))
D(5’3)=iu(YZBnrwn (Br)+r? (kz_Bz )Wu+l (Br) D(6,3)=zu( kr? 'yzBW (Br)+2(n+1)kW,,, (Br))
D(5,4)=iu(Bann( r) rz(kz—BZ)ZnH (Br)) D(6,4)=zu(—kr BZ Br)+2(n+1)kZ ,, (Br))
D(5,5)= i (nkeW , (Br) D(6,5)= in(2n( 62 2 )W, (Br)+2:8W,,,, (Br))
D(5,6)=in(nkiZ, (Br)) D(6,6)=in((2n(n-1)-B*2 )2, (B )+ 27,rBZ,. (Br))

Now that partial wave amplitudes have been defined for a cylindrical layer, the boundary conditions are
used at the layer interfaces to construct a matrix. The method used here, the global matrix method,
follows that of previous derivations [89]. Shown below is the global matrix, [G], for a four cylindrical

layer system. One can see that each row correlates to a displacement or stress that must be continuous
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across the layer interfaces. Layer 1 has only inward propagating waves and layer 4 has only outward

propagating waves.
LAYER 1 LAYER 4
{HALF-SPACE) LAYER 2 LAYER3 (HALF-SPACE)
L sV-  SH [N | sv* sV~ SH* SH™ (A v sv* sv© sHt SH™ Lt sv* sH*
u fBiz Oy Dig [-Dyy Dy Dy =Dy Dy -Dyg \
Yl P2z P2 P |Pa P -0y -Py Dy Dy

Yg| P2 D3 Oz | D3y Oy mg;;; Oy O
%l P42 Pas Oss | Dar Puz 0g3..7Py Dy Dy

"] P52 B4 Opg | Og Dsp -Dgy Dy -Dgg Dy

Yol Pe2 De4 Dgs | D61 Dgz Dgz "Bgy ~Dgs D

uy Dyy  Dyg Dyg DOy Dyg Dy | By Oy By By Dig Dy

Yy Dp1 Dpp Da3 Dyy Oy5 Dy |-Dyy Dy -Dyy Dy -Dpg -Dyg

ug D3y EQ@W ?5@ g‘?% Dyg | -Dy -0y 'g&{m ?gﬁ -Dys -Dyg

S D4y a 0 Bgs Dyg |0y D Ty By Dy -Dyg

e D1 Dgy  Dgy Dy By  Dgg | -Ogy -Dgy -Dgy -Dgy -Dgg -Dgg

Yo D1 Doz Dg3 Dgs Dgs  DOgg | DPgt Dgz —Dgg -Dgy -Dgs -Dgg

u, ' Oy DOy Dyy Dy DOy Uy [0y Oy Dy
Uy Dy Bz DBy Dy DOy Dgg |-Dyy -Dpy -Dyg
ug Dy O PE”tﬁQm Dsg | D3y D33 -0y
O D4 93 3B, »g ... 9481 Das |“Dyy -Dgg Dy
'n Ugy Py D Pge  Ogg  Dgg |-Dgy -Dgy -Dgg
Yo \ Pgr Pg2  Pea  Pgg Dgs Dgg | -Pgy —Dgy ~Dgs J

In order to satisfy all boundary conditions simultaneously, the global matrix is multiplied by a vector of

the partial wave amplitudes:

[GTEA} = 0 ooeroeeeeeeeeemeeeesess s eseesssesessssmesemssssssses e (4.55)

This equation is satisfied when:

4.1.1 ATTENUATION
Attenuation is the loss of waveform amplitude, typically represented in units of dB/m or Np/m (1 Neper =
8.7 decibels). There are many different causes of waveform amplitude loss, with those accounted for in
the model discussed below:

1) Absorption mechanisms — combined effect of attenuation due to intrinsic mechanisms and those
due to imperfections. An example of an intrinsic mechanism is thermal effects. Application of
strain can create an effective temperature change of phonon modes, leading to a redistribution of
their populations by the phonon-phonon interaction [105]. Energy is dissipated due to the phase
lag that is created. Imperfections in the material (e.g. voids and misoriented grains) reduce the

amplitude of the wave by causing scattering and reflections. For more information on scattering
refer to [106-108].
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CHAPTER 4: GUIDED MECHANICAL WAVES IN A CYLINDER

2) Leakage — Energy may radiate (i.e. leak) from an embedded material into the surrounding
medium.

For an unbounded infinite medium, the attenuation is considered dependent only on the material

absorption of wave energy in the medium. For a guided wave in a layered system, wave energy is lost

due to material absorption and leakage into the surrounding material. The bulk material properties in the

model are altered to account for material absorption (refer to Appendix F). The total attenuation caused

by material absorption and leakage is calculated in the model by using a complex wavenumber:

The real wavenumber, k., describes the harmonic propagation of the waveform while the imaginary

wavenumber, Kinag, describes the exponential decay of the wave. The potential functions have the form:
® = Amplitude - e Hkriz=0t) & ~KingZ _ Amplitude - e ille-at) . (4.58)

When solving for the global matrix system, a solution will contain the frequency (f), phase velocity (cp),
and the attenuation (kimsg). Figure 4.2 shows a slice of a solution plane for solving the determinant of the
global matrix. The frequency was held constant at 2.53 MHz while the phase velocity and attenuation
values were swept. The contour plot beneath the three-dimensional surface reveals the minima

(solutions) for longitudinal propagation.
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Figure 4.2: Three-dimensional slice of solution plane for the determinant of the global matrix. The frequency was
held constant at 2.53 MHz, while the phase velocity and attenuation values were swept. The contour plot reveals the
minima (solutions) for longitudinal propagation.
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4.1.2 PHASE, GROUP AND ENERGY VELOCITY

The rate at which individual wave crests travel within a wave packet is termed the phase velocity (c,).
For a non-dispersive bulk medium, crests within the wave packet will travel at the same velocity as the
wave packet itself. For a dispersive medium, the wave packet travel at a different velocity than the crests.
This can be thought of as a bullet ricocheting down a hard-walled corridor [109]. The bullet travels with
a particular speed that makes an angle with the longitudinal axis of the corridor. The speed of the bullet
in the direction of the longitudinal axis of the corridor is different than the speed of the bullet in the
direction at an angle to the axis. For a dispersive medium without attenuation, the velocity of the wave

packet can be calculated from the derivative of the dispersion curve and is termed the group velocity:

For a dispersive medium with attenuation, the derivative of the dispersion curve will not accurately
calculate the velocity of the packet in all regions. Therefore, the velocity of the mode energy in the axial

direction will be calculated. This is termed the energy velocity and is calculated in the following manner:

f | (P, \TdS
c. =51
® [{(TED)dTdS
ST

where P, is the power flow density in the axial direction, S is the cross-section perpendicular to the
direction of propagation, T is the time period of the wave, and TED is the total energy density [89,100].
Power is the amount of work per unit time. Power flow density is the amount of power that travels
through a given cross-section. To calculate the power flow density, the dot product of the velocity vector
(calculated from the derivative of displacements with respect to time) and the stress tensor is calculated.

The dot product will yield the Poynting vector:

P=C‘G=[Cr Cg c, ] Ge]. Gee Gez =Pril‘ +P9i0 +Pziz
Oy O G,
= (Cro.rr +C969r +¢,0, )ir +(cr0.r9 +09669 +°z°'ze )ie +(Cr6rz +Cg0p, +¢,0,, )iz

The equation for power flow density assumes that real values are used. The expression for power flow

density must be halved if complex values are used. Power flow in the axial direction is the following:

PZ =Cr0-l.z +C9692 +CZGZZ ................................................ (4.62)
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To find the total energy density (TED), both the potential and kinetic energy densities must be summed.
The potential energy density is the strain energy density (also referred to as the strain energy per unit

volume). The strain energy density (SED) can be calculated with the following equation:
SED = e 0= Y4{0,,€,, +CgoEep + 0 ,€, +6,€,, +0 g€ + o€y Feorerrrmmmrrrreersmne (4.63)

The equation for strain energy density assumes that real values are used. The expression for strain energy
density must be halved if complex values are used. The kinetic energy density (KED) is calculated from

the following expression:

KED = Y;plc-c}= A{(a;tf )2 +(%]2 +(a;‘tz ]Z} ............... (4.64)

Again, the expression for kinetic energy density assumes that real values are used. The expression for
kinetic energy density must be halved if complex values are used. The total energy density (TED) is

calculated as the summation of kinetic energy density (KED) and strain energy density (SED):

TED =KED + SED.........oooeeeeeereeereoreeeeeereosesssssesessessssssessssessones (4.65)

4.2 SPECIFIC TYPES OF WAVE PROPAGATION

There are three types of wave propagation in cylindrical waveguides: longitudinal, torsional, and flexural.
Longitudinal propagation has only radial and axial displacement. Torsional propagation has only angular
displacements.  Flexural propagation has radial, axial, and angular displacements. Longitudinal,
torsional, and flexural waveforms are represented by the notation L(n,m), T(nm), and F(n,m),
respectively. The characters ‘n’ and ‘m’ represent the circumferential order and the sequential order of
the mode, respectively. The circumferential order ‘n’ determines the number of displacement cycles
around the bar outer diameter, varying as a function of cos(nf) [95]. Longitudinal and torsional
propagation have circumferential displacements of zero (i.e. no angular motion, n = 0). Flexural
propagation can have circumferential displacements of n = 1, 2, 3, etc. There are an infinite number of

modes for each type of propagation.

Wave propagation within this report has been broken up into two types of propagation: wave motion
independent of the angle ‘0’ (n = 0) and wave motion dependent on the angle ‘0’ (n =1, 2, 3, etc.). Two
specific waveguide configurations are considered for all types of propagation. The first is propagation
through a cylindrical bar in a vacuum. This is applicable to reinforcing steel completely debonded from

concrete. The second is propagation through a cylindrical bar embedded in an infinite medium. This is
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applicable to reinforcing steel immersed in water or embedded in mortar. Other waveguide system

examples are considered once mode selection has occurred.

Material properties are necessary to model the guided wave behavior in the layered cylindrical system.
The elastic modulus and Poisson’s ratio of the mortar were measured from compression tests, while the
elastic modulus of the steel was measured from a tension test. The density and Poisson’s ratio of the steel
were taken from standard reference values [110]. The material absorption coefficients for both steel and
mortar were taken from reported values [96]. The material properties for water and air were taken from
standard reference values [89]. All the material properties used for modeling guided wave behavior in

this paper are given in Table 4.3.

Table 4.3: Material properties used in this report.

. . . . Shear
. Elastic . Poisson’s  Compressional Shear Compressional
Material Modulus Density Ratio Velocity Velocity ~ Absorp. Coeff. 133052;11‘) ’
Units (GPa) (kg/m?) (m/s) (m/s) Neper/ A Neper/ A
Symbol E P U Cd Cs Olg 0O

Steel 208 7,700 0.29 5,954 3,238 0.003 0.008

Dry Mortar 19.9 2,066 0.192 3,256 2,010.1 0.05 0.12

Wet Mortar 24.1 2,170 0.229 3,588 2,125 0.05 0.12

Water - 1,000 - | R —

Air e 1205 -eee- 344 e e

4.2.1 WAVE PROPAGATION WITH MOTION INDEPENDENT OF ‘@’

Wave motion independent of the angle ‘0’ has a circumferential order equal to zero (n = 0). There are
two different types of wave motion in cylindrical bars independent of the angle ‘6’ that will be discussed.
The first is longitudinal propagation and the second is torsional propagation. These two types of waves
are discussed after the general equations for wave motion independent of ‘0> have been written. The

displacement and stress components are shown below to help illustrate the behavior:

U, == (- Ar’y,0Z, (ar)-Brlaw, (ar)+ A,r2KZ, (Br)+ Byr2kW, (Br) )0 ... (4.66)
r
1 o
Ug =—ir—2(A1r2kZ1 (Br)+B,r’kw, (Br)+Asriy,Bz, (Br)+B;r*BW, (Br))e (ot} ... 4.67)
u, = i—IT(ArszO (ar)+Br’kw, (ar)+A,r*BZ, (Br)+B;r%y,BW, (Br))ei(kz_"’t) ................. (4.68)
r

The following is the material layer matrix for zero circumferential order (n = 0):
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L+(B) L-(A) SV+(B;) SV-(A;) SH+(B;) SH-(A,)
u, D(1) Dp@I12) DO3) D(1,4) 0 0
u, D(21) D(22) D(23) D(2,4) 0 0
u, 0 0 D(3,3) D(3,4) D(3,5) D(3,6)
6. D(41) D@42) D(4,3) D(4,4) 0 0
1, D(51) D(52) D(53) D(5,4) 0 0
Te O 0 D(6,3) D(6,4) D(6,5) D(6,6)
D(1,1)=i(r2kw, (ar)) D(2,1) = -r*aW, (or) D(3,1)=0
D(1,2)=(r2kZ, (or)) D(2,2) = —r’y,0Z, (or) D(3,2)=0
D(1,3)=i{ry,BW, (Br)) D(2,3) = r*iW, (Br) D(3.3)=-i{s?iw, ()
D(1.4)=s782, () D(2:4)= iz, (5 D(3.4)=-i{e"icz, (br)
D(1,5)=0 D(2,5)=0 D(3,5)=i(~r*BW, (Br))
D(1,6)=0 D(2,6)=0 D(3,6)=i(-1?7,BZ, (Br))
p(4,1)=p(((> =82 2 W, (o) + 200w, (orr)) D(5,1)= iu (- 2kor? W, (or))
p(4,2)=p({(k? -B2 k2 )z, (o) + 27,062, (or)) D(5,2)=in(-2y,kar?Z, (ar))
D(4,3)= (27, kBr > W, (Br) - 2keW, (Br)) D(5,3)=in(r* (k* ~B* )W, (pr))
D(3,4)= 2k 2, (8r)- 2102, (5) D(5.4)= (s (k? -B* J2, (Br))
D(4,5)=0 D(5,5)=0
D(4,6)=0 D(5,6)=0
D(6,1)=0
D(6,2)=0
D(6,3)=1|,L( Z'YzBWo Br +27kW, (Br))
D(6,4)=zu(— kr?BZ, (Br)+21kZ, (Br))
D(6,5)=1M(( z Z)Wo (Br)+2:pW, (Bf))
D(6a6)=lU(( )Zo Br +27,18Z, (Br))

This material layer matrix can now be configured into a global matrix to match the waveguide

configurations mentioned previously.

Wave Propagation Independent of ‘0’ for a Cylindrical Bar in a Vacuum

It will be assumed that there are no outward propagating waves, only inward propagating waves, since the

waves do not propagate in a vacuum. This is a result of the impedance mismatch between the two

mediums.

cylindrical bar is not constrained. Therefore, all of the stress terms equal zero at the outer circumference

In this case, the displacement terms are not needed for boundary conditions since the

of the cylinder (r = a). Below is the global matrix condensed to fit this case:
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L-(A) SV-(A;) SH-(A;)

6, D(4,2) D(4,4) 0
1., D(52) D(54) 0
T 0 D(6,4) D(6,6)

The determinant of this 3 x 3 matrix is the following:

D(5,4) 0 D(5,2) 0
D(4’2)"D(6,4) D(6,6)‘_D(4’4)" 0 D(6,6)|

=D(6,6)-[D(4,2)-D(5,4)-D(4,4)-D(5,2)].

These equations will have no solution unless the determinant of the system is zero [111]. When the
determinant of a matrix is zero, the matrix is said to be singular. For the determinant of the 3 x 3 matrix
to be zero, the determinant of the upper left 2 x 2 matrix must equal zero and/or D(6,6) must be equal to
zero. Either or both of these would ensure a solution to wave motion independent of the angle ‘0’ for a

cylindrical bar in a vacuum.

Wave Propagation Independent of ‘0’ for a Cylindrical Bar Surrounded by an Infinite Medium

It is assumed that there are only outward propagating waves in the surrounding infinite medium, and only
inward propagating waves for the cylindrical bar. This is a result of the infinite surrounding reflecting no
waves back towards the cylinder. Therefore, waves that leak from the cylindrical bar are assumed to
never return. In this case, the displacement and stress terms are needed for boundary conditions since the
isotropic cylinder is constrained by the surrounding medium. The displacement and stress terms in the
cylinder will equal the displacement and stress terms in the surrounding medium at the outer

circumference of the cylinder (r = a). Below is the global matrix for this case:

L= SV-¢ SH-—y L+ SV 4+ SH +¢
u, D(,2) D(,4) 0 -D(1,1) -D(1,3) 0
u, D(2,2) D(2,4) 0 -D(2,1) -D(2,3) 0
ug 0 D(3,4) D(3,6) 0 -D(3,3) -D(3,5)
6., DH4,2) D344 0 -D(4,1) -D(4,3) 0
T, D(5,2) D(5,4) 0 -D(5,1) -D(5,3) 0
To 0 D(6,4) D(6,6) 0 -D(6,3) -D(6,5)

For the determinant to be zero, the determinant of either of the two matrices below must equal zero:
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L-oy SV-c L+ SV +,¢

u, D(,2) D@4 -DA,1) -D(,3)
u. D(2,2) D(2,4) -D2,1) -D(2,3)
o, D(4,2) D(4,4) -D@H1) -D(4,3)
T, D(52) DG4 -DG,1) -D(,3)

SH-,, SH+y
ug D(3,6) -D(3,5)
'Cﬂ; D(696) _D(635)

Longitudinal Propagation

This type of propagation is axially symmetric, with displacements occurring only in the radial and axial
directions. Therefore, the angular displacement is equal to zero (ug = 0). In other words, the stresses and
displacements occurring at an arbitrary radial boundary from the center of the cylinder are the same
around the circumference. Knowing this allovs(s the global matrices for motion independent of ‘6’ to be

reduced for the case of longitudinal propagation.

Case I: Longitudinal Propagation for a Cylindrical Bar in a Vacuum

For longitudinal propagation, only the stress components G,, and 1., are needed for boundary conditions.
The stresses yield no components from the potential H, (D(4,6) = D(5,6) = 0). Therefore, the determinant

of the upper left 2 x 2 matrix describes longitudinal propagation for a cylindrical bar in a vacuum.

L-(A) SV-(A))
o, D(4,2) D(4,4)
1, D(52) D(54)

The two stress components are set equal to zero at the outer circumference (r = a) and a solution matrix is

constructed:

[((kz - 82 Ja? )2 (0a) + 27,007, (o) 2kBa’Z, (Ba) - 2kaZ, (sa)}[ A ] _ m
-27koa’Z, (0a) a’ (k2 -B? )z1 (Ba) Al |o

The determinant of the matrix is shown below:

%yl (B2 + 2 )z, (02)z, (Ba)- (B2 ~k* ) Z, (ca)Z, (Ba) - (420, )2, (Ba)Z; (0t@) = 0 o (4.69)
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This is referred to as the ‘Pochhammer’ frequency equation for longitudinal modes [84] or the
‘characteristic equation’ [101]. Pochhammer [112] first derived the equation followed by a later
independent derivation by Chree [113]. The solutions to this equation define longitudinal propagation for
the case of a cylindrical bar in a vacuum. Since the material properties of steel are given in Table 4.3, the
only unknowns are then the frequency, phase velocity, and attenuation (assuming a specified radius). The

displacements are now derived. Since H,=0 and H, = 0, the following are the displacements:

a(I) aH i(kz— i{ kz—o
=2 o _ (a2, (ar)+ Az, (Br))e e =A1(—A—ylazl (ar)+kZl(Br)]e (et) (470
1
R 4.71)
o® H, OJH . i(kz— A i(kz—o
=22 B Ao _(aiz, ar) P (B Al(A—kZO(ocr)+BZO(Br)]e (eat) _ 472)
1

where A/A, is found by the stress boundary conditions from above:

W-plz@) (4.73)
T R — .

Al
A
Case II: Longitudinal Propagation for a Cylindrical Bar surrounded by an Infinite Medium

The first matrix is solved for longitudinal propagation. Again, the potential H, does not contribute to

either the displacements (u,, u;) or the stresses (Gy, T,) for the boundary conditions.

Loy SVeu Li: SV,
u, D(,2) D@1,4) -D(1,1) -D(,3)
u, D(2,2) D(2,4) -D(2,1) -D(2,3)
o, D(4,2) D@4,4) -D(4,1) -D(4,3)
T, D(@,2) DG4 -D(G,1) -D(5,3)

Therefore, the determinant of the first matrix is set equal to zero to solve for longitudinal propagation for
the general case of an isotropic cylinder embedded in an infinite isotropic medium. Using the material
properties from Table 4.3, with the displacement and stress component equations, a solution can be found.
Figure 4.3 shows phase velocity as a function of frequency for longitudinal modes up to 11 MHz. The

solution is for rebar 0.472” (11.99 mm) in diameter embedded in an infinite surrounding of dry mortar.
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Figure 4.3: Phase velocity as a function of frequency for longitudinal modes of propagation in a 0.472” (11.99 mm)
diameter plain steel bar embedded in an infinite surrounding of dry mortar. Dashed lines indicate the bulk
compressional velocity (top line) and shear velocity (bottom line) in steel.
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Modes that exist at a frequency of zero are considered fundamental modes. The curve labeled LO,l)isa

fundamental mode. The fundamental longitudinal mode is referred to as the “Young’s Modulus” mode

[87]. Figure 4.4 shows energy velocity as a function of frequency for the longitudinal modes up to 11

MHz.
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Figure 4.4: Energy velocity as a function of frequency for longitudinal modes of propagation in a 0.472” (11.99
mm) diameter plain steel bar embedded in an infinite surrounding of dry mortar. Dashed lines indicate the bulk
compressional velocity (top line) and shear velocity (bottom line) in steel.
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Figure 4.5 shows attenuation as a function of frequency for longitudinal modes upto 11 MHz.
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Figure 4.5: Attenuation as a function of frequency for longitudinal modes of propagation in a 0.472” (11.99 mm)
diameter plain steel bar embedded in an infinite surrounding of dry mortar.
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Torsional Propagation

Torsional propagation has no displacements in the radial or axial directions. It is specified that ug # 0 and

is independent of the angle 6 (n = 0). This implies that the only non-zero potential is H,. In other words,

only amplitude coefficients A; and B; have values.

Case I: Torsional Propagation in a Cylindrical Bar in a Vacuum

The second choice for solving the global matrix for this waveguide configuration was setting D(6,6) equal
to zero at the outer circumference (r = a) of the cylinder. Since H, is the only non-zero potential term for

torsional propagation, the only stress component that is needed for a boundary condition is T,g:

Tro = 2BaY:Z1(Ba)- B*a’Zo(Ba) = 0..eoveeeeeeereeeeeeeeress s (4.74)
This could also be rewritten [87]:
Z,(Ba) P 4.75)

When D(6,6) is set equal to zero, it implies that D(6,4) is also equal to zero. This makes sense because

D(6,4) is a term from the potentials H, and Hy which are assumed to be zero in the case of torsional
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propagation. However, substituting n = 0 into this term does not automatically yield a product of zero.

Therefore, the term is checked below by plugging in r = a and solving;

The term is almost identical to that of D(6,6) set equal to zero, except that the recurrence parameter v, is
not included. However, it may be ascertained that no roots exist for B < 0, therefore the phase velocity of
the torsional wave is always greater than or equal to the‘bulk shear velocity of the material [83]. This
implies that the recurrence parameter Yy, is always equal to one (refer to Table 4.1). Therefore, the two

equations are identical and D(6,4) is indeed zero at the outer circumference.

The first mode of propagation corresponds to p = 0. When =0 (assuming no material absorption), the
phase velocity equals the shear velocity of the material (i.e. Cp = C) at all frequencies. It is therefore non-
dispersive in nature. The second mode, and all those after, corresponds to the product of Ba solving

equation 4.75. The first three roots (2™, 3™, and 4™ torsional modes) are [84]:
Bla = 5136, Bza = 8417, [33a =1 162, ..

Case II: Torsional Propagation in a Cylindrical Bar surrounded by an Infinite Medium

The global matrix for this case was broken down into two separate matrices that must be satisfied. The

second matrix defines torsional propagation for this waveguide configuration. It is shown below:
SH -y SH +
ug  D(3,6) -D(3,5)
19 D(6,6) -D(6,5)

Solving the determinant and setting it equal to zero:

2y, (“'cyl —Hinf )Wl (Bing2)Z, (ch1a)+

chlﬁinf (a(_ucylwl (Binfa)ZO (chla)""Yz“'inf W, (Binfa)Zl (ﬁCYIa))] S0 e

Figure 4.6 shows phase velocity as a function of frequency for torsional modes up to 11 MHz. The

solution is for rebar 0.472” (11.99 mm) in diameter embedded in an infinite surrounding of dry mortar.
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Figure 4.6: Phase velocity as a function of frequency for torsional modes of propagation in a 0.472” (11.99 mm)
diameter plain steel bar embedded in an infinite surrounding of dry mortar. The dashed line indicates the bulk shear

velocity in steel.

Figure 4.7 shows energy velocity as a function of frequency for torsional modes up to 11 MHz.
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Figure 4.7: Energy velocity as a function of frequency for torsional modes of propagation in a 0.472” (11.99 mm)
diameter plain steel bar embedded in an infinite surrounding of dry mortar. The dashed line indicates the bulk shear

velocity in steel.

Figure 4.8 shows attenuation as a function of frequency for torsional modes up to 11 MHz.
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Figure 4.8: Attenuation as a function of frequency for torsional modes of propagation in a 0.472” (11.99 mm)
diameter plain steel bar embedded in an infinite surrounding of dry mortar.

4.2.2 'WAVE PROPAGATION WITH MOTION DEPENDENT ON ‘@’

Wave propagation that is dependent on the angle ‘6’ has a circumferential order, ‘n’, equal to one or

greater (‘n’ must be an integer). The type of wave motion is generally named flexural propagation. A

circumferential order equal to one (n = 1) will be assumed, while more complicated types of flexural

propagation (i.e. n greater than 1) are not solved for in this report. Flexural modes with a circumferential

order greater than one have rather high attenuation in the layered system and are considered impractical

for testing. Flexural waves with circumferential order equal to one, considered the lowest ordered family

of flexural waves, are discussed after the general equations for wave motion dependent on ‘0’ have been

written. The displacement and stress components are shown below to help illustrate the behavior:

D(1,1)= (kW (ar)) D(2,1) = W, (or) - oW, (orr)
D(1,2)=i(r*kz, (ar)) D(2,2) = 1Z, (ar) - r2y,0Z, (or)
D(1,3)=i(r27,8W, (Br)) D(2,3) = r2kW, (r)
D(1,4)=i(r*pz, (pr)) D(2,4)=r’kZ, (Br)

D(1,5)=0 D(2,5)=rW, (Br)

D(1,6)=0 D(2,6) = rZ, (Br)

D(4,1) =[.,L((k2 —Bz)rzw1 (or )+ 200W, (ocr)) D(5
D(4,2)=p((k? - B2 k?Z, (or)+ 27,002, (o)) D(s
D(4,3)= {2y, kBr> W, (Br) - 4kew, (Br)) D(5
D(4,4)=p(2k[3r Z, (Br)-4kz, (Br)) D(5
D(4,5)=p(-2prW, (Br)) D(5
D(4,6)=p(~27,BZ, (Br)) D(5
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II

o

D(3,1)=i(tW, (or))
D(3,2)=i(:Z, (ar))
D(3,3)=-i{r*kW, (Br))
D(3,4)=i(r Zkzz (sr))
D(3,5)=i{sW; (Br)-r’BW, (Br))
D(3,6)=i ( —r27,8Z, (Br))
u(zkrw1 — 2karW, (ar))
1u(2 271k0cr z, (ocr))

1

u(vzsrwl Br +12 (k2 - B2 Jw, (Br))

m(BrZ l3r +r ( -p? )Zz (Bf))
ip (ke W, (Br))
u(krll( r))
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(6,1) zp( 2rocW2(ocr))

D(6,2)=ip(-27,raZ, (ar))
D(6,3)=1M( kr?y,BW, (Br)+4rkw, (Br))
D(6,4)=zp( ke’BZ, (Br)+4rkZ, (Br))
D(6,5)=lu( B2’ W, (Br)+2:1BW, (Br))
D(6,6)=in(~B*r*Z, (Br)+27,18Z, (Br))

Flexural Propagation (n = 1)

In the derivation of longitudinal and torsional propagation, one and then two of the displacement
equations (u, Us, U;) were equal to zero, respectively. For flexural propagation, all of the displacement
equations are assumed to exist and are dependent on the angle ‘6’. For the lowest family of flexural
propagation (n = 1), the displacement at the top and bottom of the cylinder is 180° out of phase. The

displacement equations are shown below:

Lol [A(er((xr) r’y,0Z, (or ))+B(rW1( )- rzawz(ocr))+J (0)eileat) (4.78)
o2 Alr kz, (Br)+B1r2kW2 (Br)+A3r21 (Br)+B3rW1 (Br)
___1_(AIZ1 (our)+Brw, (ar)-Ar’kz, (Br)-B;r?kw, (Br)+ Jsin(e)ei(kz“‘”t) ............ (4.79)
2| A, (rZI (Br)-r’y,BZ, (Bf))+B3 (rwl (Br)-r?pW, (Br))
u, = L2(Ar kZ, (ar)+Br’ kW, (or )+A1r2BZI (Br)"‘Blrz'YzBWl (Br))cos(e)ei(kz_m) --------- (4.80)

Case I: Flexural Propagation for a Cylindrical Bar in a Vacuum

The determinant of the general 3 x 3 material layer matrix shown below is solved for flexural (n = 1)

propagation.

L-(A) SV-(A;) SH-(A;)

o, D(42) D(44) D(4,6)
T, D(52) D(54) D(5,6)
T, D(62)  D(6,4) D(6,6)

Case II: Flexural Propagation for a Cylindrical Bar Surrounded by an Infinite Medium

The determinant of the entire global matrix will be solved for flexural propagation.
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Cylinder . Infinite Medium
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Figure 4.9 shows phase velocity as a function of frequency for flexural modes (n=1) up to 11 MHz. The

solution is for rebar 0.472” (11.99 mm) in diameter embedded in an infinite surrounding of dry mortar.

8000 | | | |
| \
| -
=
8 4000 =
T 2 s AF 5 ?MH )% 8 o 10 11
requency (MHz

Figure 4.9: Phase velocity as a function of frequency for flexural modes of propagation in a 0.472” (11.99 mm)
diameter plain steel bar embedded in an infinite surrounding of dry mortar. Dashed lines indicate the bulk

compressional velocity (top line) and shear velocity (bottom line) in steel.

Figures 4.10 and 4.11 show the energy velocity and attenuation as a function of frequency for flexural

modes (n = 1) up to 11 MHz, respectively.
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Figure 4.10: Energy velocity as a function of frequency for flexural modes of propagation in a 0.472” (11.99 mm)
diameter plain steel bar embedded in an infinite surrounding of dry mortar. Dashed lines indicate the bulk
compressional velocity (top line) and shear velocity (bottom line) in steel.
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Figure 4.11: Attenuation as a function of frequency for flexural modes of propagation in a 0.472 (11.99 mm)
diameter plain steel bar embedded in an infinite surrounding of dry mortar.

4.2.3 MULTILAYERED SYSTEM

Since smaller specimen sizes will be used for the experimental investigation contained within this report,
the longitudinal and flexural modes for a steel bar in a cylindrical mortar layer 1.76” (4.48 cm) thick
within an infinite surrounding of air are plotted in Figure 4.12.
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Figure 4.12: Dispersion curves for guided wave propagation in a reinforced cylindrical mortar beam. The system
consists of a solid steel cylinder 0.472” (11.99 mm) in diameter embedded in a 1.76” (4.48 cm) thick cylindrical
layer of mortar with an infinite surrounding of air on the outside.

4.3 MODE SELECTION

Notice in Figures 4.5, 4.8, and 4.11 there are dips in the attenuation for the family of modes. Previous
authors have discussed attenuation dips [96,99]. Typically, one thinks of higher frequency waveforms as
being more attenuated than lower frequencies due to material absorption. This is usually the case for
wave propagation in a bulk medium. However, for a layered waveguide system, leakage plays a critical
role. Frequency regions with the lowest attenuating modes are those with displacement profiles centered
in the middle of the bar to avoid leakage but at a low enough frequency to avoid substantial material
absorption. The objective of this report is to find guided wave modes capable of monitoring corrosion in
reinforced concrete. Therefore, modes are needed that are sensitive to different elements of the corrosion
process but can be utilized over realistic propagation distances. Only the lowest attenuating and most
easily distinguished modes are considered for this investigation. The 1.(0,1), F(1,1), and L(0,9) modes are
chosen for the experimental investigation. Figure 4.13 illustrates the strain energy density profile for the
three modes at specific frequencies for a 0.472” (11.99 mm) diameter steel bar embedded in an infinite

surrounding of dry mortar.
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Figure 4.13: Strain energy density profiles for the 1(0,1), F(1,1), and 1.(0,9) modes in rebar 0.472” (11.99 mm) in
diameter embedded in an infinite surrounding of dry mortar. The location of the frequencies on the attenuation
curve are shown on the left.

The locations of the frequencies on the attenuation solution are shown on the left in Figure 4.13. Both the
L(0,1) and F(1,1) modes have significant energy at the rebar/mortar interface, resulting in leakage.
Because the frequencies are so low, the amount of signal loss due to material absorption is negligible.
Therefore, these two modes were selected for investigation to assess interfacial damage between the steel
and mortar. The modes should be distinguishable from each other in the same frequency region because
their energy velocities are substantially different. Figure 4.14 shows the L(0,1) and F(1,1) energy

velocities together.
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Figure 4.14: Energy velocity as a function of frequency for the 1(0,1) and F(1,1) modes in rebar 0.472” (11.99
mm) in diameter embedded in an infinite surrounding of mortar.

The 1(0,9) mode was chosen because it is the lowest attenuating mode in the entire system. Notice in
Figure 4.13 that the strain energy is concentrated in the center of the rebar. This prevents excessive
leakage. Before material absorption becomes prohibitively high at higher frequencies, the mode reaches
the global attenuation minimum of 28.37 dB/m at 4.416 MHz. The L(0,9) mode crosses over other modes
around the bulk compressional velocity of steel. This behavior was discussed in previous literature [99].
Note that there are other higher order longitudinal modes, as well as flexural modes, that behave in this
manner. However, the L(0,9) is the fastest and lowest attenuating mode in the system. Figure 4.15 plots
the phase velocity for the L(0,8), 1(0,9), L(0,10), and 1(0,11) modes to illustrate the mode-crossing
behavior. Due to the L(0,9) being the fastest propagating mode, it will be easily distinguished from all

other modes in this frequency range.
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Figure 4.15: Phase velocity of 1(0,8), L(0,9), L(0,10), and L(0,11) modes as a function of frequency. Notice that
the 1(0,9) mode crosses over the other modes.

4.4 SENSITIVITY ANALYSIS

Sensitivity analysis is now conducted for the three modes chosen for investigation. Of interest is how
guided wave behavior is affected by the geometry of the guiding configuration, the presence of different
interface conditions surrounding the bar (e.g. water and air), and the material properties of the mortar,
steel, and rust. The effects of material property changes in the mortar are examined first. Figure 4.16
illustrates the individual effect of a 20% change in the mortar elastic modulus (E), the mortar density (p),

and the mortar material absorption coefficients (g, o).
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Figure 4.16: Attenuation as a function of frequency for rebar surrounded by mortar. Sensitivity analysis was
conducted on mortar material properties (E, p, 04, O).

The L(0,9) mode is virtually unaffected by changes in the mortar material properties. The energy profile
of the L(0,9) mode is centered in the middle of the bar, making the mode less sensitive to the surrounding
mortar. All three modes have no sensitivity to the mortar material absorption coefficient. The 1.(0,1) and
F(1,1) modes have such a low frequency that material absorption is negligible. The L(0,1) and F(1,1)
modes are sensitive to the changes in E and p, with the most sensitivity to the density. For the F(1,1)
mode, an increase in the mortar stiffness will actually decrease the amount of attenuation. The opposite is
true for the 1(0,1) mode. As the mortar cracks from the corrosion product accumulation, there should be
a decrease in the overall stiffness. The lower frequency modes might be able to detect these changes. For
both the 1(0,1) and F(1,1) modes, a more dense mortar mix will lead to significantly more attenuation.
However, concrete/mortar mixes used on-site have variability with respect to the hardened material
properties. This could play a critical role in determining the applicability of the lower frequency modes.

The lack of sensitivity of the L(0,9) mode to mortar material properties makes it a particularly attractive
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option for in-situ condition monitoring. Figure 4.17 displays the energy velocity of the three modes as the

mortar material properties are changed.
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Figure 4.17: Energy velocity as a function of frequency for rebar surrounded by mortar. Sensitivity analysis was
conducted on mortar material properties (E, p, a4, 0).

There is some discrepancy for the changes in the 1(0,1) behavior at very low frequencies but overall the
mortar material properties do not dictate the wave packet velocity. This is a positive feature in the sense
that variability in mix designs used on-site should not dictate the mode velocity. However, tracking
velocity changes from the depreciation of the mortar stiffness may be less prone to error than tracking
attenuation changes. Figure 4.18 shows the attenuation of the modes for a change in rebar material

properties.
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Figure 4.18: Attenuation as a function of frequency for rebar surrounded by mortar. Sensitivity analysis was
conducted on rebar material properties (E, p, 04, 0).

The 1(0,9) mode is the most sensitive to the change in rebar material properties. The change in elastic
modulus and density causes the frequencies at which attenuation dips occur to shift slightly. The L(0,9)
mode has very high sensitivity to the rebar material absorption coefficients. Since this mode is centered
and attenuates primarily due to material absorption, this ultimately controls the amount of attenuation,
particularly at the highest frequency range. Notice that when the steel material absorption coefficient is
set to zero the 1(0,9) mode has virtually zero attenuation at the higher frequencies. This confirms that
leakage does not affect the behavior at higher frequency attenuation dips for the 1(0,9) mode. Figure 4.19

shows energy velocity for the modes as the rebar material properties are changed.

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4: GUIDED MECHANICAL WAVES IN A CYLINDER

L(0,1) L(0,1) L(0,1)
6 6 6
5 P
..' N
.
4t N\
N\
. <1 | R g +10% \\ ] | PR o, 3 x higher
—~ — —E -10% \ g - — —p,-10% N — — —a=0
2 2 - 2
g 0.05 0.1 0.15 0.2 025 0.05 0.1 0.15 0.2 0.25 0.05 0.1 0.156 0.2 0.25
)
= L(0,9) L(0,9) L(0,9)
= 6.5 6.5 6.5
£
p—
:E\ 6
o
O 55
S
A 3 o
504 17 . a, 3x higher
3 ’ ! — — —qa=0
as 4.5 4.5
c 2 2 4 6 8 10
W F(1,1) F(1,1) F(1,1)
4 4
3.5
3 /_\
25t | o, 3 x igher
— — —a=0
2 2 2
0.05 0.1 0.15 0.2 0.25 0.05 0.1 0.15 0.2 0.25 0.05 0.1 0.15 0.2 0.25

Frequency (MHz)

Figure 4.19: Energy velocity as a function of frequency for rebar surrounded by mortar. Sensitivity analysis was
conducted on rebar material properties (E, p, o).

The change in the steel elastic modulus has a strong effect on the energy velocity for all three modes. As
the steel elastic modulus increases and/or density decreases, the velocity increases. Figure 4.20 shows the

effect of interface changes on the attenuation of all three modes.
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Figure 4.20: Attenuation as a function of frequency for rebar surrounded by mortar, water, and air.

Water will be present in the corrosion reaction. Air could be present at the interface due to debonding,
porosity, and poor compaction. In reality, the bar could have partial mortar, water, and air interfaces at
any given time. The attenuation will most likely be somewhere between these bounds. The L(0,1) and
F(1,1) modes should have sensitivity to debonding because of how large the difference is between a
mortar and air surrounding. The difference in attenuation between a mortar and water surrounding is
greater for the 1(0,1) mode than the F(1,1) mode. In other words, water may play a role in the
applicability of the F(1,1) mode to monitor debonding. The L(0,9) mode has decreasing sensitivity to the
interfacial conditions as the frequency increases. While the material absorption increases, the lack of
sensitivity to the surrounding interfaces decreases. Figure 4.21 shows the effect of interfacial changes on

the energy velocity of the modes.
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Figure 4.21: Energy velocity as a function of frequency for rebar surrounded by mortar, water, and air.

The 1(0,1) has a velocity difference only at the lowest frequencies. The F(1,1) mode shows relatively no
change in velocity for the three conditions. An interesting feature of the L(0,9) mode is that there is no
significant drop off in the velocity between velocity peaks. Notice that for the bar in air and/or water,
when the frequency moves to the left or right of a velocity peak, the velocity drops off rapidly. However,
this does not occur for the bar in mortar. Figure 4.22 shows the effect of the surrounding mortar

becoming wet (i.e. material property change) on the attenuation characteristics of the three modes.
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Figure 4.22: Attenuation as a function of frequency for rebar surrounded by dry mortar and wet mortar.

There is an increase in attenuation for the 1(0,1) mode as the mortar is wetted, while the L(0,9) remains
the same. The F(1,1) mode has a very slight decrease in attenuation as the mortar is wetted. It seems that
the wetting of the mortar based on the change of the mortar material properties will most affect the L(0,1)
mode attenuation characteristics. Figure 4.23 shows the effect of the surrounding mortar becoming wet

on the energy velocity of the three modes.
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Figure 4.23: Energy velocity as a function of frequency for rebar surrounded by dry mortar and wet mortar.

All three modes have negligible changes in the energy velocity from the change in the mortar material
properties from wetting. Figure 4.24 shows the effect of changing the radius of a bar in air (models cross-

sectional loss from corrosion) on the attenuation of the three modes.
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Figure 4.24: Attenuation as a function of frequency for rebar in air with varying cross-sectional areas.

The 1(0,1) mode is minimally affected at frequencies above 200 kHz, while the F(1,1) mode is not
affected by the diameter loss. Since this is a bar in air, the L(0,9) mode does not display mode-crossing
behavior. Therefore, each attenuation dip is a separate mode. While the magnitude of attenuation stays
the same, the location of the attenuation dip shifts for the high frequency modes. In realistic cases of
uniform corrosion, the diameter along the length of the bar may vary substantially and be best represented
by a statistical distribution. Therefore, attenuation dips may occur at several frequency locations. Figure

4.25 shows the effect of the diameter change on the energy velocity for the modes.
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Figure 4.25: Energy velocity as a function of frequency for rebar in air with varying cross-sectional areas.

The L(0,1) has some velocity increase in the 200-275 kHz range for decreases in the bar diameter. The
F(1,1) is virtually unaffected by the change in diameter. For the high frequency longitudinal modes, it
seems that a frequency shift in the location of the peaks may signal cross-sectional loss. Figure 4.26
shows the effect of increasing the corrosion product elastic modulus on the attenuation characteristics of
the modes. The thickness of the corrosion product layer was 0.00288” (0.07305 mm), while the bar

remained 0.472” (11.99 mm) in diameter with an infinite surrounding of wet mortar.
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Figure 4.26: Attenuation as a function of frequency for changes in the elastic modulus of the corrosion product
located between the steel and mortar. The corrosion product layer was assumed to be 0.00288” (0.07305 mm) thick,
which corresponds to approximately 1.87% mass loss using the complete model (combination of Pantazopoulou &
Papoulia model with Wang & Liu model) discussed at the end of Chapter 3.

As the elastic modulus of the corrosion product increases, there is an increase in the attenuation of the
modes in most locations. For the L(0,9) mode, notice that for a few attenuation dips the attenuation
actually decreases as the elastic modulus of the corrosion product increases. The effect on the L(0,9) is
minimal except for the lowest frequencies shown. For the F(1,1) mode, the effect is fairly minimal at
frequencies below 100 kHz. Figure 4.27 shows the effect of increasing the corrosion product elastic

modulus on the energy velocity characteristics of the modes.
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Figure 4.27: Energy velocity as a function of frequency for changes in the elastic modulus of the corrosion product
located between the steel and mortar. The corrosion product layer was assumed to be 0.00288” (0.07305 mm) thick,
which corresponds to approximately 1.87% mass loss using the complete model (combination of Pantazopoulou &
Papoulia model with Wang & Liu model) discussed at the end of Chapter 3.

There is a very slight increase in the energy velocity as the rust elastic modulus increases for all of the
modes. Figure 4.28 shows how a change in bar diameter embedded in mortar would affect the attenuation

of the modes.
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Figure 4.28: Attenuation as a function of frequency for rebar surrounded by mortar. Sensitivity analysis was
conducted on the rebar diameter.

In all three cases, as the embedded bar diameter becomes larger the attenuation curve shifts downward
and to the left. The distance between sensors will be dependent on the diameter of the embedded bar
examined. It should be noted that 100% bond between the steel and mortar is assumed and therefore this
is a conservative estimate of the attenuation. Figure 4.29 shows the energy velocity for all three modes as

the diameter of the embedded bar is changed.
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Figure 4.29: Energy velocity as a function of frequency for rebar surrounded by mortar. Sensitivity analysis was
conducted on the rebar diameter.

L
0

As the diameter of the bar decreases, the energy velocity curve is stretched somewhat to the right. Similar
shaped energy velocity curves should be expected, but at shifted frequencies, when different diameter

bars are used.

4.4 SUMMARY .

The theory of guided mechanical waves in cylinders has been presented, with longitudinal, torsional, and
flexural solutions derived for the cylindrical system studied in this report. The 1(0,1) and F(1,1) modes
were chosen to use for guided wave testing because they were easily distinguishable, their attenuation
levels were not prohibitively high, and their theoretical displacement profile suggested the modes would
be sensitive to the corrosion product accumulation and debonding. The 1(0,9) mode was chosen to use
for testing because it too was easily distinguishable, the attenuation was the lowest for the cylindrical

system, and the theoretical displacement profile suggested the mode would be mainly sensitive to the
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changes in the bar profile. It was anticipated that an in-situ guided wave monitoring system would invoke
several different modes and frequencies to arrive at a more detailed assessment of corrosion damage.
Sensitivity analysis modeled and discussed the effect of changes in the mortar material properties, steel

material properties, interfacial mediums, bar diameter, and corrosion product material properties.
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CHAPTER 5:

PREVIOUS WORK TOWARDS MONITORING REINFORCED
CONCRETE USING GUIDED MECHANICAL WAVES

This chapter provides a brief overview of previous research pertaining to guided mechanical waves used
to monitor reinforced concrete (or mortar/grout). While not all of the research reported focused
specifically on monitoring corrosion, the test results are applicable to this report due to the similarity in
damage mechanisms. Studies have been conducted to assess the bond level between steel and concrete,
the location and type of discontinuity in the bar, attenuation from the surrounding concrete, and the
effects of loading conditions and other interfaces such as corrosion products, anchorage (i.e. stirrups), and

ribs.

5.1 BOND LEVEL

Wu & Chang created a set of reinforced concrete beam specimens with various bond levels and tested
using guided mechanical waves at lower frequencies [114]. The diameter of the steel rebar was % (19.05
mm) and the specimen size was 4” x 4” x 20” (10.16 cm x 10.16 cm x 50.8 cm). Figure 5.1 provides an

illustration of the reinforced concrete specimen.

20" x 4" x 4' Concrete Beam 2
2 1 .

r 2 x 4 1/4" Disk PZT - 16" Apart {E‘
2 0.50 H ¢+ Data 1
-% 3 . * Data 2
E !
=z 0 2 4 6 8 10

’
PVC Pipe as Debond  3/4" Diameter Rebar Debond (inches)

Figure 5.1: Reinforced concrete beam specimen with debonding (left). Normalized amplitude of the guided wave
as a function of delamination length is also shown (right). The specimen was tested with 5-cycle tonebursts around
90 kHz. Both pictures extracted from [114].

Transducers were attached to the steel rebar via silver epoxy in a through-transmission arrangement (see
Figure 6.4) and then embedded into concrete. The transducers were spaced 16 (40.64 cm) apart,
Specimens simulating 0%, 6.25%, 12.5%, 25%, and 50% debonding were created. Bond was inhibited
between the steel and concrete by surrounding the rebar with PVC pipe for the necessary length prior to
embedment. Longitudinal modes were invoked using 5-cycle tonebursts, primarily around 90 kHz.

Figure 5.1 provides the results of the guided mechanical wave testing. The results indicated that the
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received waveform was less attenuated as the amount of debonding increased. However, there was no

significant change in the waveform arrival time reported.

He et al. created a set of reinforced concrete cylinder specimens with various bond levels and tested using
guided mechanical waves at higher frequencies [115]. The diameter of the steel rebar and concrete
cylinder was %” (19.05 mm) and 4” (10.16 cm), respectively. The reinforced concrete specimen was 3’

(0.914 m) long. Figure 5.2 provides an illustration of the reinforced concrete specimen.
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Figure 5.2: Reinforced concrete cylinder specimen (left). Attenuation as a function of delamination (right) is

provided from the guided wave testing at different frequencies using toneburst excitations. Both pictures extracted
from [115].

Frequencies were tested between 1-2 MHz using toneburst excitations. The transducer was attached to
the exposed end of the rebar in a pulse-echo arrangement. Specimens simulating 0%, 25%, 33%, 50%,
75%, and 100% debonding were created. Bond was inhibited between the steel and concrete by
surrounding the rebar with HDPE for the necessary length prior to embedment. Figure 5.2 provides the
results of the guided mechanical wave testing. The results indicated that the received waveform is less
attenuated as the amount of debonding increased for all frequencies. However, the lowest frequencies

tested showed more sensitivity to the change in bond.

Na, Kundu, & Ehsani created a set of reinforced concrete beam specimens with various bond levels and
tested using guided mechanical waves at low and high frequencies [97]. The diameter of the steel bar was
0.9” (22.86 mm) and the specimen size was 5” x 5” x 24” (12.7 ecm x 12.7 cm x 60.96 cm). Frequencies
were tested at 1 MHz (flexural) and 150 kHz (longitudinal) using toneburst excitations. Transducers were
attached to the exposed ends of the rebar, setup in a through-transmission arrangement. Specimens
simulating 0%, 25%, 50%, and 75% debonding were created. Bond was inhibited between the steel and
concrete by surrounding the rebar with PVC pipe for the necessary length prior to embedment. The
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results of lower and higher frequencies indicated that the received waveform is less attenuated as the
amount of debonding increased. Specimens were tested with lengths of debonding in different locations
along the bar. The results indicated that the location was not discernible. In other words, the amount of

bond loss, rather than the location, was the critical factor in determining the guided wave characteristics.

5.2 CORROSION PRODUCT

Gaydecki et al embedded a 0.275” (7 mm) steel wire into a concrete mix with 4% calcium chloride
solution added to induce corrosion [116]. The reinforced concrete specimen was cylindrical, with an
outer diameter of 5.91” (150 mm) and a length of 3.28” (1 m). The steel wire was exposed on either end

of the concrete to allow for transducer coupling. Figure 5.3 provides a picture of the specimen with

transducers attached at the ends.
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Figure 5.3: Shown are the frequency domains for a reinforced cylindrical concrete specimen with 4% calcium

chloride solution added before (left) and after (right) slight corrosion has occurred. Both pictures extracted from
[116].

A longitudinal wave was invoked, using a single pulse, after the concrete had initially cured using a
transducer with a resonance of 200 kHz. Six months later, after slight corrosion had occurred (confirmed
after breaking open), another wave was sent into the specimen. Figure 5.3 provides the frequency domain
results for before and after slight corrosion. Notice that the higher frequency content was most affected
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, & Kundu corroded rebar specimens to different levels using impressed current and then
embedded the bars into concrete [102]. The diameter of the steel rebar was 7/8” (22.23 mm) and the
specimen size was 5” x 5” x 24” (12.7 cm x 12.7 cm x 60.96 cm). Toneburst pulses were invoked at 1
MHz. 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.
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5.3  PITTING CORROSION

Previous research on pitting corrosion has included modeling to determine the feasibility of using guided
mechanical waves. Pavlakovic modeled a guided mechanical wave in a steel bar with a square notch of
varying depth embedded in grout to find reflection and transmission coefficients [100]. The steel bar
radius was 0.04” (1 mm), with the radius of the surrounding grout at 1.3” (32 mm). A 6-cycle Gaussian
windowed toneburst at 0.75 MHz was used to excite the L(0,1) mode. Figure 5.4 contains the reflection

and transmission coefficient results for an embedded bar and a free bar with varying square notch depths.
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Figure 5.4: Reflection and transmission coefficients at 0.70 MHz for a free and grout embedded steel bar with 0.04”
(1 mm) radius with varying square notch depths (extracted from [100]). A 6-cycle Gaussian windowed toneburst at
0.75 MHz was used to generate the 1.(0,1) mode.

The reflection and transmission coefficients for a free and embedded bar are very similar. An interesting
result is that when the bar is embedded, and the square notch cuts completely through the diameter of the
bar, there is still transmitted energy. The reason is that the grout carries some of the energy around the
notch present in the steel bar. Different orientations of discontinuities were also examined. A 45° notch
and the leading edge of a corrosion patch were modeled. Figure 5.5(a) shows the reflection and

transmission coefficients for a diagonal notch cut into the steel bar.
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Figure 5.5: Reflection and transmission coefficients at 0.70 MHz for a grout embedded steel bar with 0.04” (1 mm)
radius with varying (a) diagonal and (b) leading edge corrosion patch notch depths. A 6-cycle Gaussian windowed
toneburst at 0.75 MHz was used to generate the L(0,1) mode. Both pictures extracted from {1001].

The diagonal notch deviates from the square notch solutions for larger notch depths because the diagonal
notch reflects energy into the surrounding grout. Figure 5.5(b) shows the reflection amplitude for the
leading edge of a corrosion patch. The corrosion patch solution has close agreement with the square
notch solution. A higher frequency guided wave was also invoked in a free steel bar with varying square
notch depths using the model. Figure 5.6 shows the results of invoking the L(0,4) mode at a 6 MHz-mm

product in a free steel bar with varying square notch depths.
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Figure 5.6: Reflection amplitude as a function of square notch depth ratio for a free steel bar with an invoked 1(0,4)

mode at a 6 MHz-mm product (extracted from [100]). The other modes are created via mode conversion at the
notch.
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The results show that most of the 1(0,4) waveform is reflected at the square notch. Even though other
modes are created via mode conversion at the square notch, the high attenuation of the other modes in that

frequency range will filter them out prior to reception.

Experimental testing has been conducted on strand specimens with seeded defects [117,118]. A saw cut
(defect A) was made on an outer wire in a seven-wire strand specimen to a depth of 0.12” (3 mm), which
is slightly larger than the radius of the outer wire. Figure 5.7 shows the experimental setup of the wire

with defect A and transducers (top) and the captured through-transmission waveform (bottom) for the

wire with and without the defect.
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Figure 5.7: Experimental setup of a wire with a 0.12” (3 mm) deep saw cut in a seven-wire strand specimen and
transducers (top) along with the captured through-transmission waveform (bottom) for the wire with and without the
defect (extracted from [118]). The frequency of the invoked waveform was not reported.
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A 32% decrease in transmitted waveform amplitude was measured, with only a 7% decrease in strand
cross-sectional area. It should be noted that there was increased sensitivity in the experiment to the outer
helical wires due to the use of magnetostrictive transducers. Another experiment was conducted on a
specimen with two helical wires cut (defect B) to a depth of 0.08” (2 mm) with the specimen loaded to
45% of UTS (ultimate tensile stress). Figure 5.8 shows the experimental setup with defects and

transducers (top) and the experimental results (bottom).
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Figure 5.8: Experimental setup for testing the waveform response of a seven-wire strand specimen to various
defects. The specimen was tested (a) before any defects (healthy), (b) after two helical wires were cut to 0.08” 2
mm) depth, and (c) after another helical wire was cut completely (extracted from [ 118]). The frequency of the
invoked waveform was not reported.

Figure 5.8(a) is the waveform captured from the left and right end of the strand specimen before any
defects were made. The signal received directly from the transmitter was not shown. Figure 5.8(b) shows
the waveform results after two wires were cut (defect B). The right end reflection was affected as
expected. The amplitude was reduced by 23% of the original waveform. Figure 5.8(c) shows the
addition of a complete wire cut (defect C) to another helical wire. The right end reflection is no longer
visible and there is destructive interference between the left end reflection and the reflection from defect

C.

123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5: PREVIOUS WORK TOWARDS MONITORING REINFORCED CONCRETE USING GUIDED MECHANICAL WAVES

Seven-wire strands with seeded defects were embedded in grout and tested using a pulse-echo
configuration for varying distances [100]. The seven-wire strands had a center wire of 0.22” (5.5 mm)
with six wires of slightly smaller diameter spiraled around the center wire. The input signal was a 25-
cycle Hanning windowed toneburst centered at 4.75 MHz. The seeded defects were complete fractures at
45° from strand axis. Experiments were conducted with the complete fracture occurring at 19.7” (500
mm), 39.4” (1000 mm), 59.1” (1500 mm), and 78.7” (2000 mm) from the sending transducer.
Reflections were obtained at all distances except for 78.7” (2 m). Figure 5.9 shows the time domain
captured from the center wire of a grout embedded seven-wire strand of diameter 0.63” (15.9 mm) [95].

The invoked signal was a 100-cycle toneburst centered at 6.18 MHz, with the center wire length at 11.8”

(300 mm).
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Figure 5.9: Reflections from the end of a center wire with diameter 0.22” (5.5 mm) from a grout embedded strand
of diameter 0.63” (15.9 mm). The input signal was a 100-cycle toneburst centered at 6.18 MHz, with the center wire
length at 11.8” (300 mm) (extracted from [95]).

The reflections from the end of the center wire are clearly visible. Results from testing the outer helical
wires of seven-wire strands are not as promising. Figure 5.10 shows the pulse-echo reflection from a
seven-wire strand specimen with five wires cut (including center wire) and three wires cut (not including

center wire), respectively [100].
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Figure 5.10: Pulse-echo reflections from grout embedded seven-wire strand specimen with (a) five wires
(including center wire) and (b) three wires (not including center wire) being cut (extracted from [100]).

The results suggest that most of the guided wave energy is carried by the center wire. For example, in
one study the attenuation was measured at 20 dB/m and 60 dB/m in the center and outer wire respectively
of a 0.60” (15.2 mm) diameter seven-wire strand for the L(0,8) mode [95]. The primary reason is that the
curvature of the surrounding wires affects the attenuation of the guided mechanical wave [95]. Another
reason is that the center wire is not completely bonded to the surrounding helical wires and therefore does
not leak as much energy into the grout. Lower frequencies lacking sensitivity to the curvature effects
were not investigated due to concern with receivable bulk wave reflections from grouting duct walls. It
was thought that larger diameter rebar and grouted steel anchors would have more potential for guided

wave testing than small diameter grouted tendons [95].

An experimental investigation was undertaken to find reflection coefficients as a function of the end angle
of a cylindrical bar [95]. Figure 5.11 provides the reflection coefficients for a 0.79” (20 mm) diameter
free steel bar with varying end angle invoked at a lower frequency range using a 10-cycle toneburst. The
lower frequencies appear to lack sensitivity to the angle of the cylindrical bar end. Figure 5.11(b) is the
waveform loss (in decibels) for higher frequencies reflected off of varying end angles in a 0.86” (21.7
mm) diameter rock bolt embedded in mortar. For only slight end angles (~10°) there is waveform loss of
over 40 decibels for the frequencies tested. The results show that higher frequency modes with low
system attenuation are limited in effectiveness for pulse-echo testing due to their sensitivity to the angle

of discontinuity formed by pitting corrosion.
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Figure 5.11: Reflection coefficients as a function of varying end angle using (a) 10-cycle toneburst lower
frequencies in a 0.79” (20 mm) diameter free steel bar. The loss in decibels is provided as a function of end angle
for (b) higher frequencies in a 0.86” (21.7 mm) diameter rock bolt embedded in mortar. Both pictures extracted
from [95].

End reflections from rock bolts embedded in concrete have been captured using a pulse-echo
configuration. The rock bolt is essentially a steel bar with mixing ribs on the side and threads on the end.
It was installed by casting a hole in a mortar/concrete block, filling the hole with plastic capsules
containing epoxy resin and a hardening agent, and then inserting the rock bolt into the hole while spinning
it to puncture and mix the content of the plastic capsules. The invoked frequencies were 20 kHz, 30 kHz,
35 kHz, 40 kHz, 50 kHz, and 60 kHz. Each frequency was invoked with a 6-cycle toneburst in a rock
bolt with a 0.86” (21.7 mm) diameter embedded in a mortar/concrete block for a length of 6.56” (2 m)

[95]. The results indicate that an end reflection was detectable at every frequency except for 20 kHz. No
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reflection was thought to occur at an invoked frequency of 20 kHz due to transducer ringing and
reverberations in the free end of the bolt [95]. Discontinuities in solid rebar 0.32” (8 mm) in diameter
were simulated by creating 0.08” (2 mm) and 0.16” (4 mm) deep saw cuts and then casting in grout [100].
A pulse-echo experimental setup was used to detect the saw cut, located 17.7” (450 mm) away from
transmission site, with a 50-cycle Hanning windowed toneburst centered at 3.75 MHz invoked. The

results of the experiment are shown in Figure 5.12.

Ve Reflection from 2mm Saw Cut

\2

— Reflection from 4mm Saw Cut

Through Transmission (2 m) \‘

0 0.10 0.20 0.30 0.40 0.50

Time (ms)
Figure 5.12: Pulse echo time domain response for a 0.08” (2 mm) and 0.16” (4 mm) saw cut in an 0.32” (8 mm)
diameter steel bar, along with a through-transmission time domain response (extracted from [100]). A 50-cycle
Hanning windowed toneburst centered at 3.75 MHz was invoked.

The reflections from both saw cut specimens are clearly detectable. Another study machined a neck into
the side of a rock bolt specimen 0.86” (21.7 mm) in diameter and 7.87’ (2.4 m) in length embedded in

concrete [95]. Figure 5.13 shows the captured time domain response for the specimen.
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Figure 5.13: Pulse-echo reflection from a machined neck on a 0.86” (21.7 mm) diameter rock bolt 7.87’ (2.4 m) in
length embedded in concrete (extracted from [95]). A 100-cycle toneburst centered at 3.86 MHz was invoked.
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The reflection from the neck is much smaller than the end reflection of the rock bolt but is still clearly
detectable. Correlations between stress wave features of a guided mechanical wave and the location and
degree of pitting have been found in the field as well. Researchers have used guided mechanical waves to
inspect anchor rods embedded in earth for section loss [1 19]. A pulse-echo configuration was used to

invoke the L(0,1) mode at 0.5 MHz and capture returning reflected waveforms from in-situ corroded

anchor rods.

Higher frequencies were also tested for a rock bolt embedded in a mortar cylinder. Figures 5.14(a) and
5.14(b) show captured waveform reflections in a 7.87° (2.4 m) rock bolt with 0.85” (21.7 mm) diameter
embedded in a concrete block using a pulse-echo arrangement with a flat end and an angled end,

respectively [95]. The invoked waveform was a 200-cycle toneburst centered at 2.8 MHz.

(a) Flat End (b) Angied End

0.20 0.40

0.10 End Reflection 0.20
> >
g 3
2 000 2 000
g £

-0.10 -0.20

-0.20 -0.40

0 02 04 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0

Time (ms) Time {ms)
Figure 5.14: Pulse-echo reflections in a 7.87° (2.4 m) rock bolt with 0.85” (21.7 mm) diameter embedded in a
concrete test block with a (a) flat end and (b) angled end (extracted from [95]). The waveform invoked was a 200-
cycle toneburst centered at 2.8 MHz.

The results confirm that there is significant loss for higher frequency modes when the end is angled.
Since pits will not always form perpendicular to the bar axis, the potential of using higher frequency
guided mechanical waves for detection and monitoring of pitting corrosion in pulse-echo mode seems

limited.

It seems that using guided mechanical waves for detection of pitting corrosion in tendons is limited. The
effect of the curvature of the helical wires and the small diameter make inspection distances of even
modest size difficult. Lower frequency techniques may be employed in a through-transmission setup, as
long as reflections from leaked waves bouncing off of the grouting duct walls do not interfere. Anchor
rods and larger diameter rebar have potential for pitting corrosion detection using lower frequencies since
strong reflections are found at variable pit angles. Higher frequencies, with attenuation dips for the

layered system, suffer from large reflection loss at even slight end angles.
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54  ATTENUATION MEASUREMENT

Beard embedded different diameter plain steel bars 1.08> (0.33 m) in length into grout [95]. The grout
size was 3.94” x 3.94” x 11.81” (0.1 m x 0.1 m x 0.3 m). The embedment length was short enough that
multiple reflections from the end of the bar could be detected and compared to each other for attenuation

measurements. Figure 5.15 is a picture of the specimen.
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Figure 5.15: A picture of a reinforced grout specimen is shown with multiple end reflections captured in a pulse-
echo arrangement (left). The multiple echoes are compared in order to measure the attenuation in the reinforced
system. The results of the measured attenuation are normalized with respect to predicted analytical attenuation
values for each frequency tested (right). Both pictures were extracted from [95].

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 off of the back wall of the
steel bar were less than +/- 5%. Figure 5.15 provides the results from the guided wave testing. The
predicted values for attenuation (as discussed in Chapter 4) are used to normalize the measured values.
Notice that in every case the predicted values overestimate the amount of attenuation. In fact, the
measured attenuation values were closer to the predicted attenuation values for a free bar. 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.

5.5 ANCHORS

Na, Kundu, & Ehsani tested reinforced concrete specimens with and without stirrups surrounding the
reinforcing bars [97]. Frequencies were tested at 1 MHz (flexural) and 150 kHz (longitudinal) using

toneburst excitations. Transducers were attached to the exposed ends of the rebar, setup in a through-
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transmission arrangement. It was concluded that specimens without stirrups had stronger waveform

amplitudes than specimens with stirrups.

5.6 RIBS

Beard tested a smooth bar and a rock bolt to examine whether the surface features affected wave
propagation [95]. The rock bolt tested had threads and mixing ribs along segments of the 7.87 24 m)
length. The smooth bar tested was 5.91° (1.8 m) in length. Both bars had a diameter of 0.79” (20 mm)
and were excited with a 10-cycle Gaussian windowed toneburst at 50 kHz. There were no reflections
from surface features and the wave amplitude was relatively unaffected. The results indicated that wave
propagation is largely unaffected by the presence of surface features when the ratio of the wavelength to

the surface feature dimensions is large.

Miller et al. described strong scattering effects for longitudinal modes (>600 kHz) propagating in rebar
7/8” (22.2 mm) in diameter [102]. There was particular sensitivity to diagonal rib patterns compared to
an orthogonal axisymmetric rib pattern. Similar filtering of frequency ranges has been studied for guided
waves in plates with corrugated patterns [120]. Frequency ranges that were filtered out were referred to
as stop bands, while frequencies that still effectively propagated in the corrugated plate were referred to

as pass bands.

5.7 LOADING

Wu & Chang investigated the effect of applying load on rebar would have on the guided wave
characteristics [114]. The diameter of the rebar was 3/4” (19.05 mm) and the length was 26” (66.04 cm).
A tapered notch was created in the middle of the bar length to ensure that yielding would occur at that

location. Figure 5.16 provides an illustration of the rebar specimen.

The transducers were attached to the sides of the rebar in a through-transmission setup. There was
spacing between the transducers of 16” (40.64 cm). Longitudinal modes were invoked using 5-cycle
tonebursts, primarily around 90 kHz. Figure 5.16 provides the results of the guided wave testing. The
results indicate that the applied load does not affect the wave amplitude for the frequency range and mode
tested. However, the time of arrival of the waveforms did change once yielding occurred due to the rapid

increase in length.
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Figure 5.16: Picture of a rebar specimen tested using guided mechanical waves while tensile load was applied
(left). The guided wave amplitude as a function of applied tensile load is also given (right). The specimen was
tested with a 5-cycle toneburst around 90 kHz. Both pictures extracted from [114].

5.8 BENDING

Wu & Chang investigated how guided wave characteristics are affected by bending. The reinforced
concrete specimen was subjected to a four-point bending test while monitored with guided waves [114].
The diameter of the rebar was 15” (12.7 mm) and the specimen size was 4” x 4” x 24” (10.16 cm x 10.16
cm x 60.96 cm). Figure 5.17 provides an illustration of the reinforced concrete specimen and the location

of the applied loads during four-point bending.
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Figure 5.17: Picture of a reinforced concrete beam specimen tested using guided mechanical waves during a four-
point bending test (left). The normalized amplitude of the guided wave as a function of the applied four-point
bending load is also shown (right). The specimen was tested with a 5-cycle toneburst around 90 kHz. Both pictures
extracted from [114].

The transducers were attached to the sides of the rebar in a through-transmission setup. There was
spacing between the transducers of 16” (40.64 cm). Longitudinal modes were invoked using 5-cycle
tonebursts, primarily around 90 kHz. Figure 5.17 provides the results of the guided wave testing. The
four-point bending test created a crack that was perpendicular to the axis of the reinforced mortar
specimen in the tension zone. The crack extended up towards the neutral axis during the test. The results

indicate that as the applied loads and cracking of the surrounding concrete matrix increased, the amplitude
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of the waveform increased. Notice that the load increases in a rapid fashion after 3 kips of applied load.

This was attributed to the crack reaching the bar and causing more significant delaminations.

59 SUMMARY

The testing described here has all focused on using the reinforcing bar (e.g., rebar, anchor, and strand) to
guide mechanical waves through surrounding mediums such as concrete and air. The results of testing to
date show that both low and mid-range frequency modes are less attenuated as debonding occurs. Testing
on the corrosion products alone have shown that they increase the bond between the steel and mortar and
caused greater waveform attenuation through leakage. Low and high frequency longitudinal waves were
shown to have strong reflection coefficients from discontinuities that were perpendicular to the axis of the
bar. However, the high frequency longitudinal waveforms were shown to be heavily attenuated at
discontinuity angles of 10° or greater from a completely perpendicular discontinuity. This is unfortunate
since the high frequency longitudinal modes are the lowest attenuating and fastest propagating modes in
the system, making them the obvious first choice for pulse-echo testing. While low frequencies were
shown to have strong reflection coefficients from different end angles, they are more heavily attenuated
from leaking into the system. Through-transmission testing may be the only way of monitoring bar
damage from corrosion. Previous work has shown that wire cuts were detectable from signal strength
loss in a through-transmission setup. Another interesting result of previous testing is that the low
frequency guided waves gained signal strength as the specimen was subjected to a bending test. The
results imply that the low frequency modes will be sensitive to crack damage and mortar stiffness changes
that occur from rust product accumulation. There has been no found published experimental work using

guided mechanical waves to monitor reinforced concrete undergoing corrosion.

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6: EXPERIMENTAL INVESTIGATION

CHAPTER 6:
EXPERIMENTAL INVESTIGATION

A description of all materials, equipment, and experiments conducted are contained within this chapter.

6.1 MATERIALS

Mortar, steel, water, and air were used for experimental testing. A brief review of the mortar mix and the

type of steel rebar used is provided. Material properties are given in Table 4.3.

6.1.1 MORTAR MIX

Mortar is the combination of cement, sand, and water. Concrete is the combination of cement, sand, large
aggregate (e.g. rocks), and water. Cement paste is the combination of cement and water. Mortar was
used in this investigation to avoid possible wave interaction with large aggregates, but still keep the
material properties as close to concrete as possible. Throughout all experimental testing and modeling
presented in this report, the same mortar mix was used. The mortar mix had the following weight
proportions of sand, Type I cement, and water: 2.11:1:0.45. The fine aggregate used was in the wet
condition. The water used in the mix was taken from a drinking faucet. In general, water safe enough to

drink is sufficient for making concrete (or mortar) mixes.

Portland cement and sand were first added to a concrete mixer and mixed in a dry state for approximately
1 minute. Water was then added to the mixer and stopped after 2 minutes of mixing. The batch was
manually stirred using a shovel for 1 minute and then mixed for another two minutes. The mortar mix
was then ready to be placed in formwork using plastic scoops. When placed, the mortar was consolidated
by steel rodding to ensure that mortar was located underneath the rebar and distributed as evenly as
possible. The tops of the specimens were then finished with a trowel. All specimens were air-cured for at

least 96 hours before form removal.

Compression testing, adhering to ASTM C 469-94, was conducted on mortar specimens air-cured for 28
days to attain material properties [121]. Compression testing was conducted on four dry and wet mortar
specimens. Wet specimens were submerged in water for four days prior to compression testing. The
mortar material absorption coefficients were taken from reported values [96]. The material properties

obtained from compression testing are given in Table 4.3.
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6.1.2 STEEL BARS

Three types of steel bars were used in the current experimental investigation. The first type of bar was a

solid cylinder }5” (12.7 mm) in diameter. The solid cylinder is shown in Figure 6.1 on the far left.

Figure 6.1: Photograph (starting on left) of a solid steel bar, rebar with an angled rib pattern, rebar with an
orthogonal axisymmetric rib pattern, rebar under uniform corrosion (approximately 25% mass loss), and rebar under
localized corrosion.

The second and third type of bar are both referred to as deformed rebar. The term “deformed” means that
the bars have protrusions and are generally used for reinforced concrete construction. The deformations
on the outside of the rebar are commonly referred to as ridges, lugs, protrusions, or ribs. The protrusions
are used to anchor the rebar in the concrete and inhibit the amount of longitudinal movement of the rebar
with respect to the surrounding mortar or concrete. The second type of bar has an angled rib pattern,
while the third type of bar has an orthogonal axisymmetric rib pattern. The orthogonal axisymmetric rib
pattern is referred to as an orthogonal rib pattern throughout this report. Figure 6.1 shows both the angled

rib pattern rebar (second from left) and the orthogonal rib pattern rebar (middle).
The size of the rebar diameter is referred to in numbers. Each bar number is based on the number of
eighths of an inch in the diameter. A #4 rebar refers to an average diameter of 4/8”. All rebar used in this

investigation were #4 bars, with a measured base (i.e. core) diameter of 0.472” (11.99 mm). The base

diameter (shown in Figure 6.2) is the diameter of the rebar without the ribs.
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¢=0.472"

Figure 6.2: Photograph of rebar base diameter.

The elastic modulus of the rebar was measured from a tension test. The density and Poisson’s ratio of the

rebar were taken from standard reference values [110]. The values are given in Table 4.3.

6.2 EQUIPMENT FOR DATA COLLECTION

A description of the equipment used to collect waveforms during guided wave testing is now provided.
Figures 6.3 and 6.4 are schematic diagrams of the experimental setup used to generate low and high

frequency waveforms during testing, respectively.

Sending " Receiving
Transducer Transducer

e\

Direct Arrangement

Indirect Arrangement

Figure 6.3: Schematic diagram of ultrasonic through-transmission experimental setup for low frequency testing.
Both direct and indirect transducer arrangements are shown.
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Sending Receiving
Transducer Bar Transducer

1/ } \ I

Through-Transmission

Pulse-Echo

Figure 6.4: Schematic diagram of the ultrasonic experimental setup for high frequency testing. Both through-
transmission and pulse-echo arrangements are shown.

Figure 6.3 shows an experimental setup for generating low frequency waveforms. All low frequency
testing presented in this report was conducted in a through-transmission (i.e. pitch-catch) mode. A
Krohn-Hite (model 5920) function generator was used to generate all low frequency waveforms. The
frequency output by the function generator was adjusted externally by the use of an HP-IB interface card.
The waveforms created by the function generator were sent to a Krohn-Hite wideband amplifier (model
7602M) for amplification to 200 Volts peak-to-peak. The signal was then sent from the power amplifier

to a transducer coupled at the end of a bar.

Longitudinal waves have been invoked with transducers on the end of cylindrical steel bars [85,96] and
by the use of an angled transducer on the side [97]. In this study, a compressional transducer was coupled
onto the end face of the exposed reinforcement (direct transducer arrangement as shown in Figure 6.3) ta
invoke (sending transducer) and to detect (receiving transducer) longitudinal waveforms. Similarly, a
compressional transducer was coupled perpendicular to the rebar (indirect transducer arrangement as

shown in Figure 6.3) to invoke and to detect flexural waveforms.

After transmission of the wave through the bar, the receiving transducer sent the waveform to a
filter/amplifier unit. The signal was then amplified and filtered using a band pass Butterworth filter
before being digitized and stored in a computer for further processing. The type of transducers used for
all low frequency testing were Digital Wave piezoelectric contact compressional transducers (refer to

Appendix J).
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Figure 6.4 shows an experimental setup for generating high frequency waveforms. High frequency
testing presented in this report was conducted using both a through-transmission and pulse-echo
configuration. A Ritec pulser/receiver unit (model RPR-4000) was used to generate all high frequency
waveforms. The signal was sent from the pulser/receiver to a piezoelectric transducer. In pulse-echo
mode, the sending transducer would begin receiving after transmission of the waveform. In through-
transmission mode, a separate piezoelectric transducer received the transient waveform. The type of
transducers used for all high frequency testing were Panametrics piezoelectric contact compressional
transducers (refer to Appendix J). Received signals were filtered and amplified before being digitized and

stored in a computer for processing.

6.3  MODE SENSITIVITY TO RIBS, WATER, AND MORTAR

To procure a system for in-situ monitoring of concrete structures, the effect of the reinforcing ribs, water,
and the mortar needs to be better understood. Guided wave testing of different rib patterns and

surroundings are presented in this section.

6.3.1 MODE SENSITIVITY TO REINFORCING RIBS

The effect of the ribs was demonstrated by ultrasonically testing a solid bar (i.e. no ribs), a rebar with an
orthogonal rib pattern, and a rebar with an angled rib pattern (see Figure 6.1). A direct transducer
arrangement was first tested using Digital Wave transducers (model B-1025). A 500 kHz single cycle
pulse was transmitted. The highpass and lowpass filters were set at 5 kHz and 1 MHz, respectively.
Figures 6.5-6.7 show the received time domain, frequency domain, and spectrogram (refer to Appendix K
for more information) for the solid bar, a rebar with an orthogonal rib pattern, and a rebar with an angled
rib pattern, respectively. The longitudinal (solid lines) and flexural (dashed lines) modes that exist within
the testing range are also shown. The energy velocity curves were converted to time-of-arrival curves by
dividing the propagation distance by the energy velocity. It should be noted that the y-scale for the

frequency domain refers to the amplitude of the normalized power spectrum.

The solid bar had a large portion of the received frequency content above 500 kHz, while both deformed
bars had almost none. The 1(0,1), L(0,3), and L(0,4) modes were clearly excited from the solid bar test,
with the behavior following the theoretical dispersion curves. The L(0,1) and L(0,3) modes were excited
in the deformed bars, however there appears to be some scattering of the L(0,3) mode and portions of the
L(0,1) mode (late arriving content shown below the dispersion curve in the spectrogram). The low
frequency behavior (<200 kHz) for all three bars appears to be similar. At low frequencies, the ribs do

not affect the modes because the wavelength is so large relative to the characteristic dimension of the rib.
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Figure 6.5: A 500 kHz single cycle pulse transmitted (direct arrangement) through a solid bar 42 (1.067 m) in
length and %5” (12.7 mm) in diameter. The gain was 46 dB.
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Figure 6.6: A 500 kHz single cycle pulse transmitted (direct arrangement) through a rebar (orthogonal rib pattern)
42” (1.067 m) in length and 0.472” (11.99 mm) in base diameter. The gain was 44.4 dB.
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Figure 6.7: A 500 kHz single cycle pulse transmitted (direct arrangement) through a rebar (angled rib pattern) 42”
(1.067 m) in length and 0.472” (11.99 mm) in base diameter. The gain was 44.4 dB.

0.6

There appears to be a frequency cutoff point for the deformed bars above 500 kHz. The modes within
this frequency range have larger amounts of displacement at the bar outer circumference, but the
wavelength is not as large compared to the characteristic dimension of the rib. Similar filtering of
frequency ranges has been studied for guided waves in plates with corrugated patterns [120]. Frequency
ranges that were filtered out were referred to as stop bands, while frequencies that still effectively
propagated in the corrugated plate were referred to as pass bands. The ribs might have a beneficial effect
of filtering out modes that are overly sensitive to interface conditions. These modes could cause
confusion, making it difficult to distinguish between actual deterioration and other conditions (e.g.,
ingress of water, rib pattern, different concrete material properties, and bars in the near vicinity). There
is, however, a need for the theoretical prediction of dispersion curves for guided waves in cylinders with

corrugated deformation patterns.

An indirect transducer arrangement was then tested using Digital Wave transducers (model B-1025). A
250 kHz single cycle pulse was transmitted. The highpass and lowpass filters were set at 5 kHz and 1
MHz. The gain was the same level for all three bars. Figures 6.8-6.10 show the received time domain,
frequency domain, and spectrogram for the solid bar, a rebar with an orthogonal rib pattern, and a rebar

with an angled rib pattern. The longitudinal (solid lines) and flexural (dashed lines) modes that exist
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within the testing range are also shown. The F(1,1) and L(0,1) modes were excited in each bar. The
F(1,1) mode was the strongest invoked mode. All three bars had a strong response around 80 kHz for the
F(1,1) mode. The response in the solid bar does not follow the dispersion curves as closely as the direct
arrangement results. This is expected because the wave energy is transmitted into the bar perpendicular
to the axis initially, causing scattering and reflections at the outset. There is observable scattering in the
response for all three bars. The rebar with an orthogonal rib pattern had a similar response as the solid
bar, but with more received energy in the lower frequencies. There is no observable wave energy
received above 500 kHz. The first three flexural modes are invoked, with a strong F(1,1) response. The

rebar with an angled rib pattern had the weakest overall response.
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Figure 6.8: A 250 kHz single cycle pulse transmitted (indirect arrangement) through a solid bar 42” (1.067 m) in
length and %4” (12.7 mm) in diameter.
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Figure 6.9: A 250 kHz single cycle pulse transmitted (indirect arrangement) through a rebar (orthogonal pattern)
42” (1.067 m) in length and 0.472” (11.99 mm) in diameter.
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Figure 6.10: A 250 kHz single cycle pulse transmitted (indirect arrangement) through a rebar (angled pattern) 42”

(1.067 m) in length and 0.472” (11.99 mm) in diameter.
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Higher frequencies were then tested on the three bars using Panametrics 5 MHz contact compressional
transducers (model V110). A single cycle 5 MHz pulse was transmitted. The highpass and lowpass
filters were set at 200 kHz and 10 MHz, respectively. Figures 6.11-6.13 show the received time domain,
frequency domain, and spectrogram results for the solid bar, rebar with an orthogonal rib pattern, and
rebar with an angled rib pattern. The solid and dotted lines are longitudinal and flexural modes,

respectively.

The solid bar matches the predicted dispersion behavior very closely. There is a strong frequency
response between 500 kHz and 7 MHz. It should be pointed out again that the diameter of the solid bar is
0.028” (0.71 mm) larger than the base diameter of the rebar specimens and may have very slight
differences in material properties. These differences will shift the frequency locations of the attenuation
minima slightly. However, the overall shape of the curve should look the same if the ribs have no
influence. The frequency domain for the solid bar displays wider hills’ at the frequency amplitude peaks
compared to the rebar. Guided wave propagation at frequencies with less than negligible displacement
profiles at the outer diameter of the bar (rib location) might result in the mode being scattered and/or

reflected.
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Figure 6.11: A 5 MHz single cycle pulse transmitted (direct arrangement) through a solid bar 42 (1.067 m) in
length and %” (12.7 mm) in diameter. The gain level was 48 dB.
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Figure 6.12: A 5 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) 42”
(1.067 m) in length and 0.472” (11.99 mm) in diameter. The gain was 58 dB.
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Figure 6.13: A 5 MHz single cycle pulse transmitted (direct arrangement) through rebar (angled ribs) 42” (1.067
m) in length and 0.472” (11.99 mm) in diameter. The gain was 58 dB.
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The deformed bars do not have a strong response for modes below the L(0,9) mode, with the exception of
the 1(0,1) mode. The L(0,1) mode has a large wavelength in comparison to the rib characteristic
dimension, making it less sensitive to the effect of the ribs. The deformed bars have strong responses for
modes between L(0,11) and L(0,26) for this test. Attenuation in the highest frequency region is mainly
from material absorption due to the wave energy being centered in the bar. This would explain why the
higher frequencies are affected less by the ribs in the frequency range studied. For the rebar (orthogonal
rib pattern), the modes match closely to the predicted values at the velocity peaks. However, as the
frequency moves to either side of the velocity peak, the response is not nearly as strong as with the solid
bar. The displacement structure changes for frequencies on either side of the velocity peak. The rebar
with an angled rib pattern does not follow the predicted dispersion curves as well. Despite both deformed
bars having nearly the same base diameter, it appears the dispersion curves should be shifted slightly.
This could be caused by slight differences in the density, diameter, material absorption, or elastic
modulus. Despite the slight shift, it seems that the behavior would not follow the predicted curves as well
as the other two bars. The best response is at the predicted velocity peaks, similar to the behavior of the
other deformed bar. Notice that there is substantial frequency content between the frequency peaks.

More discussion on this type of behavior is provided in later sections.

6.3.2 MODE SENSITIVITY TO WATER

A guided wave experiment was conducted to compare waveforms propagating through rebar before and
after immersion in water. Water is capable of ingressing into the mortar and being present at the rebar
interface. For all water tests, the rebar used had an orthogonal rib pattern, was 42” (1.067 m) in length,

and had a 0.472” (11.99 mm) base diameter. The experimental setup is shown in Figure 6.14.

Water

/ Bar Transducer

Figure 6.14: Rebar immersed in water (direct transducer arrangement shown).

Lower frequencies were first tested using a direct and indirect transducer arrangement. Digital Wave
transducers (model B-1025) were used. A 500 kHz single cycle pulse was transmitted using the direct
arrangement, while an 80 kHz single cycle pulse was used for the indirect arrangement. A signal was first
transmitted for the rebar in air. The rebar was then immersed in water and another signal was transmitted
and received. Figures 6.15 and 6.16 provide the time domain, frequency domain, and spectrogram

retrieved using a direct transducer arrangement for the 500 kHz single cycle signal before and after
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immersion in water, respectively. Figures 6.17 and 6.18 provide the time domain, frequency domain, and
spectrogram retrieved using an indirect transducer arrangement for the 80 kHz single cycle signal before
and after immersion in water, respectively. For both direct and indirect testing, the gain levels were the

same before and after immersion in water and the highpass and lowpass filters were set at 5 kHz and 1

MHz, respectively.

Comparing the results before and after water immersion, the 1,(0,2) and portions of the L(0,1) response
are severely attenuated. The low frequency response of the L(0,1) mode was still strong after immersion
in water. Most of the displacement at the bar circumference in this region is in the axial direction, rather
than radial. Therefore, there was less leakage into the water. The lowest frequency response for flexural
propagation was relatively insensitive to the water. The F(1,1) mode has a phase velocity lower than the

bulk compressional velocity of water at frequencies below 28.4 kHz. Therefore, the mode will not leak

into the surrounding water in this frequency range.
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Figure 6.15: A 500 kHz single cycle pulse transmitted (direct arrangement) through a rebar in air. The rebar
(orthogonal ribs) was 42" (1.067 m) in length, with a 0.472” (11.99 mm) diameter.
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Figure 6.16: A 500 kHz single cycle pulse transmitted (direct arrangement) through a rebar (orthogonal ribs)
immersed in water. The rebar was 42” (1.067 m) in length, with a 0.472” (11.99 mm) diameter.

1 ] !
[} . N
-] : i
2
50
£
< : : :
-1 i I 1
0 1 2
Time (s) x10°
T L) T T T T T T
[} B B B N i . H
2 o5kl SN PRI SO SO SRS S A S i
g : : : : : :
< A i j i i i i
0.2 0.3 04 0.5 06 0.7 0.8 0.9 1
Frequency (MHz)

06

05
Frequency (MHz)

Figure 6.17: An 80 kHz single cycle pulse transmitted (indirect arrangement) through a rebar (orthogonal ribs)
prior to being immersed in water. The rebar was 42” (1.067 m) in length, with a 0.472” (11.99 mm) diameter.
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Figure 6.18: An 80 kHz single cycle pulse transmitted (indirect arrangement) through a rebar (orthogonal ribs)
immersed in water. The rebar was 42” (1.067 m) in length, with a 0.472” (11.99 mm) diameter.

The change in the amplitude of the frequency response was calculated for waveforms before and after
water immersion and converted to a decibel scale. The following equation was used to calculate the

relative attenuation in decibels from the change in frequency amplitudes:

A
Attenuation = 20 - log[ A° ] ................................................................ ©.1)
1

where A, is the initial amplitude at a particular frequency prior to water immersion and A, is the
amplitude of the same frequency after water immersion. The 1.(0,1) and F(1,1) theoretical attenuation
curves for a 0.472” (11.99 mm) diameter steel bar immersed in water with experimental points are shown
in Figure 6.19. The relative attenuation measurements for the low frequency water testing were
considered absolute attenuation measurements due to the extremely low attenuation values for rebar in air

in this frequency range.
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Figure 6.19: Comparison of the 1(0,1) (upper left), F(1,1) (upper right), and higher order longitudinal modes
(bottom) predicted attenuation curves to experimental points for a solid bar 0.472” (11.99 mm) in diameter
immersed in water.

There is rather close agreement between the theoretical attenuation curves and the experimental data.
While the attenuation increases over the tested frequency range for the L(0,1) mode, it is much less

sensitive to the water in comparison to the F(1,1) mode.

High frequency testing was then conducted using 5 MHz Panametrics contact compressional transducers
(model V110). A 5 MHz single cycle pulse was transmitted in a direct arrangement for a rebar in air.
The rebar was then immersed in water and another signal was transmitted and received. Figures 6.20 and
6.21 provide the time domain, frequency domain, and spectrogram for testing before and after water
immersion. Gain levels were the same before and after immersion in water. The highpass and lowpass
filters were set at 200 kHz and 10 MHz, respectively. The solid and dotted lines are longitudinal and

flexural modes, respectively.
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Figure 6.20: A 5 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) 42”
(1.067 m) in length and 0.472” (11.99 mm) in diameter prior to being immersed in water.
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Figure 6.21: A 5 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) 427
(1.067 m) in length and 0.472” (11.99 mm) in diameter after being immersed in water.
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The results indicate that as the frequency decreases, the water has more of an attenuative effect. The
highest frequencies are only slightly affected by water immersion. This characteristic of the higher
frequencies makes it particularly desirable for in-situ monitoring systems since it is not overly sensitive to
a water surrounding. The signals before and after immersion in water were then compared and relative
attenuation was quantified. Theoretical attenuation values for rebar in air were added to the experimental
relative attenuation values from immersion in water, with the results shown in Figure 6.19. The
quantitative attenuation measurement confirms the observations from the frequency domain. The higher
frequencies are relatively insensitive to a surrounding of water due to the negligible displacement

structure at the bar circumference (as predicted from Figure 4.20).

6.3.3 MODE SENSITIVITY TO MORTAR

A guided wave experiment was conducted to compare waveforms propagating through rebar before and
after being embedded in mortar. Wooden formwork was created with inside dimensions of 8” x 7.5” x
6.5” (20.3 em x 19.1 ecm x 16.5 cm). Holes were drilled through the wooden form so that rebar could
span the length of the longest dimension. A rebar (orthogonal rib pattern) with a 0.472” (11.99 mm)
diameter and 60” (1 .524 m) in length was centered through the holes. Digital Wave transducers (model B-
1025) were attached in a direct and indirect arrangement. The experimental setup is shown in Figure
6.22.

Bar

. Transducers
Figure 6.22: Rebar embedded in mortar with a direct and indirect through-transmission transducer arrangement.
The purpose of the test is to measure the amount of waveform energy leaked into the surrounding mortar.
A baseline measurement will be taken when the rebar is in air (i.e. prior to the mortar being poured
around the bar). A 250 kHz single cycle pulse was transmitted for both the direct and indirect transducer
arrangements. After the mortar is poured and has had sufficient time to hydrate (i.e. 28 days) another
waveform measurement will be taken. Material absorption is present before and after the mortar is
poured so the effects should not be noticeable. Since this is a through-transmission arrangement (i.e.

transducers on opposite sides), there is no loss due to reflections off of the ends of the bars, as with pulse-
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echo. However, some waveform energy may be reflected from the mortar entry point, as shown in Figure
6.23.

L.eaked Waves

/ | / / ’Mortar

Incident Wave . Transmitted Wave

NN

Leaked Waves

Rebar

Mfpemenesermmemrom—.
Reflected Wave

Figure 6.23: Transmission and reflection of incident waveform at mortar entry point.

Vogt et al. investigated entry point reflections for the 1(0,1) mode in a cylindrical bar partly embedded in
an epoxy resin [122]. The results showed that the reflection coefficient is dependent on the frequency-
radius product. Scattering and reflections of the incident wave at the mortar interface occur at the bar
circumference. Modes with substantial displacement and energy profiles at the outer diameter of the bar
will have more sensitivity (i.e. higher reflection coefficient). However, also critical is the ratio of the
circumference of the bar to the bar cross-sectional area. This was found to relate the ratio of the scattered
wave to the total power of the incident mode [122]. While the L(0,1) and F(1,1) have large displacement
profiles at the bar circumference, the bar size used for testing increases the frequency-radius product and

thus reduced the amount of loss due to entry point reflection.

Figures 6.24 and 6.25 provide the time domain, frequency domain, and spectrogram retrieved using a
direct transducer arrangement for the 250 kHz single cycle pulse before and after being embedded in
mortar, respectively. Figures 6.26 and 6.27 provide the time domain, frequency domain, and spectrogram
retrieved using an indirect transducer arrangement for the 250 kHz single cycle pulse before and after
being embedded in mortar, respectively. For both direct and indirect tests, the highpass and lowpass
filters were set at 20 kHz and 300 kHz, respectively. The solid and dashed lines are longitudinal and

flexural modes, respectively.
The 250 kHz single cycle pulse transmitted in a direct transducer arrangement shows signs of attenuation,
with the highest frequencies invoked being the most affected. It appears as though the F(1,1) mode is

received around 100 kHz for testing conducted after hydration of the mortar. A second reflection is

visible for the bar in air, arriving shortly after 900 ps. After the hydration of the mortar, this reflection
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can no longer be seen. Notice that the frequencies around 50 kHz appear slowed after hydration of the
mortar. The energy velocity decreases in this frequency range for the 1(0,1) mode (refer to Figure 4.21).
The 250 kHz single cycle pulses transmitted in an indirect transducer arrangement are also attenuated,
with the higher frequencies showing the most sensitivity. Notice that the lowest frequencies for the F(1,1)
mode seem to be affected as well. The F(1,1) mode has a phase velocity lower than the bulk
compressional and shear velocity of mortar at frequencies below 34.9 kHz. Therefore, the mode should
not leak into the surrounding mortar in this frequency range. It is thought that the signal loss may result

from the entry point reflection.
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Figure 6.24: A 250 kHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) prior to
mortar being poured into the formwork. The gain was 10 dB.
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Figure 6.25: A 250 kHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) after

the mortar is poured into the formwork and allowed to hydrate for 30 days. The gain was 30 dB.
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Figure 6.26: 250 kHz single cycle pulse transmitted (indirect arrangement) through rebar (orthogonal ribs) prior to
the mortar being poured into the formwork. The gain was 50 dB.

025 03 0.35 0.4

153

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 6: EXPERIMENTAL INVESTIGATION

1 T T T T
@
°
£
50
£
< :
] 1 1 ] L | L 1 1 )
0 0.1 0.2 03 0.4 05 06 0.7 0.8 0.9 1
] 3
Time (s) x10
1 T T T T T T T
o : : :
E ' : :
gios_ .......................................................... ........................... -
0 LY _MA/VM«»\_ 1 L 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
3 Frequency (MHz)
x10
0 T T T T T T T
L©,1)
0.2+ -

3 1 |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
Frequency (MHz)

Figure 6.27: A 250 kHz single cycle pulse transmitted (indirect arrangement) through rebar (orthogonal ribs) after
the mortar is poured into the formwork and allowed to hydrate for 30 days. The gain was 60 dB.

In order to more easily assess the attenuation of the system at specific frequencies, tonebursts were used.
A 20-cycle toneburst was invoked, with a bandpass filter of +/- 5 kHz of the input frequency. A
frequency sweep from 20 to 200 kHz, in 10 kHz increments, was used as the input frequency. Before
mortar was placed in the wooden formwork, a frequency sweep was conducted for both the direct and
indirect transducer arrangement. Most frequencies invoked, using both the direct and indirect
arrangements, had a clear distinguishable waveform received on the other end. Next, the mortar was
placed and compacted in the wooden formwork. After twenty-eight days of hydration, another frequency
sweep was conducted. Now only certain frequencies invoked had a clear distinguishable received
waveform. The change in received signal energy for these waveforms was calculated and converted to a
decibel scale in the same manner described in Section 6.3.2. Figure 6.28 provides the L(0,1) and F(1,1)
theoretical attenuation curves for a 0.472” (11.99 mm) diameter steel bar embedded in an infinite
surrounding of mortar, along with the experimental points from the direct and indirect transducer

arrangements, respectively.
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Figure 6.28: Theoretical attenuation curves plotted with experimental attenuation data points for the 1(0,1) mode
(top left), F(1,1) mode (top right), L(0,9) mode (middle), and all of the modes together (bottom).

The shape of the experimental points generally agrees with the shape of the theoretical curves, however
both theoretical curves overestimated the amount of attenuation in the system. Others have observed
similar overestimation of attenuation and have concluded that the error is caused by less than perfect bond
between the steel and mortar [95]. Another source of error could arise from the difference in mechanical
properties of the interfacial transition zone between the steel and mortar (refer to Section 2.1) as
compared to the bulk mechanical properties of the mortar mix. The 50 - 200 kHz frequency range tested
is particularly sensitive to bond, as the main mechanism of attenuation is leakage rather than material

absorption. There is little published data for non-axisymmetric modes leaking into solid materials and

therefore there may be some discrepancy [89].
A guided wave test was conducted to validate the 1(0,9) theoretical attenuation curves predicted for a
steel bar embedded in mortar. The entry point reflection was considered negligible for the L(0,9) mode

because the frequency-radius product was even higher than before and the displacement profile is
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concentrated in the center of the bar. A rebar (orthogonal rib pattern) with a 0.472” (11.99 mm) diameter
and a length of 14.88” (37.78 cm) was centered through the holes of the same wooden formwork used for
the low frequency testing in this section. The transducers were Panametrics contact compressional
(model V110), attached in a direct arrangement. A total of 18 frequencies were tested using both single
cycle pulses and 100-cycle tonebursts: 2.59, 2.85, 3.16, 3.47, 3.80, 4.12, 4.41, 4.76, 5.08, 5.39, 5.71, 6.04,
6.34, 6.69, 6.98, 7.32, 7.64, and 7.98 MHz. An initial waveform was taken before the mortar was poured
into the formwork (i.e. rebar in air). Another waveform is taken after the mortar has been poured into the
formwork and allowed to hydrate for 28 days. The frequency domain for the received 5.08 MHz single

cycle pulse before and after the presence of mortar is shown in Figure 6.29.
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Figure 6.29: A 5.08 single cycle pulse received before and after the presence of mortar. The gain levels were the
same for both signals. The highpass and lowpass filters were set at 2 and 10 MHz, respectively.

The lowest frequencies within the tested range were the only frequencies affected by the presence of the
mortar. At frequencies higher than 4 MHz, the signal was virtually unaffected. The differences in signal
strength were calculated by comparison of the peak amplitudes in the time and frequency domains for the
100-cycle tonebursts. Figure 6.28 shows the attenuation of the signal from the presence of mortar. The
relative change in attenuation in decibels calculated from the experimental data was added to the
theoretical attenuation value predicted for a bar in air. The experiment yielded results very similar to the
theoretical predictions for attenuation levels from mortar. The higher frequencies in the tested range were

virtually unaffected by the change in surrounding (as predicted from Figure 4.20).

64  MODE SENSITIVTY TO DIFFERENT CORROSION EFFECTS

As stated earlier, the main forms of deterioration from uniform corrosion is the loss of steel cross-
sectional area, the destruction of bond between the steel and concrete, and the loss of concrete cross-
sectional area. To test the loss of steel cross-sectional area, several rebar specimens were corroded to

different levels of mass loss and tested using guided waves. To test the effect of bond loss and concrete
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spalling, reinforced specimens were created with inhibited bond over different lengths. To test the effect
of severe localized corrosion, reinforced mortar specimens were created with different types of seeded

defects simulating discontinuities.

6.4.1 EFFECT OF BAR PROFILE CHANGE

Rebar specimens (orthogonal rib pattern) extracted from reinforced mortar accelerated corrosion testing
(presented in Section 6.5), were used to evaluate the influence of the bar profile changes on guided wave
behavior. Low frequencies were evaluated using a 250 kHz single cycle pulse in a direct and indirect
transducer arrangement. Digital Wave (model B-1025) compressional transducers were used. A total of
five corroded bars (orthogonal rib pattern) were tested, each with a total length of 42 (1.067 m) and an
original base diameter of 0.472” (11.99 mm). Four of the bars were corroded uniformly over the middle
36” (0.9144 m) of the length to a percentage mass loss of 1.8%, 4.2%, 9%, and 14.1%. The fifth
specimen had undergone mainly uniform corrosion until a localized pit formed extending almost 50%
through the bar depth over a length of 1” (2.54 cm). The total percentage mass loss for the specimen was
13.3%. The results of the low frequency direct transducer arrangement testing are shown in Figures 6.30-

6.34. The highpass and lowpass filters were set at 5 kHz and 1 MHz, respectively.

Since the transducers had to be coupled to each bar individually, quantitative comparisons are prone to
error. However, the same gain level was used for each test, with similar signal strengths for the low
frequency tests. Frequencies below 100 kHz were relatively unaffected for the rebar specimens with only
uniform corrosion. Above 100 kHz, there is a low signal strength for specimens with 4% mass loss or
higher. The specimen with localized corrosion showed lower signal strength for the entire frequency
range examined. The lowest frequencies are thought to have reflected off of the discontinuity formed
along the length.
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Figure 6.30: A 250 kHz single cycle pulse transmitted (direct arrangement) through corroded rebar (extracted from
accelerated corrosion tests) in air with 1.8% uniform mass loss.
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Figure 6.31: A 250 kHz single cycle pulse transmitted (direct arrangement) through corroded rebar (extracted from
accelerated corrosion tests) in air with 4.2% uniform mass loss.
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Figure 6.32: A 250 kHz single cycle pulse transmitted (direct arrangement) through corroded rebar (extracted from
accelerated corrosion tests) in air with 9% uniform mass loss.
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Figure 6.33: A 250 kHz single cycle pulse transmitted (direct arrangement) through corroded rebar (extracted from
accelerated corrosion tests) in air with 14.1% uniform mass loss.
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Figure 6.34: A 250 kHz single cycle pulse transmitted (direct arrangement) through corroded rebar (extracted from
accelerated corrosion tests) in air with 13.3% uniform and localized mass loss.

The results of the low frequency indirect transducer arrangement testing are shown in Figures 6.35-6.39.

The highpass and lowpass filters were set at 5 kHz and 1 MHz, respectively.
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Figure 6.35: A 250 kHz single cycle pulse transmitted (indirect arrangement) through corroded rebar (extracted
from accelerated corrosion tests) in air with 1.8% uniform mass loss.
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Figure 6.36: A 250 kHz single cycle pulse transmitted (indirect arrangement) through corroded rebar (extracted

from accelerated corrosion tests) in air with 4.2% uniform mass loss.
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Figure 6.37: A 250 kHz single cycle pulse transmitted (indirect arrangement) through corroded rebar (extracted
from accelerated corrosion tests) in air with 9% uniform mass loss.
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Figure 6.38: A 250 kHz single cycle pulse transmitted (indirect arrangement) through corroded rebar (extracted
from accelerated corrosion tests) in air with 14.1% uniform mass loss.
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Figure 6.39: A 250 kHz single cycle pulse transmitted (indirect arrangement) through corroded rebar (extracted
from accelerated corrosion tests) in air with 13.3% uniform and localized mass loss.
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The F(1,1) mode had a strong response around 80 kHz for all five corroded bars. It seemed as though
some of the lowest frequencies were affected as the corrosion level increased, especially for the specimen
with the localized corrosion. This could be a result of having to couple the transducers separately or the
lower frequencies being reflected at discontinuities in the bar profile. The higher frequency flexural

waveforms appear to be scattered for all of the specimens.

High frequency guided wave testing was conducted on the same set of bars. A 5.08 MHz éingle cycle
pulse was transmitted through each bar. The results are shown in Figures 6.40-6.44. The highpass and
lowpass filters were set at 2 and 10 MHz, respectively. Notice that the lower frequencies lose strength in
comparison to higher frequencies. Also notice that as the uniform corrosion level increases the response
between the frequency domain peaks starts to increase in strength with respect to the peaks. These
frequencies between the frequency domain peaks will be referred to as ‘web’ frequencies. As the
corrosion level increases, the bar profile becomes increasingly non-uniform and heterogeneous.
Scattering and shifts in the peak frequencies occur over the entire length of corroded bar, giving rise to
the ‘web’ frequencies. The response was similar to the frequency domain collected for the healthy rebar
with an angled rib pattern. As will be shown later, these ‘web’ frequencies were unique to uniform mass
loss specimens (i.e. they did not occur for localized damage). The specimen tested with combined
uniform and localized damage had ‘web’ frequencies with signal strength due to corroding uniformly

prior to the localized damage.
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Figure 6.40: A 5.08 MHz single cycle pulse transmitted (direct arrangement) through corroded rebar (extracted
from accelerated corrosion tests) in air with 1.8% uniform mass loss. The rebar had an orthogonal rib pattern, a
0.472” (11.99 mm) diameter, and was 42” (1.067 m) in length.
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Figure 6.41: A 5.08 MHz single cycle pulse transmitted (direct arrangement) through corroded rebar (extracted
from accelerated corrosion tests) in air with 4.2% uniform mass loss. The rebar had an orthogonal rib pattern, a

0.472” (11.99 mm) diameter, and was 42 (1.067 m) in length.
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Figure 6.42: A 5.08 MHz single cycle pulse transmitted (direct arrangement) through corroded rebar (extracted
from accelerated corrosion tests) in air with 9% uniform mass loss. The rebar had an orthogonal rib pattern, a
0.472” (11.99 mm) diameter, and was 42” (1.067 m) in length.
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Figure 6.43: A 5.08 MHz single cycle pulse transmitted (direct arrangement) through corroded rebar (extracted
from accelerated corrosion tests) in air with 14.1% uniform mass loss. The rebar had an orthogonal rib pattern, a

0.472” (11.99 mm) diameter, and was 42” (1.067 m) in length.
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Figure 6.44: A 5.08 MHz single cycle pulse transmitted (direct arrangement) through corroded rebar (extracted
from accelerated corrosion tests) in air with 13.3% uniform and localized mass loss. The rebar had an orthogonal rib
pattern, a 0.472” (11.99 mm) diameter, and was 42 (1.067 m) in length.

6.4.2 EFFECT OF DEBONDING

To better understand the effect of bond loss between the steel and mortar on guided wave behavior,
reinforced mortar specimens with simulated debonding were created. A wooden rectangular form was
created with inside dimensions of 4” x 4” x 36” (10.2 cm x 10.2 cm x 91.4 cm). Holes were drilled
through the form so rebar could span the longest dimension. Rebar was cut to 42” (1.067 m) in length
and then centered through the holes. To simulate debonding between the rebar and mortar from uniform
corrosion, duct tape was wrapped around the rebar to prevent bond (such as in [123]). Twelve specimens
were created with varying amounts of debonding over 36” (91.4 cm) of embedded rebar. The amount of
tape started at 3” (7.62 cm, 8.33% debonding), with 3” (7.62 cm) increments up to 36” (91.44 cm, 100%
debonding). The tape started at one end of the exposed rebar/mortar interface (same side as sending
transducer) and was continuous for the specified length. The rebar extended 3” (76.2 mm) from the
inside edge of the formwork on each end to allow for transducer coupling. Mortar batches were mixed,
placed, and then consolidated in the formwork around the rebar. Specimens were air cured for 28 days

prior to form removal. Figure 6.45 provides an illustration of two simulated defect specimens with

varying tape lengths.
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Figure 6.45: Example of simﬁlated tapé specixnens showing 25% and 50% debonding.

Low frequency testing was first conducted on the simulated debonding specimens using a 125 kHz single
cycle pulse transmitted in a direct transducer arrangement. The highpass and lowpass filters were set at 5
kHz and 1 MHz, respectively. Only the test results from the 0%, 25%, 50%, 75%, and 100% debond
specimens are shown in Figures 6.46-6.50, respectively. Shown in each Figure is the captured time
domain, the frequency domain, and a spectrogram. Also shown are modes of longitudinal (solid line) and
flexural (dashed line) propagation that are possible within the frequency range of arriving waveforms.
There are three scenarios of possible mode propagation plotted: a steel bar in air (s/a), a steel bar in an
infinite surrounding of mortar (s/m), and a steel bar in a cylindrical mortar layer 1.76” (4.48 c¢m) within in
an infinite surrounding of air (s/m/a). While the mortar surrounding the rebar is actually rectangular in

shape, a cylindrical shape was assumed based on the capabilities of the theoretical model.

For the specimens in the 0-25% debond range, the signal-to-noise ratio was rather poor and the
spectrograms reveal little information about the particular modes of propagation. The spectrogram for
the 0-25% debond specimens indicate that the 1(0,1) mode has a very weak response. The mode is most
likely completely leaking out of the bar. Since the wavelength is rather large compared to the specimen
geometry, wave energy may be leaking out, reflecting off of specimen boundaries and entering back into
the bar at later arrival times severely scattered. There could also be modes invoked for the bar/mortar/air
system. For the specimens at or above 25% debonding, there are modes arriving close to the theoretically
predicted L(0,1) mode for a bar in air. The 75-100% debond specimens follow the predicted curve for the
L(0,1) mode for the case of a bar in air. Multiple reflections of the L(0,1) mode are visible at later arrival

times in the 100% debond spectrogram.
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Figure 6.46: A 125 kHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a 0%

debond specimen. The gain was set at 50 dB.
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Figure 6.47: A 125 kHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a

25% debond specimen. The gain was set at 50 dB.
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Figure 6.48: A 125 kHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a

50% debond specimen. The gain was set at 40 dB.
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Figure 6.49: A 125 kHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
75% debond specimen. The gain was set at 30 dB.
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Figure 6.50: A 125 kHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
100% debond specimen. The gain was set at 20 dB.

1.5

In an attempt to compensate for the low signal-to-noise ratio from the single cycle pulse testing,
tonebursts were used. A 110 kHz nine-cycle toneburst was transmitted and received. The highpass and
lowpass filters were set at 105 kHz and 115 kHz, respectively. The time domain results for the 25%,
50%, 75%, and 100% debond specimens are shown in Figure 6.51. The arrival times of the L(0,1) and
F(1,1) modes for a bar in air are shown as the left (red) and right (blue) vertical lines, respectively. As the
level of bond decreases between the steel and mortar, the wave behavior approaches the theoretically
predicted behavior for the L(0,1) mode in a bar. The signal strength increases as the level of bond
decreases. Although the transducers were coupled separately to each individual specimen, the increase in

the signal strength was quite evident.
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Figure 6.51: A 110 kHz nine-cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a 25%,
50%, 75%, and 100% debond specimen. The theoretical arrival times for the 1(0,1) and F(1,1) modes are shown as
vertical lines on the left and right, respectively. The signal strengths have been adjusted with respect to the 100%
debond specimen gain level.

A 160 kHz fifteen-cycle toneburst was also used on the simulated debonding specimens for reasons that
will be illustrated later when accelerated corrosion experiments are presented. Figures 6.52-6.56 show
the results of testing conducted on 0%, 25%, 50%, 75%, and 100% debond specimens, respectively. The
highpass and lowpass filters were set at 155 and 165 kHz, respectively. The solid and dashed lines are

longitudinal and flexural modes, respectively.
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Figure 6.52: A 160 kHz fifteen-cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a

0% debond specimen. The gain was set at 70 dB.
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Figure 6.53: A 160 kHz fifteen-cycle pulse transmitted (direct arrangement) through rebar (orthogonal
ribs) in a 25% debond specimen. The gain was set at 70 dB.
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Figure 6.54: A 160 kHz fifteen-cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
50% debond specimen. The gain was set at 50 dB.
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Figure 6.55: A 160 kHz fifteen-cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
75% debond specimen. The gain was set at 30 dB.
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Figure 6.56: A 160 kHz fifteen-cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
100% debond specimen. The gain was set at 20 dB.

Once again, as the amount of debonding increases the early arriving content increases. It seems that test
distances over 27” (0.686 m) did not allow for clear reception of the L(0,1) mode. The signal strength
was very low for the 0% specimen, resulting in a poor signal-to-noise ratio. The spectrogram for the 0%
debond specimen yielded little information about the invoked modes. Again, the 1(0,1) mode is most
likely completely leaking out into the surrounding mortar. Some wave energy is being reflected back into
the bar by either reflections from the outer mortar/air boundary or from scattering occurring in mortar.
The 25% debond specimen has wave energy received from the 1(0,1) mode based on the spectrogram.
However, most of the wave energy arrives much later. At 50% debond, more wave energy arrives earlier,
with a much stronger L(0,1) signal strength. The 75% and 100% debond specimens have signals that
behave as predicted for the L(0,1) mode for a bar in air.

In each previous test, quantitative signal strength comparisons were unable to be calculated due to the
transducer being coupled to each specimen separately. This coupling will present large amounts of error
when comparing between specimens. Therefore, a toneburst test was completed to try and provide a
quantitative measure at different frequencies. A frequency sweep was conducted on the debond
specimens from 50 kHz to 200 kHz in 3 kHz increments using a direct transducer arrangement. Each

frequency was invoked using a 15-cycle toneburst. The highpass and lowpass filters were set at -/+ 5 kHz
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of the invoked frequency, respectively. The summation of calculated energy for each frequency between
50 and 150 kHz was divided by the summation of energy between 150 and 200 kHz, with the results

shown in Figure 6.57 on a decibel scale. Energy is calculated with the following equation:

131
By = [VE(1)At crrerrereeieeceeeeetee s eee e neseeseessesensesess s (6.2)
to

where t is the time, t; is the start of the partition, t, is the end of the partition, and V(t) is the voltage as a
function of time.

There is very little discrepancy between the experimental data points and the linear trendline for
simulated debonding below 60%. However, above 60% simulated debonding there is some discrepancy
between the data points and the linear trendline. This is thought to occur because the dominant received
mode above 60% simulated debonding is the 1(0,1) mode (refer to Figures 6.55 and 6.56). However,
below 60% simulated debonding the F(1,1) mode and other later arriving waveforms are dominant. The
L(0,1) mode does not appear with substantial strength in the time domain until 40% simulated debonding.
Under the geometry and frequency range chosen for these specimens, the F(1,1) mode and other later
arriving waveforms tracked small length bond changes while the appearance of the 1.(0,1) mode tracked

more severe lengths of bond changes between the rebar mortar interface.

y = -0.24x + 28.1
R?=0.93

N
o
"

Energy Ratio (dB)
50-150 kHz / 150-200 kHz
> o

(4,1
"

O L) L} v L]

0 20 40 60 80 100 120
Simulated Debonding %

Figure 6.57: Comparison of frequencies between 50-150 kHz and 150-200 kHz captured during a frequency sweep.

An indirect transducer arrangement was used to invoke the F(1,1) mode for evaluation of the simulated
debond specimens. An 80 kHz fifteen-cycle pulse was transmitted with the results shown in Figure 6.58-
6.62. The highpass and lowpass filters were set at 75 and 85 kHz, respectively. The solid and dashed

lines are longitudinal and flexural modes, respectively.
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Figure 6.58: An 80 kHz fifteen-cycle pulse transmitted (indirect arrangement) through rebar (orthogonal ribs) in a
0% debond specimen. The gain was set at 60 dB.
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ribs) in a 25% debond specimen. The gain was set at 60 dB.
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Figure 6.60: An 80 kHz fifteen-cycle pulse transmitted (indirect arrangement) through rebar (orthogonal ribs) in a
50% debond specimen. The gain was set at 40 dB.
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Figure 6.61: An 80 kHz fifteen-cycle pulse transmitted (indirect arrangement) through rebar (orthogonal ribs) in a
75% debond specimen. The gain was set at 30 dB.
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Figure 6.62: An 80 kHz fifteen-cycle pulse transmitted (indirect arrangement) through rebar (orthogonal ribs) in a
100% debond specimen. The gain was set at 30 dB.

For the 0% debond specimen, the majority of the signal strength arrives after the theoretically predicted
arrival time of the F(1,1) mode. However, there appears to be some energy that arrives for the L(0,1)
mode. As the level of bond diminishes, the arrival time of the mode converges on the F(1,1) arrival time
for a bar in air. It seems that the F(1,1) mode for a bar in mortar propagates at a slightly slower velocity
than predicted. While quantitative measurements were unable to be calculated due to the separate
transducer coupling, notice the gain level differences for the change in bond level. Clearly the signal

strength increases as the level of bond decreases. \

Mid-range frequencies (1 — 2 MHz) were then invoked in the debond specimens. This is similar to the
work done by [115]. Unlike the low frequencies, the mid-range frequencies were much closer to the
theoretically predicted behavior. Two longitudinal modes were invoked using 100-cycle tonebursts: the
L(0,5) and 1(0,8) (refer to Figure 4.5). The Digital Wave transducers (model B-1025) were used, with
strong responses found at 1.18 MHz and 2.18 MHz for the respective modes. The highpass and lowpass
filters were set at 800 kHz and 2.5 MHz, respectively. The two modes were compared directly for each
specimen with respect to their peak amplitudes and area in the frequency domain to give an indication of
attenuation. The comparison was made to avoid error associated with transducer coupling. The results of

the testing are shown in Figure 6.63.
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Figure 6.63: Comparison of the peak amplitude and area in the frequency domain for the L(0,5) and 1(0,8) modes.
The modes were invoked using a 100-cycle toneburst at 1.18 MHz and 2.18 MHz, respectively.

The L(0,5) mode is more attenuated than the L(0,8) by the surrounding mortar (as shown in Chapter 4).
As debonding increases, the difference in attenuation decreases. These modes would be more useful for

testing interfacial conditions if they were not so sensitive to water and the effects of the rib pattern.

Higher frequency (2 — 8 MHz) testing was conducted on the debond specimens as well. The wave
behavior was very similar to the theoretically predicted behavior. The L(0,9) mode was invoked using a
100-cycle toneburst at two separate frequencies where attenuation dips occur: 2.82 MHz and 6.95 MHz.
The highpass and lowpass filters were set at 2 MHz and 10 MHz, respectively. The two modes were
compared with respect to their peak amplitudes and area in the frequency domain to give an indication of
attenuation. The two frequencies were compared to avoid errors associated with transducer coupling.
The results of the testing are shown in Figure 6.64. Since the effect of bond loss is less substantial as the
frequency is increased, transducer coupling becomes more critical. The test does indicate a trend similar
to what was shown with the mid-range frequencies. However, as will be shown later, the change in the
bar surface profile is more of an issue with higher frequency testing than the loss of bond due to the

displacement structure of the propagating modes.
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Figure 6.64: Comparison of the peak amplitude and area in the frequency domain for the L(0,9) mode at 2.82 MHz
and 6.95 MHz. The modes were invoked using a 100-cycle toneburst.

6.4.3 EFFECT OF LOCALIZED DISCONTINUITIES

Only high frequency testing was investigated with respect to localized corrosion. This frequency range
was chosen to start with since the attenuation was the lowest in the rebar/mortar system. First, a 0.472”
(11.99 mm) diameter reinforcing bar (orthogonal ribs) 30.38” (77.15 cm) in length was monitored with
guided waves while a grinding saw cut through the diameter in one location. The thickness of the
grinding saw blade was 0.25” (6.35 mm), with the cut made directly in the center of the rebar. The
specimen was monitored in through-transmission mode. A 5.08 MHz single cycle pulse was transmitted.
The highpass and lowpass filters were set at 2 and 10 MHz, respectively. Figures 6.65 and 6.66 show the
results with the vertical axis scaled for each signal and held constant, respectively. The y-axis label refers

to the amplitude of the normalized power spectrum.
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Figure 6.65: A 5.08 MHz single cycle pulse monitoring a bar undergoing a saw cut in a direct transducer
arrangement (through-transmission). Signal strengths were adjusted to compensate for the difference in gain levels.
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Figure 6.66: A 5.08 MHz single cycle pulse monitoring a bar undergoing a saw cut in a direct transducer
arrangement (through-transmission). The y-axis scale is the same for all signals.
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The results indicate that all of the frequencies are attenuated from the discontinuity. The overall shape of
the frequency domain remains relatively the same during testing. Notice that the ‘web’ frequencies,
discussed earlier from the uniformly corroded bar testing and the rebar with an angled rib pattern, do not
appear in the frequency domain for any level of localized damage. The attenuation is caused by
reflections from the discontinuity. While the localized damage may cause some scattering, it is relatively
small in comparison to that caused by uniform damage along the entire length. Also, the base diameter of
the rebar only changes at the discontinuity (only %” thick), meaning that the location of the attenuation

dips should not shift in the frequency domain.

To investigate the feasibility of monitoring discontinuities from pitting corrosion in rebar embedded in
mortar, three types of simulated pitting corrosion specimens were created and tested with guided waves.
The first specimen was a gap specimen, simulating a complete loss of cross-sectional area over 17 (2.54
cm) of the rebar length. The rebar was simply cut in half, with the weight of the rebar supported by
strings. The second specimen was a thin notch specimen, simulating a loss of half the rebar cross-
sectional area over a very narrow width. A chop saw was used to create the discontinuity in the small
notch specimen. The third specimen was a narrowed specimen, simulating partial loss of cross-sectional
area over 2” (5.08 cm) of length. A grinding saw was used to create the discontinuity in the narrowed
specimen. Figure 6.67 shows pictures of all three specimens. Notice that both the gap and small notch

specimen have cuts that are perpendicular to the axis of the specimen, while the narrowed specimen does

not.

Figure 6.67: Photographs of the (a) 1” (2.54 c¢m) gap specimen, (b) small notch specimen,d (¢) 27 (.08 cm)
notch specimen. The gap is filled with mortar in the 1 (2.54 cm) gap specimen. The small notch is cut through half
of the cross-section.

A 5.08 MHz single cycle pulse was transmitted in each specimen and collected in through-transmission
and pulse-echo mode. The results of the testing are shown in Figure 6.68. The highpass and lowpass

filters were set at 2 and 10 MHz, respectively.
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Figure 6.68: Collected time and frequency domains for a healthy specimen, a 1” (2.54 cm) gap specimen in pulse-
echo mode, a thin notch specimen in pulse-echo mode, a thin notch specimen in through-transmission mode, a 2”
(5.08 cm) notch specimen in pulse-echo mode, and a 2 (5.08 cm) notch specimen tested in through-transmission
mode using a 5.08 MHz single cycle pulse.
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The through-transmission testing revealed frequency domains similar to what was shown with the saw cut
specimen discussed in this section. There are no ‘web’ frequencies visible, with relatively the same shape
for the healthy, thin notch, and 2” notch specimens. The pulse-echo testing was capable of detecting
reflections from all three forms of simulated pits. The strongest reflection was from the discontinuity
going through the entire cross-section (i.e. gap specimen). The frequency response from the reflections

seems shifted heavily towards higher frequencies.

6.5 MODE SENSITIVITY TO ACCELERATED CORROSION

To measure how corrosion affects guided wave behavior, reinforced mortar specimens were designed for
use in an accelerated corrosion experiment. The size of the specimens are identical to the size of the
simulated debond specimens. A wooden rectangular form was created with inside dimensions of 4” x 4”
x36”(10.2cm x 10.2 cm x 91.4 cm). Holes were drilled through the form so rebar could span the longest
dimension. Rebar was cut, weighed, and then centered through the holes. The rebar extended 3 (76

mm) from the inside edge of the formwork on each end to allow for transducer coupling. Mortar batches
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were mixed, placed, and then consolidated in the formwork around the rebar. Specimens were air cured

for 28 days prior to form removal.

To corrode specimens, an accelerated corrosion test setup was designed. The experimental setup for
accelerated corrosion testing, commonly referred to as impressed current or anodic polarization, is shown

in Figure 6.69 for both uniform and localized corrosion.

Rebar
(Anode)

Copper Mesh
{Cathode)

Salt Water Transducer
(5% NaCi)
(a)
Rebar
(Anode) Copper Mesh
{Cathode)
Salt Water Transducer
(5% NaCl)

(b)

AN JAN

Figure 6.69: Schematic diagram of ultrasonic through-transmission for the accelerated (a) uniform corrosion and
(b) localized corrosion experiment.

While others have used slight variations [2,57], the basic premise is to partially submerge the reinforced
mortar specimens in a bath of salt water (5% NaCl), as shown in Figure 6.69(a). This allows oxygen,
water, and chlorides to reach the rebar. For a faster corrosion rate, the positive lead was attached to the
rebar (anode) to attract the negatively charged chlorides. The negative lead was attached to the
surrounding copper mesh (cathode) to complete the circuit. To induce a more uniform corrosion around
the circumference of the bar, a thin cloth was wrapped around the center of the specimens, while a pump
poured salt water onto the top of the specimens. Each specimen had silicone sealant place on the ends to
prevent accentuated corrosion at the rebar entry point and to create either uniform or localized corrosion.
The type of corrosion (i.e. uniform or localized) determined the length of silicone sealant, copper mesh,
and cloth used on the specimen. The middle 30” (76.2 cm) of the uniform corrosion specimens were left

entirely exposed, with the rest of the specimen coated with a silicone sealant. The entire localized
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corrosion specimen was coated with a silicone sealant, except over 3” (7.62 cm) directly in the middle.
The copper mesh (cathode) and cloth were wrapped around the length of the specimen where silicone

sealant was not applied.

To allow for estimation of the corrosion level during an accelerated test, an empirical study was
conducted. Several mortar specimens were corroded to different corrosion levels based on F araday’s law
(vefer to Chapter 2). A constant potential (i.e. potentiostatic test) of approximately 30 volts was applied
while the current level was continuously computer-monitored using an ammeter. Faraday’s law provides
a relationship between the time of a sustained current level and the associated mass loss. The mass loss is
calculated using Equation 2.10 where a is the atomic weight of iron (56 grams), [ is the corrosion current
(amp), ¢ is the time elapsed (seconds), z is the valency of the reacting electrode (2 for iron), and F is
Faraday’s constant (96,500 amp-sec). The original bar mass m is measured on a scale before being

embedded in mortar. The corrosion level is expressed as a percentage of mass loss:

Am
Corrosion Percentage =100-—— ...........cooovveeemeeeeereeeeesnn, (6.3)

m
After each specimen has undergone accelerated corrosion, the rebar is removed and the mass measured.
Figure 6.70 shows the relationship between the measured corrosion levels and the predicted corrosion

levels using Faraday’s law.
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Figure 6.70: Measured mass loss as a function of predicted mass loss using Faraday’s law for accelerated corrosion
testing of reinforced mortar specimens.
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The third order polynomial trendline provides a coefficient of determination of 0.94 and is used for the
estimation of percentage mass loss for the corroded specimens presented in this report. The nonlinearity
of the relationship reflects different stages of the corrosion process. Upon starting accelerated corrosion,
a protective passive layer exists at the surface of the rebar with healthy mortar surrounding the passive
layer. These layers act as resistors between the copper mesh and rebar. Differences between the
measured corrosion level and the predicted level by Faraday’s law are most likely due to thermal losses
from heat generation and the dissolution of water. Other factors influencing the difference are the purity
of the steel rebar, electrical properties of the fine aggregates, salt deposits, the overall electrical path
between the steel and rebar, mortar permeability, mortar porosity, and mix consolidation [57]. The
formation of corrosion products can cause differences as well, as the corrosion product will change forms
and react further. As cracking occurs, forming pathways directly to the rebar, the reaction occurs more
rapidly. These direct pathways result in less thermal losses and different corrosion products forming.
The third order polynomial captures these differences between the measured and predicted values

adequately for the purposes of this report.

As stated previously, the specimens were corroded potentiostatically at 30 volts. Current densities
reached levels as high as 13 mA/cm? (power supply limit), with values typically between 2 — 6 mA/cm>.
As a point of reference, experiments with natural corrosion (i.e. non-accelerated) yielded a maximum
current density of 0.1 mA/cm’ [124]. Therefore, the current densities used to accelerate corrosion in this
report were very high compared with actual corrosion rates in real structures. The current was set this
high to allow for rapid ultrasonic testing of the specimens. One drawback to this extreme increase in
current density is that previous work has shown that the percentage of steel mass loss necessary to cause
the rupture of the concrete cover is sensitive to the current density [124,125]. Saifullah and Clark [125]
found that for current densities below 0.25 mA/cm’, the percentage of mass loss necessary to cause cover
cracking increased with increases in the current density. In other words, as the current level goes up,
more bar loss is necessary to cause cracking. A similar trend for this current density region was found in
[124]. For current densities above 0.25 mA/cm? the opposite trend was found. In this region, increases
in current density meant that less bar loss was necessary to cause cracking. Figure 6.71 shows the
relationship between the percentage of mass loss that occurred at the moment the cover cracked as a
function of the current density. Bond strength showed similar sensitivity to the current density. For
current densities below 0.25 mA/cm?, the bond strength of the specimen at the moment of the cover
cracking increased with increases in the current density. For current densities above 0.25 mA/cm?, the
bond strength decreased with increases in the current density. Figure 6.72 shows how bond strength is

affected for different current densities at cover cracking and at around 20% mass loss. The symbols
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fcorroded) aNd ficonnory refer to the maximum load during a puliout test for the corroded specimen and control

specimen (0% mass loss), respectively.
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Figure 6.71: Percentage mass loss that occurred for a bar when cracking reached the concrete cover as a function of
the current density used to accelerate the corrosion (extracted from [125]).
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Figure 6.72: Normalized bond strength for different current densities used to accelerate corrosion as a function of
percentage mass loss (extracted from [125]).

All specimens showed a decrease in bond strength from the cover cracking to a percentage mass loss of
around 20%. However, it is clear that specimens corroded at high current densities experienced a much
greater depreciation in bond strength at comparable mass loss percentages than specimens corroded at low

current densities. However, the specimens corroded at the lowest current densities showed the largest
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depreciation in bond strength levels between the cover cracking and 20% mass loss. Saifullah and Clark
[125] provided four reasons for the observed behavior: ,

1. Less creep in concrete occurs at faster strain rates, meaning that at very high current densities the
corrosion product forms at a faster rate than the creep rate. Therefore, the beneficial effects of
concrete creep to relieve tensile hoop stresses are negated at high corrosion current densities.

2. Pore blocking may occur in the porous layer (i.e. interfacial transition zone) of cement paste
immediately adjacent to the rebar for very slow rates of corrosion.

3. Possible detrimental effects to the steel/concrete interface from anodic polarization (similar to
observed detrimental effects from cathodic polarization) at high current densities may Ooccur.

4. Changes in the type of corrosion products formed at different current densities may play a role.
Since extremely high current densities were used in this report, the deterioration process will be different
than what is observed for natural corrosion. The mortar will most likely not creep substantially from the
formation of corrosion products. Cracking of the mortar cover will most likely occur quicker for the same
level of mass loss than if the test were accelerated at a slower rate. The bond strength of the specimen at
the point that cracking reaches the cover will be more depreciated than at a slower rate. Also, the
difference in bond strength between cover cracking and more substantial mass loss (e.g. 20% mass loss)
will be less drastic than if natural corrosion occurred. The current level is set high enough that the
extrapolation to real structures is not recommended. The purpose of the testing is to assess the feasibility
of using the guided wave method for in-situ monitoring of corrosion. If found to be feasible, further

testing with a more natural corrosion process is recommended.

The specimen size used was rather small for low frequency guided wave testing. For instance, Beard [95]
used a specimen with a square cross section of 3.28° x 3.28° (1 m x 1 m), with notches at the outer
surface, to ensure that waves leaked out into the surrounding mortar from the steel reinforcement would
not return. A larger specimen size would not allow for corrosion to occur as rapidly using anodic
polarization as the specimen size used. The increase in mortar cover would make the ingress of water to
the bar depth take much longer and would create more resistance between the anode and cathode. Rebar
closest to the cover and at corners is most likely to corrode first due to the ingress of deleterious
substances. Therefore, boundaries close to these dimensions would be likely encountered. It also
presents a challenge with respect to accelerating the corrosion of the reinforcing bar without causing
accentuated corrosion at the exposed ends. Therefore, to allow for relatively quick accelerated corrosion

tests, a smaller specimen size for low frequencies was used in this study.
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Before beginning the accelerated corrosion test presented in this paper, the specimen was wetted with salt
water for one week. Wetting the mortar, prior to turning on the power supply to initiate corrosion, is
necessary for a few reasons. First, saturation of the specimen lowers the electrical resistance between the
anode and cathode, allowing for a faster electrochemical reaction. Second, wetting the mortar helps
prevent accentuated corrosion at the exposed rebar ends. Third, the sensitivity of guided waves to
corrosion needs to be isolated from the effects of the wetting of the mortar specimen, specifically when in
a transient moisture state. By allowing the specimen to become fully saturated with water prior to starting
the test, changes in guided wave behavior are more influenced by the corrosion process rather than
wetting effects. To elaborate on this point, the mortar specimens were cured in air rather than being moist
cured. This was done for a couple of reasons. First, there were capacity limitations for storing the mortar
specimens in a humidity-controlled chamber. Second, air-cured concrete is 8-10 times more permeable
than moist-cured concrete near the surface. The difference in permeability is insignificant at depths
below 1.97” (50 mm). For the specimen size used, the permeability should be high throughout, allowing
for a faster corrosion process. However, air curing the specimens has drawbacks. Besides creating
mortar with a low compressive strength, the air-cured specimens shrink in size [126]. Shrinkage is
reduced by the reinforcing bar, creating tensile stress in the mortar. When the hardened mortar specimen
is soaked in water, it swells in size. The swelling strain is generally around 1/3 to 1/2 of the shrinkage
strain [127]. Initially, when the surface is wetted, the interior of the specimen remains dry. The interior
dry region restrains the free expansion that would take place if the specimen were wetted in its entirety
simultaneously [128]. The interior goes into a state of tension while the exterior goes into a state of
compression. Adding to this complexity is the creep of the concrete. In a transient moisture state, the
creep can be much higher than at constant moisture content. This is explained by the hypothesis that

movement of water molecules may facilitate changes in the bonding of the solid microstructure [129].

The filling of pores and voids immediately adjacent to the rebar will facilitate more leakage of waveform
energy form the specimen. There could also be further hydration of the specimens, as resaturated
concrete (or mortar) will resume its interrupted hydration [24]. Also, wet mortar has slightly different
material properties to dry mortar (see Table 4.3). Therefore, caution was exercised to ensure that the

effects of wetting the mortar were isolated as much as possible in this report.

6.5.1 MONITORING ACCELERATED UNIFORM CORROSION WITH THE L(0,1) MODE

Several specimens undergoing uniform corrosion were monitored using guided mechanical waves at
lower frequencies. The first test presented invoked the fundamental longitudinal mode, i.e. L(0,1). A 15-

cycle toneburst was invoked at fifty-one different frequencies in the embedded system. The fifty-one
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frequencies were from 50 to 200 kHz in 3 kHz increments. This particular bandwidth is the location of
the lowest attenuation region of the 1.(0,1) mode (refer to Figure 4.5). The highpass and lowpass filters
were set at -/+ 5 kHz of the invoked frequency. The toneburst excitation and filtering technique were

both used to ensure that the frequency content was concentrated in a narrow bandwidth.

The transducers were attached and the specimen was wetted until a level of saturation was reached.
Corrosion was then initiated by applying a potential between the copper and rebar. The experiment was
repeated several times with the results shown in this report representative of the trials. A three-
dimensional plot of the relative attenuation for all frequencies tested over the duration of the accelerated

corrosion experiment is shown in Figure 6.73.

s
(=]
/

304

20

-
[=]
!

Relative Attenuation (dB)

S50 25

Figure 6.73: Relative attenuation as a function of mass loss during accelerated uniform corrosion. A frequency
sweep between 50-200 kHz with 3 kHz increments was invoked using a 15-cycle toneburst.

Figures 6.74 and 6.75 are plots of relative attenuation of the 164 kHz invoked signal as a function of
percentage mass loss from uniform corrosion for one trial and three separate trials. The 164 kHz signal
was chosen because it displayed the greatest sensitivity to the corrosion process (i.e. greatest decibel
change). A plot of the normalized corrosion pressure using the model discussed in Chapter 3 is also

shown in Figure 6.75.
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Figure 6.74: Relative attenuation (experimental results) as a function of percentage mass loss during uniform
corrosion. The waveform was a 164 kHz fifteen-cycle signal. The highpass and lowpass filters were set at 159 kHz
and 169 kHz, respectively.
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Figure 6.75: Experimental normalized attenuation results (solid line) and theoretical corrosion pressure curve
(dashed line) as a function of percentage mass loss during uniform corrosion. The top three plots are separate trials
stopped at different percentages of corrosion. The bottom plot has all three trials. The waveform was a 164 kHz
fifteen-cycle signal.
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Notice that the attenuation of the waveform increases from the onset of corrosion to the apex of
attenuation (roughly 1-3% mass loss) by approximately 18 dB/m. Corrosion products accumulated
between the rebar and mortar, which created pressure. The pressure increased the coupling between the
steel and mortar and the stiffness of the corrosion product (refer to Chapter 3). This increase in stiffness
created less of an impedance mismatch between the material properties of the steel and corrosion product.
The increase in corrosion product stiffness and coupling resulted in more wave energy leaking out into the
surrounding mortar. Significant cracking eventually started to occur that reduced the stiffness of the
surrounding mortar (i.e. reduction in confinement level) and the corrosion product. This loss of
confinement will reduce the amount of wave energy leaked out (i.e. reduction in attenuation). After 3%
mass loss, the attenuation dropped in a non-linear fashion and leveled off after significant mass loss had
occurred. Captured time domain waveforms for the invoked 164 kHz fifteen-cycle signals are shown in
Figures 6.76 and 6.77 with different vertical scaling. The left and right vertical lines are the arrival times
for the L(0,1) and F(1,1) modes.
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Figure 6.76: Waveforms for 164 kHz collected at 0%, 1%, 2%, 3%, 5%, 10%, and 15% corrosion are shown.
Vertical dashed lines have been placed in the time domains indicated the arrival time of the 1(0,1) (left) and F(1,1)
mode (right) modes. The vertical axis has been scaled for each waveform.
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Figure 6.77: Waveforms for 164 kHz collected at 0%, 1%, 2%, 3%, 5%, 10%, and 15% corrosion are shown.
Vertical dashed lines have been placed in the time domains indicated the arrival time of the L(0,1) (left) and F(1,1)
mode (right) modes. The vertical axis is the same for each waveform to emphasize the increase in signal strength
and the change in arrival time.

As mass loss increased from 0% to 1% to 2%, the signal strength (and signal-to-noise ratio) is reduced.
From 2% to 3% to 5% mass loss, the signal strength increases significantly and there is a shift in the
arrival time of the received waveform. The signal strength continues to increase from 5% to 10% to 15%.
It is thought that initially, the F(1,1) and other later arriving waveforms are all that is received. After the
mortar begins to crack, causing a reduction in the mortar and corrosion product stiffness and contact
conditions, the signal strength increases and the arrival time changes. The arrival time approaches that of
the L(0,1) mode. Figures 6.78-6.84 show the time domain, frequency domain, and spectrogram at 0%,
1%, 2%, 5%, 10%, and 15% mass loss, respectively. The highpass and lowpass filters were set at 159 and
169 kHz, respectively. The solid and dashed lines are longitudinal and flexural modes, respectively.
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Figure 6.78: A 164 kHz fifteen-cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 0% mass loss from corrosion. The gain was set at 80 dB.
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Figure 6.79: A 164 kHz fifteen-cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 1% mass loss from corrosion. The gain was set at 80 dB.
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Flgure 6.80: A 164 kHz fifteen-cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 2% mass loss from corrosion. The gain was set at 80 dB.
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Figure 6.81: A 164 kHz fifteen-cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 3% mass loss from corrosion. The gain was set at 80 dB.
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Figure 6.82: A 164 kHz fifteen-cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a

specimen that has undergone 5% mass loss from corrosion. The gain was set at 70 dB.
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Figure 6.83: A 164 kHz fifteen-cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a

specimen that has undergone 10% mass loss from corrosion. The gain was set at 60 dB.
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Figure 6.84: A 164 kHz fifteen-cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 15% mass loss from corrosion. The gain was set at 60 dB.

For early corrosion (0 - 2%), the L(0,1) is attenuated heavily and no longitudinal mode of propagation is
recorded. Within the 0 - 2% corrosion range, the F(1,1) mode and other later arriving waveforms are all
that is received. As discussed in Section 6.4.2, the later arriving waveforms could be wave energy leaked
out into the mortar that reflects off of boundaries and enters back into the bar severely scattered. Modes
for the rebar/mortar/air system may also be invoked. However, once the mortar starts to crack and
debonding starts to occur (>3% corrosion), the L(0,1) mode starts to appear and gain signal strength. The
back edge of the 1(0,1) mode overlaps the front edge of the F(1,1) mode. This is expected, since a 15-
cycle toneburst excitation was used and the 164 kHz input frequency has a smaller difference in energy

velocity (compared to lower frequencies invoked) between the L(0,1) and F(1,1) modes.

From 5 - 15% mass loss, the 1.(0,1) and F(1,1) modes increase in waveform energy. The energy velocity
is very sensitive to the properties of the steel [99] (rather than the mortar) and the leading edge of the
waveform is highly attenuated resulting in a small discrepancy between the theoretical prediction of
arrival time and the experimental arrival time of the first wave packet. Despite invoking a strong
longitudinal waveform with the transducer arrangement, flexural modes of propagation are still created

either from imperfections in the sending transducer alignment or from mode conversions. Mode
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conversions may be caused by the heterogeneous nature of the interface conditions between the steel and
mortar. The F(1,1) mode propagates at a lower attenuation in the system (refer to Section 6.3.3) than the
L(0,1) mode but at a lower energy velocity. Therefore, the initial increase in attenuation for corrosion
product accumulation was monitored by the propagation of the F(1,1) mode and other later arriving

waveforms for the testing conducted in this report.

6.5.2 MONITORING ACCELERATED UNIFORM CORROSION WITH THE F(1,1) MODE

Accelerated uniform corrosion specimens were monitored using an indirect transducer arrangement at low
frequencies. However, the results varied from test to test once the initial corrosion product accumulation
occurred. It is thought that water played a critical role in the results. Signals sent in at frequencies higher
than 130 kHz had such a low signal-to-noise ratio that they were not recorded. A frequency of 80 kHz
had a strong signal-to-noise ratio for all tests. The wetting of the mortar was monitored with an 80 kHz

fifteen-cycle toneburst in an indirect transducer arrangement with Figure 6.85 showing the results.
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Figure 6.85: Wetting of the mortar prior to corrosion at 80 kHz (indirect transducer arrangement).

The signal strength initially increases slightly (decrease in relative attenuation) and then rapidly
decreases. After three days of wetting the specimen reaches a saturation point and the signal strength

remains relatively constant. It is thought that the initial increase in signal strength is caused by the
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interior restraining the free expansion of the surrounding mortar. Once the water reaches the depth of the
rebar, the signal strength is quickly reduced due to leakage and the increase in density. As the swelling

and material properties of the specimen stabilize, the signal strength remains constant.

Figure 6.86 shows the results for an 80 kHz fifteen-cycle signal transmitted for three different accelerated
uniform corrosion experiments using an indirect transducer arrangement. The highpass and lowpass
filters were set at 75 and 85 kHz, respectively. Figure 6.87 shows one of the trials compared to the

corrosion product model discussed in Chapter 3.
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Figure 6.86: Relative Attenuation as a function of percentage mass loss for accelerated uniform corrosion
specimens monitored using an indirect transducer arrangement. The input frequency was 80 kHz for all three trials.
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Figure 6.87: Both the experimental attenuation curve (solid line) for the F(1,1) mode and the corrosion pressure
theoretical curve (dashed line) are shown as a function of percentage mass loss.

In all three trials the attenuation rises quickly after corrosion is initiated. However, even after substantial
corrosion and subsequent cracking the waveform attenuation fluctuates in different directions. While
deterioration of bond causes less attenuation, the loss of stiffness of the surrounding mortar can actually

cause an increase in attenuation for the F(1,1) mode (refer to Figure 4.16). Cracking will also lead to the
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ingress of more water, with the F(1,1) mode having more sensitivity to water than the L(0,1) mode.

Figure 6.88 shows a cascade of time domains at different percentages of mass loss for an 80 kHz fifteen-

cycle signal invoked in one of the indirect transducer arrangement trials.
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Figure 6.88: Cascade of time domains collected during uniform corrosion test using an indirect transducer
arrangement. The vertical line is the theoretical arrival time for the F(1,1) mode. An 80 kHz fifteen-cycle toneburst

was used.

Notice that the time of arrival changes from 0 - 22.3% mass loss. While there are slight differences

between the velocity of the F(1,1) mode in a bar surrounded by air and a bar surrounded by mortar, the

differences are fairly insignificant at 80 kHz. It is not completely known at this time why there was such

a difference in velocities. Figures 6.89-6.94 show the time domain, frequency domain, and spectrogram

at 0%, 1.4%, 5%, 10%, 17.8%, and 22.3% mass loss, respectively. The F(1,1) curve for a bar in mortar is

on top of the curve for a bar in air. After significant corrosion, the waveform coincides with these curves.
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Figure 6.89: An 80 kHz fifteen-cycle pulse transmitted (indirect arrangement) through rebar (orthogonal ribs) in a

specimen that has underwent 0% mass loss from corro

sion. The gain was set at 40 dB.
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Figure 6.90: An 80 kHz fifteen-cycle pulse transmitted (indirect arrangement) through rebar (orthogonal ribs) in a
specimen that has underwent 1.4% mass loss from corrosion. The gain was set at 40 dB.
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Figure 6.91: An 80 kHz fifteen-cycle pulse transmitted (indirect arrangement) through rebar (orthogonal ribs) in a
specimen that has underwent 5% mass loss from corrosion. The gain was set at 50 dB.
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Figure 6.92: An 80 kHz fifteen-cycle pulse transmitted (indirect arrangement) through rebar (orthogonal ribs) in a
specimen that has underwent 10% mass loss from corrosion. The gain was set at 50 dB.
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Figure 6.93: An 80 kHz fifteen-cycle pulse transmitted (indirect arrangement) through rebar (orthogonal ribs) in a
specimen that has underwent 17.8% mass loss from corrosion. The gain was set at 50 dB.
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Figure 6.94: An 80 kHz fifteen-cycle pulse transmitted (indirect arrangement) through rebar (orthogonal ribs) in a
specimen that has underwent 22.3% mass loss from corrosion. The gain was set at 50 dB.
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6.5.3 MONITORING ACCELERATED UNIFORM CORROSION WITH THE L(0,9) MODE

Specimens undergoing uniform corrosion were monitored using guided mechanical waves at higher
frequencies. The L(0,9) mode was invoked by using 5 MHz Panametrics (model V110) transducers.
Single and hundred-cycle toneburst pulses were invoked during testing. Tonebursts were used for this
application to ensure that the frequency content was concentrated in a narrow bandwidth and to avoid
destructive interference with other modes [99]. For these reasons, the results of the toneburst excitation
were used to measure relative attenuation. Figure 6.95 shows a recorded single cycle pulse and hundred-
cycle pulse at 5.08 MHz for a healthy mortar specimen with spectrograms. The highpass and lowpass
filters were set at 2 and 10 MHz, respectively.

Single cycle @ 5.08 MHz x10"
T T T 15
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[+] —
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Figure 6.95: Received time domain and spectrogram for a 5.08 MHz single cycle pulse (top) and a 5.08 MHz
hundred-cycle pulse (bottom).
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The spectrogram of the single cycle pulse verifies that the 1(0,9) mode is being invoked in the system.
The 1(0,9) mode displays mode crossing behavior as discussed in Chapter 4. The frequencies at which
toneburst excitations were invoked were chosen by looking at the amplitude peaks in the frequency

domain of a 5 MHz single cycle pulse. Figure 6.96 shows the time and frequency domain.
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Figure 6.96: Time and frequency domain for a rebar embedded in mortar. The input signal was a 5 MHz single
cycle pulse. The specific frequencies used for toneburst excitation were chosen from the frequency domain peaks
from the single cycle pulse.

The sixteen peak frequencies (in MHz) found between 2.5 and 7.5 MHz were: 2.59, 2.85, 3.16, 3.47, 3.80,
4.12, 441, 4.76, 5.08, 5.39, 5.71, 6.04, 6.34, 6.69, 7.07, and 7.34. Wave propagation at each of these

frequencies is considered to be the L(0,9) mode.

The wetting of the mortar was monitored with the hundred-cycle tonebursts. A three-dimensional plot of
the relative attenuation of all sixteen frequencies over the wetting period is shown in Figure 6.97. Figure
6.98 shows the time domain for the 2.59 MHz and 7.34 MHz hundred-cycle pulses at three different times
during the wetting period. These two frequencies were chosen for comparison because they were the

lowest and highest invoked frequencies.

Note that the shaded region between each black line in Figure 6.96 does not imply that there was recorded
data in this region or that if there was it would be of that magnitude in attenuation. It simply serves as a
graphical tool to help distinguish between the frequency responses. The lowest frequencies invoked show
sensitivity to the wetting of the mortar. However, unlike the F(1,1) mode, there is no rapid increase in
attenuation but rather a rapid decrease in attenuation. The lower frequencies in the tested range will have
an increase in attenuation with immersion in water (refer to Figure 6.19). The change of material
properties from dry to wet mortar virtually has no effect on the theoretical attenuation curves for the

L(0,9) mode (refer to Figure 4.22). The swelling of the specimen may cause changes in the bond between
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the steel and mortar. The highest frequencies invoked are not as sensitive to water or bond changes and
therefore showed relatively little change. There is, however, a slight increase in attenuation for the

highest frequencies tested.

Relative Attenuation (dB/m)

Fn
Squ,
en, 2 6 )
Y Mgy Time (daY®)
Figure 6.97: Relative attenuation of the 1.(0,9) mode at different frequencies as a function of time while wetting the
mortar.
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Figure 6.98: Time domains for the 1(0,9) mode at two separate frequencies during the wetting of the mortar prior
to corrosion.
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After saturation levels had been reached from wetting, the corrosion was initiated by applying a potential.
Figure 6.99 shows a three-dimensional plot of the frequency domain calculated from a 5.08 MHz single

cycle pulse as a function of mass loss.
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Figure 6.99: Frequency domain as a function of corrosion percentage for a reinforced mortar specimen undergoing
accelerated uniform corrosion. The input signal was a single cycle 5.08 MHz pulse.

Figure 6.99 shows that all frequencies are attenuated as the percentage mass loss increases. However, the
lower frequencies are more quickly attenuated as compared to the higher frequencies. Figures 6.100 and
6.101 show a three-dimensional and two-dimensional plot of the relative attenuation for all sixteen
invoked frequencies as a function of percentage mass loss. Figure 6.101 also has the theoretical corrosion
pressure curve (discussed in Chapter 3) added. Monitoring all frequencies after ten percent mass loss was
restricted by the amplification capabilities of the pulser/receiver. Note that the shaded region between
each black line in Figure 6.100 does not imply that there was recorded data in this region or that if there
was it would be of that magnitude in attenuation. It simply serves as a graphical tool to help distinguish

between the frequency responses.

Immediately after corrosion is initiated, all of the frequencies invoked begin to attenuate. The lowest
frequencies invoked attenuate the most rapidly, while the highest frequencies attenuate much more subtly.
Fig. 6.101 shows the change in slope in the attenuation curves in the 2 - 4% range of mass loss. Notice in
the same region that the theoretical corrosion pressure curve is close to the apex of pressure and that
cracking is predicted to reach the mortar surface. The onset of longitudinal cracking at the bottom of the

specimen (partially submerged region) was visually observed to occur in this region. The loss of
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confinement from the onset of cracking was observed to affect wave energy leakage for low frequency
modes due to their displacement profiles at the steel/mortar interface (refer to Sections 6.5.1 and 6.5.2).
However, since the higher frequency longitudinal waveforms have most of their energy concentrated in
the center of the bar, the effect is minimized. Discontinuities and irregularities of the bar profile are
thought to cause scattering, reflections, and mode conversions. The change in slope is most likely due to
the crack opening at the bottom of the specimen, which caused corrosion to occur preferentially on the
bottom of the rebar. After extraction of the rebar, it was confirmed to have more corrosion on the bottom

than on the top, with a photograph provided in Figure 6.102.
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Figure 6.100: A three-dimensional plot of the attenuation for all sixteen invoked frequencies up to 10% mass loss.
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Figure 6.101: Relative attenuation as a function of percentage mass loss for a reinforced mortar specimen
undergoing accelerated uniform corrosion. For some low frequencies, the curves end when amplification of the
pulser/receiver was taken to the maximum setting and the signal was lost due to noise.

Figure 6.102: (a) Healthy rebar, (b) uniformly corroded rebar (bottom view), and (c¢) uniformly corroded rebar
(side view).

There is a dramatic change in slope in the 20 - 25% range of mass loss. This change in the slope is
associated with severe localized corrosion, i.e., pitting, in the rebar (on the entry point into the mortar
specimen) on the side where the guided wave was invoked. In other words, the corrosion changed from a
relatively uniform corrosion process over the entire length of embedded rebar to a highly localized
corrosion process at one location. The attenuation increased dramatically as a result of almost no

waveform energy being transmitted past the discontinuity.
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Relative attenuation obviously requires a baseline measurement for calculation. In the interest of
allowing assessment at a later stage of deterioration when a baseline measurement at a healthy stage is
impossible, frequencies were compared within the same single cycle pulse over the duration of corrosion.

Figure 6.103 shows the calculated amplitude ratio between 5.08 MHz and 6.34 MHz.
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Figure 6.103: Calculated amplitude ratio between 5.08 MHz and 6.34 MHz from the same 5.08 MHz single cycle
pulse transmitted in a specimen undergoing uniform corrosion.

The higher frequency becomes stronger in amplitude as compared to the lower frequency because more of
the energy is centered in the bar. As deterioration occurs, the lower frequency was affected earlier
because more of the displacement structure is near the bar surface. While it is unclear whether transducer
coupling and/or transducer misalignment will mask this trend on-site, the results are encouraging.
Figures 6.104-6.109 provide a time domain, frequency domain, and spectrogram for the specimen at 0%,
1%, 2%, 5%, 10%, and 12% uniform mass loss, respectively. The highpass and lowpass filters were set
at 2 and 10 MHz, respectively. The solid and dotted lines are longitudinal and flexural modes,

respectively.
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Figure 6.104: A 5 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 0% mass loss from uniform corrosion. The gain was set at 51.8 dB.
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Figure 6.105: A 5 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 1% mass loss from uniform corrosion. The gain was set at 54.0 dB.
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Figure 6.106: A 5 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 2% mass loss from uniform corrosion. The gain was set at 56.8 dB.
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Figure 6.107: A 5 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 5% mass loss from uniform corrosion. The gain was set at 61.8 dB.
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Figure 6.108: A 5 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 10% mass loss from uniform corrosion. The gain was set at 65.8 dB.
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Figure 6.109: A 5 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 12% mass loss from uniform corrosion. The gain was set at 69.8 dB.
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The frequency domain and spectrograms reveal an interesting feature observed in the frequency domain
of previous simulated tests (refer to Section 6.4.1) and the rebar with an angled rib pattern. The ‘web’
frequencies (i.e. those frequencies between the peaks in the frequency domain) increase in signal strength
with respect to the peaks again. For uniform mass loss at 2% or greater, these frequencies rise in the
normalized frequency domain. Figure 4.21 predicted that there would be no drop off between velocity
peaks for a rebar embedded in mortar. However, this behavior was also observed for the corroded bar in
air. Figure 6.110 shows a spectrogram for the uniformly corroded rebar tested in air and the uniform
corrosion mortar specimen at 8.96% mass loss.

x 10'4 (a) Uniformly Corroded Rebar in Air (8.96% Mass Loss)
15 T T T T T
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Figure 6.110: Spectrogram for a (a) uniformly corroded rebar specimen in air at 8.96% mass loss and (b) uniform
corrosion mortar specimen at 8.95% mass loss.

The spectral response seems to be the same whether in air or in mortar. Therefore, the ‘web’ frequencies
are not a result of an increase in bond between the steel and mortar. It is thought that as mass loss
increases, the bar profile becomes increasingly more non-uniform. As this non-uniformity occurs,
scattering, shifts in the peak frequencies, and possible flexural propagation will occur over the entire
length of corroded bar giving rise to the ‘web’ frequencies. This may be a way of distinguishing uniform

corrosion damage from localized corrosion damage using a through-transmission setup.
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6.54 MONITORING ACCELERATED LOCALIZED CORROSION WITH THE L(0,9) MODE

Specimens undergoing localized corrosion were monitored using guided mechanical waves at higher
frequencies. The same type of specimen and procedure used for uniform corrosion testing was used for
testing the effects of localized corrosion on the guided wave behavior, with a few exceptions. The
corrosion was focused over the middle 3 (7.62 cm) of the mortar specimen. While this is not the same as

pitting corrosion (as simulated in Section 6.4.3), it does provide an example of a more localized corrosion.

The 1(0,9) mode was invoked by using 5 MHz Panametrics (model V110) transducers. There were
nineteen frequencies (in MHz) invoked between 2.5 and 8.5 MHz (found from system identification
described in section 6.5.3): 2.59, 2.85, 3.17, 3.48, 3.78, 4.12, 4.41, 4.76, 5.07, 5.38, 5.70, 6.02, 6.33, 6.64,
6.95, 7.32, 7.64, 7.98, and 8.24. The frequencies were invoked in single and hundred cycle tonebursts
and collected in both through-transmission (i.e. pitch-catch) and pulse-echo setups. The results of the
toneburst excitations were used to measure relative attenuation. Fig. 6.111 is a three-dimensional graph
of the measured relative attenuation as a function of percentage mass loss for all nineteen invoked
toneburst frequencies captured in a through-transmission setup. It should be noted that the percentage
mass loss in this case is not considered distributed along the entire embedded length as in the previous
test. It only serves as an indication of the amount of mass loss that occurs in the localized region of
corrosion. Those frequencies that were lost due to a poor signal-to-noise ratio were assumed constant at
their last recorded value for this plot. To better illustrate this, a two-dimensional plot of all nineteen

frequencies for the entire test is shown in Figure 6.112.
Notice that the signal is only slightly attenuated immediately after corrosion initiation, with the lowest
frequencies being the most affected. However, since the corrosion is only occurring over a short length,

the response is slight. At approximately 10% mass loss, all of the frequencies begin to rapidly attenuate.

Clearly, the localized corrosion affects the waveform signal strength.
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Figure 6.111: Three-dimensional view of relative attenuation as a function of percentage mass loss for all nineteen

frequencies invoked using a 100-cycle toneburst while monitoring accelerated localized corrosion.
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Figure 6.112: Relative attenuation as a function of percentage mass loss for all nineteen frequencies invoked using
a 100-cycle toneburst while monitoring accelerated localized corrosion.
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The localized corrosion specimen was also monitored in a pulse-echo setup. However, the received
pulse-echo waveform remained the same throughout the duration of testing for all nineteen frequencies.
As explained previously, when the discontinuity from localized corrosion is 10° or more from being
completely perpendicular to the bar axis the waveform reflection is severely attenuated. Fig. 6.113 is a

photograph of approximately the middle 7” (17.78 cm) of the localized corrosion bar after extraction from

Figure 6.113: (a) Healthy rebar and (b) localized corrosion rebar (middle section).

the mortar.

There is a distinct tapering effect of the bar diameter, causing mode conversions and scattering of the
incident waveform. It seems that through-transmission testing may be the only possible setup for

monitoring corrosion in the frequency range tested.

Relative attenuation obviously requires a baseline measurement for calculation. In the interest of
allowing assessment at a later stage of deterioration when a baseline measurement at a healthy stage is
impossible, frequencies were compared within the same single cycle pulse over the duration of corrosion.
Figure 6.114 shows the calculated amplitude ratio between 5.07 MHz and 6.33 MHz. The higher
frequency becomes stronger in amplitude as compared to the lower frequency because more of the energy
is centered in the bar. As deterioration occurs, the lower frequency is affected more substantially earlier
because more of the displacement structure is near the outer surface of the bar. In comparison to Figure
6.103, the ratio for the healthy specimen is less than half. Transducer alignment and coupling most likely
leads to this discrepancy. However, for ratios of 2 or lower, both signal significant mass loss. Figures
6.115-6.120 provide a time domain, frequency domain, and spectrogram for the specimen at 0%, 1%, 2%,
5%, 10%, and 12% localized mass loss, respectively. The highpass and lowpass filters were set at 2 and

10 MHz, respectively. The solid and dotted lines are longitudinal and flexural modes, respectively.
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Figure 6.114: Calculated amplitude ratio between 5.07 MHz and 6.33 MHz from the same 5.07 MHz single cycle
pulse transmitted in a specimen undergoing localized corrosion.
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Figure 6.115: A 5.07 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 0% mass loss from localized corrosion. The gain was set at 50.8 dB.
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Figure 6.116: A 5.07 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 1% mass loss from localized corrosion, The gain was set at 50.8 dB.
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Figure 6.117: A 5.07 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 2% mass loss from localized corrosion. The gain was set at 50.8 dB.
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Figure 6.118: A 5.07 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 5% mass loss from localized corrosion. The gain was set at 50.8 dB.
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Figure 6.119: A 5.07 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 10% mass loss from localized corrosion. The gain was set at 60.8 dB.
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Figure 6.120: A 5.07 MHz single cycle pulse transmitted (direct arrangement) through rebar (orthogonal ribs) in a
specimen that has undergone 12% mass loss from localized corrosion. The gain was set at 70.8 dB.

A significant response was not found at the ‘web’ frequencies for any of the frequency domains, making

the results consistent with the simulated pitting experiments.

6.5.5 COMPARISON OF UNIFORM AND LOCALIZED CORROSION RESULTS USING
THE L(0,9) MODE

As was shown with toneburst excitations, the relative attenuation levels were comparable for different
frequencies invoked for both uniform and localized corrosion. This makes differentiating between
uniform or localized corrosion in-situ rather difficult using a through-transmission setup only. A

comparison between the uniform and localized corrosion relative attenuation for 7.34 and 7.32 MHz,

respectively, is shown in Figure 6.121.
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Figure 6.121: Relative attenuation as a function of percentage mass loss for the accelerated localized and uniform
corrosion tests. The input signal for the localized and uniform corrosion tests was a 100-cycle toneburst at 7.32 and
7.34 MHz, respectively.

It appears that the relative attenuation for both the localized and uniform corrosion specimens are very
close at the highest frequencies. The localized test is essentially a uniform corrosion process over a much
shorter duration. The most interesting result is that despite the difference in damage surface area affected
by corrosion, the signal strength is affected similarly. The implication is that the minimum diameter
between the transducers may be the controlling factor on the relative attenuation. This is a promising
result since the minimum bar diameter is a critical design parameter. Notice that for both the uniform and
localized tests that there is a rapid increase in relative attenuation at a certain point. Both tests ended
when the corrosion process became highly localized (i.e. pitting) to the point of a complete discontinuity.
Since the percentage mass loss will not be known for real in-situ measurements, the relative attenuation
does not yield enough information to discern whether a uniform or localized corrosion process is
occurring. Figure 6.122 shows the frequency domains from a 5.08 and 5.07 MHz single pulse excitation
for the uniform and localized corrosion specimens at 0%, 5%, and 10% mass loss, respectively. These
points were chosen because the relative attenuation for all three points of mass loss was approximately the
same in Figure 6.121. Note that the amplitude, rather than power, is shown in Figure 6.122. The
amplitudes have been normalized based on the 0% mass loss specimen for both uniform and localized

corrosion damage.
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Figure 6.122: Frequency domain for the accelerated uniform corrosion specimen (left) and the accelerated
localized corrosion specimen (right) at 0%, 5%, and 10% mass loss. The input signal for the uniform and localized
corrosion tests was a single cycle pulse at 5.08 and 5.07 MHz, respectively.

Notice that the response at frequencies between the normalized amplitude peaks start to increase in
strength (with respect to the amplitude peaks) as the uniform corrosion level increases. As mass loss
increases, the bar profile changes shape significantly. Scattering, shifts in the peak frequencies, and
possible mode conversions will occur over the entire length of the corroded bar giving rise to the ‘web’
frequencies. The same type of frequency response was found for uniformly corroded bars tested in air
and embedded in mortar. For localized damage, the ‘web’ frequencies are only slightly present for 5%
and 10% mass lbss. Rebar specimens with simulated pits (created from saw cuts) at varying depths were
also tested and showed no visible response at the ‘web’ frequencies. Also notice that the localized
corrosion specimen did have a shift to higher frequencies, similar to the uniform corrosion specimen.
This shift was not evident in the spectral response of the simulated pitting specimen. The difference is
most likely due to the localized corrosion specimen being somewhat of a mixture of uniform corrosion

over a limited distance. Figure 6.123 shows a spectrogram for the uniform and localized corrosion tests at
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10% mass loss. Notice that ‘web’ frequencies arrive at approximately the same time as the peak

frequencies. This implies that the change in bar surface profile may lead to a shift in the peak

frequencies.
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Figure 6.123: Spectrogram for a (a) uniform corrosion mortar specimen and (b) localized corrosion mortar
specimen at 10% mass loss.

224

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 7: CONCLUSIONS

CHAPTER 7:
CONCLUSIONS

The purpose of this report was to examine guided waves as a viable method for monitoring corrosion in
reinforced concrete. Several guided wave experiments have been presented and discussed involving
environmental issues, simulated corrosion, and actual corrosion. The results are very promising, but more
work needs to be done before a reliable monitoring method is achieved. A summary of the guided wave
testing presented in this report is provided in 7.1, while recommendations for future work are provided in
Section 7.2.

A general review has been provided in this report on how the corrosion process occurs, structural
implications, modeling the corrosion process, alternative nondestructive methods for monitoring
corrosion in reinforced concrete, and guided mechanical waves. The purpose of these reviews was to
examine the state-of-the-art on providing adequate reliability to reinforced concrete structures with
respect to corrosion deterioration and to bring the reader up to speed on the multidisciplinary topics

discussed.

7.1 SUMMARY OF GUIDED WAVE TESTING

In Chapter 4, propagation modes for rebar embedded in mortar were chosen for further investigation
based on their predicted propagation behavior. The low frequency modes, i.e. L(0,1) and F(1,1), were
chosen for a few reasons. First, the modes are more easily distinguishable based on the difference in their
energy velocities and the lack of other modes in the frequency range invoked. Second, the modes are
sensitive to interface conditions, possibly allowing for the bond level and surrounding mortar
deterioration to be monitored. Third, the attenuation is not so high that realistic propagation distances
could not be realized. A high frequency mode, i.e. L(0,9), was also selected for investigation. The 10,9)
displays mode-crossing behavior, allowing for this mode to be tracked over a very large frequency range.
It is the most easily distinguishable mode because it is the fastest propagating and has the lowest
attenuation in the entire system. The L(0,9) mode lacks sensitivity to interface conditions over a large
portion of the invoked frequency range, making it desirable for monitoring bar profile deterioration. It
was idealized that an in-situ monitoring system would invoke several modes at many different frequencies

to monitor many aspects of the deterioration process.

The effect of the reinforcing ribs, water, and mortar need to be better understood in order for the modes to
be used. Since rebar is widely used in the construction industry and was recommended for further testing

in previous work [23], it was chosen as the waveguide. Deformations, or ribs, are obviously present
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along the entire length. The effect of the ribs (and different rib patterns) on guided wave behavior needed
to be better understood. The effect of water surrounding the bar was examined because of its presence in
the corrosion process. Reinforced concrete structures in the marine splash zone have some of the highest
corrosion rates. When cracks are present, either from the corrosion product accumulation or other
durability issues, water has a quicker pathway to the surface of the rebar. To try and better understand
how the presence of water would affect the different modes chosen, water testing was conducted. Finally,
the effect of mortar surrounding the bar was examined. While theoretical predictions were calculated as
to how the modes would be affected, experiments were needed to better understand the change in mode

characteristics.

Testing showed that the reinforcing ribs do affect the guided wave behavior in certain frequency ranges.
When the wavelength is much longer than the characteristic dimension of the rib, the guided wave is less
affected. At much higher frequencies, where most of the wave displacement structure is concentrated at
the center of the bar, the guided wave is less affected. Between these two regions, the reinforcing ribs
have a significant effect on guided wave propagation. More theoretical and experimental work is
necessary to fully understand the limitations of monitoring cylindrical waveguides with deformation

patterns.

Testing confirmed the effect of the rebar being immersed in water was close to the theoretical prediction.
The F(1,1) mode was shown to be the most sensitive to water. One interesting feature of the F(1,1) mode
is that the phase velocity increases from zero at zero frequency (refer to Figure 4.9). If testing is
conducted on the F(1,1) mode below 28.4 kHz (for the particular bar used in this report), the phase
velocity is below the bulk compressional velocity of water and wave energy does not leak. The L(0,1)
mode has some sensitivity to water over the frequency range tested, with attenuation increasing with
frequency. However, as predicted, the L(0,1) mode is not as sensitive as the F(1,1) mode. The lowest
frequencies tested for the 1(0,9) mode showed sensitivity to water. However, the higher frequencies

showed diminished sensitivity.

Testing showed that the low frequency theoretical attenuation prediction for a bar in mortar was a
significant overestimation of the attenuation level. The F(1,1) mode has the greatest difference between
the theoretical and experimental curves. The F(1,1) mode has attenuation values close in magnitude
between being immersed in water and being embedded in mortar over the tested frequency range. This is
not a positive feature since water will be present in most structures and could mask deterioration. The

difference between the theoretical and experimental curve was found to be less for the 1(0,1) mode.
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However, the attenuation level was still rather high, making monitoring over relatively short distances
(e.g. 1 meter) in well-bonded reinforced mortar difficult. The theoretical curve for the L(0,9) mode
overestimated attenuation as well. However, the change in attenuation between a bar in air and a bar in
mortar is so small that the differences are insignificant at higher frequencies. The attenuation of the
L1(0,9) mode after the mortar is poured is only significant at the lowest frequencies tested. Even then, the

attenuation is much smaller than the 1(0,1) or F(1,1) modes for the frequency ranges tested.

Testing was conducted on rebar specimens extracted from accelerated corrosion tests. It was difficult to
take away any sort of quantitative information from this testing since transducer coupling created
differences in the measured response. However, the tests revealed qualitative information about the
modes’ sensitivity to bar damage alone. For uniform corrosion, the 1(0,1) mode was not substantially
affected in frequencies below 200 kHz. However, scattering is observed in the spectrograms as the
percentage mass loss increases. The F(1,1) mode showed some sensitivity at very low frequencies to
increases in damage, especially with the specimen that underwent both uniform and localized damage. It
is thought that the lowest frequencies have a strong reflection from the pit as discussed in Chapter 5. A
strong response for the F(1,1) mode around 80 kHz was found for all of the corroded specimens, with
some observable scattering. Testing conducted with the 1(0,9) mode yielded the most promising results
from the corroded bar testing. For low corrosion damage to the rebar, there was no observable spectral
response between the frequency domain peaks. The spectral response between the frequency domain
peaks, referred to as “web” frequencies, started to increase as the corrosion level increased. It is thought
that these frequencies gained signal strength with respect to the peak frequencies from shifts in the peak
frequencies caused by the non-uniform heterogeneous bar profile, scattering, and possibly mode
conversion. This will be discussed again with uniform corrosion monitoring using the L(0,9) mode, with

implications towards differentiating uniform corrosion from localized corrosion.

Testing on reinforced mortar specimens with simulated debonding showed that the low frequencies were
sensitive to the level of bond. Bond changes that occur from corrosion can be due to the corrosion
product accumulating between the steel and concrete, causing an increased level of bond. The concrete
could split from the pressure and cause changes to the bond not only along the length of the rebar, but
also along the circumference. While the simulated debonding specimens do not model these issues, they
serve as a baseline for comparisons between modes. It seemed that qualitatively the magnitude of the
L(0,1) and F(1,1) modes increased as the level of bond decreased. The waveforms took on a completely
different shape from a healthy mortar specimen to more substantial debonding. The signal arrives later

with substantial scattering for high bond levels. As the bond level decreases, the signal arrives earlier and
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takes the shape of the invoked wave packet. However, tracking these modes over the entire range of bond
for the specimen size used in this report proved difficult. The results indicated that at higher levels of
debonding, the L.(0,1) and F(1,1) signals started to appear and increase in strength as the level of contact
decreases. This is to be expected from the mortar hydration testing conducted. However, the mortar
hydration test was over a shorter distance that would most likely not be feasible for in-situ monitoring.
The debonding specimens were one way of assessing the feasibility of these modes over longer distances.
The results indicate that the F(1,1) mode may allow monitoring healthy bond and low levels of debonding
while the 1(0,1) mode can monitor bond later in the deterioration process. This is a result of the F(1,1)
mode having less attenuation than the 1.(0,1) mode for a bar embedded in mortar. However, once
debonding does start to occur, the in-flux of water may make the F(1,1) mode a poor choice for further
monitoring. This was expected from the theoretical curves shown in Chapter 4. Mid-range frequencies
were also tested on the debond specimens. By comparison of the L(0,5) and L(0,8) modes, a correlation
was made to the level of bond. Corrosion monitoring was not conducted using these modes for this report
due to their high sensitivity to ribs, water, and mortar. However, they may provide information for an in-

situ monitoring effort and further testing is recommended.

Higher frequency testing did not provide an adequate measure for the level of bond in the specimen set.
While the lowest frequency tested in this range (i.e. 2.59 MHz) showed sensitivity to the mortar in the
mortar hydration experiment, it was not as evident for the simulated debonding specimen set. It is
thought that the variability from specimen to specimén and the recoupling of the transducers cause the

attenuation changes to be masked.

Specimens with localized damage were created and tested using higher frequencies only. A rebar
specimen was monitored using guided waves while a grinding saw was used to cut through the middle of
the bar. The experiment showed that the signal strength was reduced for all frequencies, with the ‘web’
frequencies not gaining strength in comparison to the peak frequencies in the spectral response. Guided
wave testing on the uniformly corroded bars showed that the signal strength was reduced for all
frequencies (with the lowest frequencies more heavily affected), and that the ‘web’ frequencies gained
strength in comparison to the peak frequencies in the spectral response. This finding was important,
because it provided an indication that through-transmission testing could possibly differentiate uniform

corrosion from localized corrosion.

Reinforced mortar specimens were created with the localized damage in the rebar. The results show that

similar guided wave behavior is observed for the bar with localized damage embedded in mortar as for
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the bar with localized damage in air. Reflections were observed from the completely cut specimen, the

thin notch specimen, and the longer notch specimen with angled cut sides.

The L(0,1) mode was invoked in reinforced mortar specimens undergoing accelerated uniform corrosion.
For the specimen size used in this study, the L(0,1) mode was not detectable in the time domain until
around 3% mass loss. In the early stage of corrosion (<3% mass loss), it is thought that the F(1,1) mode
and other later arriving waveforms were received. The signal is attenuated as the corrosion product
initially accumulates between the steel and mortar. The corrosion product created a higher bond level
(i.e. increase in coupling), causing wave energy to leak out of the bar into the surrounding mortar at a
higher rate. After the pressure reaches an apex and cracking extends towards the cover, the signal begins
to gain strength. Once the crack reaches the mortar cover, debonding starts to occur on portions of the bar
surface. The reduction in the surrounding mortar stiffness and the decrease in bond results in the L(0,1)
becoming clearly detectable and gaining signal strength for more advanced mass loss. The results
indicated that the attenuation of the waveform is closely related to the pressure caused by the corrosion

product accumulation.

The F(1,1) mode was invoked in reinforced mortar specimens undergoing accelerated uniform corrosion.
Unlike the L(0,1) mode, the F(1,1) mode was detectable in the time domain from the outset of testing for
the specimen size used. However, the arrival time was slower than the modeling predicted. As with the
L(0,1) testing, the F(1,1) mode is attenuated as the corrosion product initially accumulates between the
steel and mortar. However, once cracking begins to occur the signal does not rapidly gain strength as did
the 1(0,1) mode. Chapter 4 sensitivity analysis showed that the F(1,1) mode increases in attenuation with
a reduction in stiffness of the surrounding mortar. However, the F(1,1) mode will decrease in attenuation
as debonding occurs. The F(1,1) was also shown to be sensitive to water and the wetting of the mortar in
the frequency range used for testing. It is thought that the combination of these factors makes the F(1,D)
mode in the frequency range tested unreliable for monitoring changes in the bond level between steel and

mortar (or concrete).

The 1(0,9) mode was invoked in reinforced mortar specimens undergoing accelerated uniform corrosion.
The results indicated that the L(0,9) is sensitive to the bar profile deterioration sustained during uniform
corrosion.  An interesting result was that the lowest frequencies were the most sensitive to the damage,
while for almost every higher frequency peak the sensitivity lessened. This is explained by the lower
frequencies invoked having more energy at or near the bar surface. As the deterioration ingresses from

the bar surface towards the bar center, the frequencies with more mode energy at the corrosion depth were

229

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 7: CONCLUSIONS

more sensitive to the deterioration. Another interesting feature of the testing was that the ‘web’
frequencies increased in the same manner as shown in the spectral response from corroded bars tested in

air (discussed earlier).

The 1(0,9) mode was invoked in reinforced mortar specimens undergoing accelerated localized corrosion
as well. The through-transmission test results show that the L(0,9) is sensitive to the bar profile
deterioration sustained during localized corrosion. Again, the lowest frequencies were the most sensitive
to the damage, while for almost every higher frequency peak the sensitivity lessened. The pulse-echo
testing showed no detectable reflection from the local bar damage. The difficulty is that there are
significant drops in signal strength as the angle of discontinuity increases by 10° or more from a
perpendicular break. However, the ‘web’ frequencies were barely observable, similar to the simulated
pitting results. Since the attenuation levels for the L(0,9) through uniform and localized corrosion
specimens are at comparable rates, the ‘web’ frequencies show promise to help differentiate uniform

corrosion from localized corrosion.

7.2 RECOMMENDATIONS FOR FUTURE WORK

The ultimate goal of this research is an embeddable ultrasonic sensor system capable of monitoring
corrosion in reinforced concrete. It is thought that nondestructive monitoring, coupled with service life
modeling, may provide a cost-effective solution for ensuring public safety. As discussed in detail, models
are available for both the initiation and propagation periods. It is suggested that these models be used
from the outset as predictors of service life, with constant updates from the sensor system. There is still a
copious amount of work that has yet to be completed before an embeddable ultrasonic monitoring system
is realized. A few of the foreseeable steps towards procurement of the sensor system are given below:

+ Experimental testing of a beam with stirrups, multiple reinforcing bars, and other local
reinforcement.

+  Examine the effects of multiple wet/dry cycles, temperature changes, and humidity changes.

+ Experimental testing of reinforcement embedded in concrete with varying mix designs.

 Experimental testing of rebar with different diameters and strand specimens.

+ Creation of a prototype sensor unit capable of being embedded in concrete. Piezoelectric,
magnetostrictive, and electromagnetic acoustic transducers (EMAT) could be tested in order to
examine problems associated with transducer coupling, power requirements, and cost.

» Finite element modeling of guided mechanical waves in reinforced concrete undergoing

corrosion.
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APPENDIX A:

METHODS FOR DETECTION, EVALUATION, AND MONITORING OF
CORROSION IN REINFORCED CONCRETE

There are three main parameters of interest for monitoring corrosion in RC structures: the location of
corrosion, extent of damage, and the rate of the corrosion reaction. The location of corrosion allows for
quick, accurate, and cost effective rehabilitation efforts. The extent of damage can include the amount of
mass loss, interfacial damage, or destruction to the surrounding concrete. Quantification of the extent of
damage allows for assessment of whether rehabilitation efforts are necessary and if so, what type.
Determining the rate of the corrosion reaction allows for an estimation of how much service life a
structure has left before rehabilitation and/or intervention using other methods (e.g., cathodic protection
systems, and chloride removal) is necessary. One could tear an entire structure apart and ascertain all
three parameters in great detail. The interest lies in finding methods that allow for quick, accurate, and
cost-effective determination of corrosion parameters in RC structures without hindering their status as
viable structures. Figure A.1 is an illustration of a variety of methods used for nondestructive evaluation

of corrosion parameters in reinforced concrete.

Nondestructive Methods for Evaluation of Corrosion Parameters in Reinforced Concrete

Human Inspection Electrochemical Electromagnetic Mechanical
Visual Inspection Corrosion Potential Electrical Time Domain Reflectometry (ETDR}  Impact Echo (IE)
Crack Width Measurement Polarization Resistance infrared Thermography (IR) Chaln Drag
AC Impedance Method Ground Penetrating Radar (GPR) Acoustic Emission (AE)
Polarization Curves Magnetic Flux Leakage (MFL}) Strain Gages (SG)

Macrocelt Techniques Radiography Dynamic Testing
Potentiostatic/Galvanostatic Measurements Fiber Optics Uitrasonic Tomography
Ultrasonic Waveguides

Figure A.1: Nondestructive methods for evaluation of corrosion in reinforced concrete.

The methods listed in Figure A.1 are generally used for evaluation of the propagation period in the
corrosion process. While there are several methods also used for evaluation of the initiation period (e.g.
conductivity measurements, pH measurements, chloride measurement), they are not reviewed within this
text. The review of methods for evaluation of the propagation period is not meant to be exhaustive. It is
merely meant to illustrate many of the methods that are currently available or under investigation. Not all

methods and/or derivative of methods could be included for length considerations.
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A.l1  HUMAN INSPECTION

Human inspection is one of the oldest and least expensive forms of corrosion detection in reinforced
concrete structures and is the first step to any investigation [130]. A trained and skilled inspector can
provide a highly reliable method of structural evaluation. However, many results are obviously prone to

human error from fatigue and lack of training. A few types of human inspection methods are discussed.

A.1.1 VISUAL INSPECTION

One uses the human eye to look for surface damage such as rust staining, cracking, and spalling. Spalled
concrete is sometimes weighed to have a relative measure of the amount of concrete degradation. Using
spalled concrete as a form of measurement for concrete deterioration is not always an option. For
instance, concrete should not spall off onto the highway or onto spectators at a stadium. One can also
measure the crack width at the surface to quantify the amount of steel cross-section loss [131]. If
corrosion areas are suspected hidden beneath the concrete, other methods of assessment can be used to

assess the situation more accurately.

One major drawback to visual inspection is that there is a delay between when damage can be seen at the
surface of a structure and when it is actually occurring. There is generally a 5-year time lag between
corrosion initiation and visible evidence at the surfaces of bridge decks [132]. With pitting corrosion,
there may never be visual signs of distress at the surface. In a study comparing nondestructive methods
for bridge deck assessment, there were significant delaminations in the bridge chosen for inspection (and

confirmed using core samples) but no visible signs at the surface [133].

Visual inspection also relies heavily on the experience of the inspector. Fatigue of the inspector can
affect results. Rust staining can be caused by iron aggregates intentionally mixed into the concrete.
Cracking and spalling can be attributed to freezing and thawing of the concrete, shrinkage, and
overloading. Therefore, visual inspection should almost always be accompanied by more in-depth testing
to ensure a thorough structural inspection. Despite the drawbacks, visual inspection is almost always the
method that is chosen to start an inspection of a structure or confirm results from other NDT methods. In
1992, the Seattle Kingdome was inspected using impact echo and infrared thermography but visual
inspection was used to validate the results [134]. An extensive Colorado bridge survey was undertaken,
with visual inspection used to mainly identify corrosion-damaged areas [135]. The Algiers airport, a 20
year old Kuwait structure, and a Bridge in Illinois was inspected using a variety of NDT methods but
were first inspected visually [136-138]. These are just a few examples of the wide use of visual

inspection in detection of corrosion in RC structures.
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A.1.2 CRACK WIDTH MEASUREMENT

Cracking occurs from rust product accumulation at the steel/concrete interface, eventually leading to
surface cracks. From previous studies, it seems that the concrete cover to bar diameter ratio and the bar
diameter itself is a critical factor in determining crack initiation [139]. However, once the crack has
initiated the concrete cover to bar diameter ratio and the bar diameter was reported as having no effect on
the crack width growth as a function of steel cross-sectional loss [131]. The steel cross-sectional loss
seems to have a linear empirical relationship to crack growth. Models to correlate crack width to steel
cross-sectional loss have been formulated and were discussed in Section 3.3. Figure A.2 shows the

relationship between crack width (w) and steel cross-sectional area loss (AA; — AA,) for two reinforced

concrete beams.
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Figure A.2: Crack width as a function of steel cross-sectional area loss for RC beams (extracted from [131]).

The method is advantageous due to its low cost of measurement. However, the method is highly
empirical in nature. Surface cracks may not appear until later stages of deterioration or never at all in the
case of severely localized corrosion. Cracks from other forms of degradation may be confused with
cracks formed from corrosion degradation. Extensive testing is needed to show how a range of rebar

diameters, cover depths, porosity, location and concrete mixes affect the empirical model.

A2  ELECTROCHEMICAL METHODS

Electrochemistry is the study of chemical reactions that involve electrons as reactants and/or products.
The corrosion of steel in reinforced concrete is an electrochemical process. The methods discussed in this

section deal with measurements of the potential, current, and/or the electrical resistance of the system.
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A.2.1 CORROSION POTENTIAL

As the corrosion reaction takes place, electrons are transferred from the anodic location to the cathodic
location via the rebar. Ions are transferred through the pore solution at the rebar/concrete interface. From
this corrosion reaction, electric fields are created in the concrete that can be measured at the concrete
surface. The measurement of this electric field is the basis of the corrosion potential method for RC
structures. This is also referred to as open-circuit potential (OCP) or the half-cell potential method. This
is one of the most commonly used methods, besides visual inspection, of corrosion detection for field-
testing and laboratory testing. Many times the performance of the half-cell potential method is used as a
baseline for measuring the performance of other detection methods [140-145], the effectiveness of
corrosion inhibiting systems (i.e. admixtures) [146-155], concrete mixes [156,157], rebar coatings [158-
162], and the effect of environmental conditions [146,163].

The corrosion potential is representative of the potential at which the rates of the anodic and the cathodic
reactions are in equilibrium. It essentially yields a probability of corrosion activity at the time of
measurement. The potential is found by measuring the voltage difference between the rebar and a
reference electrode. There is a prescribed method for this type of testing under ASTM provisions [164].
For testing in the field, ASTM guidelines recommend using a copper-copper sulfate half-cell (CSE). A
plethora of different reference electrodes are used in the laboratory. Figure A.3 illustrates the setup for

measuring the corrosion potential.

Voltmeter

Copper/Copper Sulphate
Half-Cell

| / Sponge
| . Rebar
—

 Mortar Specimen

Figure A.3: Corrosion potential measurement using ASTM guidelines.

The rebar is connected to the positive terminal of a high resistance (>10 MQ) voltmeter. The high
impedance of the voltmeter is to prevent current flowing through the electrode. The negative terminal is
connected to the copper/copper sulphate half-cell, which is placed at the surface of the concrete. The

potential measurement is displayed on the voltmeter.
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Potential mapping is used in the field where potential measurements are taken at different locations and

then an equipotential contour map is created (as shown in Figure A.4).
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X Coordinate (m)
Figure A.4: Equipotential contour map of reinforced concrete pier (extracted from [147]).

Some display results as a cumulative frequency distribution, where potential measurements taken at
several locations are displayed on normal probability paper. ASTM provisions (shown in Table 1)

provide guidelines for assessing the probability of corrosion based on the potential measurement.

Table A.1: ASTM designation for potential measurements.

Potential, V (CSE) Probability, %
>-0.20 > 90%, no corrosion

-0.20 <V <-0.35 uncertain
<-0.35 > 90%, corrosion

In simulated corrosion experiments in the laboratory, decreases in the potential are generally a sign of
depassivation. Frequently, open circuit potentials (OCP) are presented as plots showing potential as a
function of time. Figure A.5 is a plot of the open circuit potential as a function of time for cement mixes

with 2g/1 NaCl with and without inhibitor (Ferrogard 901®) addition.
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Figure A.5: Open circuit potential as a function of time for different cement mixes (extracted from [150]).

The method, unfortunately, has many drawbacks. The method gives no information regarding actual
degradation to the structure or the rate of reaction. There is a rather large range of potentials where
corrosion activity is uncertain. The concrete must be sufficiently moist in order to conduct the test.
Rebar with coatings are not covered under ASTM guidelines. Electrical connections must be made to
rebar that is most likely already embedded into concrete. However, embeddable electrochemical sensors
exist and are commercially available [165]. Many corrosion inhibitors, especially surface inhibitors,
affect potential measurements and many have ruled out using potential measurements as a viable method
for assessing inhibitor system performance [152,166]. Concrete cover cracks can lead to potentials that
do not correspond to the real condition of the rebar [167]. Environmental effects play a large role in
potential measurements, such as moisture content, resistivity, chloride content, surface coating,
temperature, carbonation, pH, oxygen availability, stray currents, rehabilitation history, and cover
thickness. Research has been invested in developing compensation procedures for the corrosion potential
to account for the spacing between the rebar and the concrete surface, but more testing is needed
[168,169]. Ultimately, location of constant corrosion potential differences or gradients between active
and passive sites is more important than setting absolute values of potential thresholds [166]. In other
words, individual absolute potential values cannot be accepted as a general measure of the condition of

steel in field structures [143].

A.2.2 POLARIZATION RESISTANCE

Also referred to as the DC Linear Polarization Resistance (LPR) method, because there is a linear
relationship between the change in voltage and the change in applied current per unit area of an electrode
that is polarized [42]. The corrosion of steel does not necessarily obey Ohm’s Law (V = I*R), but it can
be assumed to be in relation if the polarization of the steel is relatively small [170,171]. There are three

established variations to this method, but all are used to determine the rate of the corrosion reaction. The

236

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX A: METHODS FOR DETECTION, EVALUATION, AND MONITORING OF CORROSION IN REINFORCED
CONCRETE

corrosion potential, E., between the rebar (working electrode) and the reference electrode is first
measured. An electrical perturbation is then applied to the rebar (working electrode) [170]. Figure A.6

shows a typical polarization resistance setup.

Voltmeter

Ammeter

Current Supply

/ Reference Electrode

/ Counter Electrode

~ Mortar Specimen -
S Rebar

, : (working electrode)

Figure A.6: Typical setup for a polarization resistance measurement.

When the electrical perturbation is a small potential disturbance, AE, from the corrosion potential, with
the corresponding current flow, AL to the counter electrode measured, the method is termed Potentiostatic
Linear Polarization. This has been used on-site for RC structures and in the laboratory to show the
effectiveness of corrosion inhibitors, concrete mixes and admixtures, and as a baseline reference for other

detection methods [149,172]. The polarization resistance at the steel/concrete interface can be found by:

and represents the ease at which charged iron ions can leave the metal surface and enter into the solution
[173]. Figure A.7 illustrates one version of the equivalent electrical circuit for a corrosion interface.
There are many other more detailed circuit diagrams in the literature not shown here. The parameter R is
the solution (concrete) resistance, R, is the true polarization resistance and Cy is the double layer

capacitance.
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Ca = Ry

Figure A.7: Circuit diagram representation of steel/concrete interface (extracted from [170]).

The polarization resistance will allow for an estimation of the overall corrosion current between the anode

and cathode using the Stearn-Geary equation:

o= PP LB (A2)
2.3(B, +B.) R, R,

where B, and B, are the anodic and cathodic Tafel constants and B is the Stearn-Geary constant.
Discussion of Tafel plots are out of the scope of the current report, but an excellent review is provided in
[31]. B is generally given as 25 mV for corroding rebar in concrete and 50 mV for passive rebar in
concrete. Notice that by using Ry, one is assuming that the solution resistance (Ry) is negligible. The true
polarization resistance is what is sought after by using the LPR method. The true polarization resistance,

R, at the concrete and steel interface is equal to:

I S (A3)

where R is the solution resistance (concrete resistance) between the working electrode (rebar) and the
reference electrode. In a highly conductive solution (R, >> Ry) R, has negligible error [174]. However,
the concrete resistivity is generally not negligible and has to be compensated for in value. If the solution
resistance can be found, then R, can be calculated and substituted for R, in the equations. A portable LPR
meter designed by researchers uses the potentiostatic linear polarization mode to measure R, and then
uses EIS (Section A.2.3) at a frequency of 300 Hz to measure R, [174]. This allows for an accurate
assessment of R,. The corrosion current density, which is indicative of the corrosion rate, is calculated by

the following equation:
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where A is the area of the rebar that is perturbed. Generally, a 30 second delay time for potentiostatic

measurements is recommended [175].

When the electrical perturbation is a small constant current, Al applied to the rebar (working electrode),
with the corresponding change in potential, AE, measured, the method is termed galvanostatic linear
polarization or the galvanostatic pulse method [143]. One goes about finding the corrosion current in the

same manner as the Potentiostatic Linear Polarization method.

The galvanostatic pulse method was used by others to improve the results of the corrosion potential
method [143]. The same exact setup is used as shown in Figure A.2.4. By looking at the potential
measurement after application of the short constant current pulse of magnitude Al, regions of corrosion
are more easily identified. Regions of passivity are classified by larger changes in potential, while
regions that are corroding are classified by smaller changes in potential. The use of this method for
potential mapping is to avoid misinterpretations from aeration conditions, concrete cover, high resistance
surface layers, humidity, and pore solution. From previous research, it is less ambiguous because of its
added sensitivity to corrosion [143]. The capacitance was estimated by looking at the transient response

of the potential, the solution resistance, polarization resistance, and the double layer capacitance [176].

The third variation is a slow linear potential sweep used for the perturbation, with the slope of the current
response measured. The method is termed Potentiodynamic Linear Polarization. A potentiostat is used to
displace the equilibrium of the rebar by several mV, starting below the corrosion potential and slowly
scanning upward to above the corrosion potential. Scan rates vary, with some as high as 1 mV/s [177] and
some as low as 0.015 mV/s [154]. Most scan rates fall between those two [145,153,156,157,161-163,
178], with 10 mV/min recommended. The current between the steel and the counter electrode is
measured and used to calculate current density, giving an indication of the corrosion rate. One can plot
the potential as a function of the current density, with the slope of this curve giving the polarization
resistance. Figure A.8 shows the results of concrete blocks reinforced with conventional steel and high-
chromium steel immersed in different NaCl concentrations. The slope of the current as a function of
potential plot, Figure A.8(a), is then used to calculate the corrosion rate, Figure A.8(b), for the particular
time, chloride concentration, and reinforcement. The sweep rate that is used will change the polarization

resistance found for the system.
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Figure A.8: Concrete blocks reinforced with different steel with (a) a plot of current as a function of potential for a
particular NaCl concentration and time and (b) a plot of corrosion rate as a function of time for different NaCl
concentrations (extracted from [172]).

Many times, the LPR method is used in conjunction with OCP measurements. For field inspection, there
is commercial equipment sold for the evaluation of the corrosion rate in RC structures using the LPR
method [170]. It is used in the field for corrosion rate estimates currently [179]. The LPR method is also
used extensively for laboratory testing and field measurements to find the effectiveness of corrosion
inhibitors in concretes, concrete mixes, and admixtures [146,147,152-154,156,157,161-
163,177,178,180,181]. It is also used as a baseline to compare other NDT methods [142,144].

Many of the same drawbacks that the corrosion potential measurement presented are applicable to the
LPR method. Electrical connection must be made to the embedded rebar. The corrosion rate measured is
only indicative of the corrosion rate at the time of the test. The method only gives an estimate of the rate
of the corrosion; it does not provide information about degradation to the structure or previous corrosion
history. Overestimation of corrosion rates from the Tafel slopes is common [149,157]. Evaluation of
macrocell corrosion (pitting) using LPR is invalid because the anodic region being polarized is not at its
equilibrium potential but is held at a more electropositive potential by the presence of the remote cathode
[174]. Environmental effects such as moisture content in the concrete, carbonation of the concrete,
chloride ingress, oxygen availability and temperature can affect the measured corrosion rate [173].
Depending on the types of devices used for measuring, different corrosion rates are measured. The
method assumes that the area of rebar that is affected by current from the counter electrode is
immediately below the counter electrode. This assumption has been shown to be incorrect by researchers
[182]. To ensure that the current is flowing only to the rebar lying directly beneath the counter electrode,
guard ring devices have been created [183]. Also, steady state data may only be obtained after many

hours of initially measuring the perturbation [160].
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A.2.3 ACIMPEDANCE METHOD
This is commonly referred to as Electrochemical Impedance Spectroscopy (EIS). An alternating
potential/current is applied as the perturbation at varying frequencies, with the alternating

current/potential measured. The impedance response can be written as:
Z=RS+Rt(1—ijlet)/[1+(0)Clet)ZJ ................................. (A5)

with @ equal to 2xf (f given in Hz). At very high frequencies the system has no to time to respond to the
current and so the impedance is equal to the electrical resistance of the solution (concrete), R;. At very
low frequencies the system comes to equilibrium as fast as the current is changed, with the impedance
equal to the electrical resistance of the solution plus the true polarization resistance, R,. Subtraction of the
impedance at a substantially low frequency from the impedance at a substantially high frequency yields
the true polarization resistance. The same equations used for the LPR method are applied to EIS to find
the corrosion rate. Results are generally given with plots of impedance as a function of frequency (Bode
plot) or imaginary impedance components as a function of real impedance components. Figure A.9 is a

Bode plot showing the impedance curve as a function of frequency.

Impedance (log|Z])

Frequency (log f)
Figure A.9: Bode plot of impedance as a function of frequency for an electrochemical impedance spectroscopy test

(extracted from [11}).

The LPR method is basically a single low frequency AC impedance measurement with no information
regarding the imaginary component [170]. Since EIS is a transient technique, it can provide information

without having to reach a steady state condition [160].
As with OCP and LPR, EIS is used extensively in the laboratory and on-site studies for comparing the
corrosion rate for corrosion inhibitors, concrete mixes and admixtures, and as a baseline for other

detection methods [141,142,144,149,150,152,160,170,179,184-186]. Drawbacks to this technique are
that data interpretation is often difficult [187] and the method can be time consuming [188]. Also, the
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simple circuit diagram shown in Figure A.2.5 is a simplification in describing RC structures, with a model

transmission line being more applicable [188].

A.24 POLARIZATION CURVES

This is also referred to as the Tafel plot technique. A potentiostat is used to lower the potential from the
corrosion potential to a much lower potential. The potential is then slowly raised at a rate low enough to
form a protective passive film. The potential is raised until there is a sharp increase in current
corresponding to either pitting or the transpassive zone. The transpassive zone is where film undergoes
an electrical breakdown at high potentials (see Figures 2.3 & 2.4 in region of oxygen evolution). Figure

A.10 is a polarization curve for cement mixes with 2 g/l NaCl with and without inhibitor (Ferrogard

901®) addition.
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Figure A.10: Potentiodynamic polarization curve for different cement mixes (extracted from [150]).
If the test is stopped at this point, it is considered a polarization curve. If a quick return scan is
completed, the method is considered cyclic polarization or cyclic voltammetry. This method is useful for
finding out whether a particular metal is pitting in its environment. Also, direct corrosion currents can be
measured so there is no need to make assumptions about Tafel constants as with LPR [140]. However, it
is generally considered to be destructive in nature due to the large applied potential. Polarization curves
[140,145,150,157,158,186] and cyclic polarization curves [148,153,154,159] are used almost exclusively

by researchers in the laboratory to test the effectiveness of corrosion inhibitors in concrete.
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A.2.5 MACROCELL TECHNIQUES
The current is measured either between two bars at different depths [155,179] or between a rebar and an
inert cathode, such as stainless steel or copper. Figure A.11 shows macrocell corrosion current as a

function of time for reinforced concrete structures with different protection systems.
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Figure A.11: Macrocell corrosion current as a function of time (weeks) for a reinforced concrete structure

(extracted from [155]).

The macrocell corrosion current was measured between the top and bottom steel rebar in the structure.
The choice of an inert cathode should allow for a high enough galvanic current to offset the highly
resistant environment, but not so high that the life of the sensor system is severely depreciated [145].
Large currents are generally an indication that corrosion has begun. Embeddable macrocell systems for
RC structures are commonly referred to as anode-ladder-systems (as shown in Figure A.12(a)). A series
of bars are configured in what looks like a ladder to assess the depth of corrosion [189]. An illustration of

the time to corrosion model for the anode-ladder system is shown in Figure A.12(b).
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Figure A.12: (a) Anode-ladder-system used in reinforced concrete structures to assess corrosion risk and (b) an
illustration of the time to corrosion for the anode-ladder system (extracted from [1897).
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A similar technique measures the current between two bars at the same depth, while measuring the
potential between one of the bars and a reference electrode [188]. This is referred to as the
electrochemical noise technique. Unfortunately, this technique has been shown to be unreliable for

testing with reinforced concrete [188].

A.2.6 POTENTIOSTATIC/GALVANOSTATIC MEASUREMENTS

Potentiostatic implies a constant potential, with measurements of the current taken [190]. Large increases
in current generally signals corrosion. Galvanostatic implies a constant current, with measurements of the
potential at the current. Large decreases in the potential signals corrosion. Much like cyclic polarization,
this method can be detrimental to an existing structure and therefore is generally only used to assess
corrosion inhibitors and/or admixture agents [148]. Many times this method is used to accelerate
corrosion of reinforced concrete in laboratory settings by polarizing the rebar and drawing chloride ions

closer.

A3 ELECTROMAGNETIC METHODS

The methods described in this section either involve inducing a magnetic field or using an
electromagnetic wave to inspect reinforced concrete. Electromagnetic waves are the product of changing
electric fields that produce a magnetic field. The magnetic field may also be changing, so that each type
of field continually produces the other in an electromagnetic structure that propagates through space

[191]. The electromagnetic spectrum is shown in Figure A.13.
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Figure A.13: Electromagnetic spectrum (extracted from [191]).
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Electromagnetic waves with a frequency range of 1 Hz to 10° Hz are considered radio waves with 10° Hz
to 300x10° Hz considered microwaves. Electromagnetic waves from 300x10° Hz to 3.7x10" Hz are
considered infrared waves, from 3.7x10" Hz to 7.5x10" Hz visible light waves, from 7.5x10'* Hz to
1.5x10'6 Hz ultra-violet waves, from 1.5x10'® Hz to 3x10" Hz x-rays, and higher than 3x10" Hz are

considered gamma rays.

A3.1 ELECTRICAL TIME DOMAIN REFLECTOMETRY (ETDR)

Electrical time domain reflectometry has been used traditionally to detect flaws in transmission lines (e.g.
telephone lines and television cables). Transmission lines are an electromagnetic waveguide system.
Reinforced concrete can be modeled as a twin-conductor transmission line by embedding a sensor wire
along the embedded steel (see Figure A.14(a)). External sensors wires (i.e. wires not embedded in

concrete) lack sensitivity and are limited by distance.

Pulse Generator

Grout

Steel
Cable

Sensor "
Wire Oscilloscope

Figure A.14: Illustration of (a) a twin conductor transmission line (left), (b) electrical time domain reflectometry
(ETDR) setup (middle), and (c) results for simulated pitting corrosion (extracted from [192]).

An electrical pulse is transmitted along the transmission line from a pulse generator. Discontinuities and
defects in the steel create an impedance mismatch, causing a reflection in the sensor wire. An
oscilloscope displays the reflection with the setup shown in Figure A.14(b). The characteristic impedance
of the transmission line will increase for small decreases in the diameter of the steel. The transit time,
magnitude, and polarity of the reflection is inspected to determine the location, severity, and type of
corrosion. Researchers have effectively used this embedded sensor wire method in the laboratory to
detect pitting corrosion in rebar samples, see Figure A.14(c), and severed cables in seven-wire strand.
Other proposals for using ETDR in reinforced concrete structures have been made. A coaxial cable
sensor has been proposed to embed in concrete to detect corrosion, cracking, and to be used as a
continuous strain gauge [193]. Instead of forming a twin-conductor transmission line with the rebar, the
coaxial cable would be independent and relay information regarding degradation to the sensor wire. From
cracking and/or corrosion, the cables would incur a change in impedance and cause partial reflection of
the electrical pulse transmitted along the cable. Attempts were also made to develop an external sensor

wire for existing structures.

245

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX A: METHODS FOR DETECTION, EVALUATION, AND MONITORING OF CORROSION IN REINFORCED
CONCRETE

Although ETDR has been around for quite some time, its use towards detection of corrosion in RC
structures is relatively novel. Its sensitivity towards the environment, loading conditions, concrete and
rebar properties, etc. has yet to be studied over long term in-field testing. The method is most likely
limited to new structures, as embedding sensor wires in pre-existing structures would be difficult.
Experiments have shown that the coaxial cable system lacks sensitivity to detection of simple cuts or

cracks in the cable due to only small ohmic resistance changes [194].

A3.2 INFRARED (IR) THERMOGRAPHY

Infrared (IR) thermography involves detection of emitted electromagnetic waves in the infrared range
from objects. Cameras sensitive to infrared wavelengths are used to create a map of the surface
temperature. Delaminations and cracks from corrosion in reinforced concrete create air voids in the
object. When the structure is heated (e.g. sunlight) the air voids will affect heat flow through the

structure. The subsurface defects show up as changes in the surface temperature.

This method has been used widely in the past to detect delaminations in bridge decks and pavements
[138,195], with ASTM offering provisions for its use [196]. It has been used to inspect the reinforced
concrete roof of the Seattle Kingdome [134]. Figure A.15(a) shows how delaminations and/or voids

cause temperature gradients along the inside surface of the roof from the outside sunlight.

Temp. Ty > Tomp. T;

T,

Figure A.15: Seattle Kingdome roof (a) illustration of surface temperature changes from delaminations (left) and
(b) infrared thermogram showing temperature changes along Seattle Kingdome roof (extracted from [134]).

By using an infrared camera, thermograms as shown in Figure A.15(b) can be created to show voids,
delaminations, moisture, and surface debris. Safety, fast inspection times, and identification of the
horizontal extent of damage to a structure are the main advantages of IR. The disadvantages are the
methods sensitivity to temperature effects on the surface from the environment and the lack of

information regarding the depth of the damage.
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A3.3 GROUND PENETRATING RADAR (GPR)

Ground penetrating radar (GPR) involves transmitting electromagnetic waves in the microwave range into
reinforced concrete and capturing the corresponding reflections. The wave sent from the antenna has
partial reflections at every interface including air/concrete, concrete/rebar, concrete/air (bottom surface),
air voids in concrete, and delaminations that exist between the concrete and steel. Reflections from these

interfaces are shown in Figure A.16.

Air

Rebar

Figure A.16: Reflections from different interg::l;s in a bridge deck (extracted from [197]).
The reflections from these interfaces are collected by a receiving antenna and processed. Relationships
between concrete damage from reinforcement corrosion and the returning electromagnetic wave have
been investigated. Researchers have found correlation between the amplitude of the returning waveform
and corrosion activity [198]. A decrease in the amplitude was observed for advanced corrosion activity.
This is thought to occur due to an increase in the roughness of the rebar/concrete interface, causing
scattering and effectively attenuating the electromagnetic wave. The chemical state of the cement was
also thought to affect the reflection coefficient at the site. Moisture present in the concrete affected the
velocity of the waveform in a subtle fashion. Other researchers who tested multiple GPR systems in the
field found that the amplitude and phase of reflected waveforms did not reveal a consistent response that

distinguished delaminated concrete from solid concrete [133].

Researchers have developed radar tomography systems where 3D images are created from scans [199]. A
synthetic aperture is created by moving the antenna to several new positions and transmitting and
receiving a waveform. A high speed, medium resolution system has been created where a physical array
of radar elements are used to scan. A low speed, high-resolution system was also created where only one
radar element is swept back and forth as the vehicle moves forward. Simulated defects, such as 0.039” (1

mm) air voids and Styrofoam inserts, were created in concrete and identified using GPR in a B-scan
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image (refer to Figure A.39) [197]. Figure A.17 shows a high-resolution image of embedded Styrofoam
in concrete at a depth of 1.97” (5 cm).

Figure A.17: High-resohitf irﬂgé Styfdfba nsert (extracted from [199]).

GPR has the advantage of a rapid testing speed, with inspection speeds of up to 90 kmh (56 mph) [199].
The main disadvantages are the difficulties with signal processing, interpretation, limited surface access,
and cost [197].

A3.4 MAGNETIC FLUX LEAKAGE (MFL)

Magnetic flux leakage (MFL) generally consists of magnetizing a specimen and scanning its surface with
a flux-sensitive sensor (e.g., coils, yokes, solid state magnetic sensors, and particles of finely divided
magnetic materials) for leakage fields. One can create the magnetic flux in the specimen by placing it
close to a magnetizing agent or electrical current through a conductor (sometimes applying current
directly to the specimen) [200]. The effects of induction on flux lines from a discontinuity in a material

are shown in Figure A.18(a).

Rebar

>

Flux Leakage

Magnet

Figure A.18: (a) Yoke sensor for detection of flux leakage and a (b) three-dimensional plot of the magnetic field
variation from a discontinuity (extracted from [201]).

Changes in the cross-sectional area of the rebar will cause flux leakage, meaning the continuous flux lines

in the steel are forced into the surrounding concrete. The effect of the concrete is negligible on the
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magnetic field so a yoke sensor (as seen in Figure A.18(a)) can be used at the concrete surface to measure

the field leakage. The amplitude of the field leakage is generally correlated to the defect size.

A scanning device has been created that can be installed on prestressed girders and is capable of scanning
the entire length [201,202]. The device is made of a magnet and a series of Hall effect sensors,
communicating wirelessly to a remote computer. The variation in the magnetic field that the scanning

device detects can be processed as a three-dimensional plot to detect discontinuities as shown in Figure
A.18(b).

A phase sensitive inductive sensor has been developed by other researchers to detect and image corrosion
products on the surface of steel bars embedded in concrete. A time-varying magnetic field is created by
passing AC current through a coil of wire (usually copper). When a metal object is placed in the flux of
the magnetic field, a change to the inductance of the coil occurs. The change depends on the permeability
(1) and conductivity (o) of the metal. For a highly permeable and non-conductive metal (i.e. corrosion

product), the inductance of the coil increases based on:

where N is the number of turns of the coil, A is the coil area, and 1is the length of the coil. The coil can

be configured as part of a tuned oscillator, whose resonance frequency is related to the inductance:

where C is the capacitance of the tuned system. Therefore, corrosion products should cause an increase in
the inductance due to high permeability and lead to a decrease in the resonant frequency of the tuned
oscillator. To detect this frequency shift, researches used an off-resonance phase sensitive circuit. This
detector sent the output of the sensor oscillator to a comparator that converts the sine wave to a square
wave. This square wave and the output of a stable crystal oscillator (reference oscillator) that generates
off-resonance square-waves are sent to a phase sensitive detector (PSD). The reference oscillator
frequency was shifted off of the resonance frequency of the sensor oscillator so that the system was
capable of determining whether the frequency increases or decreases. If the reference and sensor
oscillator frequencies were the same, the frequency direction information would be lost. The PSD

generates a pulse train, that when integrated, has a frequency equal to the frequency difference between
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the reference and sensor oscillator frequencies. This information is sent to a frequency-to-voltage
converter, then to a computer for graphical display. Photographs of corrosion product, see Figure

A.19(a), on the surface of steel have been generated and compared to non-corroded steel surfaces.

(a)

(b)

Figure A.19: (a) A photograph of a corroded bar (left) and uncorroded bar (right) and (b) a phase sensitive sensor
image of bar (extracted from [203]).

Different levels of corrosion on steel surfaces have been distinguished in a laboratory setting. The
method seems to work when the rebar is placed underneath thick ceramic tile (with similar conductivity
and permeability properties as concrete). Moisture changes to the ceramic tile do no seem to affect the

results.

Interpretation of signals from MFL is made difficult when other rebar is present. The depth of the rebar
also plays a large role in how much leakage can be detected at the concrete surface. The MFL method is
rather novel with regards to detection of corrosion in reinforced concrete and further long term in-field

testing is needed.

A3.5 RADIOGRAPHY

Radiography is considered using x-rays and/or gamma rays for inspection. Radiography generally
provides high quality 2D images for reinforced concrete because of how different the attenuating
characteristics are for concrete, steel, and air [204]. Both x-rays and gamma rays are fairly transparent to
concrete [205]. For reinforced concrete structures, a radiation source and film are located on opposite

sides of the structure as shown in Figure A.20(a).
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Concrete Box Girder
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Wall \ Betatron
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Figure A.20: (a) Radiography setup for concrete box girder of bridge ﬂ) gruted (G) and ungrouted (UG)
images for prestressed concrete (extracted from [206]).

After exposure to radiation, the film can be processed and images analyzed. Researchers have used these
processed images to assess if prestressed concrete bridge girders were properly grouted, to ensure that
prestressing strands were intact with good health, and to find the location of strands [206,207]. Figure

A.20(b) provides a two-dimensional image of grouted and ungrouted sections of a prestressed concrete

section.

Some researchers use characteristics of the film density profile to estimate the corrosion rate [208].

Figure A.21(a) shows film density plotted against scan length.
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Figure A.21: (a) Film density as a function of scan length for a steel bar in 0.394” (1 ¢cm) thick mortar and (b) the
relationship between tan 8 and corrosion rate for varying NaCl concentrations (extracted from [208]).

Point E is considered the middle of the rebar, point A the interface between the rebar and concrete, point
C is where the plot deviates from the baseline behavior of the rebar, and point B is where a vertical line

through point A intersects the plot. Using tan 6, the corrosion rate can be estimated as shown in Figure
A21(b).

X-rays have been used to examine corrosion products at the surface of reinforcement and to predict

concrete cracking from corrosion product buildup [209]. Figure A.22 below shows a 2D image of

corrosion product buildup in a reinforced concrete specimen.
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Figure A.22: Two-dimensional image of accelerated corrosion in reinforced concrete at (a) 28 days and (b) 52 days
(extracted from [209]).

Advantages of using radiography towards monitoring corrosion in reinforced concrete is speed, the ability
to inspect large surface area in one trial, and the ability to assess tendons near their anchorage points.
Disadvantages is that assess is necessary to both sides of a concrete structure, poor resolution of flaws,
cost, and safety concerns. Others feel that that it is unlikely that corrosion can be detected using

radiography in the field unless it is very severe [205].

A.3.6 FIBER OPTICS
An optical fiber consists of a dielectric material, wrapped in cladding material, that guides light waves
over long distances with low attenuation [210,211]. A typical fiber optic cable is shown in Figure A.23,.

FiberCom,n==n1

Fiber Cladding, n = n2> n 1

\ Pratective Coating
Figure A.23: Representation of a typical fiber optic cable (extracted from [211]).

Every fiber optic sensing system must have the following components: light source, splitter and couplers,
sensors, demodulation system, and a processing system [210]. Fiber optic sensors are designed to
measure changes in the physical properties of the guided light waves, such as phase, intensity, and
wavelength. The way in which they do this varies depending on the type of sensor used. Change to the
light produced inside the optical fiber is considered an intrinsic type of senéor, where the light never exits
the optical fiber. Change to the light produced outside the optical fiber is considered an extrinsic type of
sensor. The light exits the optical fiber, enters another medium and then reenters the optical fiber. There
are fiber optic chemical sensors (FOCS), which have four types: absorption/reflection sensor, evanescent

sensor, fluorescence sensor, and spectroscopic sensor. An absorption/reflection sensor uses a chemical
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reagent that light either passes through or is reflected off of [212]. When this chemical reagent undergoes
a color change from interaction with the chemical sought for detection, the amount of light absorbed or
reflected will change. An evanescent sensor has the cladding material removed over the length of the
sensor. In place of the cladding material, a selective membrane is placed that will interact with the
chemical sought to detect. This interaction will affect the light propagating through the core. With a
fluorescence sensor, the optical fiber is coated with either a fluorescent or phosphorescent dye over the
sensor region. Light that is present in the sensor region illuminates the dye and a change in wavelength is
observed. Spectroscopic sensors measure the absorption of light by a chemical species as a function of
the wavelength. An example of a spectroscopic sensor is the fiber Bragg grating (FBG) sensor. FBG
sensors are created by periodically changing the refractive index of the optical fiber over a short length
[210]. The change in refractive index will behave as partially reflecting mirrors, reflecting back a

wavelength based on:

where X is the center wavelength, n.is the effective refractive index of the fiber core, and A is the pitch

length of the grating. Figure A.24 shows an illustration of a FBG sensor.
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Figure A.24: Illustration of a FBG sensor with corresponding input, reflected, and transmitted spectrum (extracted

from [210]).

An abundance of research has been conducted with respect to using fiber optic sensors to detect corrosion
in reinforced concrete. Researchers used a Y-shaped fiber optic bundle to try and detect the brown color
of rust product accumulation on the surface of reinforcement in concrete [213]. Light is guided to the
surface of the steel with the reflected signal varying in proportion to the color of the steel. This is

considered a reflection sensor. A reinforced concrete specimen was corroded with small amounts of NaCl
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added to the mix design. The Y-shaped fiber optic bundle was embedded in the specimen. The results of

monitoring the reflected optical power are shown in Figure A.25.
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Figure A.25: Reflected optical power as a function of the sensor embedment period in a concrete specimen with
corroding reinforcement (extracted from [213]).

The reflected optical power decreases with the progression of corrosion in the specimen. Researchers
have used evanescent sensors to try and detect corrosion of reinforced concrete [214]. The glass cladding
was removed from fiber optic cable at the sensor location and replaced with metal cladding. The idea is
to have a metal cladding that has similar properties to the reinforcement so that it corrodes under the same
conditions. Figure A.26(a) shows the metal cladding on the optical fiber and Figure A.26(b) shows the

cable after corrosion of the metal cladding.

(a)

P

D

N2 M N,
Figure A.26: Evanescent sensor (a) with and (b) without metal cladding (extracted from [214]).

The metal cladding will absorb energy from the guided light. When the metal cladding corrodes, air
replaces the corroded metal cladding and the output light signal increases. Experiments were conducted
using the sensor in different corrosive environments, with the neutral salt spray test results shown in

Figure A.27.
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Figure A.27: Optical power as a function of time for evanescent sensor in concrete with corroding reinforcement
(extracted from [214]).

The optical power output decreases initially, but after the initiation of corrosion there is a rapid increase in
signal strength. A spectroscopic sensor has been designed to detect corrosion in reinforced concrete
[215]. An FBG sensor is attached to the reinforcement. When the rebar corrodes, the rust product
accumulation will increase the radial strain at the sensor location. The increase in radial strain will cause

a shift in the center wavelength detected using the FBG sensor.

Indirectly, there have been many attempts at measuring corrosion in reinforced concrete. Researchers
have focused on the design of a fiber optic chloride detector [212,216-219]. One researcher developed
several different types of sensors, such as an evanescent sensor using silver nitrate, a reflective sensor
using silver chromate, and an absorption mode sensor using silver nitrate and silver chromate [212]. All
of the sensors detected a change in the output power of the light signal, but only the absorption mode
sensor using silver chromate had a substantial increase in the output power. Most of the other sensors had
a decrease in output power that could also be caused by fiber damage. Other researchers focused on
sensors for detection of moisture and pH levels [220]. Different types of dyes were embedded into a
polymer matrix and coated directly to the side of the fiber optical cable in place of the normal cladding
material. Different dyes were used that exhibited color changes when exposed to different moisture and

pH levels.

Strain [210,221-223], displacement [224], delaminations [225], and cracking [210,211,223] of structures
have been monitored using different fiber optic sensors. Researchers have developed optical fiber sensors
to detect strain changes from the cutting of tendon wires [221]. The sensor was produced by winding
three optical fibers around each other, creating areas of microbending. Changes in the length of the
sensor can be correlated to the change in the intensity of the light propagating through the sensor. The

distribution of strain along the length of the sensor can be found using optical time domain reflectometry
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(OTDR). OTDR transmits light pulses along the core and measures returning reflected light pulses for
the transit time and attenuation. Figure A.28 shows the change in strain using the sensor from the cutting

of tendon wires.
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Figure A.28: Microstrain as a function of time from cutting tendon wires (extracted from [221]).

There are many advantages to the use of fiber optics in detection of corrosion in reinforced concrete.
Some of the advantages are listed: unaffected by corrosion or electromagnetic interference, low
attenuation over long distances, easy to embed, no dependence on the conductivity of concrete, high
sensitivity, continuous monitoring capability, flexibility, small size, negligible weight, resistance to harsh
environments, and it allows for multiplexing of several sensors along a single fiber. However, many of
the sensors discussed in this section have only been used in the laboratory and/or have little actual trials
based on corrosion in reinforced concrete. Many of the sensors are sensitive to temperature fluctuations
and traffic noise. Even so, the development of fiber optic sensors for detection of corrosion in reinforced

concrete is promising,

A4  MECHANICAL METHODS

Mechanical methods are those that measure the change in mechanical response of a structure while
undergoing reinforcement corrosion. Various techniques include either invoking or listening for transient
stress waves in the structure and analyzing the received signal, and measuring deflection and/or strain

from various loading scenarios.

A4.1 IMPACT ECHO (IE)
The impact echo (IE) method consists of impacting the surface of a material to create a stress wave and

then receiving the stress wave with a transducer after it has been reflected internally. For an excellent
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review of the impact echo method, refer to [226]. An impact can be generated by a variety of sources,
with the dropping of steel spheres being a common choice. The diameter of the steel sphere dictates the
invoked frequency range. At interfaces in the material where there are impedance mismatches (ie.
air/concrete, rebar/concrete), wave reflections will occur. For thick concrete structures, assessment of the
arrival time of the reflected pulses in the time domain is generally all that is necessary to find the depth of
a flaw, the size of the flaw, or the thickness of the structure. For thin concrete structures, the frequency,

velocity of the waveform, and the depth of where the reflection occurred are related by the following:

depﬂ1=2—°f ................................................................................. (A.9)
where ¢ is the propagation velocity and f is the frequency. Modes of vibration are invoked in thin
concrete structures due to the plate shape. If the velocity of a waveform is known for a particular mix of
concrete, the frequency domain can be used to determine the depth of internal flaws, voids, and
delaminations in reinforced concrete. The delaminations occurring from corrosion of RC structures have
been specifically monitored using IE by researchers in the past [133,138,134,142]. Other researchers
analyzed an RC specimen over time using IE and found that the development of microcracking in the
concrete matrix could be determined by looking at peak frequency amplitude [142]. IE has been used to
confirm the results of other faster inspection methods for in-field measurements such as an inspection of
the Seattle Kingdome roof [134]. The method usually provides a more thorough quantitative analysis
than many other inspection methods. However, the method takes a measurement point-by-point, meaning
that the thorough inspection of large structures is very time consuming and expensive. The method is
confined to testing on accessible sides of the structure. The depth of reinforcement, bond between rebar

and concrete, size of rebar, impact source, and environmental condition all provide variability to testing.

A4.2 CHAIN DRAG METHOD

The chain drag method is used to detect delaminations in bridge decks, typically caused by corrosion of
the reinforcement. The method is very similar to impact echo (refer to section A.4.1). Both methods use
an impactor to invoke mechanical waves in the bridge deck, with the reflected waveforms captured using
a reception device. In the case of the chain drag method, an inspector listens for hollow or clear ringing
sounds while dragging a chain over the deck. A hollow sound is indicative of delaminated concrete while
a clear ringing sound is indicative of well bonded concrete. Figure A.29 illustrates dragging a chain over

reinforced concrete, with a human inspector listening for reflected waveforms.
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Figure A.29: Chain drag method for detection of delaminations in concrete bridge decks.

ASTM outlines how to measure delaminations in bridge decks using the chain drag method [227]. The
ASTM provisions also outline how to use an electro-mechanical sounding device, a hammer, and metal
rods to invoke the mechanical waves in the deck. Dragging a chain over the bridge deck is usually the
most common choice. The prescribed procedure asks the inspector to lay out a grid system on the bridge
deck. The inspector drags the chain over the deck and marks areas as healthy or delaminated. Scaled

maps are constructed from the grid system, with the total delaminated area of the bridge deck estimated.

Researchers have used the chain drag method to create scaled maps and to compare with other methods
for detection of delaminations in concrete bridge decks [133,138,195]. Figure A.30 shows a scaled map
of a bridge deck with delaminated areas identified using the chain drag method [195].

369 m

AR 20 R, £

a.) CHAIN DRAG SURVEY ‘ : “—. DEL AMINATIONS- 23, m*
BN SPALLS: 4.9 m*

Figure A.30: Scaled map of bridge deck with delaminated areas marked (extracted from [195]).

The method relies heavily on the experience of the inspector. Chain drag surveys are very time-
consuming, especially if the grid system has high definition. Traffic noise, concrete moisture content,
temperature, the number and training of inspectors, and the sounding device can all play a role in the

variation of the results.
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A4.3 ACOUSTIC EMISSION (AE)

Acoustic emission (AE) uses a transducer for reception of transient stress waves produced by the material
tested. Stress waves are usually the result of material degradation such as cracking, dislocations,
debonding, grain boundary sliding, and plastic deformation. The transducer listens for incoming
waveforms, causing acoustic emission to generally be labeled as a passive technique. With laboratory
testing, one can induce transient stress waves by applying loads and/or deterioration in the material. An
AE setup for detection of corrosion in an RC specimen, with the rebar used as a waveguide, is shown in
Figure A.31. Many AE systems have been setup with the transducers coupled to the concrete rather than

the rebar.

- =

Figure A.31: " Acoustic emission sétup.

Researchers have investigated AE applicability for detection of corrosion in RC specimens [186,228-
230,231-233]. Tests were conducted where impressed current and seawater exposure (wet/dry cycles)
were used as two different methods to accelerate corrosion in RC specimens while monitoring using AE
[228]. RC specimens exhibited correlation between the threshold counts per day and the exposure time of
the specimen to impressed current (see Figure A.32(a)). Threshold counts are acoustic events (ie.
received waveforms) that have signal strength over an arbitrary threshold value. Using the spatial
filtering technique, plots of counts per day as a function of the distance along the RC specimen were also
constructed. This allows for the use of AE monitoring for detection and location assessment of corrosion
in RC specimens. When the RC specimens were exposed to seawater wet/dry cycles and monitored using
AE, the results were not as conclusive. Figure A.32(b) shows counts per day as a function of the
exposure time to seawater. The only specimen with a noble half-cell potential reading (refer to Section
A.2.1) for the entire duration of testing was #45. Figure A.32(b) shows many more counts per day for the
specimens that transition from a noble to active potential during testing. However, no correlation is
exhibited between counts per day and exposure time subsequent to the half-cell potential transitioning

from noble to active [228].
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Figure A.32: Threshold counts per day as a function of exposure time of RC specimen to (a) impressed current and
(b) sea water (extracted from [228]).

Other researchers using salt electrolyte exposure in wet/dry cycles to accelerate corrosion in laboratory
RC specimens found that AE monitoring was able to predict corrosion activity at an earlier stage than
galvanic current or half-cell potential measurements [229]. Figure A.33(a) shows acoustic events and

galvanic current as a function of specimen exposure time.
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Figure A.33: (a) Acoustic events and current as a function of time for exposure of an RC specimen to wet/dry
cycling and (b) AE energy as a fanction of time for an RC specimen tested during dry cycle after 1 year wet/dry
cycling (extracted from [229)).

The number of acoustic events starts to rapidly increase before the galvanic current starts to increase. It is
speculated that the corrosion product accumulation starts to cause microcracking in the concrete matrix,

with strain energy being converted to acoustic energy. In addition to acoustic events caused by the
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cracking, researchers have speculated that the friction produced by the corrosion product rubbing against
the walls of the cracks, along with the influx of electrolyte into the newly formed cracks leads to even
more received acoustic energy [186]. The current most likely is not affected by early microcracking

because the resistance of the electrons is largely unaffected until more substantial cracking has occurred.

A specimen was tested at the beginning of a dry cycle (after one year of wet/dry cycles) with a plot of the
AE energy as a function of time shown in Figure A.33(b). The amount of energy released is much greater
at the beginning of the dry cycle than after 3 days. More crack activity is occurring, with the cracks
sharper and larger than later cracks [228]. Most likely the higher corrosion activity is due to water and
oxygen being more readily available at the start of the dry cycle than towards the end.

Acoustic emission monitoring was conducted on RC specimens with different levels of corrosion using a
cyclical loading experiment. Under the Kaiser effect, a loaded material produces transient stress waves
only after a threshold load level has been exceeded. When reloaded, the material should not emit
transient stress waves until the previous maximum stress level has been exceeded. Figure A.34 shows AE
events as a function of loading for an uncorroded specimen, a corroded specimen with a 0.04” (1 mm)

visible crack, and a specimen with a 0.16” (4 mm) visible crack.
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Figure A.34: AE events as a function of loading for RC specimens with (a) no corrosion, (b) corrosion with a crack
width 0f 0.04” (1 mm) and (c) corrosion with a crack width of 0.16” (4 mm) (extracted from [230]).

During the second loading, the uncorroded specimen (Figure A.34(a)) has no AE events until the previous
maximum stress level is achieved. The corroded specimens with a 0.04” (1 mm) crack width, see Figure
A.34(b), and 0.16” (4 mm) crack width, see Figure A.34(c), reach stress levels of 71% and 28% of the

previous maximum stress level previous to AE events occurring, respectively.

Currently an AE monitoring system called SoundPrint® is commercially available. The system uses an

array of transducers to try to detect and locate steel wire breaks. Researchers have used the technology to
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continuously monitor grouted post-tensioned concrete bridges [231]. The system seems to detect and
locate fractures in ungrouted and partially grouted tendons with the highest clarity. However, fully
grouted tendons seem to present more of a challenge to the system due to the high attenuation of the

waveform.

AE monitoring seems to be a very promising passive monitoring method for corrosion in RC structures.
Researchers have shown that the influence of seasonal changes has an insignificant effect on the
magnitude of AE [233]. The main limitation of the method for detection of corrosion in RC structures
seems to be signal attenuation. Concrete is an inherently attenuative material for transient stress waves,
whether transducers are coupled to the concrete or on the ends of the rebar (loss through leakage).
Corrosion is more easily detected during warm parts of the day than during cold [233]. Also,
complexities to signal interpretation can be added when external acoustic events (traffic, impacts, noise)

are misidentified.

A4.4 STRAIN GAGES (SG)

The electrical resistance strain gage is based on the resistance of a conductor changing as a function of the
normal strain [234]. Researchers have embedded strain gages (SG) into reinforced mortar specimens
subjected to accelerated corrosion to try and detect the change in tension due to rust product formation
[235]. Figure A.35 shows the SG measurements from four different types of reinforced mortar
specimens. SGO (w/c = 0.50) has no admixtures, SGC (w/c = 0.50) has cement kiln dust added, SGD
(w/c = 0.47) has a corrosion inhibitor (Ca(NO,), action), and SGA (w/c = 0.47) has a corrosion inhibitor

(aminoalcohol action).
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Figure A.35: Strain gage measurement as a function of time during accelerated corrosion (extracted from [235]).
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The strain gage was able to discern the effectiveness of the admixtures used for inhibiting corrosion. SG
measurements used for corrosion detection in reinforced concrete is a relatively novel detection method.
It was only prescribed in recent literature to be used for laboratory testing [235]. After mortar cracking,
the SG measurements are less affected by corrosion product and more affected by mortar composition.

Therefore, the method is only effective for the onset of corrosion in reinforced concrete.

A4.5 DYNAMIC TESTING

Dynamic testing measures the dynamic response of a structure from a force exerted on it (either from
artificial loading or in-service loads) [236]. Structural damage from corrosion will change the stiffness of
the structure. The stiffness of a structure is related to the natural frequency of a particular mode of

vibration by the relation:

where E is the Young’s modulus, I is the second moment of area, n is the mode number, M is the mass
per unit length, and L is the span length. Therefore, structural damage from corrosion should be
detectable from a shift in the natural frequency of the structure. The magnitude of the change should be
an indication of the severity of the damage [237]. Some researchers have measured the natural frequency
of damaged RC beams from corrosion and through comparison to a theoretical model of damage were
able to predict the strain-stress state of the beam [238]. Structural measurements should be taken at

locations where all the modes have relatively high magnitudes.

Modal damping is also used to estimate structural damage from dynamic testing. The modal damping of
the structure is quantified by exerting an excitation force to a structure, stopping the force and then
measuring the time for the vibration of the structure to cease. The trend for modal damping, with relation
to structural damage, is mode dependent [237]. It is thought that since less excitation energy is needed to
invoke lower modes, these modes do not disrupt the steel/rust/concrete interface. However, for higher
modes, more excitation energy is needed and so disruption of the bond is thought to occur. This effect on
the bond during testing strays from the normal definition of NDT methods. Figure A.36 shows the
damping ratio for these lower order modes. A drawback to dynamic testing is that it is difficult to test
pre-existing structures with no natural frequency and/or modal damping test history. There is no baseline
to compare more recent measurements. One way to compensate for this is to compare the dynamic
response of the structure under no loading and then when a large load is placed on it. The cost and

practicality of using this method becomes prohibitive for larger structures due to the size of the load
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needed [239]. Others have tried to compensate by creating computer models of the structure and then
comparing to the actual response of the structure [240]. For larger structures, the computer model would
become highly complex with several uncertainties. Some have concluded that it is much more desirable
to rely only on measured data [239]. Other researchers found no significant change in natural frequency
and no trend in modal damping before and after structural repairs due to the localized nature of the repairs
[241].  Support conditions on structures lead to changes in the dynamic response but do not necessarily
indicate structural damage [239]. Another factor leading to erroneous results are environmental factors

such as temperature and humidity.
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Figure A.36: Comparison of damping ratios for different modes (extracted from [237)).

A4.6 ULTRASONIC TOMOGRAPHY

An A-scan (through-transmission) was used to inspect RC specimens that underwent accelerated
corrosion using impressed current [144]. A total of five different locations for A-scans were chosen to
create an average value of waveform amplitude. Other more well-established electrochemical methods
(i.e. DC LPR and AC impedance) were used in conjunction with the A-scan to estimate the corrosion rate.
Figure A.37 shows the average amplitude attenuation percentage as a function of thickness loss for the
RC specimens. The thickness loss was estimated using the AC impedance method (refer to section A.2.3)

and the amplitude attenuation percentage was calculated by:

A
Attenuation % = A‘ XL00 ..covereereremrrarsssensssesse s senesssss s eeenees (A.11)
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where A, is the amplitude of the signal at the time of measurement and A, is the amplitude of the signal

prior to any accelerated corrosion.
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Figure A.37: Average amplitude attenuation percentage for an A-scan as a function of thickness loss for an
accelerated corrosion specimen (extracted from [1447).

Specimens are designated as either #6 or #8 at the beginning, with #6 representing 3/4” (1.91 cm)
diameter bars and #8 representing 1” (2.54 cm) diameter bars. Specimens are also designated A or B,
with A having a w/c = 0.35 and B having a w/c = 0.40. Figure A.37 illustrates that the change in through-
transmission signal amplitude has a non-linear relationship with thickness loss. Specimens with a smaller
diameter have greater amplitude attenuation, while amplitude attenuation was easier to detect in higher

strength concrete due to the brittleness of the microstructure [144].

To detect voids in grouted posttensioned bridges, ultrasonic tomography has been used [242]. Based on
the ultrasonic pulse velocity of reflected signals, cross-sections can be constructed. Scans were conducted
on both the sides and the top of the specimen, showing that simulated voids were detected by with the use
of ultrasonic tomography. To detect corrosion and voids in posttensioned tendons, a C-scan has been
used [243,244]. A plain grouted specimen, a partially corroded specimen, and a fully corroded specimen
were tested fully submerged in water using a C-scan. A focused transducer was used for the C-scan, with
the reflected signal gated so that the peak amplitude and time of flight information could be calculated for
different layers of the beam. Figure A.38 shows the image of the layer containing the tendon.
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(8) Plain Grouted

(b) Partially Corroded

{c) Fully Corroded

i

Figure A.38: Ultrasonic image of tendon layer for (a) plain grouted, (b) partially corroded, and (c) fully corroded
specimen (extracted from [243]).

The plain grouted specimen has many visible strand twists, while the partially and fully corroded
specimens have less respectively. The loss of visible twists in the strand is caused by the accumulation of

rust product.

Ultrasonic tomography seems to offer promise for corrosion detection in RC structures. It is relatively
inexpensive and safe. However, the method is time consuming depending on the necessary resolution.
Concrete is a highly attenuative material with respect to ultrasonic waveforms and so the method is
constrained by distances and is sensitive to operating frequencies. Signal interpretation is highly
complicated in solid materials, especially in a heterogeneous material such as concrete. The presence of
shear and Rayleigh waves can complicate matters further. Since ultrasonic tomography is rather new to

detection of corrosion in RC structures, further testing is needed.

266

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX B: POURBAIX DIAGRAM CONSTRUCTION

APPENDIX B:
POURBAIX DIAGRAM CONSTRUCTION

The procedure for creation of Pourbaix diagrams is the following [30]:

1. Determine the possible types of ions

2. Formulate the reactions involving the ion types

3. Use the Nernst equation to form a relationship between the potential and ion concentration

4. Draw equilibrium lines where the concentration of each ion type is the same
The fourth step involves the formation of horizontal, vertical, and sloping lines. The horizontal line
involves a solid substance, a dissolved substance in water, and free electrons. The horizontal line is
independent of pH. The vertical line involves a solid substance, a dissolved substance and hydrogen ions
in water. The vertical line is independent of the electrode potential. The sloping line involves a solid
substance, a dissolved substance, free electrons, and hydrogen ions. The sloping line is dependent on
both the pH and the electrode potential. For more complete numerical examples, the reader is referred to
Uhlig’s Corrosion Handbook [33].

More explanation will now be provided as to how the diagrams were constructed for iron. However, not
all of the reactions are written out explicitly in this text. For more information, consult [33,39]. An

equilibrium line in both diagrams is the following:

L S (B.1)
Using the Nernst equation:
5 [p]ne 8314%, )(298°K !
B, =E -2 [ D™ g h0- (83140 J258°Kk) (2303)log| FeL_ |- -0.440 +(0.0295 )log[Fe*2 | (B.2)
zF AT (B (2)(96,500 comom/__} ]

The reaction describes a solid substance, a dissolved substance, and free electrons. Therefore, a horizontal
line describes it on the Pourbaix diagram, showing it is independent of the pH and dependent on the
electrode potential.  This line is shown separating the corrosion section from the immunity section. It
was assumed for the sake of simplicity that the ferrous ion concentration was 107 gram atoms of soluble
ion per liter. If at equilibrium there are excess electrons (negative electrode potential), then the iron will
not breakdown. If at equilibrium free electrons are unavailable, then the reaction above will proceed. An

equilibrium line is shown in Figure 2.3 for the following:

3Fe+4H,0=Fe;0, +8H" +86 ™ .....ccemmmrrvereemrerrrerersesererersssoenn (B.3)
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There are two solid substances, free electrons, and hydrogen ions. Therefore a sloping line will describe
this reaction on the Pourbaix diagram, meaning it is dependent on both the pH and electrode potential.
The sloping line can be seen in the figure above connecting with the horizontal line mentioned before at a
pH around 6. The line is bolded heavier than the other lines. This is to indicate that there are two solids
involved in the reaction, as opposed to a solid and dissolved ion indicated by the lighter solid line. Again,
excess electrons push the reaction in the direction of the iron. Also, excess hydrogen ions drive the pH
lower, and since the line is sloping downward, probably create a tendency towards iron. The product
Fe30, is considered part of the oxide layer (i.e. passive layer) that protects steel from corrosion and forms
on reinforcing steel when embedded in concrete. Electrons and excess hydrogen ions (lowering of pH)

destroy the oxide layer. An equilibrium line is shown in Figure 2.3 for the following:
3Fe™ + 4HyO = Fe304 + 8H + 2€ e.ooomoovveeereeeoooooeooooosoos (B.4)

It is the same type of reaction as described previously and is described by a sloping line on the Pourbaix
diagram. It connects the Fe? region to the Fe;0, region. Excess hydrogen ions and electrons drive this

towards corrosion. Equilibrium for the Fe;O, product converted to Fe,O; is shown:
2FC304 + Hzo = 3F6203 + ZH'- T 28 it reens (B.S)

The reaction is a two solid reaction with hydrogen ions and free electrons. This indicates a sloping line
on the Pourbaix diagram, with the same slope as the Fe to Fe;0, reaction. The product Fe,O; is the other
portion of the oxide layer that protects reinforcing steel embedded in concrete from corrosion. An

increase in hydrogen ions and electrons will drive the reaction towards Fe;O,.
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APPENDIX C:
INITIATION PERIOD MODELING

An accurate model for the ingress of carbon dioxide and chlorides in concrete allows for an estimation of
when the deleterious substances will reach the rebar depth and initiate corrosion. Assuming that the
concrete has few cracks and is not entrained with deleterious substances, the ingress of chlorides and
carbon dioxide occurs through a diffusion process. Descriptions of models for each are outlined in this

chapter.

C.1.1 MODELING THE INGRESS OF CARBON DIOXIDE

In order for carbon dioxide to reach the reinforcement depth, it must travel through the concrete pore
system. The pore structure of the concrete is determined in large part by the water-to-cement ratio,
compaction, curing practices, entrained admixtures, cementitious materials used (e.g., pozzolans and fly
ash), and the type of cement. The temperature, relative humidity, and pressure are environmental effects
that help determine the rate at which the carbon dioxide travels through the concrete pores. Even the
loading conditions affect the rate of carbonation [245]. A generic model for the carbonation depth with
respect to time has been described previously and is shown to give the reader an idea of the factors

involved with the ingress process [29]:
depth = f(A, B, C, D, CD, El, Ez, C.E], C.Ez, Fl, F2, C.F], C.Fz, t1, t2) .............. (Cl)

where A is the cement composition, B is the cement content, C is the mix proportions of the concrete, D
is the compaction of the concrete, E; is the relative humidity during curing time, E, is the temperature
during curing time, F; is the relative humidity during exposition time, F, is the temperature during

exposition time, t; is the curing time, t, is the exposure time, and all other terms are interaction terms.

Fick’s 1* law has been used to model the ingress of carbon dioxide, allowing for a relationship between

the depth and the amount of time to be formulated. Fick’s 1* law (in one-dimension) can be written:

ﬂ:D.A-(EJ ........................................................................ (C2)
dt X

where q is the amount of diffusing CO,, t is the time, D is the coefficient of diffusivity, A is the area of
the transverse section, Ac is the difference in concentration of CO, between air and the carbonation front
(c1 — ¢), and x is the layer thickness. The total amount of CO, necessary to neutralize the alkaline

substances is the following:
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dq =a:dV = @A-dXdq ceeeveeeerereeeceee e (C3)

where a is the density of alkaline substance (calcium hydroxide) and V is the volume of concrete through

which the diffusion process is occurring. Substituting this into the previous equation and rearranging:

AXAX = D: (C1-C2) At v (C4)
integrating both sides:

ol DL (TS (S (C.5)
arrives at the following solution:

ST c 2 L (C.6)
where:

G= (ZTD)AC .......................................................................... (C.7)

Under these assumptions the carbonation depth increases as a function of the square root of time. A
drawback to this equation is that it does not take into account the wetting and drying of the concrete.
Refer to [29] for further discussion.

Solutions have been provided based off of Fick’s 2™ law of diffusion (refer to Appendix D). Many times
the closed form solution given as Eqn. D.8 is used for defining the length of the initiation period.
However, more involved solutions have been formulated. Please refer to [246] for more discussion
regarding mathematical modeling of concrete carbonation. An example of a solution is provided here for
the reader. The solution involves using Fick’s 2™ law. However, carbon dioxide gas is consumed during
the carbonation reaction taking place. This can be accounted for by subtracting the change of carbon

dioxide concentration due to carbonation in a unit of time from Fick’s one-dimensional equation [247].

9C (oD oC 22c) oC
| e = | D = e C.8
( )+( 8x2] ot €9

where C. is the concentration of CO, consumed in creating calcium carbonate. The rate at which the

carbonation reaction occurs has been modeled previously [247]. The basic rate calculation is dependent
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on the particular concrete, relative humidity, the concentrations of carbon dioxide and calcium hydroxide,

and the temperature:

e a[caco, |

s =0 Xy (h)x[CO, Ix[Ca(OH), X, (T) ..nenon..... (C.9)

where o is a non-dimensional parameter (varies between 0 and 1) dependent on the way the particular

concrete affects the rate of reaction. The carbonation rate is typically rewritten in the following form:
v=g—‘t’=oc1><f1 (R)X 5 (0)x 5 (€)X E4 (T) vrvverrrreeereseeeeeeeerenene (C.10)

where £,(¢) describes the concentration of CO, and f3(c) describes the degree of carbonation reaction that
has taken place. The functions fj(h), fx(g), fi(c), and fy(T) can be written:

0 0<h<05
f, (h) = %(h—O.S) 0.5ShS09 weeereerereieeeeee s erenenans (C.11)
1 09<h<1
_ 8
£ () = e (C.12)
8 max
f3(c)=l—[ ° J ................................................................... (C.13)
cmax
Fy(T)= K= ACTAT oo ssssose oo (C.14)

where h is the relative humidity, g is the carbon dioxide concentration, Emax 18 the maximum carbon
dioxide concentration, ¢ is the degree of carbonation, ¢,y is the maximum amount of calcium carbonate,
and m is usually equal to one. The Arrhenius equation, represented by k, describes the effect of
temperature on the reaction rate where A is a constant, E, is the activation energy of carbonation, R is the
universal gas constant, and T is the temperature (in Kelvins). The reaction slows as the amount of
carbonation reaction increases. The reaction rate will increase as the relative humidity, temperature, and
concentration of carbon dioxide increase. A non-dimensional parameter o4, which varies between 0 an 1
and is dependent on the characteristics of the concrete, is multiplied by the reaction rate to calculate how
much CO, was consumed in the carbonation reaction:
aC, dc

at =0(.4-a—t .............................................................................. (C.].S)

271

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX C: INITIATION PERIOD MODELING

It is generally assumed that the coefficient of diffusivity for carbon dioxide ingress is dependent on time
(degree of hydration), location (curing effect, wall effect), the moisture content and temperature [248].
Temperature not only increases the coefficient of diffusivity naturally but also reduces the moisture
content in the pores allowing for faster gas diffusion. Previous literature has reported the dependency of

the coefficient of diffusivity to be of the following nature in equation form [407:

DRSS oW Y 26 ) O o S (C.16)

where D, is the diffusivity of carbon dioxide in the standard condition (28 days curing, temperature = 25°
C), Fi(h), Fy(T), Fi(t.), and Fy(c) are functions taking into account the effects of relative humidity,

temperature, curing time, and the reduction of diffusivity due to the formation of carbonation,

respectively.
FL(B)=(1=0)% e seeses s (C.17)
Q1 1
[i(ﬁﬁTn
Fy(T) =€ 700 T/ s soes s eeesesssss s (C.18)
ALt
F, (te)—x+(1—x)(t—J .......................................................... (C.19)
Fi(R)=1LR oo eeseesees s (C.20)

where h is the relative humidity, Q is the activation energy of the diffusion process, R is the universal gas
constant, T, is the reference temperature (usually 298 K), T is the temperature, y is the ratio between the
diffusion coefficient for t, —oo and the diffusion coefficient for t, = 28 days, t. is the equivalent curing
time,  is a parameter (between 0 and 1) that measures the slowing of the diffusion phenomenon due to

reduction of the porosity, and R is the degree of chemical reaction written:

_ [caco,]
" [caco,]_,

The flow of the heat and moisture can be modeled as partial differential equations and coupled to these

equations for a more accurate estimation of the rate of diffusion [247, 248].

C.1.2 MODELING THE INGRESS OF CHLORIDES
The closed form solution for Fick’s 2™ law has often been used to model the depth of chloride penetration
after lengths of time. Figure C.1 shows how the chloride concentration depth profile changes over time

using Fick’s 2™ law of diffusion.
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Figures C.1: Chloride concentration as a function of depth using Fick’s 2*¢ Law (assuming constant D = 1.5-108
cm?/sec, Co=3.5 kg/m3).

Using Fick’s 1* law of diffusion, the flux for chloride ions can be written. The flux is dependent on the
diffusion of the ions from a concentration gradient and on ions driven by a potential gradient. The flux is

written:

F= _DCIVCf —DeleV(b ............................................................... (C.22)

where Cy is the free chloride concentration, Dy is the chloride diffusion coefficient, D, is the ionic
diffusion coefficient, and ¢ is the electric potential. One can balance the mass by using Fick’s 2™ law of

diffusion. A term is added representing chlorides entering the system through moisture diffusion.

where C,; is the total chloride concentration, w is the moisture content of the concrete, and M 1S a unit

conversion factor [37] given by the following equation:

T (C.24)

Psol B sol
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where pg is the density of the pore solution (grams of pore solution per liter) and B, is the ratio of

volume of pore solution to weight of concrete. The diffusion of moisture is written:

where H is the pore relative humidity, dw/0H is the moisture capacity, and Dy is the diffusion of humidity
coefficient. The binding capacity, C#AC is written:

e _ 3
ot  oC,

(div[D agrad(Cy )]+pc, % +div[D 4, grad (o )]) ...... (C.26)

Unless an external electric potential is impressed on the reinforcement, the third term is usually not taken
into account. For the accelerated corrosion testing presented in this report, an electric potential was
provided between the copper and steel rebar. These equations would allow for the ingress of chlorides to

be modeled for future tests.

The coefficient of diffusivity for chlorides is dependent on many factors. A more advanced model has
been proposed based on the effects of the aggregates, water-to-cement ratio, curing time, temperature,

humidity, and the free chloride concentration [37]:

Dt = fi(g:) fa(W/C,to) “F5(T) F4(H) F5(C) vvorrverrerercerererresrs (C.27)
where:
— g;
f,(g;)=D_ 1+1_g1_ R R (C.28)
3 Di _Dm
1 28-t, 6ss 28—t
== w . reereaenetrenererssasnne C.29
(ot )=| i [ e Bl (©29)
)]
T e (C.30)
1
f,(H)= e (C.31)
=)
1+
1-H,
5 (Cp ) =1=Kion (Cp )™ et eenenes (C.32)
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where Dy, is the coefficient of diffusivity of the cement paste, g; is the volume fraction of the inclusions,
D; is the coefficient of diffusivity of the aggregates, t, is the curing time in days, H, = 0.75 is the critical
pore relative humidity, ki, = v/70, and m = 0.5. Most models of the diffusion coefficient make
assumptions to reduce the number of terms and make calculations more practical. Many have assumed a
constant value for D [249], as it has been observed that the diffusion coefficient slows mainly in the first
five years and then approaches a constant value for concrete [250]. Others have used a stochastic value
for D. Enright & Frangopol used 5 different mean values for D, each with a lognormal distribution,
embedded into the closed form solution to illustrate the sensitivity of the corrosion initiation time to its
value [251]. Others have keyed in on a few key design parameters that define the coefficient of
diffusivity, such as w/c ratio, degree of hydration, and aggregate volume fraction [252]. Using a least

squares regression, the following empirical relationship was formed:

2
[—10.22+8.58[3)-4.99ah 3,04V, 45091, (3)—0.91(ijvagg +1.60, Vg —6.58(ij ~0.920, 24053V, 2 ]
C [ <

D=10 (=2/)..(C.33)

where w/c is the water-to-cement ratio, V,g, is the aggregate volume fraction, and o, is the degree of
hydration. Stewart & Rosowsky used this empirical formula to calculate D for a stochastic model [253].
Vu & Stewart assessed several different experimental diffusion coefficients and their relationship to the

water-to-cement ratio and constructed Figure C.2 [61].

ﬁ 20 : . e e R DS PR B .
wé 1 = Data: De-lcing Salts X
p=) 1 o Data: Sea-Spray _
> . Papadakis, et.al. [25] -
154 | oooeeeen Stewart and Rosowsky [5] =
— { | ~+---Hobbs {23} - Sea Spray s
Q 1 | —---- Hobbs [23] - De-icing Salts /t
8 ] Ol
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& ] I
S ] “ .
2 1 iy -
w 5 e -
a 1 , [
Q 4« @ -
3
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Figure C.2: Chloride diffusion coefficient as a function of water-to-cement ratio (extracted from [61]).

They concluded that the diffusion coefficient used by Papadakis et al. [254] was the best fit for the

available data and used the following empirical relationship for stochastic modeling:
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3
D=Dy 4 -0.15- 1¥p. % [P %=085 (m2/)...(C.39)
’ Pe I+p. %
1+pc%+_%
P

a3

where a/c is the aggregate-to-cement ratio, w/c is the water-to-cement ratio, p. and p, are the mass
densities of cement and aggregates respectively, and Dy, is the diffusion coefficient for chloride

diffusion coefficient in an infinite solution (=1.6-10"° cm?s for NaCl).

A critical chloride concentration must be reached to destroy the passive layer. The critical threshold

chloride concentration has been shown to lie somewhere between 0.6 - 1.2 kg/m’® [253].

Li developed an empirical formula for chloride ingress specifically for RC structures exposed to marine
conditions with load-induced cracks [255]. It was shown from experimental testing that when crack
widths exceed 0.1 mm, Fick’s 2™ law of diffusion is no longer applicable for defining ingress. The
proposed empirical formula calculates the mean chloride content at the surface of the reinforcement for

load-induced cracks greater than 0.1 mm:

T () Y o S (C.35)

where C, is the initial chloride content in concrete at the surface of the reinforcement, a is the coefficient
representing the rate of ingress (analogous to the coefficient of diffusion), and t is the time (days). The

proposed model is plotted in Figure C.3 with experimental results.
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0080 700 150 200 3250
Time (day)

Figure C3: Chloride content as a function of time for chloride ingress model (extracted from [255]).
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C.1.3 MODELING INTERACTION OF CARBON DIOXIDE AND CHLORIDES
The carbonation reaction slows down the ingress of chlorides. It has been assumed in other models that
chloride diffusion is slowed by the factor F, (R) given in this Chapter. One can multiply the factor by D

to reduce the rate of ingress.
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APPENDIX D:
FICK’S 2™° LAW OF DIFFUSION

Non-steady state diffusion occurs when the concentration changes within the diffusion volume with
respect to time. The differential equation for diffusion is formulated by examining the small volume

element shown in Figure D.1:

gt
G’
o
P
4dydz(Fx 6;: dx) o s M 4dydz(Fx +%%-dx)
B g
Al
; =
I 2dx

Figure D.1: Rectangular parallelepiped (extracted from [35]).

The center of the small volume element is the point P, with concentration C. Diffusing matter is entering
through ABCD and exiting from A’B’C’D’. If the flux of the plane passing through the point P is
considered F,, then the rate of matter passing through ABCD and A’B’C’D’ is written as shown in Figure

D.1. The rate of increase of the diffusing matter is:

oF
—BARAYAZ o et e e e e e e s e e e e s e e sssnnees D.1
ydz— (D.1)

while at the same time the concentration in the element changes by:

—8dxdydzaa—$ ............................................................................. D.2)

Balancing the mass entering and exiting for all three dimensions yields:

gc_:+aFX+ai+an_
ot ox dy 0z

With the use of Fick’s 1% law (see Eqns. 2.16 & 2.17) the following can be written:
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%C =-div(F)=div(D - VC) (three-dimensional)................... (D.4)
oC (oD oC o%c . .
== (g . -a;) + [ D aT[J (one-dimensional)..........cccourunnnnee. D.5)

A closed-form approximation exists for Fick’s 2™ law of diffusion. Concrete is modeled as a semi-

infinite medium with boundary conditions:
C=Co, X =0,t> 0ot (D.6)

and initial conditions:

Applying a Laplace transform to Fick’s 2™ law of diffusion (see [35]) and using boundary and initial

conditions, the following closed form solution is derived:

C(x,t)=Co[l—erf(2j5H .................................................... (D.8)

where:

Tables of calculated erf values exist to allow for quick calculation using this closed form solution. It

should be noted that this solution assumes that the coefficient of diffusivity is constant.
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APPENDIX E:
SERVICE LIFE MODELING

Models have been discussed for both the initiation and propagation periods with respect to corrosion of
reinforced concrete. Models from each period, along with a limit state based on an aspect of
deterioration, can be chosen and the service life for a particular structure can be estimated. The particular

model that one chooses for the initiation and propagation periods will vary.

The general corrosion model shown in Figure 2.5 is one of many that have been proposed by authors.

Figure E.1 below is a model set forth by Cady & Weyers that is a slight modification of the Tuutti model.
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Application Corrosion Cracking Service Life

Time

Figure E.1: Cady & Weyers corrosion process model (extracted from [256]).

The model represents the corrosion process in three stages. The first stage is diffusion of the chloride
ions into the concrete. It starts immediately after construction of the structure and ends once corrosion of
the reinforcement begins. The second stage is the corrosion of the reinforcing steel. Notice that in the
model, structural deterioration does not increase between the initiation of corrosion and the first cracking.
The third stage is structural deterioration. This begins with the first crack and ends with a predetermined
deterioration percentage level. The initial deterioration immediately after the structure is erected is from

the construction process and it is generally repaired [11].
The Cady & Weyers corrosion process is just one of many different corrosion models. The corrosion
process model looks differently depending on what type of deterioration is considered as critical to the

service life of a structure. For instance, [257] proposed using a corrosion process model that displays the

propensity for corrosion as a function of time. Figure E.2 shows the model.
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Figure E.2: Propensity for corrosion as a function of time (extracted from [257]).

Ultimately, a corrosion process model could be created that displays any type of deterioration during the
service life (e.g. diameter loss, flexural strength, deflection) as a function of time. A service life for a
structure is by definition the end of the designed functionality of the structure. The limits states of a
functional service life are component and structure dependent [258]. A structure may not meet its
credentials for functionality in a variety of ways. For instance, a bridge may be sufficiently strong to hold
all loads without collapsing but may deflect excessively at the mid-span. Generally, service life limits are
placed in one of two categories: ultimate or serviceability. An ultimate limit is one in which, if reached,
results in catastrophic failure of the structure, loss of human life, and/or severe economic damage. The
probability of an ultimate limit being reached should be on the order of 1:100000 [9]. A serviceability
limit is one in which a repair or rehabilitation effort is needed on the structure. The probability of a
serviceability limit being reached should be on the order of 1:100. In many cases RC elements are non-
structural in nature (e.g. building facades) and therefore serviceability limits are the only concern [77].
Also, serviceability limits are most likely reached well before any ultimate limits are reached; making
serviceability limits a conservative and popular mode of fajlure. Table E.1 is an incomplete list of

ultimate and serviceability limits that have been used in the literature for probabilistic modeling.
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Table E.1: Limit states used for service life modeling of RC structures.

Limit State

Reference

Flexural Resistance

[591,[611,[2511,[259-265]

(2]
§ Shear Resistance [61],[260],[262],[265]
5
Compressive Resistance [260]
Deflection [591,[74],[266]
Crack Width [72],[74],[260-2621,[267]
2 Onset of Corrosion [268]
% Fixed Value after Onset
8 . [60]
S of Corrosion
% Onset of Cracking [2641,[258],[269]
Spalling [264],[270],[271]
Delamination [272]
Combination Index [273]

For modeling of ultimate parameters, the focus should be on the evolution of the geometry, the material,
and the bond properties. The following issues should be addressed specifically [49]:

1) Steel area reduction (main longitudinal bars and stirrups)

2) Changes in the ductility of the rebar from pitting

3) Concrete area reduction from cover cracking and spalling

4) Changes in strength and ductility of concrete in compression (caused by microcracking from

corrosion product accumulation)
5) Bond dependence on the corrosion level in rebar

The equations that are used to calculate structural parameters (e.g., flexural resistance and deflection) are

case and structure dependent.

A service life model developed by the Strategic Highway Research Program (SHRP) is worth discussion.
A methodology on how to assess life-cycle costs for protection and rehabilitation of corroding concrete
bridges based on this model was also provided [273]. Life-cycle costs for any of the previously discussed

models could be formulated in a similar fashion. The report used a continuous corrosion process curve as

shown in Figure E.3.
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5
.

Condition Index, S

Time

Figure E.3: Continuous corrosion process curve.

The condition index curve was calculated by the following equation:

S L S (3.104)

where A and B are parameters controlling the rate of deterioration and t is the age of the concrete.
Assuming that a structure has never had any repair, rehabilitation, and/or previous protection in the past,

the following equations are used in order to calculate A and B:

S (100-5,)
ln{sp (100-s, )}

B o e (3.105)
100-S,
SP
A=‘—T ........................................................................ (3106)

where S, is the condition index at the time of first deterioration, t, is the age of the concrete at the time of
first deterioration, S, is the condition index at the present time, and t, is the age of the concrete at the
present time. This is assuming that inspections spotted the first signs of deterioration on the structure. If
inspections did not locate the first signs of deterioration, then Sy is assumed to be 1.9 and tq is calculated

using the following equation:

4=

1.22 . 0.21 0.8265
{(2'695‘1 t )} .................................................... (3.107)

Zt0.42 P
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where d is the depth of bar cover, Z, is the surface chloride concentration, t is the age of the concrete
when Z, is measured, and P is the water-to-cement ratio of the concrete. Assuming that a protective
system was built into the structure at the time of initial construction, the t4 value is affected. Examples of
special protection are concrete overlays, membranes, sealers, coatings, admixtures, and coated reinforcing
steel. In cases of overlays, a weighted average of the water-to-cement ratio is used between the overlay
and base concrete. For membranes, sealers, coatings, admixtures and coated reinforcing steel the number
of years the protective system delays chloride ingress and/or deterioration is estimated and added to the

calculated value of t,.

There are cases where the present inspection yields a condition index that is lower than 1.9. If the
condition index is higher than 1.2, S, is assumed equal to 1.9 and t, is equal to the concrete age at present.
A condition index of 1.2 is the practical assumption for corrosion initiation. However, to predict future
performance another condition index is needed in the future. Therefore, a future condition index of 45 is
assumed. A condition index of 45 implies a practical limitation (end of service life) that the report
suggests never exceeding. The age of the concrete when a condition index of 45 is reached is calculated
based off of a predictive model using the average wet resistivity of the concrete as the input. The
parameters A and B are calculated in the same manner as before, only replacing S, and t, with Sys5 and tys,

respectively.

In cases where the present condition index is less than 1.2, the manner of determination of future
performance depends on the present surface chloride content, Z,. If the present surface chloride content is
greater than or equal to 0.10% of the concrete weight, then t4 is calculated using the equation above and
Sq is assumed equal to 1.9. The future condition index used is again Sy and t45. If the present surface
chloride content is less than 0.10% of the concrete weight, then Z, must be estimated from the level of
snowfall and/or exposure to marine environment from a predictive model. Once this estimate is obtained,
one proceeds in the same manner as if surface chloride content greater than or equal to 0.10% of the
concrete weight had been found. To calculate the condition indices Sqand S, from on-site inspections, the

following equation is used:

S [CL+2.5(DELAM )+7.5(SPALL)]

........................................ 3.108
8.5 ( )

where CL is the percent of concrete samples taken from the structure with bar-level chloride content
higher than the corrosion threshold value, DELAM is the percentage of concrete area that has

delaminated, and SPALL is the percentage of concrete area that has spalled.
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Up to this point, it has been assumed that the structure has not been repaired, rehabilitated, and/or
previously protected. Over the life of a concrete structure, there may be several attempts to repair,
rehabilitate, and/or protect the structure from corrosion. If this occurs, the condition index is calculated
immediately after the work has been done. This value is referred to as S, and the t, value is the age of the
concrete at the time of the work. At a later date, the condition index S, is assessed and t, is the age of the
concrete at present. The parameters A and B are calculated based off of these two sets of points and the

future performance is predicted. Using the methodology over the course of the lifetime yields Figure E 4.

>

Effective Service Life
Initial Treatment [ |

Condition Index, S

L 2

Time

Figure E.4: Condition index over the lifetime of a concrete structure.

This type of adjustment to the corrosion process model over the lifetime from rehabilitation and
maintenance is common. In fact the frequency and extent of repairs plays a critical role in choosing a
design with corrosion inhibiting systems and embedded sensor networks based on life cycle costs. In
most cases, service life modeling is conducted in a probabilistic manner due to the high amount of
uncertainty associated with the materials, environment, loading, and structural effects [266]. The key
variables defining the initiation and propagation periods are modeled stochastically, allowing for
probability density curves to be created for the entire service life. The probabilistic modeling allows for
planning and implementation of design changes along with the most cost effective rehabilitation and
repair strategies. Due to the relatively limited amount of data for corroding RC structures in real
environments, the accuracy of the models is questionable. Adding to the uncertainty is the complexity of
the materials, the variable loading, cracking caused by a variety of sources, workmanship, and human
error. However, there are quite a few examples in recent literature of probabilistic models being used for
service life estimates of corroding RC structures. A few recent representative examples of probabilistic

modeling are now presented.

Frangopol, Lin & Estes studied how the reliability depreciates for an RC girder from corrosion [265].

Fick’s 2™ law of diffusion, using Eqn. C.33 to calculate the diffusion coefficient, was used to estimate the
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initiation period. A very conservative initiation period of three years was calculated. By looking at the
diameter loss from constant corrosion rates, estimates of the depreciated flexural and shear strength were
estimated. The flexural strength was seen as the controlling limit state in the model. Figure E.5 shows

the flexural strength reliability index for the structure as a function of time for three different constant

corrosion rates.

(@) )

2000

Total Lifetime Cost

/ Optimum Design

/ |
o ”";

Initial Cost

Reliability Index,
Costs

Failure Cost

...........

0 N .
0071020 30 20 50 6070 1.0 20 3.0 4.0
Exposure Time (years) Lifetime Reliability Index

Figure E.5: (a) Flexural strength reliability index as a function of exposure time for three different constant
corrosion rates. (b) The cost as a function of the lifetime reliability index is also shown. Both figures were
extracted from [265].

As soon as a critical flexural strength reliability index has been reached, the service life of the structure is
over. One can use this approach to minimize the expected lifetime costs of the structure. Obviously,
using fewer materials will lower the cost. However, by using fewer materials the reliability index is
lowered. A lower reliability index increases the probability of failure. Figure E.5 shows a plot of the

failure costs, the initial costs of the structure, and the total lifetime costs.

Li [255] used an empirical formula derived from experimental testing (refer to C.3) of chloride-induced
corrosion in RC specimens with load-induced cracks exceeding 0.1 mm. The probability of corrosion
initiation was calculated by multiplying the probability of a critical chloride concentration being reached
at reinforcement level by the probability of corrosion onset for a given critical concentration level. The

empirical model for the onset of corrosion is shown in Figure E.6, with the results of visual inspections.
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Figure E.6: Probability of the onset of corrosion at certain times (extracted from [255]).

Stewart & Rosowsky compared the onset of corrosion for different levels of chloride exposure (e.g.
deicing salts, coastal zone with varying distance to coast) [263]. The ingress of chlorides was modeled
using Fick’s 2™ law of diffusion. It was assumed that the chloride concentration at the surface is constant
with respect to time for deicing salt exposure (based on a previous study [268]) allowing the use of the
closed form solution (Eqn. D.8). For coastal zones, it is assumed that the surface chloride concentration
accumulates with time and therefore a different closed form solution was used. The critical chloride
threshold was a uniformly distributed random variable within the range of 0.6 - 1.2 kg/m’. Figure E.7

shows the probability distributions for the onset of corrosion from chloride ingress for various sources.

Diffusion: De-icing Saits

Diffusion: Coastal Zone (30 m)

a——ny

Diffusion: Coastal Zone (1 km)

Probability Density
(% of Structures)
w

-
'-'
-

Time (years)
Figure E.7: Probability density for the onset of corrosion as a function of time for different levels of chloride
exposure (extracted from [263]).

Notice that deicing salts create a much higher risk for the onset of corrosion than coastal zone exposure.

It is also clear that there is a very wide range of time when corrosion can occur from chloride exposure.
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Val, Stewart and Melchers used probabilistic modeling and a finite element model to compare the effects
of localized (pitting) and general corrosion on the service life of an RC slab bridge [266]. The reduction
of cross-sectional area for pitting and general corrosion as a function of time was formulated at a linear
rate. A model for bond strength reduction was taken into account with general corrosion. A linear
tension-softening curve was used with the finite element model. Two service life limits were compared,
with loading effects taken into account. The first was flexural strength (ultimate limit) and the second
was deflection (serviceability limit). Figure E.8(a) shows the reliability index (corresponding to the
probability of failure) plotted as a function of time (after corrosion initiation) for the ultimate limit state.
A constant corrosion current density of 3 pA/cm® was assumed. It was assumed in the analysis that all of
the bottom reinforcement was effected by pitting corrosion and that there was no bond for the general
corrosion. Therefore, this is a rather conservative estimate of the remaining service life of the structure

after corrosion initiation with respect to flexural failure.

(a) Ultimate Limit State s (b) Serviceability Limit State
8 T ] T T v T T v T T T T T
Undamaged Bridge
----- Localized Corrosion ""'\.\ T ————
6F - General Corrosion 3 N
x ‘c’ »
()] £ 2 \\
.g \ g‘ ~ N .-
2 T 8 T
£ a} N ST 2
8 AN z
& N g | ]
2 \ J Undamaged Bridge
N L - Localized Corrosion
\\ —————- General Corrosion
0 , ¢ ) I I ¢ \n 0 L ) L L i
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Years Years

Figure E.8: Reliability index for an RC slab bridge as a function of time for an (a) ultimate (flexural strength) and
(b) serviceability (deflection) limit state (extracted from [266]).

Notice that pitting corrosion presents more of a concern for the ultimate limit state than general corrosion.,
Figure E.8(b) shows the reliability index as a function of time (after corrosion initiation) for the
serviceability limit state. A constant corrosion current density of 1 pA/cm? was assumed. The general
corrosion was predicted to pose more of a threat to the deflection limit state due to the loss of bond

(decrease in stiffness) than the loss of cross-sectional area from pitting corrosion.
Kirkpatrick et al. used a service life model to examine the impact of specification changes (e.g. w/c ratio,
cover depth) on RC bridge decks with respect to corrosion [271]. The comparison between older bridges

under certain specifications with projected normalized service lives were compared to newer bridges

under changed specifications with service lives estimated probabilistically. The propagation period of the
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newer bridges were assumed constant, while the initiation period was modeled using Fick’s 2™ law. The
cover depth, surface chloride concentration, diffusion coefficient, and the critical chloride threshold were
all stochastic variables. The distribution of the stochastic variables, except for the critical chloride
threshold (estimated from literature), was extracted from on-site testing. The bridge deck was sectioned
into smaller segments and the time to corrosion initiation was found independently for each segment. The
service life of the bridge deck was reached when the amount of segments reaching corrosion initiation
was 12%. It was found that the newer bridges, with the change in specifications (lower w/c, greater cover
depth), had longer projected service lives than the older bridges. The discrepancy in service life between
the sets of bridges was attributed 40% to the change in water-to-cement ratio and 40% to the increase in
cover depth. The remainder, not accounted for with the specification changes in the probabilistic model,
was attributed to inaccuracies with the projected normalized service life of the older bridges and lack of

precision associated with the probabilistic model.

Stewart and Rosowsky updated the probability of an ultimate limit state being reached (flexural) by the
known exceedance of a serviceability failure (spalling) in an RC slab bridge [264]. Sagiiés created a
stochastic service life model using collected on-site inspection information to calibrate certain modeling
parameters [60]. Two case examples of inspected bridges were used to compare results and predict future
deterioration. Fick’s 2™ law of diffusion was used to estimate the initiation period for both cases. A
fixed propagation period was used for one case example while the other case example based the
propagation period on a distribution of rates. Stewart, Estes and Frangopol used the Liu & Weyers model
(refer to Chapter 3) to estimate the time to initiate cracking and then an empirical crack width model to
calculate the crack width to probabilistically model the time to reach the critical crack width service limit.

Figure E.9 is a comparison between a critical crack width limit of 0.5 and 1.0 mm.
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Figure E.9: Probability density to reach a certain crack width as a function of time (extracted from [261]).
Notice that the time to initiate cracking and reach relatively large crack widths is small compared to the

time for chlorides to reach a critical chloride threshold at the reinforcement level (Figure E.7).

Vu & Stewart used Fick’s 2™ law of diffusion (Papadakis diffusion coefficient) to model the time to
corrosion initiation [267]. The Liu & Weyers model (refer to Chapter 3) was used to estimate the time to
crack initiation, while the Vu & Stewarts empirical model was used to estimate the time to certain crack
widths. The critical parameters were modeled stochastically and a Monte Carlo simulation was
conducted. The time to severe cracking takes much longer compared to the time to start cracking based
on this stochastic model. The authors also divided the structure up into individual components in order to
model the spatial variability. The percentage of a concrete surface that has reached a critical crack width

limit is a more useful performance measure for maintenance and repair strategies [267].

Val compared the effect of different limit states on the life cycle cost for an RC structure and found that
for short time periods between repairs (up to 5 years) the expected cost of failure due to ultimate limit
states (e.g. flexural, shear, compression) were negligible for most elements compared to the serviceability
limit states (e.g. severe cracking, spalling) [260]. As the ratio between the expected costs of failure due to
the ultimate limit states to the serviceability limit state increased, the time between repairs for the

optimum solution decreased.
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APPENDIX F:
WAVE PROPAGATION IN AN UNBOUNDED ISOTROPIC MEDIUM

For the context of this report, a wave is a mechanical disturbance moving through a medium. Wave
propagation implies the transfer of energy through space [274]. Therefore, this review is provided as a
description of how energy is transferred through many different isotropic mediums. The review is
concerned primarily with wave motion resulting from mechanical disturbances. The review has been
taken from various references, primarily Redwood [87], Kolsky [88], Pavlakovic & Lowe [89], and Love
[86]. For a more in-depth review, please consult those references as they provide an excellent

background.

F.1 EQUATION OF MOTION

The equations for wave motion in an unbounded isotropic medium are first presented. Isotropic refers to
a material being identical in all directions. This background is presented here to give a feel for the
equations that, assuming the proper boundary conditions, define wave propagation of various modes in
waveguides. To start, imagine a point within an isotropic medium. Assume that the isotropic medium is
deformed and the point, which is called ‘P’, within the infinitesimally small square element PAQB is
displaced from its original coordinate location (x, y, z) to the location x+uy+v,z+w). Referto
Figure F.1 to see the point ‘P’. Although Figure F.1 is only in 2-dimensions, it serves the purpose of

illustration adequately. Therefore, the displacement of the point ‘P’ is written in vector form as:
ST UL Vj F WKttt es s e (F.1)

where u =u(x,y,z), v = v(x,y,2), and w = w(x,y,z). If the medium were not deformed at all, but translated
or rotated as a whole, the point ‘P’ could still move to its displacement location. One must look at a point
very close to ‘P’ in order to study deformation. An adjacent point to ‘P’, which is called ‘Q’, starts at (x +

8x,y+8y,z+62)andisdisplacedto(x+8x+u+8u,y+8y+v+8v,z+82+w+8w).
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Figure F.1: Displacement of points ‘P’ and ‘Q’.

X

The displacement terms of point ‘Q’ (u + &u, v + 8v, w + dw) would be the same as ‘P’ (u, v, w) if the
medium were rigid and did not rotate [234]. If one performs a Taylor’s series expansion about the point

‘P’ for the displacement functions u(x,y,z), v(x,y,z) and w(x,y,2), the displacement terms for point ‘Q’
can be solved for:

u+du=u(x,,y,,z, )+w«x+5x)—x)+ 8u();;’y,2)((y+5y)_y)+

u(x,y,z)
oz

((z+8z)—z)+...=u+%8x+%8y+s—a;&+... e (F.2)

av(x,y,z)
a_y((

v+ =v(x,,y,.,2, )+ X+8x)-x)+ aV(x’y’z)((y+Gy)—y)+—izv—(x’y—’z)((z+Sz)—z)+...=v+ﬂ8x +-alﬁy+ﬂ82+... (F3)

X ay oz ox dy oz
w+dw=w(x,,y,,2, )+—aw(;;y,z)((x +5x)—x)+——aw(;}”y’z)((y +5y)_y)+_8w();;y,z)((z +82)—z)+..=w +3—‘:8x +3—‘:8y+aa—‘:5z +..000 (F4)

If 3x, 8y, and 8z are relatively small, the higher order terms can be neglected. Notice that some of the
terms above are strains and can be rewritten as:

du
(8x+a—X6xJ—-6x =8_u_

T e e eerearseaeaasersaererenes S
Exx ox ox (F:3)
(8y+ﬁ8yj—6y
g, =% e e (F.6)
i dy ay
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These are simple extensions of the medium parallel to the x, y, and z-axis, respectively. The following

strain components are shear strains:

du 3
Vo =Ty =£+a_: .................................................................... (F.8)
ov  ow
Vye =Tz =a_:+§ .................................................................... (F.9)
ou  ow
Va2 = Y zx o F o ettt s e e e s e e s s st (F.10)
oz ox

These shear strains are equal to the angular motions of an element, with volume, within the isotropic
medium. In Figure F.1, the angles 6; and 6, sum to equal the shear strain Yxy- The cubical dilatation can
now be written in terms of the strains, representing the change in volume resulting from a displacement in
the medium. It can be found by taking the limit of the increase in volume divided by the original volume

as 0x, dy, and 8z approach zero.

ou ov oJw
A= 8 FE, Sm— et iicrreeeereeeeeeerr s esseee s F.11
The cubical dilatation can now be written as:
AT AIVS covrrrreneereeeeersee s seeeeersseessseseeeeeeeersssee s sesonne, (F.12)

with ‘div’ representing the divergence of the field and explained further in Appendix H. The rotation

components of the rigid body around the different axes is given by:

By =l B T e (F.13)
2\ dy oz
— 1{du ow
L F.14
Oy 2(82 ax) 19
— 1{ov ou
B F.15
3, z[ax ay] (F.15)

where “pure shear” corresponds to all three rotation terms being zero and “simple shear” is the case where

one or more terms is not zero. The rotation terms are rewritten in vector form as:

293

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX F: WAVE PROPAGATION IN AN UNBOUNDED ISOTROPIC MEDIUM

— _1{ow ov du ow 1{ov odu
all (A R £ gl | R F.16
@= 2(8y az]H- [az ax)‘H-Z(ax ayj (F.16)

The strain creates stress in a small volume element and that distribution of stress is broken up into the

nine stresses as shown in the stress dyadic matrix:

XX Xy Xz
Tyx Oy Tyg | v ceenessesesssssssaens F.17)
Tx Ty O

Please note that oy, 0yy and o, are normal stresses while Txy> Tyxs Txzs Tzxs Tyze Tzy ar€ shear stresses. The
first subscript denotes the coordinate axis normal to the plane that the stress acts and the second subscript
denotes the direction of the stress. In order for there to be equilibrium in the element 7., = 7y, Ty = T«
and 7y, = 15, This has been shown explicitly by setting the moment about the center point in the element
to zero and solving for the shear stresses [234]. Since the small element has volume, there will be
variation in the stress across the faces of the parallelepiped. Shown in Figure F.2 is the value of stress at

the center of each face (excluding stresses acting on the yz-plane) [87].

y

o"am
Ty + (;y

ryx+—-ﬂ5y

aTxy
Tay 4 X SX

Tux + t;ox’max

Tex

5 Txz It X
d [eh b P SR

- Ty

Ty

x

Figure F.2: Small isotropic element under stress (extracted from [87]).
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APPENDIX F: WAVE PROPAGATION IN AN UNBOUNDED ISOTROPIC MEDIUM

In order to relate the strain components with the stress components in the element, Hooke’s Law is used.
Hooke’s Law is only applicable if the material stays within its elastic range, i.e. the material does not
reach plastic deformation. The essentials of this law are best stated by Love [86]:

(1) When the load increases the measured strain increases in the same ratio

(2) When the load diminishes the measured strain diminishes in the same ratio

(3) When the load is reduced to zero no strain can be measured.
Basically, the six components of stress are a linear function of the six components of strain. This is

written in matrix form as:

O xx €11 €12 C13 Cy Ci5 Cyp &
Oy Ca1 Cx» €3 Cyy Cps Cp¢ || Eyy
Oz o[ Cn O G O35 O || Em | (.18)
Tyz Ca1 Cg Cg3 Cy4 Cy5 Cy6 || Vyz
Tox Cs1 Csp ©s3 Cs4 Cs5 Csp || Vax
[T | L% ©e C6 Ces Ces Ces || Vay |

where the 36 different ‘c;’ coefficients are the elastic constants of the isotropic material. If Ty, = 7y, 7oy =
Taxs Tyz = Tay, Yry = Yy Vyz = Yoy a0 ¥y = ,x had not been specified, there would be 81 different ‘ci’
coefficients (resulting from nine stress and strain components). Love shows that one can reduce the
number of coefficients even further when taking into account the strain-energy function [86]. The strain-
energy function is a homogeneous quadratic function of the strain-components, where the elastic
constants shown above are the coefficients in the function. To ensure the existence of the strain-energy
function, ¢ = ¢;; must be true. This reduces the number of coefficients from 36 to 21. Also, since the
medium is isotropic, every plane is a plane of symmetry and every axis is an axis of symmetry.

Therefore, the following must be true:

C14= C15 = C16™ C24 = C25=Cp6= C34 = C35= C36= C45= C46= C56= O e (F19)
C11 = €22 = C33; C23 = C31 = Cy2; C4q4 = C55 = Cs6 = 1/2(011 - 012) ................................... (FZO)
(Gxx ] (011 C2 O 0 0 0 Tex |
Oy 2 11 ©p2 0 0 0 vy
Oz |_|%2 °u cn 0 0 0 ez | (F.21)
Tyz 0 0 0 %(Cll ‘—012) O 0 sz
| |0 o o 0 Yolen—cin) 0 Vox
Ty | [0 0 o 0 0 Yo —cp) | Yy |

There are only two elastic constants left. The following notation is used:
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A= 12 ettt et s b s es s esennee e e s e e s s rannns (F22)
n= V2 (011 - 012) .......................................................................... (F 23)
A F2 I = Ol ettt (F.24)

6| [A+20 A A 0 0 0]fey]
Oy AooA+20 A 0 0 Ofe,
|| A A A0 0 Offe,) (F.25)
Tys 0 0 0 p o0 0}y,
T 0 0 0 0 p Ol vx
R 0 0 0 0 p Yy
ou ov ow du
SA Tt —t— [F2U — [SAA+F2UE , coeeeeeeeeeeeeeeereenn 2
Oxx k(ax+ay+az)+ u(ax) AA+2pe (F.26)
du dv ow ov
ny =}\.(é;+b; 3z j+2u(a—] =7\4A+2“£yy ........................... (F 27)
ou ov ow ow
=M —+— 20 — |ZAAH2UE e 2
G, k[ax+ay+azj+ ( j A +2pe, (F.28)
du 0
Ty = m=u(g+§w)=wm .................................................. (F.29)
ow 0
Ty, = zy—u(%+a:j=wyz .................................................. (F.30)

Looking at Figure F.2, equilibrium must be achieved among the forces. Gravity is assumed to be

negligible for this discussion. The forces in the x, y and z directions are summed:

>F, =(Gxx + agx"" OX -0y )8y8z+(csyx +%-8y—ryx]8x82+(tzx + 8;:( dz-1, )8x8y ................ (F.31)
XF = [txy +%-8x—rxy )8y82+[0yy + agyyy -8y—cyyj8x82+('czy + a;;y dz-1, JSXSy ................. (F.32)
YF, = (‘sz + a;;z Ox-T,, )8y52+(‘cyz +a%yyi-<‘5y—-tyz J8x8z+[czz + 3<afzzz 0z-0, j8x8y ................. (F.33)
This is reduced further to:
SF, =(ag:‘ + a;;" + a;: JSXSySZ ............................................ (F.34)
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ot,, 006, 01
3F, =( a::y + ayyy + a:y ]ﬁxﬁySz ............................................ (F.35)
ot, 0T, Jo
F, =| =X L BRBYOZ veveveneeereirieeeeeeereeeeseesrsseens F.
Zz(ax+ay+azjﬁxyz (F.36)

If the medium is disturbed from its equilibrium position, motion is caused from the excess stresses created
from the disturbances [274]. Using Newton’s 2™ law, forces can be related to density and acceleration of

the particle (assuming no body forces):

o%u 00, 0Ty ot

—=3F, = XX 2L BV e F.37
pazZ (ax+ay+az] E37)

9%v 0Ty, 0y, 0T,

——=YF, = Ve se s e e 38
pat Z"(E)x-'-ay-'-az (F.38)

2 ot
p.aaT;uze (a;x 22 +9%2 Jav ................................... (F.39)

Plugging in for the stresses with their respective relations from above:

P%{%{"@Z 2, awj 2”(?]] %[ [ng g;)}r ((g;u:msv ....................... (F.40)

g:f[;( (%Jr%n ;y(;{i gyv aw)+ u(gyVD a(”(%*%}])” .............................. (F.41)

p.z_y=[£_(u(_ gj %( (ay an [(%%%W—Jzu(?)]]w ......................... F.42)
which can be reduced to:

p.gti;‘{(mzu)[g; j+(x u)[;’;vy g:aVZ]w[g;Hg:;‘st ......................................... (F.43)

p.gTZZV=[(x+zu)[%]+(x+u)[:;a‘)‘(+§§£J+u(g:;’+ggnsv ........................................ (F.44)

9%w ’w 92u  9%v 9w  *w
2 2 BV cereeeresereesmeeessese e F.45
o [(x o[ 2y j+<x+u>[aza A (F.45)

The equation of motion can be expressed in vector form as [Redwood 1960]:
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2
p% = (A+21) grad(A) = 2curl(@) weovveveeneoeeereeeeesses e (F.46)

where ‘grad’ and ‘curl’ are explained further in Appendix H. The equation of motion can also be

expressed as:

2
p-g—2s= (A+2p)grad(div(s)) - 2pcurl( Y5 curl(s)) oovveveeenene, (F.47)
t
or [85]:
9%s
p—at—2=(7»+2u)VV-s—uV><V><s ............................................ (F.48)

Writing the equations of motion with use of the vector operators allows for easier transformations to
different coordinate systems. Remembering the displacement of point ‘P’ was the vector (u, v, w), one

can decompose the displacement into different components:
s=ui+vj+wk=V®+ VxH = grad(®) + curl(H) ................... (F.49)

where @ is the scalar potential and H = H,i + H,j + H,k is the vector potential. A scalar potential has only
magnitude [274]. A vector field where the curl is zero is termed irrotational and can be assigned a scalar
potential. A vector potential has a set of three scalar functions of position and time, which transform the
way the rectangular coordinates of a point transform under rotation of axes [274]. A vector field, where
the divergence is zero (V<H = 0), can be assigned a vector potential and is termed solenoidal [274].
Writing the vector field of the displacements as the gradient of a scalar and the curl of a zero divergence
vector is known as the Helmholtz decomposition. By using the potentials, separate wave equations are
obtained for compressional (i.e. dilatational) and shear (i.e. transverse) waves [275]. If the direction of
particle displacement is always parallel to the direction of wave propagation, then this is a compressional

wave. Figure F.3 gives an example of compressional wave motion in a bulk isotropic medium.
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e & & & O 2 & & 2 ¢ 6 0 00 | -5 2 3K ] s

3 EIEEIiIEEEI T Ry Propagatin

e o 00 I R R EREEREEEL 122 R EE Direction
F.3: Compressional propagation in a bulk medium.

If the direction of particle displacement is always at right angles to the direction of wave propagation,
then this is a transverse wave [274]. Figure F.4 below gives an example of transverse motion in a bulk

isotropic medium.

4
.‘.
Se®
..:.

es3sesess Propagation
35@ Direction

Figure F.4: Shear propagation in a bulk mediuvm.

If the Helmholtz decomposition vector is plugged in for displacement into the equation of motion, the

following equation results:

2 2 2 2
vip-92,0°® 0 q’:( P ]a e, (F.50)
ox?  9y? 9z’ A+2u ) ot?
where:

2 2 2
AR S (F.51)

p ot ot o?

ox? oy’ 0z2  [a+2p

Cg Tl = = e et —— 52
d \/at2 ot ot p (:32)
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where cq is the speed of the dilatational waveform. The vector potential will be satisfied by the following

equation:
2 2 2 2
veg, =9 Hi [ O7H;  O7H, =(Bja e, (F.53)
ox 2 dy? 9z H) ot2
where i = x,y,z and:
woox? oy? 9z?
o o o e et s F.54
pat> ot? o 349

where c; is the speed of the shear waveform. The equations reveal that two, and only two, types of waves
propagate in an unbounded infinite medium. For the shear waves, imagine a two-dimensional (x;x,)-
plane. Shear waves in the (x;x,)-plane and normal to the (X1X2)-plane are considered “vertically”

polarized (SV waves) and “horizontally” polarized (SH waves), respectively [27 6].

F.2  ATTENUATION IN AN INFINITE MEDIUM
For an unbounded infinite medium, the attenuation is considered dependent only on the material
absorption of wave energy in the medium. For a bulk material, material absorption is accounted for in the

following manner:

® = Amplitude- e K0 g Kime e (F.56)

The real wavenumber, k., describes the harmonic propagation of the waveform, while the imaginary
wavenumber, kim,g, describes the exponential decay of the wave [89]. The complex wavenumber is

written:

k= krea] + ikimag ........................................................................... (F.57)

with the potential taking the form:
@ = Amplitude*e (=0 e (F.58)

When the wavenumber is real, the bulk speeds (i.e. compressional and shear) are equivalent to the

following:
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Cd S e oo (F.59)
kdreal

Oy S eeeeeeeeeeeeseees oo eeoeeeeee oo oo (F.60)
kSreal

When the wavenumber is complex, bulk velocities are complex as well. The complex bulk velocities are

termed ¢; (compressional) and ¢, (shear):

® ® Cq 4
°1 -k—= X ’k = o = G TTtereterestsraanisiiiian, (F.61)
d Kreal TiKipgg pyq;0me 143
K rear 2z
(0] ® Cs Cs
A et (F.62)
] real 11 imag  J4j—f J4j=
K real 2z

where a4 and o are the bulk material absorption coefficients for compressional and shear propagation
(units of Nepers per wavelength). When there is no material absorption, or it is very low in value, ¢; = ¢4

and ¢; = ¢,. The Lamé constants are written:

M = Hreal =Himag ooeereresnsunrnrensnrererinnininnresesistenesesessesssassarenesssesennns (F.65)
S (F.66)
where:
2 2 2 2
.ICY) e (F.67)
(ocs2 +411:2)2
2 2
Mineg ole, Pl Ja0) (F.68)
o’ +41t2)
2 (42 g2 _ oy 2
Meat _0les ) (4 Jur® ~a ) 2y eveeeeeeseeesesseeneeneeeeeeeses (F.69)
oy’ +41c2)
2 2
Mg = pleg )’ (4 )(4°‘d“)-2 g +sserseseesee s (F.70)
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There were two types of models used to define the material absorption coefficients. The first is referred
to as the hysteretic structural damping model. The damping is constant per wavelength traveled. The
other model was the Kelvin-Voigt viscous damping model. The damping is no longer constant per
wavelength traveled, but increases with the frequency. For more information on these models, refer to
[89,1001].
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APPENDIX G:

CYLINDRICAL COORDINATES
A picture of a cylinder with cylindrical coordinates drawn on is shown in F igure G.1:

Figure .1: Cylinder with cylindrical coordinates.

The 19 plane is dissected below in Figure G.2 to look at the resulting stresses and displacements.

y 1

X X
Figures G.2: Resulting stresses (top) and displacements (bottom) in the r6 plane (extracted from [234]).

The stress dyadic matrix is given below for cylindrical coordinates:
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where To = Ty, Tz = T and 1o, = T,5. The stress and strain equations are given below for cylindrical

coordinates:
u, +a;r Ac—u, o
T T
= T o et et e e e e s a R b et e st et ea et e et e st e aeenren st n e e s st e s s st s e e s 2
€ Ar or G2)
AO-
_ (r+ur)A6—rA6+ue [ 1) J Y0 u 10u, G3)
ee_ rAe rAe — r r ae --------------------------------------------------------------------------- .
Ju
e R st et ettt et ettt et e eeeeeeees e G4
8ZZ az ( )
u, + i AB-u, ug+| — |Ar—u, (r+4r)
_a+B—- 00 r lallr 8u9 _E' (G 5)
Yo o -~ 190 T oy s
ou, oJu, G6)
o = o e st sa bt bt e et et e et et et e e et e e e en et e e n e ne st e s s s s .
v or 0z
dug 10u
= e ettt st s e e b e R st bbb ne et ee st ettt st e e e et m e ettt ee e eesen e G.7
Yez aZ r ae ( )
A du, du
= 2 == — z A 2 ) e e e e e G.8
O, =AA+2yug, r(u,+ae+ra ]+(+u)ar (G.8)
=AA+2 =) =% e A U, T | e ee ettt G.9
Cos +2lE gy ( + 3 J"‘ " ( LY (G9
A 0 ou
= =— - L 2 D et ee ettt e et eaaena e et e et e e et et ee s e G.10
G, =M +2pe, r[u,+ IR )+(7»+ w) = (G.10)
1 d(ug
= S T | — | | oottt et et e e et ettt G.11
To =HYy ( 3 ar( " D ( )
ou. du
= S T | vttt ettt e et ee et s e e e e ettt et et eeeee e G.12
T =WYp u( o ar) (G.12)
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APPENDIX H:
GRAD, DIV, AND CURL

The vector operator “grad” (called gradient) points in the direction of the greatest change of the scalar
field and can be written in general Cartesian coordinates as:
grad (B) = VE=2 10 O 5 O e H1)
0x 0y oz
where F is a scalar function. Another well-known vector operator is that of the divergence function,
which is called “div”. Using the function, a scalar quantity is calculated from a vector field, representing
the flux generation per unit volume at each point in the vector field. In other words, it is the rate at which

density leaves a region of space. It is shown below in Cartesian coordinates:

v, 9V, v,
+ +

di S VeV = L e 2
vV) ox dy 0z (H2)
where:
0 d 9d
Vom it JH oK oot H.3
ox " oy I 0z (H.3)
V=Vd+Vj+ VK., oo ser oo (H.4)

Another well-known vector operator is that of the “curl” function. The “curl” of a vector field (in this
case the displacement) is a measure of the rate of rotational spin. It is written in general Cartesian

coordinates as;

ov, 9V, oV, oV oV, oV
= = z _ i Lz —— K et H.S
curl (V) = VxV ( o J1+( 5 o J]'i'[ x oy k (H.5)

Below are the vector operators shown in cylindrical coordinate form:

- _( 19V Ve | fOVe 9V, ] f1f3d AL § 6
curl(V)~V><V—|:-;—ae———¥j|1, +|:—az— ar ]19 +|:r{5r—(rVe) ae }:|lz (H )
div(V) =V oV =L vyt L vy e Vo (H.7)

ror r a6 0z

oF 1 oF oF
QUF ) = VF = i g om0, et e e s e e s s e sre s e s estonessnsnos H.8

where V = Vi, + Vgig + V,i,; F is a scalar function.
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APPENDIXI:
BESSEL FUNCTIONS

The Bessel differential equation can be written in the following form:

o’y oy
20y 2_ 2 _
X B_x2_+X5X—+(x -n )y-—O ..................................................... @y
The general solution is the following:
y(x)=CJ, (x)+C,Y, (X) cevenrerrenerrensenense s seeseesseens 12

where C; and C, are constants. The symbol J,(x) represents a Bessel function of the first kind, also
known as a cylinder function [277]. The symbol Y,(x) represents a Bessel function of the second kind,
also referred to as a Neumann or Weber function. Figure 1.1 and 1.2 show Jn(x) and Y,(x) forn=0, 1 and

2, respectively.

1
Jo(X)
J1(x)
0.5 4
g Ja(x)
_,:
0 <
-0.5 T T T T
0 4 8 12 16 20
X
Figure I.1: Bessel functions of the first kind.
1
YofX
0.5 o) Yi(X)  Yy(x)
Z o
>
-0.5 4
-1 r T v T
0 4 8 12 16 20

X
Figure 1.2: Bessel functions of the second kind.
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From Chapter 4, when the phase velocity of the guided wave is larger than the compressional velocity of
the bulk material (c, > ¢4) the argument ‘o’ is real. The differential equation involving the scalar potential

is written:

o*f 10f [ , n?

—_— = o =0 .

o +rar+(oc 3 (L.3)
which has the following solution:

(1) = ATo(01) + B-Yo(00) oo ees s e 14)

When a physical solution is necessary at x = 0, the constant B is set to zero because Yiu(x) does not

converge on a solution at zero.

When the argument ‘x’ is purely imaginary, the Modified Bessel functions I(x) and K(x) are used. The
symbol I(x) represents a Modified Bessel function of the first kind. The symbol K,(x) represents a
Bessel function of the second kind, also referred to as a Basset or Macdonald function. Figures 1.3 and 1.4
show I(x) and K,(x) for n=0, 1 and 2, respectively.

10

X
Figure 1.3: Modified Bessel functions of the first kind.
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Figure 1.4: Modified Bessel functions of the second kind.

From Chapter 4, when the phase velocity of the guided wave is less than the compressional velocity of the
bulk material (cq > c;) the argument ‘o’ is imaginary. The differential equation involving the scalar

potential is written:

3% f 19f [ , n?

—_—t—— — E =0 e

ar2+rar ( +r2J €s)
which has the following solution:

f(r) = ALy(0r) + B-Ky(00) oot 1.6)

When a physical solution is necessary at x = 0, the constant B is set to zero because K (x) does not

converge on a solution at zero,

The Hankel function of the first kind is a combination of Bessel functions of the first and second kind and

decreases as its argument becomes larger:
HL(X)‘= o (R)HEY 0 (X) e a7

It is generally used to solve for outwardly propagating waveforms. The Hankel function of the second
kind increases as its argument becomes larger. It too is a combination of the Bessel functions of the first

and second kind:

H2Z () =T, (X)=0Y 1 (X) corvrrereerienseensnssssesssesssessssesensesesssesesanes 1.8)

It is generally used to solve for inwardly propagating waveforms. However, this cannot be used for

incoming waves because it would imply that at an infinite distance away from the center of the cylinder,
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the wave has infinite energy. Therefore, the inward propagating waveform is set to zero, thus explaining

why Figure 4.1 shows only outward propagating waves in the outermost layer.

The recurrence relationships for the Bessel functions are different. Using the same terminology as
[Pavlakovic & Lowe 2001], recurrence parameters v, and y, are introduced. In Table 4.1, the values for
the recurrence parameters were given subject to whether o and B are real or imaginary. The recurrence

parameters have been utilized in the general recurrence relationships found below:

z,"(or) =%zn (T ot A (=3 FO (1.9)
Z '(Br)=%Zn (S I A (T O (1.10)
Zon (@) =0z, ()= 7 () o @1
zn+1'(ﬁr)=ﬁzn(ﬁr)—(irfl—)zn+l (BE) oo @i
W, '(or) =%w,, (0) = OWi g (0F) oo eeeeeeee s 1.13)
W, '(Br)=%Wn (LA (7 OO 114)
W, (o) = 7,0, (ar)—(—n:—l)wnﬂ (OF) oo @15)
W, '(Br)=1v,BW, (Br)—M Wt (BE) e (1.16)

Please note the following substitutions whenever a second derivative appears.

2 2
R N P @L17)
or? ror | 2
2 2
AL L TN S e N @L.18)
or? r or r?
0%h 1 oh n? _,

A et U (R NS L19
or? r or +[r2 g J * 19)
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APPENDIX J:
TRANSDUCERS

The transducer type used to send and receive lower frequency guided waves was a piezoelectric
compressional transducer (Digital Wave model B-1025), with a 0.365" (9.3 mm) diameter face. To test
the response of the transducer over the lower frequency region, two transducers were coupled face to face
with the response of several invoked frequencies recorded. A 50-cycle (toneburst) pulse was sent in at
frequencies between 20 and 250 kHz in 5 kHz increments with the signal amplitude at 200 volts peak-to-
peak. The highpass filter was set at 1 kHz and the lowpass filter was set at 300 kHz.

1g4----a——-

L AT T T T T T T T - -T-T-- == [ 1

i | | |

2 i | i I

308-——~~— - Y- e

1 | |

o | |

| |

50.6- ——————————————————————————————— Foomoooes !

B : :

Nodt-—f--- NN R

© | 1 I |

£ . | | | |
0024+--F----- AAN--f---- e e e

Z ; | I I I

| | | | |

0 l | | | |

0 0.05 0.1 0.15 0.2 0.25

Frequency (MHz)
Figure J.1: Frequency response of transducer set (Digital Wave model B-1025) used for low frequency testing.

The transducers used to generate Figure J.1 show that the response is not completely flat over the
frequency range used for testing. This distribution of invoked response can be seen in the results.
Tonebursts are used in this report to try and isolate certain frequencies. Figure J.2 shows four frequency
domains for the same set of Digital Wave transducers coupled face to face with single, five, fifteen, and
thirty-cycle pulses at 250 kHz invoked.
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Normalized Amplitude

0 0.05 0.1 015 0.2 025 0.3 ?35 0.4 0.45 05
Frequency (MHz)

Figure J.2: Frequency domain for transducers coupled face to face with a single, five, fifteen, and 30-cycle

toneburst signal at 250 kHz invoked.

The transducer type used to send higher frequency guided waves was a piezoelectric contact
compressional transducer (Panametrics model V110), with a 0.25" (6.35 mm) diameter face and a center
frequency of 5.21 MHz. The transducer type used to receive higher frequency guided waves in through-
transmission mode is the same model transducer but with a center frequency of 5.1 MHz. Figure 1.3

shows the response of the two Panametrics transducers used to generate higher frequency waveforms.

3

a 0.8' ““““““ Pttt _: ““““““““““““

2 | i

< 97 : [ ; NG :

? | ! ! ! . |

S 044f---- [ i HE T P I S |

£ ! | | | | ! 1 '

2 %21 T v I C T o [ :
0 ' ' ' ' ' ; ' l
2 3 4 5 6 7 8 9 10

Frequency (MHz)

Figure J.3: Frequency response of transducers (Panametrics model V1 10) used for high frequency testing,
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APPENDIX K:
SPECTROGRAM

For a collected signal it is useful to view the frequency content based on the time-of-arrival. This can be
accomplished by the use of a spectrogram. A spectrogram is of primary importance to identify multiple
guided wave modes within the same signal. A time-dependent Fourier transform can be used to see how
a spectral distribution of a nonstationary process evolves with time [278]. To calculate the time-
dependent Fourier transform, a discrete-time Fourier transform is performed within a finite windowed
segment of the time domain signal. The window is then slid further down the time axis, overlapping the
previous window, and again calculating the time-dependent Fourier transform. The process is continued
until the entire signal has been processed. The time-dependent Fourier transform can be interpreted as a
smoothed version of the Fourier transform of the part of the signal within the window [279]. The results
can be viewed as a two-dimensional plot of frequency content as a function of time, with the magnitude
of the signal shown as color. This is referred to as a spectrogram. Figure K.1(a) shows a time domain
signal. The signal is comprised of 8,192 points, collected at a sampling rate of 25 MHz. A spectrogram
has been computed for this signal using a Hamming window of 400 points. Each consecutive window
will overlap the previous for 390 points. The spectrogram is shown in Figure K.1(b).

(a) Time Domain
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Figure K.1: (a) Time domain signal and (b) spectrogram.
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Matlab was used to generate all spectrograms shown in this report. The specific command for generating
the spectrogram shown in Figure K.1(b) was spectrogram(data,400,390,8192,25000000), where ‘data’ is
an array containing the collected signal. A colorbar has been added to the right side of the spectrogram to
show how color indicates the magnitude (in decibels) of the signal. Notice that a shaded region has been
added from 186 ps to 200 ps for both the time domain and spectrogram. This is mean to illustrate the
effectiveness of the spectrogram, allowing the frequency content to be viewed based on the time-of-

arrival. For closely spaced dispersion curves, the reassigned spectrogram can be used and is discussed
elsewhere [280].
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