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The condition evaluation of in-situ concrete with non-destructive teisting
difficult at best. The concrete deterioration processes of alkali-sdazion (ASR),
delayed ettringite formation (DEF) and freeze-thaw cycles all peodistributed
damage in the form of micro-cracking which results in loss of strength orestsff
Presently, a suitable field applicable method for determining the degraerof m
cracking does not exist. The impact echo test is potentially the best cantlidat
improvements can be made in the signal processing techniques which are @rucial f
accurately interpreting the data retrieved from concrete with disgtdliamage.
In this research, two batches of concrete specimens were prepared in
accordance with standard procedures. A portion of each batch was subjected to either
the Modified Duggan cycle or to Freeze Thaw cycles, both proven methods of

inducing DEF and micro-cracking respectively. Curing techniques and mateeesd

also chosen to accelerate distributed damage in the concrete specimens.dn tdditi



the impact echo, a number of secondary tests were employed to monitor the progress
of distributed damage in the concrete specimens.

Previous research efforts utilizing the impact echo method have attempted to
characterize damage in terms of P-wave attenuation or pulse velocity. Thieswvol
signal processing in the time domain. These are inherently linear dyian@ibods
whereas the development of micro-cracks in concrete, an inhomogeneous material
gives rise to non-linear dynamics. Non-linear approaches to signal pngcesthe
frequency domain are proposed herein. One involves calculating the deviation of the
peak of the response spectrum from the shape of an ideal Lorentzian function model.
The other calculates the second order non-linear harmonic coefficient.

The results showed that the potassium content, the curing methods and the
Duggan and Freeze Thaw cycles had the desired effect of inducing distributed
damage. The results of the signal processing of the impact echo datd pielce
reasonable results for the specimens subjected to Freeze Thaw testiiog than
specimens subjected to the Duggan Cycle. The results of the Freeze Thavespeci
suggest that the non-linear analysis of impact echo signals is capabterately

guantifying distributed damage in concrete.
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Chapter 1: Introduction

1.1 Problem Statement

To be sure, the non-destructive determination of deterioration in in-situ
concrete is difficult at best. The concrete deterioration processes ofsdikal
reaction (ASR), delayed ettringite formation (DEF) and freeze-theales all
produce distributed damage in the form of micro-cracking which results in loss of
strength or stiffness. Replacing or repairing, and maintaining suchetens costly
and will incur delays in access to and use of such structures. Presently, a galthble f
applicable method for determining the degree of micro-cracking does nofldrast
potential benefits that non-destructive testing holds for filling this void, pardon the
pun, are incalculable.

Many researchers consider the impact echo test as the best overatjuechni
presently available for achieving this goal because it is robust, one sidedldrdyie
good signal to noise ratio. Currently, commercial interests have pioneered tfe use
impact echo for myriad of uses. However, the state of art, especiallyrcionce
signal processing, still needs to be improved if the impact echo method is to be used
to achieve this goal.

Previous research utilizing the impact-echo method has characterized the
damage in terms of changes in the attenuation factor, or pulse velocity, which a
obtained by processing the signal in the time domain. However, these are igherentl
linear dynamics method while the development of micro-cracks gives rise to
nonlinear dynamics. In recent years non-linear acoustic techniques have bee
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successfully employed for the assessment of cracks and damage in Tietassults
of these assessments have demonstrated that non-linear acoustics i gibre se

than linear ultrasonics for monitoring the development of damage.

1.2 Background

This research stems from a previous research effort that was focused on
Delayed Ettringite Formation (DEF) as the primary source of disttbdamage. The
present research seeks to encapsulate other sources of damage while developing
signal processing techniques for the impact echo method to accuratelyyquantif
distributed damage as a whole.

Delayed ettringite formation (DEF) is a term used to describe a
physicochemical process that may lead to the premature deterioration i@teonc
Concrete deterioration due to delayed ettringite formation and alka#i sdactions
have been identified as a cause of premature cracking and deterioration @econcr
structures in many parts of the world since the early 1980’s. This distributedelama
mechanism is a matter of controversy among researchers. Many contrasting
hypotheses have been suggested for explaining the mechanism; one such researc
suggests that for DEF induced damage to occur three essential components must be
present. These are micro-cracking, exposure to moisture and late or dwlkpjede
release.

During the past two decades, many research advances have been made to
upgrade infrastructure, from new materials and innovative structural sytstéotal

guality management principles and improved organizational effort. Yet majorrbarrie



still exist. Perhaps the most important of these is the lack of reliablage-pbn-
destructive testing methods for the condition evaluation of concrete structures.
The study of the spectral response and damping of concrete started in the
1930’s and most of the fundamental research was carried out before the 1970’s
(Amick and Monteiro, 2006). This was before the dawn of computerized data
acquisition and signal processing. Much of that earlier work was hampered by the
limitations of the measurement technology available. The ultrasonic irmpectti
concrete has traditionally been limited to rather simple measurements @zhohuct
the time domain, such as the pulse velocity which is the backbone ASTM C597. This
test is leaned upon to correlate the concrete properties of existing ssuizaesl on
the P-wave velocity. However, with distributed damage and the inhomogeneous
nature of concrete, signal processing is required to be performed in the frequency

domain.

1.3 Objectives and Scope

1. Perform a literature review to understand and evaluate the various ultrasonic
non-destructive testing methods available and their respective signal
processing techniques.

2. Prepare concrete specimens based on proven techniques for initiating
distributed damage. These techniques will be based around the selection of
materials and additives, the curing method of the concrete and processes to
accelerate distributed damage; namely the UMD Modified Duggan Cycle and

Freeze Thaw cycles.



3. Apply advanced material testing methods to monitor the process and progress
of distributed damage in the concrete specimens. These tests include
expansion, weight change, fundamental frequency, compressive strength and
SEM images.

4. Perform impact echo tests on the concrete specimens to gather data on the
condition of the specimens over time.

5. Apply advanced linear and non-linear signal processing techniques in an
attempt to quantify distributed damage in the concrete specimens. This
includes but is not limited to cutting edge and novel non-linear signal

processing techniques.

1.4 Research Significance

Non-destructive testing methods are needed to determine damage iryits earl
state and to evaluate the condition of existing concrete structures. Destructi
methods such as taking core samples alter the integrity of the structunel acel
damage to the core samples by extraction. Non-destructive test methods are
commercially available for determining large fractures in conckaevever, the state
of the art needs to be improved in order to detect micro-cracking associated with

distributed damage.



1.5 Thesis Structure

This thesis consists of nine (9) chapters. The first chapter introduces the
subject and provides background, objectives and research significance. Chapter 2
discusses the major distributed damage mechanisms and the cement chelaistty r
to them. Chapter 3 provides a comprehensive literature review of the major and
current non-destructive tests available for concrete inspection. Chapteméothk
sample preparation methods for the concrete specimens and explains the tests
employed to monitor said concrete specimens. Chapter 5 presents the results of the
tests used to monitor specimens subjected to the Duggan cycle. Chapter 6 presents the
results of the tests used to monitor specimens subjected to the Freeze-Tleaw cyc
Chapter 7 provides the methods and results of signal processing techniques used to
evaluate specimens subjected to the Duggan cycle. Chapter 8 provides the methods
and results of signal processing techniques used to evaluate specimens subjected to
the Freeze-Thaw cycles. Chapter 9 summarizes and provides conclusions for the

research.



Chapter 2. Cement Chemistry and DEF

2.1 Introduction

Premature deterioration of concrete in structures is a worldwide phenomenon.
Replacing or repairing, and maintaining such concrete is costly and witldetays
in access to and use of such structures. Well designed Portland cement concrete is
typically a durable material. However, material-related distressme®ccur which
affect the concrete durability. The deterioration of concrete in the &eld i
combination of corrosion, alkali-aggregate reaction, delayed ettringreafmm
(DEF), sulphate attack, alkali-silica reaction (ASR), alkali-carborestetion (ACR)
and the freeze/thaw cycle.

Concrete deterioration due to delayed ettringite formation and alkedi sili
reactions have been identified as a cause of premature cracking and dieteriiora
concrete structures in many parts of the world since the early 1980’s. Thisutiestri
damage mechanism is a matter of controversy among researchers. Maasticgntr
hypotheses have been suggested for explaining the mechanism; one such researc
suggests that for DEF induced damage to occur three essential components must be
present. These are micro-cracking, exposure to moisture and late or delaheades
release.

Throughout all the varying researches it is apparent that there exists a very
close relationship between DEF and ASR. For this reason this chapter will be
focusing on presenting the results of a literature review into the causes of bot
mechanisms. A more detailed analysis of DEF will be presented becauseit is t
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focus of this research and it is naturally more complex and because it ieéebs c
understood in the concrete industry. Review of the ASR mechanism will provide
primarily background information.

The goal of this chapter is to provide an explanation of how these mechanisms
occur, and to document how they produce distributed cracking in concrete structures.
This chapter will provide useful information for subsequent chapters in order to
develop a method for the detection and quantification of damage caused by DEF.

Suggestions for preventative schemes will conclude the chapter.

2.2 General

Ettringite is a term used to denote a number of minerals that have similar
crystal structures. Using the term Ettringite without qualificatiderseto sulphate
Ettringite. Ettringite is a naturally occurring mineral that ferim concrete both at
the mixture stage and later in the life (after months or years) of the bdrdencrete,
known as ‘Delayed Ettringite Formation’(DEF). Ettringite is a compléxenal that
forms naturally in concrete, while the concrete is still plastic, during tihe ea
hydration process. This formation is due to reaction between gypsum and other
sulphate compounds with calcium aluminates. Gypsum is added to the concrete
mixture as a clinker to retard the hydration of calcium aluminates. The early
formation benevolently influences application properties of concrete suctiiag,se
durability and strength. In fact, this early form of Ettringite works sisedeton
providing the principal source of early stage strength. It is generaigvbdlthat

DEF can cause expansion of concrete. Examination of deteriorated concrete by



optical microscopy and scanning electron microscopy (SEM) has shown that
Ettringite filled cracks, cavities and formed around aggregates.

Another cause of premature concrete deterioration is the alkali sdiciore
(ASR). When sodium and/or potassium (alkali) from the cement, or other sources,
attack the silica rich components in the aggregate, gels are produced that exband a
crack the concrete. A dark rim around the aggregate particle and crackieg of t
aggregate particle with the ASR gel in the cracks may characteridesttess of
concrete due to ASR. Severe ASR can lead to extensive map cracking of the concrete.

The resulting deterioration of concrete from DEF and ASR is very siaslar
both produce internal pressures within the brittle concrete. Both ASR and DEF are
associated with expansion, extensively distributed cracking and reducex $iéevi

of concrete.

2.3 Background — Delayed Ettringite Formation

In 1965 Kennerly was one of the first to report possible problems with DEF.
He examined exudations at a cold joint in the Roxburgh Dam, Otago, New Zealand.
Analysis indicated that the white deposit was ettringite. Then, in the 1980’s,
definitive reports were made identifying DEF as a major contributor to cencret
deterioration in Germany and the United States (Heinz and Ludwig, 1987).
Deterioration by DEF is characterized by the presence of extensiveractkmg on
the surface of the concrete. The interior channels (air voids, cracks etc.) in the
concrete are typically filled with deposits of ettringite. Ettringiid aalcium

aluminates may dissolve and be transported through permeable channelshayareas
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in lime; these compounds will then precipitate as ettringite in lime ricomegirhe
presence of ettringite crystals in concrete generally results pasas®n of the large
aggregates from the cement paste (Mielenz et al.,1995).

The chemical process that occurs in DEF is essentially similar to the
traditional sulphate attack on concrete (Mehta 1986). In sulphate attack, sulphates
from the soil or water in contact with the concrete react with Iydration products
to from ettringite. The formation of ettringite results in expansion of et@end
deterioration of the surfaces exposed to the sulphates. Because of the exteraal na
of the sulphate source, this form of concrete deterioration will not be considered as
DEF.

In the 1980’s the DEF phenomena resulting from internal sulphate attack
became a favourite explanation of concrete deterioration whether or not his wa
actually the case. In Finland, in 1980, the original distress diagnosis wasddsum
be the freeze thaw cycle. In a Cement Industry Research Institute dad@26),
problems prior to 1984 are reported to have occurred in Germany with heat treated
prefabricated concrete elements. The report notes that heat treatiménbh
important effects to initiate these problems: (1) an inadequate pre-¢reéahows
internal de-bonding between aggregate particles and the paste matrix, and throug
cracking, (2) heat treatment interrupts the normal formation of ettirthis
formation continues later in the hardened concrete with undesirable effeds. It w
noted that the solution to the problem is to provide an adequate period for pre-curing.
In 1980, Ghorab et al performed the first important work related to DEF. He found

expansions when specimens were cured at temperatures greater than 80° C. He



reported that the time at which the treatment occurred was not important bustthe he
treatment was found to be an important component if expansion during soaking was
to occur. His view was later confirmed by work done at the Research Institute a
other researchers such as Ozol, 2000.

The standard method for the identification of DEF is done by petrographically
examining samples taken from the distressed concrete. The use of high power
microscopes and X-ray diffraction techniques are frequently required ty trezif
presence of ettringite crystals in concrete (Mielenz, et al. 1995). Smararchers
have attempted to develop a laboratory test method to evaluate the potential of a
concrete to exhibit DEF related distress in service (Grabowski, et al., 1992998y
these efforts have not produced an accepted standard test method to evaluate the
potential for development of DEF in a particular concrete. However, thests axi
test method initially created to measure the potential alkali-silicaeptibility of
concrete. This is the Duggan Test. Some researchers believe this testastsey
for measuring the susceptibility of concrete to DEF. The details of thiwitebe
discussed later in this chapter. There is no accepted test method for the in-situ
identification and verification of DEF available at this time.

At the present time there is no consensus about the exact mechanism(s) of
expansion that occur as a result of DEF or about, the mechanism by which ettringite
reforms in hardened concrete. There is also considerable disagreement among
researchers about the correct term for the distress (Day, 1992). Varearshess

have described the phenomena as secondary ettringite formation, laggtettrin
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formation, and delayed ettringite formation. The term delayed ettringiteafmn

(abbreviated DEF) will be used exclusively in this text.

2.4 Portland Cement and Ettringite

The notation of cement chemists is adopted in this report and the relevant
notations are described in Table 2.1. Portland cement is basically a mixture of
calcium silicates and consists predominately of tri-calcium silaadledi-calcium
silicate, which are abbreviated agSGand GS respectively. Tri-calcium Aluminate
(C3A) and alumino ferrites (§A\F) are also present. Typical weight proportions for
normal Portland cement are as follows; 60%6,A5% GS, 8% GA, and 10% GAF.
Several other compounds are also present in smaller quantities including; sulphate,

manganese dioxide, magnesium oxide and alkali® (KigO).

Table 2.1 — Relevant chemical notations

Compound Chemical Notation Cement Chemist Notation
Calcium Oxide CaO C
Silicate SiQ S
Sulphate S@ S
Aluminum Oxide AbOs3 A
Water RO H

11



Gypsum is added to Portland cement the, otherwise fast setting, reaction that
occurs in the presence of water. Gypsum also influences the volume stdtality, t
strength, and strength development. Since the addition of large amounts of gypsum
can lead to expansion and cracking, limits were placed on the amount that can be
added to cement. The finer the cement the more gypsum needed for proper hydration
(Mehta, 1986). The optimum gypsum content for a Portland cement can be
determined using ASTM C-563, which determines the optimum sulfate content based
upon the strength at 24 hours of cement mortar cube specimens.

The chemical requirements for Portland cement are regulated by ASTM
C150-90 “Standard Specifications for Portland Cement”.

The two silicate compounds {& and @S) are the most important compounds
in Portland cement. They are the primary contributors to the strength ofdifatddy
cement paste. Tricalcium aluminatedAand tetracalcium alumino ferrite {&F)
provide only a small percentage of Portland cement's ultimate strengtran@

C,AF occur in Portland cement as a result of the addition of iron and aluminum
oxides to the calcareous raw materials used in the manufacture of cemamisnd
aluminum oxides act as a flux to facilitate the combination of the lime and silica i
the manufacture of Portland cements. Their addition increases the percéigge o
in a Portland cement (Neville and Brooks, 198%5 3 preferable oversS because

it hydrates more rapidly (Taylor, 1990).
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2.4.1 Primary Ettringite Formation

Primary ettringite formation is a necessary step in the hydration dé&urebrt
cement. Ettringite formation occurs as a by-product of the hydration ogfhe C
component of the Portland cement. In the absence of Gypsum, the reacti@n of C
with water is very violent, wheres8 is converted to calcium aluminate hydrate. This
leads to the immediate and irreversible hardening of the paste (flasBygetum is
added to the cement to slow the reaction of thee CThis retardation is attributed to
the formation of a coating of ettringite on the surface #{ garticles. When mixed
with water, Gypsum reacts withs& to form fine-grained ettringite crystal,
CeAS3H32(3Ca0.Ab03.3CaSQ.32H,0), coatings on the surface ofACparticles.
Initially these ettringite crystals are too small to bridge the gapdest the cement
particles and the mix therefore remains plastic. Ettringite crystdinues to grow
eventually bridging the gap between the cement patrticles. At this sttigg eeturs.

X-ray peaks that are associated with ettringite are deteet#hia a few
hours and the quantity increases during the first day. After this time timgjiédtr
peaks normally weaken, but depending on the chemical composition of the cement
and the environmental conditions, ettringite may persist indefinitelygtngrally
believed that if all the gypsum is consumed through the ettringite reactramyitst
then reacts with mores& and water to form monosulphate hydrate. In average
cement this process starts at about one day and can be monitored as a reduction of the
ettringite X-ray peaks.

When the amount of active aluming®dn cement is low, 5% or less, the

amount of gypsum usually present in Portland cement (5-6%) is sufficient to convert
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all the GA to ettringite. Ordinary Portland cement contains more than 586 C

When the GA content is about 8% the product of hydration with 5% gypsum content
would be monosulphate hydrate.

Chemical formula for Ettringite:

C3A + 3CSH + Hys => CsAS3H3,  (ettringite)

It is apparent that ettringite has a large number of water molecutss in i
structure. During crystallization of the ettringite this can cragtefeant expansive
stresses. This primary ettringite forms during the first few minutéseofement
hydration process and acts as a skeleton, providing the principal source of early stag
strength. Later in the cement hydration process, after the depletionsoilfiéte in
the solution, and the increase in aluminate concentration due to the hydratigy of C
the ettringite becomes unstable and is gradually converted into monosulfeitengcal
aluminate monosulfate hydrate). The reaction is shown below:

CsAS:H32 + 2GA + Ha => 3CASH15 (monosulfate)
Monosulfate is the final hydration product in Portland cements containing less tha
5% GA (Mehta, 1986). This is a highly idealized representation of the reactions
involved. In a real system, three products - ettringite, monosulfatesankyGrate
(C,AH) will be present, in varying quantities, after the completion of the hydration
reactions (Day, 1992). Monosulphate has a much lower number of water molecules

than ettringite and therefore should be less expansive.
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2.5 Delayed Ettringite Formation

Ettringite crystals are produced by the normal chemical reactiondpbiases,
calcium aluminates and water during the early Portland cement hydrdtiese T
needles are harmless to concrete since they are largely formed befionalthet
time of concrete.

The formation and expansion of ettringite, in a sulphate free environment,
after the concrete has hardened is referred to as delayed ettringaéidorEF.

The exact reason for the reformation of ettringite after the initialemang of the
concrete is not known or understood clearly. Currently several researchiehsider

are investigating the mechanisms that could cause DEF.

2.5.1 Mechanisms of DEF

Although early reports have suggested that DEF is confined to steam cured
concretes, damage associated with DEF in non-steam cured concretes hasalso bee
reported. The exact mechanism for the breakdown and reformation of etthniagjite
not yet been determined. Several researchers have reported that insolulgle sulfat
present in the Portland cement clinkeray contribute to DEF. (Mielenz, et al.,1995
and Hime, 1996)

Sulphate Attack

Sulphates can exist in concrete either from an external or internal source.

External sulphate attack is a destructive process that has been wedglyized for a

long time. Internal sulphate attack has been reported in the last two dedagles. T

1. Cement clinker is the term used for Portland cement after firing of the raw materials in the kiln, but
prior to final grinding.
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presence of insoluble sulfate in the cement clinker has been reported as a potential
cause for DEF by many researchers.

Portland cement contains sulfur compounds from the cement clinker and from
the added gypsum. Sulfates from gypsum dissolve fast and participate imgethedi
setting of cement while sulfate in the clinker is slowly soluble and unavatftatieis
reaction. Previous research has attributed the presence of insoluble or slowly soluble
sulfate in the clinker to DEF. DEF is reported to occur as a result of the sulfate
materials slowly entering into solution after the initial setting and hardesfithe
concrete. Ettringite forms when the sulfate entering solution reatt<OpAtH and
water. The chemical reaction is similar to traditional sulfatelatiacconcrete
(Mehta, 1986). Cracking and concrete deterioration occur as a result of theexpans
reformation of ettringite crystals.

The changes in fuels used at cement manufacturing plants were suggested as a
possible source for the clinker sulfates. The sulfur content of different furels ¢
change daily and cause variations in the sulfate content of the clinker.

The issue of slowly soluble sulfates has also been addressed in research by
Klemm and Miller. Their research focused on determining the end products of the
hydration of cements made with high sulfate clinkers. Thirty-three ditfeli@kers
with a wide variety of sulfate contents were included in the study. Labotasinyg
using differential scanning calorimetry showed that all of the sulfate irethertt
was incorporated into ettringite within 24 hours of hydration. Ettringite formation

was determined to occur prior to the hardening of the cement paste. Addititmlly
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sulfate materials in the clinkers dissolve in the presence of excess akumimeh
allows for the immediate formation of primary ettringite (Klemm andevilL997).

The subject of slowly soluble sulfates in cement clinkers is controvetsial a
this time. A recent report released by the Portland Cement Associatiéh (PC
indicates that the sulfate content of cements has risen over the pasdifty(FCA,
1996). The increased fineness of modern day cements is generally cited asdhe re
for the increase. Finer cement grinding requires higher sulfate comteutedquately
control the hydration of theg& (Mehta, 1986). Because of the reliance of the
cement industry on relatively short term tests, as discussed in Section 2.2, the
presence of slowly soluble sulfates could result in cements being produced with
sulfate contents in excess of that needed for the retardatigyidfyQration.

The presence of sulfate materials in the cement clinker is diff@cuttrify.
Neither the AASHTO M-84 nor the ASTM C-150 standards require the testing of the
clinker phase of the cement (AASHTO M-84 and ASTM C-150-95). Chemical
analysis - to determine composition - of Portland cements is conductedhafter t
addition of sulfate to the ground clinker. This specification could allow for cements
with large clinker sulfate contents to remain undetected by the end user of the

material.

Effects of High Temperature Curing
Concrete distress caused by DEF has been associated with concretgslem
that were cured at high temperatures. High temperatures usually ocogy steam

curing or due to concrete’s heat of hydration in the case of large mass concrete
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placement. Heat treatments are commonly used in precast concrete production to
accelerate the strength gain of concrete. Several researchersinay¢at at
temperatures above 140 F (60 C), the ettringite formed during hydration can
decompose and later reform (Day, 1992). The value of 140 F (60 C) represents the
lower bound of temperatures that have been associated with DEF. Note that DEF has
also been reported in concrete pavements and precast elements which have not been
cured at elevated temperatures. (Wolter, 1997, and Gress, 1997)

Aggressive steam curing may cause defective hydration of the cemeht w
initially weakens the concrete by the formation of microcracks in thewrepaste,
poor bond between the aggregate and the cement paste, and the formation of
inhomogeneous microstructure. Such weakening makes concrete vulnerable to
cracking and premature deterioration caused by ASR, sulfate attackydraad
thawing, and DEF.

Steam curing is usually used to minimize the time required to cure new
concrete members. Steam curing is used in conjunction with high early strength
cement (type IIl) in the production of precast concrete members of high early
strength. It will be useful to note here that most of problems caused by DBEB resul
from the use of cement type Ill in the mix design.

Steam curing is also known to dissolve ettringite in the pore liquid of the
hardened concrete if the concrete temperature exceeds 70° C. In conacibeestr
exposed to water or humidity ettringite recrystallizes inducing highléestsesses in

the hardened concrete causing expansion, cracking and premature deterioration.
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Researchers have also reported that relative humidity at elevateddamgser
can affect the breakdown of ettringite. High temperatures in dry environments ar
reported to aggressively break down ettringite (Fu et al. 1994). The exactmsatha
that causes the breakdown of the ettringite is not clearly understood (Day, 1992). The
breakdown is probably related to the instability of the crystalline eitiiag elevated
temperatures. The possibility of competing chemical reactions has alsepeded
as a potential cause for DEF (Fu and Beaudoin, 1996).

Heinz et al [1987] argued that at elevated temperatures primary iegtrsng
broken down to monosulfate. Later when the concrete is exposed to moisture at
normal temperature, the monosulfate is reconverted to ettringite. Heinz et al
considered the S§AI,03 (S/A) ratio to be the critical parameter in assessing the
susceptibility of a cement to potential DEF problems. Cements with S¢& rati
greater than 0.67 o ratios greater than 2.0 have been determined to be
susceptible to DEF (Heinz and Ludwig, 1987 and Grabowski, et al. 1992).

Other research into DEF supports a different mechanism for the breakdown of
primary ettringite at high temperatures. Bothe and Brown have reported tha
ettringite is still present after high temperature curing, and the breakdoducp
(monosulfate) was not observed in X-ray diffraction studies. Their reseanuth fo
that ettringite is still present in samples made in an alkaline environmeghat hi
temperatures.

Expansion and cracking caused by DEF associated with steam curing have
been attributed to uniform paste expansion which results in cracks around the

aggregate particles, subsequently the cracks are filled with ettringier. O
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researchers suggest that the damage is caused by pressure exéeegttying
ettringite crystals (Fu and Beaudoin, 1996). It is also important to note that man
researchers have reported DEF in concrete pavements and precast elememts
have not been cured at elevated temperatures (Wolter, 1997).
Concrete Properties

Almost all of the problems caused by the formation of ettringite occur when
using cement type Il in the mix design. Cement Type Il is used in cenengture,
especially in pavements, because of its higher early strength. ThesBradrtgpe |l
is almost three times that of other cements. It is well known that as finanessses,
the hydration rate and the heat of hydration increase, all of which is assoadtated w
the formation of ettringite (Kelham, 1996). Type Il is more susceptible ¥ DE
because it may contain morg/ACand SQ in the form of calcium sulfate (Fu and
Beaudoin, 1996). It contains morgACto promote high early strength. Many
researchers support the idea that only type Ill cement is susceptible to DEF

As stated previously, one of the essential components for DEF is microcracks.
Concrete, even of the best quality, should not be considered completely impermeable.
With freshly placed concrete, there are visible cracks such as plastic, @atiksage
thermal cracks and drying shrinkage cracks. Also there are cracks béteeen
aggregate and the cement paste, called bond cracks. The permeability deconcre
rather than the cement chemistry appears to be the most importantrfestitiaie
attack. Sulfate is manifested as loss of adhesion and strength associattewiical

decomposition of cement hydration products and the formation of ettringite.
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2.5.2 Mechanisms of Expansion Associated with DEF

The cause of concrete expansion and cracking due to DEF is not well
understood. Crystal growth and swelling are reported as the two possible
mechanisms for the formation of ettringite crystals and their subsequensexpa
(Day, 1992).

The "crystal growth" theory is based upon the theory that expansion is caused
by the formation of ettringite at the surface of reactive cememtsyr&xpansion is
the result of pressures created by the growth of crystals in a confined §raeeth
of the inner layer on the surface of the reactive cement grain pushes out other
particles resulting in expansion. The presence of calcium hydroxide iseckdrir
expansion to occur. When calcium hydroxide is present, the ettringite crystahgr
is topochemical and expansion occurs. A topochemical reaction refers to thanreacti
between the reactive site and the surrounding solution, where the reaction products
are formed on the surface of the reactive particle. In the absence ofrtalci
hydroxide, ettringite forms from solution without expansion (Cohen, 1983). Crystal
growth theory is the result of research into the expansion mechanism assotitlated w
Type K expansive cements. The destructiveness of ettringite formatiated to
where the reaction occurs, because only growth in confined spaces will produce
damage. Crystal formation at an aggregate, results in maximum expansiortttrie t
rigid nature of the aggregate. Formation near air voids or other cavities étlew
cavity to act as an expansion chamber, relieving the stress caused bynidiefoof

crystals (Day, 1992).
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"Swelling" is another generally accepted mechanism for ettrifaieation.
Ettringite forms from a "through solution mechanism". Through solution refeng to t
formation of crystals in a saturated solution. In a saturated calcium hydroxide
solution, ettringite crystals are gel-like and colloidal in nature. The Bugace area
of the colloidal ettringite crystals results in adsorption of significantiifiess of
water and the generation of swelling pressures (Day, 1992). Smalyiggticrystals,
colloidal in size, and formed in an alkaline environment, will possess a negative
charge. The large surface area of the colloidal molecules combined with #tieeeg
charge results in a large attraction for water. Tests performed by Metita=d
the swelling hypothesis (Metha, 1982).

Research by Fu et al. suggests another possible mechanism for theoformati
of ettringite crystals in hardened concrete. The research focused omthag@darof
ettringite crystals in pre-formed cracks in cement pastes. Heat ¢rgatmere used
to produce conditions favorable to DEF. The formation of ettringite in the cracks was
determined to be caused by the preferred nucleation of crystals in cracks which ar
optimally sized for crystal formation. The formation of ettringite @igsin cracks
results in a decrease in the free energy in the system. The presemicegitieein
cracks was verified by the use of scanning electron microscopes (®8Mphargy
dispersion x-ray analysis (EDXA) (Fu et al., 1994). After the ettrirgitstals form
in the cracks, expansion and ultimately concrete cracking will likely lseckby
crystal growth as described above (Fu and Beaudoin, 1996).

In the research by Fu, et al. crystal formation was determined to preftye

occur in crack tip zones rather than on plane solid surfaces in concrete. In the heat

22



cured specimens the cracking occurs due to drying and cooling shrinkage (Fu, et al.,
1994). Other possible sources of cracking, as a potential surface for tettringi
formation include alkali silica reactivity and freeze thaw deterioration.

It is unlikely that one mechanism is solely responsible for the expansion
associated with DEF. Rather, expansion is likely the result of several msoka
acting, with environmental conditions determining which mechanism is dominant. It
should be noted that both the crystal growth and swelling mechanisms require an
alkaline environment saturated with calcium hydroxide for ettringite foomand

expansion to occur.

2.5.3 Holistic approach to DEF

This approach considers concrete construction as a whole including
environmental conditions and loading in service rather than concrete as a laboratory
specimen. The mechanism of DEF has been addressed from the holistic standpoint by
Collepardi in a paper in Concrete International in 1999. In this mechanism it is
suggested that some factors are essential for DEF related damtmgpeabsence of
one of these factors, DEF does not occur. These factors are: the preseiure-of m
cracks, exposure to wetting-drying cycles, late sulfate releasethe cement clinker
or other sources, and the migrations of reactant ions through the pore aqueous
solution of concrete exposed to water or saturated air. Ettringite deptsitke
existing cracks and subsequently the cracks are opened by ettringitegsavell

crystal growth.
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2.6 Alkali Silica Reactivity

Alkali-silica reactivity (ASR) is a type of distributed damage medrarthat
occurs when the alkalis contained in Portland cement react with siliceougafaater
the aggregates in the concrete. In the presence of water, the reaction mwdlicts
resulting in expansion and cracking of the concrete. The cracking pattern in
unrestrained concrete takes on the appearance of a random network of fine kcracks
restrained concrete, cracks tend to form perpendicular to the axis of minimum
restraint to cracking (Taylor, 1990). The problem of ASR has been extensively

studied since it was first documented by Stanton in 1940.

2.6.1 Alkali-Silica Reaction Chemistry

The conditions necessary for ASR to occur in a Portland cement concrete are
a sufficient content of alkali oxides in the cement, a reactive aggregatesapdya
of water. Alkalis (typically Naand K') occur in Portland cement as a result of the
raw materials used in the manufacture of the cement. Alkalis can also be present
from external sources such as contaminated deicing salts and environmeutarpoll
(Taylor, 1990). All aggregates that contain silica are potentially susceutialieatli-
silica related reactions. Typically, only aggregates with a loosely bound or
amorphous silica structure are involved in reactions. These potentiallyweeacti
materials include opals, chalcedony, cherts, flints, certain forms afedrguartz,
and other materials (Mehta, 1996).
The ASR reaction starts with the breakdown of the silica structures in tregatgs
due to exposure to hydroxide ions. The hydroxides are present as a resultlalthe al

products entering the pore solution. The damaged elements of the silica stiteture
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then free to react with alkalis (Nand K') to form a water-soluble alkali silicate.

The alkali silicate material occurs as a dense gel (secondary Jispostunding the
reaction site on the surface of the reactive aggregate. The gel matmiattracts
moisture from the surrounding cement paste. The resulting osmotic pressure may
cause some of the expansion and cracking attributed to ASR (Czernin, 1980). The
cracking will have the external appearance of randomly oriented cracks on the
concrete surface. Frequently the cracks will have a mottled or wet apEeanaine

concrete surface.

2.6.2 Relationship with Delayed Ettringite Formation

The simultaneous occurrence of ASR gel products and ettringite in
deteriorated concrete has been reported by several investigatorsi@yieilal., 1995,
Shayan and Quick, 1992, and Johansen et al. 1993). There are several factors that
suggest that concrete experiencing distress due to alkali-silidevityanay be more
susceptible to DEF. The results of research by Brown and Bothe suggest that the
decrease in alkali content in the pore water of concrete due to ASR, resulting in a
lower pH, may create a favorable environment for DEF. Using this hypothesis,
ettringite should form at locations where the pH is lowest. This will caresio the
paste aggregate interface where ASR gel products are present. Thigatiees by
Mielenz, et al. and Shayan and Quick both report the occurrence of ettringienadjac
to alkali-silica gel products in deteriorated concrete railroad tiedéMiget al., 1995
and Shayan and Quick, 1992).

In their investigation into concrete railroad tie deterioration, originally

attributed to DEF, Shayan and Quick concluded that the damage was the result of
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ASR. Ettringite was reported to have formed as a secondary product after the
creation of cracks by ASR. This conclusion is based upon examination of railroad
ties with varying amounts of deterioration. Only minimal signs of ettengére

found in railroad ties without visible cracking. In contrast, ASR gel products were
observed in all of the examined railroad ties (Shayan and Quick, 1992).

Research by Shayan and Ivanusec has shown that steam curing of mortars
prepared with excess sulfate may not lead to DEF in the absence of alkalereac
aggregates that produce expansion and microcracking. The research showed, in
steam cured mortars containing reactive aggregates and alkali, the additidatef sul
increases the amount of observed expansion. This indicates that DEF may contribute
to expansion in this case. In mortars prepared with reactive aggregatelsadind al
cured at 40 C, the addition of sulfate did not increase the amount of observed
expansion. This research indicates that elevated temperatures (iipaiader C) may
be necessary for the simultaneous observation of DEF products with ASR products
(Shayan and Inanusec, 1996). This finding has not been reported by other researchers.

Growth of ettringite crystals, after the initial formation of cracksy e
contributed to the extent of cracking in the railroad ties. The formation ofgatri
could result in the release of hydroxyl ions from Ca(®®hich will enhance the
ASR (Shayan and Quick, 1992). The finding of ettringite in cracks formed by ASR is
consistent with the research by Fu et al. which found that ettringite ptefersn in

preexisting cracks (Fu et al., 1994).
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2.7 Factors Affecting Delayed Ettringite Formation

For expansion and cracking due to DEF to happen, some researchers suggest
that several chemical and environmental conditions have to be all satisfied. Thes
conditions have been identified as; heat treatment temperature higher than 70°C, hig
SO/ AlLO3 ratio in the cement i.e. 0.5-0.6, and that concrete or mortar be stored in
water or a nearly saturated environment. Also, the rate and expansion due to DEF has
been found to be affected by other factors as well including; ASR, cement
composition, the aggregate type used, crack inducing treatment and storage or service
conditions. These factors will not determine whether DEF is formed but will hasten

the process.

2.7.1 Cement Chemistry

Mortar samples made of 40 different cements were used to study theoéffec
cement composition on expansion and cracking due to DEF. The samples were cured
in a cycle that included heat treatment for 3 hours at 100°C then stored in water at
20°C. Expansions were monitored during a period of 2-4 years. A significant
relationship between expansion at ages 400-800 days and the contergsM§SO
and NaO was observed (Taylor, 1993).

To understand the effect of $€ontent and the curing method on the strength
and expansion of concrete, two different clinkers of high &d GS content, were
blended with gypsum to give cements of;®0ntent from 2.0 — 7.5%. The concrete
samples were then heat cured. The expansion and strength of concrete were
monitored for 182 days. Large expansions were observed for samples haying SO

content above 3.8%.
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2.7.2 High Temperature Curing

Day has reported that heat treatment of concrete has been a signifisant ca
of DEF. Changes in heat treatment procedures have been found to eliminate the DEF
problem in concrete railroad ties manufactured in Finland. (Tepponen and Eriksson,
1992). Many European concrete associations have amended their specifications for
concrete curing to mitigate the problems associated with steam curingndiniy
deals with limiting the range of temperature increase during curingraitithd) the

maximum temperature of the specimens (Day, 1992).

2.7.3 Poor Quality Construction

Air entrained concrete is beneficial to increase the durability of thetste
to the freeze — thaw cycle. Air entrainment consists of the addition of chenecds$ ag
to the concrete during mixing that stabilize small air voids in the hardened teoncre
The air voids act as relief areas for absorbed water when the conengbesed to
freezing temperatures. Water that is present in the pore spaces of ttetecmnable
to diffuse into the air voids and freeze without damaging the concrete.
Several possible sources of ettringite in pavements have been reported. They
include:
1. Ettringite occurring due to DEF
2. Use of deicing salts contaminated with gypsum
3. Freeze-thaw deterioration due to an inadequate air void system, with

ettringite crystals forming after crack initiation.
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An adequate air void system is the simplest and most economical method of
ensuring the long-term durability of a concrete pavement exposed to freeze-t
conditions. The small cracks created by freeze-thaw deteriorationtaogoncrete
to become more permeable, allowing water access, and thus significantigutorg

to other distress mechanisms. Proper quality control is the best way to achgeve thi

2.7.3 Poor Quality Materials

To ensure high quality concrete, the Portland cement, aggregates, and any
supplementary cementitious materials such as fly ash, blast furnace slgigaor
fume need to be satisfactory. Test methods are available that allow fotebiote
of reactive aggregates and cements. These test methods must be used throughout the
construction process. Several researchers have recommended improvements in the
current standard specification for Portland cement. These changes anenerwted
to prevent the occurrence of DEF and ASR. Specification changes are also being
considered by the Texas Department of Transportation. The proposed changes are
summarized below:
1. Limit the total alkali content in a concrete mix to a maximum of 5
Ibs/ycf. The current specification classifies cements with alkali
contents below 0.6% alkali, expressed as equivales® Nss low
alkali cements. (ASTM C-150,1995) Use of the 5 IbSfydximum
alkali content has been successful in both Germany and Canada in

reducing the prevalence of ASR related problems (Gress, 1997).
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Limit the sulfate content of Portland cements to the amount required for hydration of
the GA component of the cement. A limit of 3% by weight of cement has been
recommended by Gress (Gress, 1997). This recommendation is made without
consideration that finer cements, as discussed in Section 2.4, require higher sulfate
contents.

The use of pozzolanic materials such as fly ash, blast furnace slag, anflisiég

as supplementary cementitious materials has increased significargbemt years
(Mehta, 1996). Prior to their use in concrete, these materials should be chemically
tested to identify potentially deleterious materials. The presenck®f and SQ

should be of particular concern. Tests methods need to be developed to ensure the

compatibility of these supplementary materials with Portland cement.

2.8 ldentifying Ettringite

Understanding the processes by which ettringite forms and the reasons for
forming have proven a formidable task for researchers. Furthermore, finding a
simplified field test by which ettringite can be readily detected ia &wther from
discovery. It is one of the goals of this thesis to define a testing techniquelthat wi
accomplish this task.

Delayed ettringite formation is usually associated with cracliseapansion.

The external cracks that are associated with DEF are randomly drsemtace

cracks. These cracks vary from one or two to extensive map cracking. On the other
hand, internal cracking is accompanied by ring cracking around the aggregate
particles. It has been suggested that without the presence of thesackyj c

ettringite should not be diagnosed as the cause of cracking
30



Ettringite can be detected using X-ray diffraction, of a finely powtlere
sample. However, this method may not detect it if it is present only in small
guantities. Alternatively, the scanning electron microscope (SEM) has begnus
SEM a beam of electrons with an accelerated voltage of 10-20 kV is trained at the
concrete sample. As a result, three signals are produced; secondaonelERE),
backscattered electrons (BE), and X-ray. The SE are used to obtain the morphology
of the microstructure of the samples while BE are used reflect the ddésrém
atomic number. Energy dispersive X-ray analysis (EDAX) is used to obtain the
elemental composition of a point on the image produced. Each element is identified
by its position of its peak and a quantitative analysis by weight of elersents i
calculated by a computer. This process must take place in a laboratory.

Visually distinguishing between ASR and DEF in concrete is not a simple
task. Both distress mechanisms produce distributed cracking. In cracks, secondary
deposits, the results of the ettringite reformation or ASR, are ggnebalérved. The
secondary deposits (ettringite or ASR gel) from both ASR and DEF will have a
whitish appearance under a light microscope. Figures 2.1 and 2.2 show polished
concrete specimens under a light microscope at 100 to 150x magnification. The
specimen with cracking due to DEF is shown in Figure 2.1, which is virtually
indistinguishable from the specimen with cracking due to ASR shown in Figure 2.2.
The use of higher magnifications (418x) does not improve the ability to distinguish
between the distress mechanisms. This can be seen in Figure 2.3 and 2.4 which show
the same specimens at higher magnification. The image is focused orckseatra

the cement paste/aggregate interface. In Figures 2.3 and 2.4, the seconddts/ depos
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in the cracks have the same whitish appearance as the specimens at lower

magnifications.

2.9 Summary

A thorough literature review has been performed as to the causes and effects
of delayed ettringite formation. This revealed that the exact reason forsDiot
well understood. The reason for ASR is more clearly understood, however it is
apparent that more research is necessary first to investigate DEF ratigethe
relationship between DEF and ASR.

Specific suggestions for further research and conclusions based on existing
research are summarized below:

1. Given the current cement production and concrete construction practices there
appears to be a potential for a delayed ettringite formation problem in North
America and around the world. It is highly probable that DEF can lead to
deterioration of heat treated concrete. There is some evidence that non-heat
treated concrete may be subject to deterioration from DEF.

2. Three main reasons lead to DEF. High permeability of concrete, exposure to
moist conditions and concentration of sulfate ions. Also, it is clear that heat
treated concretes are more susceptible to DEF.

3. The effect of DEF is substantially reduced by inclusion of an adequate air-
entrainment void system in the concrete.

4. The alkali content in a concrete should be limited to 5 IBs/yd
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5. Utilize the recommendations of the European Committee for Standardization
for the heat treatment of concrete. The specifications limit the rate of
temperature rise during curing, the maximum curing temperature, the cooling
rate and the required protection against moisture loss (European Committee
for Standardization, Concrete, 1989).

6. Modification of the test procedure contained in ASTM C-1038 to include a
longer storage period in water may be considered. A minimum period of 90
days is recommended.

7. Modification of ASTM C-150 to require testing in accordance with ASTM C-
1038 for all cements manufactured with sulfate content greater than 3%.

8. Further improvement of the Duggan Test may result in the development of a
useful standard to assess long term dimensional stability and durability of
concrete.

Based upon the results of the literature review, both ASR and DEF will
produce similar forms of internal cracking in concrete structures. Beohtiss,
distinguishing between damage mechanisms using transient stress wawes vél
possible. Other techniques such as Autoradiography have to be used to clearly

determine the presence of ettringite.
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Chapter 3: Non-Destructive Testing

3.1 Introduction

The importance of the in-place evaluation of concrete’s material itytegri
cannot be overstated. The potential benefits that non-destructive testing holds for
achieving this goal are incalculable. Many avenues of non-destructiveyteatie
been explored in order to detect and characterize distributed damage in concrete
Visual inspection, sounding, core taking, radiography, nuclear methods and
petrographic analysis are some of the more typical examples. Other methods such a
spectral analysis of surface waves (SASW) are generally mpengixe and are just
finding application to concrete. Generally, ultrasonic methods hold the most potential
for providing an in-place non-destructive testing method for the condition evaluation
of concrete structures.

The present research effort is focused on identifying more practictl, cos
effective and reliable methods. These methods will be constrained by fouacriter
(a)Nondestructive, (b) local i.e. Provide information about the existing condition at a
specific locality rather than about the average condition between two locations;

(c) One sided, i.e. the test can be performed when there is access to only one side of
the concrete (d) inexpensive.

Currently no single test meets all of the above requirements with duleepta
reliability. Some researchers, including the author, consider the impaciestias t

the best overall technique presently available because it is robust to noisdasd yie
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better signal to noise ratio. However, when the discontinuities are not pardtiel to t
surface their detection is limited by this method.

From the outset more common and potentially useful nondestructive methods
were examined. Also, the analysis techniques commensurate with these metieods we

appraised in order to highlight the advantages and disadvantages.

3.2 Distributed Damage

Distributed damage is usually manifested as map cracking or miakirga
in concrete. Micro-cracking in concrete is caused by many types of damage
mechanisms. For example, DEF, ASR and sulphate attack are all examples of
deterioration in concrete.

Damage in concrete first develops as micro-cracking when curing, due to
shrinkage and the resulting stresses. The micro-cracks form at the weakesf the
concrete, that is, at the boundaries between the aggregate and paste matrix. Thi
boundary is referred to by some researchers as the interfacial trazsitie (1TZ). It
is weakest due to the disparities between material properties such iasmedastius,
density and moisture content. Micro-cracks eventually combine in the formaiof st
localization, where evenly distributed micro-cracks coalesce to fonajar crack.
This hazardous potential underscores the importance of developing non-destructive

techniques for the condition evaluation of concrete.
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3.3 Pulse Velocity Method

Presently, only a few non-destructive tests are established that dekect a
guantify early damage in concrete. One of these is governed by ASTM C 597,
“Standard Test Method for Pulse Velocity Through Concrete.” The pulse velocity
method uses linear ultrasound to detect internal cracking in concrete.

In this method the through transmission ultrasonic time of flight in a known
thickness of concrete is measured with a simple timing unit. For best resalts, tw
opposing sides of the member should be accessible. Frequencies between 25 - 250 Hz
are typically used. If higher frequencies are attempted this results ificsighiosses
of wave energy. Concrete bulk L-wave velocities vary from 3500 m/s to 4500 m/s,
depending on the concrete composition, age and condition.

One of the reasons for the poor results offered by this method is due to the
assumption that the bulk pulse velocity is independent of ultrasonic frequency used.
This implies that concrete is a non-dispersive, linear material. This is nmagbeA
525% increase in measured velocity has been reported for a frequency increase of 25

kHz to 2.25 MHz. (Shah and Chandra, 1970)
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3.4 Spectral Analysis of Surface Waves (SASW)

Spectral-Analysis-of-Surface waves (SASW) method is a nonudéste and
non-intrusive method that by means of measuring Rayleigh wave dispersion can
determine the vertical variation of material stiffness. The spectralsasalf surface
waves technique (SASW) was developed initially for geotechnical appfisatuch
as the evaluation of pavement sub-grades. More recently, attempts have been made to
adapt the technique to concrete structures.

SASW is a surface wave method used for determination of layer thickness,
velocity (stiffness), and integrity of concrete, asphalt, timber and masoacyuses.

This method is based on the propagation of mechanically induced Rayleigh waves.
By striking the concrete surface with a light hammer, a transient steegsisv

created (surface or Rayleigh), which is registered by two transducees! pfaline

with the impact point on the ground surface at fixed separations. The transducers,
which may be small accelerometers, register the passage of the Wieereceiver
outputs are plots of the phase difference between the two transducers as a function of
frequency. A profile of Rayleigh wave velocity versus wavelength,-caled
dispersion curve, is calculated from the phase plot. The ratio of Rayleigh wave
velocity to shear wave velocity is approximately 0.9:1; thus, the shear waveyeloci
can be estimated. The shear stiffness (G) of the concrete camcddateal from the
shear velocity if the material density is known, and a plot of ground stiffness as a

function of depth from the surface can be obtained.
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Rayleigh waves have velocities that depend on their wavelength, a phenomenon
called dispersion. Waves having different wavelengths sample to different,depths
with the longer wavelengths sampling to greater depths. Figure 6 illugtrates
sampling depths and particle motion of two Rayleigh waves having different
wavelengths.

This principle can be used to locate and roughly delineate in-homogeneities

such as voids.

Air Rayleigh Wave Vertical Paricle Motion
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Figure 3.1 - Variation of Rayleigh wave particle motion with depth.

The surface wave dispersion curve can be measured using an active source
and a linear array of receivers. The dispersion curve is then inverted to detdreni
corresponding shear wave velocity profile.

In the SASW method, a Fast Fourier Transform (FFT) analyzer or P@-base
equivalent is used to calculate the phase data from the input time-voltage. signals
Typically, only the cross power spectrum and coherence are recorded. Coherent

signal averaging is used to improve the signal-to-noise ratio. Thalailigjlof

38



either two- or four-channel analyzers has traditionally limited the nunilbeceivers
used. Because of the initial processing done by the analyzer in the field, the
effectiveness of the survey can be assessed and modified if necessanytialAn i
estimate of the surface wave velocitys|rofile can be made quickly.

Interpretation consists of modeling the surface wave dispersion to determine a
layered \5 profile that is compatible. Interpretation can be done on a personal
computer.

The acquisition and processing techniques of SASW methods do not separate motions
from body wave, fundamental mode Rayleigh waves, and higher modes of Rayleigh
waves. Most often, it is assumed that fundamental mode Rayleigh wave energy is
dominant and forward modeling is used to build a 1-D surface wave velogjty (V

profile whose fundamental mode dispersion curve is a good fit to the data.

Advantages
This method provides for layer thickness profiles as well as stiffness. For
slabs and pavements, velocity profiles including the surface layer, base andlsubgra

materials within 5% accuracy. Only one-sided access is required fongthed.

Limitations
This method is utilized primarily for the determination of strength pragzerti
of concrete rather than the detection of micro cracks. For investigations of thin

concrete structures, the presence of rebar will probably influence the data.
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Ultrasonic-seismic methods, like impact-echo and SASW used in
combination, are very useful at identifying already-damaged locations idge bri
deck. Unlike chain dragging and hammer sounding, these geophysical methods
identify this damage at early, moderate, and late stages of development. The common
"NDT" methods of chain dragging and hammer sounding only detect those flaws that
have developed to an advanced stage, and they finally become audible to the human

ear.

3.5 Non-Linear Ultrasonic Testing

Important contrasts exist between linear and non-linear ultrasonic methods.
Non-linear methods have the added benefit of increased sensitivity over linear
methods. This increased sensitivity enables the detection of micro-ofexisize
undetectable by linear methods. Non-linear methods are also very applicable to
inhomogeneous materials such as concrete.

Basically, the objective of ultrasonic methods is to measure the changes in
characteristics of the ultrasonic signals propagating through the tesiaeéte. For
linear methods these characteristics may be the P-wave velocitymplitude
attenuation and the frequency shift. For non-linear methods these may be the shape of
the frequency spectrum and the harmonics generated by the internal disdestofuit
the material.

Non-linear behavior of ultrasonic waves may be due to several different
mechanisms. Classical material non-linearity is the term often useddobaenon-
linear behavior due to the effects of higher order elastic moduli and dislocations i

crystalline materials. Classical material non-linearity resalsecond order harmonic
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generation. Larger discontinuities such as defects, voids and micro-ceaaksn
increased non-linear behavior as compared to that of classical materialesntyl.
In concrete, non-linearity is associated with micro-cracks and the cigdti@nsition
zone. Therefore, non-linear ultrasound is capable, in theory, of detecting and
evaluating the degree of micro-cracking occurring in concrete. As tberdraf
micro-cracking increases, a larger portion of the fundamental wave isexpebde

converted to higher harmonics.

3.5.1 Nonlinear Ultrasonic Pulser Receiver

A toneburst pulser capable of supplying an output voltage of up to 1400v is
typically used. Unlike conventional ultrasonic pulsers that generate brahdbgput,
the toneburst pulser’s output is concentrated at one frequency. This concentration of
energy at one frequency is necessary to drive the response of the specimen into the
nonlinear range. Two transmitting and two receiving transducers are used when
larger volume of concrete needs to be evaluated than would be with the use of only

one transmitting and one receiving transducer.

3.5.2 Pitch Catch

This system consists of a tone burst transmitter and a superheterodyne
receiver that allows for the reception of harmonics as well as the fundamenta
frequency. This non-linear system creates a high power tone burst UTthignan
be varied over a range of frequencies in incremental steps. The UT pulisiatisd

in the direction of casting.
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3.6 Impact Echo

The impact-echo method is a technique for flaw detection in concrete based
on stress wave propagation. The principle of the impact-echo method is illustrated in
Figure 3.2. A transient stress wave is introduced into the test object by means of a
mechanical impact on the surface. The mechanical impact is generatppiby &
small steel ball, of ranging diameters (though usually less than 15mmmsicitei
testing surface. The stress wave generated propagates into the test edledgim
spherical wavefronts as compression (P-) and shear (S-) waves. Additionally, a
surface wave is generated, which is called a Rayleigh (R-) wave, and atavejshe
surface away from the point of impact. The P- and S- waves are reflectae doyi
discontinuities and external boundaries. The reflected waves returning toftoe sur
of impact generate displacements which can be measured by a receiving gansduc
placed near the point of impact. If the receiver is placed close to the impadhpoint
the displacement waveform is dominated by the arrival of the P- waves. The
displacement waveform is used to determine the travel time, t, from the time of
impact to the arrival of the first P- wave reflection. If the P- wavedp8, in the
test medium is known then the distance, T, to the reflecting interface can be

calculated.
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Figure 3.2 - Schematic illustration of wave-fronts generated by ingpaatsolid.

The first wave to reach the transducer is an R- wave. The R-wave causes a
large initial downward displacement of the transducer. The P- wave is next,
dominating the waveform with its multiple reflections (2P, 4P, 6P, 8P etc.). The
period between P-wave arrivalg, denotes the time necessary for a stress wave to
travel the distance, 2T, to the reflecting interface and back to the point of impact. This
process is illustrated in Figure 3.3.

For ease of analysis and expediency, waveforms are transformed to the
frequency domain using Fast Fourier Transform technique. The resultinguai@pl
spectrum is used to identify the dominant frequencies present in the waveform.
Figure 3.3(C) is the spectrum corresponding to the waveform in Figure 3.3(B). T
single dominant peak in the spectrum corresponds to the frequency of P-wavse arrival
at the top surface of the plate. The frequengyatf which the peak occurs is

obtained by taking the inverse of the time between P-wave arriyals (t
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Figure 3.3 - Impact -echo test carried out on a solid concrete plate (A).
(B) waveform, and (C) spectrum (Adapted from Sansalone and Streett, 1997)
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The waveform is clearly periodic. The period, t, is equal to the travel path, 2T,
divided by the P-wave speed. Since frequency is the inverse of the period a standard
set of equations becomes apparent:
t=2T/G or T=G/2f, or H=G /2T (3-1)
where: G is the P- wave speed

fp is the frequency of reflected waves
t is the period of reflected waves
T is the thickness of the medium (concrete plate)
Research on transient wave propagation has shown that a correction factor is needed
to account for the geometry of the tested member. In the case of a platggée s
factor is 0.96. And so the equation becomes:
fp=0.96 G/ 2T (3-2)

P- wave speed is related to the concrete’s density, aggregate type, moisture
content as well as other factors. The P-wave speed can be determined in teens of
modulus of elasticity, E, and the Poisson’s Ratj@f the concrete in question. The

P- wave speed is determined using the following equation: (Sansalone, 1986)

B E-(1-v)
Co= J p-(1+v)-(1- 2v) &9

During field testing, the P- wave speed is determined atatiém where the concrete
is sound and the thickness is known.

The amplitude response is altered by the presenciant avithin the
concrete. The effect of a flaw is illustrated by Figuré/)3vhere the arrows

schematically show the primary paths taken by the P- waitgpeopagates into the
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plate and is reflected and diffracted by the flaw andctfteby the bottom boundary.
The waveform shown in Figure 3.4(B) illustrates the deflestimaused by the
multiple reflections of P-waves from both discontinuities. Tkgudency of the

arrival of the P-waves increases due to the shorter tratlek@ the flaw in the
concrete. Both sets of periodic displacements resulting feflections from the flaw
and from the bottom boundary are superimposed in thefaam shown. In the
amplitude spectrum shown in Figure 3.4(C) the secontiéhidgrequency
corresponds to the reflections from the flaw in the meditm.first (lower)
frequency results from reflections from the bottom boundathe medium. The

depth of the flaw can be determined using Equations 1.
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Figure 3.4 - Impact -echo test on a concrete plate contaarfiagv. (A)
(B) waveform, and (C) spectrum (Adapted from
Sansalone and Streett, 1997)
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3.6.1 Attenuation of Stress Waves

Attenuation is the result of scattering and absorption of thewnergy. As
the spherical stress wave propagates through a materiahe¢hgy in the wave
decreases the further the wave travels. This decrease/éemergy is due to
attenuation and divergence. In a solid such as concrets;dttering is the result of
wave reflection, refraction, diffraction and mode conversibeach interface between
dissimilar materials and especially at crack boundaries (lBaesand Carino, 1986).
Absorption is the direct conversion of stress wave enetgyhigat through friction
caused by patrticle interaction. Divergence refers to tteadmg of a spherical
wavefront as it propagates through concrete.

The amplitude or intensity of the stress wave can bersthovwe inversely
proportional to the distance from its source. The relationslipssribed by the
following equation:

[=lo/r (3-4)

Where: ¢ is the initial intensity of the stress waves

| is the stress wave intensity at r
R is the distance from the point of impact.
Since r is equal to the product of &nd t, equation 3-3 can be written as:

I, =1lo/ Gyt (3-5)

It can be seen that the decrease in energy over timpesdient on the P- wave speed
in the material in question. The two previous equations desttréloss in intensity
over time due to the divergence of the wavefront. Intead when P- waves are

incident upon the boundaries of the medium, a partial caowven$ said P- waves
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into S- waves occurs. This results in further losses in iitye@early the more
reflections, the more mode conversions that occur, antelgreater losses in wave
intensity. For typical configurations, the mode conversiohdbeurs reduces the
intensity of the reflected P-wave by approximately 3%. Therthdescribed here is
discussed in detail by Krautkramer and Krautkramer, 1888t work is summarized

in the following graph:
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Figure 3.5 - Comparison of Stress Wave Intensity Losses

3.6.2 Losses in Real Materials

Krautkramer and Krautkramer have proposed that amexyial decay
function be used to more accurately describe the losgesctha in real materials. In
real materials, adsorption and scattering due to internal disgiig$noccur in
addition to attenuation, divergence and mode conversiorfofimeof the equation
they propose is shown below:

| = 1o exg™? (3-6)
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Where: a - represents the decay constant

t—time
The advantages of using this equation are:

1. The decay constant provides a convenient meaktire mte that the
intensity (pressure) in a P-wave decreases.

2. Losses due to divergence, scattering, and mode rstove can all be
lumped together in the decay constant.

3. Use of a least squares curve fitting technique casdxeto calculate
the decay constant for real data. (P-wave arrivals indtvgzno
waveforms)

The calculated decay constant is a convenient measure losdes occurring

as a P-wave propagates through a material. The ubis @quation is described in

Figure 3.6.
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3.6.3 Effects of Distributed Damage on Stress Wave Patiosg

When stress waves propagate through concrete, theyevatditered at all
crack boundaries and air voids. In good quality conctieéeamount of scattering that
occurs due to microcracks and entrapped air voids haglaible effect on the lower
frequency stress waves used in impact-echo testingsdoae and Carino, 1986)
However, as the amount of cracking, caused by distrildasthge mechanisms
increases, the amount of scattering will increase.

Previous research on has shown that all cracks, hawrack opening larger
than about 0.025 mm (0.001 in) will begin to scatter streses (Cheng and
Sansalone, 1995) As more cracks develop and opeam&®.025 mm, they will
transmit less energy across the crack and instead causseased amount of stress
wave scattering. This will result in a more rapid decreaseéss wave intensity
with time than is caused by divergence (beam spreading).alden cracks reach
0.08 mm (0.003 in) in width they become distinct cracks,remenergy is transmitted

across the crack. (Sansalone and Streett, 1997)

3.6.4 Filtering of Waveforms

Impact on thin concrete plates excites flexural modeghadtion. These
modes are apparent in the time domain as large amplitudé&eglguency
displacements superimposed upon the higher frequencyaiamat pattern caused
by multiple reflections of the P-wave between the plate sesfaln the frequency
domain, peaks corresponding to the low frequency flexubahtions appear at
frequencies much lower than the thickness frequencyygizhlly less than 5 kHz.

As it is the decay in the amplitude of displacements causetlltiple P-wave
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arrivals that is of interest, it is necessary to remove théadements caused by the
flexural vibrations.

Also, due to distributed damage there are several fremsesued the
fluctuation of amplitude is large because there is beatingvefadrequencies and
decay cannot be measured by using the raw signal eésure the decay, the signal
has to be band pass filtered around the frequenciesfgdse the spectrum and so
the decay time can be measured to any frequency salgaidiis processing can be

automated in MatLab. (Matlab, Signal Processing Toolbox6)199

3.7 Summary

To be sure, non-destructive evaluation of concreteasiaus and challenging
problem. Improvements and new approaches are néedeekt this challenge, as
existing ultrasonic and stress wave techniques are not yepiatde All of the
techniques discussed above require substantial theoreticakp@dmental

development to meet the difficulties posed by this issue.
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Chapter 4. Sample Preparation, Materials and Teshdls

4.1 Introduction

The procedures followed in order to prepare the conspeteimens for
testing are outlined herein. The specifications of the matendlsh@ subsequent test
procedures are also explained. The preparation of tiezete specimens used in this
study was done with the kind permission of the Civil and Enwirental Engineering
Lab of the University of Maryland at College Park ahtha National Ready Mix
Concrete Association Laboratory in Greenbelt, Marylarttiit respective facilities.

Literature review and previous research done by Ce268y, concluded that
adding potassium carbonate to the concrete mixture can rateats deterioration
due to DEF. Two batches of concrete were preparedirghevhs used as a control
batch (Control), while the second was made with an additib8% for a total of
2.06% of potassium carbonate per weight of cement (Plajassium). Both batches
were subjected to a deteriorating method; either the UMD Nadiduggan Cycle, or
Freeze-Thaw cycles. The degree of damage in the specivas assessed by
expansion tests, weight change measurements, comprassngtlstests, Scanning
Electron Microscopy (SEM), and impact-echo testing, tbalte of which would be

used for further analysis.
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4.2 Sample Preparation

4.2.1 Concrete Mix Design

Concrete specimens were prepared according to the AST82@6 standard
for making and curing concrete specimens in the laboratorgair-entrainment void
system was not introduced to the concrete mixture since thiklweduce the effect
of secondary ettringite formation (Day, 1992) and redneeamount of deterioration.
The concrete mix was proportioned using the Absolute VoMethod and prepared
with water to cement ratio of 0.5. Two batches were pegpdrhe first batch acted as
the control batch and was made with no varying paramdteessecond batch
contained an additional 1.5% for a total of 2.06% of potassanmonate by weight
of cement. Potassium carbonate was added to secomddeai@muse, as stated before,
the addition of potassium has proved to increase ettringitetlyiand expansion
(Ceesay et al, 2007). The high potassium batch contaipeodxampately 338.42
grams of potassium carbonate (KCO). Both batches wepmgioned and mixed in

the same manner. The mixing information of each batammrarized in Table 4.1.

Table 4.1 — Concrete Mix Design

Constituent Weight
Water 24.89 1b
Cement 49.74 b

Coarse Aggregate 111.6 Ib

Fine Aggregate 81.62 b
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The cement used was Portland Type 1ll cement obtaioed Greenwald
Industrial Products of Hyattsville, Maryland. This type of eatrwas chosen because
it has been proven to increase expansion and deteriof@easay, 2007). An x-ray
fluorescence (XRF) spectroscopy performed on a smpke of the cement done by
CTL Group in Skokie, lllinois, revealed that the cement alreadtained 0.56% of
potassium (KO) by weight. The complete report of the spectroscopy Iaded in
Figure 4.1. The potassium already in the cement was reat tato account or
subtracted from the 1.5% potassium carbonate per weigenhwént added.
Therefore, the High Potassium batch contained a total 6%2d¥ potassium per
weight of cement. The potassium used was anhydrouslgraaagent grade
potassium carbonate (KCO) obtained from Chemical & Scieddicance in an
online purchase. It was dissolved into the mix water of timerete used for the High
Potassium batch. The aggregates used were obtainethedtAFARGE quarry in
Frederick, Maryland. The coarse aggregate consistednohlmaximum diameter
limestone aggregate. The technical information for the c@gygeegate is shown in
Table 4.2. The fine aggregate was Frederick Stone thahdonforms to ASTM
C33-99a. The technical information for the fine aggregaséown in Table 4.3.
According to the Maryland State Highway Administration, the maeAlkali
reactivity of the sand using ASTM C1260 is 0.9% andissclered intermediate

reactive.
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Analyte Weight %

Si0, 18.44
AlO, 4.86
Fe 0, 3.36
Ca0 58.46
MgO 3.87
SO, 273
NaxO 0.13
ko0 0.56
TiOy 0.30
P-0s 0.1
NNz O 0.31
Sro 0.06
Craa 0.03
Zno 0.09
L.O.l. (350°C) 6.98
Total 99.90
Alkalies as NaxO 0.520

Calculated Compounds per ASTM C 150-05.

C3s 93
C28 13
C3A 7
C4AF 10

Figure 4.1 — XRF Spectroscopy of Portland Type Il Caime
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Table 4.2 — Technical Information for Coarse Aggregate

LAFARGE Frederick Quarry ASTM # 57 Stone Technical Information Sheet

Rock Type: Carbonate Calcitic Limestone
Color: Light to dark gray
Average Gradation Dry Analysis Wet Analysis
ASTM C136 % Passing % Passing
1 (in) 0 100
3/4 (in) 7.3 93.5
1/2 (in) 48.6 39.1
3/8 (in) 26 15.3
#4 15.1 3.7
#8 1.9 1.1
Pan 1.1 11
Bulk SSD  Apparent
Specific Gravity
(AASHTO T85) 2.712 275 2.74
Absorption
(ASTM C127) 0.3%
200 Wash
(ASTM C 117) 1.5%
Polish Value
(MSMT 411) 7
British Pendulum Number
(ASTM D 411) 26

Alkali Silica Reactivity
(MSMT 212/ ASTM C1260)
L.A Abrasion

(AASHTO T96 / ASTM C131)
Sodium Sulfate Soundness
(AASHTO T104)

Unit weight, dry rodded
(AASHTO T19)

MOHSs Hardness

Sand equivalency
(AASHTO T176)

Fractured faces (PMT 621)

0.09% expansion

26% wear

0.1 % loss

95.7#ICF

4.0
94%

100%
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Table 4.3 — Technical Information for Fine Aggregate

LAFARGE Frederick Quarry, Maryland Manufactured ASTM C33 Stone Sand
Technical Information Sheet
Rock Type: Carbonate Calcitic Limestone
Color: Light to dark gray
Average Gradation Analysis
ASTM C136 % Passing
3/8 (in) 100
#4 98.3
#8 86.6
#16 53.9
#30 29.4
#50 16.9
#100 6.2
#200 3.4
Specific Gravity (SG) 2.69
Absorption 1.0%

Alkali reactivity of aggregate
(ASTM C1260)

Soundness
Unit weight, dry rodded

Los Angeles Abrasion

Deleterious Substances
- 200 Wash

0.09% expansion

1.2% Loss

109#/CF

22.0% Loss

3.6% Dust of Fracture
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4.2.2 Casting Procedure

Concrete specimens were prepared using steel prism nmold®\&C cylinder
molds in accordance with ASTM C192. The prisms prepas@ 3” wide by 3” high
by 11.25” long, and the cylinders were 4” in diameter &hldng as seen in Figure
4.2. The steel prism molds had to be assembled with stgelsjuds, for expansion
measurements, using a rod so that 10 inches of spacevaiteable between them in
accordance to ASTM C490 as shown by Figure 4.3 pfisens were used for
expansion tests, weight change measurements and impadestihg, while the

cylinders were used for compressive strength tests.

Figure 4.2: Steel Prism Molds and Cylinder Molds
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Figure 4.3 - Steel Gage Studs in Prisms and 10” Rod Epace

Motor oil was spread inside the molds with a sponge to heldebmolding
process. The materials were proportioned in buckets asimgchanical scale and the
potassium carbonate was measured on a digital metric schtbssolved in the
water used for the high potassium batch. A rotating mixer avidapacity of 3.0 cubic
feet was used to mix the concrete. After the concrete rasxpskepared, it was poured
into the cylinder molds in two layers, rodding each layetirBds and tapping the
cylinders against the floor after each layer. The prisnts wiso tapped against the
floor as the mixture was poured. Once this was completespgicimens were struck
off to obtain a finished smooth surface and either cowsrgdaluminum foll

(prisms) or with a lid (cylinders) to prevent drying and dtage. A total of 28
62



concrete cylinders were prepared (14 for each batwth23 concrete prisms (12 for

the Control batch and 11 for the High Potassium batch).

4.2.3 Curing Method and storage Condition

All 28 concrete cylinders and 17 of the concrete prisniso(@ the Control
batch and 8 from the High Potassium batch) were steaad dinectly after casting
for four hours at 85 °C in a conventional oven. The oeteqprisms (total of 6) which
were not steam cured were used for Freeze-Thaw cyatesere room temperature
cured. After curing, all the specimens were taken out af th@lds and stored. Based
on the results found by Ceesay et al (2007), it was coedlticht limewater was the
ideal storage condition to accelerate deterioration in thenspes through ettringite
growth. The specimens were stored by fully submerging theplastic containers
with limewater, as seen by Figure 4.4, at the Civil and Enmental Engineering
Lab at College Park for approximately 18 days beforgestibg them to either the
UMD Modified Duggan Cycle or the Freeze-Thaw cycles. llthewater was created
by dissolving hydrated lime, obtained from a local plantstor regular tap water.
Once the Duggan Cycle was completed, the specimengivegreeturned to the

limewater containers where they stayed for the remaining tgstimngd.
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Figure 4.4 — Duggan Cycle Concrete Prisms Stored in Litsewa

4.3 Methods for Accelerating Concrete Deterioration

4.3.1 UMD Modified Duggan Heat Cycle

A total of 17 concrete prisms and 28 concrete cylinderg subjected to the
UMD Modified Duggan heating cycle. This cycle has beengmdo accelerate
deterioration in concrete by initiating cracking and ettringite foiongCeesay et al,
2007) and takes nine days to complete. The specimeprsswijected to this heating
regime approximately 18 days after casting. Although inipusvstudies, the Duggan
Cycle is initiated seven days after casting, the decisioraiiol8 days was based on
the conclusion made by Ramadan (2000) which found thah@sd periods of water
storage can accelerate crack initiation time and maximize tihefraxpansion. The
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Duggan Cycle was carried out in the following manner. Peeisnens were placed

in an oven at 82 °C for the first 24 hours. In the seday] the specimens were taken
out of the oven and allowed to cool down for one houraahdlf before storing them
in water for another 24 hours. This process was repeatéte third and fourth day.
On the fifth day, the specimens were placed in the ove? A€ 8or the next 72

hours. Once this heating period was over, the specimaesall@ewed to cool down

for the last 48 hours. The initial measurements of expans®ght change, and
impact echo testing were taken after the completion of thle ey subsequent

measurements were taken every three to five days.

4.3.2 Freeze Thaw Cycles

The Freeze-Thaw cycles were carried in accordance VBIHVAC 666
standards. A total of 6 room temperature cured concrisi@mpwere used for freeze-
thaw testing. Freeze Thaw testing on the concrete prismpervfsmed in a Rapid
Freeze-Thaw Cabinet apparatus, see Figure 4.5. In shisixeconcrete prisms were
used, three from each batch, and each cycle consisledgering the temperature
from 4.4 °C to -18 °C and raising it back up to 4.4 °QisTapparatus was not
programmable and therefore was manually stopped akey three cycles for the
first 30 cycles and after five cycles thereafter until the €efavalues could no
longer be obtained or until the specimens failed. The agemagunt of time to
complete one cycle was approximately 5.4 hours. Howéweractual amount of time
varied since it depended on the condition of the specimenthedprisms

deteriorated, the cycles became shorter.
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4.4 Condition Evaluation of Concrete Specimens

4.4.1 Expansion Tests

Expansion measurements were taken in accordance with ASTW
Standard Test Method for Length Change of Hardened Mamth Concrete with a
digital comparator accurate to + 0.0001 inches see Figourd e initial
measurements were taken after the completion of the UM@fiMdd Duggan Cycle
and before any Freeze-Thaw cycles were done. Subsergadings were taken every
three to five days (Duggan specimens), or after a specifidber of Freeze-Thaw
cycles (Freeze-Thaw specimens). The expansion measuiemere made relative to
a 10” long bar after the specimens were taken out of #ternand the excess water

was removed with a towel. The equation used to calculatexsipapercentage was:

L.— L;
al =— = — % 100%

(4-1)

Where,

AL - length change of the specimen at any age, %

L - comparator reading of specimerxatge minus comparator reading of
reference bar atage, inches

Li - initial comparator reading of specimen minus comparatating of
reference bar at that same time, inches

G - nominal gage length, 10 inches
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Figure 4.6 — Length Comparator Used for Expansion Tests
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4.4.2 Weight Measurements

Weight change measurements were done after the expansasurements.
The initial measurements were taken after the completion &fNHe Modified
Duggan Cycle and before any Freeze-Thaw cycles vare. &\ digital weighing
scale was used, see Figure 4.7. The specimens weredakof the water, dried off

with a towel, and weighted. The equation for weight chavae

W, = W;
———— x 100%
W, (4-2)

AWV =
Where,
AW - Weight change of the specimen at any age, %

W, — Weight of specimen at age X.

Wi, - Initial weight of specimen

Figure 4.7 - Scale Used for Weight Measurements
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4.4.3 Impact Echo Testing

Impact-echo testing was done every time weight and eixganseasurements
were taken. The specimens were tested using the standtrodnas set out in ASTM
C215. The impact-echo apparatus used consisted ofreeFAnalyzer, an impact
hammer, an accelerometer and power supply, a spesupgort base, and a
computer with Virtual Bench software, see Figure 4.8. fdramer was equipped
with a tip of sufficient hardness and appropriate shaps sotao damage the
concrete when used to impact it. It also contained an electoad cell and a power
supply capable of producing an output voltage that is ptiopal to the magnitude of
the impact with the specimen. The accelerometer usedppasx@mately 3/8 of an
inch in diameter with a flat base and was attached to tlvensges during testing
using vacuum grease. The specimen support base isupadéwo parallel piano
wires of 0.0244-inches (0.62 mm) in diameter that allow pleeisnen to vibrate
freely and minimize the amount of vibration energy absbflem the specimen
itself. The wires were set up to support the specimen acisglistance from each
end of the specimen. Virtual Bench DSA software was tsedntrol the equipment
and to record and store the data. OriginPro v.8 softwars used to analyze the data.

The procedure used with this impact-echo device was @ifféhan that used
by commercial products in the field. Testing a specimenistaasof centering it on
the supporting wires in such a way as to have equal etelsdeng beyond the wire.
The location of the wires was marked on all the specimekessio the set up of each
and their alignment consistent throughout the testing perteelaccelerometer was

attached to the top surface of the specimen as close tndras possible using
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vacuum grease. Securing the accelerometer on the geaias important in order to
prevent irregularities in the response curve. After settingplbeimen in place, a
vertical impact was applied centered on the top surfaceratite opposite end to
where the accelerometer was attached. The impact was applnegr the end of the
specimen as possible. The responses from the impact manththe accelerometer
were recorded using Virtual Bench software. At least timngacts on the specimens
were applied before recording a final response, stopplmgtions between impacts,
to observe a consistent response and a smooth shaps.ifhportant to stop the
vibrations between impacts because these can cause intéggila the data. It was
expected that as the specimens deteriorated, the respowsevould become less

smooth due to internal cracking.

Figure 4.8 — Impact Echo Apparatus

71



4.4.4 Compression Strength Testing

Compression strength tests were performed in accordaticdSTM C39
standards on 24 concrete cylinders (12 from each batdblh were subjected to the
Duggan Cycle. A machine with a 400,000 Ibs capacity wsad,uas shown in Figure
4.9. The specimens were removed from the limewater, dffetith a paper towel,
and measured (diameter measurements) before testingttiadoad rate of
approximately 25,000 Ib/min. These tests were done at B03Q20, and 150 days
(+ 2 day) after the completion of the Duggan Cycle. ddrapressive strength

reported is the average compressive strength.

Figure 4.9 — Compression Strength Testing Machine
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4.4.5 Scanning Electron Microscopy

In SEM a beam of electrons with an accelerated voltag8-@80XkV is trained
at the concrete sample. As a result, three signals areqadsecondary electrons
(SE), backscattered electrons (BE), and X-ray. TharSkised to obtain the
morphology of the microstructure of the samples while BRiseel to reflect the
differences in atomic number. Energy dispersive X-rayyars(EDAX) is used to
obtain the elemental composition of a point on the image prdd&eeh element is
identified by its position of its peak and a quantitative anabysiseight of elements
is calculated by a computer. This process must take plackboratory. Figure 4.10

shows the Scanning Electron Microscope that was usedsaetearch.
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Figure 4.10 — Scanning Electron Microscope
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Chapter 5. Concrete Samples Subjected to the DuGgele

5.1 Introduction

The importance of accurately reproducing distributed derdag to DEF and
ASR in the laboratory in order to properly investigate thesehanisms cannot be
overstated. Numerous research projects have investigatedssmethods throughout
the years. These attempts are chronicled by Shimadaa2ddsamy et al., 2001.
The Duggan cycle was used to reveal damage in the shameunt of time and is
intended to accelerate DEF and the associated expansronghHiterature review
and previous research experience, factors such aswepoonditions and concrete
treatment were optimised to facilitate the acceleration of DEHRtsuadsociated
expansion.

The concrete samples prepared for laboratory testingpedeiced using
standard techniques for the production of small quantitiesrafrete. Proportioning
of the concrete was done using volumetric methods. Botmitheesigns and the
concrete curing regimes were altered from standard pedctiaccelerate the
formation of distributed damage in the concrete specimdéhsoncrete specimens
(prisms) are 29.21 x 7.62 x 7.62 cm (11 ¥2 x 3 x Bésd. This specimen size is in
accordance with ASTM standards. Each of the componétite concrete mix was
chosen specifically to accelerate the formation of distribdéedage primarily by
means of ettringite formation.

Two batches of concrete mixes were used in the expaahmogram. The

first batch, (Control), was created as the control specméh no additional
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potassium carbonate added. The second batch, (High iBotgssas made with an
additional 1.5% potassium carbonate by weight added toithe/ater. Potassium
carbonate was added to increase the alkali content obtiveete specimens.
Anhydrous granular reagent grade@;) was used. Potassium carbonate was
chosen because the result of the chemical reaction in ticeete mix is the same as
that which occurs with the normal reaction of potassium, esgom sulfate, which
is contained in Portland cement. Ordinary tap water amat@r cement ratio of 0.5
were used for all batches. Frederick Sand (manufacsamed) was used in all the
batch mixes and, according to the Maryland State HighwgiAistration

(MDSHA), the ASR result is 0.09%. The MDHSA classified inederick Sand to be
of medium reactivity. Limestone ASTM # 57 stone was dsethe coarse aggregate
for the entire study. All specimens were steam cured andstbeed under water for
six days. Subsequently each specimen was subjectedDodigan cycle. Expansion,
weight change and Impact Echo tests were continuouslgrpedl on these
specimens throughout the duration of the research.

In addition to the concrete prisms that were preparedyetencylinders were
also prepared. These cylinders were produced usirgathe materials and within the
same guidelines described above and therefore also fathentmategories of Control
and High Potassium. Compressive strength tests were pedafter 28days and
then at various intervals throughout the duration of the relse@hree (3) concrete
cylinders from each exposure condition were tested, anavérage result used.

In order to directly determine the presence of ettringite pkesof the

specimens taken from the compressive tests were exangimggauscanning electron
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microscope. In each case the cylinders were brokentaipieces by the compressive
tests and polished. Several samples were prepared fosgacimen. In addition to
the images provided by the scanning electron microscaopegreergy dispersive X-
ray analysis (EDAX) was performed on each sample tieriakine the exact
composition of suspected deposits of ettringite. Ettringite is ae@eedle like
crystals in the SEM images.

The objectives were to monitor the deterioration of the conspeteimens in
a comparative and quantitative way. The creation of a ddydtoh and a high
potassium batch of specimens allowed for comparative mmgtorhe use of
expansion, weight change, compressive strength and femdainfrequency
measurements allowed for the quantitative monitoring of theidetgon of

specimens subjected to the Duggan cycle.

5.2 Influence of Curing Methods and Concrete Treatments

The influence the exposure condition has on the fornsiaedof the ettringite
found in mortar or concrete specimens is significants@ge2006 and Azzam, 2001
investigated several exposure conditions and highlighted teesewere. Exposure
conditions with abundant moisture are ideal for expansiamceaded with delayed
ettringite formation. Ettringite formation requires a sufficientdyof water.

Immediately after casting, the specimens, while in steel namidsovered
with aluminum foil, are placed in a water bath in an oventeimperature of which is
raised to 85°C for 2 hours. The heat of the oven isrentained at 85°C for 4

hours, after which the specimens are allowed to cool @rermhis constitutes the
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steam curing procedure which simulates precast concreteich much of the early
cases of DEF were found. Most cases of distributed garfi2EF in particular) have
been associated with the use of heat treatment such as this.

Duggan heat and Freeze-Thaw cycles (discussed inliseguent chapter)
were used to create microcracks in order to acceleragxgamsion of the concrete
specimens. The specimens were placed in an exposuigi@of limewater (pH
maintained at 12.5) after the microcrack-inducing treatmemtge Gtuds were

installed at the ends of the concrete prisms to facilitate lefingthge measurements.

5.3 Expansion Results

The Duggan test was seen as the best method to achteleraied expansion
because it produces quantitative data in less than a montmg$tap measurements
were done in accordance with ASTM C490. Expansion isured as the change in
displacement between two points on opposite ends of theeestren. It should be
noted that this measurement implies that the expansion wouldehe dind/or
uniform throughout the specimen, which of course is notdlse. Due to micro-
cracking caused by DEF, there is actually a volumetricresipa in association with
the differential movement of individual pieces of the materighasnicro-cracks
form and propagate. However, for our intents and p@gptdss measurement was

found to be suitable.
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5.3.1 Expansion of Concrete Prisms

The initial length measurements were taken after two (& dfacooling after
the Duggan heat cycle and before storage to the respegpwesure conditions.
Expansion readings were then collected at specific interviaéseXpansion value
after 21 days of storage was 0.0054% and 0.0083%ctegly for control and high

potassium specimens.

Expansion of Steam Cured Specimens
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Figure 5.1: Expansion of Steam-Cured Concrete Prismg&ab to Duggan Cycle

The overall expansion of the high potassium specimerextzeded the
expansion of the control specimens. After 150 days thareston values were
0.0102% and 0.0700% for control and high potassiurisgas respectively. The
point of divergence between the two expansion curves ®et@bout 22 days, where
the control curve continues its gradual expansion and thepigissium curve

distinctly increases its rate of expansion in comparison toaheol specimens.
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Figure 5.1 shows the expansion history of both setsemfisens whilst Figures 5.2
and 5.3 show the individual expansion histories of eachf sgegimens.

Linear regression analyses were performed on btdlo§data. Each set of
data was easily separated into two parts and a regressilysia was performed on
each. The Rterm gives some indication about the goodness of fit ofdtetd the
regression model (line). For instance, afid/&ue of 1 indicates that the data fits the
regression line perfectly. Figures 5.2and 5.3 show th@ated Table 5.1 summarizes

the regression results.

Expansion of Steam Cured Specimens
Control
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y=0.0002x+0.0019
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Figure 5.2: Expansion of Control Concrete Prisms SubjectBdggan Cycle
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Expansion of Steam Cured Specimens
High Potassium
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Figure 5.3: Expansion of High Potassium Concrete Prismg&at to Duggan
Cycle

Table 5.1 Equations for Expansion vs. Age of Concreezipens Subjected to
Duggan Cycle

Specimen M ax. Curvel Curve?2
Expansion
Equation R Equation R
Control 0.015% y=2E- 0.734 y=3E- 0.346
04x+0.0019 05x+0.0066
High Potassium  0.076%  y=8E-04x- 0.947 y=2E- 0.723
0.0034 04x+0.0315
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5.4Weight Change Results

The pattern of weight change is quite similar for both cbatrd high
potassium specimens. Figure 5.4 shows the compariseeiglit change for control
and high potassium specimens. Each point is the averegetlf 10 or more
specimens for each batch mix (control or high potassiurejghy measurements
were recorded on each test day after 30 minutes hadcedlapee removing them
from the limewater. This gave sufficient time for excess matevaporate as well as
assure the consistency of the measuring technique.

The overall weight change and the rate of weight chamge consistently
similar for both control and high potassium batches. Aftaieé84 the percentage
weight changes were 0.51% and 0.49% respectively faraland high potassium
batches. The maximum weight changes were equally coblpat0.678% and
0.697% respectively.

Figures 5.5 and 5.6 show the individual weight change tastorhese
Figures also show the Linear fitting analysis that was donedch batch. Table 5.2

summarizes the linear fit equations and the maximum weighgetfaneach batch.
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Weight Change of Specimens Subjected
to Duggan Cycle
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Figure 5.4: Weight Change of Steam-Cured Concrete PBsijgcted to Duggan
Cycle

Weight Change of Control Specimens Subjected
to Duggan Cycle
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Figure 5.5: Weight Change of Control Concrete Prisms Sidojeo Duggan Cycle
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Weight Change of High Potassium Speciimens
Subjected to Duggan Cycle
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Figure 5.6: Weight Change of High Potassium Concrete Bi@&ubjected to Duggan
Cycle

Table 5.2 Equations for Weight Change vs. Age of Con&péeimens Subjected to
Duggan Cycle

Specimen Max. Wgt Curvel Curve?2
Change
Equation R Equation R
Control 0.678% y=9.7E- 0.806 y=1.3E- 0.796
03x+0.151 03x+0.381
High Potassium  0.697% y=9.7E- 0.848 y=1.6E- 0.820
07x+0.110 03x+0.345
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5.5 Expansion vs. Weight Change

Weight change and expansion results were analyzed sinuutspen order
to investigate a possible correlation. Shimada (2005) hambped that the weight
change during the early stage was primarily due to themehydration process.
After the onset of expansion there is a large weight inerelgch is attributed to the

storage solution which has been imbibed to fill the structufatctse

Expansion vs Weight Change
0.08
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Figure 5.7: Expansion vs. Weight Change of Steam Curedrée Prisms Subjected
to Duggan Cycle
Figure 5.7 shows the correlation between weight changexgahsion for
both the control and high potassium batches. It can belsaeonly the high
potassium specimens display significant increase in weightrggarged by

expansion. Linear regression curves were applied toiedistidual set of data in
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order to elucidate the relationships present. These drkghitpd in Figures 5.8 and

5.9 and furthermore in Table 5.3.

Expansion vs Weight Change
Control
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Figure 5.8: Expansion vs. Weight Change of Control Ce@ddsms Subjected to
Duggan Cycle
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Expansion vs Weight Change
High Potassium
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Figure 5.9: Expansion vs. Weight Change of High Potas€iantrete Prisms

Subjected to Duggan Cycle

Table 5.3 Equations for Expansion vs. Weight Change ontf@te Specimens

Subjected to Duggan Cycle

Specimen Curvel Curve?2
Equation R Equation R
Control y=0.024x-0.002 0.431 - -

High Potassium

y=0.096x-0.021 0.788 y=0.174x-0.035 0.565
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5.6 Compressive Strength

The results of the compressive strength tests are shdviguire 5.10.
Compressive strength testing was done in accordance witMAS39 — 05. The
tested cylinders were approximately 4” in diameter and 8j.10ihe 28 day strength
of the cylinders after being steam cured and subjecte@ tDuggan cycle were, on
average, 1854 psi and 2001 psi respectively. AfterdBy8 the compressive strengths
were 5739 psi and 3115 psi respectively for the contebhégh potassium
specimens. The high potassium specimens peaked inthtegragound 90 days at
3748 psi and then began a steady decline. Table 5.4 simesthe compressive

strength of the specimens subjected to the Duggan cycle.

Compressive Strength of Concrete Subjected to Duggan Cycle
7000
6000 O Control
B High Potassium
5000 A
74000 A |
=
i;‘j gg
$ 3000 A 1
2000 A o
1000 - -
O T T T m T
28 40 90 120 150
Age (days)

Figure 5.10: Compressive Strength Bar Chart of ConcregmPBiSubjected to
Duggan Cycle
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Table 5.4 Compressive Strength of Concrete Specimensciedto Duggan Cycle

Age Bl Std B2 Std
1 2 3 Dev 1 2 3 Dev
28 1855| 3682 - 1291.9 2001 1879 . 86|3
40 4079| 2806 3764 663.0 3011 2709 2343 334.5
90 3975 | 4063] 4397 2226 3781 3715 2342 81R.4
120 | 4,370 4,873 4,330 3025 3,233 3,689 1,166 Z344.
150 | 5,885| 5,679 5,654 127.0 2,604 3,537 1,663 990.6
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5.7 Fundamental Frequency

The test results for the fundamental transverse frequesfdies concrete
prisms subjected to the Duggan cycle are shown in Figlite Bhe tests were
performed in accordance with ASTM C 215 — 02. JanasdrSnyder have proposed
the use of this method for determining the amount of deédiom produced by
accelerated durability tests. The resonant frequencyonerete prism depends on
its orientation. Square test prisms 3” x 3" x 11 ¥4” werelubeyure 5.11 shows the
results of the frequency testing. After a slight increasedhults are relatively
consistent throughout the duration of testing. The high potadsaiich produces a

consistently lower fundamental transverse frequency tleaodhtrol batch.

Fundamental Frequency
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Figure 5.11: Fundamental Frequency of Steam-Cured Gererisms Subjected to

Duggan Cycle
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5.8 SEM and EDAX Analysis

Scanning electron microscopy (SEM) in correlation with Epéigpersive x-
ray analysis (EDAX) can be used to determine the presanettringite in concrete.
Ettringite produces Ca, Al and Sulfur peaks on the EDAX thigrule of thumb
being that a 2:1 S to Al weight ratio is the best bet for ettrinGiberection factors Z,
A and F correct the peak heights to more accurate weighibens. The correction
factors being for Atomic number, Absorption and Floureseen

Small relatively flat pieces of concrete were chosen fronmtieeior and
exterior of the prisms as test specimens for the SEM. Sheyld contain aggregate
as well as cement paste. The samples were mountedksn(Eaure 5.12) with
special carbon glue. Samples are then dried in a vacuemfor approx. 20 minutes.
Then the samples are coated with carbon to enable bettengigsee Fig. 2). Carbon

is used b/c it is the only element that will not show up on th@tanalysis.

Figure 5.12: Samples prepared for SEM testing
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5.8.1 Control Concrete Specimens @ 100 days

Upon examination of five different prepared SEM samplesd not possible
to find an instance of ettringite crystals from these spe@nt&rth cement matrix
and aggregate particles were free of ettringite needles.eFgL3 is a characteristic

SEM image of the microstructure of these specimens.

Figure 5.13: SEM and EDAX Analysis of Control Concretisias @ 100 days

5.8.2 High Potassium Concrete Specimens @ 100 days

At 100 days of storage in calcium hydroxide, SEM imagesveld numerous
ettringite balls and needles throughout the samples. Ettringitkesegere found in
the cavities between the aggregate particles and the ceastat |Bnergy Dispersive
Analysis X-ray (EDAX) verifies the elemental compositiortted crystal formations

by showing the distinct aluminum, sulfur, and calcium paitegeneral. Figures
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5.14 and 5.15 show the two morphologies of ettringitefitsiebeing clusters or balls

of ettringite and the second being the needle like shape ofyials.

Figure 5.14: SEM and EDAX Analysis of High Potassium €ete
Prisms @ 100 days

l ':_' mnm

168um

20.0 kY i

Figure 5.15: SEM and EDAX Analysis of High Potassium €ete
Prisms @ 100 days

93



5.8.3 Control Concrete Specimens @ 150 days

The samples prepared at this stage contained long ettringstalsrthat filled
anywhere from much less than 5% to not more than 2a¥eofoids. Ettringite
crystal morphology was found but the EDAX analysis,aplrof intensity against x-
ray energy could not verify the result. The high silicoi) f8ak presence in this

analysis revealed the early presence of C-S-H gel, whieler converted to

ettringite, as water became predominantly available.

Figure 5.16: SEM and EDAX Analysis of Control Concretisias @ 150 days

5.8.4 High Potassium Concrete Specimens @ 150 days

At this stage several beds of balls of ettringite were fouradigfirout the
samples that were tested. The EDAX analysis verified thieservations by
exhibiting the typical relationship between the elements ndededtringite. The

EDAX results revealed that the scanned deposits had ¢éneicdl composition of Al
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= 3.00% wt., Si = 2.25% wt., S = 7.87% wt., and Ca 28% wt. This is
characteristic of ettringite and was mostly observed inaattsvand at the aggregate

boundaries.

Figure 5.17: SEM and EDAX Analysis of High Potassium €ete
Prisms @ 150 days

5.8.5 Control Concrete Specimens @ 200 days

At this stage occasional voids were found with long ettringitstals that
filled anywhere from much less than 5% to not greater tB&h & the voids. An
SEM image and the related EDAX graph are shown in Figur@ The SEM image
shows ettringite rims near a sand particle. Energy Dispetsiag/sis X-ray (EDAX)
verifies the elemental composition of the crystal formationshoyving the distinct
aluminum, sulfur, and calcium pattern in general.
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Figure 5.18: SEM and EDAX Analysis of Control Concrete
Prisms @ 200 days

5.8.6 High Potassium Concrete Specimens @ 200 days

At this stage ettringite dominates the samples. Different sanip@s s
different relationships in their EDAX analysis. The EDAX fesindicate that the
material deposits have a chemical composition of Al = 3.05%Sv= 1.38% wt.,

S =8.11% wt., and Ca = 85.55% wt., which is characteps$ttringite. The
chemical composition from the EDAX analysis varies becatisgperimental errors
and isomorphous substitutions of elements. Elements may sté&iitone another,
for instance Al for Si.
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Figure 5.19: SEM and EDAX Analysis of High Potassium €ete
Prisms @ 200 days

5.9 Summary and Discussion

It is well understood that the presence of micro-crackirmgmentitious
systems weakens the paste matrix while providing spacedarystallization of
ettringite. Micro-cracks were induced in the concrete sanplas effort to replicate
distributed damage observed in the field due primarily to BEWwell as other
mechanisms. Ekolu, Thomas and Hooton (2006) consideedduggan test severe
and observed that it might induce DEF. This corroboratdsmith the goal of this
portion of the research which was to accelerate DEF andendistributed damage
that could later be monitored using non-destructive techniques.
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Both the control and the high potassium concrete samplesmbderate
expansion up until 44 days after casting. At this stage tharshiarp increase in
expansion of the high potassium sample compared to ttekooncrete samples.
There is continuous debate in the literature between the $efspof the crystal
pressure theory and supporters of the paste expansay #eeto whether DEF is a
cause or consequence of expansion. The results depérad do not pretend to
settle this debate but with the corroboration of the SEM image®sults definitely
highlight the relationship between expansion and DEF, that isgtheand in hand.

Both sets of concrete samples exhibited similar weight chaatgerns.
Weight change is perhaps best monitored using mortar lzdrsattain only the
paste of concrete and not the aggregate. It is inferréthihaggregate comprises
most of the mass of the concrete specimen and since ittishaaveight change and
in particular the difference in weight change between tloebiatches will be
minimal. This issue will also be manifested in the expansioweight change plots.
For the high potassium samples, the point of divergence iextpansion plots can be
correlated to the gradient change in the expansion vshinghgnge plots. Again this
increase in expansion is associated with crack propagatiba ooncrete samples.

The compressive strengths of both batches of con@aetples showed a
steady increase up to 90 days after casting. Coinciding vetfirgh set of SEM
images which show the high potassium batch to contain sigmtifztaounts of
ettringite crystals, the compressive strength of the high potasmtch starts to
decline. This decline continues through the remainder aftperiment. The

relationship between the loss of strength and the expanstsmadb go unnoticed.
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The differences in the rate of development of early gtreand the time required to
trigger the deleterious reaction is of importance in enablingdherete to develop its
early hydration largely uninterrupted and to mature befweeffects of expansion
take place. The increased expansion allows for the inteectan of micro-cracks
and voids in the concrete which weakens the microstruatgreegluces the
compressive strength.

The resonant frequency results obtained were of crugedriance in lieu of
what was ahead in the research. The resonant frequéaaoncrete prism varies
depending on the testing mode and the orientation of the.prisaresonant
frequency in the longitudinal direction is typically higher thathimtransverse
direction. Tests performed during this research were itrdhgverse direction and in
accordance with ASTM C215. The high potassium batchmérete specimens
produced a consistently lower fundamental frequencyiteaontrol counterpart.
What is also noticeably absent is a correlation between tidarfuental frequency
and the sudden increase in expansion rate at arourmyd4Micro-cracks increase
the damping of the concrete reducing the vibration amplituddlattening the
frequency response curve. Cracking and deterioralsancause the resonant
frequency to decrease; because waves take longer ¢bttremugh concrete with
many cracks and voids. Sansalone and Streett discuss deiaih

Scanning electron microscopy (SEM) in collaboration withr§néispersive
x-ray analysis (EDAX) techniques were used to analyeericrostructure of the
concrete. The SEM images can show small particlesropeoents of deterioration

and provide the elemental chemical analysis of what is wide®bvious features

100



associated with DEF are cracks around aggregate particiels ferm part of the
intricate network of cracks that assist DEF, whether by drgstasure theory or by
paste expansion theory. The continuous availability of watenaitked concrete
creates ideal conditions for DEF. The morphology of ettringditenges over time
from small spherical ettringite balls to needle-like crystaf®est crystals eventually
grow to form massive ettringite crystals. The storage condiiiimewater
obviously assisted the growth of DEF particles especiallyarcéise of the high
potassium batch of concrete. Calcium hydroxide (CH) crystaie found in the
SEM examinations of concrete specimens and this mighobetfre un-reacted
products produced during the hydration of Portland cement.

The SEM images did not reveal the presence of ASRyimfiie samples
investigated. This leads to the conclusion that DEF was thergrouoatributor to the
deterioration of the concrete samples that was observedineaivet and
Fenouillet (2006) suggest that the Duggan cycle has aoldanfipact on concrete,
both of which were recognized in this research:

i) Favoring local ettringite formation and,

i) Increasing cracking in the concrete specimens.
The Duggan cycle proved extremely useful in accelerategléimage in the concrete
specimens to enable concurrent testing using non-destruativeédees. Table 5.4

summarizes the test results for specimens subjected to gaduaycle.
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Table 5.4 Summary of Test Results of Steam Cured Corfgpeteimens Subjected to

Duggan Cycle

Test Control P ngh_
otassium
Expansion (Max) 0.015% 0.076%
Weight Change (Max) 0.678% 0.697%
Resonant
Frequency, Hz (Max) 3267 3003
O = 37 days 1854 2001
=8
a - 58 days 3550 2860
=
g2 90 days 4146 3748
§ % 120 days 4524 3461
150 days 5739 3115
No Ettringite
100 days ettringite balls
s @ Random N“m.efous
52 150 days ettringite. ettrigite
n c balls
< Ettringite Numerous
200 days 9 ettringite
crystals
balls
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Chapter 6: Concrete Samples Subjected to Freeaw Tycles

The main influence of Freeze-Thaw action on concrateasigh the
formation of Freeze-Thaw micro-cracks. This mechanidatetlirectly reduces the
modulus of elasticity of concrete and is the basis for Jenr®eze-Thaw test methods.
Stark and Ludwig have even suggested that Freeze-Tdraitions might support
the formation of ettringite at the expense of monosulphate vathementitious
system. Additionally, proponents of the crystal presswerthof DEF suggest that
the crystallization of ettringite in pre-formed micro-cracksegates the pressure that
causes expansion. The goal of the Freeze-Thaw test poftibis research is
congruent with the efforts of the Duggan Cycle test pornamely, to introduce
distributed damage to the concrete specimens for non-digtrtesting and
subsequent analysis.

The concrete samples prepared for laboratory testingpredeiced using
standard techniques for the production of small quantitiesradrete. Proportioning
of the concrete was done using volumetric methods. Botimitheesigns and the
concrete curing regimes were altered from standard peactiaccelerate the
formation of distributed damage in the concrete specinddhsoncrete specimens
(prisms) are 29.21 x 7.62 x 7.62 cm (11 %2 x 3 x B&sg. This specimen size is in
accordance with ASTM standards. The concrete mix desigresidentical to those
prepared for the Duggan Cycle (Chapter 5). Howevere wd the Freeze-Thaw

specimens were steam cured; they were cured at roomregomee With the
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exception of compressive testing, the Freeze-Thaw spesimere subjected to the
same distributed damage monitoring tests as laid out in Chapter 5

The Freeze-Thaw testing was completed in a Rapid Frdeae-Tabinet
apparatus, see Figure 4.5. In this test six concrete pwenesused, three from each
batch, and each cycle consisted of lowering the tempeffabanet.4 °C to -18 °C
and raising it back up to 4.4 °C. This apparatus was riigrsti@pped after every
three cycles for the first 30 cycles and after five cythereafter until the Q-factor
values could no longer be obtained. The average amotintefo complete one
cycle was approximately 5.4 hours. However, the actualiairof time varied since
it depended on the condition of the specimens. As the pdstesiorated, the cycles

became shorter.

6.1 Freeze Thaw Cycles

The control samples were able to endure more cycleseefz&-Thaw testing
than the high potassium samples. Of the three control sasyligst to testing, two
were able to endure 110 cycles whilst one endured oslgy€les. The testing was
stopped on these control samples because they ceaseduogmeaningful results.
Two of the high potassium samples were able to enducgd&s while one endured
105 cycles. Of the two high potassium samples that en@&regicles one of them
actually failed and is depicted in Figure 6.1. The otherdeased to produce

meaningful results.
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Figure 6.1: (a) Freeze Thaw Specimen during Expansists T@th Length

Comparator. (After 12 cycles, note concrete integrity)
(b) Failed Freeze Thaw Specimen after 95 cycles.
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6.2 Expansion Results

The concrete samples subjected to Freeze-Thaw cydidgsted higher
expansion values than those subjected to the Duggan cydle And of the Freeze-
Thaw testing, about 100 days (110 cycles), the expamalaes for the control and
high potassium batches were 1.25% and 1.35% respeciBaatyples subjected to
steam curing and the Duggan cycle exhibited maximum expaoti®0153% and
0.0760% overall. The average maximum expansion achlewéte high potassium
samples was only 8% higher than the average maximuamsiym achieved by the
control samples.

Figure 6.2 plots the results of the average expansisuyéme of both sets
of specimens. The graph clearly shows that the additipptatsium increased the
average expansion. This increase in expansion is nobasysrced as for the samples

subjected to the Duggan cycle even though the maximunmgxyeis greater.
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Figure 6.2: Expansion of Concrete Prisms Subjected taé&Ewaw Cycles

6.3 Weight Change Results

The overall weight change exhibited by the samples debj¢c Freeze-Thaw
cycles was greater than the weight change exhibited sathples subjected to the
Duggan cycle. The maximum weight increase for Freeavdamples occurred
after 80 cycles (81 days) for control samples and 7lsY&8 days) for the high
potassium samples. These weight change values weréd 8%21.696%
respectively. The maximum weight increase for the samplgseaed to the Duggan
cycle 0.678% and 0.697% respectively.

The Freeze-Thaw samples experienced weight increasanmirid 80 cycles,
after which both sets of samples began to experieneelae in weight change. The

decline in weight change began at 75 cycles for the higtspam samples and also
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declined faster for the remainder of the test. Figurei®o8vs the plot of weight

change versus the number of cycles for both setseafrapns.

Weight Change of F/T Specimens
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Figure 6.3: Weight Change of Concrete Prisms Subjecteteeze Thaw Cycles

6.4 Expansion vs. Weight Change

Weight change and expansion results were analyzed simalisly in order
to investigate a possible correlation. The samples subjectieel Ruggan cycle
displayed a stronger disparity between batches (contrdiighgotassium) than
samples subjected to the Freeze-thaw cycles. The sarapjested to the Freeze-
thaw cycles exhibited almost identical relationships between expaarsd weight
change as shown in Figure 6.4, whereas for the Dugggele there was a marked

difference (see Figure 5.7).
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Figure 6.4: Expansion vs. Weight Change of Concrete Br&ubjected to Freeze
Thaw Cycles

6.5 Fundamental Frequency

The Freeze-Thaw tests were performed in accordanceABitivl 666 M-03.
This standard recommends testing for the fundamental traesivequency in order
to determine the relative dynamic modulus. The methoe@tefrchining the
fundamental frequency for ASTM 666 and ASTM C 215theesame. The tests were
performed in accordance with ASTM C 215 — 02. As etqubthe fundamental
frequency decreases through the duration of the test. Witkeising Freeze-Thaw
cycles the distributed damage increases, which causesnggiingt lowers the
fundamental frequency. As depicted in Figure 6.5 the cbs@imples, which are able

to resist damage more, consistently record higher funclahfeequencies than the

high potassium samples.
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Resonant Frequency of F/'T Specumens
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Figure 6.5: Fundamental Frequency of Concrete Prisms Gethjw Freeze Thaw
Cycles

6.6 SEM and EDAX Analysis

Scanning electron microscopy (SEM) in correlation with Epéigpersive x-
ray analysis (EDAX) was used to determine the preseneitrimgite in Freeze-Thaw
concrete samples. Testing using SEM and EDAX began anthef the Freeze-
Thaw cycle testing program. This program was complet8é days (110 cycles) and
SEM tests were started at 100 days for both the Duggamsges and the Freeze-
Thaw specimens.

The stage of most importance for the Freeze-Thaw spesiisetirectly after
testing, at 100 days. For comparison only, the Freeze+$pacimens were also
tested using the SEM and EDAX at 150 and 200 days. Goasdy, after Freeze-

Thaw testing, the specimens were stored in the same condiidhe Duggan
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specimens; in limewater. Figures 6.6 through 6.12 showEM iiages and their
related EDAX spectrums for both batches at 100, 15®860dlays respectively. A
general progression in the growth of ettringite crystals iseperd at these stages.
This growth is considered to be due to the combination oflaiséd damage present

and the storage solution which would promote the grow#itohgite.

6.6.1 Control Concrete Specimens

SEM tests were performed on the crumbling remains dféleze-Thaw
samples using the techniques described in Chapters 4. AtaiB80t was difficult to
find any DEF crystals in any of the control Freeze-thagcspens that were
investigated. In an hour of searching, using the ‘acnedslawn’ technique, only one
cluster of ettringite was found. This paucity of ettringite isriefg to be indicative of

the entire sample. Figure 6.6 — 6.9 shows the ettrigite tteatosad and its

associated EDAX spectrum.

CakK

AlK CakK

Figure 6.6: SEM and EDAX Analysis of Control ConcreteiRgg® 100 days
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Figure 6.9: SEM and EDAX Analysis of Control Concrete

Prisms @ 200 days
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6.6.2 High Potassium Concrete Specimens

Figure 6.10 — 6.12 shows SEM images and their asso&®aAX analyses
for the high potassium samples subjected to the Freeze-Gywev Visible in the
image are Calcium Hydroxide crystals (the plate like elemantsettringite crystals
(the needle like elements). The EDAX analysis gives a ggoesentation of the S to

Al ratio indicative of ettringite.

Figure 6.10: SEM and EDAX Analysis of High Potassium €ete
Prisms @ 100 days
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Figure 6.11: SEM and EDAX Analysis of High Potassium €ete
Prisms @ 150 days

1.00 2.00 3.00 4.00

Figure 6.12: SEM and EDAX Analysis of High Potassium €ete
Prisms @ 200 days
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6.7 Summary and Discussion

The specimens subjected to the Freeze-Thaw cycles exgetibeavy
deterioration. This is evident in Figure 6.1a which showsobitlee specimens which
has failed after 95 cycles. Ekolu, Thomas and Hootong)20@ve suggested that
micro-cracking reduces the tensile strength of the pasttharefore its ability to
resist expansion. The Freeze-Thaw cycles were usedasns of inducing
distributed damage in the concrete specimens whose integstevaluated using
non-destructive techniques. This distributed damage wasatsomental in
promoting DEF.

The addition of potassium carbonate to the concrete mikdss moderately
successful in increasing distributed damage as elucidatee lyrde tests (length
change, weight change and fundamental frequency)efféet of the potassium
carbonate was more pronounced in samples subjectedDugigan cycle when
compared to the control samples. This is probably dueststtitage solution of
limewater for the Duggan samples which facilitates the deletegitest of
potassium carbonate. Also, the Duggan samples had morétithe influence of
potassium carbonate to become dominant. For the Freemes@inaples the dominant
method of deterioration was the constant cycling betweenitfiggand thawing.
Compared to the Duggan specimens, the Freeze-Thaw saonptkiced higher
overall expansion, weight gain and change in the fundahfeeqaency for both the
control and high potassium samples. Table 6.1 summarizesdhlts of the Freeze-

Thaw samples.
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Table 6.1 Summary of Test Results for Concrete Specifengcted to

Freeze-Thaw Cycles

Test Control ngh_
Potassium
Expansion (Max) 1.250% 1.350%
Weight Change (Max) 1.852% 1.696%
Resonant
Frequency, Hz (Max) 3240 3221
Minor Ettringite
100 days ettringite balls
[%) Numerous
=9 150 days Random ettrigite
= ettringite.
n = balls
. Numerous
Ettringite -
200 days crystals ettringite
balls
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Chapter 7: Impact Echo Signal Processing of Caa@amples
Subjected to the Duggan Cycle

7.1 Introduction

No reliable non-destructive testing (NDT) methods curresxigt for early
damage detection in concrete. Deterioration of concretsually accompanied by
micro-cracking which can be caused by reactive aggrelg&tie, and/or Freeze Thaw
damage.

Damage in concrete first develops as micro-crackingwheng, due to
shrinkage and the resulting stresses. If the concretatschred then the possibility
of DEF is increased which will lead to further micro-crackamgl deterioration. The
micro-cracks form at the weakest parts of the concretdgyadhedaries between the
aggregate and the paste matrix. This boundary is knotheasterfacial transition
zone (ITZ) and is weakest due to the disparities in propdrtizeeen the aggregate
and the paste such as modulus of elasticity, density arsurgcontent.

This chapter presents the results and analysis of thedegiructive (Impact
Echo) portion of the tests performed on the concrete sarapléhapter 5. The
significant damage related parameters were highlighted inttaster with the
intention to corroborate them with the results of the signalgssicg analysis

techniques discussed herein.
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7.2 Signal Processing Techniques

Conventional ultrasonic based methods such as the impachack been
used to characterize damage in terms of changes ttteheation factor or pulse
velocity. ASTM has a standard test for pulse velocity ofjitmainal stress waves
through concrete (ASTM C597) and it has been usedtéordme the extent of
distributed damage in concrete. Sanasalone and Kesnd) (20@ also suggested
that since successive echoes arrive from the reflectotifetine boundary surface
or a crack) at a fixed distance, the process can b#yidepresented as a decaying
standing wave. The benefits and drawbacks of these nsatyme discussed in
Chapter 3. Both these methods perform their signal priogessthe time domain.

Due to the availability of non-destructive test instruments usgitabl
processing, signal processing can be done in the fregdentain. Through Fast
Fourier Transform techniques (FFT), the time domain veawes can be transformed
into the frequency domain response spectrum. The infmmia the response
spectrum incorporates the specimen geometry, densitglastic modulus making it

easier to compare damage among different specimens.

7.2.1 The Quality Factor

Distributed damage causes the scattering of the impact e#eke waves. In a
solid such as concrete, the scattering is the result of refleetion, refraction,
diffraction and mode conversion at each interface betwissmdlar materials and
especially at crack boundaries (Sansalone and CariB6).1bhis scattering is a form
of attenuation or damping and is associated with the dynasponse of the

structure. This damping limits the response at resonancafi@ots the rate at which
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the vibrations decay. The quality factor (Q-factor) is asneement of this
attenuation.

There are two common methods used to characterize dampingcrete.
The first method is the log decrement method or viscous idgmphich quantifies

the decrease in amplitude of successive P-waves.

Log decrementy = In(hﬂJ (7-1)

>

Malhotra and Carino (2004) have reviewed the dampingepties of
concrete. For analysis purposes, a quality factor (@¢duently used instead of
viscous damping. While viscous damping increases with deggaor the quality
factor decreases and is easier to monitor quantitativelyQHaetor is a measure of
the spectral width of the peak frequency of the stress.WénaeQ-factor is defined as
the full-width at half maximum (FWHM) of the peak at the famntal or resonant
frequency:

Q=—2 (7-2)

W, — W,

wherew: andw; are the frequencies on either sidevgfor the points on the

curve wherdJ (@) =U,/2, and W is the peak height. In the case of ideal linear

dynamics,Q=,/2« . Thus theQ factor is the decay constant scaled by the

resonant frequency. Sinegincorporates the specimen geometry, density and elastic
modulus, this normalization makes it possible to compare giuar@ong different

specimens. Another physical interpretatioQaé based on the fact that the period of
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the resonant frequency, equals 2/w, and the characteristic relaxation timg,0f
the exponential decay isol/

Hence:
T
= — 7'3
Q T (7-3)

This indicates that Q is a measure of how much decay®dauning the time of a

single cycle of the resonant frequency.

7.2.2 Lorentzian Analysis

In order to avoid the shortcomings of the Q-factor apgrolicMorris et al.
(2007) have proposed signal processing methods imeteency domain that
explicitly quantify the nonlinearity. This is based on the flat the Fourier
transform of the decaying standing wave equation is antzies function defined
by:

ur? ]
U(a))_4(a)—a)o)2+l"2 (7-4)

whereU(w) is the Fourier transform at), o, is the resonant frequency, the peak
heightU, = U(w,), andrl" is the full width at half maximum (FWHM). As shown in
Figure 7.1, this function has a single peak centered.alts shape can be
characterized by just two parameteddg:andI .

It can be shown th& = w/T", and this implies thdt = 20. However, this is
strictly true only in the case where the Fourier-transforsigail is a Lorentzian
function. As discussed above, as the distributed damagenes more severe, the

shape of the peak in the frequency spectrum depantstfre Lorentzian.
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Figure 7.1: Typical spectrum of impact-response of scomdrete
prism

Since the Lorentzian function represents the Fourier transfbthe ideal
linear dynamics response, one measure of nonlinearitidvbeuthe difference
between the observed spectrum and the Lorentzian funotiemflamaged concrete.
The damaged concrete peak can be overlaid with the Laemterived from the
control specimen by scaling it vertically to match the peajhh@bserved for the
damaged specimen. This identifies a significant differeet&den the two curves.
Monitoring the areas under each curve provides usefuhiafiton which manifests

this measure of non-linearity. The Lorentzian area raticeisatio of the area under

the Lorentzian fit to the data to the area under the data.
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7.2.3 Harmonic Analysis

The other nonlinear approach is derived from a Taylpaesion in the
elastic modulus of the standard differential equation fosstn&ave motion which

leads to;

o%u ou o%u
L i R

wherec, is a constant angb is known as the second-order nonlinear coefficient. This
approach can be extended to yield higher order nonlaoedficients.

The amplitude of the second order harmonic can be refatbé fundamental

by:
A =[ L e mx (7-6)

where A is the amplitude of the second harmonigj$ithe amplitude of the
fundamental frequency,is the wave number ands the propagation distance.

Similarly the third harmonic is given by:
A= [ﬂf‘]kz/ﬂx (7-7)

In general, the harmonic ratio A»/(A;)? is sensitive to micro-structural changes
and micro-cracking in the interfacial transition zone while the third harmonic
ratio, As/(A;)* is more sensitive to micro-cracking. These are not mutually
exclusive, however, since both deterioration mechanisms contribute to both

harmonic ratios.
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7.3 Impact Echo Tests

Transient stress waves are generated by short durdéietic @npact on a
concrete surface. The stress wave generated propagatédse test medium along
spherical wave-fronts as compression (P-) and sheawéses. The P- and S- waves
are reflected by internal discontinuities and external bounddiesreflected waves
returning to the surface of impact generate displacementsaindte measured by a
receiving transducer placed near the point of impact. Fsar @sanalysis and
expediency, waveforms are transformed to the frequéomain using Fast Fourier
Transform technique. The resulting amplitude spectrum istoseeéntify the
dominant frequencies present in the waveform. Wave teftexcfrom the boundary
or existing flaws give rise to transient resonance that catebéfied in the
spectrum.

The impact echo tests were performed in accordance @8iiVAC 215-02.
For each specimen tested on each test date the spacanempacted with the
hammer at least three times and the data recorded. Théowasend response
spectrums in Figs. 7.2 and 7.3 are typical of the datt@red. Interesting points to
note are (i) the number of P-wave peaks have decreasedime (ii) the response

peak is broader and a harmonic peak can be seen m3big
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Figure 7.2: Waveform and Spectrum of a Duggan Spec@@3 days
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Figure 7.3: Waveform and Spectrum of a Duggan Speciandi38 days
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7.4 The Q-Factor

The Q-factors from the specimens subjected to the Duggan Cycle
were acquired through impact—-echo testing, which was performed along
with expansion and weight change measurements every three to five
days after the completion of the heating regime. Figure 7.4 shows the
variation of the Q-factor over time. It is clear to see that there is
a gradual increase in Q-factor over time for the control batch of
concrete specimens. This increase is expected, as the Q-factor is
also used as a non—destructive method of determining concrete
strength (Tesfamariam, Sadri and Thomas, 2006). For the high
potassium batch the average Q—factor over time, as delineated by the
linear regression fit, remains basically unchanged. A decrease in Q-
factor over time was expected based on the degradation of the

specimens observed in Chapter b.
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Figure 7.4: The Q-factor of Duggan Specimens over time

The standard deviation, a measure of the data spreatthbouean, of the
Control specimens was found to be 1.0933, while the sthuidaation of the high
potassium specimens was 1.0546. This confirmed that tlaetQr$ obtained from

both batches did not vary much over the duration of theareh study.

7.4.1 The Q-Factor related to Expansion

Expansion is the primary test used in previous chaptersatoate the
condition of the concrete. In Chapter 5 the control speceexperienced moderate
expansion whilst the high potassium samples experiencedsenees expansion.
Consequently the frequency domain analysis of the ingmdt tests should correlate
this data. Figures 7.5 through 7.7 show the relationship batihe Q-factor and

expansion of the Duggan specimens.
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Figure 7.5: The Q-factor of Duggan Specimens over time
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Figure 7.7: The Q-factor vs. Expansion for High Potas$Specimens

The relationship of the Q-factor with expansion is as expeEtadhe control
batch there is an increase in Q-factor with only minoaasmn. For the high
potassium batch there is a slight decrease in Q-factor assbwaigh more severe
expansion. This is represented by the negative gradierg dh#ar fit. However the
correlation of the linear fit to the data is weak as indichgethe small Rvalue.

El-Korchi et al (1989) suggest that one way the value cdiQincrease is
through the creation of a more dense material througkased or continued
hydration of cement. El-Korchi et al (1989) concluded tdaatinued cement
hydration would decrease void space and hence det¢headamping and internal
friction which would minimize the energy loss associated withrtresfer of P-

waves resulting in large Q-factor values. Thus, the incrieaefactors found in this
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study could be due to the storage condition since the spesiwere stored in
limewater before subjecting them to the Duggan Cycle andghout the entire

period of the research study.

7.5 Non-Linear Analysis — Lorenztian Mismatch Analysis

In implementing this analysis, it was found necessary tcaderal steps.
The software for the system actually calculates the pspestrum, which is the
square of the real part of the Fourier transform. Thesethe function used for the
model is actually the Lorentzian squared. In order tagpveshe correct shape of the
curve when it is scaled vertically to the peak height of #ia,dt is also necessary to

scale the width by the same factor. Therefore the scatkl Iy is given by:

C

r, = U_ZFO (7-8)

wherel', is the width for the Lorentzian model of the undamagedretacl) is the
peak height for the undamaged concrete, and the peak height for the damaged
concrete. Finally, it was necessary to subtract a bagelglaninate background
noise. As a result most Lorentzian fits do not start at thelibasof y = 0, but slightly
above it.

In all the plots of the Lorenztian mismatch analysis, tha ander the data is

shaded while the area under the Lorentzian fit is blank/white.

7.5.1 Control Samples

The Lorentzian mismatch analysis was acquired throughadtygcho testing,
which was performed along with expansion and weight charegesurements every
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three to five days after the completion of the heating reghma result there is a
frequency spectrum and Lorezntian fit for each specimeaach day the specimens
were tested. Figures 7.8 and 7.9 show typical Lorenaiatysis plots of sound
concrete and damaged concrete specimens. Figur@ldtéQhe variation of the
Lorentzian area ratios over the duration of the testingsidsaly increase noted
represents the increase in strength and integrity of #@mspns. Recall that the Q-
factors for the control samples increased over time whidbloorates well with

Figure 7.10 which demonstrates that the control sampldseties approximating the

Lorentzian ideal.
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Figure 7.8: Lorentzian Analysis of Undamaged Control @stecSpecimen
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7.5.2 High Potassium Samples

Figures 7.11 and 7.12 show typical Lorentzian analysis pllosound
concrete and damaged concrete specimens. Figur@ldt&3he variation of the
Lorentzian area ratios over the duration of the testing &higph potassium
specimens. The Lorentzian fit in this case is based on timel s@ncrete specimen of
a high potassium sample just after the Duggan cycle. Thagkaor heavily
expanded specimens seem to produce sharper respecsess than their
Lorentzian fits would suggest. This trend is complimentary tatughobserved with

the Q-factor, whereby the Q-factor increases with incteagpansion.
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Figure 7.11: Lorentzian Analysis of Undamaged, High Ratas Concrete Specimen
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Figure 7.13: The Lorentzian Area Ratios over time for Higkassium Specimens
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7.5.3 High Potassium vs. Control Samples

The Lorentzian mismatch analysis was also performed bghing the
Lorentzian fit of the control concrete specimens to the respspectra of the high
potassium specimens. This provides a better comparison elimthates the
possibility of any early damage caused by the combinafitredheating regimen and
the high potassium. Figures 7.14 and 7.15 representisineaich analysis at different
stages. Figure 7.16 shows the resulting trend of theratiea between the Lorentz fit
and the damaged response spectra. The area ratioallyenerease over time. This
is contrary to what is expected because the damage siveaté a more distorted

spectrum which should have less congruent fit with the lini@mas damage

increases.
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Figure 7.14: Lorentzian Fit of Control Concrete specimeimaggligh Potassium

Specimen Response Spectra for Undamaged specimen.
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7.6 Non-Linear Analysis — Harmonic Ratios

Micro-cracking, especially in the interfacial transition zonegsponsible, in
theory, for acoustic non-linearity in concrete. As th@am of micro-cracking
increases, more of the fundamental frequency is expecteltransformed into
higher order harmonics.

The amplitudes of the first and second harmonics wegded from the
response spectrum of each specimen. Figure 7.17sshoypical example of a
response spectrum. In many cases fi@&monic was not easily discernible. In
some cases thé%harmonic was even less dominant than some mixed nibles.

amplitudes were used to calculate th€Harmonic ratio as discussed in 7.2.3.
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Figure 7.17: Harmonics in Response Spectrum
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Figure 7.18 does not reveal a consistent trend in the varadrihe harmonic
ratio. In most cases this is because fHén@rmonic is of negligible magnitude.
Attenuation is a major factor influencing the magnitude of thers: harmonic ratio,
and though these samples display significant expansionwireynot severely
cracked at the end of testing. Additionally, ti&tarmonics proved difficult to
detect without the use of special filters. On the contrary tbeze-Thaw specimens

were significantly cracked and produced more meanimggullts.
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Figure 7.18: Change i"®Order Harmonics with time.
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7.7 Summary and Discussion

It is clear from Chapter 5 that the addition of potassiumocete to the
concrete mix significantly aided the deterioration of the cda@amples. This
deterioration was primarily manifested as expansion ofdinerete specimens.
Correlation of expansion with non-destructive test parameteveg inconsistent,
though the basis of these methods remains sound.

The Q-factor results obtained from the impact echo testiaglgleighlighted
the deterioration caused by the increased potassium inrtheet® mix. While the
control samples gained strength and their Q-factors inatgdmehigh potassium
samples showed only a very slight increase. EI-KorcHi(@9&89) suggest that one
way the value of Q can increase is through the creatiamudre dense material
through increased or continued hydration of cement. Etiidet al (1989) concluded
that continued cement hydration would decrease void spaceemce decrease the
damping and internal friction which would minimize the endogg associated with
the transfer of P-waves resulting in large Q-factor valliess, the increase in Q-
factors found in this study could be due to the storageittmmgince the specimens
were stored in limewater before subjecting them to the Du@gale and throughout
the entire period of the research study.

As the damage becomes more severe, nonlinear eflasttod. The peak in
the frequency spectrum then displays a distorted shape ptudhces inconsistent
Q-factor calculations. In an attempt to quantify the non-lingand the distorted

shape of the response spectra, a Lorentzian analysigesf@rmed to determine the
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ratios of the areas of undamaged, undistorted spectia sreas of the distorted

spectra. The results of this analysis are summarized ume~iy19.
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Figure 7.19: The Lorentzian Area Ratios over time foCalhcrete Batches

Attenuation has been found to be a major factor influertbiegecond and
third harmonic ratios. Since the fundamental frequency tesguared in the second
harmonic ratio and cubed for the third harmonic ratio theastehmajor effect on
these terms as damage progresses. However, onlgwm @tkes were the third
harmonics visible in the response spectra and generalhoaxésible without special
filters.

As micro-cracking increases a larger portion of the foretdal wave is
expected to be converted into higher order harmoS8tesiffer et al (2005), suggest

that casting direction has a significant influence on the setamdonic where
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harmonic growth is substantially greater when the wave vegapating in the
casting direction rather than against it. This is thought to berdpart to
condensation on the bottom side of the aggregate andrthatfon of bleed water on
the top surface. Both mechanisms weaken the paste at thiabhoand lead to micro-

cracking which influences the non-linear behavior of theerra.
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Chapter 8: Impact Echo Signal Processing of Caa@amples
Subjected to the Freeze Thaw Cycles

8.1 Introduction

The concrete samples prepared for this part of thercdse@re subjected to
Freeze Thaw cycles primarily to induce distributed damagtfeeiform of micro-
cracking. Based on the test results of Chapter 6 and ttegshphic evidence,
sufficient distributed damage was induced for the propdgedlsanalysis techniques
to yield meaningful results.

The ASTM standard for Freeze Thaw testing utilizes theveass
fundamental frequency and the Relative Dynamic Modulus (RDiMhis case it is
necessary to test the samples for 300 cycles or untitdailinis is because the RDM
is not sensitive to low levels of damage. As a result this testamglard cannot be
used to predict the failure of concrete subjected to FrEleae cycles. While
sinusoidal excitation (ASTM C 215) is the standard methoth&asuring resonance
frequency, impulse excitation has been approved by ASS Bhalternate. Important
advantages of the impulse method are that it is rapid, gpitechecible, and also
produces information on the damping characteristics ofibrational modes with no
additional testing.

Frost resistance of concrete made with durable aggregddéeisnined by the
air-void system's ability to prevent development of destregiressures due to
freezing and associated movement of moisture in the cormpoeds. The specific

requirements of the air-void system depend on the amodnhability of the water

142



in the pores. Research in materials science by CoppolBradt (1973) has
suggested that viscous damping is more sensitive to thermabéahan elastic
modulus. For analysis purposes, a quality factor (Qeguently used instead of
viscous damping. While viscous damping increases with deggdor the quality

factor decreases and is easier to monitor quantitatively.

8.2 Impact Echo Tests

The impact echo tests were performed in accordanceA8itM C 215-02 as
required by the ASTM standard for Freeze Thaw testiigur€ 8.1 shows the impact
echo waveform and spectrum for a high potassium sdoebee being subjected to
the Freeze Thaw process. The waveform has several/®peaks and a discernible
decay constant. The spectrum is a single relatively shakpvpiégh a resonant
frequency of 2695 Hz. Figure 8.2 shows the impact @cheform and spectrum for
a high potassium sample at 80 cycles. The waveform g dew peaks which are
insufficient to truly determine a decay constant. Thetspecnow has several

secondary peaks and the resonant frequency has gbiffe@ Hz.

143



Impact Echo Wavetorm

0.60 -

0.40 -

0.20

0.00

0.4
-0.20

Amplitude, V

-0.40 -

-0.60

tume, s

Impact Echo Response Spectrum

Amplitude, V

0.1 ~

0.0
0

1000

2000 3000 4000 5000 6000 7000 8000

Frequency, Hz
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8.3 The Q-Factor

The specimens subjected to the Freeze-Thaw cycles Reihid Freeze-Thaw
cabinet apparatus also were tested until failure or until thecdatd no longer be
obtained. The quality factor for both sets of concreteispats decreased over the
duration of the Freeze Thaw testing. Figure 8.3 showQifaetor plotted against the
number of F/T cycles. The high potassium batch typicatidyeced lower Q-factors
than the control batch. Figure 8.4 reveals that the highgiotadatch also decreases
at an exponentially higher rate than the control samplescaéfficients of
determination are very good for the exponential fit to the dd@a.Q-factor also
provides good correlation with the expansion data ancetagonship is plotted in
Figure 8.5. An exponential relationship shows a very ginad the data, with the

high potassium batch having a slightly higher decay cotista

Q-Factor vs No. of Cycles
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gure 8.3: The Q-factor vs. No. of Freeze-Thaw Cycles
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8.4 Non-Linear Analysis — Lorentzian Mismatch Analysis

As damage increases, the concrete begins to devatelnear effects which
distort the shape of the response spectrum. The Q-factapable of capturing the
increase in damping associated with the increase in damagégsted by the
widening of the response spectrum. However, the Loren&zialysis is capable of
capturing the increase in non-linear effects manifested hyiskartion of the
response spectrum. Figure 8.8 plots the variation of dhentzian area ratios against
the number of cycles during the testing. The exponenti@l fite data provides the
best coefficients of determination. The data typically showsr Lorentzian area
ratios for the high potassium batch from the beginningefeht. Both sets of data
approach the asymptote at a similar number of cyclesiacel the control batch
started at higher area ratios it therefore has a higleayd®mnstant. Both sets of
concrete were made with the same air entrainment treatmeérthe same aggregate
and so would be expected to survive the same numipeeete Thaw cycles.

In all the plots of the Lorenztian mismatch analysis, the angler the data is
shaded while the area under the Lorentzian fit is blank/whiie LBrentzian area
ratio is the ratio of the area under the Lorentzian fit taltta to the area under the

data.
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8.5 Non-Linear Analysis — Harmonic Ratios

Micro-cracking, especially in the interfacial transition zoneggponsible, in
theory, for acoustic non-linearity in concrete. As th@am of micro-cracking
increases, more of the fundamental frequency is expertegltransformed into
higher order harmonics.

The ratios of the amplitude of the second harmonic to tharswmf the
amplitude of the first harmonic are plotted in Figure 8.8 agaire number of Freeze

Thaw cycles. At around 50 cycles the high potassium bmegns a distinct
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separation from the control batch and follows the expectedase reaching a

maximum of approximately four times the ratio for the cdrdeda before failing.

2nd Harmonic Ratio vs Cycles
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Figure 8.9: Change in 2nd Order Harmonics with F/T cycles

8.6 Summary and Discussion

It is clear that the addition of potassium carbonate to theet@naix
significantly aided the deterioration of the concrete sampie=adh of the
investigative signal analysis methods the high potassium legionted data that
highlighted its deterioration.

The Q-factor results obtained from the impact echo testindidingéd the
deterioration caused by the increased potassium in theetemsix. However,
though consistent, the distinction between the control ankighepotassium data

was not very distinct. Figure 8.4 shows that though the paghssium batch
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produces continuously lower Q-factors the decay of @fags not significantly
different from the control data. With increasing damage @fRieeze Thaw cycles
the non-linear effects begin to appear. The Q-factor se#yns to be capturing the
effects of the macro damage caused by the Freeze t€stswvhich is similar for
both sets of specimens due to the lack of air entrainment.

In an attempt to quantify the non-linearity and the distortege of the
response spectra, a Lorentzian analysis was perfaoraanpare the ratios of the
areas of the distorted spectra to that of undamaged, umtelisépectra. From the
beginning of the test the high potassium batch displays adegsuent fit to the
undamaged spectra than the control data. The Lorentziamatcis is capturing, from
a very early stage, the micro-structural damage. Thig statje damage may be
associated with the high potassium content prior to its manifestgimicro-
cracking, which is a larger scale phenomenon. In Ei§us both the control and high
potassium data sets approach the asymptote at a similar noihalyeles and since
the control batch started at higher area ratios it therefara hegher decay constant.

Classic material non-linearity results in second order harngamieration. As
micro-cracking increases a larger portion of the fundarhesatee is expected to be
converted into higher order harmonics. High intensity ultradas required to detect
third order harmonics but the impact echo energy levels augficient for second
order harmonics to be generated. Woodward et al. sujge<sasting direction has a
significant influence on the second harmonic where harngieth is substantially
greater when the wave was propagating in the casting direatizer than against it.

This is thought to be due in part to condensation on the bgitof the aggregate
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and the formation of bleed water on the top surfaceeieral, the harmonic ratio
A,/(A1)? is sensitive to micro-structural changes and micro-cracking in the
interfacial transition zone while the third harmonic ratio, As/(A1)* is more
sensitive to micro-cracking. These are not mutually exclusive, however, since
both deterioration mechanisms contribute to both harmonic ratios. Figure 8.9
then shows that the micro-structural changes and micro-cracking significantly
increased for the high potassium batch of concrete, whereas the control
samples may just be suffering from the micro-cracking brought about by the

Freeze-Thaw tests.
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Chapter 9: Summary and Conclusions

9.1 Summary

The original goal of this research lay in investigating tis&iduted damage
associated with delayed ettringite formafidoy using linear acoustic methods. That
goal has metastasized into the investigation of distributed damggeeral by using
linear and non-linear ultrasonic techniques. The nondestrudgieemination of early
deterioration of concrete is difficult. Deterioration is usuallgoeepanied by micro-
cracking which may be caused by stress, creep aimkage, ASR and/or DEF.
Presently there is no applicable field method for the netraleive determination of
this sort of damage in concrete, especially in its eartjestaConsequently, this
research was performed with field applicability in mind. Thpant echo method
proved most suitable in achieving these goals.

In order to achieve the goals stated above concrete specweee prepared
in the laboratory. The primary goal here was to prodooerete samples in which
distributed damage could be accelerated whether by DEF 0AEReze Thaw
cycling. Additionally a baseline for the determination of taemedge had to be set and
so a control batch of concrete was also prepared that Weuteée from the effects of
distributed damage. Accelerated damage was achievedaupke of levels.

From a compositional level, Portland cement type Il wad tis®ughout the
entire study which exceeds all the threshold values sugdestedearchers. In 1994,

Taylor outlined threshold values at 0.83% for equivalen\8.22% for NgO,

2 Wolter, S. refers to DEF as the cancer of concrete.
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3.6% for SO3 and 1.6 + 0.2% for MgO. Manufactureederick Stone Sand
conforming to ASTM C33 was used throughout the rese&ahthe concrete
batches, Calcitic Limestone ASTM # 57 was used for thesecaggregate. These
materials have been proven to accelerate damage iret®iCeesay 2006, Ramadan
2000).

The concrete specimens were then separated by theftgipeedorating
cycles that they would undergo. The UMD Modified Duggaul€, which is
effectively a heat cycle, has been proven to acceleeseiaration in concrete by
initiating cracking and ettringite formation (Ceesay, 2007)takds nine days to
complete. Prior to the Duggan cycle the specimens wena sig@ed, which again is
a proven method for initiating DEF in concrete with type 8ttRind cement. A
second set of samples were subjected to Freeze-Thaes éya@ccordance with the
relevant ASTM standard. The samples subjected to Freazectftles were not
steam cured. While Freeze Thaw cycles do not necesgeoityote DEF they
certainly induce distributed damage and micro-cracking.

The progress of damage related parameters was monisirefseveral tests.
The specimens subjected to the Duggan Cycle were testexigansion, weight
change and fundamental frequency in accordance willvVAG215, every three to
five days after the Duggan Cycle. Those specimens satljex Freeze Thaw cycles
in the Rapid Freeze-Thaw Cabinet apparatus were testedtbkes cycles for the
first 30 cycles and every five cycles until failure or until magful results could no
longer be obtained. Compression strength tests were caui@h specimens

subjected to the Duggan Cycle in accordance with ASTM TB8se compression
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tests were performed at 7, 30, 90, 120, and 150 diyslze completion of the
heating regime. Both the Duggan and Freeze Thaw specimsasalso subjected to
Scanning Electron Microscopy (SEM) and Energy dispersiray analysis (EDAX).
This destructive test determined the actual contributors tagtréodted damage that
is either DEF and/or ASR.

The results of the non-destructive impact echo tests wenenadry
importance. These results were analyzed using novedudtidg edge signal
processing techniques. The Q-factor has been provendabeful tool to quantify
the linear effects of distributed damage on concrete. FaeQr is derived from the
response spectrum of the specimen after a Fast FGualesform has been performed
on the waveform from the impact echo test. As damageasese however, non-
linear effects dominate the response. A novel techniquelexssoped to quantify
these non-linear effects; the Lorentzian mismatch technidee, Aecent exploration
of the second and third harmonics has proved to belusejuantifying the non-

linear effects of damage in concrete.

9.2 Summary of Results

In this research work, all the concrete samples made wdiliawhl 1.5%
potassium exhibited excessive expansion and a significanttiexa in strength.

The results of the tests used to monitor the progress abdistl damage are
summarized in Tables 9.1 and 9.2. Chapters 5 and 6Gicdinéedetailed results of

these tests.
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to Duggan Cycle

Table 9.1 - Summary of Test Results of Steam Curedrémn8pecimens Subjected

Test Control ngh_
Potassium
Expansion (Max) 0.015% 0.076%
Weight Change (Max) 0.678% 0.697%
Resonant
Frequency, Hz (Max) 3267 3003
S
5 o
Q< 37 days 1854 2001
59
52| 150days 5739 3115
Sh y
No Ettringite
100 days ettringite balls
%) Random Numerous
= 2 150 days ettrinaite ettrigite
o £ gte. balls
o Numerous
Ettringite -
200 days crystals ettringite
balls

Table 9.2 - Summary of Test Results for Concrete SpesiiBehjected to

Freeze-Thaw Cycles

Test Control P ngh_
otassium
Expansion (Max) 1.250% 1.350%
Weight Change (Max) 1.852% 1.696%
Resonant
Frequency, Hz (Max) 3240 3221
Minor Ettringite
100 days ettringite balls
[%) Numerous
=9 150 days Random ettrigite
= ettringite.
n = balls
. Numerous
Ettringite .
200 days crystals ettringite
balls
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The results of the signal processing of the impact edaoyiElded more
reasonable results for the specimens subjected to Freawnetd@sting than for the
specimens subjected to the Duggan Cycle. Chapters & amvide detailed
discussion on the results of each analysis technique.

The Q-factor results of the specimens subjected to thgdbugycle proved to
be heavily influenced by their storage condition of limewdtbough there was a
distinct difference in the control data versus the high potassata) there was not
significant change in the results over time outside the pagamiestandard
deviation. The continued hydration increased the dampimepsoof the cement and
masked the decrease in damping contributed by the distridatedge. For the
Freeze Thaw specimens, the distinction between the contrbligimgpotassium
results was consistent. However, the Q-factor only seeims ¢apturing the effects
of the macro damage caused by the Freeze Thaw tests iisimilar for both sets of
specimens due to the lack of air entrainment.

The Lorentzian mismatch analysis explored the deviation thenb.orentzian
ideal of the response spectrum of an undamaged cospestanen to that of the
actual response spectrum of a damaged concrete speEionghe Duggan cycle
specimens though distinct differences exist between the canttdiigh potassium
data, the results are not conforming to what is expectedn Agastorage solution
may be contributing to the distortion of the results by fillingubiels in the concrete
and not allowing the response spectra to truly represedidtweted shape of the
spectra for the damaged specimens. The transient stress @epend on the voids in

the concrete to report the state of the specimen. The spezsnbjected to Freeze

158



Thaw cycles displayed, through the Lorentzian mismatelysis, early stage
indication of damage that may be associated with the higsgpota content and its
manifestation as micro-cracking.

The samples subjected to the Duggan cycle did not reweaisistent trend in
the variance of the second harmonic ratio. In most ¢hseis because the second
harmonic is of negligible magnitude. Attenuation is a major fanftuencing the
magnitude of the second harmonic ratio, and though theggesdisplay significant
expansion, they were not noticeably cracked at the ete$ifig. Ingeneral, the
harmonic ratio A,/(A;)? is sensitive to micro-structural changes and micro-
cracking in the interfacial transition zone. The high potassium samples
subjected to Freeze Thaw cycling showed that the micro-structural changes
and micro-cracking significantly increased as represented by the approximate
exponential increase of the second harmonic ratio which is depicted in Figure
8.9. The control samples displayed far less of an increase of the second
harmonic ratio and might only be suffering from the micro-cracking brought

about by the Freeze-Thaw tests.

159



9.3 Conclusions

Based on the results of this research the following condsisiere obtained:

1. The addition of potassium carbonate accelerated deterionat@mmcrete
prisms causing an increase in expansion of specimenstadie the Duggan
and the Freeze Thaw Cycles. The Duggan cycle specuigayed more
exaggerated expansion.

2. The weight changes of these specimens were not significefected for
both the Duggan and Freeze Thaw cycles.

3. The addition of potassium definitively affected the compressikength of
concrete samples subjected to the Duggan cycle.

4. Based on SEM morphology, the steam curing and the Duggd® enhanced
DEF but were not critical for its formation. DEF was also okes®in the
Freeze Thaw specimens.

5. SEM results correlated with expansion results to show thatvizisFa major
player in the distributed damage observed. SEM resultsodidetect ASR at
any stage.

6. The storage condition of limewater for Duggan specimeneteatpmask the
detection of distributed damage when signal processing tedswgere used
for the impact echo data.

7. Second order harmonics proved very useful in detectingprstructural

changes in specimens subjected to Freeze Thaw cycles.
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8. The novel Lorentzian mismatch technique was also usefultinglisshing

9.

distributed damage in Freeze thaw specimens.

The Q-factor is useful only when significant non-lineffeets are not present.

10. As micro-cracking increases larger portions of the fundaahevave are

converted to higher harmonics.

9.4 Recommendations for Future Work

1.

Investigate the effect of varying the specimen size on tin@lgigocessing
techniques discussed herein.

Investigate the effect of air entrainment on the Freeze Fhawples in
producing results over a greater number of cycles.

Expand the research to include field tests.

Investigate the effect of reinforcement on the signal prowsschniques.
Optimize the technique for scaling the Lorentzian fit of the ovadped

specimen.

161



Bibliography

. ASTM C215, *“Standard Test Method for Fundamental Trarssy
Longitudinal, and Torsional Frequencies of Concrete Spesihg€2002)
ASTM InternationalWest Conshohocken, PA.

. ASTM C192, “Standard Practice for Making and Curing CetecSpecimens
in the Laboratory,” (2002ASTM InternationglWest Conshohocken, PA.

. ASTM C666, “Standard Test Method for Resistance of Gxacto Rapid
Freezing and Thawing,” (2002STM Internationgl West Conshohocken,
PA.

. ASTM C597, “Standard Specification for Pulse Velocity Meaments in
Concrete,” (2002ASTM InternationglWest Conshohocken, PA.

. Kesner, K., Sansalone, M.J., and Poston, R.W. (200®8tection and
Quantification of Distributed Damage in Concrete Using Trahs&ress
Waves",ACI Materials Journal,Vol. 101, Issue 4, pp. 318-326.

. Livingston, R.A., Ormsby, C., Amde, A.M., Ceary, M.,cMorris, N., and
Finnerty, P., (2006) "Field Survey of Delayed Ettringiterfkation Related
Damage in Concrete Bridges in the State of Marylan8&venth
CANMET/ACI Conference on Durability of Concrete, SP;2B4.V.M.
Malhotra, ACI, Detroit, Ml. pp. 251-268.

. Clarke, S.L.,(1991) "Improved Method for Non-destructitesting of
Concrete Prisms, in Mechanical EngineeringSc. ThesisU. Washington,
Seattle, WA

. Janssen, D. and Snyder, M., (1994) "Resistance ofrémnto Freezing and
Thawing, SHRP-C-391"Strategic Highway Research ProgralVashington
D.C.

. Malhotra, V.M. and Sivasundaram, V., (2004) "Reson&mequency
Methods", Handbook on Nondestructive Testing of Congréids.V.M.
Malhotra and N.J. Carino, , CRC Press: Boca RatonppL7-1 7-18.

10.McMorris, N., Amde, A.M., and Livingston, R.A., (2007mproved impact-

echo method for quantification of distributed damage in @&atrRecent
Advances in Concrete Technolpdyds. A.M. Amde, G. Sabnis, and J.S.Y.
Tan, DEStech: Washington, DC. pp. 185-194.

11.Zheng, Y., Maev, R.G., and Solodov, LY. (1999) "Niear Acoustic

Applications for Material Characterization: A ReviewCan. J. Phys Vol.
77, pp. 927-967.

12.Ceesay, J., Amde, A.M., Azzam, A., Livingston, R.AadaNewman, J.W.,

“Investigations of Modifications to the Duggan Test for Dethystringite

162



Formation,” (2007Recent Advances in Concrete Technalégiyl. Amde, G.
Sabnis, and J.S.Y. Tan, Editors. DEStech: WashingtonpDZ29-311.

13.Lijeron, C., (2008) "Correlating Q-Factor Measurements ttee©Parameters
in Deteriorated ConcreteN)Sc. ThesisU. Maryland: College Park, MD.

14. Stauffer, J., Woodward, C., and White, K.R. (2005) rilNeear Ultrasonic
Testing with Resonant and Pulse Velocity Parameters foy Bainage in
Concrete"ACI Materials JournalVol. 102, Issue 3, pp. 118-121.

15. Livingston, R., McMorris, N., Lijeron, C., and Amde, £008) “Non-Linear
Frequency Domain Techniques for Processing Impact ERigoals for
Distributed Damage”, 7" International Symposium on Non-Destructive
Testing NDTCE 09 conference.

16.Brown, P.W., and Bothe, J.V., Jr.,, (1993) “The stabilif ettringite,”
Advances In Cement Researvbol. 5, No. 18, pp. 47-63.

17.Cheng, C., and Sansalone, M., (1994) "Determining theinMiim Crack
Width that can be Detected Using the Impact-Echo Methodt Par
Experimental Study,RILEM Journal of Materials and Structurgs/ol. 276,
pp. 274-285.

18.Day, R., (1992) “The Effect of Secondary Ettringite Faiora on the
Durability of Concrete: A Literature AnalysisResearch and Development
Bulletin RD108T Portland Cement Association, 115 pp.

19.Detwiler, R. and Powers-Couche, L., “Effect of Sulfateioncrete on its
Resistance to Freezing and Thawing,” (19PMsentation at 1997 American
Concrete Institute Spring Conventjdportland Cement Association Research
and Development Serial No. 2090.

20.European Committee for Standardization, Concrete (1989jfcireance,
Production, Placing and Compliance Criterigfinal Draft, European
Prestandard.

21.Fu., Y. and Beaudoin, J., (1996) “Mechanisms of Dealaygttringite
Formation in Portland Cement System&CI| Materials Journal Vol.93, No.
4, July-August 1996, pp.327-333.

22.Fu, Y., et al, (1994) "Effect of Temperature on Sulphate
Adsorption/Desorption by Tricalcium Silicate HydratesCement and
Concrete Researcivol. 24, No. 8, pp. 1548-1432, 1994.

23.Grabowski, E., et al., (1992) “Rapid Test of Concrete daspvity Due to
Internal Sulfate Attack,”ACI Materials Journal Vol. 89, No. 5, September-
October 1992, pp. 469-480.

24.Gress, D., "Early Distress of Concrete Pavements,"efdédHighway
Administration, Publication No. FHWA-SA-97-045, 53 pp.

25.Heinz, D., and Ludwig, U., (1987) “Mechanisms of Selany Ettringite
Formation in Mortars and Concretes Subjected to a Heat TeagtnBryant

163



and Katherine Mather Symposium, American Concrete InstiBRel00,
Scanlon, J., Editor, pp. 2059-2071.

26.Kennerley, R., (1964) "Ettringite Formation in Dam Galledgurnal of the
American Concrete Institut®roceedings Vol. 62, No. 5, May 1964, pp. 559-
574.

27.Krautkramer, J., and Krautkramer, H., " Ultrasonic Testhd/aterials" 4
Ed. Springer-Verlag, Berlin, 1990.

28.Lawrence, C.D. , (1994) “Delayed Ettringite Formation: Asubs?,”Material
Science of Concrete IVJ. Skalny, Editor, The American Ceramic Society,
Inc., Westerville, OH 1994, pp.113-154.

29.Livingston, R. A. and Amde, A. M. (2000). "NondestructiVest Field
Survey for Assessing the Extent of Ettringite-Related Daniag@éoncrete
Bridges" 10" Int. Symposium on Nondestructive Characterization of
Materials Elsevier Science, Ltd., Karaizawa, Japan.

30.Mehta, P. “Concrete Structures, Properties and Materifsyitice Hall Inc.,
Englewood Cliffs, NJ, 1986, 450 pp.

31.Mehta, P., “Mechanism of Expansion Associated with Ettringdaemnation,”
ACI Materials Journalol. 3, No. 1, 1973, pp.1-6.

32.Mielenz, R., Marusin, S., Hime, W., and Jugovic, Z.,v8stigation of
Prestressed Concrete Railway Tie Distres3ghcrete International Vol. 17,
No. 12, Dec. 1995, pp.62-68.

33.Neuville, A, and Brooks, J., "Concrete Technology" JohieWand Sons, Inc.,
New York, NY, 1987, 438 pp

34."Portland Cement: Past and Present Characteristif&GA Concrete
Technology Todayol. 17/ Number 2, July 1996.

35.Ramadan, E. O., Amde, A. M., Livingston, R. A. (2000)he Effect of
Potassium and Initial Curing Concrete Expansion Associattd Delayed
Ettringite Formation,"ACI Materials JournalVol. 17, No. 12, Dec. 2000,
pp.62-68

36.Sansalone, M. and Carino, N., (1987) “Impact-EchoMathod for Flaw
Detection in Concrete Using Transient Stress Waves” NSBIR348@,
National Bureau of Standards, Gaithersburg, MD, SepZ,18® pp.

37.Sansalone, M., and Streett, W., (1997) “Impact-Echond€structive
Evaluation of Concrete and Masonry,” Bullbrier Press, dhaty, 1997, 339
pp.

38.Taylor, H.F.W., (1984) “Delayed Ettringite Formatiodtivances in Cement
and Concrete New Hampshire Conference, American Society of Civil
Engineers, NY 1994, pp. 121-131.

39.Tepponen, P., and Eriksson, B., (1987) “Damages incfete Railway
Sleepers in FinlandNordic Concrete ResearcNo. 6, 1987, pp. 199-207.

164



40.Williams, T.J., et al., (1997) "Nondestructive Evaluation ofasénry
Structures using the Impact-Echo Methodilie Masonry Society Journal
Vol. 15, No. 1, June 1997.

41.Wolter, S., (1997) “Ettringite: The Cancer of Concrete”, dass Publishing,
St. Paul, MN.

42.Yang, R., Lawrence, C., and Sharp, J, (1996) “Deldyttringite Formation
in 4-Year Old Cement Paste<ement and Concrete Researdtol. 26, No.
11, pp. 1649-1659.

43.Ekolu, S.O., Thomas, M.D.A., Hooton, R.D. (2006). fllinations of pre-
formed microcracking in relation to the theories of DEF meismas”.
Elsevier Ltd.,.Cement and Concrete Reseakahl.37, 161-165.

44.El-Korchi, T., Gress, D., Baldwin, K., and Bishop,(PP989), “Evaluating the
Freeze-Thaw Durability of Portland Cement-Stabilized-Solidifileavy
Metal Waste Using Acoustic Measurement&nvironmental Aspects of
Stabilization and Solidification of Hazardous and Radioactive Wa&&EM
STP 1033, P.L. Cote and T. M. Gilliam, Eds., Americani@gdor Testing
Materials. Philadelphia, pp.184-191.

45. Amick, H., and Monteiro, P., (2006). “Experimental Deteration of Modal
Damping in Concrete BeamsACl Materials Journalol. 103, No. 3

46. Stauffer, J., Woodward, C., and White, K., (2005). fiNimear Ultrasonic
Testing with Resonant and Pulse Velocity Parameters foy Bainage in
Concrete” ACI Materials JournglVol. 102, No. 2.

47. Ceesay, J. (2004). “The Influence of Exposure Conditions on
Delayed Ettringite Formation in Mortar Specimengl. S. Thesis,
University of Maryland, College Park, USA

48. Coppola, J. A., and Bradt, R.C., (1973) “Thermal Shock
Damage in SiC,” Journal of the American Ceramic Society, Vol.
56, No.4, pp. 214-218.

165



