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SUMMARY

The most prevalent method for the prevention ofZfesthaw and salt scaling damage in
cement based materials is through the entrainmérgirovoids using air entraining
chemical admixtures (AEA’s). However, the commaidf methods for measuring air
content in fresh concrete cannot distinguish betmegrained and entrapped air voids,
and the actual air content in the hardened conaatevary from that determined by
these tests due to a variety of factors such askakdity, placing operations,
consolidation efforts, and environmental conditionBrevious research has shown the
ability of ultrasonic attenuation to distinguishtwween entrained and entrapped air voids
in hardened cement paste, providing a foundatiommoinversion procedure to calculate
the size and volume content of the two scattemssi While additional challenges are
present with measurements in fresh paste, the fuse ommersion setup can overcome
the limitations of cement paste containment vessets provide a means to measure air
content from batching to placement. An immersippaaatus to monitor ultrasonic wave
attributes including attenuation in fresh cemenstpas designed and built. Results
comparing air entrained and non-air entrained cérpastes are presented. Ultrasonic
wave attributes are studied as a function of timd kEevel of chemical air entrainer.
Finally, recommendations are made to improve tleiracy of the immersion apparatus
in order to develop an in situ, quality control gedure to quantify the air content of

fresh cement paste from batching to placement.



CHAPTER 1

INTRODUCTION

Freezing and thawing cycles cause damage to censteictures in the form of scaling,
spalling, and map cracking, which negatively aBetheir structural integrity and

impermeability. This damage phenomenon is a widexl issue affecting most of the
continental United States. In the constructionusidy, chemical air entraining

admixtures (AEA’s) are commonly used in concret@asito help mitigate this damage.
AEA’s set up a stable network of entrained air goid concrete to accommodate the
expansive freezing water. These entrained airsvard generally 0.01-1 mm. in size and
ideally provide a regularly spaced system of voiddowever, a second type of void
exists in cement-based materials called entrappedaad these larger voids are
undesirable as they are detrimental to the ovestadingth and impermeability of the

structure.

While it is important to have an adequate systerandfained air voids to prevent freeze-
thaw damage, the current standardized test metaoaitable to evaluate the air void

system in fresh concrete [1-3] are limited. Thiesgs cannot measure air content in situ,
and they neglect the effects of delivery, placemennsolidation, and environmental

exposure. Furthermore, these tests cannot dissimguetween desirable entrained air
voids and larger, irregular entrapped voids. Tioees it would be desirable to have a
field test that could differentiate between these types of voids and that could be used

to measure air content from batching to placement.
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Previous work has been completed by Punurai et-é] using ultrasonic attenuation to
determine air content in hardened cement pastanspes. Because hardened cement
paste is rigid, static, and less absorptive, atousbdeling and ultrasonic measurements
are less problematic for this material than forsptacement paste. Punarai was able to
relate ultrasonic attenuation to air content indeaed cement pastes, and developed an
inversion method to iteratively solve for the vokifnaction and radius of air voids in the
sample. This research measured an increase muatien with increasing levels of air
content. It was also observed that the entraiiregbume fraction dominated the higher
frequency response, while the larger entrappedsvdimiminated the lower frequency
response. While this work showed the ability dfadonic attenuation to measure air
content and differentiate between entrained ancpepéd voids, these results in hardened
paste are not applicable for real-time quality oont They are only valid for
characterization of the material after final segtiat which point it is too late to make any
mix adjustments. Ideal quality control testing wscon site and only requires minutes to
hours, so that any issues can be immediately askhtes Thus in order to develop a
realistic quality control test for cement based enats using ultrasonic testing, fresh

cement paste must be considered.

Because fresh cement-based materials behave hkscaus fluid, much consideration

has been given to the containment of the mateniadrder to best measure ultrasonic
attributes. The most commonly used experimentalpseonfines the paste between
acrylic sheets and fixes the transducers outsieledhtainment vessel as proposed by [7].

While only a small portion of previous research wtrasonic characterization of fresh



cement-based materials has studied air content tres been a considerable amount of
work on monitoring setting time and strength gamlp]. For example, Sayers and
Dahlin [8] examined the development of ultrason@veforms as a function of time in
American Petroleum Institute class G cement pdstethe purpose of studying strength
gain. Using an acrylic containment vessel and raatyy mounted transducers, they
examined ultrasonic signals in both the time amdjdency domains over the first 25
hours of hydration. In one design mix, they obsdriwwo wave components—one higher
frequency and one lower frequency wave—in the sitnéc signals during the first few
hours of hydration. They proposed that as the oempa&ste hydrates and begins forming
an interconnected solid phase, this behavior camdgeled using Biot’s theory for wave

propagation in fluid-saturated porous media.

Kmack [11] applied Punarai’'s work to fresh pastengkes in an effort to develop an
ultrasonic test to measure air content in plagtioent-based material. However, because
fresh cement paste is inherently more attenuatiaa hardened cement paste, inadequate
signal strength became a serious concern. Asbegilfurther discussed in Chapter 4,
Kmack was limited by the measurement apparatuscifsgdly the cement paste
containment vessel, and was unable to calculat@gtksvalues of ultrasonic attenuation.
Still, he was able to monitor signal strength amds@ velocity of fresh cement paste
samples over the first 12 hours of hydration, amtl abrrelate a decrease in signal

strength and pulse velocity with increasing le\e#IAEA.



The lack of an effective, in situ test method fagasuring air content in plastic concrete
and the limited amount of research on ultrasonieenaropagation in fresh cement-based
materials provided the motivation for this work.heT objective of this research is to
monitor ultrasonic wave attributes including attaton in fresh cement paste as a
function of hydration time and level of chemical antrainer, and to establish an in situ,
quality control procedure to quantify the air caritef fresh cement paste from batching

to placement.



CHAPTER 2

CEMENT-BASED MATERIALS

2.1 Portland cement

2.1.1 Cement components

The four main mineral phases of Portland cementmadcium silicate (€S), tricalcium
silicate (GS), tricalcium aluminate ($8), and tetracalcium aluminoferrite {&F).
These compounds are the most significant in detengpithe characteristics of cement-
based materials both during hydration and afteal feet. Varying the levels of each of
these components can affect the reaction rate, dvadved, setting time, void space,
density, rate of strength gain, ultimate strenglimensional stability, and durability of
the material. Other typical Portland cement congmd® can include gypsum, magnesium
oxides, calcium oxide (free lime), and alkalis. Whhese components do contribute to
the properties of cement-based materials, theyyaieally present in smaller fractions.
Gypsum, for example, is added at rates of 5-7% agatio slow the rapid reaction of the

CsA phase and prevent “flash set” of the mix.

C3S (3CaO0I[3i0,): CsS generally makes up 45-60% of a Portland cemdnt.
reacts rapidly, providing strength and contributbogstiffening as early as 2-3

hours after mixing and continuing through the firsto 14 days. Because of its



rapid strength gain, the time of initial set of@ment paste is directly related to
the level of GS present in the cement clinker. The hydratioctrea of GS also
generates a moderate amount of heat, about twateothGS. Because it forms
the largest component in Portland cement, it coates more heat than any other
phase to the total heat evolution of the hydratiegnent paste.

C,S (2Ca0@i0y): The level of GS in a Portland cement is between 15-30%. It
hydrates and stiffens at a much slower rate thgi &d does not significantly
contribute to the strength of the hydrated cemerstep until about seven days.
Unlike GsS, the hydration reaction betweenaSCand water evolves a relatively
low level of heat. Because of its slower reactrate and the fact that the
hydration of GS produces less calcium hydroxide, or CH, than tiatsS, a
higher ratio of GS to GS produces a denser microstructure.

C3A (3CaOl[Al,03): CsA typically contributes 6-12% to the total compound
composition of a Portland cement. As mentionedrapthe ordinarily very rapid
reaction of this phase is controlled by the additaf gypsum to the ground
cement clinker. Even in the presence of gypsumeadtts relatively rapidly and
its hydration products contribute to early stiffegniof cement-based matrices.
However, its contribution to strength developmentsmall. Additionally, the
hydration of GA liberates a very large level of heat, makingdatstribution to
total heat evolution typically the second most #igant, given its generally
relatively small fraction in Portland cement.

C/.,AF (4CaO[Al,0O3[Fe03):  Ordinarily responsible for 6-8% of the total

composition of a Portland cement,AE contributes very little to the strength



development of a hydrating cement paste. It alsly oontributes a moderate
level of heat even though it hydrates rapidly. pitsnary function is to reduce the
clinkering temperature and therefore the level ofergy required in the

production of Portland cement.

2.2 Hydration of Portland cement

Upon mixing Portland cement with water, the varicosponents in cement chemically
react with water during the first 24 hours to tfans the mixture into a solid, cohesive
hydrated cement paste. These reactions can domugh solution by which the cement
components dissolve and form hydrates in solutefiore precipitating, or they can occur
as topochemical reactions on or very near the seiréd the reacting cement grains. As
hydration proceeds, capillary porosity and permédgladecrease while strength, stiffness,
and total heat evolution increase. The rate athwkhis occurs not only depends on the
cement composition, but also the cement fineneddt@water-to-cement ratio (w/c), as
well as environmental conditions (e.g., temperatweailability of moisture). The
addition of different chemical admixtures can affélee hydration kinetics as well.
Figure 2.1 from Mehta and Monteiro [12] illustratbe scale of the major components of

a hydrated cement paste. A summary of these v@domponents follows.
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Figure 2.1: Dimensional scale of solids and vordkydrated cement paste [12]

2.2.1 Solid hydration products

There are four principal solid phases present irdted cement paste: calcium silicate
hydrate (C-S-H), calcium hydroxide (CH), calciumlifgaluminates, and unhydrated
clinker grains. Figure 2.2 from [13] shows the tigla amount of the each hydration
product as a function of time. Ettringite—a neesti@ped calcium sulfoaluminate—and
calcium hydroxide—a crystal with morphologies ramggifrom platey to irregular—are
among the first compounds formed, appearing withinutes of initial mixing. Calcium
silicate hydrate begins to form a few hours latertlee surfaces of the hydrating cement
grains, and ultimately in the space previously peed by the cement grains. A second
calcium sulfoaluminate, monosulfate hydrate, camrmfaafter a few days upon the
decomposition of ettringite, as the availability sdélfate ions grows limited. The

presence of residual unhydrated clinker grainsfisiation of the particle size
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Figure 2.2: Formation of various hydration produeith time [13]

distribution of the cement and the degree of hydnat Each of the four main reaction

products contributes to different properties totilgdrated cement paste.

Calcium silicate hydrate (C-S-H): C-S-H constitutes between 50-60% of the
solid volume of the hydrated cement paste. Whieedompound itself is not well
understood and its composition varies, the rati@ad€ium to silica is typically
between 1.1 and 2. The overall structure consistayers of calcium and silica
with water bound both chemically and physicallythe structure. Due to its very
high surface area, numerous ionic and covalent $axl well as secondary

hydrogen and van der Waals bonds exist betwee@8dayers. Drawing from



the high level of bonding within the complex stuure, it is the primary strength-
giving phase in hydrated Portland cement paste.

Calcium hydroxide (CH): Calcium hydroxide typically accounts for 20-25% of
the total volume of solids. Unlike C-S-H, the camjion of calcium hydroxide
is fixed and can be described stoichiometricall¢agOH). Its crystals generally
develop a hexagonal-prism structure, however, wspimology can vary slightly
based on available space, temperature of hydratod, existing impurities.
Because its considerably lower surface area dezsethe potential for van der
Waals forces, calcium hydroxide does not contrilzigmificantly to the overall
strength of the hydrated cement paste. Additignakicium hydroxide is more
soluble than C-S-H, making a hydrated cement paste higher levels of
calcium hydroxide more susceptible to attack bydiacand sulfate-containing
solutions.

Calcium sulfoaluminates: Calcium sulfoaluminates, which include ettringite,
monosulfate hydrate, calcium aluminate hydrated,farric-aluminum hydroxide
gels, occupy 15-20% of the solid volume of hydratethent paste. During early
hydration, ettringite formation aids in the stiffieg of the cement paste and
provides a minor contribution to early strength.owéver in the days after
hydration, ettringite can become unstable and deosen into monosulfate
hydrate, which forms as hexagonal-plate crystaBecause the presence of
monosulfate hydrate increases the vulnerabilityg ofment paste to sulfate attack,
ettringite is the more favorable calcium sulfoaloate for durability

considerations.
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Unhydrated clinker grains: As hydration proceeds, the level of unhydrated
clinker grains decreases due to the dissolutidgh@tement particles into solution
and the subsequent chemical reaction. Howeverarly all hydrated cement
pastes, anhydrous cement will remain. The levelirdiydrated clinker grains
remaining in a hydrated cement paste decreases twith. It can also be
minimized by decreasing the particle size distitmut typically through finer
grinding of the cement clinker, and increasing dliegree of hydration which can
be achieved through the use of a higher w/c angrbyiding adequate, moist

curing conditions.

2.2.2Voids

Voids in a hydrated cement paste can range infsire less than a nanometer up to a
few millimeters. Depending on the size and typese voids influence the properties of
the cement paste in different but significant wayghe four void types are discussed

below.

Interlayer space in C-S-H: The interlayer space within the C-S-H structure
ranges from 0.5-2.5 nm in width, providing for 28#rosity in solid C-S-H [12].
Water is often bound along the void surfaces thnoutydrogen bonding,
however, the properties of the C-S-H interlayer cepare thought to be
independent of the w/c. Due to their size, thesdsrare too small to negatively

affect the strength or permeability of the hydratechent paste.
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Capillary Voids. The irregularly shaped capillary voids represéet tolume in
the hydrated cement paste not occupied by eithied sgdration products or
anhydrous cement grains. Due to their originvibleme and size of the capillary
voids are a function of the w/c and the degree ydrdtion. While a well
hydrated cement paste with a low w/c will typicallpve capillary voids that
range from 2.5-50 nm in size, these voids can b um in size in a high w/c
cement paste at early ages. Due to the large nangjee, two classifications of
capillary voids exist, each contributing to slighdifferent characteristics of the
hydrated cement paste. Macropores are considered those larger than 50 nm
in size and adversely affect the strength and palbitiy of the cement paste.
Capillary voids less than 50 nm are classified &yopores, and they influence
the drying shrinkage and creep.

Entrained Air Voids: Entrained air voids can range from it up to 1 mm in
size and are generally spherical in shape. Theyygically introduced through
the use of chemical surfactants called air entngiradmixtures (AEA'’s) that
cause the water to bubble upon mixing with cemtérg@reby setting up a stable
system of voids. Figure 2.3 shows a digital imafjevo hardened cement paste
samples both with a water to cement ratio (w/c).85, but the bottom specimen
contains 0.4% chemical air entrainer by mass ofertémBecause these voids are
relatively small and disconnected, they do not esklg affect the permeability
and porosity of the mix. They can, however, camee decrease in strength—a
1% increase in entrained air can cause about a &ease in strength [5].

Chemical air entrainers reduce segregation andlinlgend increase workability,

12



Figure 2.3: Hardened cement pastes with 0% (tog)0af26 (bottom) AEA
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though, acting as a water reducer. Therefore, quivalent slump and
workability can be achieved with a lower w/c whefeARs are used, which
counteracts the slight decrease in strength dtleetentrained air voids.
Entrapped Air Voids: Entrapped air voids are generally larger than 1 mm
size. They are irregular in spacing and shapeaa@doo large and disconnected
to provide any freeze-thaw resistance. They asse a decrease in strength, but
unlike entrained air voids, they cause an increasgermeability and porosity,
making a mix more susceptible to the ingress ofouar salts, ions, and water.
Entrapped air voids are most often introduced mtaix through the various
mixing procedures but can also result from poorsotidation. Additionally, mix
designs with lower workability are more disposedhe formation of entrapped
air voids. Proper compaction methods, such asimgdor vibration, should be
used be reduce the level of entrapped air. Howel% of entrapped air is

usually present in hardened cement-based materials.

2.3 Freeze-thaw action

Saturated or near-saturated cement based matulgksct to freezing and thawing cycles
are susceptible to damage. In the cement matrig,damage usually manifests in the
form of scaling, spalling, map cracking, and/or @aking. Figure 2.4 shows some
images from PCA of typical freeze-thaw damage [1Ak shown in Figure 2.5, freeze-

thaw damage affects much of the continental U.$ [VBhile the exact mechanisms

14



Figure 2.4: Images showing spalling (top) and pagbattom) due to free-thaw [14]

2

Severe
Moderate 3

Negligible

Figure 2.5: Locations and severity of freeze-thamedge [15]
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behind freeze-thaw damage are not entirely undadstio is believed that freezing water

in the matrix causes a buildup of hydraulic pressussmotic pressure, or some
combination of the two. The expansion of the fregzavater compresses the remaining
pore solution, and the pressure can only be atiedid the remaining water escapes to
empty space within or beyond the surface of theerredlt However, the cement paste
matrix resists the movement of the water, leadongridesirable expansion of the water
as it freezes in the matrix, increasing hydrauliespure, and possibly cracking in the
matrix. Additionally due to the freezing of wateut of the pore solution, a more

concentrated solution of ions is created localls sets up a concentration gradient that
causes the water to flow towards the freezing deading again to increased osmotic

pressure and possibly cracking.

The most prevalent method for the prevention oéZesthaw damage is through the
entrainment of air voids within the cement pastesthoften by the use of air entraining
chemical admixtures (AEA’s). In cement-based mal®rsoluble salts (usually sodium)
of wood resins, wood rosins, lignosulfonic acidfauated hydrocarbons and fatty acids
are among the common chemicals used in air entgaidmixtures [16]. The
entrainment of air voids can also be achieved tjiinadhe use of air entraining anhydrous
cements, where similar air entraining agents atergnound with the cement clinker.
AEA'’s are most often surfactants with a hydrophpgmar group attached to a non-polar
hydrocarbon chain. While the hydrophilic head t@nanionic, cationic, nonionic, or
amphoteric, most modern AEA’s are anionic due te ihcreased stability of their

resulting air void systems [17]. As such, the daling discussion will assume the

16



hydrophilic head to be anionic. In aqueous sohgjdhe polar groups orient towards the
water thereby lowering the surface tension and ptorg bubble formation as the
hydrophobic hydrocarbon chain becomes orientedthetcair bubbles. Additionally, the
negatively charged ions that form on the surfacehef air bubbles act as a barrier

preventing the coalescence of bubbles as illustiat&igure 2.5 [18]. This surface

/ H_/
Negatively  Non-polar
charged head tail

Bubble repulsion

Figure 2.5: Anionic air entraining molecule andatgentation at the bubble interface [18]

charge also causes secondary bonding between rtllables and positively charged
locations on both the cement grains and aggregateles forming chains of alternating
air bubbles and cement or aggregate particles. Wéakly bonded chains improve
cohesion, but also allow shear displacement betwelains thereby increasing

workability.

The entrained air voids provide a regularly spaweddisconnected network of air voids
to accommodate the expanding, migrating waterll, 8te volume of entrained air is

dependent upon many factors other than dosageenfichl air entrainer. In general, air
content increases with increasing cement alkalitesdn sand content, and sand

coarseness, and decreasing cement content ancess)etemperature, and workability

17



[18]. However the factors affecting air conteng¢ &muly much more complicated. The
effectiveness of the AEA is related to both itsligbto promote bubble formation and
also stabilize the air void system. For examgie, ise of crushed rocks versus river
gravels as aggregate produces higher stresseggdhenmixing procedure, resulting in
lower air content [17]. Additionally, an increaseslump will increase air content up to a
certain point, but beyond which continued increastially decreases total air volume.
Therefore a given level of AEA will not produce mdeal air volume fractions or
distributions between different mixes. While thelume of air required to prevent
freeze-thaw damage varies based on the exposuditioos and the mix specifications,
ACI generally recommends between 3-8% entrainetlyauwolume as shown in Table 2.1
[19]. To provide better freeze-thaw resistance, $pacing factor for the entrained air
voids should ideally be less than 0.2 mm to deerd¢las travel distance of the migrating

water [4].

2.4 Air void characterization methods

Currently, test methods exist to measure air cantehoth fresh and hardened concrete.
ASTM C457 [20] provides two methods to quantify @mtent in hardened concrete by
petrographic analysis. While petrographic restdtsd to be more accurate than those
provided by fresh concrete tests, their resultsnateammediately available because they
require the use of hardened samples which musubard polished prior to analysis.

Some of the common field methods for quantifying tibtal air content in fresh concrete

18



Table 2.1: Air contents for frost-resistant coneras recommended by ACI [19]

Nominal maximum Average air content, (%b)
aggregate size, in (mnp) Severe explosufe | Moderate exposufe
3/8 (9.5) 7-1/2 6
1/2 (12.5) 7 5-1/2
3/4 (19.0) 6 5
1 (25) 6 5
1-1/2 (37.5) 5-1/2¢ 6°
3 (75) 4-1/2° 3-1/2°
6 (150) 4 3

& A reasonable tolerance for air content in fieldstouction ist1 —1/2 %

P Qutdoor exposure in a cold climate where the aetecmaybe in almost continuous
contact with moisture before freezing or where idgicsalts are used. Examples are
pavements, bridge decks, sidewalks and water tanks.

¢ Outdoor exposure in a cold climate where the astecwill be on ly occasionally
exposed to moisture before freezing and where imongesalts will be used. Examples
are certain exterior walls, beams, girders, anlaisstent in direct contact with soil.

4 These air contents apply to the whole as for trezqaling aggregate sizes. When
testing these concretes, however, aggregate ldrgerl-1/2 in. (37.5 mm) is removed by
handpicking or sieving and the air content is deteed on the minus 1-1/2 in. (37.5
mm) fraction of the mixture. (The field toleranapplies to this value.) From this, air
content of the whole mixture is computed.

Note: There is conflicting opinion on whether eantents lower than those given in the
table should be permitted for high-strength (appnately 5500 psi (37.8 MPa))
concrete. The committee believes that where stipgorexperience practices and
exposure, the air contents can be reduced by appatedy 1%. (For nominal maximum
aggregate sizes over 1-1/2 in. (37.5 mm), thiseedu applies to the minus 1-1/2 in.
(37.5 mm) fraction of the mixture.
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include the Pressure Method (ASTM C 231) [1], thdWwhetric Method (ASTM C 173)
[2], and the Gravimetric Method (ASTM C 138) [BHowever according to [1, 2] the
actual air content in the hardened concrete cay fvam that determined by these tests
due to a variety of factors such as consolidatiomformity and stability of the bubbles,
time of comparison, environmental exposure, andesia delivery. Additionally, the
pressure method cannot be used for mixes contalightyveight aggregates. Therefore,
these test methods do not account for the effecigdlazing and compacting or other
factors on site (e.g., changes in temperature) lwhiay affect the quality of the air
entrainment. As such, tests done on samples ofeldmsize which are placed and
compacted in a standardized wawgay not be representative of the in situ material.
Further, these standard methods provide a meadutetal air content and cannot

distinguish between desirable entrained and uratasientrapped air.

Recently, a new system has been developed to deterthe air volume and size
distribution of voids in fresh mortar. The appastcalled the air void analyzer, uses
Stokes’ law to determine bubble size based onateelyy which the voids rise through a
column of fluid. The larger bubbles ascend fasted as the voids collect at the top of
the cylinder, their buoyant force is measured amation time. However, in order to test
the material, a wire cage is vibrated into the Hresncrete, which allows only the
sampling of mortar, excluding aggregate larger tlBamm. Then, the material is
typically transported offsite, and a syringe isdise extract 20 ctof the sample and
inject it into the cylinder. However, extractiniget sample and transferring it from the

site cause further disturbances to the sampletr@ndssumption that the air content and
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size distribution of the sample are representaiivibat for the in-place concrete must be
called into question. Due to its small sample simd variation in sample handling from
that of the in-place structure, the practicalityl atcuracy of this method as a field test
are debatable. At the present time, no standaistsefor testing with the air void

analyzer.

This research will introduce an immersion apparé#tas could be used to monitor the air

content in plastic cement-based materials from Huadc to placement and could

potentially distinguish between entrained and ¢mutea air.
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CHAPTER 3

ULTRASONIC WAVE PROPAGATION

3.1 Three-dimensional wave propagation

For any closed region of a body subject to bodgdsyf;, with displacementsy;, and
principal stressesy;, based on the balance of linear momentum, thesstquations of
motion can be written as [22]
0ijj T Pfi = pil;. (3.1)
In order remove the stresses from Eq. (3.1) andribesthe equations of motion in terms
of displacement alone, Hooke's law may be appliégoh@ with a statement of
compatibility between strain and displacement. gémeral form for any homogeneous
material, Hooke’s law is given by
0;j = Cijki€ki- (3.2)
For an isotropic material,
Cijiw = 4646k + u(6u 61 + 61165k ) (3.3)

lifi=j

where U and. are the Lameé constants afid = {0 ifiz) Substituting Eqg. (3.3) into

Eq. (3.2), Hooke’s law for isotropic materials siifips to
O-ij = Aé‘ijekk + ZMGU (34)

Assuming linear elastic behavior of the materialy aomponent of the strain tenser,

can be defined as
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1
eij = E (ui'j + uj,i) (35)

which, upon substituting this definition into EQR.4) and subsequently into Eq. (3.1),

leads to Navier's—or the displacement—equationsation if body forces are neglected

A+ w5 + puy i = pil;. (3.6)

These equations must be satisfied for every poaithtimvthe closed region of the body.
3.1.1 Plane time har monic waves

One particular solution to Eqg. (3.6) which représea plane displacement wave
propagating in a half space is given by
u=f(x-p—-ct)d (3.7)

wherep andd are unit vectors representing the direction oppgation and the direction
of particle motion respectively, ardis the phase velocity. Substituting Eq. (3.7pint
Eq. (3.6) one obtains

(u—pc)d+ @A+ -dp =0. (3.8)
For all points within the body - p is constant and describes the planes of constasieph
which are normal to the propagation directipn,In order to satisfy Eq. (3.8), there are
two possible solutionsl = +p orp - d = 0, or in other wordsg must be either parallel
or perpendicular tp.

Case 1d = +p ord is parallel top leads top - d = +1. For this case, Eq. (3.8)

simplifies tod + 24 — pc? =0 orc = f“pz” = c;. This case represents particle
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motion parallel to the propagation direction whatdscribes a longitudinal or P-
wave.

Case 2p-d = 0 ord is perpendicular tp provides for Eqg. (3.8) to simplify to
u—pct=0o0rc= \/% = cp. This case represents particle motion normaléo t

propagation direction which describes a transvershear wave.

If the propagating wave is further characterizechasne harmonic wave, the function
f(x-p—ct), in Eq. (3.7) can be described as an exponeniiaition yielding

u = Ade*rp=ct) (3.9)
where A describes the magnitude of the particle motionther wave amplitude, and
k=27/4 is the wave number which describes the numberaselengths/, over 2. In

terms of the circular frequenay, k = w/c.
3.1.2 Reflection and mode conver sion

Until now, an infinite half-space has been consder However, upon taking into
account a finite media in the direction of propagatand the existence of a boundary
between two half-spaces, reflections and couplingtrbe incorporated. At the interface,
four conditions of continuity must be satisfiedptef stress, and two of displacement. In
order to satisfy these continuity conditions, tweflected and two refracted waves
potentially exist for each incident wave. HowevEeg wave is incident upon a stress free
boundary 1, = 0 ando», = 0) then only the two reflected waves are required.si@vn

in Figure 3.1, a P-wave or SV-wave incident upofieg surface has the potential to
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produce two reflected waves, one being of the stype as the incident wave and the
second being of opposite type. This phenomenomwbigh a single incident wave

produces two reflected waves of different typesaided mode conversion.

.f’Q 32
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o ‘“‘--—bq—-""""\< / -
__/)\ & _r
|l \\ S e \ .
o~ ) by °
SV SV SV
(a) Reflection of a P-wave (b) Reflection of a SV-wave

Figure 3.1: Reflection and mode conversion of inntdvaves

The incident and reflected harmonic waves traveinthe x, x,-plane can be expressed

as.

u®™ = A4, d™exp {ikn(xlpin) + xz'pén) — cnt)} (3.10)
where the value for the indexdenotes the various waves, ang 0 corresponds to the
incident wave. Note that the angular frequerey knc, is constant for both the incident
and reflected waves. In order to obtain non-thiaiaplitudes, A, Snell’'s law must be
satisfied, providing a relationship between theles@f incidencefy, 01, 6, and the
wave numbersky, ki, ko:

kosin8, = k, sinf, = k, sin 6,. (3.11)
If a P-wave or SH-wave is considered, two uniqusesaxist in which only one wave is

reflected. For, = 0, or the case of normal incidence, only a singleevaf identical
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form will be reflected. In other words, a normaihcident P-wave will generate only a
reflected P-wave. The reflected wave is in phasth whe incident wave, and
superposition of the two will produce a standing/&va For the second case whése>
Ocriticat, the single reflected wave is of opposite formtlas incident wave, or more
specifically, a P-wave with incident angle gredtean O iticar Will produce only a SV-
wave. In this case, the waveform that would bkecedéd of identical type as the incident
wave instead generates a Rayleigh surface wavérétvals in the xdirection and decays

exponentially in the xdirection.

3.2 Attenuation

Attenuation can be described as the loss in aeestergy from a propagating sound
wave. If a non-attenuative harmonic wave is cogrgd, the stress, can be described
as

o = gyeltkx—@), (3.12)
For a wave propagating through an attenuative madi@mmplex wave numbek,= k +
ia, is considered, where is the attenuation coefficient. In generalis a function of
frequencyw, but independent of Note that here the phase veloctyis related only to
the real part ok, and the equatiok = w/c is still valid. Substituting in the complex
description of the wave numbdr, it can be seen that the pressure amplitude ofvthve

decreases exponentially with
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o = gye” Wellkx-wt), (3.13)
In this equation, the second exponenti@l**-«?  is identical to the exponential
expression in Eg. (3.12) and describes the harmbei@avior. The first exponential,
e~ %X, describes the amplitude decay due to attenuatiinone considers two stress

amplitudesS; = o,e™*** andS, = oye”**2, dividing S, by S, yields the equation
22— palxi—x2) (3.14)
or solving fora:

a= ﬁln (i—i) Np/unit length (3.15)

whereAx = x; — x,. Intrinsic attenuation, as described in the abeyeations, is caused

by both the properties of the bulk material in Whithe wave propagates and the
properties of any inhomogeneities in the matett tcause scattering of the signal.
Extrinsic attenuation is due to the method of mesment. These causes of attenuation

will be described in the following sections.
3.2.1 Material absorption

Dissipation of acoustic energy due to absorptiotha bulk media is due to three basic
types of losses: viscous losses, heat conductiseesy and losses associated with
molecular exchanges [23]. In a viscoelastic mediaterial absorption is dominated by
viscous losses—which can be thought of as frictidnases—and heat conduction
losses—which result from heat transfer along tewmdpee gradients. While an elastic

material stores energy without dissipation duriefpdmation, viscoelastic materials have

27



combined properties of both an elastic solid andissipative viscous liquid meaning
there is dissipation through absorption in the esson of energy. For these materials,
stress and strain are no longer single-valued ifmgtof one another for a complete cycle
of oscillatory stress—stress is a function of bsifain and the time derivative of strain.
The non-linear stress-strain behavior causes &tegs effect between the stress and the
strain. Temperature gradients can occur betwegomne of compression and rarefaction,
and the heat transfer between regions of high awdtémperatures leads to irreversible
energy loss or attenuation through the producticentropy. Attenuation due to material

absorption is considered to be linearly proportidgodahe frequency.

3.2.2 Scattering

Scattering, the second cause of intrinsic atteanaarises in heterogeneous materials at
interfaces with different acoustic properties. iGrdboundaries, crystal defects,
precipitates, and multiple phase inclusions cargiai rise to scattering interfaces. In
general, any inhomogeneity in the material haspibiential to cause wave scattering,
however, the ratio of the scatterer size to theaelength determines the significance of

its effect on total attenuation.

If only a single scatterer exists in the bulk miaieithere is only a single interaction to
cause scattering, and the effect is known. For $wattering densities, interactions
between scatterers are negligible, and it can benasd that the loss caused by a single

scatterer is unaffected by additional scatterehs.this case, each scatterer is treated
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independently, and the total scattering attenuasod summation of the effects of each
scatterer. As the density of scatterers incredabesprobability of each scattering event
occurring independently of another decreases, hadirteractions between scatterers

cannot be ignored.

Three domains have been defined to approximates¢httering effect as a function of
frequency or wavelength [24]. As mentioned preslguthe significance of the effect is

determined by the ratio of the scatterer radau$p the wavelength.,
Rayleigh Domaina,(a, f)~f* - a3 forz% «1
Stochastic Domairug(a, f)~f? - a3 for% ~ 1

Geometric Domaina(a, f)~a™* forz% > 1

In other words, when the radius of the scatterenush smaller than the wavelength, the
frequency dominates the attenuation more so tharst¢httering radius. For scattering
radii on the same scale as the wavelength, theenfle of the radius on the attenuation is
greater than that of the frequency. Finally, & tladius of the scatterer is much larger

than the wavelength, the attenuation is only ationof the scattering radius.

3.2.3 Diffraction effects

Geometric spreading, or beamspreading, is the mmgtificant cause of extrinsic
attenuation to be considered for this researchr aRoideal half-space with an infinite
wave source, the wave propagates through the patfesas a plane wave, i.e. no
beamspreading occurs. However, as soon as a $ioitece is introduced, as is the case
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for a pressure wave field emitted from any reatsdhcer, the wave will begin to diver
from plane wave behavior. In other words whenwlaeelength is no longer negligik
with respect tohe source size, the beam broadens and the recsiged amplitude
decreases with propagation dista[25]. The radiation pattern is a function of the r:
of the wavelengthl, to the transducer diameted, and the diffraction effects a
therefore a function of the ratio of the wavelengththe transducer diameter and
propagation distance. Figu3.2 shows a polar representation of the radiation pegt

for three differentl/] ratios. It should be observed that increasinc¢d/i ratio decreases

Figure 3.2: Radiation patterns of pressure wavesdnyingd// ratios [4]
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the divergence of the beam—or as the wavelengtbrbes negligible compared to the

transducer diameter, so too do the diffractionaffdecome negligible.

If left unaccounted for, the diffraction effect caause considerable errors in attenuation
measurements. The diffraction correction for aelaircular piston source of radius,
according to Rogers and Van Buren, can be defisgbaintegral of the piston field area
over the surface of the receiver a distax¢dr,om the transducer [26]. Both Rogers and
Van Buren [26] and Lévéque, Rosenkrantz, and La&B| were able to derive an

analytical expression for this aforementioned diftron correction coefficient

D(s) =1 — e~i@n/s) []0 (ZTN) +iJ; (2n>] (3.16)

s
wheres is the normalized propagation distance given by

_/1x

-5 (3.17)

S

andJo andJ; are Bessel functions of the zeroth and first qrdespectively. Using Eq.

(3.16), the attenuation can now be written as

1 S| D(x3)
@ =—/in <|5—1|> —In <D(x1)>l (3.18)

3.2.4 Attenuation in cement paste

In cement paste, intrinsic attenuation is causethdifn absorption in the bulk paste and
scattering due to air voids. The total intrinsiteauation is found to be the addition of
these two effects. Based on the independent sogttenodel described in [4], the total
attenuationg, in a cement paste specimen is described as fallow
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1
a=1-¢)a, + Ensy“a (3.19)

whereg is the volume fraction of scatterers (entrained entrapped air voidsg,is the
attenuation inherent to the cement paste matgiis the number of scatterers, ajtf is
the scattering cross section of a single scattefes.mentioned above, the independent
scattering model does not consider interactiong/déeh scatterers, which can cause it to
under predict the total attenuation. However foe following results, the total air

content is below 10%, and the effects of scattieteractions are minimal.

The volume fraction of total aigh, can further be related to the radius of the soattand

the number of scatterers based on the followinggop from [4]:

4
d) = §na3ns (320)

wherea is the radius of the scatterer. Because the ptisorof the bulk matrixg,, and
the scattering cross sectiofi;>, are considered constant and are fairly easilginbd,
together Eq. (3.19) and (3.20) provide a usefdti@hship between the air void size and
volume content and the ultrasonic attenuation.uféi@.3 shows a plot of the theoretical
attenuation versus frequency for increasing satteolume fractions for a constant

scattering radius as determined by Punurai usiagnittependent scattering model [4].
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Figure 3.3: Theoretical attenuation for varying\atume fractionsa = 0.3 mm [4]

3.3 Biot’s theory

Wave propagation through an elastic media has desaribed above including a model
to account for finite, discontinuous inclusionssoatterers. However upon considering a
fluid-saturated porous media, the behavior of amdraction between each of the two
coexisting phases—the porous media and the porgi@el—must be studied. Biot’s

theory for fluid-saturated porous media [27-30] daa used to describe and model

acoustic wave propagation through this media.
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Because there now exists two phase under consimlerégtu be the mean macroscopic
displacement of the material atbdthe mean displacement of the fluid. From thiss it
natural to introduce a macroscopic stress temss@nd a mean pressure in the flyd, If
a unit element or cube of the macroscopic matesidefined, it should be noted that the
average macroscopic displacementrepresents the mean displacement of this referenc
element as a whole, not just of the porous maffixe liquid phase under consideration is
assumed to be continuous, or in other words, thespare assumed to be channels
through which fluid flow may occur. This flowk, can be defined as

w; = K X; (3.21)
where the tensok, can be identified with the hydraulic permeabiligd X represents
the force on the fluid and is related to the pressyradient. For the given system,

previous work [29] has found the equations of motm be
0ij,j = Pl + PuwW; (3.22)

1
—Di = Puwily + pyw; + Ewi (3.23)

wherep is the macroscopic density apg andp,, are density coefficients that represent
the mass coupling between fluid and solid, or tiieathic coefficients as described by
Biot [27, 28]. Here the equations have been foataal for the isotropic case which
allow for the definition of the scala. For this provisionK~?! is proportional to unity,

K ' =K1.

A significant discovery by Biot in his work on fllisaturated porous media was the

existence of three waves in a porous media, twatatibnal or pressure (P-) waves and
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one rotational or shear wave [27, 28]. In orded&bermine the velocities of each of

these waves, one must consider pressure wavediaadwgaves that satisfy

d
(1) = (Graa gp) = cwrt

and

u\ _(curl¥;\
(U) - (curl ll’2> = curl ¥

respectively. For the dilatational case, it isrfduhat

RV2d —M® =0

(3.24)

(3.25)

(3.26)

whereR and M are the rigidity and mass matrices respectivelhere are two real

positive roots or eigenvalues that satisfy Eq.§B.2nd these correspondvté andVﬁz.

The wave corresponding to the velodiy is considered to be a true wave, and describes

the in-phase movement of the overall element aadltid. The wave corresponding to

Vp,is called the slow wave drawing from the fact thiatis significantly lower thav, .

The slow wave is produced by out of phase motidwéen the overall element and the

fluid and is said to be highly dispersive and aitgrd. For the shear case, it is found that

VW, -~y =

(3.27)

wherep;, andp,, are entries in the mass matit, andV,? is the corresponding velocity

of the rotational or shear wave. The motion offthil associated with this shear wave is

in phase with the movement of the overall element.
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CHAPTER 4

EXPERIMENTAL PROCEDURE

In the application of ultrasonic methods for theretterization of fresh cement paste,
one of the most limiting problems faced by previoesearchers [11, 31] was the need of
a containment vessel due to the specimen’s laclgiof form. This research arrived at a
completely new approach that takes advantage oati@phous, fluid nature of plastic
cement paste. This section will describe the insioertechnique developed as well as

the overall experimental setup.

4.1 Ultrasonic experimental setup

The experimental setup used in conducting the sdtv@ measurements is shown in
Figure 4.1. Below, the ultrasonic equipment andcéxexperimental procedure are

described in detail.

4.1.1 Ultrasound equipment

Pulser: A Panametrics NDT 5058PR pulse generator is usdleasignal source.
The pulser is connected to both the oscilloscopkethe piezoelectric transducer,
sending the trigger signal to the oscilloscope #rel electrical impulse to the

transducer. The use of an impulse signal excitesla range of frequencies and
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Figure4.1: Schematic of ultrasonic experimental setup

allows for broadband performance of the transrs. An electrical impulse ¢
400 V is used in order to input sufficient energydetect an output signal with
acceptable signdb-noise ratio. Any higher input energy could potaihi be
harmful to the ultrasonic equipment. The pulsg@etiion iate for the signal we
chosen to be 2 kHz, which is the highest availabith this pulser. Thi:

minimizes the time required for averaging and rdocw a given signa

37



Piezoelectric transducers. A pair of Panametrics V303 broadband immersion
transducers with center frequency and radius ofHzMnd 1.27 mm respectively
are used for the experimental setup. Later it ballseen that in the early stages of
hydration, the fresh cement paste acts as a fotefrequencies above 200 kHz.
However the transducer frequency was chosen bas¢keocapproximate size of
the scatterers to be detected. The impulse is Bem the pulser to the
transmitting transducer where the piezoelectricnel® converts the electrical
signal to mechanical energy or in this case torgitadinal stress wave. The
receiving transducer detects the longitudinal wafter the wave travels through
the fresh cement paste.

Pre-amplifier and amplifier: Both a pre-amplifier and an amplifier are used to
increase the signal-to-noise ratio. The signéirss processed by a Digital Wave
PA2040G/A preamplifier that allows for discrete difigation by -20 dB, 0 dB,
+20 dB, or +40 dB. It is then processed by a Rigiwave FTM4000
amplifier/receiver which can provide an additioned2 dB of amplification
through a +21 dB switch and another +21 dB in +3ndlbements. In the earlier
stages of hydration and at further separation nitets, the signal can be especially
difficult to detect and monitor. The use of bothet preamplier and
amplifier/receiver allows for precise control oethecorded signal amplitude and
signal-to-noise ratio. Waveforms are adjustedrausignal processing to correct
for different levels of amplification. However, alification levels are held
constant between two measurements to be compare@hfise velocity and

attenuation calculations.
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Oscilloscope: Finally, the signal travels from the amplifier/edeer to the

Tektronix TDS5034 oscilloscope where is can beldisgd and recorded. The
sampling frequency (resolution), sample length, aighal averaging are user
specified through the oscilloscope. The oscillpgcalso allows for monitoring
of the signal in the time domain before the wavwefas recorded and saved.
Increasing the voltage scale of the displayed wawefprovides for secondary

adjustment to the signal-to-noise ratio and ovevalleform resolution.

4.1.2 Immersion appar atus

In order to collect and record ultrasonic wavefr@sh cement paste, a thru-transmission
technique is used. For solid specimens such adehad cement paste or steel,
transducers can be mounted directly to the sidéiseofaterial to generate and detect the

waveforms as shown in Figure 4.2 [6]. However beedtesh cement paste lacks the

Figure 4.2: Common thru-transmission setup fordsgfiecimens [6]

rigidity to form a solid, cohesive shape, this amh must be adjusted, and a
containment vessel is clearly needed to restramthterial. Previous researchers [7-10,

11, 31] fixed the transducers to the outside okiglas containment vessels in order to
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overcome the issues brought on by the amorphousenat the paste. Figure 4.3 shows
the experimental setup used by Aggelis and PhdisdB1] to measure wave propagation

through fresh cement paste. The setup used by Kftd¢is nearly identical.

Figure 4.3: Plexiglas containment vessel with tdaegr fixed outside the plates [31]

A few serious concerns arise with the aforementiomeperimental setup. Because the
waves are traveling through a Plexiglas plate leeford after propagating through the
cement paste, additional interfaces are introdwgesh which some reflection inevitably
occurs. In order to compare two signals travethmgugh distinct propagation distances,
the thru-transmission signal is compared to thedweflected signal whose propagation
distance is three times the plate separationhighgetup, the number of encounters with
the Plexiglas interfaces for the twice-reflectedvevas greater than that for the thru-
transmission signal. Due to this, the measureshattion will be higher than the true

attenuation on account of losses at the additiBhefiglas interfaces. Additionally due
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to the reliance on the reflected waveform, the pgapion distance of the second signal
must be three times that of the first thru-transiois signal. Because the fresh cement
paste is so highly attenuative, especially at eadggs, the propagation distance is very
limited; at longer propagation distances, the dighhaompletely attenuated out. In order
to detect a clear reflected signal with a suffitisignal-to-noise ratio, the transducers
must be moved very close together. However asratgpa distance between the

Plexiglas plates decreases, the reflected signalbisonger separable from the thru-

transmission signal because the arrival times efttvo wave paths both approach zero.
Furthermore, diffraction corrections become morcal as the transducers are moved

even closer in the neatr field.

These issues associated with the previous metlooasdasuring ultrasonic attenuation in
fresh cement paste provided the motivation to dgval new immersion setup. With the
immersion apparatus, the transducers are immersaatlg in the fresh cement paste; the
paste surrounds the apparatus and is in directaconwith the transducer faces.
Therefore, the paste can be confined by any can&ih vessel so long as it’s sufficiently
large enough to fit the apparatus and provide aategspacing between the transducers
and the vessel walls so that reflections off thésa@do not interfere with the thru signal.
Instead of relying on a reflected signal to redwrd waveforms with distinct propagation
paths, the immersion apparatus takes advantadeedflastic state of the cement paste.
The transducers are moved between measurementscoodrtwo thru-transmission
signals having different propagation distances. isTélso eliminates the need for

reflection coefficient adjustments.
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Figure 4.4shows the immersion apparaconceived, designednd builtexclusively for
this research. Thmetalwashers and green clay denoted by bogefAve two purpose
for the device. As the hydration of the cementg@soceeds, it is common for wate
separate from the mix and rise to the surface@ttment paste. There was concern
this bleed water was collecting on the bottone of the transducer and, with time, ris

and forming a water filnupon the transducer fac&he washers and clay provide a

Figure4.4: Ultrasonic immersion apparatus
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favorable path for the bleed water that preventoin possibly collcting along the
transducer face as shown in Fig4.5. The second benefit is associated with
diffraction correction and beam spreading consittama The diffraction correctio

discussed previously for usethe attenuation calculation assumes thatpropagatir
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Figure 4.5Path of rising bleed water with and without wa:

waveform is a plane wave. When a transducer isnteduon a plane surface, tl
assumption is fairly accurate. However in the abseof the washerthe bulk materia
through which the wave propagates surrounds dihses of the transdu¢, which brings
into question the plane wave assumption. The washelp simulate a plane
incidence, or in other words, the bulk cemeaste better approximate hal-space. The
angle adjustor, denoted by box B, ensures thatwietransducer faces are parallel
each other. Box C indicies the micrometer which is used agcurately measure tl
separation distance between transducers. FirdkyD outlires the long rectangular re

by which the entire immersion apparatus is suspgfrden the containment vess
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4.1.3 Measurement procedure

Prior to mixing, the immersion apparatus is suspendeuoh fitee containment vessel

the rectangular rod and sect with clamps. For the current setup, a plastic containn
vessel measuring abol02 mn by 254 mm is usedOnce the paste specimis mixed,
it is placed in the containment ves. The paste is consolidated through the use
vibration table, and aft which, it surrouns the transducers. This process is compl
systematically so that the ultrasonic signals tglothe paste can be monitored as €

as 20 minutes aftenixing.

The sequence used to collect the data for caloglgihase veloci and attenuation i
portrayed in Figure 4.61n order to findphase velocity and attenuat, as given by Eq.

(3.18) an ultrasonic signaS,, is recorded for a separation distange,Subsequently

0 100 200 300 400 0 20 40 60 80 100
Time, us Frequency, kH

Figure 4.6 Portrayal of phase velocity and attenuation mesasant procedu
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the transducers are moved closer together throdplstanent of the micrometer, and a
second ultrasonic signél, is recorded for a shorter separation or propagatistance,
Xo2. The acquisition 0%; is begun 20 seconds after the acquisitioB,afias initiated. By
comparison of the frequency domain of each of W gignals,S, andS,, the ultrasonic
phase velocity and attenuation can be found. dHhewing equation is used to calculate

phase velocity:

=27rf*(x1—x2) a1
Jarg (2)] o

indicates the magnitude of the unwrapped phasé¢hef complex

where |arg (i—j)

number. Computationally, this terniarg (‘;—Z) is found by taking the absolute

difference in phase angles of the two signals. ilgthe attenuation coefficient is

calculated using the below equation from Chapter 3

1 S| D(x3)
a() = lln <|51|> “In (—D(x1)>l 4.2)

where D(x) is the diffraction correction given by.K3.16).

Phase velocity and attenuation were initially ckltad at 40, 45, and 50 minutes after
mixing for a single sample. However, in later $edésigned to compare attenuation for
pastes with varying levels of air entraining admigt (AEA), the phase velocity and
attenuation were only calculated at 40 minutesr aftixing. While the signal strength
and signal-to-noise ratio improve with time, theoasity of the paste also increases with
time. Moving the transducer at later ages increéise risk of permanently disturbing the

bulk cement paste because the paste loses ity dlolw back to the undisturbed state.
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4.1.4 Couplingissues

In order to accurately measure phase velocity dteh@ation, the coupling conditions
and the state of the bulk media for the first aedosd recorded waveforms should
ideally be identical. However upon studying thaiah waveforms before and after the
transducers were moved, the apparent arrival uglapipears to drop after the separation
distance was changed. This will be discussed duritin the results chapter that follows.
Moving the transducers potentially changes the lbogt the transducer-cement paste
interface. Therefore in order to more closely agpnate identical coupling between the
first and second waveforms, the transducers areeth®0 seconds before the first
waveform acquisition is to begin. In other wordsrécord the data for the attenuation
calculation at 40 minutes, the transducers ard¢ fimeved closer, to the separation
distancex;, at 39 minutes and 40 seconds. At 40 minutessith®alS, is recorded, and
the transducers are moved to the separation destancFinally at 40 minutes and 20

seconds, the acquisition 8f begins.

4.2 Cement paste specimens

All specimens were prepared using an ASTM Typertl&od cement [32], produced by
Lafarge. The chemical composition of this cemeaddal on x-ray florescence according
to ASTM C114 [33], including potential compositiohased on a Bogue oxide analysis,

is provided in Table 4.1. The w/c for each mix dasiemained constant at 0.35. This
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Table 4.1: Cement composition

Compound Amount (%)
C3S* 54.74
C,S* 17.40
CsA* 7.25

C,AF* 9.74
CaO 62.71
SIO, 20.41

Al,03 4.78
FeOs 3.20
MgO 3.17
SG; 3.07
K20 0.56
TiO, 0.25

Mn>O3 0.14
NaO 0.06
P,Os 0.06
SrO 0.03

Cr03 0.02
ZnO 0.01

* Composition based on Bogue oxide approximation

wi/c is relatively low, but was chosen to reduceelliag effects while still remaining
representative of modern concrete mixtures. Thangimg variable across the five
different mixes is the level of chemical air entexi. The air entrainer used for this
research is BASF MB-AE 90, which is an anionic aatant derived from rosin. The
level of air entrainer varies from 0% up to 0.8% AABy mass of cement, and two
replicate specimens are tested for each level oA.ABBASF recommends anywhere
between 0.02-0.25% AEA by mass of cement to enfalfro air in a given concrete mix.
Considering that air void systems are more stableancrete than cement paste, the

increased dosages of air entrainer were chosenomapensate for the additional
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instabilities present in the cement paste voidesyst While the two samples for each
level of AEA were identical in mix design, they wemixed and tested on separate
occasions. However, the temperature remainedyfaohstant at 25.0°C+0.5°C during
mixing, and many precautions were taken to ensuaradantical mixing procedure.

Therefore, the replicate mixes should be nearlptidal. The initial separation distance
varied from 14-15 mm and the second transducenratpa distance varied from 10-13

mm.

Table 4.2 summarizes the details for each speciméne air volume fractions were
determined according to ASTM C 457 Procedure B—NMediPoint-Count Method. For
this test method, the sample is examined underceostope, and the phase (void, paste,
aggregate) observed at each point along a lineeosample is recorded. The air content

is determined by dividing the number of points ttaihcided with an air void by the total

Table 4.2: Specimen specifications

Name w/c % AEA  Air fraction (% by volume)
CPO1 0.35 0.0 -
CPO02 0.35 0.0 0.6% *
CPO3 0.35 0.1 -
CPO0O4 0.35 0.1 2.0% *
CPO5 0.35 0.2 -
CPO6 0.35 0.2 2.3% *
CPO7 0.35 0.4 -
CPO08 0.35 0.4 4.2% *
CP09 0.35 0.8 -
CP10 0.35 0.8 2.1%, 6.2% **

*As examined by a trained petrographer according3dM C 457 B [19]
& Poor distribution of the voids resulted in halftbé sample having a smaller
volume fraction
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number of points along the line. According to gegrographic analysis, the air content
generally follows the expected trend of increasaimgwith increasing AEA. However
between CP04 and CPO6, the observed increase imohime was not substantial
considering the dosage of AEA doubled. Additiop&tir CP10, the void distribution of
the sample was not uniform, as about half of themered surface had an air fraction
around 2%, while it was over 6% for the other halft is possible that these
inconsistencies in air content could have affe¢hedultrasonic results, especially if the
paste between the transducers experienced locabididistributions differing from that

of the overall sample.

4.2.1 Mixing procedure for ultrasonic testing

While wave propagation through fresh cement pasémges with level of hydration, the
time after mixing is used as the parameter to apprate hydration levels. Therefore, in
order to best simulate equivalent hydration lewals given point in time, the mixing
procedure is performed with a very precise schefiuléhe occurrence of each event. In
preparation for ultrasonic testing, mix ingredieate measured to an accuracy of 0.01 g.
The cement is then added to the water (and aiai@et) which requires about a minute
due to the considerable batching size. From 1:38;Z2he mixture is hand blended to
wet the cement. A planetary mixer is used to mlevfurther blending according to the
following steps: 2:45-3:15 (30 seconds) mixing ba tow speed, 3:15-4:00 scraping of
the side and bottom of the mix bowl, 4:00-5:00 §&@onds) mixing on medium speed.

The paste is then poured into the plastic contammessel to surround the immersion

49



transducers, already suspended from the top ofctimtainer. In order to minimize
vibration while still ensuring the paste completstyrounds the transducers, the paste is
added to the container to a level which partiatlyers the transducers before the paste is
vibrated using a vibration table for 10 secondshen, the second portion of paste is
added to the container, and the paste is vibrabedam additional 10 seconds. The
minimization of total vibration to only 20 secomdias chosen to prevent the removal of

entrained air.

4.3 Waveform acquisition and signal processing

4.3.1 Signal digitization

In order to record and save real waveforms, therination must be compressed by
means of digitization of the analog signal. Toumately preserve the properties of the
waveform, appropriate sampling parameters musthiosen. Aliasing is one potential
effect that can distort the digitized waveform. thie sampling interval4t, is too large

compared to the signal periotl, then the periodicity of the digitized signal appeto be

larger than that of the true waveform. Thereftie,sampling rate or frequendgy,= i,

should be greater than or equal to the Nyquistueegy, f,, = % A second sampling

parameter to be considered is the number of wawefoover which the signal is
averaged. Signal averaging can reduce the ingrter caused by unpredictable noise
and variance inherent to electronic signals, theieiproving the signal-to-noise ratio.
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However due to the time dependent nature of th&hfeement paste, signal averaging

must be completed in a sufficiently short periodiwie.

In the ultrasonic tests conducted for this reseaackampling frequency of 5 MHz was
chosen to sample 2000 points, providing for a tetaddow length of 400 us. The
number of waveforms averaged varied from 1,000a4@,000 signals, however, the
higher number of averages was only used for sigeglisition at early times. The
averaging of 10,000 waveforms lasts close to 40rssx; which is not insignificant when
measuring two signals to compare for the purposeatifulating ultrasonic attenuation.
Therefore when taking the two measurements 20 siscapart in order to calculate phase
velocity and attenuation, only 1,000-2,000 waveferare averaged. This averaging
requires less than 10 seconds, which allows foradigveraging, data saving, and moving

of the transducers in time to begin the secondiaitiun 20 seconds after the first.

4.3.2 Windowing

A rectangular window is used to isolate the truevefarm from the overall recorded
signal. The rectangular window was chosen ovafferent windowing function such as
a Hanning or Hamming window to decrease any pakdtstortion or concentration of
the signal energy. As seen from Figure 4.7, thedaiving for air entrained signals is
relatively straight forward due to the existenceonfy a single wave. However for the
non-air entrained signals, windowing proved to bécimmore challenging. Figure 4.8

shows a typical non-air entrained signal priornd after windowing. As will be
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Figure 4.7: Windowing of typical air entrained sipeen

discussed in Chapter 5, signals through non-airagmd specimens consist of two
distinct waves. While the second wave is beliescedontain the desired information, it

is difficult to window out the first wave.

0 100 200 300 400 0 100 200 300 400
Time, s Time, s

Figure 4.8: Windowing of typical non-air entrainggecimen
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CHAPTER 5

RESULTSAND DISCUSSION

5.1 Ultrasonic results

Ultrasonic tests were performed to observe the aintkfrequency domain signals and to
measure ultrasonic phase velocity and attenuat®ra dunction of different paste

parameters. The results from these ultrasonis testsummarized below.

5.1.1 Non-air entrained vs. air entrained

The first observation noted during initial testwwgs the existence of two different waves
in the non-air entrained fresh paste, each havingrg different signal strength and
frequency. These two waves are easily distingdishehe 0.30 water-to-cement ratio
(w/c) paste, as seen in Figure 5.1. The firstefasave has a much higher amplitude and
frequency. The second wave arrives later and g highly attenuated when compared
to the first. Similar to the 0.30 w/c samples, ttom-air entrained mixes with a w/c of
0.35 also appeared to have these two types of watggure 5.2 shows the first and
second waves in the 0.35 w/c non-air entrainecfoesnent paste. In contrast to non-air
entrained specimens with a w/c of 0.30, it is ctbat the arrival time of the second wave
for the 0.35 w/c paste is not sufficiently diffetdrom that of the first wave, so that the

two waves are not visually distinct and separatetthé time domain.
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First wave

Second wave

/\
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Time,us

Figure 5.1: Signal through 0.30 w/c non-air entedipaste

Besides the difference in arrival time of the setwave, there is a clear difference in the
ratio of signal amplitudes of the first and secoval’es between the two w/c’s. For the
first hour of hydration, the difference in signtdemgth between the two waves for a 0.35
w/c cement paste is so great that it proved impts$d accurately display both signals in
a single time-domain measurement. Figure 5.2 (&) @) had to be recorded with
different acquisition parameters in order to capteach of the desired features because
such a high level of amplification is required txarately display the second wave, that
the first wave becomes distorted and clipped by dseilloscope. However, this
difference in signal strength between the first aadond wave is not nearly as extreme
for the 0.30 w/c paste. It can be seen that the o amplitudes of the first wave to the

second wave is greater for the 0.35 w/c paste, ugerthe 0.3 w/c paste.
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Figure 5.2: Signal through 0.35 w/c non-air entedipaste (a), and close up of second wave (b)
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In other words, the amplitude of the first waver@hation to that of the second wave is
larger for the mix with a larger fraction of wateihis supports the hypothesis further
developed below that the non-air entrained pastsists of two phases, possibly a solid
porous matrix and fluid filled pores, with an aqusmr water dominant phase or pore

solution.

In order to better understand the first and seawades in non-air entrained pastes, it is
desirable to not only compare them in the time damaut also in the frequency domain.
While the time domain signals suggest that the wewes have considerably different
frequencies, this is much clearer through a corsparof the frequency spectra. Figure
5.3 shows the frequency spectra of the first arwbrsd waves in a 0.35 w/c non-air
entrained fresh cement paste. The center frequenthe first wave is close to 1 MHz,

which is the resonance frequency of the transduderfact, the frequency response of
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Figure 5.3: Frequency spectra for the first anesdavaves in non-air entrained pastes
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the first wave overall is quite similar to thattbe transducer. Because this first wave is
not very attenuative or dispersive, it does noteappo be incredibly sensitive to the
overall properties of the fresh cement paste. dntrast to the first wave, the slower
second wave appears to be highly attenuative asmkdiive. Its frequency spectrum is
drastically shifted to the left or lower frequergigith a center frequency around 30 kHz.

Its propagation path seems to effectively filtet fsaquencies above 200 kHz.

Figure 5.4 shows the phase velocities as calculayedq. (4.1) for each of the two non-
air entrained waves. The first wave has a phakxie close to that of water, which is
1600 m/s, while the phase velocity of the secondenia about an order of magnitude
smaller. Note the very different frequency rangéboth signals as seen in Figure 5.3.
Comparable pulse velocities were observed in tis¢ liour of hydration by Kmack [11].

He hypothesized that the first wave travels throadlquid percolation path consisting of
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Figure 5.4: Phase velocities for first (a) and selcfb) wave in non-air entrained paste
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free water not adsorbed by the paste matrix. €bersd wave, therefore, is considered to
be traveling through the bulk paste or matrixthd plastic cement paste is considered on
a larger scale, it does consist of a solid skelétsmed from hydration products and
unhydrated cement grains, which is surrounded bgcareous solution. Because of this,
it is believed that these results for the non-atraned paste may be explained by Biot’s
Theory for wave propagation in fluid-saturated psronedia, described in Section 3.3.
Note that Sayers and Dahlin also proposed the Ligotis theory to described wave
propagation in plastic cement paste [8]. The twaves observed in the above figures
seem to follow Biot’'s prediction of a fast and sloWatational wave. Following Biot's
description, the second or slow wave observed ennbn-air entrained paste is clearly
dispersive and highly attenuative. Its phase vslds also drastically lower than the
first, or fast wave. This provides more evidencpporting the hypothesis briefly
mentioned above that wave propagation through morsatrained cement paste is
characterized by the properties of both a bulk mataterial and water filled pores, and

by the interactions between these two phases.

Unlike non-air entrained mixes, signals in air aimted fresh cement paste consist of only
one wave. Figure 5.5 shows a comparison in bothtitihe and frequency domains
between the second wave in a non-air entraine@ @ast the air entrained wave. Here, it
is clear that the two-wave phenomenon is uniquadie-air entrained pastes. This is
believed to be due to the chemical compositionhaf &ir entrainer which causes an
increase in adsorption of the mix water and aid¢hen deflocculation or dispersion of

cement particles. Due to these interactions ietirained cement paste, it is possible
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that the mixture as a whole behaves more like adgemeous slurry than a suspension of
solid particles in water, or a fluid-saturated peramedia, which would explain the
existence of only one wave. Note that in Figurg Both signals were recorded at a
propagation distance of 15 mm and a hydration tohd0 minutes. The single wave
observed in the air entrained sample is very simdathe second, slower wave in the
non-air entrained paste, but with a delayed arrtimk. This behavior supports the
notion that the non-air entrained slow wave andaihentrained wave represent the same
propagation mode, since the normalized frequeneygtsp of these two waves are almost

identical. The phase velocities are also simianagnitude.

5.1.2 Variation in Ultrasonic Signals as a Function of Time

In order to better understand the behavior of #maent paste and to develop an accurate
procedure for measuring and calculating phase itglaad attenuation, the waveforms
were monitored during the first 50 minutes of hydma Figure 5.6 and 5.7 show the
changes in measured ultrasonic signals in both tiime and frequency domains,
respectively, as a function of time for CP05 atr@ppgation distance of 10 mm. Recall
that CPO5 is one of the mixes with 0.2% AEA and/aef 0.35. It is clear that the signal
amplitude, signal frequency, and arrival time airease with increasing hydration time
or age. Note in Figure 5.7 that as the hydratiore tincreases, the energy in the higher
frequencies also increases. Therefore at lateraligth times, the frequency range for

which phase velocity and attenuation can be acelyratlculated will increase.
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Figure 5.6: Wave development with hydration timé¢he time domain for CP05
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Figure 5.7: Wave development with hydration timehe frequency domain for CP05
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In addition to monitoring the wave development dsrection of time, the phase velocity
and attenuation were calculated at 40, 45, and if0tes for CP07 as seen in Figure 5.8.
In this figure, it is seen that the phase veloaityreases and the attenuation decreases
with time. As mentioned previously, the fresh catngaste gains strength and stiffness
as new hydrates are formed, consequently providingre rigid medium through which
the ultrasonic signals travel. Additionally, catesiing the hydration products occupy
twice the volume of the originals solids—the cemeat 100% hydration, the solid or
skeletal fraction of the mix is increasing with Inglon. Therefore the increase in phase
velocity and decrease in attenuation as a funafdmme can be explained by an increase
in rigidity or transversely an increase in totalid® Because the phase velocity and
attenuation are changing fairly significantly witme, it is clear that in order to compare
these characteristics across different levels oAABeasurements must be taken at

nearly identical hydration times.

5.1.3 Variation in Ultrasonic Signals as a Function of level of AEA

A final set of ultrasonic tests was performed idesrto calculate and compare ultrasonic
phase velocity and attenuation for cement pastéls mwcreasing levels of AEA. As

mentioned in Chapter 4, phase velocity and attéuaire calculated by comparing two
measurements in the same paste at two distincratepa distances taken 20 seconds
apart. This data was recorded at a hydration af) minutes for two replicate cement
paste samples for each of the five levels of AE®%: (CP01, CP02), 0.1% (CP03, CP04),

0.2% (CPO05, CP06), 0.4% (CP0O7, CP08), 0.8% (CPPA0Y. Because the two different
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waves in the 0.35 w/c non-air entrained pastesidiieult to separate from each other, it
is difficult to systematically window the secondpwer wave for the purpose of
calculating phase velocity and attenuation. Tleefthe phase velocity and attenuation
for the slow wave in the non-air entrained mixeslass consistent and predictable. The
mean phase velocities for each of the five levél&EA are shown in Figure 5.9. Each
phase velocity is only plotted for the valid frequag range where the frequency spectrum
showed sufficient signal amplitude to provide rewdie results. In some of the test sets
for a given level of AEA, the two phase velocitaee very close to one another as seen in
Figure 5.10. However not all test sets showed $owhvariance, as for the 0.8% AEA
mixes shown in Figure 5.11. For the frequency eawigthe signals resulting at this point
in hydration, the calculated phase velocities do stiow a clear trend with level of

chemical air entrainer.
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Figure 5.9: Mean phase velocities for varying leval AEA
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Figure 5.11: Phase velocity for 0.8% AEA

65



The mean attenuations for each of the five levél&BA are plotted in Figure 5.12.
Again, the attenuations are only plotted for theqérencies which showed sufficient
signal strength in the frequency spectrum. Fidgule and 5.14 show the two data sets
and the means for the 0.4% and 0.8% AEA mixes otsedy. As for the phase
velocities, the mean attenuations do not appedolkow a clear trend with increasing

levels of AEA.

It is interesting to note that for the 0.8% AEA msx the two calculated attenuations have
similar slopes, however, the attenuation for CR&5hss to be offset from that of CP10 by
almost 600 Np/m. Recall that the void distributibor CP10, as examined by
petrographic analysis, was found to be non-unifosmith an increase in air content from

2.1% to 6.2% across the difference halves of tiiase. It is possible that the sample of
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Figure 5.12: Mean attenuations for varying levélaBA
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paste observed in the ultrasonic testing of CPHibéed a significantly lower volume of
voids than CPO09, which would explain the increapbadse velocity and decreased
attenuation of CP10. If based on the petrograpésults, it is assumed that the air
entrainment for CP10 is unreliable, only the phasecity and attenuation for CP09, not
the mean of CP09 and CP10, should be considerezbfoparison with the other design
mixes. As shown in Figures 5.15 and 5.16, a tienghore apparent in the ultrasonic
phase velocities and attenuations when the dataCRitO is thrown out. While the
calculated phase velocities and attenuations f®rOt2% and 0.4% AEA sample means
are very similar, there is an obvious change adfussange of air entrainer dosages from
0.1% up to 0.8% AEA. Overall for the modified résuwvhich exclude the data from
CP10, the phase velocity decreases and the attemuiatreases with an increasing level

of AEA.
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Figure 5.15: Phase velocities for varying levelf\&fA, excluding data from CP10
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In order to discover potential sources of errofudher explain the inconsistencies in
calculated phase velocity and attenuation, an appaselocity of the signals with time
was compared. The apparent velocity is relatedhéo propagation distance and the
arrival time of a given feature of the wave. Adrpulse velocity would use the initial
disturbance of the wave measured by the transdasdise feature to monitor. However,
this initial disturbance is not an ideal featurenmtonitor in this case, as it is extremely
difficult to accurately distinguish this featurerfearly signals. Instead, the largest
trough, or the signal minimum, was chosen as thtufe to study and base the apparent
velocity. Figure 5.17 shows two signals, one anfidutes and one at 40 minutes, and
the location representing the arrival time of thenitored feature. The apparent velocity

was then calculated to be the transducer separmistamnce divided by the arrival time.
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Figure 5.17: Arrival time of signal minimum at 24mates (top) and 40 minutes (bottom)

Figure 5.18 shows the apparent velocity with hydratime. Disturbances can be clearly
identified in the generally increasing apparenpeiies. The circles plotted on each of
the curves represent the point in time when thesttacers were moved. It should be
noted that, in general, the apparent velocity drajpen the transducers are moved,
especially past the first 35 minutes of hydration the paste stiffness increases.
Following the drop, the apparent velocity undergaeperiod of more rapid increase,

leveling out to a slope similar to that before thsturbance. While initial set does not

occur until after 2 hours and the paste is theeeitl in plastic form, it is clear that the

movement of the transducers does disturb eithecdbpling between the transducers and
the paste, or the properties of the bulk paste é@twhe transducers. It is possible that

this disturbance is only temporary, however, untlercurrent measurement procedure,
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Figure 5.18: Apparent velocity with hydration time

phase velocity and attenuation are calculated Inypaoing two signals that are acquired
subsequent to transducer movement. Thereforedikiarbance critically disrupts the
resulting phase velocities and attenuations, andreases their inaccuracies and

inconsistencies. However, the exact magnitudaedd discrepancies is unknown.

The true solution to circumvent the issues dueasigdisturbance around the transducers
is to maintain constant transducer separation. meéasure two ultrasonic signals with
different propagation distances without relyingtbae reflected signal, an apparatus using
three transducers—one large source transducembouteiceiving transducers at different
distances from the source—could be used. Additionarovement is possible if the

signals can be compared for higher frequencies.is Would improve the device's
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sensitivity to the smaller, entrained air voidsecBuse the transducers are stationary in
the single source-two receivers setup, phase \glaod attenuation could be monitored
up to or even past initial set of the paste. Aemnsa Figure 5.7, this would increase the
signal energy at higher frequencies and therefoceease the frequencies for which
phase velocity and attenuation could be calculatéowever, further investigation would
be needed to ensure that the highly basic cemesie psaould not damage the transducers.
A third improvement made possible by the singlerseuwo transducers device is that it
removes the 20 second time difference between cadpaignals and allows for

continuous monitoring of phase velocity and attéionan real time.
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CHAPTER 6

CONCLUSION AND OUTLOOK

Because of the existence of the fast and slow warggle to non-air entrained samples,
ultrasonic measurements can clearly distinguistwéen air entrained and non-air
entrained cement paste. Therefore based on theultaasonic waveform, it can be

immediately determined whether or not chemicakairained was in fact included in the
mix. Additionally, the two-wave phenomenon in nain-entrained fresh cement paste
follows the model described by Biot in his theoor fwave propagation in a fluid-

saturated porous media, which predicts the exist@ica fast and slow pressure wave
[27-30]. Because the characteristics of the fiostfast wave appear to mimic those of
water, it is believed that one of the material gisasnd/or propagation modes is

dominated by water channels or paths.

Previous work has shown ultrasonic attenuation ro@asure air content and detect a
difference between entrained and entrapped aiarddmed cement paste specimens [4].
However ultrasonic phase velocity and attenuatioeasurements made with the
proposed procedure and its resulting frequencyeaagnot distinguish between varying
air contents with sufficient accuracy to enableuargitative inversion procedure. It is
believed that the current device is limited by te&tively low frequency range of the
received signal. Furthermore, disruption of thespit cement paste and its coupling with
the transducers due to transducer movement cotesbio inaccuracies in the data.

Based on the petrographic analysis, it is alsoiplesshat part of the inconsistency in
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phase velocity and attenuation may be due to insmmies in the air entrainer

effectiveness or void distribution leading to véidas in the resulting air void system.

Future work should develop a new model of the insioer device that utilizes a single

source with two receiving transducers at differgistances from the source in order to
remove the necessity to more the transducers. Sliigle source ensures that the
generated impulse is identical for both propagapaths, reducing discrepancies in the
source signal that would inevitably be presenbiirftransducers—two transmitters and
two receivers—were used instead of three. Howaveur transducers setup would still

be preferable to the two transducer setup usethi®research because it still eliminates
the necessity of moving the transducers. Thisadetias the potential to monitor the
paste hours into hydration, which could provideimereased frequency range for the
phase velocity and attenuation data. It also waqartivide for continuous attenuation

monitoring through time, increasing the amount afadfor each sample and therefore
increasing the reliability of the results. Futwverk could also study the possibility of

using an ultrasonic immersion device to monitoersgith and stiffness development. An
ultrasonic test to determine initial and final sesitu could be developed and would be

very valuable to the construction industry.
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APPENDIX A

ADDITIONAL ULTRASONIC DATA
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Figure A.1: Wave development with hydration timehe time domain for CP03
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Figure A.2: Wave development with hydration timehe frequency domain for CP03
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Figure A.3: Phase velocity for 0% AEA or non-aitramed

400

350

300

250

200

150

100

50

10 20 30 40 50 60 70 8 90
Frequency, kHz

Figure A.4: Phase velocity for 0.1% AEA
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