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SUMMARY

The assessment of civil infrastructure like concrete containment vessels, dams, and
bridges requires ability to nondestructively characterize themada state, and thus
reducing rehabilitation costs, and enhancing public safety. A critical step in achieving this
goal is the ability to monitor microcrack development, since these microscale defects
directly affect the earhgtage material performancepcathus the entire service life of
concrete civil infrastructure. Although excellent progress has been made in the
development of nondestructive evaluation (NDE) and structural health monitoring (SHM)
techniques for concrete, the evaluation of microstratttondition is still challenging due

to the low sensitivity of the conventional NDE parameters.

Nonlinear ultrasonic (NLU) and nonlinear acoustic (NLA) techniques have
attracted significant attention in thelast decades, since unlike conventional linear
parameters such as wave velocity and attenuation, nonlinearity parameters have great
sensitivity to changes in the microstructure of cent@sied materialrevious research
has helpecstdlish the feasibility of nonlinear techniques for monitoring ¢aey-early
damage state of cemendsed materialdi 6] and successfully demonstrated that the NDE

of microscale degradation in concrete is possible.

In spite of significant progress in the area of NLU and NLA, sghissues on the
NDE of concrete are still open for research. For instance, it is not fully validated that the
existing nonlinear techniques are indeed effective for monitorirgerivice concrete
structures since the feasibility of these techniques Iy lonited to small size concrete

specimens the detection of microscale defeatsthe fullscale concrete structurssi

XX



poses problemsAnotherissueis that those concrete structures allow only limited access
due to their complex geometry; a locaéasurement technique should be implemented in

this complex measurement condition.

To overcome the current issues in the application of NLU to concrete, this research
develops an SHG technique using Rayleigh surface waves in the frequency range of 40 to
120kHz. A noncontact, akcoupled detection technique is developed and implemented to
characterize the damage state in cerbased materials. One objective of this research is
to demonstrate the feasibility and applicability of the proposed SHG setumiionmng
microcrackng development in concrete. Then, using the acoustic nonlinearity parameter,
b from the SHG setup developed, five independent tasks are conducted: (1) monitoring the
effect drying shrinkage on microcracking development, (2) understanding the role of SRA
in mitigating drying shrinkage, (3) quantifying the state of carbonation ircrets
specimens; (4) examining the state of akkdica reaction (ASR) induced damage at two
different times in largescale concrete slabs, and (5) developing an in situ nonlinear
technique to quantify the development of microcracks induced by creegpdindoading.
Through a comparison with the experimental resaltspmprehensive understanding of
the earlystage material state in concrete is reviewed by the acoustic nonlinearity

parameterb.

XXi



CHAPTER 1. INTRODUCTION

1.1 Motivation and Objective

The fAgrand chall engeo for sustainabl e
multiple and conflicting requirements for optimal performance. The 2013 report card of
the American Society of Civil Engineers$&E)[7] urges an enhancement of the service
l'ife of civil infrastructure: the overall
while the grade of bridges is C+. Note that a $20.5dnilinvestment is estimated to be
needed in order to eliminate the deficient backlog by 2028. While the service life of civil
infrastructure can possibly be assessed using a series of destructive tests, this is not a
practical option. Oftentimes it is vedyfficult or almost impossible to theoretically model

the exact wear or damagetthas occurred in a structure.

Of particular nterestis the development of nondestructive evaluatibiDE)
methodssince NDE techniques can assess the functionality efervice structures and
monitor the internal degradation and changes of material properties of concrete in a rapid,
and costefficient mannef8,9]. Recent trends in the nondestructive evaluation (NDE) and
structural health monitoring (SHM) are moving into the realm of simple and reliable in
situ monitoring withhigh-accuracymaterialcharacterization. Of particular importance for
developing NDEechniques is the assessment of concrete, not only because a great portion
of the infrastructure is composed of concrete, but also because the composition of concrete
is prone to deterioran by atmospheric conditions, mechanical loads, and any catastrophic
disasters. Therefore, trsgnificanceof monitoring smaklscale damage in concrete that

represents eargtage damage state (nano to microscale) cannot be overemphasized.

-1-
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However, a majombottleneck is the gap between knowledge of the fundamentals of
physical/chemical phenomena in engineering materials and the needs for engineering

practice as applied to-service structures.

The current development of concrete NDE exhibits several olgaléethat must be
overcome. For instance, the impacho method10i 12] is known as a powerful field
applicable technique. Some examples demonstrate that this method can detect the presence
of macroscale damage, e.g., internalfdied flaws in largescale concrete structures. On
the other hand, it can be difficult to sense the estdge damage state with impacho
methods. This is due to the low sensitivity, meaning that the wavelength of the excited
signal is much larger thamicroscopic scale damage. Similarly, linear ultrasonic pulse
velocity (UPV) and attenuation measurements show that their sensitivity is only capable of
monitoring large cracks and voids in concrete due to the lack of sensitivity and high
scattering effectsThat is,these techniques are not capable of detecting small size damage

evolution[13i 16]

For these reasondrends in concrete NP move beyond these traditional
approaches, and in recent decades, new NDE technigueseimerged to overcome the
described limitations. Nonlinear ultrasonimoethods have the ability to meet the
requirements of earlgtage damage state detection in concrete. It is-kmellvn that
nonlinear ultrasoun@NLU) provides a quantitative damage param#iat is sensitive to
microstructural feature$ the damage parameter is directly related@ t he mat er i
nonlinear elastic behavift,3,17 20]. It is worthy of notice that new nonlinear ultrasonic
parameters that can scrutinize thenptex microscale or nanoscale damage evolution has

been developed by Johnson e{2l,22], Guyer et al[23], Nagy et al[24], and Canterell

-2-



et al. [25]. Suchremarkableprogresshas eventuallyopered up the precise material
characterization of granular mediuemdmetallic materialsFurthermore, recent research
[20,22,25 28] has highlighted that the nonlinear methods are capable of establishing a
correlation between the eage damage evolution and the nonlmeanstitutive

relationship

Based on them,amlinear NDE methods have besgopliedto assess the small scale
defects in concrete. For instance, Chen ef4d).and Payan et a[29] introduced the
Nonlinear Impact Resonance Acoustic Spectroscopy (NIR&S)nique, and Ndinear
Resonant Ultrasound Spectroscopy (NRUS) technique respectively, and demotisitated
the nonlinearity parameter allows an interpretation of the microscale damage evolution
such as ASR19], freezingthawing[2] and thermal damag80] in concreteAlthough all
of these methods are effective in evaluating matemiahlinearity, however their
application to the fielchas not been reported yeAbove all these techniques which
measure resonance frequencies are naturally not applicable tst¢aigespecimers in-
service civilinfrastructuresince the magnituded an impact idimited only to small size
specimensAdditionally, the fact that access to both sides of the specimen is needed further
limits their practical application for the-gitu interrogation of civil structures that allow

only limited access due todin complex geometry.

The objective ofthis research is to characterize eastpge material damage
concrete over a range of drying shrinkage, shrinkage mitigation (through the use of
shrinkagereducing admixture), seliealing (by carbonation), alkadilica reaction (ASR),
and sustained and cyclic loadinging the nonlinear ultrasonic technique of second

harmonic generation (SHQ&)uantitativematerial characterization ieencarried outising
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SHG measurements, and #wlutionof themicro-scaledamage state is discusseavor

specific objectives are as follows:

Objective 1: Determine thefeasibility and applicability of SHG technique to quantify

microscopic features in concrete.

Recognizing the lack othe ultrasonic result®n microstructural features in
concrete this regarchdevelos secondharmonic generation (SHG) in Rayleigh surface
wavesto nondestructively quantify microcrackBor the generation and detection of
nonlinear Rayleiglsurfacewaves, a wedge transmitter (50 kHz) and a specially designed
air-coupled receer (100 kHz) are implemented@he acoustic nonlinearity parameters
measured using the designed setup. Then, three typaatefial phenomeniacluding
drying shrinkage, shrinkage mitigation, asadbonatiorarenondestructivelgharacterized

by moritoring the acoustic nonlinearity parameter

Objective 2: Develsipt udi nSHG technique t o mo n i

development in concrete subjected to sustained and cyclic loading.

Having established the accuracy and sensitivity of SHG to charsctaicroscale
damage in concrete, the objective of this pori®to develop a procedure capable of in
situ monitoring of micrescale damage imoth largescale components antbncrete
subjected to sustained and cyclic loadiRgst, alkali-silica reaction (ASR) damage is

guantified using the full-scale concrete slabs to demonstitaie potential for localized



damageevaluation ofin-serviceconcrete structuredNext theSHG setup isnodified to
make measurements bfin cylindrical concrete specimenghis modification makes it
possible to make in situ measurements of concrete cylinders sustained and cyclic
loading. Using this approach,number of key material issues suclelastic recoverand
progressivemicrocracking developmerare quantitativelyinvestgated Addtionally, the
influence of critical environmental parameters such as temperaturelatide humidity

(RH) onthe microstructures studied.

1.2 Structure of Thesis

The structure oftis dissertation is organized as follows. Timst chaperintroduces
the motivation and significance of developing nonlinear ultrasonic techniques to
nondestructivelymonitor damage in concretend providedwo main objectives of this
researchChapter 2presents the fundamentals wave propagation in sols, and the
properties oRayleigh surface waves. Chapter 3 providesview oflinear and nonlinear
techniques for concrete NDEBndconcrete performanc€hapted explainsthe principle
of second harmonic geration in Rayleigh surface waves, a&inonstrates the feasibility
of the SHG measurement for monitoring microsaakgerial staten concrete and the
effect of shrinkageeducing admixture (SRA) on mitigating shrinkage cracking in
hardened concret€hapter5 evaluates carbonatiorreactionand its role in enhancing the
durability of concretas a sethealing mechanisnChapter6 quantifiesthe phenomenon
of drying shrinkage and providesa comprehensiveinderstandingof microstructural

conditionin hardened concretey the influence oboth shrinkage-reducing admixture



(SRA) and carbonatiarChapter7 focuses ortheassessment &SR damagén largescale
concrete structuresChapter 8 introduces new in-situ NDE techniqueand presents
experimentaévidencenunderstanding microcracking development due to the creep and
cyclic loading.Finally, Chapter9 gives an insight in # material characterization of
hardened concreteandprovides acontribution of this research, and recommendations for

futureresearchn concrete NDE.



CHAPTER 2. BACKGROUND INFORMATI ON

This chaptefirst presents the fundamentals of wave propagatian continuous
medium. With the mathematical derivation d¢iie linearwave equation, the associated
phenomena including mode conversithre principle of Rayleigh surface wavesll be

derived.

2.1 Wave Propagation in Solids

The derivation of linear wave egtion of motion builds the starting point of
nonlinear elastic wave behavior that enable understanding of physical/chemical
phenomena in concrete. This chapter discusses the fundamentals of linear wave
propagation in isotropic, and macroscopic solids basedlalvern[31], Achenbach32],
and Viktorov[33]. Then, by considering nonlinear constitutive relationship, the acoustic

nonlinearity parameteh in the propagating Rayleigh surface waves is derived.

2.1.1 Wave Equation for a Linear Elastic Solid

Cauchy's equation of motioihe derivatiorof the equation of motion starts with

Newtonds second | aw. Figure 2. lecdckteother i bes
traction and gravitational force. The integral form of the balance of linear momentum in
Eulerian for a body with the surface S, and denséclosing volume V and can be written

as



fredv = f},dS+ fybdv. (2.1)

\

where,tj is the tractionp; the body force, andit he di spl acement tenso
stress equation, the traction term in Eq.

Gj and the outward unit vectat,

fyédV = fp;ndS+ fybdv (2.2)

\Y

Using the divergence theorem, the surface integral form can be converted to the volume

integral form and thus, Eq. (2.2) is expressed in a unified volume integral form.
frerdV = fp,,,dV + fyhdv (2.3)
\ \% \%

Thus, Eq. (2.3) is rewritten as

fs;; + b - réH)dv =0. (2.4)
\Y

Since this form holds for every arbitrary v

following as

rﬁ%:sij’j +rb. (2.5)



=x2

X3

Figure2.1.Bal ance of momentum (Cauchy

Linear stress and strairThe generatonstitutive relationship is expressed in terms

of stresdlij, strainly, and the fourtforder elastic stiffness tens@i.
S =Cu & (2.6)

Cix having 81 components describes the mechanical properties of the material. For the

case of a linear isotropic material, the s&fs tensor can be simplified as
s; =1 gd, +2mg. (2.7)
wheregrandear e t he Lam®0s constants.

En E

j=— 2 __  m
L+n)1- 2n) 2(1+n)

(2.8)

Note that E represents the Young's modulus addhe Poisson's ratioSince the

infinitesimal strain tensor is formed following the relationship,



& :%(ui,j +uj,i) (2.9)

Linear elastic wave equatiolcombining Eq. (2.7) an& q . (2.9) yields

equation of motion with the displacement field.
ré=m ; +(/ +mu,; (2.10)

This form neglects the body force action on the arbitrary volume and can be read as vector

from instead of index notation
rdt= M*u + (/ + mb B (2.11)

The most common method to achieve a solution for Eq. (2.11) is tthedeelmholtz
decomposition (2.12), which uncouples the displacement tiliedo the gradient of the

scalar potentiaki and the curl of the vector potentigl,
u=bj +b3y whereb ¢y =0. (2.12)
Pl uggi ng Eq. (euatioldgf mationtEg. (2MQ)yields twé RDES.

.1 1
D% = — jif Py = — 2.12
/ c? Y c? (2.12)
whereCp, andCs denotes the longitudinal {Rave) and shear {&ave) wave velocity,

respectively. Note that both velocities are only dependeron el asti ¢ const

constants) and density, and thus Eq. (2.12) can be defined by
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c, = [L*2m CS:\/Z?. (2.13)
r r

With the elastic material constant§€p describes the propagation of dilatational

disturbances,ral Csindicates the propagation of rotational distortion.

Plain wave propagation in an elastic mediuf displacemenof a plain wave

propagating with the velocitycan be mathematically described as:

u=f(x- c)d (2.14)

with the unit vectord, the position vectok, the unit propagation vectqr, and timet.

Substituting Eqg. (2.14) into Eq. (2.11) leads to

(m- rc®)d+(/ +m(pQ)p=0 (2.15)

The Eq. (2.15) is only satisfied iwo ways, either

d=°p or p@=0 (2.16)

1) If the unit propagation vector, p is parallel to the unit vector d, then the first relationship
in EQ. (2.16) is only valid, and this matches up with the propagatieatiin parallel to a

particle motion, meaning a longitudinal wave propagation.

2) If the unit propagation vector, p is perpendicular to the unit vector d, then the solution
of Eq. (2.15) isp @ = 0, and this describes the propagation direction perpdaditua

particle motion, i.e., a propagating shear wave.
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Harmonic wave Harmonicplane wave is a special mathematical form of the plane

waves propagating through an elastic medium, providing a solution of the complex
phenomena between the propagating esaand the medium. A typical equation of the

harmonic form is given by

f(xOp- ct) =explik(xp - ct)]. (2.17)

wherek (=w/ c = 2p/ 9 is the wavenumbewythe angular frequency of the wave, and
the wavelength. Given an amplitudeas a complex form, a general solution for this

equation is

u= Aexpk(xp - ct)]d. (2.18)

Mode conversion, transmissi, and reflection at a boundaryn a general case of

in-plane motion, each incident wave has two reflected and two refracted waves at a solid

solid interface due to the mode conversion. As shown if Figure 2.2, when an incident plain
wave, P© (P- or SV-wave) with the wavenumbeks, hit a boundary between two solids

wherelh1 = 02 = 0, it causes both a reflectedave, P with the wavenumberk and a

reflected SViwave,P@ with the wavenumbersk Note thath = diy anddi > db. According

to Snell 6s Law, the angl es can beanddhet er mi n

following relationship can be established.

koSIN(G,) =k, SiN@,) = ks, SiN@,) (2.19)
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7 P@
? P@

Figure 2.2.Reflection of Pwave incident at a solid interface.

Of particular importance in the reflection offRwve incident is the geraion of Rayleigh

surface waves because the Rayleigh surface waves can be only excited when the incident
P-wave hits the boundary at a critical angleif) where both reflected-Rand Swaves
combine together and propagate through the interfétbea single wave form. Eq. (2.20)
describes how to determine the critical angle. In a design of the experimental setup, the

angle of a transmitter or receiviercalculated based on Eq. (2.20).

g... =arcsin (2.20)
crit

vO QM Do
(%PO
- wn
|-CDO
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2.2 Rayleigh Surface Waves

Theory of Rayleigh surface wav&3onsidera two dimensionaRayleigh surface

wave propagating along the x axis in sotropic, macroscopically homogeneous, and
linear elastic half space where z axis refers to the depth of the maténisd, the
displacement field of the propagating Rayleigh wave can be given by

u. = Ae bzei{kR(x—th)},

(2.21)

u, = Be b? ei{kR(x— th)}_

where,Cr is the phase velocity of the Rayleigh surface wave, karthe wavenumber.
Since both displacement components satisfy Eq. (2.11), thus the solution of-thieiabn

parameters A and B can be obtained as

(C2? - K3(CZ - C2))(C2b* - KA(CZ - C2)) =0. (2.22)

Only two solutions for Eg. (2.22) are physically acceptable as shown in Eq. (2.23),

thereby providing the solutions for the ntivial parameters A, and B.

ey
I
~
pul
OFR°
Q9
QDo

(2.23)

I\g
I
=
py)
Oaamo
0O | @)
[ N1Py RN
QDR
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aBo _ b
GAS kg’
(2.24)
aBa _ kg
cA+ b,
Then, using both Eq. (2.23) and (2.24), Eq. (2.21) can be rewritten as
u =(Ae bz A€ bZZ)ei{kR(x—th)}’
(2.25)

bl -z R bzz i{kg(x- ¢ t)}
—— A€ e R R
o, A" AT

R
I
O&BSDO

Using the boundary condition at the interfage= 0., = 0,z = 0, the relationship
betweenA: andA: are obtained as shown in Eq. (2.26), and this leads to the displacement

formulation of the propagating Rayleigh surface waves.

2bb, (2.26)
kRZ + b22

A=

- 2bb, 5,29 (e )
=A -AA——=5e R
? kZ+b2o &

(2.27)

bl a 2kR2 bzz i{kg (x- crt)}
—_— —_— —e R R .
Z k é@ kR2+ b @

The following characteristic equation provides the phase velocity of the Rayleigh wave at

z=0[32,33]
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=0 (2.28)

An approximate solution for Eq. 2.28 holds the relationship shown in Eq. (2.29).

o 0.862+1.14n C (2.29

C
R 1+ s

It is noticeable that the Eq. (2.28) is independent on the wavenumgbehich
suppors the nordispersive characteristic at the free surface of an elastiesadfe.
Additional note that the particles of the medium at the surface show an ellipsoidal motion
with the counterclockwise direction, while the direction of motion turns intoltiogwise

with increasing depth.
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CHAPTER 3. LITERATURE REVIEW

With an objective of understanding existing nondestructive evaluation (NDE)
techniques for evaluating damage in concrétis, ¢chapter presentsthorough overview
of theconventional linear NDE techrugs thenonlinear NDE techniqueandthe progress
toward the material characterization, respectivelhen, as a target of evaluatipn
mechanicabnd chemical phenometizat affect edy-stage material stata concreteare

reviewed.

3.1 Review of Linear NDE Techniques

It is wel known that inear ultrasonic techniques are well tuned to evaluate the
macroscopic damages concrete such as the visible cracks, and changes in material
properties. Using the wave theory in Chapter 2.1, a number of researcher have been
successfully desloped a series of the linear ultrasonic techniques such as ultrasonic pulse

velocity, impact echo, attenuation coefficient, and diffuse ultrasound.

3.1.1 UltrasonicPulseVelocity(UPV)

The idea behindhe UPV method is to measuteettime-of-flight of the ehstic
waves propagating through concré&14,15,34] The phasevelocity is calculatedby
dividing path lengthby the measuredraveltime. During this travel, fithe excited waves
pass through anyacrescalecracksor flaws in thanaterial this causes the delayed arrival

time and thus thdeaease in the phase velocityis well demonstrated that this technique
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is capable of sensing tiv@ernal cracks andrack deptt35]. Furthermore, by solvingg.
(2.13), the material properties can be inversely obtained. The previou$3spHaswell
validatedthat the effective frequency range for measuring the velocity for concrete is
approximately from 0 to 100 kH&ost of all, the instrumentation is simple, thereagy

to measte the velocity.

However, thereare somephysical restriction in the UPV technique. First, the
wavelength of these frequencies is too large to semsdl size defects such as air void
Second, if the wavelength is decreased, there must be the signsfoedtering effect due
to the coarse aggregatés.addition, ecent researcf87] has reported that the change in
the phase velocity due to th@crocracking $ compaable to the meaurement error. Due
to these reasons, monitoring of eastpge material damage by using the UPV method is

almost impossible.

3.1.2 ImpactEcho

The principle of this techniqug¢l0,38] is thata stress wave (below 100 kHz
frequency) generated by mechanical impaqgteriences the multiple reflection and thus
revaalsthe positionand deptlof flaws,delaminationand any internal damage progression
in concrete. Outstanding development that implementedoaipled sensing technique
with broad frequency response haeb achieved by Zhu et [dl1] and Kee et dl12]. In
spite of these advantagélss methods still confined to monitor the macroscopic damages
and furthermore tirequiresa highlyskilled technician tgpreciselyinterpret the recorded

signals[36].
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3.1.3 PulseEchoMethod

The basic concept of the puleeho method iglosely similar to that of impact
echo method. However, while the imp&cho technique relies on a hammer or steel ball,
the puseecho method uses the ultrasonic transduzagrable of controllinghe amplitude
of the generateonpact[10]. This method use the transmitter and receiver mounted on the
same sidef concrete specimenithin the frequency range of 0 to 200 kHbe receive
detectsthe reflected wawe from both boundary and the existence of a defeetent
research by Hoegh et 4B9] has highlighted that the puleeho method with advanced
array system could find location of defects with an image of internal structure. However,
similar to the UPV methodhe sensitivity or resolution of this technique has not been
allowed todetectthe microscaléaws inconcrete. General acceptance is thimoalgh the
pulseecho based approach has great potential for the inspectiorsefvice concrete

structures, but is not still applicable for the precise material characterization.

3.1.4 SurfaceWave Method

With increasing needs for the inspection ekawice structures, developing NDE
technique based onidacewavescan be mor@racticaloption sincea number of chemical
reactionsuch as ASR40], carbonatiorf41], and sulfate attacf42] initiates from the
surface in concret@he surface wavbased techniques are wsllited to evaluate material
properties such as the density, PoThess on & s
investigation of concrete using surface waves is attrgqdhterest, and thulsave been

extensivelyutilized to characterizedelamination anccracksnear surfacg35,43 45] .
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However,due to the fact thahe penetration depth of surface waisesn the order of a
wavelength monitoring deeper cracksvhere the location ofracks is larger than the
wavelength is impossiblein addition, the higher the wavelength is, the lower the
sensitivity tosmall scalelefecsis. With these reasons, linear ultrasonic NDE using surface

waves is still challenging.

3.1.5 Attenuation coefficiest

Attenuation is defined as a deaayd diminutionof thewaveamplitude followed
by energyconservation dissipatidd6,47]. The characteristics of geometric spreading and
material attenuation are appeared in the attenuation coefficients capdbétecting flaws
in concrete with high sensitivity. Due to this advantage, extensive experimental and
numerical results have been reported. For instance, ShanH,4B] have investigated
the ultrasonic attenuation in concrete subjected sustained and cyclic loading and
demonstrated that the attenuation measurement is suitable to monitor thediczsdi
microcracking development. Philippidis et @8] have investigated the w/c effect using
ultrasonic attenuation in concretaintPierre et al[49] have also demonstrated that the
attenuation has great sensitivity to A8RRluced damages than the wargdocity. More
advanced technique considering diffraction correction (beam spreading) is introduced by
Ruiz et al[50]. Kim et al.[51] havealsodeveloped a theotieal model for concrete using
the dynamic effective medium theory and demonstrated that the attenuation coefficients
from the proposed analytical model is well matched up with the experimental results.

Owino et al, andPunurai et al[52] have applied theattenuation measurement techniques
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to cement paste and successfully characterized entrained air voids with the effect of size,
volume fraction grain size and porosity Recently, in an effort of understanding the
sensitivity to micrescale flaws such as microcracks, and voids, Kim ef3&153] has
presented that the sensitivity of the attenuation coefficients for Rayleigh surface waves is
approximately 3 times higher than that of the velocity. The equations for the attenuation
with diffraction corection is expressed in Eq. (3.1and Figure3.1 describes the
experimental setup for the attenuation measurement using the spectral ratio technique.
Nevertheless, the ultrasonic attenuation method is wavelength limitedvaledength
alwaysmust be on the order of the damage for acciisatesitive)detection. Thiditerally

dictates the use of higkHz/low-MHz pulses in order to detect microscale damage, yet
these high frequency pulseasnnot guarantee avoiding theatteing problenthe concrete

microstructure, thus limiting their utility.
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(a) Attenuation measurement using spectral ratio technique (b) Air-entrained voids
Figure 3.1 Experimental setup for attenuation measurement using spectral me
[52].
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3.1.6 Diffuse Ultrasound

Unlike other linear ultrasonic techniques, the diffuse ultrasdwamda number of
advantage§36,54 57]. Theoretical background on this technique is the time evolution of
the spectral energy density in ultrasonic w§d@]. Eq. (3.2 explains the principle of
diffuse ultrasonic parameters (diffusivity, and dissipatiokfain advantage of this
technique is that, thespectral energy density of an ultrasonic wave fidabtained, the
use of high frequeryccan beavailable regardless of the scattering effedibis means that
monitoring the small size defects, or eaaslye damage state is possitvleghis technique
Also the fact thait is not necessarto consider annteractionof the propagating waves
with geometry of thespecimen guaranteehe satisfactoy quantification of defects in
cementbased materials. Moreover, the instrumentation is simple and robust as compared

to other linear ultrasonic methods.
D(f P2(E(xt, f))- &(E(x,t, f)- s(F)E(XL f))=P(xt, f) " xI B (3.2

where, where, PXt,[f) is the spectral source energy densiyf) is the frequency

dependent diffusivity (fis) and((f) is the dissipation rate (1/s).

For those reasons, previous researchers have been paid attention to prove the
applicability of the diffuse ultrasound to concrete. Weaver ¢b4].has first utilized this
technique and fountheoretical and experimental evidences demonstrating that diffusion
of high frequency ultrasonic energy is suitable to detect the damage state in heterogeneous
materials. Deroo et al57] has also measured the diffusivity and dissipation parameters

from the diffuse approximation, thereby assessing the ASR damage in concrete, and In et
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al. has shown cuttingdge developments in this field as shown in Fidii2e However,
there also seems to exsimelimitationsin this technique. That ighis technique always
requires a numerical @nalyticalevidence that supports the experimental resAksa
result,the pure signal can be distorted, ahdsthe diffuse ultrasonic parametean be

manipulaté by the analytical parameter.

p S
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Setup for Diffuse Approximation Typical diffuse ultrasound sign Diffuse Energy with Numerical Linear Fit

Figure 3.2 Experimental setup for diffuse ultrasouid®].

Recently, NDE using nonlinear wave propagation and dynamafsgowing interest as
they can provide a damage indicator which, in turn, distéhgs the nardo micro-scale
damage levelTherefore, it is believed that the NLU techniques have the great potential to
lead to the quantitative evaluation of microcracking development due to thethaxbd

damages in concrete.

3.2 Review ofNonlinear NDE Techniques

This section reviews the principles of a series of nonlinear NDE techniques, and their
application to microcracking detection in cembased materialsAs described earlier,

nondestructive evaluation (NDEusing nonlinear ultrasound/acousticshas been
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extensivey attractive sinceinlike the linear ultrasonic parameters such as wave velocity
and attenuation, these nonlinear acoustic parameters dr@at sensitivity tothe
microstructuralattributes of concret§,18,37,53,55,580]. Therefore,t can be stated
that the nonlinear techniqueallow the quatification of earlystagematerial damage
Also, it is welldescribed in the literature thaetnonlineaelasticbehaviorcan beobserved

in different ways includingeconcharmonic generatiofsHG)[25,26,61,62]ashift ofthe
resonance frequend@0i 23,63,64] and nonlinear mixing[65]. Numerous researchers
have been explored a wvety of nonlineartechniquesand have put their efforts to
characterizelamage evolutiom cementbased materialhat originates from its complex

microstructural characteristics at multiple length scale from amnmto

3.2.1 Second Harmonic Generation

Second hamonic generation techniquefirst reported by Breazeale ef@6], and
continuously studied by Cantrell et f25,61,67] Nazarov et al[26], Shui et al[68], and
Kim et al.[27,62] Theprinciple of the SHGs as follows: the interaction of the propagating
fundamental harmonic wave with a frequengywith the existing nonlinearity sources
results in the generation of the second harmonic wave with a frequaen[25,%8,69] As
it propagates furtherhe amplitude of the generated second harmonic wawvensased
[70i 73]. Kim et al.[27] has theoretically demonstrated the essertfaracteristicef the
distortions in the fundamental harmonic waves by proposing an @isio contact
model. Such phenomenare well quantfied with the measured acoustic nonlinearity

parameterb.
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Recent development &ahighlighted that second harmonic generation (SHG)
methods using nonlinear Rayleigh surface waves haveagreamtagef/2i 75]. First, the
unwanted system nonlinearity from the instrumentation caisdlated by vaying the
propagation distanceSecond, implementingan aircoupled receiver allows a more
consistent measurement of theousticnonlinearity parametef76]. Most importantly,
amory the existing NLU techniques, SHG is a unique field applicable technique since not
only it requires one sidef the specimens, but also as a local measurement technique, it
can evaluate damage levels at different suspected locdliensetup for the SH@®
Rayleigh surface wave using-&@ioupled received is depicted in Figl&. Despite these
advantages few experimentsf nonlinear Rayleigh wave cementbased materialsave
been reportegrobablydue toseveral reasons: (ifelack of understandon microscale
damage evolution in concrete, (2) inadequate usefquencypair for excitation and
detection, and thus (3)igh attenuation caused by scattering from its heterogeneous

microstructure.

Al-7075, f;=2.25 MHz, and f,=4.50 MHz

3
148“0

AJA?
. R -
K

3 085 40 50 60 70 80
- Propagation distance (mm)
SHG setup using Rayleigh surface waves Acoustic nonlinearity parameter

Figure 3.3 Setup for the SHG measurement with@upled detectiofi73].
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3.2.2 Resonanc@ased TechniqugdlRUS and NIRAS)

As shown in Eq. (3.3), hysical principle of these techniques is the shift in the
resonance frequency withdreasing level of excitatiof20i 22,64,77,78] The damage
state in concreteanbeappeared into this nonlinear hysteresis behawdiollowing that
the higher the damage level is, the higher the shift (left) of the resonance frequency is
[20,22,23,78] It is worthy of notice that the hieretic parameter3 that governs a
hysteretic nonlinear elastic behavior heterogeneous materials appeared in odd
harmonicg79]. It can be therefore stated that the acoustic nonlinearity paramdtes to
the generation of even (second) harmonic is not relevant to the hysteretic parameter,
Chenetal[4,80]and L e S n[56 Have establishad thenlinearimpactresonance
acousticspectroscopy (NIRAS) technique based on the shift of the resonance fregiency
concretethe NIRAS method excites the fundamental resonantieeatoncrete prisy
impact hammer and detscthe vibration signal using an accelerometégure 3.4
describes an example of the experimental setup for the NIRAS techripyes et al.
[3,29], and Bouchaala et al[59] have successfully deployed the nonlinear resonant
ultrasound spectroscopy (NRUS) technique to probe damage in ebaseat materials.
Compared to the conventional ultrasonic NDE technigttes,hysteresis nonlinearity
parameteby NRUS and NIRASshows great sensitivity to eartfage material damage,
and thus has significant potential to be applicable to monitoring recale damage

evolution

Df _ a e (3.3)
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Therefore,a considerable amount of quantitative studies basetth@mesonance
based NDEechniques have beaxtensivelyconductedto characterizehe microscale
defectan concretesuch as the formation of microcracks, witlich greatesensitivity than
conventionalinear ultrasonic methodBor instanceChen etal[4,80,and Le Sni c ki
[5,6] haveapplied theNIRAS technique to rapidlydentify reactive aggregate from mortar
bar and concrete prism testAs a result, they hayminted outthat aggregatetype and
size can cause the different rate of the shift,ceasgssed the influence of progressive alkal
silica reaction (ASR) damagenomicrostructure using th@&onlinearity parameter.
Bouchala et al. [38] has applied this technique to monitdhe carbonation and
demonstrated that the measured material nonlinearity appears to be decreased by the
progress of carbonationln addition, the resonancdased techniques have been
successfully applied to characterizeezingthawing [2], and thermal damagi0] in
concrete.The achievement by these techniques has he#s#dllish the feasibility of

nonlinearacoustic techniques for monitoring the material sthtementbased materials.

Nevertheless, these resonateased techniques avaly limited to relatively small
sized specimens, so they are impractical for the interrogation of large or complicated
components. Also, those resonance methods measure the changes in global damage state
of the specimen; the measured nonlinearity in this case represents an averaged value for
the entire specimeitherefore, evaluation of damage state by any locally initishetage
mechanism in concrete e.g., drying shrinkage, carbonation, and sulfate attack (from the
surface) can be substantially underestimated. Note thasorfgce wavdasechonlinear
techniquegan be applicabl® characterize those damage mechanigwditionally, these

techniques are not suitablegpecimens, have the complex geometry.
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Figure 3.4. Procedure of the NIRAS measuremgn6].

3.2.3 Coda Wave Interferometry

Coda wave interferometry (CWI) refers to the relationship between the velocity
change in conjunction with the increasing stress and the strain grigli¢nSince this
relationship can be constituted by the quadratic nonlinearity parameter in nonlinear stress
strain equation, the stredependent velocity changes can yield the acoustic nonlinearity
parameterf. Larose et a[82], and Payan et dll] have carried out the CWI measurements
using concretespecimensand successfullyextracted the nonlinearity parametefs
example of material charactzation is reported by Schurr et @6]. As shown in Figure.

3.5, they have considered nfutonger wave path compared to the direct path, thereby
increasing the sensitivity to microscale damage in concrete, and thus demonstrated that the

nonlinearity parameter is monotonically increasedhgymal shock and cyclic loading

Recent researd83] hasalsoachieved tasimplify the CWI technique (called TS
method) based on an assumption that the velocity change is identical to the time shift, and
applied the TS method to monitor ASR damage in lagde concrete structures.
Neverthelessprogress of tt CWI technique habkeen restrictedlue toseveralreasons.

First, instrumentation of the CWI technique is not simptampared to other nonlinear
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techniqued that is, impact loading imostly required in order to obtain thetress and
strain gradientMoreover, the fact @t the impact loading is necessary means that this

method is not capable of monitoring the lasgale or irservice concrete structures.

load
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Figure 3.5 Setup for the CWI measurement: effect of thermal slggk

3.2.4 Other Nonlinear NDE Techniques

Scaling Subtraction Method (SSMJnlike the analysisn frequency domain, this

method uses the time h@in signako obtain the nonlinearity parametethis technique
is advantageous to subtract the instrumentation nonlinearity and has been applied to

characterize the loaidduced damage in concrds,28,30]

Dynamic Acoustoelastic TestinQAET): DAET technique monitors the change in

elastic modulus while the specimen undergoes dynamic loading. Application of this

techngue to cemenbased material has been recently reportefb0)84].
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WaveMixing Technique The concept of this technique is that twtrasonic waves

having different frequency g, us) interact and generate new ultrasonic waves of
frequency (1 i ws). The component of three different waves is distinguished in the
frequency spectrum, and therefore nonlinearity parameter can be obtaipidatign to

characterize ASR damage is achieveddby.

3.3 Review of Concrete Performance

The heterogeneity of concrete, as a porous material, has direct connectitrewith
nonlinear ultrasound that is, thenonlinearultrasonic waves is capable of monitoring the
microcrackng development in concrete. Since the microcrack is an origin of the damage
evolution in concrete, the acoustic nonlinearity paramétean be directly used as a

Asteprostdat all ows us to conereted t he current

3.3.1 Drying Shrinkage & ShrinkagReducing Admixture

Of particular interest for the evaluation of concrete structural health is the
characterization of the tim#gependent evolution of microstructuand environmental
interactiong86i 90]. In an environment which is dry relativedoncrete, water evaporates
to the air. As pores empty, tensile stresses are generated, and when the tensilei capacity
which can be limited in cemebtised materials, and particularly so at earlier &ges
exceeded, cracking develops. It is thereforeeetgd that microcracks are significantly

developed by drying shrinkage, and because the drying front develops from an exposed
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surface, much of the source of microstructural nonlinearity will be concentrated near these

surfaces in drying environments.

There have been longtanding efforts imssessing the microstructural development
by drying shrinkage[86,91 94]. For instance, it has been postulated that surface
experiences drying shrinkage much faster than the inner bulkG&i€¥] that leads to the
logarithmically increasing ofrsinkage with time. A number of the experimental evidences
demonstrated the effects of pore $&4&}, waterto-cement rati¢92,99], the environmental
condition [100,101] and the aggregate restrainif@p,102 104] on the rate of drying
shrinkage. Later, some NDBDfiased approaches haveeb applied to characterize drying
shrinkage. It has been well reported that acoustic emission (AE) teclbifijean catch
the crack development in cement and mortar. Some ultrasonic pulse véldens)

measurementsave been alsaeportedoy [106].

Recently, anumber of researehns [87,107 110] have introduced shrinkage
reducing admixture (SRA) and densirated thaBRA has great effect oredudng the
surface tension of the concrete pore solyton thecapillarystresgsthat induce cragkg
in paste. TIs decrease in both surface tension and seessatually results in mitigating
theautogenous andrying shrinkagesoearly-age crackingan potentially benitigated by

appropriate dosages 8RA
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3.3.2 Carbonation

Exposure of irservice concrete infrastructure to the natural environment causes
continuouschangesn microstructureand composition, oftestartingfrom their surfaces.
It is well known that carbonation is a common occurrence in cebss®d materials.
During carbonation, calcium hydroxid€#(OH)) contained in hydrated cement paste
reacts with carbon dioxide, present in air or water, fogygalcium carbonateCaCQ)

and water d-0). The formation of carbonation is explained by the following equations:

CO, + Ca(OH),- CaCO,+H,0 (2.48)

Ca®* +COZ - CaCo,. (2.49)

Importantly, the formation o€aCQ; is irreversible, meaning that ti@&aCQ; is unable to

decompose to th@a?* andCOs* once it precipitates.

The gradual process oaibonation alters the surface propertesidecreases the
pH value of the pore $ation from typical values (1:23.0) to a 9 or leg4.111 113] due to
the virtually insolubility of the carbonation produ€gCQ) relative to the slightly soluble
reactant[114]. More recently, processes to intentionally carbonate ordinary portland
cement concrete and concrete produced with alternative cements are of growing interest as

potential opions for carbon sequestratiitil5,116]

However, over time in reinforced concrete, as the relativelydodr ficar bonat i
fronto reaches gr e ademssivabreofthe remfortemennsted¢ltare s u r 1

occur and corrosion can initiate. Corrosion of reinforcensnbnsideed to be a serious
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durability concern which ultimately limits the service life of reinforced concrete structures

[117i 119]

Hence,for a number of reasong, is critical to detect carbonation in conceet
Methods to do so nedestructively are preferred such that elements or structures can be
monitored over time as carbonation progresses. Also, ondagde structures, destructive
testing is either not permitted or cgmbhibitive and is not capablef providing a
representative statistical sampling of the structural condition. Automated monitoring using
embarked nondestructive devices is the most promising approach to-extéunt
degradation mapping of structures like atmospheric cooling towersctgar containment

buildings.

Various evaluation methadhave been used to deteetrbonatiorin concreteThe
use of an indicator solution, like phenolphthalein, is the most-kmeNvn method to
measure the depth of the carbonation, and this must beodané&eshly fractured surface
[3, 10]. Also, analytical methods like thermogravimetric analysis (TEA) 113,120
122] and quantitative Xay dffraction (QXRD) analysig120,123]can be used to assess
the relative amount of Ca(OHand CaC@at various depths in a sample obtained from a
structure. Most recently, indentation methods, (micrd124]and nanoindentatidi 25])
have been usedo characterize carbonation depths and the processartonation.
Accordingly, it is wellestablished that carbonation signifidgninfluences density,
strength, elasticity moduli, pore size, and permeability among other properties of-cement
based material§126i 128]. Research has also been directed toward increasing the
durability against carbonation, which has been shown to be controlled by the use of SCMs

[1291 133], waterto-cement ratio (w/c)[120,134,135] curing conditions and time
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[136,137] aggregate typ§l20], the different alkali contentd34], and enviromental

factors[133].

3.3.3 Alkali-Silica Reaction (ASR)

Alkali-silica reaction (ASR) i®ne of the mostleleterious damage mechanism in
concrete thatan induce microcrack development, visible macrocracks, and thus serious
durability problems[86,138,139] It is reported that series of sequential chemical
reactions result in the ASR damage process: (1) dissolution of Isylibgdroxyl attack
[140]; (2) ASR gel formatn [141]; (3) swelling of theASR gels [142];, ard (4) stress,
expansion, and cracking86,143 145]. To characterize #Bse phenomena, multiple
evaluation methods have been introduced. For instance, Kurtiglet@linvestigatedhe
role of ASR gel in expansion based on xRy microscopy technique. Haha et[a46]
implemented scanning electron microscope (SEM) to quantify the reactivity of aggregates.
Progress in studying the effects of lithithased compounds kSR reactivity has been
also reported bj147,148] The observations from these studies have demonstrated that the
ASR gel and its swellingre closely associated with distress, loss of strength, and thus
decreasing elastic moliis in concreteFor the expansion measurements, it is reported that
there are several discrepancies in standardestdnethod$149,150]thus, some efforts
have been made §¥51,152]to enhance their reliabilitfviore recentlyRajabipour et al.

[40] reported an integrated summargn the ASR mechanisms, the accompag
aggregate properties, and the mitigation methdds/ghan et al[153] carried out a

rheological investiga&n of the properties of ASR gel and highlighted that the yield stress
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of the ASR gel and swelling pressure are higigpendenton t he gel 0s
composition, i.e., the amount of calcium and sodium cont&#search has also been

directed towardieveloping the modelling &SR by Multon et al.[154,155]

3.3.4 Creep & Cyclic Loading

In practice, great portion of concrete structures experience a continuous
degradation due to several factors associated with applied stress, e.gpenie€s load
and pressurizationand tendon relaxation. It is therefore vital to understand the
phenomean of microstructural developmetiy various types of the compressive loads
leading tocrack initiation and growth. It is well known thstistainedandcyclic loadng

are the most common damage types that can describe these phenomena in concrete.

Many researchers have pxtensiveefforts tocharacterie theeffect of creep and cyclic
loads on the material properties in concrf36,91 94]. Extensive experimental and
numerical evidences demonstrated microcrack formation, growth, and propagation in
concrete subjected to the creep and cyclic loafliegl56 159]. Among the literature, it
should be emphasized that Shah ef{Hb] has revealed that concrete could be either
strengtheneflLl60] or weakened, depending on the applied loading level and time. Another
important observation is th&arrasquillo et altracked the crack density by increasing
loading level in furthering the understanding of the progressive microcracking inside of

the pecimen161].
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CHAPTER 4. SECOND HARMONIC GENE RATION (SHG) FOR

CONCRETE NDE

4.1 Overview

The objective of thishapteris todemonstrate the feasibility of the SHG technique
using Rayleigh surface waves for monitoring eatlge material damage in concrdtee
high attenuation of ultrasonic waves iantentbased materialeas made the practical
measurement of SHG difficult to plement in this materialThere are also severe
repeatability issues with the contact detection of ultrasound in concrete caused by its
inconsistent surface roughness and coupling conditioregder to solve these issues, the
SHG setup using necontactair-coupled detection technique is desigirethefrequency
range40 to 100kHz and the feasibility of the proposed setup is validabtedughthe
measure of the nonlinear Rayleigh surface waves and the acoustic nonlinearity parameter,
b. To demonstrate the effectiveness of thiscaupled detection of the SHG in Rayleigh
waves in concretehe effect of shrinkageeducing admixture (SRA), as it influences

microcrack formation in these materials, is considered asample of evaluath.
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4.2 Theory of SHG in Rayleigh Surface Waves

The derivation of the nonlinear wave equation is followed by reviewing the reference

[61,162]

Nonlinear stressstrain relationship The derivationof nonlinear stresstrain

relationshipin a solid medium normally starts with a consideration of the strain el¢érgy

per unit mass as follows

1 1

roW= Ecum E; By +§C By By By *-- (4.0

ijkimn
where,Cijx andCixmn represent the fourttand sixthorder elastic constantilote that the

Eq. @.1) describes an expansion for small strain. Thus the infinitesimal (or Green) strain

tensor in terms of a Lagrangian coordinates should be considered as

L
E=Z(F & -1)
o (4.2)

e- LA W 8
280 X g 9

wherel is the seconarder identity tensor, anB the secondorderdeformation gradient

tensor

Fi= X
Fij = &
HX;
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which shows a deformation mapping whereelates to the current configuration (Eulerian
coordinae) and thex to the reference configuration (Lagrangian coordinate). Fiduire

describes the kinematics of deformation in Euclidian space.

F S

v
4
(N

€3
X3

Figure 4.1. Material and spatial coordinates in Euclidian space.

In Figure4.1, A represents undeformed boity Lagrangian coordinate whild&’
indicates the deformed body with Eulerian coordinate, and the displaceraeatgiven
time, t becomes the difference betweenandx. Note thate indicates the unit normal
vector. Using the first Piol&irchhoff stresstensor as shown in E¢4.4), the nonlinear

stressstrain relationship can be rewritten as
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SPK:@s("F'T (44)

SUPK: Cijkl & +1Mijklmn &%+ (45)
2 HX - X,
where,
M ijklmn = Cijklmn + Cijnlnq(m + Cjnkldm + lemndik - (46)

Figure4.2 explains the difference between Eq. (2.10) and £§).(

Eq. (2.10)
\

Eq. (2.34)

v
(25}

Figure 4.2 Linear vs nonlinear constitutive relationship.

Theory of second harmonic generation (SH@palogously, considering the

equation of mton in Lagrangian coordinate shown in E4.7f with Eq. @.6) leads to the

nonlinear wave equation.
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ro B S (4.7)
M X
wu _ pu & 1 U o}
r = l. +_Mi' mn—m+2 (48)
TSR éﬁt g My S8
For purely longudinal wave, Eq.4.8) can be simplified to
2 2 o ~
“ljl:cL “uzl Y. b&g 4.9
Ht KX ¢ pX =

where,b is the quadratic material nonlinearity paramefzi; the thirdorder elastic

constant in Voigt notation, ar@ the longitudinal weae velocity.

as ¢, 0
b=- 24+ 4.1
Al (410

It is important to note that the distortion of the nonlinear wave is accompanied by the higher
harmonic waves depending on theand this physical phenomenon is cwerized by
observing the amplitudes of both fundamental and second harmonic waves. Consider the

fundamental longitudinal harmonic wave with amplitull@nd the frequencyy.
u(x,t) = Asin(k x- ut) (4.1)
A displacement perturbation of this form can be solved with E4r).gnd @.10).

u(xt)=Asin(k x- wm)+ A sink x- 2ut) +2

: : (4.12
= A sink X - ut) + kZA’xsin(2k, x - 2ut) +2

where, A1 andA; indicate the fundamental and second harmonic amplitudes.
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Finally, Egns. 4.10 to (4.12 provides the form of the quadratic nonlinearity parameter

such that

8

(4.13

R[>
3,
x

it

As clearly shown in EQ.4(13), the quadratic material nonlinearity parameter can be
acoustically obtained by measuring botA: and A2 with the constantC. over the
propagation distancfl63]. This enables us to denote theas quadratic (or absolute)
acoustic nonlinearity parameter. Figdr8illustrates the principle of the second harmonic

generation (SHG) observed in nonlinear ultrasonic measurg¢&&nt

————————————— [Ch 1
Sample Receiver Oscilloscope
C =T oz
A
Acoustic | " 1
couplant < A Trigger |
—f== !
E \ ;
ransducers /t ;
- High-Power
Transmitter Gated Amplifier
High voltage signal (RITEC)
(~740V,,)
INPUT OUTPUT
u, = A,sin(wt) Uy = ASin(wi-kx) + Uy, = Assin(2wt-2kx)

WAL~

Figure 4.3. Schematic of the SHG measurement with longitudinal wave

The SHG in Rayleigh surface wavé&onsidera plain Rayleigh surface wave

propagating along the x axis in an isotropic, macroscopically homogeneous, and elastic
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half space where z axis refers to the depth of the matenisd, the displacements xand
z directions can be written in Eg4.04 and both displacement components indicate the

shear X direction) and longitudinak(direction) wave contributions.

_ a 2 20B, 520 ifkx )} (4.14%)
u, (w) Alé@ k2+b2e ge

HONESS sl

b,z Q i lke (- )} (4.1Db)
e’ Qe .
Re Ki+b 8

where,c_is the speed of Rayleigh surface waueds the fundamental angular frequency,

b, = kg - kZandb, = k.’ - k.” with k , k_, andk, are the wavaumbers ofhe longitudinal

wave, the shear wave, and fRayleighwaves.

In an isotropic material that has weak quadratic nonlineahty,displacements of the

second harmonic Rayleigh waves in theffald can be expressed [g&t,76]

é‘ z 2b_|,b2 z 6 i Rr(X- CR
u, (2w)° Azégzq - mez"z Qe{zk‘ 0} (4.159)
o 2 ~
UZ(ZW)O iA L bl %Zblz 2kg 2 g2 gei{ZKR(X' )} (4.15b)
kR C R bz =
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Acoustic nonl i nkeanmanndt g.[74 showedntkathe acqustid

nonlinearity parameter can be expreskgdhe outof-plain displacement components of

the propagating Rayleigh wavasthe surface (z = 0) as shown in E416).

i a o}
b ="= = - 4.1
2 2kxé£ k§+b22§ ( @

where, pis quadratic (or absolute) acoustonlinearity parameterThe relationship

between the fundamental and second harmonic components and the acoustic nonlinearity

parameter can be written as

A . bW (4.17)

Since the wave s®d of the Rayleigh surface wave is independetiteofrequency of the
wave A, /A% is directly proportional top at fixed distance as shown in E4.18. It is
well established that the relationship betweenaA% and the propagation distantea

good approximation for calculating the acoustic nonlinearity parameter for a short

propagation distanee This researchdenotes A,/A%x as the acoustic nonlinearity

parameterb as shown in Eq4.19). Figure4.4 describes the SHG setup for the Rayleigh

surface waves.
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[ (4.19

pr P (4.19

OUTPUT

ENI Power
Ampliier Ugyt = AgSin(wit-kx) + Uy, = Assin(2wi-2kx)

uww -l

Concrete

A,
A;
AFA2

0

>

Propagation distance Propagation distance Propagation distance

Figure 4.4. Schematic of the SHG measurement with Rayleigh surface. wave

Note that the received cof-plane components of the second harmonic wave is due
to the distortion of longitudinal wavesince the acoustic nonlinearity parameter is rarely
existedfor shear waves.rBvious researchas demonstratetiat the acoustic nonlinearity
parameteiis experimentallyobtaired not only in a homogeneous material, but alsa in
nicketbase superalloy, concrete, ansandstone [27,28,31,32]. Importantly, the
significance of the SHG measurenist attributed to the fact that the wavelength for both
fundamental) and second harmonicX2 frequencies can be determined based upon the

target material or the defect size, meaning that the SHG setup enable thecalelti
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material charactedation. However, once the ratio of avelength to the target size is
optimized, then the wavelength would become fixed during the entire monitoring period.
Most importantly, during the accumulation of the material nonlinearity into the second
(even) harmonic waves, hysteretic nonlinear elastic behavior should be ignored because
the hysteretic nonlinearity parametgrs only observed in odd harmoni@®]. Therefore,

it is worthwhile to note thatinderstanding oéarly-stagemicrocracking development in

cementbased materialshould be followed closely with the SHG measurements.

4.3 Sample Preparation

Two ses of specimens areonsidered, one pair obocrete specimens and one pair
of mortar specimens. For each pair, one specimen is prepared with SRA (BASF SRA 20)
and a second identical specimen without SRé&focus onchanges in drying shrinkage
due toSRA, awaterto-cement ratio (w/c) of 0@is usel [87,107] SRA is dosed at 3.4%
of the total mass of water in conaeind 3% in mortar. The amount of the added SRA
shown in Table 1 provides evidence that different microcracks have formed by the SRA in
each pairTable 1 shows further details on the mixture propostiavhich are based on
ACI 211.1165]. Type | Portland cement (ASTM C @pis used in the mix desigik66].
For the concretespecimenspea gravel with aMSA (maximum sizeof aggregatepf
approximately 12.7 mnis chosenfor the coarse aggregate aradnatural sandavith a
fineness modulus of 3.0¢ useds fine aggregatd o homogenize the chemaldnteraction
between the fine aggregate and the cement, the fine aggtegatment ratio igixed at

2.2 for all specimensvhile keeping the specimen volume consta## a result, larger

-45-



guantities of the fine aggregate, water, and cement are udweel imotrtar samples than in

the concrete samples.

The freshly mixed concrete and mortgwecimens arplaced into molds (21.5 x
56.5 x 17.5 cm)compacted by a ro@nd finished with a trowel. Therethen coveredby
polyethylene sheetinandcured at therabient temperature for 14 dagsd demoldedThe
demolded specimensret r ansf erred i nto an environment
relative humidity)until 28 daysof age Finally, all specimes are placed in a drying
chamben23e C &Zdelative humidity for 14 days to bring them to an equilibrium

moisture content

Table 4.1 Mixture design of oncrete andnortar mixtures, kg/m (Ib/yd®).

Concrete Concrete with Mortar Mortar with
SRA SRA

Water 217 365H 209 352 373 629 365 615
Cement (Typel) 361 (608 361 609 621 (1046 621 (1046
Waterto-cement ratio (w/c) 0.6 0.6 0.6 0.6
Coarse Aggregate 872 1470 872 1470 - -
Fine Aggregate 784 (1322 784 (1322 1397 @359 1397 @359
SRA - 8 (13 - 8 (13

4.4 Development of SHG Measurement Setup

4.4.1 Experimental Setup

The physical principle of the SHG method is that a propagating ultrasonic wave
with a fundamental harmonic frequency, interacts with the internal microstructure
(including the damage state) and some energy of the fundamental harmoridswav

converted to generate a second harmonic wave with the frequend@h2 amplitude of
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the second harmonic wave is directly dependent on the sources of the material nonlinearity
such as microcrack27]; the SHG method using Rayleigh surface waves is capable of
quantifying microcracks in concrete. The relationship between this material nonlinearity

and a propagating ultrasonic wavesiewn in Eq. (4.19)37,58]

A schematic othedesignedSHG setup usindrayleigh surface waves described
in Fig. 4.5. A function geneator (AGILENT 33250A)generates toneburst signal of 16
cycles at 45 kHz excitation frequency whichs laapeakto-peak voltage of 400 mV and
occurs oveia burst period of 200 m3he signal isthenamplified by apower amplifier
(ENI Power Amplifier)asmuch as 50 dB and fed tioe transmitting transducérheentire
measuremens synchronized by a trigger signal from thaction generatoiNote that the
effective frequency range of the SHG setup for concrete is within 40 to 120 AH0.
mm diameter, narrowband piezoelectric transducer with a center frequeraly
approximatelyb0 kHz(Ultran GRD 50 is employed as a transmitter and is tightly coupled
to the Teflon wedge with vacuum greakds confirmed that the toreurst signal at 45
kHz frequencyhas a better steagyate shape and higher amplitude than 50 kHz frequency.
The wedge iarefully designedn such a way that the detectBayleigh surface wave
amplitude ismaximizedandtheinsertion losss minimized The longitudinal wave speed
in the Teflon (1450 m/s) and the Rayleigh surface wave spettge concrete specimen
(2450 m/s) are measureaihd then thewedgeangle is determined to be 36.3 degrees
accordingt& n e | | ©he wddgegnansduceis attached to the preparegecimesusing
the samevacuum greasé-or thedetecion of propagating Rayleigh waveanoncontact,
air-coupled transducer with a center frequencypproximately 10kHz (Ultran GRD

100 is employed.The aircoupled transducer is theited by 8 degreeswhich is the
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Rayleigh wave critical angl@) at the airconcreteinterface and it should be noted that
critical angle is slightly adjustad the range of 8 to 10 degrdessed on the phase velocity

for each specimefThe lift-off distance between the receiver ahd surface is fixedt3.3

cm. At this distance one can avoid the multiple reflection thle leaky Rayleigh wave

signal between the concrete surface and transducer surface and also minimize the
attenuation andiffraction effects in the aiffigure 4.6 sbws the experimental setup for

the SHG in Rayleigh surface wavé® ersure a high SNR(signatto-noise ratio) the
received signal is amplified by 58 dB using a broadband preambigital Wavelnc.)

and then averaged 256 time#h an cilloscope(Tektronix TDS 5034B Digital)The

calculatedsignatto-noise ratio $NR) of the receivedime-domainsignal isabout50 dB.

Function - Oscilloscope
Generator Trigger >0 pQ
Tone burst —L
‘ Amplifier
+58dB
ENI Power ( )
Amplifier

d-critical

Wedgetransmitter Air -couple receiver []
% Rayleigh surface wave ‘.
°
00.0 0-'0g" 0 (]
0.. o o %0 ° © oY concretd o:... 0. 0. N

Figure 4.5. Schematic ofthe designedSHG measurement setup with Rayleigh surf
waves
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Figure 4.6. The SHG measurement sefigp a noncontact detection of Rayleigh
surface waves using aioupled receiver

Theaveragedignal is recorded and transferred to a computer forgrosessing.
In the postprocessinga Hann widow and fast Fourier Transform (FFT) are applied to the
steady state part (8 cycles) of the averaged time domain sigoalculatethe frequency
spectrum. The aicoupled transducer is then shifted to the next measurement location and
again acquires the time domain signal. In this way, the fundamejabr{d second
harmonic A2) amplitudes are obtained at multiple locations along the propagation path (the
acoustic axis)In this measurement, the propagation distas@pproximately 3 cm; this
measurement range Ignited bythe selected frequency atite pecimen sizekigure.4.7
shows that not onlx, but alsoA; are clearly appeared the obtained frequency spectrum.
Moreover, as shown in Fig.8 (a), the measured. tend to be monotonicallycreasg

with the increasing propagation distanaeile A; keeps decreasings described earlier,
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