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SUMMARY  

The assessment of civil infrastructure like concrete containment vessels, dams, and 

bridges requires ability to nondestructively characterize their damage 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 early-stage material performance, and thus 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 microstructural condition 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 the last decades, since unlike conventional linear 

parameters such as wave velocity and attenuation, nonlinearity parameters have great 

sensitivity to changes in the microstructure of cement-based materials. Previous research 

has helped establish the feasibility of nonlinear techniques for monitoring the early-early 

damage state of cement-based materials [1ï6] 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, several issues 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 monitoring in-service concrete 

structures since the feasibility of these techniques is only limited to small size concrete 

specimens ï the detection of microscale defects in the full-scale concrete structures still 



 xxi 

poses problems. Another issue is that those concrete structures allow only limited access 

due to their complex geometry; a local measurement 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 

120 kHz. A non-contact, air-coupled detection technique is developed and implemented to 

characterize the damage state in cement-based materials. One objective of this research is 

to demonstrate the feasibility and applicability of the proposed SHG setup for monitoring 

microcracking development in concrete. Then, using the acoustic nonlinearity parameter, 

ɓ 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 in concrete 

specimens;  (4) examining the state of alkali-silica reaction (ASR) induced damage at two 

different times in large-scale concrete slabs, and (5) developing an in situ nonlinear 

technique to quantify the development of microcracks induced by creep and cyclic loading. 

Through a comparison with the experimental results, a comprehensive understanding of 

the early-stage material state in concrete is reviewed by the acoustic nonlinearity 

parameter, ɓ. 
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CHAPTER 1. INTRODUCTION  

1.1 Motivation and Objective 

The ñgrand challengeò for sustainable and resilient structural systems is to satisfy 

multiple and conflicting requirements for optimal performance. The 2013 report card of 

the American Society of Civil Engineers (ASCE) [7] urges an enhancement of the service 

life of civil infrastructure: the overall grade of Americaôs infrastructure is estimated to D+, 

while the grade of bridges is C+. Note that a $20.5 billion investment 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 very difficult or almost impossible to theoretically model 

the exact wear or damage that has occurred in a structure. 

Of particular interest is the development of nondestructive evaluation (NDE) 

methods since NDE techniques can assess the functionality of in-service structures and 

monitor the internal degradation and changes of material properties of concrete in a rapid, 

and cost-efficient manner [8,9]. Recent trends in the nondestructive evaluation (NDE) and 

structural health monitoring (SHM) are moving into the realm of simple and reliable in-

situ monitoring with high-accuracy material characterization. Of particular importance for 

developing NDE techniques 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 deterioration by atmospheric conditions, mechanical loads, and any catastrophic 

disasters. Therefore, the significance of monitoring small-scale damage in concrete that 

represents early-stage damage state (nano to microscale) cannot be overemphasized. 
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However, a major bottleneck is the gap between knowledge of the fundamentals of 

physical/chemical phenomena in engineering materials and the needs for engineering 

practice as applied to in-service structures. 

The current development of concrete NDE exhibits several challenges that must be 

overcome. For instance, the impact-echo method [10ï12] is known as a powerful field-

applicable technique. Some examples demonstrate that this method can detect the presence 

of macroscale damage, e.g., internal air-fi lled flaws in large-scale concrete structures. On 

the other hand, it can be difficult to sense the early-stage damage state with impact-echo 

methods. This is due to the low sensitivity, meaning that the wavelength of the excited 

signal is much larger than microscopic 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 effects. That is, these techniques are not capable of detecting small size damage 

evolution.[13ï16] 

For these reasons, trends in concrete NDE move beyond these traditional 

approaches, and in recent decades, new NDE techniques have emerged to overcome the 

described limitations. Nonlinear ultrasonic methods have the ability to meet the 

requirements of early-stage damage state detection in concrete. It is well-known that 

nonlinear ultrasound (NLU) provides a quantitative damage parameter that is sensitive to 

microstructural features ï the damage parameter is directly related to the materialôs 

nonlinear elastic behavior [1,3,17ï20]. It is worthy of notice that new nonlinear ultrasonic 

parameters that can scrutinize the complex microscale or nanoscale damage evolution has 

been developed by Johnson et al. [21,22], Guyer et al. [23], Nagy et al. [24], and Canterell 
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et al. [25]. Such remarkable progress has eventually opened up the precise material 

characterization of granular medium, and metallic materials. Furthermore, recent research 

[20,22,25ï28] has highlighted that the nonlinear methods are capable of establishing a 

correlation between the early-age damage evolution and the nonlinear constitutive 

relationship. 

Based on them, nonlinear NDE methods have been applied to assess the small scale 

defects in concrete. For instance, Chen et al. [4], and Payan et al. [29] introduced the 

Nonlinear Impact Resonance Acoustic Spectroscopy (NIRAS) technique, and Nonlinear 

Resonant Ultrasound Spectroscopy (NRUS) technique respectively, and demonstrated that 

the nonlinearity parameter allows an interpretation of the microscale damage evolution 

such as ASR [19], freezing-thawing [2] and thermal damage [30] in concrete. Although all 

of these methods are effective in evaluating material nonlinearity, however their 

application to the field has not been reported yet. Above all, these techniques which 

measure resonance frequencies are naturally not applicable to large-scale specimens or in-

service civil infrastructure since the magnitudes of an impact is limited only to small size 

specimens. Additionally, the fact that access to both sides of the specimen is needed further 

limits their practical application for the in-situ interrogation of civil structures that allow 

only limited access due to their complex geometry.  

The objective of this research is to characterize early-stage material damage in 

concrete over a range of drying shrinkage, shrinkage mitigation (through the use of 

shrinkage-reducing admixture), self-healing (by carbonation), alkali-silica reaction (ASR), 

and sustained and cyclic loading using the nonlinear ultrasonic technique of second 

harmonic generation (SHG). Quantitative material characterization is then carried out using 
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SHG measurements, and the evolution of the micro-scale damage state is discussed. Two 

specific objectives are as follows: 

 

Objective 1: Determine the feasibility and applicability of SHG technique to quantify 

microscopic features in concrete.  

Recognizing the lack of the ultrasonic results on microstructural features in 

concrete, this research develops second harmonic generation (SHG) in Rayleigh surface 

waves to nondestructively quantify microcracks. For the generation and detection of 

nonlinear Rayleigh surface waves, a wedge transmitter (50 kHz) and a specially designed 

air-coupled receiver (100 kHz) are implemented. The acoustic nonlinearity parameter, ɓ is 

measured using the designed setup. Then, three types of material phenomena including 

drying shrinkage, shrinkage mitigation, and carbonation are nondestructively characterized 

by monitoring the acoustic nonlinearity parameter, ɓ.  

 

Objective 2: Develop ñin-situò SHG technique to monitor microcracking 

development in concrete subjected to sustained and cyclic loading.  

Having established the accuracy and sensitivity of SHG to characterize microscale 

damage in concrete, the objective of this portion is to develop a procedure capable of in 

situ monitoring of micro-scale damage in both large-scale components and concrete 

subjected to sustained and cyclic loading. First, alkali-silica reaction (ASR) damage is 

quantified using the full-scale concrete slabs to demonstrate the potential for localized 
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damage evaluation of in-service concrete structures. Next the SHG setup is modified to 

make measurements of ɓ in cylindrical concrete specimens. This modification makes it 

possible to make in situ measurements of concrete cylinders under sustained and cyclic 

loading. Using this approach, a number of key material issues such as elastic recovery and 

progressive microcracking development are quantitatively investigated. Addtionally, the 

influence of critical environmental parameters such as temperature and relative humidity 

(RH) on the microstructure is studied. 

 

1.2 Structure of Thesis 

The structure of this dissertation is organized as follows. The fi rst chapter introduces 

the motivation and significance of developing nonlinear ultrasonic techniques to 

nondestructively monitor damage in concrete, and provides two main objectives of this 

research. Chapter 2 presents the fundamentals of wave propagation in solids, and the 

properties of Rayleigh surface waves. Chapter 3 provides a review of linear and nonlinear 

techniques for concrete NDE, and concrete performance. Chapter 4 explains the principle 

of second harmonic generation in Rayleigh surface waves, and demonstrates the feasibility 

of the SHG measurement for monitoring microscale material state in concrete, and the 

effect of shrinkage-reducing admixture (SRA) on mitigating shrinkage cracking in 

hardened concrete. Chapter 5 evaluates carbonation reaction and its role in enhancing the 

durability of concrete as a self-healing mechanism. Chapter 6 quantifies the phenomenon 

of drying shrinkage, and provides a comprehensive understanding of microstructural 

condition in hardened concrete by the influence of both shrinkage-reducing admixture 
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(SRA) and carbonation. Chapter 7 focuses on the assessment of ASR damage in large-scale 

concrete structures. Chapter 8 introduces new in-situ NDE technique, and presents 

experimental evidences on understanding microcracking development due to the creep and 

cyclic loading. Finally, Chapter 9 gives an insight in the material characterization of 

hardened concrete, and provides a contribution of this research, and recommendations for 

future research in concrete NDE. 
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CHAPTER 2. BACKGROUND INFORMATI ON 

 This chapter first presents the fundamentals of wave propagation in a continuous 

medium. With the mathematical derivation of the linear wave equation, the associated 

phenomena including mode conversion, the principle of Rayleigh surface waves will be 

derived.  

 

2.1 Wave Propagation in Solids 

 The derivation of linear wave equation 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 based on Malvern [31], Achenbach [32], 

and Viktorov [33]. Then, by considering nonlinear constitutive relationship, the acoustic 

nonlinearity parameter, ɓ in the propagating Rayleigh surface waves is derived.  

 

2.1.1 Wave Equation for a Linear Elastic Solid 

 Cauchy's equation of motion: The derivation of the equation of motion starts with 

Newtonôs second law. Figure 2.1 describes a body in an elastic regime subjected to the 

traction and gravitational force. The integral form of the balance of linear momentum in 

Eulerian for a body with the surface S, and density ɟ enclosing volume V and can be written 

as 
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ñññ +=
V

i

S

j

V

i dVbdStdVu rr## .                                          (2.1) 

where, tj is the traction, bj the body force, and ui the displacement tensor. With Cauchyôs 

stress equation, the traction term in Eq. (2.1) is expressed in terms of the Cauchyôs stress, 

ůij and the outward unit vector, ni. 

 ñññ +=
V

i

S

iij

V

i dVbdSndVu rsr##                                       (2.2) 

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. 

ñññ +=
V

i

V

jij

V

i dVbdVdVu rsr ,
##                                        (2.3) 

Thus, Eq. (2.3) is rewritten as 

 ñ =-+
V

iijij dVub 0)( ,
##rrs .                                         (2.4) 

Since this form holds for every arbitrary volume, this results in Cauchyôs first law of motion 

following as 

ijiji bu rsr += ,
## .                                                 (2.5) 
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Figure 2.1. Balance of momentum (Cauchyôs first law of motion). 

 

 Linear stress and strain: The general constitutive relationship is expressed in terms 

of stress ůij, strain Ůkl, and the fourth-order elastic stiffness tensor, Cijkl. 

klijklij C es =                                                      (2.6) 

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

case of a linear isotropic material, the stiffness tensor can be simplified as 

ijijkkij medles 2+= .                                             (2.7) 

where, ɚ, and ɛ are the Lam®ôs constants. 

)1(2
,

)21)(1( n
m

nn

n
l

+
=

-+
=

EE
                              (2.8) 

Note that E represents the Young's modulus and ɜ the Poisson's ratio. Since the 

infinitesimal strain tensor is formed following the relationship, 
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 Linear elastic wave equation: Combining Eq. (2.7) and Eq. (2.9) yields Navierôs 

equation of motion with the displacement field. 

jijjjii uuu ,, )( mlmr ++=##                                       (2.10) 

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

from instead of index notation  

uuu ÖÐÐ++Ð= )(2 mlmr##                                     (2.11) 

The most common method to achieve a solution for Eq. (2.11) is to use the Helmholtz 

decomposition (2.12), which uncouples the displacement filed u into the gradient of the 

scalar potential, ű and the curl of the vector potential, ɣ 

0=ÖÐ³Ð+Ð= yyj whereu .                              (2.12) 

Plugging Eq. (2.12) into Navierôs equation of motion, Eq. (2.10) yields two PDEs. 

yyjj ####
2

2

2

2 1
,

1

SP CC
=Ð=Ð                                     (2.12) 

where CP, and CS denotes the longitudinal (P-wave) and shear (S-wave) wave velocity, 

respectively. Note that both velocities are only dependent on elastic constants (Lam®ôs 

constants) and density, and thus Eq. (2.12) can be defined by 
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With the elastic material constants, CP describes the propagation of dilatational 

disturbances, and CS indicates the propagation of rotational distortion.  

 

 Plain wave propagation in an elastic medium: A displacement of a plain wave 

propagating with the velocity c can be mathematically described as: 

dctpxfu )( -Ö=                                             (2.14) 

with the unit vector d, the position vector x, the unit propagation vector p, and time t. 

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

0))(()( 2 =Ö++- pdpdc mlrm                              (2.15) 

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

0=Ö°= dporpd                                       (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 propagation direction 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) is p Ö d = 0, and this describes the propagation direction perpendicular to a 

particle motion, i.e., a propagating shear wave. 
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Harmonic wave:  Harmonic plane 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 waves and the medium. A typical equation of the 

harmonic form is given by 

 )].(exp[)( ctpxikctpxf -Ö=-Ö                             (2.17) 

where, k (=w / c = 2p / ɚ) is the wavenumber, w the angular frequency of the wave, and ɚ 

the wavelength. Given an amplitude A as a complex form, a general solution for this 

equation is 

  dctpxikAu )](exp[ -Ö= .                                   (2.18) 

 

Mode conversion, transmission, and reflection at a boundary:  In 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(o) (P- or SV-wave) with the wavenumber, ko hit a boundary between two solids 

where ů11 = ů12 = 0, it causes both a reflected P-wave, P(1) with the wavenumber kLr, and a 

reflected SV-wave, P(2) with the wavenumber kSr. Note that ɗ0 = ɗ1 and ɗ1 > ɗ2. According 

to Snellôs Law, the angles can be determined with the velocity of each material and the 

following relationship can be established. 

 )sin()sin()sin( 2100 qqq SrLr kkk ==                                 (2.19) 
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Figure 2.2. Reflection of P-wave incident at a solid interface. 

 

Of particular importance in the reflection of P-wave incident is the generation of Rayleigh 

surface waves because the Rayleigh surface waves can be only excited when the incident 

P-wave hits the boundary at a critical angle (ɗcrit) where both reflected P- and S-waves 

combine together and propagate through the interface with a 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 receiver is calculated based on Eq. (2.20). 
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2.2 Rayleigh Surface Waves 

Theory of Rayleigh surface waves: Consider a two dimensional Rayleigh surface 

wave propagating along the x axis in an isotropic, macroscopically homogeneous, and 

linear elastic half space where z axis refers to the depth of the material. First, the 

displacement field of the propagating Rayleigh wave can be given by 

{ }

{ }
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                                       (2.21) 

where, CR is the phase velocity of the Rayleigh surface wave, and kR the wavenumber. 

Since both displacement components satisfy Eq. (2.11), thus the solution of the non-trivial 

parameters A and B can be obtained as 

0))())((( 2222222222 =---- RSRSRLRL CCkbCCCkbC .                 (2.22) 

 

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

thereby providing the solutions for the non-trivial parameters A, and B. 
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Then, using both Eq. (2.23) and (2.24), Eq. (2.21) can be rewritten as 
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Using the boundary condition at the interface, ůxz = ůzz = 0, z = 0, the relationship 

between A1 and A2 are obtained as shown in Eq. (2.26), and this leads to the displacement 

formulation of the propagating Rayleigh surface waves. 
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The following characteristic equation provides the phase velocity of the Rayleigh wave at 

z = 0 [32,33]. 
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An approximate solution for Eq. 2.28 holds the relationship shown in Eq. (2.29). 
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It is noticeable that the Eq. (2.28) is independent on the wavenumber kR, which 

supports the non-dispersive characteristic at the free surface of an elastic half-space. 

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 into the clockwise 

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 concrete, this chapter presents a thorough overview 

of the conventional linear NDE techniques, the nonlinear NDE techniques, and the progress 

toward the material characterization, respectively. Then, as a target of evaluation, 

mechanical and chemical phenomena that affect early-stage material state in concrete are 

reviewed. 

 

3.1 Review of Linear NDE Techniques 

It is well known that linear ultrasonic techniques are well tuned to evaluate the 

macroscopic damages in 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 developed a series of the linear ultrasonic techniques such as ultrasonic pulse 

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

3.1.1 Ultrasonic Pulse Velocity (UPV) 

  The idea behind the UPV method is to measure the time-of-flight of the elastic 

waves propagating through concrete [8,14,15,34]. The phase velocity is calculated by 

dividing path length by the measured travel time. During this travel, if the excited waves 

pass through any macro-scale cracks or flaws in the material, this causes the delayed arrival 

time and thus the decrease in the phase velocity. It is well demonstrated that this technique 



 - 18 - 

is capable of sensing the internal cracks and crack depth [35]. Furthermore, by solving Eq. 

(2.13), the material properties can be inversely obtained. The previous work [36] has well 

validated that the effective frequency range for measuring the velocity for concrete is 

approximately from 0 to 100 kHz. Most of all, the instrumentation is simple, thereby easy 

to measure the velocity.   

 However, there are some physical restriction in the UPV technique. First, the 

wavelength of these frequencies is too large to sense small size defects such as air void. 

Second, if the wavelength is decreased, there must be the significant scattering effect due 

to the coarse aggregates. In addition, recent research [37] has reported that the change in 

the phase velocity due to the microcracking is comparable to the measurement error. Due 

to these reasons, monitoring of early-stage material damage by using the UPV method is 

almost impossible. 

 

3.1.2 Impact Echo 

 The principle of this technique [10,38] is that a stress wave (below 100 kHz 

frequency) generated by mechanical impact experiences the multiple reflection and thus 

reveals the position, and depth of flaws, delamination, and any internal damage progression 

in concrete. Outstanding development that implemented air-coupled sensing technique 

with broad frequency response has been achieved by Zhu et al [11] and Kee et al [12]. In 

spite of these advantages, this method is still confined to monitor the macroscopic damages 

and furthermore, it requires a highly skilled technician to precisely interpret the recorded 

signals [36]. 
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3.1.3 Pulse-Echo Method 

The basic concept of the pulse-echo method is closely similar to that of impact-

echo method. However, while the impact-echo technique relies on a hammer or steel ball, 

the pulse-echo method uses the ultrasonic transducers capable of controlling the amplitude 

of the generated impact [10]. This method use the transmitter and receiver mounted on the 

same side of concrete specimen within the frequency range of 0 to 200 kHz; the receiver 

detects the reflected waves from both boundary and the existence of a defect. Recent 

research by Hoegh et al. [39] has highlighted that the pulse-echo method with advanced 

array system could find location of defects with an image of internal structure. However, 

similar to the UPV method, the sensitivity or resolution of this technique has not been 

allowed to detect the microscale flaws in concrete. General acceptance is that although the 

pulse-echo based approach has great potential for the inspection of in-service concrete 

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

 

3.1.4 Surface Wave Method 

 With increasing needs for the inspection of in-service structures, developing NDE 

technique based on surface waves can be more practical option since a number of chemical 

reaction such as ASR [40], carbonation [41], and sulfate attack [42] initiates from the 

surface in concrete. The surface wave-based techniques are well-suited to evaluate material 

properties such as the density, Poissonôs ratio, and the shear modulus at the surface. Thus, 

investigation of concrete using surface waves is attracting interest, and thus have been 

extensively utilized to characterize delamination and cracks near surface [35,43ï45] . 
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However, due to the fact that the penetration depth of surface waves is on the order of a 

wavelength, monitoring deeper cracks where the location of cracks is larger than the 

wavelength is impossible. In addition, the higher the wavelength is, the lower the 

sensitivity to small scale defects is. With these reasons, linear ultrasonic NDE using surface 

waves is still challenging. 

  

3.1.5 Attenuation coefficients 

 Attenuation is defined as a decay and diminution of the wave amplitude, followed 

by energy-conservation dissipation [46,47]. The characteristics of geometric spreading and 

material attenuation are appeared in the attenuation coefficients capable of detecting flaws 

in concrete with high sensitivity. Due to this advantage, extensive experimental and 

numerical results have been reported. For instance, Shah et al. [16,48] have investigated 

the ultrasonic attenuation in concrete subjected sustained and cyclic loading and 

demonstrated that the attenuation measurement is suitable to monitor the load-induced 

microcracking development. Philippidis et al. [48] have investigated the w/c effect using 

ultrasonic attenuation in concrete. Saint-Pierre et al. [49] have also demonstrated that the 

attenuation has great sensitivity to ASR-induced damages than the wave velocity. More 

advanced technique considering diffraction correction (beam spreading) is introduced by 

Ruiz et al. [50]. Kim et al. [51] have also developed a theoretical 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, and Punurai et al. [52] have applied the attenuation 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 micro-scale flaws such as microcracks, and voids, Kim et al. [37,53] 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 correction is expressed in Eq. (3.1), and Figure 3.1 describes the 

experimental setup for the attenuation measurement using the spectral ratio technique. 

Nevertheless, the ultrasonic attenuation method is wavelength limited. The wavelength 

always must be on the order of the damage for accurate (sensitive) detection. This literally 

dictates the use of high-kHz/low-MHz pulses in order to detect microscale damage, yet 

these high frequency pulses cannot guarantee avoiding the scattering problem the 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 method 

[52]. 
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3.1.6 Diffuse Ultrasound 

 Unlike other linear ultrasonic techniques, the diffuse ultrasound has a number of 

advantages [36,54ï57]. Theoretical background on this technique is the time evolution of 

the spectral energy density in ultrasonic wave [36].  Eq. (3.2) explains the principle of 

diffuse ultrasonic parameters (diffusivity, and dissipation). Main advantage of this 

technique is that, if the spectral energy density of an ultrasonic wave fields is obtained, the 

use of high frequency can be available, regardless of the scattering effects. This means that 

monitoring the small size defects, or early-age damage state is possible in this technique. 

Also the fact that it is not necessary to consider an interaction of the propagating waves 

with geometry of the specimen guarantees the satisfactory quantification of defects in 

cement-based materials. Moreover, the instrumentation is simple and robust as compared 

to other linear ultrasonic methods. 

() ( ) ( ) ()( ) ( ) BÍ"=-
µ

µ
-Ð xftxPftxEfftxE

t
ftxEfD ,,,,,,,,,2 s           (3.2) 

where, where, P(x,t,f) is the spectral source energy density, D(f) is the frequency 

dependent diffusivity (m2/s) and ů(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 et al. [54] has first utilized this 

technique and found theoretical and experimental evidences demonstrating that diffusion 

of high frequency ultrasonic energy is suitable to detect the damage state in heterogeneous 

materials. Deroo et al. [57] 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 cutting-edge developments in this field as shown in Figure 3.2. However, 

there also seems to exist some limitations in this technique. That is, this technique always 

requires a numerical or analytical evidence that supports the experimental results. As a 

result, the pure signal can be distorted, and thus the diffuse ultrasonic parameter can be 

manipulated by the analytical parameter. 

 
Figure 3.2. Experimental setup for diffuse ultrasound [36]. 

 

Recently, NDE using nonlinear wave propagation and dynamics is of growing interest as 

they can provide a damage indicator which, in turn, distinguishes the nano- to micro-scale 

damage level. Therefore, it is believed that the NLU techniques have the great potential to 

lead to the quantitative evaluation of microcracking development due to the load-induced 

damages in concrete. 

 

3.2 Review of Nonlinear NDE Techniques 

This section reviews the principles of a series of nonlinear NDE techniques, and their 

application to microcracking detection in cement-based materials. As described earlier, 

nondestructive evaluation (NDE) using nonlinear ultrasound/acoustics has been 
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extensively attractive since unlike the linear ultrasonic parameters such as wave velocity 

and attenuation, these nonlinear acoustic parameters have great sensitivity to the 

microstructural attributes of concrete [2,18,37,53,55,58ï60]. Therefore, it can be stated 

that the nonlinear techniques allow the quantification of early-stage material damage.  

Also, it is well-described in the literature that the nonlinear elastic behavior can be observed 

in different ways including second harmonic generation (SHG) [25,26,61,62], a shift of the 

resonance frequency [20ï23,63,64], and nonlinear mixing [65]. Numerous researchers 

have been explored a variety of nonlinear techniques and have put their efforts to 

characterize damage evolution in cement-based materials that originates from its complex 

microstructural characteristics at multiple length scale from cm to nm.  

3.2.1 Second Harmonic Generation 

Second harmonic generation technique is first reported by Breazeale et al.[66], and 

continuously studied by Cantrell et al. [25,61,67], Nazarov et al. [26], Shui et al. [68], and 

Kim et al. [27,62]. The principle of the SHG is as follows: the interaction of the propagating 

fundamental harmonic wave with a frequency, ɤ with the existing nonlinearity sources 

results in the generation of the second harmonic wave with a frequency, 2ɤ [25,58,69]. As 

it propagates further, the amplitude of the generated second harmonic wave is increased 

[70ï73]. Kim et al. [27] has theoretically demonstrated the essential characteristics of the 

distortions in the fundamental harmonic waves by proposing an elastoplastic contact 

model. Such phenomena are well quantified with the measured acoustic nonlinearity 

parameter, ɓ. 
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Recent development has highlighted that second harmonic generation (SHG) 

methods using nonlinear Rayleigh surface waves  have great advantages [72ï75]. First, the 

unwanted system nonlinearity from the instrumentation can be isolated by varying the 

propagation distance. Second, implementing an air-coupled receiver allows a more 

consistent measurement of the acoustic nonlinearity parameter [76]. Most importantly, 

among the existing NLU techniques, SHG is a unique field applicable technique since not 

only it requires one side of the specimens, but also as a local measurement technique, it 

can evaluate damage levels at different suspected location. The setup for the SHG in 

Rayleigh surface wave using air-coupled received is depicted in Figure 3.3. Despite these 

advantages, a few experiments of nonlinear Rayleigh wave in cement-based materials have 

been reported probably due to several reasons: (1) the lack of understanding microscale 

damage evolution in concrete, (2) inadequate use of a frequency pair for excitation and 

detection, and thus (3) high attenuation caused by scattering from its heterogeneous 

microstructure. 

 

 
Figure 3.3. Setup for the SHG measurement with air-coupled detection [73]. 
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3.2.2 Resonance-Based Techniques (NRUS and NIRAS) 

As shown in Eq. (3.3), physical principle of these techniques is the shift in the 

resonance frequency with increasing level of excitation [20ï22,64,77,78]. The damage 

state in concrete can be appeared into this nonlinear hysteresis behavior by following 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 hysteretic parameter, ҙ that governs a 

hysteretic nonlinear elastic behavior in heterogeneous materials is appeared in odd 

harmonics [79]. It can be therefore stated that the acoustic nonlinearity parameter, ɓ due to 

the generation of even (second) harmonic is not relevant to the hysteretic parameter, ҙ. 

Chen et al. [4,80] and LeŜnicki et al. [5,6] have established the nonlinear impact resonance 

acoustic spectroscopy (NIRAS) technique based on the shift of the resonance frequency of 

concrete; the NIRAS method excites the fundamental resonance of the concrete prism by 

impact hammer and detects the vibration signal using an accelerometer. Figure 3.4 

describes an example of the experimental setup for the NIRAS techniques. Payan et al. 

[3,29], and Bouchaala et al. [59] have successfully deployed the nonlinear resonant 

ultrasound spectroscopy (NRUS) technique to probe damage in cement-based materials. 

Compared to the conventional ultrasonic NDE techniques, the hysteresis nonlinearity 

parameter by NRUS and NIRAS shows great sensitivity to early-stage material damage, 

and thus has significant potential to be applicable to monitoring micro-scale damage 

evolution. 

ea DÖ
D

 =
f

f
                                                  (3.3) 
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Therefore, a considerable amount of quantitative studies based on the resonance-

based NDE techniques have been extensively conducted to characterize the microscale 

defects in concrete such as the formation of microcracks, with much greater sensitivity than 

conventional linear ultrasonic methods. For instance, Chen et al. [4,80], and LeŜnicki et al. 

[5,6] have applied the NIRAS technique to rapidly identify reactive aggregate from mortar 

bar and concrete prism tests. As a result, they have pointed out that aggregates type and 

size can cause the different rate of the shift, and assessed the influence of progressive alkali-

silica reaction (ASR) damage on microstructure using the nonlinearity parameter. 

Bouchaala et al. [38] has applied this technique to monitor the carbonation and 

demonstrated that the measured material nonlinearity appears to be decreased by the 

progress of carbonation. In addition, the resonance-based techniques have been 

successfully applied to characterize freezing-thawing [2], and thermal damage [30] in 

concrete. The achievement by these techniques has helped establish the feasibility of 

nonlinear acoustic techniques for monitoring the material state of cement-based materials. 

Nevertheless, these resonance-based techniques are only 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 specimen. Therefore, evaluation of damage state by any locally initiated damage 

mechanism in concrete e.g., drying shrinkage, carbonation, and sulfate attack (from the 

surface) can be substantially underestimated. Note that only surface wave-based nonlinear 

techniques can be applicable to characterize those damage mechanisms. Additionally, these 

techniques are not suitable to specimens, have the complex geometry. 
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Figure 3.4. Procedure of the NIRAS measurement [5,6]. 

 

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 gradient [81]. Since this 

relationship can be constituted by the quadratic nonlinearity parameter in nonlinear stress-

strain equation, the stress-dependent velocity changes can yield the acoustic nonlinearity 

parameter, ɓ. Larose et al. [82], and Payan et al. [1] have carried out the CWI measurements 

using concrete specimens and successfully extracted the nonlinearity parameters. An 

example of material characterization is reported by Schurr et al. [56]. As shown in Figure. 

3.5, they have considered much longer 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 increased by thermal shock and cyclic loading. 

Recent research [83] has also achieved to simplify 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 large-scale concrete structures. 

Nevertheless, progress of the CWI technique has been restricted due to several reasons. 

First, instrumentation of the CWI technique is not simple, compared to other nonlinear 
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techniques ï that is, impact loading is mostly required in order to obtain the stress and 

strain gradient. Moreover, the fact that the impact loading is necessary means that this 

method is not capable of monitoring the large-scale or in-service concrete structures. 

 
Figure 3.5. Setup for the CWI measurement: effect of thermal shock [56]. 

 

3.2.4 Other Nonlinear NDE Techniques 

Scaling Subtraction Method (SSM): Unlike the analysis in frequency domain, this 

method uses the time domain signal to obtain the nonlinearity parameter ï this technique 

is advantageous to subtract the instrumentation nonlinearity and has been applied to 

characterize the load-induced damage in concrete [28,28,30]. 

Dynamic Acoustoelastic Testing (DAET): DAET technique monitors the change in 

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

technique to cement-based material has been recently reported by [60,84]. 
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Wave Mixing Technique: The concept of this technique is that two ultrasonic waves 

having different frequency (w1, w2) interact and generate new ultrasonic waves of 

frequency (w1 ï w2). The component of three different waves is distinguished in the 

frequency spectrum, and therefore nonlinearity parameter can be obtained. Application to 

characterize ASR damage is achieved by [85].  

 

3.3 Review of Concrete Performance 

The heterogeneity of concrete, as a porous material, has direct connection with the 

nonlinear ultrasound ī that is, the nonlinear ultrasonic waves is capable of monitoring the 

microcracking development in concrete. Since the microcrack is an origin of the damage 

evolution in concrete, the acoustic nonlinearity parameter, ɓ can be directly used as a 

ñstethoscopeò that allows us to read the current damage state in concrete. 

3.3.1 Drying Shrinkage & Shrinkage-Reducing Admixture 

Of particular interest for the evaluation of concrete structural health is the 

characterization of the time-dependent evolution of microstructure and environmental 

interactions [86ï90]. In an environment which is dry relative to concrete, water evaporates 

to the air. As pores empty, tensile stresses are generated, and when the tensile capacity ï 

which can be limited in cement-based materials, and particularly so at earlier ages ï is 

exceeded, cracking develops. It is therefore expected 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 long-standing efforts in assessing the microstructural development 

by drying shrinkage [86,91ï94]. For instance, it has been postulated that surface 

experiences drying shrinkage much faster than the inner bulk area [95ï97] that leads to the 

logarithmically increasing of shrinkage with time. A number of the experimental evidences 

demonstrated the effects of pore size [98], water-to-cement ratio [92,99], the environmental 

condition [100,101], and the aggregate restraining [89,102ï104] on the rate of drying 

shrinkage. Later, some NDE-based approaches have been applied to characterize drying 

shrinkage. It has been well reported that acoustic emission (AE) technique [105] can catch 

the crack development in cement and mortar. Some ultrasonic pulse velocity (UPV) 

measurements have been also reported by [106].   

Recently, a number of researchers [87,107ï110] have introduced shrinkage-

reducing admixture (SRA) and demonstrated that SRA has great effect on reducing the 

surface tension of the concrete pore solution, and the capillary stresses that induce cracking 

in paste. This decrease in both surface tension and stress eventually results in mitigating 

the autogenous and drying shrinkage, so early-age cracking can potentially be mitigated by 

appropriate dosages of SRA. 
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3.3.2 Carbonation 

Exposure of in-service concrete infrastructure to the natural environment causes 

continuous changes in microstructure and composition, often starting from their surfaces. 

It is well known that carbonation is a common occurrence in cement-based materials. 

During carbonation, calcium hydroxide (Ca(OH)2) contained in hydrated cement paste 

reacts with carbon dioxide, present in air or water, forming calcium carbonate (CaCO3) 

and water (H2O). The formation of carbonation is explained by the following equations: 

OHOHCaCO 2322  CaCO)( ++                                        (2.48) 

3

2

3

2 CaCOCa + -+ CO .                                               (2.49) 

Importantly, the formation of CaCO3 is irreversible, meaning that the CaCO3 is unable to 

decompose to the Ca2+ and CO3
2- once it precipitates.   

The gradual process of carbonation alters the surface properties and decreases the 

pH value of the pore solution from typical values (12-13.0) to a 9 or less [111ï113] due to 

the virtually insolubility of the carbonation product (CaCO3) 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 options for carbon sequestration [115,116]. 

However, over time in reinforced concrete, as the relatively low-pH ñcarbonation 

frontò reaches greater depths from the surface, depassivation of the reinforcement steel can 

occur and corrosion can initiate. Corrosion of reinforcement is considered to be a serious 



 - 33 - 

durability concern which ultimately limits the service life of reinforced concrete structures 

[117ï119].  

Hence, for a number of reasons, it is critical to detect carbonation in concrete.  

Methods to do so non-destructively are preferred such that elements or structures can be 

monitored over time as carbonation progresses. Also, on large-scale structures, destructive 

testing is either not permitted or cost-prohibitive and is not capable of providing a 

representative statistical sampling of the structural condition. Automated monitoring using 

embarked nondestructive devices is the most promising approach to a full-extent 

degradation mapping of structures like atmospheric cooling towers or nuclear containment 

buildings. 

Various evaluation methods have been used to detect carbonation in concrete. The 

use of an indicator solution, like phenolphthalein, is the most well-known method to 

measure the depth of the carbonation, and this must be done on a freshly fractured surface 

[3, 10]. Also, analytical methods like thermogravimetric analysis (TGA) [111ï113,120ï

122] and quantitative X-ray diffraction (QXRD) analysis [120,123] can be used to assess 

the relative amount of Ca(OH)2 and CaCO3 at various depths in a sample obtained from a 

structure. Most recently, indentation methods, (i.e., micro [124] and nanoindentation [125]) 

have been used to characterize carbonation depths and the process of carbonation. 

Accordingly, it is well-established that carbonation significantly influences density, 

strength, elasticity moduli, pore size, and permeability among other properties of cement-

based materials [126ï128]. Research has also been directed toward increasing the 

durability against carbonation, which has been shown to be controlled by the use of SCMs 

[129ï133], water-to-cement ratio (w/c) [120,134,135], curing conditions and time 
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[136,137], aggregate type [120], the different alkali contents [134], and environmental 

factors [133]. 

 

3.3.3 Alkali-Silica Reaction (ASR) 

Alkali -silica reaction (ASR) is one of the most deleterious damage mechanism in 

concrete that can induce microcrack development, visible macrocracks, and thus serious 

durability problems [86,138,139]. It is reported that a series of sequential chemical 

reactions result in the ASR damage process: (1) dissolution of silica by hydroxyl attack 

[140]; (2) ASR gel formation [141]; (3) swelling of the ASR gels [142]; and (4) stress, 

expansion, and cracking [86,143ï145]. To characterize these phenomena, multiple 

evaluation methods have been introduced. For instance, Kurtis et al. [140] investigated the 

role of ASR gel in expansion based on the x-ray microscopy technique. Haha et al. [146] 

implemented scanning electron microscope (SEM) to quantify the reactivity of aggregates. 

Progress in studying the effects of lithium-based compounds on ASR reactivity has been 

also reported by [147,148]. The observations from these studies have demonstrated that the 

ASR gel and its swelling are closely associated with distress, loss of strength, and thus 

decreasing elastic modulus in concrete. For the expansion measurements, it is reported that 

there are several discrepancies in standardized test methods [149,150] thus, some efforts 

have been made by [151,152] to enhance their reliability. More recently, Rajabipour et al. 

[40] reported an integrated summary on the ASR mechanisms, the accompanying 

aggregate properties, and the mitigation methods. Vayghan et al. [153] carried out a 

rheological investigation of the properties of ASR gel and highlighted that the yield stress 
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of the ASR gel and swelling pressure are highly dependent on the gelôs chemical 

composition, i.e., the amount of calcium and sodium contents. Research has also been 

directed toward developing the modelling of ASR by Multon et al. [154,155].  

 

3.3.4 Creep & Cyclic Loading 

In practice, great portion of concrete structures experiences a continuous 

degradation due to several factors associated with applied stress, e.g., creep, periodic load 

and pressurization, and tendon relaxation. It is therefore vital to understand the 

phenomenon of microstructural development by various types of the compressive loads 

leading to crack initiation and growth. It is well known that sustained and cyclic loading 

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

Many researchers have put extensive efforts to characterize the effect of creep and cyclic 

loads on the material properties in concrete [86,91ï94]. Extensive experimental and 

numerical evidences demonstrated the microcrack formation, growth, and propagation in 

concrete subjected to the creep and cyclic loading [16,156ï159]. Among the literature, it 

should be emphasized that Shah et al. [16] has revealed that concrete could be either 

strengthened [160] or weakened, depending on the applied loading level and time. Another 

important observation is that Carrasquillo et al. tracked the crack density by increasing 

loading level in furthering the understanding of  the progressive microcracking inside of 

the specimen [161]. 
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CHAPTER 4. SECOND HARMONIC GENE RATION (SHG) FOR 

CONCRETE NDE 

 

4.1 Overview 

 The objective of this chapter is to demonstrate the feasibility of the SHG technique 

using Rayleigh surface waves for monitoring early-stage material damage in concrete. The 

high attenuation of ultrasonic waves in cement-based materials has made the practical 

measurement of SHG difficult to implement in this material. There are also severe 

repeatability issues with the contact detection of ultrasound in concrete caused by its 

inconsistent surface roughness and coupling conditions. In order to solve these issues, the 

SHG setup using non-contact, air-coupled detection technique is designed in the frequency 

range 40 to 100kHz, and the feasibility of the proposed setup is validated through the 

measure of the nonlinear Rayleigh surface waves and the acoustic nonlinearity parameter, 

ɓ.  To demonstrate the effectiveness of this air-coupled detection of the SHG in Rayleigh 

waves in concrete, the effect of shrinkage-reducing admixture (SRA), as it influences 

microcrack formation in these materials, is considered as an example of evaluation. 
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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 stress-strain relationship: The derivation of nonlinear stress-strain 

relationship in a solid medium normally starts with a consideration of the strain energy W 

per unit mass as follows. 
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where, Ciljk and Cijklmn represent the fourth- and sixth-order elastic constants. Note that the 

Eq. (4.1) describes an expansion for small strain. Thus the infinitesimal (or Green) strain 

tensor in terms of a Lagrangian coordinates should be considered as 
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where I is the second-order identity tensor, and F the second-order deformation gradient 

tensor. 
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which shows a deformation mapping where x* relates to the current configuration (Eulerian 

coordinate) and the x to the reference configuration (Lagrangian coordinate). Figure 4.1 

describes the kinematics of deformation in Euclidian space. 

 

 
Figure 4.1. Material and spatial coordinates in Euclidian space. 

 

In Figure 4.1, A represents undeformed body in Lagrangian coordinate while A* 

indicates the deformed body with Eulerian coordinate, and the displacement u at a given 

time, t becomes the difference between x* and x. Note that ei indicates the unit normal 

vector. Using the first Piola-Kirchhoff stress tensor as shown in Eq. (4.4), the nonlinear 

stress-strain relationship can be rewritten as 
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where, 

ikjlmnimjnklkmnijnlijklmnijklmn CCCCM ddd +++= .                            (4.6) 

Figure 4.2 explains the difference between Eq. (2.10) and Eq. (4.5). 

 
Figure 4.2 Linear vs nonlinear constitutive relationship. 

 

Theory of second harmonic generation (SHG): Analogously, considering the 

equation of motion in Lagrangian coordinate shown in Eq. (4.7) with Eq. (4.6) leads to the 

nonlinear wave equation.   
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For purely longitudinal wave, Eq. (4.8) can be simplified to 

ö
÷

õ
æ
ç

å

µ

µ
-

µ

µ
=

µ

µ

x

u

x

u
C

t

u
L

1

2

1

1

2

2

1

2

1 b                                         (4.9) 

where, ɓ is the quadratic material nonlinearity parameter, C111 the third-order elastic 

constant in Voigt notation, and CL the longitudinal wave velocity. 
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It is important to note that the distortion of the nonlinear wave is accompanied by the higher 

harmonic waves depending on the ɓ, and this physical phenomenon is characterized by 

observing the amplitudes of both fundamental and second harmonic waves. Consider the 

fundamental longitudinal harmonic wave with amplitude, A and the frequency, w.  

)(sin),( txkAtxu L w-=                                         (4.11) 

A displacement perturbation of this form can be solved with Eqns. (4.6) and (4.10). 
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where, A1 and A2 indicate the fundamental and second harmonic amplitudes. 
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Finally, Eqns. (4.10) to (4.12) provides the form of the quadratic nonlinearity parameter 

such that 
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As clearly shown in Eq. (4.13), the quadratic material nonlinearity parameter can be 

acoustically obtained by measuring both A1 and A2 with the constant CL over the 

propagation distance [163]. This enables us to denote the ɓ as quadratic (or absolute) 

acoustic nonlinearity parameter. Figure 4.3 illustrates the principle of the second harmonic 

generation (SHG) observed in nonlinear ultrasonic measurement [62]. 

 

 
Figure 4.3. Schematic of the SHG measurement with longitudinal wave. 

 

The SHG in Rayleigh surface waves: Consider a plain Rayleigh surface wave 

propagating along the x axis in an isotropic, macroscopically homogeneous, and elastic 



 - 42 - 

half space where z axis refers to the depth of the material. First, the displacements in x and 

z directions can be written in Eq. (4.14) and both displacement components indicate the 

shear (x direction) and longitudinal (z direction) wave contributions. 
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where, 
RC is the speed of Rayleigh surface waves,w is the fundamental angular frequency, 

22

1 lR kkb -= and 
22

2 sR kkb -= with 
lk , 

sk , and 
Rk are the wave numbers of the longitudinal 

wave, the shear wave, and the Rayleigh waves. 

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

second harmonic Rayleigh waves in the far-field can be expressed as [74,76]: 
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Acoustic nonlinearity parameter, ɓ: Hermann et al. [74] showed that the acoustic 

nonlinearity parameter can be expressed by the out-of-plain displacement components of 

the propagating Rayleigh waves at the surface (z = 0) as shown in Eq. (4.16). 
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where, bis quadratic (or absolute) acoustic nonlinearity parameter. The relationship 

between the fundamental and second harmonic components and the acoustic nonlinearity 

parameter can be written as 
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Since the wave speed of the Rayleigh surface wave is independent of the frequency of the 

wave,  / 1
2

2 AA is directly proportional to  b at fixed distance as shown in Eq. (4.18). It is 

well established that the relationship between  / 1
2

2 AA and the propagation distance is a 

good approximation for calculating the acoustic nonlinearity parameter for a short 

propagation distances. This research denotes  / 1
2

2 xAA as the acoustic nonlinearity 

parameter, ɓ as shown in Eq. (4.19). Figure 4.4 describes the SHG setup for the Rayleigh 

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

 

Note that the received out-of-plane components of the second harmonic wave is due 

to the distortion of longitudinal waves since the acoustic nonlinearity parameter is rarely 

existed for shear waves. Previous research has demonstrated that the acoustic nonlinearity 

parameter is experimentally obtained not only in a homogeneous material, but also in a 

nickel-base superalloy, concrete, and sandstone [27,28,31,32]. Importantly, the 

significance of the SHG measurements is attributed to the fact that the wavelength for both 

fundamental (ɤ) and second harmonic (2ɤ) frequencies can be determined based upon the 

target material or the defect size, meaning that the SHG setup enable the multi-scale 
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material characterization. However, once the ratio of wavelength 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, a hysteretic nonlinear elastic behavior should be ignored because 

the hysteretic nonlinearity parameter, ҙ is only observed in odd harmonics [79]. Therefore, 

it is worthwhile to note that understanding of early-stage microcracking development in 

cement-based materials should be followed closely with the SHG measurements. 

 

4.3 Sample Preparation 

Two sets of specimens are considered, one pair of concrete 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 SRA. To focus on changes in drying shrinkage 

due to SRA, a water-to-cement ratio (w/c) of 0.60 is used [87,107]. SRA is dosed at 3.4% 

of the total mass of water in concrete and 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 pair. Table 1 shows further details on the mixture proportions, which are based on 

ACI 211.1[165]. Type I Portland cement (ASTM C 150) is used in the mix designs [166]. 

For the concrete specimens, pea gravel with a MSA (maximum size of aggregate) of 

approximately 12.7 mm is chosen for the coarse aggregate and a natural sand with a 

fineness modulus of 3.04 is used as fine aggregate. To homogenize the chemical interaction 

between the fine aggregate and the cement, the fine aggregate-to-cement ratio is fixed at 

2.2 for all specimens while keeping the specimen volume constant. As a result, larger 
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quantities of the fine aggregate, water, and cement are used in the mortar samples than in 

the concrete samples. 

The freshly mixed concrete and mortar specimens are placed into molds (21.5 × 

56.5 × 17.5 cm), compacted by a rod, and finished with a trowel. They are then covered by 

polyethylene sheeting and cured at the ambient temperature for 14 days and demolded. The 

demolded specimens are transferred into an environmental chamber (23ęC and 95% 

relative humidity) until 28 days of age. Finally, all specimens are placed in a drying 

chamber (23ęC and 52% relative humidity) for 14 days to bring them to an equilibrium 

moisture content. 

Table 4.1 Mixture design of concrete and mortar mixtures, kg/m3 (lb/yd3). 

  

Concrete 

 

Concrete with 

SRA 

Mortar 

 

Mortar with 

SRA 

Water 217 (365) 209 (352) 373 (628) 365 (615) 

Cement (Type1) 361 (608) 361 (608)  621 (1046) 621 (1046) 

Water-to-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 (2354) 1397 (2354) 

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, ɤ interacts with the internal microstructure 

(including the damage state) and some energy of the fundamental harmonic wave is 

converted to generate a second harmonic wave with the frequency 2ɤ. The amplitude of 
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the second harmonic wave is directly dependent on the sources of the material nonlinearity 

such as microcracks [27]; the SHG method using Rayleigh surface waves is capable of 

quantifying microcracks in concrete. The relationship between this material nonlinearity 

and a propagating ultrasonic wave is shown in Eq. (4.19) [37,58]. 

A schematic of the designed SHG setup using Rayleigh surface waves is described 

in Fig. 4.5. A function generator (AGILENT 33250A) generates a tone-burst signal of 16 

cycles at 45 kHz excitation frequency which has a peak-to-peak voltage of 400 mV and 

occurs over a burst period of 200 ms. The signal is then amplified by a power amplifier 

(ENI Power Amplifier) as much as 50 dB and fed to the transmitting transducer. The entire 

measurement is synchronized by a trigger signal from the function generator. Note that the 

effective frequency range of the SHG setup for concrete is within 40 to 120 kHz.  A 50 

mm diameter, narrow-band, piezoelectric transducer with a center frequency of 

approximately 50 kHz (Ultran GRD 50) is employed as a transmitter and is tightly coupled 

to the Teflon wedge with vacuum grease. It is confirmed that the tone-burst signal at 45 

kHz frequency has a better steady-state shape and higher amplitude than 50 kHz frequency. 

The wedge is carefully designed in such a way that the detected Rayleigh surface wave 

amplitude is maximized and the insertion loss is minimized. The longitudinal wave speed 

in the Teflon (1450 m/s) and the Rayleigh surface wave speed in the concrete specimen 

(2450 m/s) are measured and then the wedge angle is determined to be 36.3 degrees 

according to Snellôs law. The wedge transducer is attached to the prepared specimens using 

the same vacuum grease. For the detection of propagating Rayleigh waves, a non-contact, 

air-coupled transducer with a center frequency of approximately 100 kHz (Ultran GRD 

100) is employed. The air-coupled transducer is then tilted by 8 degrees, which is the 
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Rayleigh wave critical angle (ɗ) at the air-concrete interface, and it should be noted that 

critical angle is slightly adjusted in the range of 8 to 10 degrees based on the phase velocity 

for each specimen. The lift-off distance between the receiver and the surface is fixed at 3.3 

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

signal between the concrete surface and transducer surface and also minimize the 

attenuation and diffraction effects in the air. Figure 4.6 shows the experimental setup for 

the SHG in Rayleigh surface waves. To ensure a high SNR (signal-to-noise ratio), the 

received signal is amplified by 58 dB using a broadband preamplifier (Digital Wave Inc.) 

and then averaged 256 times with an oscilloscope (Tektronix TDS 5034B Digital). The 

calculated signal-to-noise ratio (SNR) of the received time-domain signal is about 50 dB. 

 

 
Figure 4.5. Schematic of the designed SHG measurement setup with Rayleigh surface 

waves. 
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Figure 4.6. The SHG measurement setup for a non-contact detection of Rayleigh 

surface waves using air-coupled receiver. 

 

 The averaged signal is recorded and transferred to a computer for post-processing. 

In the post-processing, a Hann widow and fast Fourier Transform (FFT) are applied to the 

steady state part (8 cycles) of the averaged time domain signal to calculate the frequency 

spectrum. The air-coupled transducer is then shifted to the next measurement location and 

again acquires the time domain signal. In this way, the fundamental (A1) and second 

harmonic (A2) amplitudes are obtained at multiple locations along the propagation path (the 

acoustic axis). In this measurement, the propagation distance is approximately 3 cm; this 

measurement range is limited by the selected frequency and the specimen size. Figure. 4.7 

shows that  not only A1, but also A2 are clearly appeared in the obtained frequency spectrum. 

Moreover, as shown in Fig. 4.8 (a), the measured A2 tend to be monotonically increasing 

with the increasing propagation distance while A1 keeps decreasing. As described earlier, 










































































































































































































