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Abstract A new nonlinear ultrasonic technique for

nondestructive evaluation of concrete components is

developed and implemented to characterize the effects

of carbonation on concrete. The physical principle of

this method is the second harmonic generation (SHG)

in propagating Rayleigh surface waves which are

detected by a non-contact air-coupled transducer. The

nonlinearity parameter, as an indicator of material

properties, is experimentally obtained from measured

Rayleigh wave signals and is used to quantitatively

evaluate the progress of carbonation under accelerated

conditions. The experimental results show that there is

a significant decrease in the measured nonlinearity

parameter, most likely originated from the deposit of

the carbonation product, CaCO3, in pre-existing voids

and microcracks. The sensitivity of the nonlinearity

parameter is also verified by comparing with the

measured Rayleigh wave velocity. The results in this

paper demonstrate that the SHG technique using

Rayleigh surface waves can be used to monitor

carbonation in concrete.

Keywords NDE for cement-based materials �
Nonlinear Rayleigh waves � Nonlinearity parameter �
Carbonation

1 Introduction

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. Dur-

ing carbonation, calcium hydroxide (Ca(OH)2) con-

tained in hydrated cement paste reacts with carbon

dioxide, present in air or water, forming calcium

carbonate (CaCO3) and water (H2O). 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 [1–3] due to

the virtually insolubility of the carbonation product
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(CaCO3) relative to the slightly soluble reactant [4].

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

[5, 6].

However, over time in reinforced concrete, as the

relatively low-pH ‘‘carbonation front’’ reaches greater

depths from the surface, depassivation of the rein-

forcement steel can occur and corrosion can initiate.

Corrosion of reinforcement is considered to be a

serious durability concern which ultimately limits the

service life of reinforced concrete structures [7–9].

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 degra-

dation 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 ana-

lysis (TGA) [1–3, 11–13] and quantitative X-ray

diffraction (QXRD) analysis [11, 14] 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 [10]

and nanoindentation [15]) have been used to charac-

terize carbonation depths and the process of carbon-

ation. Accordingly, it is well-established that

carbonation significantly influences density, strength,

elasticity moduli, pore size, and permeability among

other properties of cement-based materials [16–18].

Research has also been directed toward increasing the

durability against carbonation, which has been shown

to be controlled by the use of SCMs [10, 19–23],

water-to-cement ratio (w/c) [23–26], curing condi-

tions and time [21, 27, 28], aggregate type [8], the

different alkali contents [24, 26, 29], and environ-

mental factors [23, 25]. However, in spite of this

extensive research, little effort has been made to use

nondestructive evaluation (NDE) methods to evaluate

the carbonation process.

NDE techniques using ultrasound have been devel-

oped to characterize concrete microstructures [30–33].

Recent research [34–37] introduced nonlinear ultra-

sonic techniques that can characterize microstructural

changes in cement-based materials, such as the

formation of microcracks, with more sensitivity than

conventional linear ultrasonic methods such as phase

velocity or attenuation. For instance, Chen et al. [34]

and Leśnicki et al. [35, 36] established the nonlinear

impact resonance acoustic spectroscopy (NIRAS)

technique based on the shift of the resonance fre-

quency that is caused by material damage; the NIRAS

method excites the fundamental resonance of the

sample by impact hammer and detects the vibration

signal using an accelerometer. They showed that

NIRAS can quantify the nonlinear hysteresis of mortar

bars with different aggregates, and assessed the

influence of progressive alkali-silica reaction (ASR)

damage on microstructure using the changes in the

measured nonlinearity parameter. Bouchaala et al.

[37] also observed a shift of resonance frequencies

induced by the carbonation and demonstrated that the

measured material nonlinearity appears to be

decreased by the progress of carbonation. Neverthe-

less, these resonance-based techniques are limited to

relatively small-sized specimens, so they are imprac-

tical 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. On the other

hand, the carbonation reaction largely progresses as a

relatively uniform front due to the CO2 penetration

from the concrete surface; therefore its product or the

changed microstructure is concentrated near the

surface. The surface wave-based techniques are

well-suited to evaluate material properties such as

the density, Poisson’s ratio, and the shear modulus at

the surface, where carbonation affects these proper-

ties, since the wave’s energy is concentrated near

surface. Additionally, the fact that they only need

access to one-side of the specimen shows their

capability for the application to in situ interrogation

of in-service structures.

It has been demonstrated that second harmonic

generation (SHG) methods using nonlinear Rayleigh
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surface waves [38–44] have great potential. The

experimentally obtained acoustic nonlinearity param-

eter, b, (defined in Eq. (3)) can be related to the

microstructural changes caused by damage if a proper

model is developed. Furthermore, the unwanted

system nonlinearity from the instrumentation can be

eliminated by varying the propagation distance. Most

recently, Thiele et al. [42] developed an SHG

technique by using an air-coupled receiver that allows

for a more consistent measurement of the nonlinearity

parameter. Kim et al. [38] proposed a similar SHG

setup for cement-based materials and assessed the

effect of shrinkage-reducing admixture (SRA) on

reducing autogenous and drying shrinkage, showing

that the measured acoustic nonlinearity parameter is

decreased by the addition of SRA.

The objective of this paper is to quantitatively

assess the carbonation effect on the microstructure in a

prepared concrete specimen using the proposed SHG

setup in [38]. Specifically, it is expected that micro-

cracks in the specimen—which are inherent defects in

cement-based composites [45]—are changed by the

evolution of the carbonation which will in turn affect

the nonlinearity parameter. A 45 kHz wedge trans-

ducer and a 100 kHz air-coupled (non-contact) trans-

ducer are implemented to generate and to receive the

Rayleigh surface waves, respectively. In order to track

the degree of carbonation, a phenolphthalein indicator

solution is employed to measure carbonation depths

on additional small concrete blocks as a function of

days. Finally, the potential and advantages of applying

the SHG technique for evaluating carbonation in

cement-based materials are discussed.

2 Nonlinearity parameter: second harmonic

generation (SHG)

Consider a plane Rayleigh surface wave propagating

along the x axis in an isotropic, macroscopically

homogeneous, and nonlinear elastic half space where

the z axis refers to the depth of the material. First,

the displacements in the x and z directions can be

written in Eq. (1) and both displacement components

indicate the shear and longitudinal wave contribu-

tions [46].

ux xð Þ ¼ A1 eb1z � 2b1b2

k2R þ b22
eb2z

� �
ei kRðx�cRtÞf g ð1aÞ

uz xð Þ ¼ iA1

b1

kR
eb1z � 2k2R

k2R þ b22
eb2z

� �
ei kRðx�cRtÞf g;

ð1bÞ

where, CR is the speed of Rayleigh surface waves,x is

the fundamental angular frequency (=CRkR), b1 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2R � k2l

p
and b2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2R � k2s

p
with kl, ks, and kR 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 har-

monic Rayleigh waves in the far-field can be

expressed as [39, 47]:

ux 2xð Þ � A2 e2b1z � 2b1b2

k2R þ b22
e2b2z

� �
ei 2kRðx�cRtÞf g

ð2aÞ

uz 2xð Þ � iA2

b1

kR
e2b1z � 2k2R

k2R þ b22
e2b2z

� �
ei 2kRðx�cRtÞf g

ð2bÞ

Hermann et al. [39] showed that the acoustic nonlin-

earity parameter can be expressed by the out-of-plane

displacement components of the propagating Rayleigh

waves at the surface (z = 0) as shown in Eq. (3)

b ¼ uzð2xÞ z¼0j
u2z ðxÞ z¼0j

8bii

k2l kRx
1� 2k2R

k2R þ b22

� �
; ð3Þ

where, b is the acoustic nonlinearity parameter [39,

47–49]. The relationship between the fundamental and

second harmonic components and the acoustic non-

linearity parameter can be written as [47]

A2

A2
1

/ bx2x

C2
R

ð4Þ

Since the wave speed of the Rayleigh surface wave is

independent of the frequency of the wave, A2=A
2
1 is

directly proportional to b at a fixed distance as shown

in Eq. (5). It is well established that the relationship

between A2=A
2
1 and the propagation distance is a good

approximation for calculating the acoustic nonlinear-

ity parameter for short propagation distances

b / A2

A2
1x

: ð5Þ

This paper denotes A2=A
2
1 x as the relative nonlin-

earity parameter, bre as shown in Eq. (6)
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bre ¼
A2

A2
1x

: ð6Þ

The amplitude of the fundamental (A1) and second

harmonic (A2) can be experimentally measured using

the setup described in the next section. Therefore, the

changes in the elastic nonlinearity of a material can be

assessed using a nondestructive, macroscopic

measurement.

3 Experimental procedure

3.1 Specimen preparation

Based on ACI 211.1 [50], one concrete specimen

(21.5 9 56.5 9 17.5 cm) with Type I Portland

cement (ASTM C 150) [51] is prepared for both

accelerated carbonation tests and nonlinear ultrasonic

(NLU) measurements. River gravel coarse aggregate

with a maximum size of aggregate (MSA) of

12.7 mm, and dry rodded unit weight (DRUW) of

1,646 kg/m3 (103 pcf) and a natural sand with a

fineness modulus (FM) of 3.04, absorption capacity of

1.93 %, and saturated surface dry (SSD) specific

gravity of 2.65 are used as aggregate. A water-to-

cement ratio (w/c) of 0.60 is selected to accelerate the

rate and depth of carbonation [24]. Table 1 shows

further details on the mixture design of concrete

specimen.

The freshly mixed concrete is cast, and cured for

14 days at ambient temperature while covered by

polyethylene sheeting. The demolded specimen is then

placed in an environmental chamber (23 �C and 95 %

relative humidity) in relatively moist conditions to

facilitate hydration until it reaches 28 days of age.

Finally, the specimen is transferred into an environ-

mental chamber (23 �C and 50 ± 2 % relative humid-

ity) to dry for 14 days to bring it to an equilibrium

moisture condition. Additionally, five concrete blocks,

each sealed on 5 sides for one-dimensional penetration

of CO2, are prepared according to the same mix design

and cured and conditioned in the same manner. An

indicator solution, 1 % solution of phenolphthalein in

deionized water with 10 % v/v ethanol, are prepared

for tracking the carbonation depth on freshly cut

concrete surfaces.

3.2 Accelerated carbonation experiments

The accelerated carbonation test on the prepared

concrete specimen and blocks is carried out for

40 days in a carbonation chamber, with temperature,

relative humidity, and CO2 concentration control.

Note that the maximum carbonation rate occurs at

approximately 55–65 % RH [2, 52]. In this experi-

ment, the RH is fixed to 55 %. The temperature in the

environmental chamber is maintained at 26 �C. Dur-
ing the accelerated carbonation test, a continuous

supply of CO2 gas is maintained by the pressure

regulator mounted on the pressurized steel cylinder

and 20 % CO2 is continuously fed into the chamber

[10]. In this condition, the increase in carbonation

depth due to increases in temperature is negligible [2];

the rate of carbonation is governed by the diffusion of

CO2. The test is interrupted after 0, 7, 14, 25, and

31 days of exposure so as to estimate the level of

carbonation penetration in each block and the phenol-

phthalein indicator solution is applied to a freshly cut

surface.

3.3 Non-contact, nonlinear ultrasonic

measurements

The non-contact (air-coupled) measurements of SHG

in Rayleigh surface waves are performed with the

setup shown in Fig. 1. Details on the experimental

procedure to calculate the nonlinearity parameter in

concrete are described in [38]. A narrow band

longitudinal wave piezoelectric transducer with a

diameter of 50 mm (Ultran GRD 50) is employed as

a transmitter and is coupled to a Teflon wedge with

vacuum grease. The longitudinal wave speed in Teflon

is 1,450 m/s and the Rayleigh surface wave speed in

the concrete specimen is 2,450 m/s. Therefore the

wedge angle for generating the Rayleigh waves in the

concrete specimen is 36.3� based on Snell’s law. To

maximize the detected wave amplitude and to have a

Table 1 Mixture design of concrete specimen, kg/m3 (lb/yd3)

Concrete

Water 271 (365)

Cement (ASTM C150 type I) 361 (608)

Water-to-cement ratio (w/c) 0.60

Coarse aggregate 872 (1,470)

Fine aggregate 784 (1,322)
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minimum attenuation, the transmitter/wedge assembly

is designed in such a way that the wedge’s bottom

surface is smooth enough and the assembly is tightly

coupled to the concrete specimen using the same

vacuum grease.

A tone-burst signal of 16 cycles at 45 kHz is

generated by a function generator (AGILENT

33250A) with a peak-to-peak voltage of 400 mV and

is repeated every 200 ms. Then a power amplifier

(ENI Power Amplifier) amplifies the signal as much as

50 dB and the amplified signal is fed to the wedge

transmitter. To detect the propagating Rayleigh

waves, a non-contact, air-coupled transducer with a

diameter of 50 mm (Ultran GRD 100) is used. Here,

the air-coupled receiver is tilted by 8� which is the

critical angle for the Rayleigh wave at the air-concrete

interface and it is slightly adjusted for small variations

of wave speed during the carbonation. Then, the

distance between the air-coupled receiver and the

surface, called the lift-off distance, is fixed at 3.3 cm.

At this distance, one can reduce the effects of

attenuation and diffraction in the air [38, 42] while

avoiding the multiple reflections of the acoustic signal

between the concrete surface and transducer surface.

To increase the signal-to-noise ratio (SNR), the

received signal is amplified by 58 dB with a broad-

band preamplifier (Digital Wave Inc.). Additionally,

the received time-domain signals are averaged 256

times with an oscilloscope (Tektronix TDS 5034B

Digital); the calculated SNR is approximately

50 dB. Finally, the averaged signal is transferred

to a computer for post-processing. The entire

Concrete

ENI Power
Amplifier

Function 
Generator Trigger

Amplifier
(+58 dB )

Tone burst

θcritical

Rayleigh surface wave

Wedge-transmitter Air-couple receiver

Oscilloscope

Fig. 1 Air-coupled detection setup for Rayleigh surface waves
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Fig. 2 Time signal and Fourier spectrum for NLU measurement (45 and 90 kHz)
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measurement is synchronized by a trigger signal from

the function generator as shown in Fig. 1. The

measurements are repeated 15–20 times.

During the accelerated carbonation process, the

specimen is periodically removed from the chamber

for the ultrasonic measurements, which are made after

0, 3, 7, 10, 14, 19, 25, 31, and 40 days of carbonation.

Since the dimensions of the specimen limits the

propagation distance, the propagation distance varies

only from 250 to 295 mm by an incremental step of

5 mm. In the post-processing, a Hann window is

applied to the first 5 cycles of the received time

domain signals since it is expected that the boundary-

reflected waves arrive at approximately 42 ms (the 6th

cycle) and this reflected signal interferes with the

directly propagating Rayleigh wave. It should be noted

that it has been experimentally demonstrated that the

first 5 cycles are not affected by these reflected waves

[38]. Figure 2a shows the width of the Hann window

(denoted by the blue squares) as well as the received

time domain signal, and Fig. 2b shows the measured

amplitudes of the fundamental (A1) and second

harmonic (A2) from the frequency spectrum of the

windowed signal obtained using the fast Fourier

transform (FFT).

Figures 3 and 4 show an example of the measured

A1, A2, and A2/A1
2 versus propagation distance on the

concrete specimen cured for 31 days in the carbon-

ation chamber. Obviously, the measured fundamental

amplitude, A1 tends to decrease with propagation

distance mainly due to the beam spreading and

attenuation effects in concrete. On the other hand,

due to the cumulative nonlinear effects described in

[53], the second harmonic amplitude, A2 increases

with propagation distance. Figure 4 shows that A2/A1
2

increases linearly with propagation distance, and the

increase in A2/A1
2 is in agreement with previous

experimental observations [38–44].

4 Results and discussion

4.1 Carbonation profile using phenolphthalein

indicator solution

First, the destructive tests are performed to determine

the carbonation depth. The indicator is sprayed

uniformly on each freshly broken surface of the

carbonated blocks after 0, 7, 14, 25, and 31 days of

carbonation in the chamber. The results show that the

uncarbonated area, of pH higher than approximately

9.2, appears as purple, while the carbonated area

remains colorless. Figure 5 shows the photographs of

each cross-section of the carbonated blocks. The depth

of carbonation is then measured by averaging at 7

points perpendicular to one face of the split concrete

blocks, and the measured depths are 1.7, 9, 14, 18, and
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Fig. 3 The measured fundamental and second harmonic amplitudes of nonlinear Rayleigh surface waves
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2 versus propagation distance
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21 mm, respectively. As a result, it is determined that

the carbonation depth is nonlinearly increased over

time, as expected [10].

4.2 Linear ultrasonic parameter (phase velocity)

results

The phase velocity is measured using the time domain

signals received at two different propagation dis-

tances. The distance between the two measurement

positions is divided by the difference in arrival times to

obtain the phase velocity. The resulting phase veloc-

ities during the carbonation process are shown in

Fig. 6 and Table 2. It is interesting to note that the

measured phase velocity increases with the carbon-

ation process. This increase suggests that the elastic

moduli in fact increase more than the increase in

density by the CaCO3 formation. However, the results

show only a maximum of 5.5 % change during the

curing for 40 days. Furthermore, the changes in phase

velocity are comparable to the measurement error

bars. For these reasons, it is difficult to use the phase

velocity as an indicator to detect microstructural

changes due to the carbonation reaction.

Additionally, it is confirmed that the concrete

specimen can be treated as a weakly dispersive

medium, in agreement with the results of [38], since

the phase velocity for the specimen at each carbon-

ation state is almost constant within the effective

frequency range (approximately 40–100 kHz). This is

important since the carbonation layer could cause

dispersion; a half-space with a finite layer of different

material is in general, dispersive. However, our

additional measurements on these carbonation speci-

mens demonstrate that the measured velocity differ-

ence (velocities at the fundamental versus second

harmonic frequencies) is quite small (maximum 4.9 %

from the specimen with a 24 mm carbonation layer).

Figure 3b also shows a cumulative second harmonic,

so the effects of dispersion are negligible and the phase

velocity matching of this second harmonic is approx-

imated in this weakly dispersive system at these

relatively small propagation distances (0.03 m).

4.3 Acoustic nonlinearity parameter results

The measurement of the SHG in nonlinear Rayleigh

surface waves is performed on the concrete specimen

as it is exposed to the accelerated carbonation process

for 40 days. This measurement uses 45 kHz for the

fundamental frequency of the transmitted Rayleigh

surface waves. The wavelength at the second har-

monic frequency is approximately 27.2 mm, which is

greater than the maximum size of the aggregate

(MSA) of 12.7 mm so that the measured second

harmonic amplitudes are minimally influenced by

acoustic scattering. The relative nonlinearity param-

eter, bre is measured at days 0, 3, 7, 10, 14, 19, 25, 31,

and 40. Each data point in Fig. 7 represents an average

of the results from 15 to 20 repeated measurements on

this specimen. The repeatability of air-coupled detec-

tion of the SHG is examined in [38], and the

Fig. 5 Averaged carbonation depth using phenolphthalein

indicator solution

Fig. 6 Trend of measured Rayleigh phase velocity with the

accelerated carbonation tests
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magnitude of the error bars in this figure is mainly due

to variations in the contact condition between the

wedge transducer (transmitter) and the specimen

surface when the wedge transducer is removed and

reattached to the specimen for repeatedmeasurements.

Figure 7 shows the slope of the linear fit of the A2/

A1
2 versus the propagation distance, which represents

bre. Note that all of these bre have R2 correlation

coefficients higher than 0.92. All measured relative

nonlinearity parameters, bre during the carbonation

process are listed in Table 3; the measured bre are

shown to decrease by a maximum of 64.2 % from that

of the uncarbonated concrete specimen. Comparing

the results in Figs. 5 and 8, the measured nonlinearity

parameters are shown to decrease in a monotonic

fashion while the carbonation depth is increasing in an

inversely proportional fashion to the nonlinearity

parameter. It is interesting to note that the values of

bre tend to asymptotically approach a constant value

after this maximum measurement period of 40 days

Table 2 The averaged Rayleigh phase velocity

Exposure time (day) 0 3 7 10 14 19 25 31 40

Phase velocity (m/s) 2,481.84 2,487.17 2,492.71 2,495.57 2,518.57 2,531.37 2,546.04 2,588.22 2,618.94

(c)(b)(a)

(d) (f)(e)

(i)(h)(g)
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Fig. 7 The changes in the slope of the linear fit by the carbonation process
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since the carbonation depth is almost developed up to

the wavelength (*27 mm) of the second harmonic

Rayleigh surface waves, i.e. beyond this penetration

depth, the Rayleigh waves at this frequency lose their

sensitivity to the progression of carbonation.

Finally, Fig. 9 compares the relative changes in

both the linear and nonlinear parameters, and shows

that the sensitivity of the nonlinearity parameter is

approximately 12 times higher than that of the

Rayleigh phase velocity. More importantly, the rela-

tive nonlinearity parameter exhibits a sensitivity high

enough to characterize the changes in microstructure,

especially the decrease in porosity including filling of

microcracks, induced by carbonation. Overall, this

research verifies that the SHG technique using

nonlinear Rayleigh surface waves provides a promis-

ing indicator capable of quantitatively evaluating

carbonation in cement-based materials.

4.4 Interpretation of nonlinear ultrasonic

measurements

The SHG results highlight that the measured relative

nonlinearity parameter is significantly reduced by

carbonation and show the sensitivity of the measured

nonlinearity parameter to the microstructural changes

in the carbonated layer. Note that the environmental

humidity, CO2 concentration, and temperature along

with the concrete w/c are optimized in this specimen to

enhance the carbonation reaction. Based on the

nonlinear ultrasonic measurements, it is shown that

the carbonation of concrete leads to a reduction in

nonlinearity. Most importantly, it is likely that the

decrease in the measured relative nonlinearity param-

eter is mainly attributed to the fact that some pre-

existing voids and perhaps some smaller microcracks

become filled by CaCO3, as described in [54, 55].

5 Conclusion

This paper applies the SHG technique in nonlinear

Rayleigh surface waves to concrete to characterize the

carbonation-induced microscale behavior of the con-

crete after exposure to a CO2-rich environment,

designed to rapidly develop a carbonation front in

the concrete. In parallel with the nonlinear ultrasonic

measurements which showed a decrease in nonlinear-

ity with carbonation, the destructive characterization

using a phenolphthalein indicator solution is per-

formed to track the carbonation depth. The following

Table 3 The measured relative nonlinearity parameters

Exposure time (day) 0 3 7 10 14 19 25 31 40

Relative nonlinearity parameter (910-7) 7.49 7.05 6.65 6.46 5.69 5.50 4.35 4.01 2.68

Fig. 8 Trend of the measured relative nonlinearity parameters

and the effect of carbonation on material nonlinearity Fig. 9 Sensitivity of nonlinear versus linear ultrasonic

parameters
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conclusions are drawn from these experimental

results:

• NDE of the microstructural behavior in the

carbonated concrete is achieved by the proposed

SHG technique. The relative nonlinearity param-

eter, bre decreases by as much as 64.2 % after

40 days of curing in the carbonation chamber, and

this decrease is attributed to the formation of

carbonation product, CaCO3 which fills pre-exist-

ing microcracks, reducing the relative nonlinearity

parameter, bre.
• An inverse relationship between the measured

carbonation depths and relative nonlinearity

parameters is observed.

• It is clearly demonstrated that the relative nonlin-

earity parameter, bre shows a much higher sensi-

tivity to the carbonation-induced microstructure

changes than the measured Rayleigh phase veloc-

ity (64.2 vs. 5.5 %). It is therefore expected that the

acoustic nonlinearity parameter can be used as a

quantitative index for understanding the effect of

carbonation if a model that can relate bre to the

microstructural changes is available.

Some challenges in the use of NDE to evaluate

carbonation still remain to be addressed. These

measurements used a relatively low frequency pair

(i.e. 50–100 kHz) to reduce the effect of acoustic

scattering due to the aggregate. However, more

precise characterization could be possible using a

range of higher and lower frequency pairs for carbon-

ation penetration.
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