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Abstract. This paper proposes a new amplitude-modulation vibro-acoustic (AMVA) technique to
detect thermal damage in pristine graphene (PRG) mortar materials. A new third-order solution
for an amplitude-modulated low-frequency pump wave and a high-frequency probe wave in
infinite isotropic material is presented. The solution includes higher-order sidebands generated by
intrinsic and acquired nonlinearities. A nonlinear parameter is defined according to the third-order
solution to assess the different levels of thermal damage. The experimental study demonstrates the
sensitivity and feasibility of the AMVA technique by comparing the nonlinear parameter with the
linear measurements of the ultrasonic pulse velocity (UPV) test. The results show that the proposed
AMVA technique is a potential tool to detect and monitor thermal damage in cement-based
structures.

Introduction

The exceptional durability and excellent mechanical properties of cement-based material are the
primary reasons cement-based material is one of the most popular construction materials
worldwide. However, material limitations, design and construction practices, and severe exposure
conditions can cause cement-based material to deteriorate, which leads to aesthetic, functional, or
safety problems [1-3]. Therefore, there is a powerful incentive to develop nondestructive testing
(NDT) techniques for damage detection and structural health monitoring (SHM) techniques for
long-term in-situ monitoring of structures.

The vibro-acoustic technique is one of the promising techniques for damage detection in
cement-based material since the low-frequency (LF) pump wave can provide an intensive field to
perturb the defects and cracks while the high-frequency (HF) probe wave is sensitive to microscale
damages because of its small wavelength [4-7]. The interaction of the pump wave and probe wave
in the nonlinear system, which contains distributed nonlinearity or localized nonlinearity, reveals
as sidebands in the frequency spectrum. Assuming the frequency of LF pump wave is f;, while
HF probe wave is fy, thus it can be found that the sidebands show at the frequency of f; + N -
fi (N =1,2,3...). The index for damage evaluation is generally related to the sidebands and
fundamental components. Furthermore, the measurements of the vibro-acoustic technique are less
affected by unwanted nonlinear sources, such as the data acquisition system and coupling
conditions. The combination of the LF pump wave and the HF probe wave brings benefits to
damage detection, but it also has some deficiencies in applications. First, the selection of frequency
of LF pump wave is a key procedure. When choosing a higher LF pump wave, the frequency range
of sidebands fy + N - f; is broad, and hence, a broadband receiving instrument is needed, such as
a laser vibrometer or broadband transducer which is usually costly. While using a lower LF pump
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wave will result in a large burden to the emitting instrument, such as an electro-forced shaker,
particularly for a long-term monitoring. Therefore, studies have been carried out to develop a
vibro-acoustic technique by 1) enhancing the practical procedures, ii) inducing novel signal
processing approaches, and iii) utilizing new pump and probe waves.

It is interesting that many studies have been conducted to apply pump and probe waves in vibro-
acoustic techniques. Duffour P ef al. carried out a study that a swept HF wave was applied, and
LF excitation is the resonant response of the steel beam [8]. Frouin J ef al. proposed a vibro-
acoustic technique in which the LF pump wave was fixed while HF was swept wave in a broad
range [9]. Dziedziech K et al. used swept waves for pump wave and probe wave [10]. Apart from
the swept wave, Yin T ef al. proposed three amplitude-modulated vibro-acoustic methods where
LF pump wave was pre-amplitude-modulated to achieve lower energy consumption and versatility
[11, 12]. However, in the previous study, the effect of higher-order sidebands sometimes was not
considered, but it is sensitive to defects and cracks, resulting in increasing amplitude and numbers
of sidebands. This study investigates the effect of higher-order sidebands in the amplitude-
modulated vibro-acoustic technique. Meanwhile, a nonlinear parameter based on the higher-order
sidebands is established for the characterization of thermal damage in cement-based material.

Theory
Considering the 1D elastodynamic wave equation written as,
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where u is the particle displacement, and the total solution u = u; + u, + u3 is valid under the

assumption uq > u, > us3. In addition, t is the time, and x is the Lagrangian coordinate. § and y
are the nonlinear parameters. Hence, Eq.(1) can be decoupled into,
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The input signal of AMVA technique is,

Uy = Apcos(wyT + ¢pp) + Apzcos(wpoT + ¢pp)[1 + Apycos(wp T + Pry)l (%)

where Agycos(wyT + ¢y) is the HF probe wave, and the subscript H denotes the probe wave.
Furthermore, A;,cos(w,T + ¢12)[1 + Apicos(wpT + ¢pp1)] is the amplitude-modulated LF
pump wave.

Inserting Eq.(5) into Eq.(3), it can be found that the nonlinear parameter is related to sidebands
as follow,

ﬁ(z) NA(wHisz) and A(wHiszisz)' (6)

where the superscript (2) of § indicates the nonlinear parameter only considering the second
displacement field u,. Substituting the solution of u; and u, into Eq.(4), it can be seen that,
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where the superscript (2+3) of § indicates the nonlinear parameter considering the second and
third displacement field u, and u3. From the solution of u, and us, all sidebands components are
related to Ay and A;,. Hence, the nonlinear parameters of AMVA technique can be defined as

B and pE+H~ s, ®)
HAL2

where A is the amplitude of sideband components.

Experiment

The PRGs were produced by the First Graphene Ltd in Perth, WA, Australia, and the particle size
is 43 um. Ordinary Portland cement (OPC) was provided by Adelaide Brighton Cement LTD
following Australian Standard AS 3972-2010 [13]. The fine coarse was nature sands with 2.36
mm maximum particle size. In addition, MasterGlenium SKY 8100 complying with Australian
Standard AS 1478.1-2000 was the superplasticizer. The designed mix of PRG mortars used the
optimized PRG dosage in previous studies [2, 3], which investigated the improvement of
mechanical strength of PRG cement-based material. The details are listed in Table 1. There were
three specimens of this batch in the size of 40mm X 40mm X 180mm, namely S1, S2, and S3.
These PRG mortar specimens were tested by the AMVA technique and UPV technique at the intact
state. Afterward, thermal damages were induced into these specimens. Specimen S1 was heated to
100°C while the target temperature of S2 and S3 were 250°C and 360°C, respectively.

Table 1. Designed mixed of PRG mortar specimens

PRG PRG size Cement Water Sand Superplasticizer
[%] [um][14] [kg/m®] [kg/m®] [kg/m®] [kg/m®]
0.07 43 527 255.6 1448 1.4

* The percentage of PRG is based on the weight of cement binder.

The schematic set-up of AMVA technique is presented in Fig.1. A pre-modulated LF pump
wave A;,cos(w,T + ¢r)[1 + Apcos(wp,T + ¢p1)] was input into the signal generator and
then fed by a power amplifier. The electromagnetic shaker was used to emit the LF pump wave
with the help of a design clamp which was used to provide connection between the specimen and
shaker firmly. In addition, a continuous HF probe wave Aycos(wyT + ¢p) was generated by the
functional generator, transmitted into the signal amplifier and then emitted by a transducer. The
LF pump wave and HF probe wave propagated through the PFG mortar specimen and were
received by another transducer. The receiving signal was obtained by the digitizer for further
analysis. Furthermore, the UPV tests were conducted following ASTM C597-09 [14].
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Fig. 1 Schematic set-up of AMVA technique

Results and discussions

The receiving signals of AMVA technique were processed by fast Fourier transform (FFT) into
frequency domain as shown in Fig.2. It can be seen that, at the intact state, there are still some
sidebands generated, which indicates that the PRG mortar specimens have some inherent defects
even at the intact state. In general, these defects are the weakened parts of the structures that
develop and combine with other damages to form macro-scale damages to threaten the safety of
structures. Hence, these inherent defects should be noted and monitored. After the thermal
treatment, the number and magnitude of the sidebands increase. It was found that in the PFG
specimen after exposure to the high temperature, the sidebands corresponding to (wy *
wp2), (Wy T wp1), (Wy £ 2012), (Wy + W, T @), (W 20, T w;) and  (wy £ 205,
Wy ) all showed in the frequency domain, instead of only (wy + w;,) and (wy + W, + W;5)

derived from §(®). Therefore, it is meaningful to consider higher order effects to evaluate damages
using AMVA techniques.
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Fig. 2 Frequency domain: (a) intact state, (b) after thermal treatment

All nonlinear parameters of f®) and f(?*%) were transferred into dimensionless indexes for
better comparison. It can be seen that with more intensive thermal treatments, all the dimensionless
indexes increased sharply. However, the tendency of dimensionless index of wave velocity c is
quite gentle. These results demonstrate that the nonlinear measurements are significantly sensitive
compared with the wave velocity. Nevertheless, the tendency of 8P and 8?*+%) were similar, the
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results considering higher-order effects are more consistent with the phenomena seen in the
experiments.
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Fig. 3 Dimensionless index of f® ,8?*3) and c

Conclusion

In this study, a new AMVA technique for assessing thermal damage in PRG mortar is proposed.
In addition, a nonlinear parameter is established using a new third-order solution for an amplitude-
modulated low-frequency pump wave and a high-frequency probe wave propagating in an infinite
isotropic material. The experimental results demonstrate that the nonlinear parameter of AMVA
technique can characterize the different levels of thermal damage in PRG material, and it is much
one to two orders larger than the linear measurements of UPV test. In conclusion, the proposed
AMVA technique is a potential tool to detect and monitor thermal damage in cement-based
structures.
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