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Stress evaluation of tubular structures using torsional guided wave mixing
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Abstract. This study aims at numerically and experimentally investigating torsional guided wave mixing with weak material
nonlinearity under acoustoelastic effect in tubular structures. The acoustoelastic effect on single central frequency guided wave
propagation in structures has been well-established. However, the acoustoelastic on guided wave mixing has not been fully
explored. This study employs a three-dimensional (3D) finite element (FE) model to simulate the effect of stress on guided wave
mixing in tubular structures. The nonlinear strain energy function and theory of incremental deformation are implemented in the
3D FE model to simulate the guided wave mixing with weak material nonlinearity under acoustoelastic effect. Experiments are
carried out to measure the nonlinear features, such as combinational harmonics and second harmonics in related to different
levels of applied stresses. The experimental results are compared with the 3D FE simulation. The results show that the
generation combinational harmonic at sum frequency provides valuable stress information for tubular structures, and also useful
for damage diagnosis. The findings of this study provide physical insights into the effect of applied stresses on the combinational
harmonic generation due to wave mixing. The results are important for applying the guided wave mixing for in-situ monitoring

of structures, which are subjected to different levels of loadings under operational condition.
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1. Introduction

Tubular structures have been widely applied as load
transferring structures in different engineering disciplines,
e.g., civil, mechanical, and offshore engineering structures
(Fang et al. 2018, Chen et al. 2021). When structures are
under operational condition, the load carrying members are
subjected to repeat tensile and compressive force induced
by external applied load, residual, or thermally induced
stresses. The effect of stress is unavoidable in structures,
and for long-term fatigue may cause structural failure to the
loading carrying members. Therefore, it is essential to
develop a practical and reliable structural health monitoring
(SHM) to assess the condition and ensure the safety of the
structures. SHM can be used to provide in-situ integrity
monitoring of structure, the understanding of the effect of
applied loading on the technique used to monitoring the
structures is important. In the literature, different studies
were carried out to improve the physical insight and
develop techniques for monitoring the stress in structures
(Li et al. 2019, Hughes et al. 2019, Dubuc et al. 2020).

To date, different nondestructive evaluation (NDE) and
SHM techniques were developed to provide cost effective
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condition assessment and safety inspection for different
engineering structures (Zhang et al. 2016, Yin et al. 2021,
Nasim Khan Raja et al. 2021, Allen and Ng 2022). In
particular, ultrasonic guided wave has been widely
recognized as one of the promising NDE, SHM techniques
and/or interrogating the life expectancy of structures. The
advantages of the ultrasonic guided wave are long-distance
inspection and ability of in-situ online monitoring for
inaccessible locations of structures. In the literature, studies
on linear guided wave mainly focused on the analysis of
wave scattering and mode conversion effect at defect
(Cawley and Alleyne 1996, Yeung and Ng 2019). Studies
showed that the use of low frequency guided wave (below
250 kHz) is more practical for tubular structures because it
minimizes the number of wave modes that can be induced
in the low frequency range. Different to linear guided wave,
nonlinear guided wave focuses on investigating higher
harmonic generation in frequency-domain at early stage of
damage (Sohn et al. 2014, Pattanayak et al. 2015). There
were studies focused on higher harmonic generation in
cylindrical-like structures. Liu et al. (2013) carried out an
analytical study. They showed that the secondary harmonic
can be generated in longitudinal direction due to shear
coupling when the torsional wave is propagating in the
cylindrical-like structures.

1.1 Acoustoelastic effect of guided waves

In real applications, the use of ultrasonic guided wave
for SHM require to address different technical challenges.
For in-situ online SHM, the ultrasonic guided wave data
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generally is obtained under operational conditions,
however, the structures are subjected to various loads in
service, which has significant effects on the monitoring
data. In the literature, it has been widely reported that the
guided wave propagation is affected by the acoustoelastic
effect and this effect needs to be considered when the
structures are under operational condition. Hence, it is
essential to understand and quantify the acoustoelastic
effect on guided wave propagation so that the inspection
can be carried out reliably and accurately on structures
under operational condition.

Different studies have been carried out to understand
and quantify the acoustoelastic effect of linear guided wave
and their findings and results support the application of
ultrasonic guided wave in in-situ online monitoring of
structures (Nikitina ez al. 2009, Kamyshev ef al. 2010, Liu
et al. 2013, Bartoli et al. 2010, Li et al. 2017). From the
theoretical aspect, Murnaghan (1937) wrote a book on
interpreting finite deformation theory and third order elastic
modulus. Latter, Biot (1940) studied the fundamental
differences between the stress-free and initially stressed
condition, and derived wave equations for wave
propagating in pre-stressed media. In the experimental
aspect, existing studies focused on measuring linear guided
wave features, velocity change, in different structures, e.g.,
wire strands (Chaki and Bourse 2009) and pipes (Dubuc et
al. 2017). Hirao et al. (1981) investigated the acoustoelastic
effect of Rayleigh wave and found out that Rayleigh wave
is no longer non-dispersive in the presence of non-uniform
stress. Lu ef al. (1998) carried out a comprehensive study
on wave propagation under applied and residual stresses.
Some recent works focused on studying the change of the
wave speed in the prestressed plate using the theory of
incremental deformation (Pau and Lanza di Scalea 2015,
Mohabuth et al. 2016). From the above studies, they
considered the stress effect in the wave propagation and
evaluated the change of the wave velocity.

Due to the high sensitivity to micro defects, the number
of studies focused on nonlinear guided wave has been
increasing recently. Yang et al. (2019b) carried out an
investigation on the nonlinear features of Lamb wave, such
as generation of second harmonic, under acoustoelastic
effect in pre-stressed plates. Hughes et al. (2019)
demonstrated the application of Rayleigh guided wave
based on acoustoelasticity, and proposed a new method
using second harmonics for stress monitoring. Apart from
the second harmonic, the nonlinear technique considering
acoustoelasticity and utilizing mixing guided waves also
has attracted attention.

2. Mixing of guided waves

In this study, mixing of guided wave refers to the
interaction of more than one guided wave with different
central frequencies in a structure. Combinational harmonic
at the sum and difference of the fundamental excitation
frequencies could be generated due to the interaction of the
waves. In the literature, the studies of guided wave using
single central frequency encountered an obstacle in

differentiating material nonlinearity from other unwanted
nonlinearity, such as nonlinearities from coupling media
and data acquisition system (Yang et al. 2019a). Guided
wave mixing using two independent physical channels for
generating excitation was proposed to overcome this
problem as the generated combinational harmonics are not
affected by the nonlinear interference from the instruments.

Mixing of guided waves has been studied for different
types of structures, such as concrete (McGovern et al. 2015)
and plate (Hasanian and Lissenden 2017). Pioneer studies
have Liu et al. (2012), who generated a longitudinal wave
and a shear wave in elastic solids and measured the acoustic
nonlinear parameter. McGovern et al. (2014) studied the
nonlinear response of non-collinear bulk wave mixing in
concrete. In the literature, research was also carried out on
mixing Lamb waves in plates. Hasanian and Lissenden
(2018) derived an analytical solution for Lamb wave mixing
phenomenon. Li et al. (2018) proposed a one-way mixing
approach to study the interaction between symmetric and
antisymmetric Lamb waves in thin plates. Shan et al. (2019)
used two shear horizontal waves with collinear interaction
approach to interrogate the effect of material nonlinearity in
plates. A recent study conducted by Yeung and Ng (2020)
experimentally demonstrated the generation of the
combinational harmonic at sum and difference frequencies
in pipes. Although the literature has shown the benefits of
using wave mixing for damage detection, the acoustoelastic
effect on guided wave mixing has not been fully
investigated. One of the objectives of this paper is to carry
out numerical and experimental studies on torsional guided
wave mixing in tubular structures under pre-stressed
conditions. This paper focuses on understanding the
acoustoelastic effect of combination harmonic generation
due to wave mixing. In addition, this study also compares
the performance of the combination harmonic generation
with the second harmonic generation using single central
frequency excitation. This study also develops a three-
dimensional (3D) finite element (FE) model for predicting
the combination harmonic generation due to wave mixing
under the acoustoelastic effect. The findings of this study
help transfer guided wave mixing techniques to practical in-
situ online monitoring.

The paper is organized as follows. The next section first
presents the theoretical background of acoustoelasticity
with the consideration of material nonlinearity. It then
describes the 3D FE model of a tubular structure and the
modelling of the loading effect at both ends. The selection
of excitation frequencies at low frequency range and the
modelling of material nonlinearity are also presented. To
demonstrate the sensitivity of the group velocity change in
response to the applied stress and differences between linear
and nonlinear wave responses, the 3D FE model is used to
generate a series of numerical results. The FE predicted
acoustoelastic effect of wave mixing is then validated by
experimental measurements. The FE simulation and
experimental results are used to investigate the
acoustoelastic effect on the combinational harmonic and
second harmonic generation under different levels of
applied stresses. Finally, conclusions are drawn.
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3. Nonlinear guided waves under acoustoelastic
effect

The theory of generation of second harmonic and
combinational harmonic in structures under pre-stressed
condition are described in this section. The concept of finite
deformation in a structure with weak nonlinear elasticity is
used and it is based on continuum mechanics.

3.1 Acoustoelastic effect

Acoustoelastic effect is a nonlinear effect of constitutive
relation between mechanical stress and finite strain in an
elastic material. The superimposition of incremental
motions of a pre-stressed solid on a finite homogeneous
deformation can be expressed by a set of governing
equations (Ogden 2007). Considering a hyperelastic
material in an isotropic medium and defining a, as free-
of-stress configuration (reference) and «a, stressed
configuration (current), the Cartesian coordinates X and x
are the respective material points at the initial stage and
finial stage, respectively. The deformation gradient from «,
to a. can be expressed by F = Gradx (Shams ez al.
2011). The strain energy function W can be related to F via
the principal invariants of the right Cauchy-Green
deformation tensor C = FTF. The symmetric Cauchy stress
tensors can be defined as

3
a1;
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where [;,i € {1,2,3} are the principal invariants of C and
u(x,t) is the displacement of material point x. J! is the
Jacobian determinant, which equals to det(F). The
incremental governing equation in a pre-stressed structure is
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where p is the mass density of the material in «,. Aopiq].

is the Eulerian elasticity tensor in the fourth order, where i,
j, p,and q (= 1,2,3) represent the Cartesian coordinates.

3.2 Weak material nonlinearity

Material nonlinearity due to the change of
microstructures can be used to detect material
imperfections. The third-order strain energy function for
nonlinear guided waves is defined based on the study of
Murnaghan (1937). The nonlinear strain energy function W
can be expressed in a power series

1
W= E(/l + 2w)i? — 2miqi, — 2pui,
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where /[, m and »n are the third order elastic constants; A and
u are the Lamé elastic coefficients. i; =trE, i, =

%[(tTE)Z—tT(E)Z] and i; = detE are the principal

invariants of the Green-Lagrange strain tensor E, which is
composed of the Cauchy-Green deformation tensor and the

identity tensor E = %(C =1I).

4. Three-dimensional finite element simulation

In this study, a commercial FE software ABAQUS was
used to model the wave propagation in a Im long
aluminium tube. The material properties of the aluminium
tube are shown in Table 1. The tube has a hollow cross-
section with inner radius of 9.5 mm and wall thickness of 3
mm. In ABAQUS the aluminium tube was modelled using
C3DS8R elements, which is a solid element having three
translational degrees-of-freedom at each node. The explicit
integration approach was used to solve the dynamic
simulation (Yang et al. 2018). The mesh size was
approximately 0.6 mm % 0.6 mm X 0.6 mm, which ensures
the simulation accuracy by having more than 20 nodes exist
for the shortest wavelength of the waves considered in this
study and five layers of elements across the wall thickness
of the tube (Smith 2009). To generate the torsional guided
waves, tangential force was applied to eight nodes in
circumferential direction, and these nodes were evenly
distributed at the circumference of the left end of the tube.

4.1 Frequency selection of torsional guided wave
mixing

To avoid the generation of higher order wave modes
(Lovstad and Cawley 2011), the low frequency excitation is
used in this study. The wave mixing frequencies are f; = 70
kHz and f, = 110 kHz, which were determined by
experimental study to ensure the excited wave signal has
large enough amplitude and the harmonic generated due to
material nonlinearity in wave mixing is experimentally
measurable. In this study, two narrow-band sinusoidal tone
burst pulses at f; with 15 cycles and £, with 10 cycles were
first modulated by Hann window individually. They were
then added together without time delay to form a combined
excitation signal for the wave mixing. Although this
frequency combination does not satisfy with the phase
matching condition of cumulative effect, this is not the
focus in the current study. Since torsional waves do not
generate second harmonics torsional waves, the current
study focuses on harmonics generation due to the coupling
from the fundamental mode of torsional wave T(0,1) to the
longitudinal waves. In addition to second harmonic of the
individual excitation frequencies, 2f; and 2/;, combinational

Table 1 Material properties of aluminum used in the FE

simulation
Density (kg/m®) p 2700
Lamé constants A 56.68
(GPa) U 27.13
/ -277.74
Third order elastic constant
m -351.7
(GPa)
n -573.94
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harmonics at sum and difference frequencies (i.e., f2 + f1)
were also induced due to material nonlinearity.

4.2 Finite element modelling of material
nonlinearity

The generation of harmonics from torsional guided
wave mixing, second harmonics and combinational
harmonics are simulated using the constitutive model
described in the theoretical section. In this study,
ABAQUS/Explicit was used to simulate the wave mixing. A
material subroutine VUMAT was implemented to simulate
the effect of material nonlinearity. The stress 6 used in
ABAQUS subroutine is the Cauchy stress tensor in the
basis of Green-Naghdi rate and defined as

6 =RToR (4)

where tensor R is an orthogonal tensor. The Cauchy stress
can be written in terms of second Piola-Kirchhoff stress and
the deformation gradient as

6=]"u—=u" (5)

where U is the right stretch tensor for local stretching at the
position of the material particle in the stress-free reference
configuration.

4.3 Pre-loading for simulating pre-stressed
condition

To study the acoustoelastic effect in the 3D FE
simulation, the quasi-static loading was applied to slowly
pre-stress the tubular structure. The quasi-static loading
curve as shown in Fig. 1 was gradually increased to
minimize the influence on wave generation due to transient
effect (Mohabuth et al. 2016). In the study, a two-stage
approach was used. In Stage 1, the duration of the
simulations is 13 ms, in which tensile pressure was first
applied on the surface at the two ends of the tubular
structure until it reaches a steady state. The tensile pressure
is indicated by red arrows in Fig. 2(a). In Stage 2, the mixed
T(0,1) wave (f1 and f>) was excited at the end of the tubular
structure. The yellow arrows shown in Fig. 2(b) indicate the
excitation location and direction of the applied loads for
generating the incident T(0,1) wave.

Magnitude (A.U)
o S 2 =
£ (=) -] — (5]

o
o
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Fig. 1 Quasi-static loading curve for simulating pre-stressed
condition

In the FE simulation, the nodes in tangential and
longitudinal velocities at 450 mm away from the excitation
location were calculated. Different magnitudes of stresses
from 0 MPa to 80 MPa in steps of 20 MPa were considered
in this study to have a better understanding of the stress
effect on wave propagation in tubular structures. In the
simulation, the stress-strain condition is below elastic limit
in all five cases.

Pressure acted
on the cross
sectional area

Y~ Point loads applied at
L 4 K the edge in T direction

Measurement point at 450
mm away from excitation

Fig. 2 Schematic diagram of the two-stage approach:
a) applied tensile pressure at both ends of the
tubular structure in Stage 1; and b) excitation for
generating torsional wave in Stage 2
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Fig. 3 FE simulated wave propagation at stress-free and 20
MPa in torsional direction and longitudinal direction
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4.4 Change of group velocity in pre-stressed
tubular structure

The group velocity of guided wave is the velocity with
the overall envelope shape propagate through the medium.
The change of group velocity can be used as an indicator of
the pre-stress level in structures. In this study, a comparison
of wave velocity measured in torsional and longitudinal
directions under stress-free and pre-stressed states at 20
MPa is shown in Fig. 3. A shift is observed at the peaks in
both torsional and longitudinal directions when a tensile
pressure of 20 MPa is applied at the end of the tubular
structure. The results of the reference FE simulations using
linear material properties is shown in Fig. 4, in which the
peak of the guided wave signal is not shifted for the tubular
structure under stress-free and pre-stressed state. It should
be noted that the time domain signal in longitudinal
direction has distortion in the nonlinear response as shown
in Figs. 3(b) and 3(d). But this is not visible in linear
response as shown in Figs. 4(b) and 4(d). Similar
phenomenon of the distorted response was found in (Shan
et al. 2019). It is believed that material nonlinearity
associated with self-interaction is possibly the cause of the
distortion. The primary harmonics at fi and f, in the
longitudinal motion are also generated due to the non-planar
wavefront generated by finite width excitation points (Deng
et al. 2017). The magnitude of the longitudinal motion for
nonlinear signal induced by the material nonlinearity is
approximately ten times larger than that for linear signal.

Fig 5 shows a further analysis of the acoustoelastic
effect in tubular structures. As the nonlinear material
behavior with acoustoelastic effect distributes along the
tube, the group velocities are obtained by averaging the
velocities calculated at five consecutive measurement
points. The results show that both torsional and longitudinal
waves at frequencies f; (Fig. 5(a)) and £, (Fig. 5(b)) have
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Fig. 4 FE simulated wave propagation at stress-free and 20
MPa in torsional direction and longitudinal direction
ata) & b) f1 and c) & d) /> with linear material
properties

a similar decreasing trend in the group velocity changes for
the five levels of stresses considered in this study. But the
group velocity changes of the torsional and longitudinal
waves are different. The results confirm that the group
velocity change due to acoustoelastic effect is not
significant.

4.5 Comparison of linear and nonlinear guided
waves

Time-frequency spectra of the simulated signals using
Short Time Fourier Transform (STFT) is shown in Fig. 6. A
mixed frequency signal (f; and f,) was used as the excitation
and the tubular structure was subjected to a tensile pressure
of 20 MPa to study the linear and nonlinear guided wave
signals. Fig. 6(d) shows the nonlinear wave induced due to
microstructural changes in a material. From the results it
shows that the harmonics, such as second harmonics (2f;
and 2f;), and combinational harmonics at sum and
difference frequencies (f,+fi and f-f1), are observed in the
nonlinear longitudinal wave signals. But only the primary
wave modes (fi and f;) are observed in the linear signals.
The results shown in Fig. 6 are similar to the results from
the findings from the previous study (Yeung and Ng 2020).
There is no other harmonics in the linear torsional wave as
shown in Fig. 6(a) and 6(c)) with or without the use of
nonlinear strain energy function, and only the fundamental
frequencies at f; and f, are observed. Fig. 6(d) shows that
the generation of second and combinational harmonics at
frequencies 2fi, 2f, fo+fi and f>-fi are observed in the
longitudinal direction due to the shear coupling
phenomenon and the material nonlinearity. Furthermore, the
time-frequency representation (TFR) dispersion curve for
the first two longitudinal modes L(0,1) and L(0,2) and first
torsional mode T(0,1) were also depicts together with time-
frequency spectra in Fig. 6(d). It is observed that the
combinational harmonic at sum frequency is longitudinal
wave mode L(0,2) while the second harmonic frequency at
2f1 is the longitudinal wave mode L(0,1).

In the numerical simulation of guided wave mixing in
tubular structures, it allows separating the time-domain
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|
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Fig. 5 Change of group velocity due to different levels of
pre-stress at frequencies (a) f; and (b) f2
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Fig. 6 Time-frequency spectra of (a) linear torsional;
(b) linear longitudinal; (¢) nonlinear torsional,
and (d) nonlinear longitudinal waves

signal into torsional and longitudinal directions to gain
better understanding in the generation of combinational
harmonics. Fig. 7 is the frequency spectra of the time-
domain signals obtained by Fast Fourier Transform (FFT),
in which Fig. 7(a) is the signal in the torsional direction
while Fig. 7(b) is in the longitudinal direction. The
frequencies of excitation, second harmonics and
combinational harmonics are indicated by vertical dotted
lines. The red dash-dot line is presented in Fig. 7(b). It
represents linear guided wave signal, which only has peaks
at excitation frequencies f; and f,. The blue dashed line
indicates the nonlinear guided wave response and it has the
second harmonics (2f; and 2f>) and combinational
harmonics (f>-fi and fo+f1). It should be noted that the
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Fig. 7 FE simulated frequency-domain signals at the mixed
frequency (f1 and f>) subjected to 20MPa tensile
stress in (a) torsional; and (b) longitudinal direction

generation of fi and f> components in the longitudinal
direction is due to non-planar wavefront generated by finite
width excitation points (Deng et al. 2017).

5. Experimental validation
5.1 Experimental setup

The specimen used in the experiment is a 1 m long
aluminium tube and it has the same dimension as the FE
model described in Section 4. To generate the wave, four 6
mm X 6 mm X | mm piezoceramic shear transducers were
bonded on the surface of the tube using conductive epoxy
adhesive. Although there is a small gap between both ends
of the transducer and the curved pipe surface, the gap is
relatively small given the length of the transducer is small,
and the gap was filled by the conductive epoxy adhesive.
Fig. 8 shows a schematic diagram of the experimental
setup. The tube was attached to the MTS load testing
machine (Model 45) and the pre-stressed loading was
applied before the wave signal collection. A mixed
frequency signal at f; and f> with the same number of cycles
as in the FE simulations was first created by a computer-
controlled function generator (NI PIX-5412). The use of the
low frequency excitation is to prevent the generation of
high-order wave modes. The signal was amplified by
KROHN-HITE 7500 before it was sent to the actuator. The
guided wave signal was measured by the other shear
transducer, but it was rotated so that the polarization
direction of the receiving shear transducer is perpendicular
to the actuation direction of the shear transducer. This
maximizes the measurement in the longitudinal direction.
The location of the receiving shear transducer was located
450 mm away from the excitation location. The received
signals were digitized by NI PIXe-5105. The signals were
averaged 500 times and sampling rate is 100 MHz.

MTS with a tubular
structure being tested

Computer

Data Acquisition

Power Amplifier

Fig. 8 Experimental setup for guided wave mixing with
acoustoelastic effect
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Fig. 9 Comparison of time-domain signals between FE
(top) and experiment (bottom)

5.2 Validation of harmonics generation

The mixed frequency signals in both torsional and
longitudinal directions were measured by the transducer.
Furthermore, for better comparison of time-domain results
at a notionally common scale, both experimental and FE
data were normalized through divided by the maximum
value of their own group. Hence, the maximum data points
should be one and other points were scaled equally. Fig. 9
shows the normalized experimental data (blue line) and the
FE simulated result (red line). The wave signals in the FE
model and the experiment have the same arrival time.

Fig. 10 compares the signals between the experimentally
measured data and the FE simulated data. The data was
transferred to time-frequency domain by STFT and
extracted at the combinational harmonics at sum and
difference frequencies (fi-f> and fi+f2), and second harmonic
frequencies (2f; and 2f;). The experimentally measured and
FE simulated signals have a consistent decreasing trend,
and the amplitude of the sum of combinational harmonic f;
+ f2is larger than other harmonics. The results in the figure
show a good agreement between FE simulated and
experimentally measured data.

Fig. 11 compares the second harmonic frequencies at 2f;
and 2f; for mixed and single frequency excitation signal in
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Fig. 10 Comparison of experimentally measured and FE
simulated data extracted at the combinational
harmonics at sum and difference frequencies (fi—
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Fig. 11 FE simulated data extracted at second
harmonic frequency for excitation signal using
mixed frequency and single frequency

longitudinal direction. They are the FE simulated results
and extracted at the second harmonic frequency using
STFT. It should be noted that the signals of mixed
frequency have larger amplitude than that of single
frequency excitation signals.

6. Application of combinational and second
harmonic of wave mixing for stress monitoring

The acoustoelastic effect on guided wave mixing in
tubular structures has been validated in the experimental
validation section. As shown in Section 5, second and
combinational harmonics can only be induced in the
longitudinal direction. This section investigates the
feasibility of using of combinational harmonic and second
harmonic of wave mixing on monitoring the stress in
tubular structures, and exams the performance of these
harmonic for stress monitoring. To monitor the stress in
tubular structures, nonlinear parameters Biompmix and
Binamix are defined to quantify the generation of
combinational and second harmonics in guided wave
mixing (Croxford et al. 2009). The nonlinear parameters are
defined as

A
’ fitf
:Bcomb,mix = AfllAf: (6)
I AZ. i
ﬁan,mix = Az o (7)
1,mix

where Af vp . Af . A, Azmix and App, are the
amplitude of the combinational harmonics at sum and
difference  frequencies, the amplitude of primary
frequencies at f; and f>, the amplitude of second harmonics
and the corresponding amplitude of the fundamental
harmonic, respectively.

The experimentally measured and FE simulated results
of the harmonics under different magnitudes of tensile
stresses are shown in Fig. 12. The nonlinear parameters of
FE simulation were normalized by dividing the nonlinear
parameter of sum frequency (f; + f;) at 0 MPa. The
experimental nonlinear parameters were normalized in the
same way. Good agreement is obtained in the trend of the
experimentally measured and FE simulated results. The
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Fig. 12 Nonlinear parameters of responses in longitudinal
direction with different levels of stress

results show that the combinational harmonic at sum
frequency has the largest value for all stress levels. The
amplitude of the sum frequency increases from stress-free
state to pre-stressed state at 80 MPa in a step of 20 MPa.
Meanwhile, the amplitude at 2f; slightly decreases and the
amplitudes at 2f; and f,— fi remain constant from 0 MPa to
80 MPa. The results confirmed that the sum frequency
component belongs to L(0,2) mode of wave as shown in
Fig. 6(d), which is based on the traveling time of the wave
at sum frequency. The dominance of this frequency
component can be explained by the modeshape of L(0,2) as
it has a larger magnitude than L(0,1). Also, L(0,1), and
L(0,2) waves have similar arrival time. The results show
that the combinational harmonic at sum frequency is more
sensitive to the acoustoelastic effect, especially when the
tube is subjected stresses.

Fig. 13 presents the other numerical and experimental
study that compares the combinational harmonic at sum
frequency in wave mixing approach and the second
harmonic using single frequency excitation signal. The
single frequency excitation is one of the primary
frequencies at f> used in this study, and they are the same
for the five pre-stressed cases. This study aims at observing
the trend of the nonlinear parameters between the mixed
frequency and single frequency excitation signal. A
nonlinear parameter f;,qsingie for single frequency is
defined as (Croxford et al. 2009)

AZ single
ﬁénd,single = Az (8)
1

where A; and Ajing. are the magnitude of the incident
frequency and the corresponding second harmonic,
respectively.

Fig. 13 compares the frequency response of FE
simulation and experiments at f; + f, induced by guided
wave mixing with the frequency response at 2f; induced by
the single frequency. The combinational harmonic at sum
frequency (i.e., fi + f>) shows an ascending trend and the
magnitude is larger than the second harmonic using single
frequency excitation. For the case of the single frequency
excitation of the FE simulation, the nonlinear parameter
(Bana,singte) of second harmonic (2f;) is purely generated
from the single frequency excitation due to the material
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Fig. 13 Nonlinear parameters of the combinational
harmonic at sum frequency using wave mixing and
second harmonic using single frequency excitation

nonlinearity and has an increasing trend. For the FE wave
mixing case, the magnitude of the combinational harmonic
at sum frequency (Bzompmix) also has an increasing trend
and the amplitude is approximately ten times larger than the
amplitude of the second harmonic generated from single
frequency excitation. Additionally, in the experimental
results, the nonlinear parameters (Biompmix) at various
stress states are generally three times larger compared to the
nonlinear parameter (83,4 single)- This indicates that the
combinational harmonic is easier to be measured reliably so
it is a better option for monitoring the stress level of tubular
structures in real applications.

7. Conclusions

This study has investigated the acoustoelastic effect on
torsional guided wave mixing and demonstrated the use of
combinational harmonic at sum frequency to monitor the
stress in tubular structures. The study has focused on
understanding and quantifying the acoustoelastic effect on
the combinational harmonic generation due to material
nonlinearity. 3D FE simulations and experiments
considered different level of stresses applied on the tubular
structures have been carried. The 3D FE model has used the
nonlinear strain energy function to consider the material
nonlinearity and the acoustoelastic effect of the guided
wave mixing. The 3D FE model has been validated by the
experiment data in predicting the combinational harmonic
and second harmonic generation due to wave mixing and
subjected to acoustoelastic effect. Good agreement between
FE and experimental data has been observed.

This study has also presented a series of case studies
numerically and experimentally to investigate the
acoustoelastic effect on the combinational harmonic and
second harmonic generated from wave mixing. The results
have shown that the magnitude of the generated
combinational harmonic at sum frequency has greater
amplitude and better sensitive to the acoustoelastic effect
compared to the combinational harmonic at difference
frequency and second harmonics. The results have shown
that the combinational harmonic at sum frequency is a
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better choice for monitoring the stress of tubular structures.
The study has also compared the generation of
combinational harmonic at sum frequency using wave
mixing with second harmonic using single excitation
frequency. The results show that the combinational
harmonic at sum frequency using wave mixing has much
greater magnitude compared to the second harmonic using
single frequency, which is expected to have better
performance for monitoring the stress in tubular structures.

The findings of this study not only improve the
understanding of the influence of stress on nonlinear
measurements, but also support the application of wave
mixing in in-situ online monitoring of structures. It is
important to understand the acoustoelastic effect of
nonlinear guided wave mixing because structures are
usually subjected to different loading under operational
condition. Therefore, the findings of this study have ensured
the nonlinear guided wave mixing approach can be used
reliably and accurately in the in-situ online monitoring of
tubular structures.
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