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Abstract: Guided ultrasonic wave propagation characteristics in the axisymmetric prestressed
viscoelastic waveguide for acoustic emission monitoring using the semi-analytical finite element
(SAFE) method is studied broadly. For the numerical investigation, a single high strength steel wire
is considered. The SAFE method for an axisymmetric cross-section in cylindrical-coordinates is
utilized to analyze the two main influencing factors of steel wire in a practical scenario, namely,
material damping and initial tension. For pre-stress effect, the calculation shows that the initial
tensile stress can increase and decrease the energy velocity and attenuation factor of most modal
waves above the cut-off frequency, which is linear.
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1. Introduction

Guided ultrasonic wave propagation technique has attracted significantly worldwide, as it
provides researchers, engineers, and infrastructure owners a more reliable way to monitor structural
conditions for preventing failure [1]. An effective numerical method for analyzing the properties of
waveguide media is the semi-analytical finite element (SAFE) method. Many researchers have
studied the axial loading on undamped and damped waveguide medium. The method can be
implemented to any arbitrary cross-section and axisymmetric structures, as it includes solid rod [2,3],
plate structures [4], hollow cylinders [5], rails) [6], and composite laminate sections [7]. In this aspect,
Chen and Wilcox [8] used a particular finite element calculation strategy to study the circular cross-
section and rail section, while Loveday [9] used a general SAFE method to examine them. However,
the two only consider the material to be ideal elasticity and do not consider the material damping
factor. A similar study is carried out by Mazzotti et al. [10], calculated the non-uniform stress field
distribution on the cross-section of rail and circular pipes, and also considered the material damping
factor. For waveguide media with axisymmetric cross-sections, such as a cylindrical waveguide, the
calculation efficiency and accuracy of the general semi-analytic method are not very high. The reason
is that the general semi-analytic method uses a two-dimensional (2D) difference function N (x, y) to
describe the deformation of each point in the unit. However, for an axisymmetric section, the
displacement field, which satisfies the Pochhammer-Chree frequency equation, must be a radial
function, U (r). For the specific problem, directly introducing the trigonometric function cos (1n6) (or
sin (n0)) into the interpolation function will further improve the calculation accuracy and efficiency.
Moreover, different displacement fields can be used to analyze the longitudinal, bending, and torsion
wave modes, which are ignored by the general method. Henceforth, it is convenient to use a
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cylindrical coordinate system for axisymmetric sections. In the present work, to study the guided
ultrasonic wave characteristics, including the effect of initial stress and structural damping, the
axisymmetric SAFE method is utilized. The dispersion characteristics of a damped waveguide,
namely, the wavenumber-frequency curve, energy velocity curve, and attenuation factor curve, are
studied for the influence of the varying initial tensile stresses.

2. Mathematical framework for SAFE method

The mathematical framework for an infinitely long, axisymmetric waveguide immersed in a
vacuum is represented using the semi-analytical method. The method follows a cylindrical
coordinate system with the cross-section laying in the r - z plane, as shown in Figure 1. The SAFE
model represents fluctuation along the wave propagation axis z with wavenumber (k), and frequency
(). As the trigonometric function component is introduced in advance in the interpolation function,
the displacement interpolation is performed only in the radial direction of the section. In this case,
the element form is reduced from 2D to 1D, and the quadratic element has three nodes, as shown in
Figure 1.

Figure 1. Representation of the SAFE model and its nodal degree of freedom.

The displacement field function in the finite element format can be written as,

o,
u'=[N,(r,0) N,(r,0) N;(r,0)]|U," |exp(ikz—iat) 1)
3.
where the interpolation function matrix N, (I,0) is,
N, (r)cos(né)
Ny (r,0) = N,, (r)sin(no) )

iN,, (r)cos(ng)

For time-harmonic wave € ", a linear viscoelastic material model can be simulated by including
the imaginary component in the material stiffness matrix [6],

D=D'-iD" ®)

where D' contains the energy storage modulus and D" consists of the energy dissipation
modulus. In the hysteresis model, the imaginary part of the stiffness matrix is independent of
frequency f,

D, =D, -iD, @)
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Where D, is the elastic stiffness tensor and D, is the viscous tensor. For the high-strength steel

strands, the hysteresis model is usually used for simulation analysis. In Equation (4), the material
stiffness matrix has 21 independent variables as a general form, which can simulate non-isotropic
materials. The energy velocity and attenuation factor are more reasonable indicators of the wave
characteristics of a damped waveguide medium. The energy velocity is defined as the counterpart of
the group velocity in a purely elastic material and represents the energy propagation velocity in the
waveguide medium. The attenuation factor represents the attenuation of each modal wave with the
propagation distance. The energy velocity and attenuation characteristics are obtained by further
extracting the data in the K —@ curve for analysis. If the material of the waveguide medium is
considered to be viscoelastic, then change the material stiffness matrix to the corresponding complex
stiffness matrix. For high-strength steel wire, attenuation factors of longitudinal body wave,
k,=0.003Np/ A and transverse body wave, &;=0.008Np/A respectively.

3. Effect of Initial Tensile Stress on Wave Propagation Characteristics

In this paper, high-strength steel wire with a diameter of 5 mm is considered for numerical
investigations, and the material characteristics are tabulated in Table 1. The friction between the steel
wires and the secondary stress caused by temperature and other factors have a strong practical
significance to study the influence of stress on the wave propagation characteristics.

Table 1. Material characteristics of high strength steel wire.

Young's Density, . , Diameter, Longitudinal wave Shear wave
Poisson’s . .
Modulus, E p ration. v d velocity, Ct velocity, Cs
(MPa) (kg/m?) ’ (mm) (m/s) (m/s)
2x10° 7850 0.3 5 5856.4 31304

The virtual work equations need to be established under two equilibrium states to consider the
initial stress effect caused due to fluctuations in the elastic body. The first equilibrium state is that a
single wire is subjected to axial tension to achieve static balance, and the corresponding static virtual
work equation is,

fv 0, o,dV = le su,' PaV )

where o, represents the initial stress field, which is caused by the axial tensile force, P represents
the applied load field, precisely the axial force in this case study. Moreover, dg, and OU, represent

the virtual displacement and virtual strain, respectively, and they should satisfy the boundary
conditions of displacement. The second equilibrium state is the dynamic balance of the guided wave
as it propagates through the wire. At this time, the virtual work equation considers not only the
inertial force factor but also the contribution of the initial stress field. The virtual work equation is as
follows,

[ 0B, (o+0,)dV +[ 6u, (pii)dV = su,"Pdv ©)

where o represents the stress field generated by guided wave propagation; JE, and Ju,
represents the virtual strain and virtual displacement, respectively, where J&F, is the complete form
of virtual strain, which is & (82 +e2). Figure 2 shows the two equilibrium states for establishing the

virtual work equation. Therefore, the virtual work term in the axial initial stress field can be
transformed into,

jvj sef agdv =507 | Kk*(NT'N )ogdvU’ @

i
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Figure 2. The equilibrium state of the virtual work.

Finally, the semi-analytical frequency equation containing the initial stress matrix has [10],
2 2 —
[ K +KK, +K* (K, +Ky)-’M ] U=0 ®)
where K, is the overall initial stress matrix. It can be seen that K is the modification of K, matrix.

3.1. Numerical Investigation

In this section, the influence of tensile stress on energy velocity and attenuation is discussed. The
ultimate tensile stress (UTS) of high-strength steel wire used in actual engineering is 1860 MPa, and
the stress on the cable is generally 0.3~0.4 of the UTS. The comparative analysis of initial stress uses
0.0, 0.2, 0.4, 0.6, and 0.8 times the UTS values to explore the effect of stress on wave propagation
characteristics. Since the torsional mode occupies a small part of the AE signal, only the longitudinal
and bending wave modes are considered in this section. Figure 3a,b show the variation curves of

energy velocities, AC, and attenuation, AAtt of L, (O,m) mode with frequency under the four

initial tensile stress conditions.
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Figure 3. Influence of initial tensile stress on energy velocity and attenuation.

High initial tensile stress can increase the stiffness of the system (in this case, increase the
corresponding stiffness of the K, matrix), thereby increasing the energy velocity and reducing the

attenuation. However, this effect only occurs in relatively high-frequency bands, which are generally
higher than the cut-off frequency of each mode. For modes in the low-frequency region that contain
high attenuation factors, even if the attenuation factor decreases with increasing tensile stress, the

amount of energy velocity change may still be negative, such as 0-0.5 MHz in Ly (0,2) mode. The

sharply concave part of the energy change curve or the sharply protruding peak of the attenuation
factor represents the transition area in the energy curve. In this area, the energy velocity rapidly
increases from the frequency axis to a specific maximum value. Fortunately, from a practical point of
view, only those quasi-propagating modal initial tension forces have a clear and reasonable effect on
them, which is worthy of mentioning. From Figure 3, it can be seen that the impact of initial tensile
stress on energy velocity or attenuation is monotonous; i.e., they continue to increase or decrease as
the stress level increases. This trend is still approximately linear because, at each frequency point, the
interval of the target change amount under the four stress levels is the same, but this linear factor
itself changes with frequency.

The primary issue comprised in AE monitoring is the attenuation of the acoustic signals. As it is
carrying less energy, it gets mixed with noise, which in turn causes significant difficulties in
subsequent signal processing steps. The signal caused by friction and collision between the steel wires
will also be continuously introduced into the system during the wave propagation so that the AE
signal may be contaminated. Therefore, the selection of modes applicable to AE monitoring should
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follow the two points of low attenuation and small external surface vibration. The only possibility is
longitudinal wave modes as it has simple modal forms and their limited number to bending modes.

4. Conclusions

In this paper, the author presents the development and results of a method to calculate the
characteristics of guided waves in a wire, with the motivation of applications to AE monitoring. The
work includes the possibility of material damping in the waveguide and also of pre-stress. By
considering structural damping, the wavenumber at any point on the curve is complex, and modal
curves are separated in space, which is easy to distinguish. The initial tensile stress can be calculated
and analyzed by the semi-analytical stiffness matrix in the form of a geometric stiffness matrix. In the
practical scenario, there is a considerable initial tensile stress in the steel wire of the bridge cable.
Without considering the effects of other stress fields and other deformation, the 0.2, 0.4, 0.6, and 0.8
times, UTS are analyzed for the effect of initial stress conditions. It can be found that for propagating
waves above the cut-off frequency, the initial tensile stress can slightly increase the energy velocity
and reduce the attenuation factor. This effect is linear at each frequency point, but this law is not
evident for evanescent waves. The longitudinal wave modes considered in the high-frequency region
are suitable for AE monitoring as it has low attenuation factor and relatively small external surface
vibration. The proposed formulation for analyzing the prestress field in the viscoelastic waveguide
showed a possible way for guided wave-based non-destructive evaluation and health monitoring
applications. This study can help to select suitable mode with low attenuation characteristics that
may be useful for monitoring AE events.
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