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Abstract 

In this paper, a FE-based RUS approach is presented to evaluate the embedded elastic cylindrical targets in viscoelastic 

matrix. For this purpose, finite element method is employed to simulate the ultrasonic wave scattering from a cylinder 

embedded in a viscoelastic matrix. Incidence of ultrasonic plane wave from a transmitter and the resulting scattered 

wave field from the embedded cylinder are simulated using commercial software package ABAQUS/Explicit. The 

modified short-pulse MIIR method was employed to calculate the far-field backscattered frequency spectrum, form 

function, of the embedded cylinder and investigate the effects of viscoelasticity of matrix medium. Comparison of the 

FEM results and the reported mathematical results using normal mode expansion method shows a good agreement 

between the obtained FE-based form function and the mathematical results in the range of frequency bandwidth of the 

transducer. It is observed that presence of Rayleigh damping factor for the matrix medium leads to a significant change 

of higher resonance frequencies, specifically at the center frequency of transducer.  
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1- Introduction 

The acoustic wave field scattered from a target provides significant information about its physical and geometric 

characteristics, which can be used for non-destructive testing and characterization. Resonance ultrasonic spectroscopy 

(RUS), which is an outcome of resonance scattering theory (RST), that have used to detect target's resonance, when is 

excited by an ultrasonic broadband transmitter. Although the complexity of the physics of the phenomenon of scattering 

and the behavior of surface and subsurface waves on the target's surface and the corresponding resonance modes, make 

it difficult to use these waves for non-destructive testing and characterization of the material. Previous studies of 

resonance scattering for elastic and viscoelastic matrix that include elastic or viscoelastic cylinders, conducted by Faran 

[1], White [2], Unerall et al. [3], Dragonette [4], Veksler [5] that they focused on  the wave scattering phenomenon from 

elastic targets. Addison and Sinclair developed an analytical model for computing the diffraction spectrum and phase 

diagram of a plane longitudinal wave incident on a long fiber embedded in a solid elastic matrix [6]. Ripoche et al. [7] 

presented the experimental method of isolation and identification of resonances (MIIR), and determined first quasi- line 

frequency spectra of elastic cylindrical targets. De Billy [8] by sending short pulse wave presented new method for 

rapid determination of resonance spectrum (short-pulse MIIR). Beattie et al. [9] performed theoretical and experimental 

studies about short-pulse MIIR on wave backscattering from embedded isotropic steel and copper cylinder in an elastic 

matrix. Sodagar et al. [10] presented an alternative approach for short-pulse MIIR technique to compensate the impulse 

response of the measurement system. Beltzer et al [11] and Brauner et al [12] formulated the wave scattering by 

explicitly combining the matrix's viscoelastic nature. Their theory has been reexamined with a number of modifications, 

and for analyzing the attenuation behavior of longitudinal and transverse ultrasonic waves in carbon-fiber reinforced 

epoxy composites (CFRP) by Biwa et al. [13, 14]. Wave scattering and wave propagation behaviors in viscoelastic 

composites have also been studied by e.g. Kuster and Toksoz [15, 16] and Kligman et al. [17]. Taheri and honarvar [18] 

studied multiple wave scattering by extending normal modes in an elastic cylinder that embedded in viscoelastic matrix. 

In this paper, a FE-based RUS approach is presented to evaluate the embedded elastic cylindrical targets in viscoelastic 

matrix. For this purpose, Finite Element method is employed to simulate the ultrasonic wave scattering from a cylinder 

embedded in a viscoelastic matrix. The modified short-pulse MIIR method was employed to calculate the far-field 

backscattered frequency spectrum, form function, of the embedded cylinder and investigate the effects of 

viscoelasticity. 

 

2- Linear viscoelastic medium, absorption and velocity dispersion 
For a medium with absorption losses, the speed of sound is dispersive in the most general case. A material transfer 

function (MTF) or a viscoelastic medium is [20] 

������ = exp	�������                        (1) 

where a complex wave number or propagation factor γ can be written as a function of angular frequency, ω, for each 

elastic wave mode M (Longitudinal wave mode, M = L, or Shear wave mode, M = S) [20] 

���� = 	−���� + �	����                        (2) 
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���� = 	� ��⁄ +	�����          (3) 

where  

�� is a constant speed of sound for each wave mode and ����� is an excess dispersion term needed to satisfy 

casualty so that for each mode, the overall velocity varies with frequency as  

���� = 	� ����⁄ = [1 ��⁄ + ������
� ]�          (4)

  

 

 

3- Modified short-pulse MIIR method 

The resonance scattering theory (RST) shows when an elastic target excited by an incident acoustic wave, the 

backscattered frequency spectrum of the elastic scatterer is a combination of resonant components and a smooth 

background. The resonant components contain characteristic of elastic target that is studied in resonance acoustic 

spectroscopy (RAS) and in high-frequency ranges it switched to resonance ultrasonic spectroscopy (RUS). In 

backscattering measurement, the first echo of the pulse reflecting corresponds to the specular echo. The subsequent 

echoes are due to resonances which are produced by circumnavigating surface and sub-surface waves on the cylinder 

and generating leaky standing waves. Isolated resonances are obtained by removing the frequency characteristics of the 

measurement system from the backscattered frequency spectrum. In the short-pulse MIIR, the target is excited by a 

broadband pulse wave (Figure 1). Removing the frequency characteristics of the measurement system is carried out by a 

deconvolution technique which uses a reference frequency spectrum that is independent from resonances. For this 

purpose the modified MIIR method is used which proposes using specular echo as reference spectrum instead of using a 

small diameter with high stiffness cylindrical target which is used in MIIR [10]. Far-field normalized backscattered 

frequency spectrum, form function |"#|, of the target is obtained by deconvolving the impulse response of the 

measurement system and plotting the resulting spectrum as a function of the normalized frequency, ka.  
 

 
Figure1: Schematic configuration of the cylindrical target encased in 

viscoelastic matrix  

 
 Therefore, using short-pulse MIIR, form function of a cylindrical target is obtained from the following equation [10]: 

								|"#| = 	 $ %���%&���'	|"′#|                                                                        (5)   

where )��� is the frequency spectrum of the specimen,  )′��� is the frequency spectrum of the specular reflection echo 

and|"′#|	is the numerical form function of a rigid cylinder. In Eq. (5), S(ω) and S'(ω) are experimentally measured and 

is numerically |"′#| calculated from the following equation [10]: 
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where εn is the Neumann factor (εn = 1  for n = 0, and εn = 2 for n > 0), * is the wave number in the viscoelastic matrix, 

a is the radius of the embedded cylinder,  ϕ is the receiving angle and An are constant coefficients obtained from 
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3- Finite element simulation 
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Numerical simulation of the ultrasonic wave scattering from the elastic target embedded in viscoelastic medium is 

carried out using finite element method. The finite element commercial software package ABAQUS is used to simulate 

wave propagation in elastic cylinder and viscoelastic matrix using an explicit dynamic method. Two dimensional 4-

node plane strain elements, CPE4R, are used for finite element modeling. To prevent numerical instability the 

integration time step is limited as [21, 22, 23]:   

      Δ,	 ≤ 	 ./01 23                                                                                                                                            (8) 

where ./01 is the smallest dimension of the elements. Also, for an efficient integration time step, an empirical rule is 10 

points per cycle of the highest frequency [24]. The geometry of the FE-model consists of 5 diameter cylinder embedded 

in 30×60 matrix which is shown in figure 2. Meshing of the finite element model is shown in figure 3.  

 

 
Figure 2: Geometry and dimensions 

 

 
Figure 3: Configuration of the finite element model 

 

The 1 MHz center frequency piezoelectric transducer excitation is simulated by a 2-cycle tone-burst Hanning windowed 

pressure function which is applied on the front surface of the epoxy block [24]. As it can be seen in Figure 4, frequency 

bandwidth of the simulated excitation is 0.5 – 1.5 MHz. The material and acoustic properties of the elastic cylinder and 

viscoelastic matrix are given in Table 1.  

 

Table 1: Material and acoustic properties 

Material 4�GPa� 8�kg/m=� >?	�m s⁄ � >%	�m s⁄ � 
Steel (elastic) 81.25 7800 5890 3230 

Epoxy (viscoelastic) 1.58 – 0.128i 1180 2645 1331 
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Figure 4: (a) Time signal of the 2-cycle excitation pulse, (b) Corresponding frequency spectrum 

 

4- Results and discussion 

In order to verify the FE-based MIIR model, the ultrasonic wave modes scattered from the embedded steel cylinder is 

simulated. The numerical results are compared with the corresponding theoretical and experimental results reported in 

Beattie et al [9] and Fan et al [25]. Propagation of ultrasonic wave before and after collision the embedded cylinder is 

shown in Figure 5. As it can be seen, incidence of longitudinal plane wave to the steel cylinder leads to generation of 

two longitudinal and shear cylindrical scattered wave modes. The backscattered signal received by the receiving 

transducer, shown in Figure 1, consists of a specular echo reflected back from the surface of the cylinder and the echoes 

pertaining to resonance effects that follow the specular reflection. The frequency spectra of specular echo and the 

corresponding specular echo are shown in Figure 6. Using the specular echo and the backscattered frequency spectra in 

Eq. (5), form function of the embedded steel cylinder is obtained and plotted in Figure 7. As it can be seen in Figure 7, 

comparison of the FEM numerical results and the mathematical results using normal mode expansion method reported 

in Ref. [9] shows a good agreement between the obtained FE-based form function and the mathematical results in the 

range of frequency bandwidth of the transducer. 

 

  
Figure 5: Propagation of elastic waves (a) before and (b) after collision to the elastic cylinder 

 

 
Figure 6: Frequency spectrum of steel cylinder, dashed line, for specular reflection and its 

corresponding specular reflection, solid line. 
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Figure 7: Form function of the embedded steel cylinder using FE-based MIIR 

technique (solid line), and mathematical formulation (dashed line) [9, 25] 
 

To investigate the viscoelastic effects of epoxy matrix medium, the propagation and scattering of an ultrasonic 1 MHz 

frequency short pulse are simulated using cylinder and matrix material and acoustic properties given in Table 1 and for 

various Rayleigh damping factors, β, given in Table 2. The scattered waves in viscoelastic matrix are shown in Figure 8 

for β = 	5.465e − 7, 1.186e − 8, 1.038e − 8, 9.228e − 9	and		2.747e − 12. Comparison of the scattered wave field in 

viscoelastic matrix shown in Figures 8b, 8c, 8d, 8e and in elastic matrix shown in Figure 8a shows that attenuation of 

viscoelastic matrix not only weakens the longitudinal and shear scattered wave modes, leads to a relative dispersion in 

the scattered wave modes comparing to the fully elastic behavior of matrix medium. It is also observed that the 

dispersive behaviors due to the Rayleigh damping increases at higher frequencies and higher Rayleigh damping factors. 

The modified short-pulse MIIR method, illustrated in the previous sections, is employed to obtain the far-field 

normalized backscattered frequency spectrum, form function, of the embedded cylinder steel in viscoelastic matrix. In 

Figure 9, the corresponding form functions for matrix damping factors of β = 	5.465e − 7, 1.186e − 8, 1.038e − 8, 

9.228e − 9	and		2.747e − 12 are plotted in the effective frequency bandwidth of the transducer, 0.5 – 1.5 MHz, and 

compared with the case of fully elastic matrix. As it can be seen in Figure 9, presence of damping factor for the matrix 

medium leads to a significant change of higher resonance frequencies, specifically at �= = 	1.038e − 8 which is 

corresponding to " = 1	MHz, however, at the lower resonance frequencies, *R ≤ 7.5, changing in the form function 

profile and the corresponding resonances is negligible.  
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Figure 8: Scattered wave field from the embedded elastic cylinder in (a) elastic matrix (b) � = 	5.465e − 7, (c) �S =

	1.186e − 8, (d) �= = 	1.038e − 8, (e)	�T = 	9.228e − 9, (f)	�U = 	2.747e − 12. 

 
Table 2: Epoxy Rayleigh damping factors at various frequencies 

f (MHz) 0.75 0.875 1 1.125 1.25 

β 5.465e-7 1.1865e-8 1.038e-8 9.228e-9 2.747e-12 

 

 

 

 

 
Figure 9: form function of the steel cylinder embedded in viscoelastic matrix for � = 	5.465e − 7, �S = 	1.186e − 8, 

�= = 	1.038e − 8, �T = 	9.228e − 9	and �U = 	2.747e − 12. 

 

5- Conclusions 

In this paper, a FE-based RUS approach is presented to evaluate an elastic cylinder the embedded in viscoelastic matrix. 

For this purpose, Finite Element method is employed to simulate the ultrasonic wave propagation. The modified short-

pulse MIIR method was employed to calculate the far-field backscattered frequency spectrum, form function, of the 

embedded cylinder and investigate the viscoelasticity effects of an epoxy matrix. FE simulation of the propagation and 

scattering of a 1 MHz frequency ultrasonic short pulse shows that attenuation of viscoelastic matrix not only weakens 

the longitudinal and shear scattered wave modes, leads to a relative dispersion in the scattered wave modes comparing 

to the fully elastic behavior of matrix medium. It was also observed that presence of damping factor for the matrix 

medium leads to a significant change of higher resonance frequencies, specifically at the center frequency of the 

transducer, f = 1 MHz. 
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