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Nondestructive ultrasonic testing in rod structure with a novel
numerical Laplace based wavelet finite element method

Abstract

Rod structure has been widely used in aerospace engineering and civil
engineering. Nondestructive testing is a very important method applied to
detect unseen flaws in structures, ultrasonic wave nondestructive testing
has been used in many areas. Finite Element Method is one of the most
widely used numerical methods but would have a high cost when doing
simulation on ultrasonic wave due to the requirement of small time interval
and element size. Wavelet based finite element method could improve the
spatial resolution with fewer elements needed but still needs very small
time interval. Laplace transform could easily convert the time domain into
frequency and then inverse to time domain. This paper presents an
innovative method combining Laplace transform and B-spline wavelet on
interval (BSWI) finite element method, which could not only decrease the
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element number but also increase the time integration interval. Moreover,
this innovative method is applied to simulate the ultrasonic wave
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1 INTRODUCTION

During the long time service, structure’s performance may go through being weakened slowly, it also may
suffer damages or even being destroyed under serious nature disasters. Thus structure design and nondestructive
testing has caught a lot of attention in Aerospace, Mechanical structures and civil engineering, like Zhang et al.
(2017b, 2017c), Chen et al. (2015, 2017a, 2017b, 2018), Royston et al. (2011). Structure design is the first step to
avoid disaster of happening, and nondestructive testing would help the structure to work safely like Hu and Pratt
(2010) and Hu et al. (2016), Park (2015) and Park et al. (2017). Moreover, both experimental and numerical
methods have been applied for nondestructive testing, including vibration-based damage detection approaches,
like Yam et al. (2003) and Chen et al. (2007), but these methods could not be used for small damages. As more and
more engineering problems could be solved and simulated on computer with numerical methods like Hu (2017),
Hu et al. (2015), Zhang et al. (2017a), numerical simulation of ultrasonic wave propagation has been studied for a
long time. Machine learning has been a hot topic in recent years and has also been used in engineering problems
like Liu et al. (2018a, 2018b) and non-destructive testing researches, like Li et al. (2018), Nondestructive testing of
small damage is very challenging since it requires very high-frequency excitation guided wave signal. A large
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amount of numerical methods have been developed for elastic wave propagation simulation in structures, such as
finite element method (FEM) applied by Marfurt (1984) and Moser et al. (1999), finite difference method (FDM)
applied by Saenger et al. (2000) and Dai et al. (1995), the spectral element method (SEM) applied by Doyle (1989)
and Kudela et al. (2007), boundary element method (BEM) used by Rose (2003) and so on. Obviously, the mesh
size and temporal interval could not only determine the accuracy of numerical simulation results, especially due to
its high frequency property but also could determine the running time of numerical simulation time. Thus, a good
numerical simulation method could not only get accurate results but also could be time efficient.

A lot of numerical models have been developed for numerical simulation of wave propagation in rod
structures, like Harari and Turkel (1995), Seemann (1996) and so on. Finite element method is one of the most
widely used one and has been applied in simulation of ultrasonic wave propagation by many researchers like Tang
and Yu (2017) and Tang et al. (2018), but FEM is mesh dependent to get a accurate enough result, Chen et al.
(2012) proposed that at least 10 nodes per wavelength are required to get an accurate simulation results based on
the “rule of thumb”. Hence the element size must be very small especially when the frequency of ultrasonic wave is
very high. Wavelet finite element method is a relatively new numerical simulation method developed in recent
years. Wavelet based finite element method (WFEM) applied by Ma et al. (2003) and Xiang et al. (2007, 2013) is
one of the most commonly used method to overcome the shortage of small element size. It should be noticed that
there are two kinds of methods are developed based on wavelet transform, the other one method developed by
Mitra and Gopalakrishnan (2005) is in frequency domain. This is because wavelet is a good tool for both time and
frequency analysis. The B-splined wavelet finite element models used by Chen et al. (2012) should be the most
popular ones used by researchers for ultrasonic guided wave propagation in structures. The strongest advantage
of time domain WFEM is that only very few elements are needed for accurate analysis. However, the time interval
is still required to be very small to find desired solutions, so the cost for calculation is still high.

Another option to solve these problems is to solve the dynamic problems in frequency domain and then
convert the solution back to time domain for visualization. FFT based spectral element method is such a method
that transforms the governing PDES to a set of ODEs with constant coefficients. Most importantly, usually one single
element is sufficient to handle a whole rod structure of any length under the case that there is no discontinuity, so
the time cost is much more efficient than traditional FEM. However, due to the assumption of the periodic nature
of FFT, FFT based SEM is only applied to solve problems of infinite or semi-finite structures. Igawa et al. (1999)
proposed to apply Laplace transform to replace FFT to overcome such problems.

In this paper, a novel method that combines Laplace transform with B-splined WFEM is proposed to simulate
the wave propagation in bar structures. This novel Laplace based wavelet finite element method (LWFEM) will
combine the advantages of WFEM and Laplace transform, which not only has high spatial resolution with fewer
mesh as well as could avoid the periodic assumption of FFT. LWFEM would combine the strength of WFEM which
would build a high accurate finite element model with the strength of Laplace transform which will transform the
time domain to frequency domain for faster calculation. In such a way LWFEM could be applied in wave propagation
as well ultrasonic damage detection with high accuracy and small calculation cost. Numerical simulation of ultrasonic
wave propagation in rod structure will be carried out, also the results are compared with other different methods
such as traditional FEM, WFEM, SEM. Besides, numerical simulation of damage detection in rod structures will be
applied with this novel method.

2. Guided wave propagation in rod and Laplace based WFEM in rod structure

2.1 Ultrasonic guided wave (UGW) propagation and dispersion curves in rod

The governing equations for ultrasonic wave propagation in isotropic structure is shown below based on
Navier equations:

o’u, 00
p—=(A+u)—+uVu, +pf,
ot OX,
1)
Ou, Ou, Ou, : . : :
where 9 = —L+—2 4+ "3 p is the density of the structure, A, 1 are Lame constants, fis body force, u is the
Ox, Ox, Ox,
displacement.

There are usually three different modes in cylindrical waveguides, namely, longitudinal modes, torsion modes,
and flexural modes. The longitudinal modes have two types of displacement (radial and axial displacement) that
propagate in the rod structure.
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Dispersion curves are usually used to depict the relationships between frequency and eigenvalue, as well as

phase velocity and group velocity. The relationship between wave velocity and frequency is usually depicted by
Pochhammer frequency equation, which is shown in equation (2):

27“([;2 +k2)J, (aa)J, (Ba)~ (> ~k*)J, (aa)J, (Ba) - 46 B, (fa) =0

(2)
2_w2 2_w2 ) k—zﬂ—l
o =5 f =k, = =
c c . A c, . J. . c, .
Where L r w is frequency, ? isthe wave number, ¥ isthe Bessel function. "~ is

longitudinal guided wave velocity, T is transverse guided wave velocity, b isthe phase velocity, A isthe length
of guided waves, a is the radius of the rod.

Selecting the appropriate excitation frequency based on the dispersion curves of UGW in rod structure could
help excite the ideal UGW mode, so the dispersion curve is really important. A typical dispersion curve for a steel

rebar is shown in figure 1 shown in Li et al (2014). The specific procedure of plotting the dispersion curves could
be found in Li et al (2014).
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Figure 1 Dispersion curves of group velocity.

2.2 B-spline wavelet on interval finite element formulation

B-spline wavelet function is built with piecewise polynomial by joining different knots together on the interval.
In order to have at least one inner wavelet on the interval [0 1], for any picked scale j the dimension of the mth
order B-spline scaling function must satisfy the following equation:

2/ >2m—1 (3)

Wavelet transform would have two corresponding functions, one of which is mother wavelet function (also
called wavelet function), and the other is father wavelet function (also called scaling function). 0 scale mth order
B-spline scaling function and wavelet function are developed by Goswami et al. (1995). The 0 scale 2nd order scaling
functions (=0, m=2) could be expressed as following,

@zl(g):{l—f,cfe[o,l]

0, else

4
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4 E[O,l]

1-¢,
a),(6)=12-¢, £€]1,2]
0,

else
)
Then all the scaling function (Df'n'k (&) could be derived by the following equations:
@inyk(Zj_lf), k=-m+1,--,-1 (0 boundary scaling functions)
@Zn,k(f) = (Z)in'z,-_m_k(l —2/7¢),k =2/ —m—1,-,2/ — =1 (1 boundary scaling functions) (6)
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Figure 2 The plots of eleven BSWI4,3 scaling functions @”’1 k (f ) (k

In this paper, the 4 scale 31 order scaling functions are selected to build the B-spline wavelet on interval finite
element, also shown in Shen et al. (2017), and the function plots are shown in Fig. 2.

For one dimensional classical rod structure, by transforming any subdomain [a,b] to basic BSWI wavelet
subdomain [0 1], where the basic rod element is shown below,

L=1

Node Number: 1 2 3 4 5 6 7 8 9 10 11

DOFs Number: u, u, i u, i u, * Us i ug — i U i U, i Uy, d u,, >

Coordinate value: 0 L 2 3 4 R Ll Tz 8 — °
10 10 10 10 10 10 10 10 10

Figure 3 The basic BSWI43 rod element

The displacement as a function of scaling function and wavelet coefficients could be expressed as,

2/ -1
u(‘f) = Z @i i (5) =®a*
k=—m+1 (7)
Where ®= [@%’_mﬂ (f) @,f;’_mﬂ (cf) @,i,zu (cf)] is the BSWI43 scaling function vector,

@ =[] (&) alal8)

on the nodal displacement so that the new displacement equation must be established. By assigning the variant &
as each node coordinates, we could get

T
(f)] is the wavelet interpolation coefficient vector. But the FEM is based
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u =®a’ = [Re Tl a‘ ®)
Where u° :[u(fl)u(fz)u(fn)]T is the nodal DOF vector, [R"Tl :[diT (.fl)diT (52)---¢T (ém)] by

substituting the solution of a° in Eq. (8) into Eq.(7), we could get the displacement as a function of nodal DOFs,

u(§)=q)Re *=®Ru’ = N‘u’ 9)

In which N* is the shape function. By substituting the displacement equation into the potential energy U*

and kinetic energy T° which are functions of displacement shown below

i)

(11)
Where E is the Young’s modulus, A is the cross section area of the rod, p is the density. Apply Hamilton'’s variation
principle, the stiffness matrix and mass matrix of BSWI rod element could be obtained as following,

o 2] 2

(12)

M=pAl [ R ] [®] ®Rdz (13)

2.2 Numerical Laplace based WFEM in rod structure

Since wave propagation in rod structure is a dynamics process, by building the stiffness and mass matrix of
BSWI rod element, we could get the final WFEM based wave propagation equation in rod structure:

Mu(c)+Ku(r)= /() (14)

Where u(t) is the displacement vector in time domain, f(t) is the time domain excitation force vector. Laplace

transform could convert the time domain equation into frequency domain equation shown as Eq. (15),
K(S)u(S)ZF(S) (15)
Where s = o + jw is the Laplace variable with j* =1,and K (s) = [szM + K] is the equivalent stiffness matrix in

Laplace domain, u (s) and F (s) are the displacement vector and force vector in Laplace domain, respectively.

Thus, we could obtain the displacement u(s) in Laplace domain when obtaining the accurate equivalent

Laplace domain stiffness matrix.
-1
u(s)=[K(s)] F(s) (16)

Then the time domain displacement could be obtained by applying inverse Laplace transform. In order to
achieve the numerical results in an easy way, the numerical Laplace method is used in this paper, as we know that
the nodal displacement in time domain could be achieved by substituting the frequency domain solution and
inverse Laplace transform, which is shown below,
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1 o+io . B o +io .
u(t)—%a_mu( e'ds = % L[K ] F e’ds .

Where s = o +iw is a complex number, & and w are real numbers, so Eq. (19) could be rewritten as,

u(t)

1 o+in

K(o+iw)| F(o+iw 7N s
J [K(o+m)] )

27i o (18)

By applying substitution rule of variables and change the integration variable sto be w; the following equation
could be achieved,

1 +00 . .
u(t):e‘”EJ.[K(O'—H'W)} F(a+iw)e’mdw
- (19)

As we all know that Laplace transform is a symbol operation and is very difficult to get the accurate solution

in for matrix operation, while Fast Fourier Transform is very easy to achieve in MATLAB, so it would be excellent if
we could find a way to build a relationship between Laplace transform and Fourier transform. Here, if we consider

-1
[K(O'+iw):| F(O‘+iw) as a new function in the transform, Eq. (22) could be considered as the Fourier

-1
transform of [K (O'+ iw)] F (G +iw) and then multiply a coefficient. In a similar way, the Laplace transform of

activation force is defined as,

= Tf(t)e"”dt
0 (20)

Similar with the previous process, as s = o +iw, the force in frequency domain shown in Eq. 19 could be
rewritten as,

O“f’lW J.f o‘+zw t: J‘f(t)e—ate—iwtdt
0 (21)

Thus, the Laplace transform of force f (t) could be seen as the fast Fourier transform of f(t) e " if we take

f (t)efm as a new force term. Thus, we could use the fast Fourier transform to replace the symbol operation of

Laplace transform.

3. Numerical Models

3.1 Numerical model of 1D rod structure

Two rod element models are proposed, classical rod element with 11 nodes for BSWI43 element is shown in
Fig.3. The classical rod element theory has been proposed in part 2.2, here another kind of rod element--Rayleigh-
Love rod element will be presented in this part.

In Rayleigh-Love rod theory, the lateral motion that holds a significant role for large diameter rods or high
frequency problems for each node is considered. The displacement field of Rayleigh-Love rod is shown by

u=u(x,t),v=—uy%,w=—uz% 22)

Where xis the longitudinal coordinate, yand zare the lateral coordinates, uis the longitudinal displacement, vand
ware the lateral displacement DOFs perpendicular to u, v is the Poisson’s ratio.
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The three DOFs for each node on the Rayleigh-Love rod model are dependent on each other, we could only the
longitudinal displacement as independent variable. Hence, the longitudinal displacement field u (f ) still can be
expressed as Eq. 22. Considering the lateral inertia, the kinetic energy T° of Rayleigh-Love rod element is

2 27 2 2
2 o 2 | ocor

(23)
Where, Ip is the polar moment of the inertia of the cross section.
Thus, for the BSWI Rayleigh-Love rod element, the stiffness matrix K¢ is same as Eq.(10), but the mass matrix
M * is shown as
. ot g v r(de dd
M =pAl€J.(T ) o'or d§+—j(T ) |55 | SoTede
) 2 dé ) dé 2

3.2 Crack model in rod structure

a“ X 'y Ia
RS Crack plel =4,

le

s
Y

-~ —

v

Figure 4 Crack model of rod structure

Due to the influence of axial force, the opening crack mainly occurs in the axial rod. The spring used to simulate
the crack in rod only has axial stiffness, and the axial flexibility of spring ¢, can be calculated based on Castigliano's

theorem shown in Przemieniecki (1985) and Tada et al. (2000)

2rta .,
¢, =— |5, (a)da
Where,

[tan (7 /2h) 0.752+2.02a/ h+0.37[1-sin(za/ 2h) |
= X
S (a) o/ 2h cos(ﬂa/2h)

Here, a is the current location coordinate and da is the integral infinitesimal, as shown in Fig.4; E is the
Young's modulus; b and / are the width and height of cross-section, respectively;

(26)
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4. Numerical Examples

Several numerical examples of wave propagation simulation in rod structures are proposed to validate the
Laplace based wavelet finite element method, a uniform rod is used in the numerical simulation, the geometry
parameter and material properties are shown in Table 1.

Table 1: Geometry parameter and material properties of the rod structure

Length(mm) 1500
Young’s modulus(GPa) 200
Poisson’s ratio 0.3

Density(kg/m3) 7800

An excitation signal with 5-cycle sinusoidal tone burst is picked for wave propagation simulation in rod
structure, the single central frequency of which is 100kHz, and the largest frequency is 150khz as shown in Fig. 5.
The excitation signal in time domain is listed in Eq. 27.

~ %[1 —cos(407¢) |sin (2007£)0 <7 < 0.05ms
- others

f(1)
0 @7)

Also, the plots of the excitation signal in time domain and wavelet time-frequency spectrum are shown in Fig.

(@) 1 H (b) 150

. )

7z 05 S 100

® S,

= i E 50

S N

-1 0 i
0 002 004 006 0.08 0.1 0 50 100 150 200
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(c) 250
= 200
S
S 150
3
S 100
3
= 50

-01 0 01 02 03 04
Time (us)

Figure 5: Excitation signal: (a) Time-domain diagram; (b) Frequency spectrum; (c) Wavelet time-frequency spectrum

Since the element size and time step increment are dependent on the wavelength of the excitation signal, which
is related with the maximum frequency. The largest frequency of interest for this excitation signal is defined as
Jowe =150kHz . Thus we could get the minimum period for this signal is 7, =6.67us with the shortest

wavelengthas A . =33.75mm. 20 integration points per period are picked for the simulation, which means that
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the time intervalis Az =7, /20 =0.33 us . Since the length of excitation signal is¢, = 0.05ms , the sample points
aresetas N =1, /At+1.

4.1 Numerical simulation of ultrasonic wave propagation in rod with different methods

Firstly, a comparison of ultrasonic wave propagation in rod between Laplace based BSWI method and
theoretical group velocity is compared in Fig. 6.

ed Displacement(mm)

Reciprocal Length(mmJ )

Normaliz
=
*
N

0 500 1000 1500 0 500 1000 1500
Length (mm) Length (mm)
Figure 6. Left: Wave propagation comparison in rod between Laplace based BSWI method and theoretical group
velocity; Right: Time frequency analysis results of the displacement signal at different time

As we could see from Fig. 6, the Laplace based BSWI method could provide very reliable results of ultrasonic
wave propagation in rod. And we would like to study the advantages and disadvantages of this method. For
comparison, conventional FEM would also be applied to compare the advantages and disadvantages between the
two methods. From the time frequency analysis of the wave propagation in rod structure, the central frequency is
moving along the rod as the wave propagate along the rod, which also proves the validity of our method.

Firstly, in order to study the influence of element size on the simulation results, different element size with

same time intervals for these three methods are studied, the time interval is set as At =7, /20=0.33us to

ensure 20 integration time steps per period, while the element size or the number of elements per wavelength
(EPW) is different. The displacement response at the middle point of the rod is picked for comparison for these two
different numerical methods. Also the EPW is different for different simulation methods. For conventional FEM, the
EPW is set as 5, 10, 15, 20, the simulation result for conventional FEM with different EPWs is shown in Fig. 7. As
can be seen from the plot, the arrival time for different wave packets could be got and the group velocity could be
calculated and the value is 5053m/s when the EPW is 20, the calculated velocity is very close to the theoretical

group velocity of aluminum rod is ¢, =+/E/ p =5063m/s. In comparison, in the Laplace based wavelet finite

element method, we will also set four different values for the number of elements per wavelength, which are set as
0.1, 0.3, 0.5 and 0.7. The results for LWFEM are shown in right plot in Fig.7. As we could see from this plot, the
results would converge very quickly when EPW is bigger than 0.3, and 0.5 is a good fit for future simulations. This
means that we only need 0.5 element per wavelength in LWFEM to get ideal ultrasonic wave propagation results.

Latin American Journal of Solids and Structures, 2018, 15(7), e48 9/17



Shuaifang Zhang et al.
Nondestructive ultrasonic testing in rod structure with a novel numerical Laplace based wavelet finite element method

<107 LWFEM

0.1 EPW
03P
= = 0swPW
—— 0.7 WP

Displacement (mm)
o

0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1

Time (ms)

Figure 7. Comparison between FEM and LWFEM for sensitivity study of element size

Another important factor in finite element method for time integration is the setup of time step, selecting a
good value for time interval is so important that it could influence the accuracy of the results as well as the time
cost during computation. So choose an appropriate time interval value which could both ensure the accuracy of
results and not let the time cost be too high. Here we would like to come up with a concept of number of integration
steps per period (denoted as SPP). For finite element method, we would like to set SPP as 10, 15, 20, 25, and the
SPP is set as 1, 2, 4, 6. And the comparison results for the two methods are shown in Fig.8. As shown in Fig.8, the
finite element method would converge quickly when SPP is larger than 15, but the same value for LWFEM is 2. From
the comparison we could see that finite element method needs smaller time step, while the LWFEM would only
need 1/5 of the time interval needed by finite element method.

X107 FEM x107 LWFEM
4 : . ; : : : . 10 : . . . : — .
105PP 1SEP
—=—135PF 8 | 25PF |1
- = 205PF ( f === 45PP
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Figure 8 Comparison between FEM and LWFEM for sensitivity study of time interval

4.2 The velocity dispersion in rod

Wavelet transform could provide more information on ultrasonic wave propagation in rod structure. Since
wavelet transform is a very good time-frequency analysis tool, so we would like to study the time-frequency
properties of ultrasonic wave propagation in rod structure. A new excitation signal is proposed to study the velocity
dispersion of guided waves in rod structure, where double center frequencies 100Khz and 200Khz are included in
this excitation signal. Also, the equation of this new excitation signal is shown in Eq.26 and the plots information
shown in Fig.9:

) %[1 —cos (407rt)] [% sin (2007¢) + %sin (400m)} 0<t<0.05ms

others

f(t

0 (28)
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Figure 9 Excitation signal for velocity dispersion study: (a) Time-domain diagram; (b) Frequency spectrum, (c) Wavelet
time-frequency spectrum

Both rod elements proposed in previous sections are applied to find the ultrasonic wave propagation response
at the middle of the rod by LWFEM. Firstly, the wave propagation response and the velocity dispersion in classical
rod structure and in Rayleigh-love rod are shown in Fig.10.

(a) 5 ®10 ™ (b) 250
B @ 200
g & 150
g S

-1 $ 100
Q 3

=% 1 1 1 L I 50 : : ; :
0 0.2 0.4 0.6 0.8 1 1.2 0 02 0.4 0.6 08 1 1.2
Time (ms) Time (ms)

(c) 3 X107 (d) 250

100 kHz
N

(kHz)

Displacement (1mm)

7 150
:
& 0 0 0 0
I
1 L L 1 L 50
0 02 04 06 08 I ig 0 02 04 06 08 1 12

Time (ms) Time (ms)
Figure 10 The displacement responses at middle point of rod subjected to excitation II: (a, b) Time-domain diagram and
Wavelet time-frequency spectrum simulated by classic rod; (¢, d) Time-domain diagram and Wavelet time-frequency
spectrum simulated by Rayleigh-Love rod;
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The classical BSWI rod element and the Rayleigh-Love BSWI rod element are respectively used to simulate the
same rod which is divided into 48 BSWI rod elements. For classical rod theory, the velocity dispersion can’t be
considered and the waveforms almost have no change in the process of propagation, as shown in

Figure 10 (a, b), because the waves of each frequency component propagate at the same rod speed. However,
for the Rayleigh-Love rod theory, it is can be seen from Fig. 10 (c, d) that the two waveforms are gradually separated
and the amplitudes of waveforms attenuate gradually in time history. The group velocities of waves in the vicinity
of 100Hz change slowly, while those of in the vicinity of 200Hz have lower speeds and change more quickly. When
the ratio of the cross-section size to the wavelength is less than 0.7, the Rayleigh-Love rod theory is able to give a
good approximation for the dispersion proposed by Doyle (1997). Otherwise, it is necessary to develop and apply
the complex multi-dimension theory.

Hence, the development and select of proper BSWI element is the critical for FFT-based BSWI method to
simulate wave propagation. And it is an important preparation for SHM to select the proper frequency and mode of
wave according to the dispersion property of waves.

4.3. Nondestructive testing in cracked rod structure with LWFEM

ed Displacement(mm)

Z

Normali:
Reciprocal Length(mm_l)

0 500 1000 1500 0 500 1000 1500
Length (mm) Length (mm)
Figure 11. Left: Wave propagation in rod with crack in the middle of rod with Laplace based BSWI method; Right: Time
frequency analysis of the wave signal in rod

Figure 11 shows the ultrasonic guided wave propagation in the rod with crack in middle of rod, in which the
excitation signal is shown in Eq. 25 and the crack depth is 20% of the width of the rod. As we could see from this
plot, the waveform at time 200 is different from the waveform at time 15045 , which means that there is a wave

that is reflected by the crack. Also as the time goes, the waveform reflected by the crack is more and more obvious,
while the excitation wave would go across the crack and propagate along the rod structure until it is reflected by
the right end of the rod again, at the same time, the wave reflected by the crack would propagate along the rod to
the left end and is reflected by the left end of the rod. The time frequency analysis results of the wave propagation
signal along the rod structure shows the central frequency is moving along the rod, and the central frequency is
separated into two parts as the wave signal is passing the damage.

Furthermore, we would like to study the influence of the crack depth on the wave propagation in the rod, so
several different ratios of crack depth are compared in our manuscript. Here we would fix the crack in the middle
of the rod while the crack depths are set with different ratios, the following plots show the received wave plots at
the right end of the rod.
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Figure 12. Wave propagation in rod with crack in the middle of rod with different crack depth

The percentage of damage is evaluated as the ratio of crack depth with respect to the height of rod. As we could
see from the left plot in Fig.12, the signal directly received by the right end of the rod structure is almost the same
when the damage is small when the damage ratio is below 30%, but the amplitudes of the flaw signal received by
the right end are highly influenced by crack depth. The amplitude of the flaw signal is proportional to the crack
depth, the amplitude of the flaw signal would go up as the crack depth increases. Also the amplitude of direct wave
signal would decrease when the crack depth increases if we take a look at the right plot of Fig.12. As shown in Fig.
12, the amplitude of both direct wave signal and flaw wave signal would decrease when the crack depth is
increasing.

Another important factor that we studied in this manuscript is the crack location, which is shown in Fig. 13. In
this case, we applied the same excitation signal on the left end and receive the signal on the right end of the rod, the
depth of the cracks are set as 0.2 A, while the locations are set different, one of the cracks is set in the middle of the
rod while the other crack is set at the location of 1/4/ As we could see from Fig.14 that there are more flaw waves
when the crack is located at the 1/4/with the same time length. Also the direct waves received by the right end of
rod are the same.
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Fig.13. Wave signal received by the right end of rod with different crack locations: Left-0.51; Right-0.25]
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Finally, we applied this numerical simulation method to a rod with multiple cracks, in this case, two cracks are
set on 1/41 and 3 /41 of the rod, by applying the ultrasonic wave load, the displacement received by the right end of
the rod is shown in Fig. 14. As shown in the plot, different amplitudes of different waves are received, which shows
that the crack wave amplitude is much smaller than direct received wave, and the wave signal shows much more
complex than those signals received for only one crack.
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Fig.14. Wave signal received by the right end of beam with multiple cracks

5. Conclusion

In this manuscript, a novel numerical Laplace based wavelet finite element method is proposed for ultrasonic
wave propagation and nondestructive testing in rod structures. Laplace transform is a more advanced method than
fast Fourier transform that Laplace transform does not depend on the periodic assumption while Fourier transform
does. Also BSWI is a wavelet based finite element method that has been used in ultrasonic wave propagation and
has a lot of advantages. By combining the advantages of the two methods, the following conclusions could be
achieved:

1. Laplace transform is a symbol-based transform method, but still could be achieved via numerical method, but Laplace transform could
abandon the periodic assumption of FFT.

2. By comparing the group velocity and wave propagation in rod, we could see that LWFEM is a very reliable numerical method that could
be used in ultrasonic wave propagation and nondestructive testing of rod structures.

3. By studying the sensitivity of mesh size and time interval with different numerical methods, we could conclude that LWFEM has much
lower element size and time interval requirement than traditional FEM but could still provide the necessary accuracy of results.
Although it shows similar results with FFT based FEM, this is because both methods are solved in frequency domain and the two
methods have similarities.

4. The velocity dispersion could not be clearly recognized and the waveforms almost have no change in the process of propagation in the
classical rod element theory, while the Rayleigh-Love rod theory is able to give a good approximation for the dispersion when the
ratio of the cross-section size to the wavelength is less than 0.7.

5. LWFEM is a reliable numerical method for nondestructive testing in rod structure and could recognize both small and large damages in
the rod structure. Also the crack location also has a great influence on the received signals on the rod structure.

6. The signal directly received by the right end of the rod structure is almost the same when the damage is small when the damage ratio is
below 30%, but the amplitude of direct wave signal would decrease when the crack depth increases. Also the amplitudes of the
flaw signal received by the rod are highly influenced by crack depth, which was proved by FFT based BSWI simulation results.
Multiple cracks problem in rod is studied with LWFEM, which shows that LWFEM could be successfully applied in complex
nondestructive testing environments.
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