930. Delamination detection in composite beams using a
transient wave analysis method

Yongming Feng!, Jianyuan Yang?, Weidong Chen®

1.2.3Beijing Aeronautical Technology Research Center
Box No. 11, P. O. Box 9203, 100076, Beijing, P. R. China
Corresponding author

E-mail: 'fym830412@yahoo.com.cn

(Received 25 September 2012; accepted 28 February 2013)

Abstract. In this paper, delamination detection of composite beams is investigated through a
transient wave analysis method. A higher-order beam theory is proposed to model the Lamb
wave propagation behavior. Wavelet Transform (WT) is used to localized the delamination. The
reflection ratios and transmission ratios are found to depend strongly on the frequency of the
incident flexural waves, as well as the size of the delamination. So it can be well used to detect
the small size of the delamination, which is important for the Structural Health Monitoring
(SHM). The numerical results show that the localization and identification of the size of the
delamination are feasible by the proposed approach, which is the essential first step for the
enhancement of safety and reliability of composite structures. The results are being verified by
the experiments.
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1. Introduction

Development of active diagnostic methods to localize and then identify the size of damages
in critical components before the integrity of the structure is compromised by the growth of
damage to a critical state is important in the design, construction, and operation of SHM systems.
Composite structures have been widely used in aerospace vehicles because of their superior
specific strength and stiffness. Due to its inherent low interlaminar strength, delamination can
often occur under loading. This form of damage can also cause during the manufacturing
process and mainly from impact [1-3]. However, in a situation known as an inverse problem,
damage identification cannot be achieved through forward logical derivation. In the majority of
documented research literatures, delaminations in one-dimensional composite beams or two-
dimensional plates [4-7] were specifically investigated, in which the delamination, a
complicated three-dimensional pattern, usually has to be simplified by the application of certain
scenarios, resulting in approximate simulations.

Efforts in the essential work focus on a Lamb wave propagation-based delamination
identification scheme for composite beam. Stress waves propagating in plate-like structures in
directions parallel to the plate surfaces are defined as Lamb waves or guided elastic waves. An
alternative approach would be to employ higher order plate theories [8] to characterize the
flexural waves and the extensional waves. Due to the delamination damage in composites is
often with finite sizes, Wahyu Lestari et al. consider the arrived time of the propagated waves to
determinate the two rigid of the delamination, then get the size of the delamination [9]. However,
the size of detected delamination is about 50 mm, and the results are not very well. In this paper,
a new proposed method is developed to detect the smaller size by analyzing the multiple
reflection and transmission behavior in the composite beam containing delamination. The
present work is to optimize to achieve a maximum sensitivity of the size detecting method. And
the experiments are being prepared.

2. Dispersion relationships

In the right handed coordinate system of Figure 1, the beam centroidal axis is taken to be the
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x-axis. With the Timoshenko beam assumption, the equilibrium equations were constructed for
the symmetric laminated beam. The formulation as follows:

ON 0%u

7 = o u
av 2w

TR (10)
oM 0-6

V= ko 1)

where u(x, t), an unknown, is the axial displacement of the beam in x-direction; w(x,t), an
unknown, is the lateral displacement of the beam in z-direction; 8(x, t), also an unknown, is the
rotation of the cross section of the beam about the x-axis;

h/2
N = f 0,4z, (2a)
—h/2
is the axial force per unit beam width, o, is the axial stress of each lamina;
h/2
V= f T,,dZ, (2b)
—h/2

is the shear force per unit beam width across the cross-section of beam, and t,, is the shear
stress of each lamina;

h/2
M = f 0,2dz, (2¢)
—h/2
is the bending moment per unit beam width;
n/2
h:f pdz, (3a)
—n/2
is the translational inertia per unit beam width, and p is the mass density of the lamina;
h/2
I, = f pz?dz, (3b)
—h/2
is rotational inertia per unit beam width.

N

| ————

Fig. 1. The geometry of the composite beam

z

The strain and stress relationship for the n-th layer of the laminated beam is:
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Nevi are the shear correction

where Qij are the transformed stiffness terms; x; = k, = Kk =

factors.
For the slender laminate beam, we can assume &, = y,,, = ¥, = 0, then Eq. (4a) and (4b)
simplify to:

Oy = Qll‘ix' (53)
Txz = KZQSSsz- (5b)

Then Eq. (1) can be written as:

0%u 0%u

Auga=ham (©2

d°w 06 a°w

KZASS (axz - a) = [1 ot2 ) (6b)
226 ow 226

Dll@_KZASS (a— 9) = 12 F (60)
If the displacements are introduced as:

U = ugeitkx-wt), (73)

w = wyeilx—wt), (7b)

6 = gye~ilkx—wt), (7c)
The dispersion relation of flexural waves can be expressed as follows:

(K2A55k2 - Ilwz)(Dllkz + KZASS - 12(1)2) - K4A§5k2 = 0, (8)

where Ag = f_hh//zz Qssdz, Dy = f_h,{/ZZ 0,,2%dz are the terms of extensional stiffness and

bending stiffness.
There are four roots of Eq. (8):

1/2
1 c? ag\: 1 2\ o
ki=+|=(1+ + (—) +-(1- —, (i=1234), ©)
;o= 2( K2c§>_\/qw 4 K2c2 C Y )
where:

C = W’Dll/lz , Cs = W’A55/11 , 4= 12/11. (10)

Depending on the frequency, there are either only two propagating waves (one positive-
going and one negative-going) plus two evanescent (near-field) waves or four propagating
waves (two positive-going and two negative-going). The cut-off frequency for the second
flexural mode, obtained by setting k, = 0, is:
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KCg
W, = —. (11)
Phase velocities and group velocities are given by:
W dw
=% %~ gk 12)

Take a composite beam made of IM7/5250-4 graphite/epoxy material as an example. The
fibers are aligned with the beam axis, and cross section is rectangular. In other word, it is a
unidirectional rectangular composite beam. The parameters for IM7/5250-4 are shown in
Table 1. The dispersion curves are shown in Figure 2 together with the three-dimensional
elasticity solution [8]. Obviously, the Timoshenko beam theory is accurate for the first flexural
mode in the whole frequency domain. The second flexural mode is well matched with 3-D
elasticity solution in the lower frequencies. However, as the frequencies go higher, the two
curves are deviated from each other.

Table 1. Properties of IM7/5250
E,(Gpa) | Ey (Gpa) | Giy (Gpa) | Gy, (GPA) | vy | ¥z | p (kg/md)
168 9.31 5.17 3.45 033 ] 04 1.61

2 Dispersion Curves for 2 Flexural Modes 2 Dispersion Curves for 2 Flexural Modes
' "\ [ —— 3-D elasticity theory : T T T T -

—— 3-D elasticity theory

Timoshenko beam theory 0ol *+ Timoshenko beam theory

14f ‘. B

Ao

Dimensionless Phase Velosity: cp/cj
Dimensionless Group Velosity: cg/c

|p———— \/

0.25 03 0 005 01 0.15 0.2 0.25 03

Dimensionless Frequency: f-h/c))
_ (a) ) _ _ (b) _
Fig. 2. Flexural waves in a composite beam: (a) phase velocity, (b) group velocity

0 DL)S 0.1 0.15 sz
Dimensionless Frequency: f-h/c))

For the extensional mode, there is a non-dispersive wave of Timoshenko beam. The wave
number can be express as follows:

k, =/1,/A1; w. (13)

Both phase velocities and group velocities equal /A, /I;, where A;; = f_h}{/zz Q,1dz.

3. Reflection ratios and transmission ratios

A general solution of the Eqg. (5b) and Eqg. (5c) is given by:

4

0(x,t) = Z ajeilx—et), (149)

j=1
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4
W(x‘ t) = Z Fjaje_i(k]'x_wt), (14b)
=1

% (j = 1,2, 3,4) can be given by the eigenvector of the dispersion relations.

ké—(—

] \kcs
Consider a slender beam contain a delamination shown in Figure 3. The beam is separated to

three parts, left part, right part, and delaminated part (damage part). And in the delaminated part,

the beam is split into two beams. In every part, transient wave propagation is different.

where F =

o4
v

_’
N
) z v hy
& e
Nz 2 L
Incident wave Reflected wave

Transmitted wave
Fig. 3. Wave propagation in a composite beam containing a delamination

In the left part (x < 0) it includes the positive-going incident waves and negative-going
reflected waves. It can be written as:

0, = (ae~1¥ 4 pe~tk2X 4 q eth1X 4 p etheX)elwt, (15a)
wy, = (Fiae™%*1* + F,be~*2* — F,a,e'*1* — F,p,et*2%)el®t, (15b)

Due to asymmetric delamination, an extensional wave is also reflected from and transmitted
into two split beam region. The negative-going reflected extensional wave in the left part can be
expressed as:

u, = cpe ikex plwt (15C)

Since the second wave number k, is a pure imaginary when the frequency is below the cut-
off frequency, i.e., w < w,, the sign of k, should choose minus according to Eqg. (9). Otherwise,
the magnitude of the second term of Eq. (15) would be infinite when the excitation is located at
x — —oo For brevity, the term e'®* is suppressed in the later discussion.

In the right part (x > 1) it includes the positive-going transmitted wave. It can be written as:

Or = ae” 1% 4 p e~ th2X, (16a)
wg = Fia,e"%1% 4 F,b,e~theX, (16b)

The positives-going transmitted extensional wave in the left part can be expressed as:
Up = c e kex, (16¢)
In the delaminated part (0 < x < l), the displacements of two split beams are denoted by 6,

Wp1, Op2, Wpo, the indicate D means delaminated part while 1, 2 is used to distinguish the two
beams. Then, the following governing equations can be derived:
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2 (1) D1 _ D1 — (1) D1
K Ass ( ax?  ox ) b e (172)
02%6 ow 026
(1 D1 IeY) D1 1) D1
11 52 _"ZASS( ox _991) ERRPTON (170)

for the first split beam, and:

0%w 06 0%w
ey (L2002 -
2
Dl(i) 66912)2 3 KZA(SZS) (a;/pz _ 902) I(z) aafgz’ (18b)
x x

for the second split beam.
Assume the displacement of two beams as follows:

Opy = HD e~ ilkx-wt) , Wpy = Wpye i(?x—wt)’ (19a)
6D2 — QDZe—L(kx wt)' Wpy = WDze—L(kx—a)t)_ (19b)

Substituting Egs. (19a) and (19b) into Egs. (17a), (17b), (18a) and (18b), the dispersion
relations can be expressed as:

filk, w) - f,(k, w) = 0, (20)
where:

fl(E,w) = (KZA?S)EZ - Iz(l)wz)(Dﬂ)lAcz + KZAE;IS) - Iz(l)wz) - K‘*Ag?zlzz, (21a)
Al ) = (ADR — 1P 0)(DDR? + k24D — P0?) - kAL R (21

There are eight roots of Eq. (20), so the general solution of the wave propagation in the
delaminated part contains eight terms, in which four of them are positive-going waves and
another four of them are negative-going waves. Neither of them can be eliminated because the
size of delamination is finite. So the wave propagation in the delaminated part can be described
as:

Op1 = Z ae —ikjx Z a; etkj-ax, (22a)

Wpy = Z Fia;e e~ x4 Z Fia; eikj-+%, (22b)
=1 =5
J=] J=E
Wpy, = » Hiae ¥ + ) H.a;e™i-+%, 22d
% %
j=1 j=5

where the ratios F;, G; and H; (j = 1~8) can be determined by substituting Eqgs. (19a) and (19b)
into Egs. (17a), (17b), (18a) and (18b). The extensional waves in the two split beam are given by:
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Up, = c e~ keX 4 ¢ etkeX, (22e)
Upy = dle_ikex + dzeikex. (22f)

There are a total of 18 unknowns (ay, by, a, b, a;(j = 1~8), ¢y, ¢, ¢4, ¢3, dy, d;) Witch can
be determined from the following continuity and equilibrium conditions at x = 0 and x = I:

Op1 =0, Opy = 6, Wwpy = wp, wp, =wy,

hy 2
Upy = Uy, — ?QL' Upz = U, + ?QL' N, = Np; + Npy, (23a)

hy h,
M, = Mpy + Mp, — 7ND1 + 7ND2ﬂ Vi, =Vp1 + Vpy, (x=0),

Op1 = Og, Opy = Og, Wpy = Wg, Wpy = Wy,

1 2
Upy = Ug — 79;3, Upp, = Up + ?QR; Ng = Np; + Npy, (23Db)

h h
Mg = Mpy + Mp, — 71ND1 + 72ND2’ Ve =Vp1+Vpy, (x=1),
where N, M, V, are denoted at Eq. (2). Substituting all the referring quantities into Eq. (23), the
following relations implicate the reflected and transmitted behavior of the incident positive-
going waves:

Ly L] _ [Kq
o e =l (24)

where  matrixes [Liqlaxas [Liz]lax1ar [L21]1axar [L2zliaxiar [Kilaxz, [Kzliaxz depend  on
frequency  and size of the delamination [ ; vectors n = (a,,b,,a,b)" and

¢ = (ay,ay,a3,a4,0s, g, Ay, ag, Cy, Cp, Cq, C2,d1,d,)T are the unknown vectors; vector
1o = (a, b)T is the known vector which means the amplification of the incident positive-going
waves. Eq. (24) can be solved as:

(Ly1 = LipL33Lp1)n = (Ky — L1 L33 K5)n,. (25)
Let the coefficient matrix (Ly; — LiL54L21)axs D€ Sixs = ($11)2x2 (512)2”] and
(521)2><2 (SZZ)ZXZ
(Ky — L13L53K,) 4z b€ Pysy = g%zxz]. Define the reflected vector and transmitted vector as:
2)2X2

n, = (a,,b,)" and n, = (a,, b,)7, then the reflected vector and transmitted vector can be solved
as:

Ny = R,
26
{nt = TnO: ( )
where:
R = (832817811 = S21) "1 (S22812 Py — Py), (279)
T = (531511 S12 = S22) 7 (521511 PL — Py), (27b)

are defined as reflected and transmitted ratio matrixes respectively. They are strongly depended
on the frequency of the incident wave, as well as the size of the delamination. In this study, it
can be used to detect the size of the damage, especially for the small size.

Considered a symmetric delamination (h, = h, = h/2), the reflection ratios and the
transmission ratios versus the frequency of the incident flexural waves with the fixed
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delaminated sizes are shown in Figure 4 and Figure 5. The reflection ratios and the transmission
ratios versus the size of the delamination with the fixed frequencies are shown in Figure 6 and
Figure 7. Numerical results show that the reflection ratios and the transmission ratios are given
by curves which are not monotonic. Some of them give a pass/stop behavior. This would be
discussed in the next section. Figure 4(a) and Figure 5(a) show that reflection ratios R11 and
R12 are close to zero when the frequency is higher than the cut-off frequency of the second
flexural mode. It means the first flexural mode will not be reflected in the higher-first-mode
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frequency domain.

Size of Delamination /=2h

Reflection Ratios

n‘z 04 06 08 1 12 14
Dimensionless Frequency olo

(@)

16

Transmission Ratios

Size of Delamination /=2h

Fig. 4. Reflection and transmission in a symmetric delamination with the size [ = 2h:
(a) reflection ratios, (b) transmission ratios
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Fig. 5. Reflection and transmission in a symmetric delamination with the size [ = 5h:
(a) reflection ratios, (b) transmission ratios

4. Feasibility study of wave analysis

In this section, a proposed method is developed to detect the delamination in the composite

beam. This method contains two parts, one is localization and the other is size identification.
The difficulty of applying ultrasonic waves based monitoring in SHM lies in that the raw

sensor signals are not inherently interpretable due to their dispersive properties and complicated
mode conversion phenomena [10]. Time-frequency representations using wavelet transform
seem to be an effective way to resolve the dispersion relationships for Lamb waves [11]. It can
be well localized the position of the damage, but the size of the damage cannot be accurate
detected [9]. In this study, a new method is introduced here, which using the WT analysis to
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localize the position while using reflection and transmission analysis to determinate the size.

Reflection Ratios

Fig.

Reflection Ratios

Natural Frequency of Incident Wave: f=75KHz

— Ry,

1 2 3 4 5 6 7 5
Dimensionless Size of Delamination: I/h

(@)

9

Transmission Ratios

Natural Frequency of Incident Wave: f=75KHz

— Ty
— T

21 |-

T22

1

L A
Dimensionless Size of Delamination: I/h

(b)

6. Reflection and transmission in a symmetric delamination at the natural frequency of the incident

wave being 75 KHz: (a) reflection ratios, (b) transmission ratios

Natural Fregency of Incident Wave: f=150KHz

Transmission Ratios

08

06

04

02

. Natural Frequency of Incident Wave: f=150KHz

— T, |
— T
— T21

22

o T 2 3 4 5 6 7 B B 10
Dimensionless Size of Delamination: I/h

4 5 6 7
Dimensionless Size of Delamination: I/h

(@) (b)
Fig. 7. Reflection and transmission in a symmetric delamination at the natural frequency of the incident
wave being 150 KHz: (a) reflection ratios, (b) transmission ratios

5. Feasibility study of wave analysis

In this section, a proposed method is developed to detect the delamination in the composite
beam. This method contains two parts, one is localization and the other is size identification.

The difficulty of applying ultrasonic waves based monitoring in SHM lies in that the raw
sensor signals are not inherently interpretable due to their dispersive properties and complicated
mode conversion phenomena [10]. Time-frequency representations using wavelet transform
seem to be an effective way to resolve the dispersion relationships for Lamb waves [11]. It can
be well localized the position of the damage, but the size of the damage cannot be accurate
detected [9]. In this study, a new method is introduced here, which using the WT analysis to
localize the position while using reflection and transmission analysis to determinate the size.

A designed simulative experiment is introduced to demonstrate the feasibility of this
theoretical approach, and also for preparing the actual experiment. The simulative specimen of
the composite beam containing delamination, which was made of IM7/5250-4 graphite/epoxy
material, is sketched in Figure 8 showing the dimensions and the location of the sensors and
actuator. The material properties are given in Table 1.
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rl‘—

0o —>

,,:_ G 1 sensor S1 sensorS2
actuato l

L1 e )\'_.|

< L >
Fig. 8. Geometry and dimension of the beam

5.1. Localization

The continuous wavelet transform (CWT) of a function f(t) is defined by:

1 (” t—>b
WT:(a,b) = —f t (—) dt, 28
where a > 0 and superscript * denotes a complex conjugation. The kernel function in the CWT:
@ = 1 (t — b) 29
l/)a,b - \/alp a ’ ( )

is generated by shifting and scaling the mother wavelet ¢ (t), where a and b are known as the
scale and translation parameters, respectively.

The location of the peak on the (a, b) plane corresponds to the arrival time b = x/c, of the
wave having frequency f = 1/a [12]. In this study, the distance L,, i.e., the location of the left
rigid of the delamination in Figure 8, can be determined by:

1
L =5 (gD - b(H) + ), (30)

where ¢, (f) is the group velocity at frequency f, b(f) is the arrival time of the reflected wave
at left rigid of the delamination, which is received by sensor S1.

The location of right rigid of the delamination can be also got by this method, and then the
size of the delamination can be determined as the distance of the two locations. However, there
is an error which is about 10-20 mm [9], which can be ignore while compared with the whole
length of the beam. Using this method to determinate the size of the delamination, the error may
be 20-40 mm. And it is large enough while compared with the actual size. In other words, it
cannot identify the size of the damage which is not large enough.

5.2. Size identification

To identify the size of the delamination, a simulative experimental study is conducted. In
Figure 8, h =2.5 mm, B =20 mm, d =20 mm, L; = 300 mm, L = 600 mm, while [ is to be
identified. The strain signal drives an actuator to generate transient waves. The function
generator generates a tone-burst, narrowband modulated sinusoidal input voltage signal and
applies it to the actuator according to the formula:

f) =1 [H(t) —H (t — ;)] (1 — cos 2715fot) sin2mfyt, (31)

0
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where V, is the amplitude of the excitation signal, f; is the central frequency and H (t) is the unit
step function.

Sensor S1 is used to receive the reflected signal together with the incident signal, while
sensor S2 is used to receive the transmitted signal. Employing the low excited frequency
comparing with the cut-off frequency (2.25 MHz), it is only need to consider the first mode of
flexural mode. Consequently the Fourier transform of the signal received by sensor S1 reduce by
the incident signal and S2 can be given by:

+0o0 + o0

E(w) = fr(De'tdt = Ry, e”F1lamd) f(De'tdt, (329)
_-iooo +oo e

Fu(w) = f £ (D)eiotdt = T, e-ikil f F(t)eitdt. (32b)

The time domain signal of the reflected wave f,.(t) and transmitted wave f;(t) can be
obtained by the inverse Fourier transform. Figure 9 shows the reflected and transmitted signals
with size of the delamination be 10 mm at the fixed central frequency being 100 KHz. Figure 10
shows the maximum magnitude of the reflected and transmitted signals versus the size of the
delamination at different central frequency.

Dimensionless size: I/lh=4

>° 05 .
I Maximum=0.246
Sc
B2 0
cw
[k}
E2
03
freed
@
ek 05 1 | | ! ! | 1 1 !
0 20 40 60 80 100 120 140 160 180 200
time (us)
o
>
-~ 1 T T T T
v == Maximum=0.933
9T 05 B
=
B0 |,
(=]
Lo
EEX
~ -0.5 -
af
=t
@©
b _1 1 ! | 1 | 1 1 |
0 20 40 60 80 100 120 140 160 180 200
time (us)

Fig. 9. The reflected and transmitted signal with [ = 10 mm, f;, = 100 KHz
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Fig. 10. Maximum magnitude of the reflected and transmitted signal
at the different size of the delamination

It can be seen that the reflected signal is more sensitive than the transmitted signal with the
changing delaminated size. The curves which describe the changing magnitude of reflected
signal versus the delaminated size is close to a linear curve at the small sizes domains. It is
useful to determine the size of the delamination. And the more important is that the useful
domain is depended on the central frequency of the excited signal.

Figure 10 shows that with a lower central frequency, it can enlarge the identified domain, but
it cannot accurately identify the small sizes. For example, when the central frequency is at
50 KHz, the effective identifiable domain is about [ = 3 h-12 h. With a higher central frequency
the useful domain becomes smaller, but it can detect the small size of the delamination. When
the exited frequency is 150 KHz, the smallest size can be identified about 5 mm. It is useful to
optimize the excited frequency to achieve a maximum sensitivity.

It should be noticed that, when choosing a lower frequency to get a larger identifiable range,
the frequency cannot be too low, because the dispersion curve will become very cliffy, which
can provide a strong dispersive behavior.

6. Conclusions

The dispersion relationships of the composite beam are obtained by using a Timoshenko
beam theory. An analytical solution of the reflected and transmitted behavior is obtained by
analyzing the transient wave propagation in an asymmetric split beam which is represented by a
delamination in the compost beam. The reflected ratios and transmitted ratios are strongly
depended on the frequency of the incident wave, as well as the size of the delamination. A new
method is developed to identify the size of the delamination. Numerical results show that it is an
effective method for size detecting, especially for the smaller sizes. The experiment is being
prepared to verify the accuracy.
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