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Evaluation of matrix cracking in cross-ply composites using the finite element
simulation of guided Lamb wave propagation
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Nondestructive evaluation of mechanical properties and health monitoring of composite structures is of
great importance. The aim of this research was to propose a nondestructive evaluation method based on the
propagation of Lamb waves to investigate the matrix cracking damage in laminated cross-ply composites.
For this purpose, after developing the finite element model of a glass/epoxy composite, the Lamb wave
behavior was studied in two antisymmetric (Ao) and symmetric (So) modes with different excitation
frequencies. The dispersion curves of the Ay and So modes of the Lamb wave are then obtained by
considering different crack densities. It was observed that the effect of matrix crack density and the loss of
mechanical properties of the cross-ply composites on the phase velocity of the So Lamb wave mode was
higher than that of the A, mode. Furthermore, the detection of matrix cracking was better performed using
the Lamb wave velocity at high frequencies close to the cut-off frequency. It was observed that the cut-off
frequency decreased by increasing the crack density, and the drop in the Lamb wave velocity increased by
increasing the number of 90° layers in the cross-ply composite. It was concluded that the Lamb wave
propagation simulation method can be used as a virtual laboratory for nondestructive evaluation of
composites and detection of matrix crack density in them.
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Table 1 Table 1 The mechanical properties of the glass/epoxy
composite layer used in the finite element simulation [9]
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Fig. 4 The excitation exerted to the specimen for generating the S, Lamb

wave mode in it
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wave mode in it
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Fig. 7 The dispersion curves of Lamb wave modes obtained using the
Dispersion Calculator software for a 3.152 mm thick glass-epoxy
composite specimen with the stacking sequence of [04/904]s
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Fig. 8 The dispersion curves of Lamb wave modes obtained using the
Dispersion Calculator software for a 3.152 mm thick glass-epoxy
composite specimen with the stacking sequence of [0,/90¢]s
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Fig. 9 Propagation of A, Lamb wave mode with the frequency of 175
kHz in the intact glass/epoxy composite specimen with the stacking
sequence of [04/904]s
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Fig. 10 Propagation of S, Lamb wave mode with the frequency of 200
kHz in the intact glass/epoxy composite specimen with the stacking
sequence of [04/904]s
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Table 3 The Ay Lamb wave velocity for the intact composite specimen
with the stacking sequence of [04/904]s calculated from the finite
element simulation and Dispersion Calculator software

zgo S8 Tye Sy iS5
AW ws (mZ;Aéde; Dispercsion Calculator "g:l_i;s
(m/s)

06 707.5 702.8 25
21 900 919.36 50
0.2 1050 1047.51 75
1 1120 1131.6 100
0.84 1200 1190 125
0.68 1223.77 1232.26 150
075 1254.36 1263.94 175
0.07 1287.42 1288.41 200
035 13125 1307.84 295
0.12 1325 1326.63 250
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Table 4 The So Lamb wave velocity for the intact composite specimen
with the stacking sequence of [04/90,]s calculated from the finite element

simulation and Dispersion Calculator software

L 790 Ay Tyo e Hge

I PES IRV (m/i) st Dispersiczrr:vcs)alculator L(':l_i;s
0.79 3478.25 3450.86 25
2.18 3520 3445.38 50
0.46 3420 3435.99 75
0.26 3413.33 3422.24 100
2.0 3333.33 3403.45 125
23 3300 33785 150
3.2 3237.5 3345.8 175
2.3 3225 3302.47 200
5.2 3075 3243.85 225
11 3125 3161.23 250
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Fig. 11 The displacement-time diagram of sensors located on the intact
composite specimen with the stacking sequence of [04/90,]s in which the
A, Lamb wave mode with the frequency of 175 kHz was propagated
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Table 2 Mesh independence analysis for an intact composite specimen

with the stacking sequence of [0,/90¢]s in which the A, Lamb wave mode
with the frequency of 175 kHz was propagated

(M/8) z g0 e oo Mm) byl olas!
1256.6 1
1256.6 08
1270.32 05
1272.44 03
1272 0.2
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Table 7 The A, Lamb wave mode velocity for the intact [04/904]s
composite specimen and those with different crack densities calculated
using the finite element simulation

Ty = Ty = Ty = ;
. e . e . e Ty == ae s
Sy I Sy I Sy I . oS58
1 1 1 >y o KkHz
0.15— 01— 0.05 — ) (kHz)
(m/s) (m/s) (mfs)
1197 1238 1247 1264 175
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Table 8 The S, Lamb wave mode velocity for the intact [04/904]s

composite specimen and those with different crack densities calculated
using the finite element simulation

Ty = Ty e Ty e .

. le P .l Ty e ae s
S8y S5 S5 S8 . RSLpC

1 1 1 7 O3 (kHz)

0.15— 0.1— 0.05 — (mis)

(m/s) (m/s) (m/s)

3208 3231 3260 3346 175

&Y

(b--)
Fig. 12 (a) The propagation of the A, Lamb wave mode with the
frequency of 200 kHz in the composite specimen with the stacking
sequence of [04/904]s with 0.1 1/mm crack density and (b) the location of
the matrix cracks induced in the specimen.
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Fig. 13 The displacement-time diagram of sensors located on the

composite specimen with the stacking sequence of [04/904]s with 0.1

1/mm crack density, in which the A, Lamb wave mode with the

frequency of 200 kHz was propagated
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Table 5 The A, Lamb wave velocity for the intact composite specimen
with the stacking sequence of [02/906]s calculated from the finite
element simulation and Dispersion Calculator software
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Table 6 The S, Lamb wave velocity for the intact composite specimen
with the stacking sequence of [0,/90¢]s calculated from the finite element
simulation and Dispersion Calculator software
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Fig. 14 (a) The propagation of the S, Lamb wave mode with the
frequency of 200 kHz in the composite specimen with the stacking
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the matrix cracks induced in the specimen
wiged o 5meleS 200 il L el zge So 050 Ly () 14 IS
din) Sl 5 Jome (0 5 01— 55 IS L5 [0090c)e oz Y b 550l

Wged 4o o ol

0.009

0.006

0.003

-0.003

Displacement (pm)
o

R o S N,

-0.006

¥

-0.009

0 0.007 0.014 0.021 0.028 0.035 0.042 0.049
Times (ms)

Fig. 15 The displacement-time diagram of sensors located on the
composite specimen with the stacking sequence of [04/904]s with 0.1
1/mm crack density, in which the S, Lamb wave mode with the frequency
of 200 kHz was propagated
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