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Defects in structures may be inherited from materials and manufacturing or they develop during service. Defects
may cause catastrophic failure, which is why their detection and classification are important issues. Many aspects
of defects have already been dealt with, but with wider applications of non-destructive testing methods to composite
materials. However, the effect of arbitrary and random defect geometry on the applicability of these methods has
been overlooked. In order to investigate this issue, this study carries out a free vibration analysis of a specially
orthotropic cracked cantilever beam that was manufactured by Pultrusion. A new crack model, unlike the widely
known V-shaped crack, is introduced and the effect of crack depth on the natural frequency is investigated, both
experimentally and numerically. The results obtained from both the new- and the V-shaped models are compared
with each other, and it is revealed that the results are not sensitive to the geometry change.

1. INTRODUCTION

Composites were used in various structural applications in
the civil, automotive, and aerospace industries. One typical
application of composites in structures are beams. A defect
on a composite beam, which develops with time, can destroy
it. Recent research has been directed to the detection or di-
agnoses of the development of defects in composites under
dynamic loading. Initially, in composite failure detection re-
search, Krawczuk et al.! found that natural frequencies of a
cracked structural composite member beam were influenced
by a crack in the member: the increase in crack depth had
caused a decrease in the calculated natural bending frequen-
cies. Song et al.,? on the other hand, analysed that the bending
free vibration of a cantilever laminated composite beam was
weakened by multiple surface cracks. The governing equa-
tions of the composite beam with open cracks were accounted
for in transverse shear and inertia effects. Kisa® presented a
new method for the numerical modelling of the free vibra-
tion of a cantilever composite beam that had multiple open
and non-propagating cracks. The author had observed the fre-
quency ratios to decrease under fibre angle increases. Wang
et al.* studied the coupled bending and torsional vibration of
a fiber-reinforced composite cantilever with an edge surface
crack. They concluded that changes in natural frequencies and
the corresponding mode shapes depended on fiber orientation
and fiber volume fraction. Finally, Hamid and Hamada® in-
vestigated a composite beam with different fiber angles and a
single crack. They stated that the natural frequency and the
damping ratio increased when fiber angle rose for a constant
crack location and depth.

Table 1. The mechanical properties of the pultruded GFRP composite beam.
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In this study, a new crack model is introduced together with
the known V-shaped crack model in order to investigate the ef-
fect of defect geometry change on the natural frequencies and
mode shapes under free vibration loading. These examinations
were carried out using both experimental and finite element
analyses.

2. MATERIAL PROPERTIES

Material properties in the principal material directions 1, 2,
and 3 of the pultruded glass fibre reinforced composite beam
were determined. The beam had a solid cross-section with
45 mm height, 29 mm width, and a length of 1400 mm. The 1-
axis lies along the fibre’s direction and the shear modulus Gag
were calculated from Eq. (1):
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The properties are given in Tab. 1.

3. NUMERICAL MODELLING

ANSYS 8.1° finite element package had been used to model
the beam with an assumed open crack. The crack was created

at 745 mm away from the cantilevered end. Eight different
crack depths, namely d = 5,10, 15,20, 25,30, and 35 mm,
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Figure 1. The schematic representation of the cracked cantilever beam.

1 Impact Load
Application
'\Mechanism

Magnetic holder
Test beam

Sensor Impact Load Ball

Pz

Power supply

Amplifier

Data
acquisition | Computer
card

The crack zone (isometric view)

T —

N
Fgh

i

BB

Figure 2. The overall appearance of the new finite element model and cracked
zone.
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Figure 3. The experimental setup.

were studied. Lines were created by joining defined keypoints
and the areas were obtained by connecting these lines. The
three-dimensional beam models were obtained by extrusion of
the corresponding areas along the width direction. Then, the
model was meshed by Solid45 elements existing in the Ansys
element library. Because the crack zone was the most crit-
ical, finer elements along the crack edges were created with
constant 1 mm side length divisions. The overall appearance
of the schematics and the finite element model are shown in
Figs. 1 and 2, respectively.

Displacements and rotations of the left end of the beam in

all directions were constrained. Hence, the cantilever bound-
ary conditions were imposed. The upper side and the tip of the

Figure 4. The schematic drawing of the experiment.

crack were modelled in the shape of a combination of a rectan-
gle and a V, as shown in Fig. 2. This was a different approach
from previous research, where the whole crack had been mod-
elled in a V-shape. In fact, cracks created on beams in real life
have a rectangular upper side and a V-shape towards the crack

tip.

4. EXPERIMENTS

Both intact (d = 0) and cracked (d = 5, 10, 15, 20, 25, 30,
and 35 mm) specially orthotropic composite beams had been
placed successively on the prepared setup for free vibration
analysis. The experimental setup and its schematic drawing
are shown in Figs. 3 and 4, respectively.

The intact beams were constrained from their left ends along
a 100 mm length by the aid of a vice. An accelerometer was
located at a point that is 700 mm away from the cantilever end.
Free vibration was simulated by dropping a steel ball with a
weight of 2.04 gram from a constant height of 800 mm. Free
vibration signals obtained through the accelerometer were am-
plified with an amplifier, which had a constant gain of 10 and
transferred to the computer through a data acquisition card.
The vibration signals were sampled with 100 kHz on a data ac-
quisition card. The data was then transferred to and recorded
on the computer in 165 ms. The computer recorded a total
number of 16,384 data. Then, a program written in MATLAB
was used to calculate Fast Fourier Transform of the vibration
signals.

Later, artificial cracks that had widths of 1 mm and depths
of 5, 10, 15, 20, 25, 30, and 35 mm, respectively, and 745 mm
away from the cantilever end were made by the aid of a hand
saw. Experiments executed for the intact beam were also per-
formed for every cracked beam, and the obtained data were
saved to the computer.

5. RESULTS AND DISCUSSION

In this study, free vibrations of intact and later cracked
beams that had different crack depths are investigated both ex-
perimentally and numerically. The natural frequencies of the
beams are determined and then the relationship between the
depth of the crack and the variation in the natural frequency
is investigated. The first four experimental and finite element
natural frequencies of the intact beam and the beams with the
new crack model, along with the results of the V-shaped crack
geometries, are presented in Tab. 2, where f represents the cor-
responding natural frequency and d shows the depth of crack
with appropriate subscripts. Specifically, dy indicates the in-
tact beam. Fig. 5 gives the lateral mode shapes for the 25 mm
cracked depth, namely dos5.
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Table 2. The first four natural frequencies for the two crack geometries.

Natural Freq. [Hz] do ds d1o dis dao das ds3o d3s

fleap 18.80 18.75 18.75 18.75 18.75 18.75 18.75 18.75
flfem,New 13.80 13.78 13.73 13.64 13.49 13.21 12.68 11.46
f1,fe7n,v 13.80 13.78 13.74 13.65 13.50 13.24 12.74 11.62
faewp 118.75 118.74 112.50 112.48 99.99 93.75 81.24 68.74
f2fem,New 85.35 84.87 83.28 80.65 76.58 70.65 62.62 52.09
fofem.v 85.35 84.91 83.44 80.86 76.93 71.20 63.41 53.04
f3exp 331.23 | 331.23 | 32496 | 32495 | 318.73 | 312.48 | 306.22 | 299.98
f3fem New 234.29 | 234.17 | 233.80 | 233.17 | 232.21 230.84 | 229.01 226.67
f3,fem,v 234.29 | 234.18 | 233.83 | 233.23 | 232.30 | 230.98 | 229.21 226.90
faeap 62496 | 612.46 | 606.20 | 599.96 | 587.46 | 568.71 556.21 543.71
f4fem,New 446.65 | 44474 | 438.63 | 429.01 | 41522 | 397.26 | 376.43 | 353.99
f4,fem,v 446.65 | 44490 | 439.20 | 429.74 | 416.34 | 398.78 | 378.23 | 355.66

fifem New = 13.21 Hz

Figure 5. The mode shapes for the 25 mm cracked depth, namely d2s.

It is possible to diagnose the defects that arise in the course
of time in structures by free vibration analysis. In this study,
free vibrations of intact and cracked orthotropic composite
beams that have different crack shapes are investigated both
experimentally and numerically.

First of all, it has been found that the natural frequencies
decrease when the depth of the crack increases in both exper-
imental and finite element analyses for the new crack model.
Additionally, as the depth of the crack increases, the error be-
tween finite element estimates and experiments varies from
22% to 39%. This is believed to happen due to the structural
instability created from higher crack lengths. Finally, the fi-
nite element natural frequency results obtained from both the
new- and the V-shaped crack models are compared with each
other and a maximum difference of 1.82% was determined.
This result reveals that composite structures are insensitive to
a change in crack shape geometry as long as vibration charac-
teristics are concerned.

In conclusion, vibration monitoring on more complex struc-
tures can be coupled with finite element free vibration analysis
in order to determine the severity of defects in such structures.
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