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ABSTRACT

In this paper, the amplitude fluctuation(AF) electronic speckle pattern interferometry (ESPI)
method was adopted to investigate the vibration characteristics of a composite plate
containing a single edge crack. The change of the modal shapes was discussed. In addition,
the stress intensity factors(SIFs) induced by vibration were evaluated.
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INTRODUCTION

When composite structures are in service, occasionally, cracks are introduced due to
accidental impact or environmental contamination. Therefore, dynamic properties of
composite structures may be changed. Vibration modes different from those generated by
defect-free composite structures and stress intensity factors(SIFs) induced by vibration are
produced. Structures may then be failed because of the large displacement introduced by
additional resonance or crack prorogation.

To evaluate dynamic characteristics of a cracked composite plate, in this paper, the electronic
speckle pattern interferometry(ESPI) method was used. The ESPI method is a real-time,
high measurement sensitivity(5~100um)(Jones and Wykes, 1983) whole-field and non-
contact experimental method. For vibration measurement, Butters and Leendertz(1971) first
employed the ESPI method on a disc. From then on, the development of the ESPI method
has focused on increasing the measurement sensitivity. L¢kberg and Hpgmoen(1976)
combined the time-averaged ESPI method with the phase modulation technique to obtain the
contours of constant phase. Hogmoen and Lokberg (1977) proposed that the sensitivity of
the vibration measurement can be increased by driving a modulating mirror at a frequency
which is slightly different from the vibration of the object. Besides, Santoyo, ef al, (1991)
applied the ESPI method for in-plane vibration measurement. Shellaber and Tyrer (1991) set
up a three dimensional ESPI optical arrangement to measure the vibration of a turbocharger
blade, a thick annular cylinder and a center-pinned free square plate to prove that the
orthogonal displacement components can be measured individually.

As for fracture problems, a crack subjected to an in-plane or out-of-plane periodic stress
loading in an infinite or semi-infinite domain was investigated(Patron and Boriskovsky, 1989).
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As for the finite domain problems, Boriskovsky ef al.( 1982) used the finite element method
to determine the SIFs of a finite cracked body subjected to a harmonic loading, the SIFs at
any vibration frequencies were assumed as the superposition of the modal SIFs
corresponding to the normalized free vibration modes with associated weight coefficients. A
discussion on the vibration of sectorial plates was reported by Leissa ez al.(1993a), different
from the traditional studies about the sectorial plates, stress singularities have been put into
consideration. Furthermore, Leissa et al.(1993b) considered the vibration of circular plates
which include a v-notch or sharp radial crack. By applying the Ritz method, the total
displacements were assumed to be composed of two parts: the functions of the displacements
are the polynomial function and the corner function, thus the exact solution for free
vibrations of sectorial plates with simply supported radial edges was also established by

Huang et al.(1994). The importance of the stress singularities was also emphasized.

However, the above studies are all focused on the vibration behaviors not on the stress
signularity.

In this paper, the amplitude fluctuation(AF) ESPI method - a new ESPI measurement
method which was proposed by the authors(Wang, et al. 1995) was adopted. The
measurement sensitivity of the AF ESPI method is increased without additional optical
devices. By using this method, vibration characteristics of an edge cracked composite plate
were evaluated and discussed.

THEORY

The Amplitude Fluctuation ESPI Method(Wang et al., 1995)

The AF ESPI method for vibration measurement is based on the video signal subtraction
method which has been widely used to evaluate the steady state displacement field(Jones and
Wykes, 1983). However, the reference image in the AF ESPI method is no longer being
taken from the stress-free state but a vibrating state instead. The out-of-plane ESPI optical
setup, as shown in left side of Fig. 1, is used in this paper. Note that even for a periodic
vibrating motion, the vibration amplitude would be slightly changed during each cycle
because of the environmental or electronic noises of the vibration system. Therefore, the
amplitude can be assumed to change from A into A +AA for each cycle, where AA is a
rather small disturbance. By the real-time operation function of image-processing system,
the brightness displays on the monitor can be expressed as

By, =4—I\hﬁ::¢[l,z (k) cos? 9] )

where N = fringe order; a = the slope of CCD camera's sensitivity curve; ® = vibration
frequency; ¢ = the random phase due to the surface roughness; k =2An(1+cos6)/A;

I, = the object light beam; I, = the reference light beam; A = wave length of the light

source; 6 = the illumination angle of the object light and B = the conversion factor of look up
table of the image processing system. Based on eq.(1), the vibration amplitude of the
specimen can be obtained by a set of k=, which can null eq. (1), then the related amplitude
is

A =L, /2n(1+ cosB) 2)

Evaluation of Stress Intensity Factors
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Based on the research of Leissa et al.(1993a), the displacement of an edge cracked
composite plate, w,, can be decomposed into two parts: the principal displacement, w_,
and the singular displacement, w_, i.e.,

3
wt = wp +wl ) ( )
The motion equation of the orthotropic composite plates can be expressed as(Vinson and
Sierakowski, 1986)

o'w
D, ‘ax—"" 2(D,; +Dq)

o'w o'w, O'w
axza;z +D22 ay4 =P 6t2

where xy is the structural coordinate; p is the mass density of the composite plate; q(x,y,t) is

L+q(x,y,1) ()

4

16 . T . » . .
the distributed load; D = 1/3l§l(Qi,-)k[hi —hl,] withi, j =1, 2, 6; h,_ is the thickness of

the k-th lamina; and Q; is the component of [Q] which can be related with the stiffness

matrix [Q] of the laminae in fiber direction as[Q] = [T]™'[Q][T], where [T] is the coordinate
transfer function between structural coordinate and the fiber coordinate of laminae.

Substituting eq. (3) into eq.(4) and assuming that w_  and w, possess the following
characteristics

w,(x,07)—w,(x,07) =0; w,(x,0")-w,(x,00)=08(x), —a<x<0 ©)

where 5(x) is the crack opening function along crack and a is the crack length.

Besides, since w, is caused by the singularity of the crack, the singularity can be of the form

w,(x,y) = w,(1,8) = f(V,8) _ ©)
where 10 is polar coordinate commonly used in fracture mechanics.
With eq. (6), w, will be at least an order smaller than w . Eq. (4) can be decomposed into

two equations, i.e.,

o o'w o'w ’w )
D, a::’ +2(Dy, +Dg) axza;z +D,, 3y‘P =p at’P +q(x,y,t) (7-a)

o'w o'w, o'w, 0 b)
D” ax: +2(D|z +D“)6x2—ayz+Dn-ay—‘ =

The problem of an edge cracked plate can be decomposed into two problems, one is t'he
vibration of cracked plate with an assumed displacement across the crack, and one is with
non-uniform shear stress distribution along the crack surface. Consequently, thg SIFs of a
edge cracked plate can be evaluated if the SIFs of a steady-state crack subjected to a
distributed loading can be evaluated. .

In this paper, the SIFs of an edge cracked composite plate were evaluated by t}.le
displacement field. Only the out-of-plane displacemer.]t, w, can be measured by ?he ESPI in
this paper, i.e., mode-III SIFs were investigated. In isotropic cases, mode-III displacement
problems can be expressed as(Hellan, 1984)

w = (K / G)y/2r/n)sin(0/2) (8)
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where G is the shear modulus. From eq. (8), the displacement difference between crack
surfaces can be expressed as
Aw=w|,_ -w|_ . =@VrKy,/G)r ©)

Based on eq. (9), the SIFs can be evaluated by computing the slope of Aw- /1 plot.
SPECIMEN AND EXPERIMENTAL SETUP

Test Specimen
As depicted in Fig. 2, a specimen with a crack of length 40 mm on the edge of a composite
plate of stacking sequence [o]l s Was used for study. In this ex;

was produced from the 250 mm
the vacuum bag method. The c
sheets by using a diamond wheel.
thick was used. Dash line in Fig. 2

periment, the composite plate

x 250 mm unidirectional CFRP prepreg and then cured by
ured CFRP plate was cut into several 200 mm x 90 mm
To produce the crack, a screw slotting cutter of 0.35 mm
isused to indicate regions A and B for later discussion.

Experimental Setup

The experimental setup, as shown in Fig. 1, used in this experiment can be classified into two
systems. They are the vibration and ESPI systems. In this paper, the vibration system was
used to determine the natural frequencies and associated modes. Besides, the vibration

monitor the exciting force.

The ESPI system consist of two parts The ESPI out-of-plane optical setup and the real-time
operation image processing system with associated software. As for the ESPI out-of-plane
optical setup, a 35 mW He-Ne laser of wavelength 632.8 nm was used as light source. A
ground glass was added into the reference beam arrangement so that the optical collinearity
can be more easily achieved. In this paper, AFG(Imaging Technology Co., U.S.A) image
processing board was adopted because of its real-time processing capability. To perform the
real-time image operation, computer programs were developed. In this paper, the time-
averaged technique was applied with the AF ESPI method. Whenever the time-averaged
technique was used to study the vibration problems, the shutter opening period must be the
same or the multiple of the vibration period to avoid possible mistakes(Wang ef al,, 1995).

A CCD camera is used to conjoint the out-of-plane ESPI optical setup with the image

In this paper, the modal testing technique was first applied to find modal frequencies for
convenience. Whenever modal frequencies were found, the output frequencies of the

function generator were set to the same ones as the modal frequencies. By using the AF
ESPI method, the vibration amplitude can be measured.

RESULTS AND DISCUSSIONS

Physical Interpretation of Modes of anEdge Cracked Composite Plate
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plane difference introduced by the free surfaces of the crack, the stronger singularity of Ky .
Although the fifth mode has been classified as the complex displacement type because of

on the right side of the nodal line are of the different phase of the fringes in region B, ie.,
whenever region A on the right side of the nodal line move in the positive z direction, region
B would move in the negative z direction. Since the fifth mode will perform out-of-phase
displacement on the right side of the nodal line, largest out-of-phase displacement difference
is then reached. The other case is the second mode which also perform out-of-phase
displacement in region A, therefore the SIF of the second mode is just less than the SIF of
the fifth mode.

It is worth of noting that, the fringe patterns were not obtained by the same exciting force.
However, the difference of maximum displacements of all six modes are small. When a
structure subjected to a resonant loading, two failure criteria may be adopted to investigate

CONCLUSIONS

In this paper, the AF ESPI method was first used to obtain vibration fringe patterns of an
edge cracked composite plate. In-phase, out-of-phase and complex displacements all can
possibly be produced. Free surfaces caused by the crack play an important role in the
vibration configuration, For higher frequency vibration, mass of the plate becomes important.
The SIFs of the first six modes were determined by the modal shapes and the displacement

larger value of SIFs is not necessarily corresponding to larger displacement. In the
traditional vibration design concept, displacement dominant failure has always been adopted
for a defect-free structure. However, according to the results of this paper, if there is a crack
exists in the structure, the stress-related fracture criterion must be considered, especially for
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(c) third mode

(d) fourth mode (e) fifth mode (f) sixth mode

Fig. 3 Fringe patterns of the first six modesof [0],, composite plate obtained by the
AF ESPI method
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Fig. 4 The Aw-+/r plot of first six modes



User
Rettangolo


