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A vibration technique for non—-destructively assessing the integprity of
@ structures has been dascribed The method uses measurements of changes in
= the lower structural natural frequencies, which can be made at a single
point in the structurs, in conjunction with a dynamic analysis of the
system to detect, locate and roughly to quantify damage. It has been
shown that the mathematical model of the structure need not be sophisticated
and only one full analysis is prequirad for each type of structure to be
tested.

: The dynamic analysis was carried out using the finite element method
% as this is applicable to all structures. Thz dynamic finite element
program written for this work has been described and the natural

frequency and nodal pattern predictions made using this program have been
compared with sxperimental results from an aluminium plate and from carbon
fibre reinforced plastic plates with a variety of ply orientations.,
Excellent agreement was shown between the theopetical and experimental

results.

Aprogram has been developaed which enables the location of the damage
site and the estimation of the severity of the damage from the results cf

; the dynamic analysis and the measured changes in the structural natural
| frequencies. The computational requirements of the loczation routine are

: small and the program could readily bes adapted to run on a micro-computer.

The measurement of natural frequencies from the Fourier transform of

the structural response to an impulse has been investigated and a method
for improving the frequency resolution obtained from this type of test
developed., Preliminavy tests have shown that it is possible to obtain
frequency resolution of one-tenth of the spacing between the frequency
v ints produced by the Fourier transform at a low cost in terms of
; computer time and stora. The results indicate that this techn iQue would
| be the most suitable method of fraquency measurement for the proposed non-
destructive test since it combines accuracy with z short test tims.
However, because of the unreliability of the available transient recording
equipment, the main test programme was carried out using steady-states

frequency measurement,

Results have been presented from tests of the non-dastructive testing
technique on an aluminium plate and a variety of carbon fibre reinforced
plastic structures, including two honeycomb panels obtained from ths asro-

space industry. TFive different forms of damage have been used and it has
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been shown that ths methcd can successfully ba used to dstect and locats

»

each type of damagz.
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CHAPTER 1

INTRODUCTION

1.1 The role of non-destructive testing

Engineering designs are limited by the quality of the available
materials. In situations where failure in ssrvice could have grave
social or econcmic consequences, the quality of the material used assumes
a major importance. This is particularly true where the need for higher

working stresses leads to the adoption of stronger but more brittle

materials, which are usually more sensitive to the presence of any flaws.,
To ensure reliability, it has become essential to include non-destructive

examination of the material quality in many production procedures,

Improved understanding of the mechanisms of flaw propagation has made
it possible to predict the effect of a given defect on structural
performance.  If non-destructive testing (NDT) methods can reliably be
used to locate defects before they are sufficiently severe to propagate
catastrophically, it is possible to design structures on the assumption
that they will be subjsct to periodical in-service inspections. This
philosophy is incorporated into the design of most modern aircraft, the
design criterion being that a component must remain serviceable for at
least one interval between inspections with o defect just large enough to
be detectad by the NDT technique which is to be used. Considerable
savings in weight, with consequent improvements in the eccnomy of
operation, are therefore achieved without sacrificing reliability.
Similarly, the escalating cost of replacement has encouraged the use of
in-service inspection techniques in many industries in an attempt to

ensure that the maximum useful component life is obtained.

High-performance glass and carbon fibre reinforced plastics (GFRP and
CFRP) using =poxy resin matrices are selected for applications which:
exploit their specific strength and directional properties and where the
use of expensive materizls is economically justified. The need for
reliable defect identification is greater with composites than with many
metals because composites can only be inspected after moulding which
corresponds to virtually a finished metal part. Rejecticn at this stage
is particulaply costly since the materials cannot be recycled., High
material costs alsc mean that premature replacement of components in

service can produce very significant increases in 1life cycle costs,



1,2 Existing NDT techniques

The potential benefits from ncn-destructive testing, both before and
during service, can only be fully realised if quick and reliable testing
methods are available, Recent years have seen the advent of many new NDT

techniques without the appearance of any universally applicable method,

X-radiography is probably the most widely used NDT technique. It
has been used successfully in many industries and has the advantage that
an overall inspection can rapidly be made with the structure in situ.
Areas of particular interest may then be examined in detail using X-ray
microscopy or other NDT techniques. However, in common with the other
radiographic methods using gamma ray or neutron sources, X-radiography
suffers from serious hesalth hazards and expensive safety precautions must

be taken when these methods are used,

Ultrasonic inspection has also found extensive application and can be
used successfully to locate a wide variety of defects. This method
suffers from the disadvantage that the component under inspection must be
investigated in a plecewise manner,  With the C-scan system, this process
has been automated to produce a map of the area scanned with regions of
defective material being indicated by one of a range of shades of grey,
but the test still takes a considerable time and cannot usually be

performed with the structure in situ.

Dye penetrants have been widely used but are subject to the limitation
that the damage must be open to the surface, which itself must be
relatively smooth and uncontaminated. Testing can also take a

considerable timsz,

The above methods have all been used extensively with composite
materials, In contrast, eddy current testing which has been very
successful with some metal components has not been generally applied to
composites, though it might be possible tc use it with CFRP in spits of
the fact that the conducting phase, ths fibres, are embedded in an |
insulating matrix. Again, however, this technique suffers from the dis-

advantage that piecewise inspection is required,

Among the "new" NDT techniques being investigated are several thermal
methods using temperature sensitive coatings or infra-red scanning to
examine defects in laminates heated from the reverse side or to locate hot
spets during fatigue loading or large amplitude vibration. These
techniques are applicable to laminates with low thermal conductivity but

problems must be expected with many metals since the surface temperature
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would tend to equalise. Several holographic techniquss have been
developed but these tend to be difficult to set up and generally require a

" yibration-fres environment.

Although not strictly a non-destructive test, a considerable amount
of work has been done on stress wave (or acoustic) emission. Stress
waves are generated both by highly localised areas of plastic deformation
and by microscopic or macroscopic crack growth; they are usually detected
by a piezoelectric crystal. This method can only be used to detect
damage when it is actually propagating and the results are readily
confused by the presence of other noise sources. For these reasons, the
‘technique finds application mainly in the laboratory and in proof testing

procedures.,

There is no currently available test which dispenses with the need
for piecewise examination of the whole structure, which can be performed
in 8itu and does not involve serious health risks. If such a test could
be developed and combined reliability with ease of opsration, it would be

applicable to a wide range of industries.

1,3 The use of vibration response measurements in NDT
(1,2)

Adams et al. found that damage in specimens fabricated from

fibre reinforced plastics could be detected by a reduction in stiffness
and an increase in damping, whether this damage were localised, as in a
crack, or distributed through the bulk of the specimen as many microcracks.
This change in stiffmess resulted in a decrease in the natural frequencies

of the specimen. Similar findings are also reported in References 3-5.

Measurements of the dynamic characteristics, that is the natural
frequencies and damping, of a structure is potentially a very attractive
form of non~destructive test since these properties can be measured at a
single point of the structure and are independent of the position chosef;.
A test based on these measurements would therasfore not require access to
the whole of the structure and would not invelve time-consuming scanning
of the whole surface. The test could alsc potentially be carried out
in 8ttu and the time required to take the measurements would be small,
particularly if a transient test technique(6’7)

There have been several reports(e—lo) concerning the use of measure-

were employed.

ments of the natural frequencies and damping of components as a means of
quality comtrol. The use of natural frequency measurements as a pre-
service non-destructive evaluation tool is possible where there are large

numbers of the same component produced to good dimensional accuracy, any
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components whose natural frequencies fall outside a given band being

Structural damping is not so dependent on the precise

rejected,
imensions of the object but is mora difficult +o msasure accurately.

easurements of either natural frequenciss or damping could be used as an
n-service test, changes in thsse moper‘cies at different stages of the

ife of the component bzing ralated to structural degradation.

A4 The locaticn of dumage vutnln a structurs using vibration mzasurements

The stress distribution through a vibrating structure is non-uniforam
and is different for each natural frequency (mode). This means that any
localised damage would affect i<ach mode differently, depending on the
particular location of the damage. The damage may be modelled as a local
-dacrease in the stiffmness of the structure so, if it is situated at

point of zerc stress in a given mdde, it will have no effect on the

natural frequency of that moda. On the c¢ther hand, if it is at a point
of maximum stress, it will have the greatest effect.

e}

Consider, for example, tho first three axial modes of a uniform,
free~free bar, whose stress distributions are sketched in Fig., 1. Damage
at the middle of the bar would have a aegligibls effect on the second mode
but would induce a maximum change In the natural frequencies of the first
and third modes, However, if the damage were situated at site A, it
would have a smaller effact on the first and third modes but would cause a
relatively large change in the sacond mode frequency. It would therefcr:
- be possible to use measurements of the changes in the natural freguencies
" of the bar tc locate the posi'tion of the damage. Changes in damping

could be used in exactly the same nmaenner for locating dafects.

Owing to symmetry, damage at site B would have an identical effect to
- damage at site A so the twc sites could not be distinguished by this simple
- test, If, however, the bar wers asymmetrical due to, for sxample, the
addition of a mass at one end, 1t would be npossible to define the damage
site uniquely. Again, the test could be used ag a pre-service quality
control precedure or for in-service inspaction. Howsver, since the
location of damage is depardent on ceomparing small changss in the dynamic
characteristics of the structure in Aifferent mcdes rather than mevely
observing thz changes, as is the case with the simple detection of the
presence of damage, the test is probably more suitad to in-service
inspection where changes can ba related to previcus measurements on the

same component,

The location of the damage site requires the computation of tha

relative effect on several mcdes of damage at different sites within the
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structure, The experimentally measured changes may then be compared with
the theoretically calculated changes for damage at different sites and the

position of the damage deduced.,  If natural furequency measursments are to
be carried cut, the wffect of damage may be determined by modelling the
damage as a local decrzase in the stiffness of the structure and cérrying
out a dynamic analysis of the system. Since the effect of damags is
dependent on the stress distribution, which is in turn dependent on the
mode shapes, the requirement of the dynamic analysis is that a reasonable

approximation tc the mode shapes be obtained,

The frequency measuremant principle has been successfully tested on

gtructures which could be traated as one~dimensional and which were

2
therefore capable of solution by closed-form analytical tcchniques.(ll’l")

It was found to be possible to detect damage equivalent to the removal of
one per cent of the cross~sectional area of the structure at a single
location from measurements of the lower axial or torsional natural
frequencies., Excellent agreement was alsc cbtained between the predicted
- and actual damage sites.

Loland et al.(la—ls) have applied the principle to off-shore c¢il rigs

- using measurements of the natural frequencies of the framework obtained
from the Fourier transform of the structural responsa to wave excitation.
- Their analysis did not attempt to locate the position of damage within a
structural member but merely to predict whether a given member was
 fractured.

(17)

The Central Electricity Generating Board have used measurements

of the changes in the flexural natural frequencies of turbine rotors to
locate the position of transverse cracks in rotors which were suspected to
be damaged because of unusually high levels of vibration during the running
of the turbine. The natural frequency measurements were carried cut with
“the rotor removed from the machine and supported cn flexible slings. The
location of the position of the crack was approached in a different manner
to that used in References 11-16, The effect of a transverse crack at
various axial positions on the first four flexural natural frequencies of
the rotor was derived in terms of the stress intensity factor for a circum-
ferentially notched bar and the mode shapes of the undamaged rotor. The
mode shapes were determined experimentally. Since the results of
References 11 and 12 indicated that the effect of damage at a2 point of the
structure may be found to sufficient accuracy with @ fairly unsophisticated
analysis and without the need to measure the mode shapes, the approach

(11,12)

adopted there was followed in this investigation.
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This dissertation describes the extension of the method of
References 11 and 12 to two-dimensional and, petentially, to three-
dimensional structures. The analysis of the one~dimensional structures
described in References 11 and 12 was carried out using receptance
?cechniques.(ls) Thers is no two-dimensional equivalent of receptance

techniques, so another method had to be used, Finite element analysis
was chosen as it is well documented,(lg) accurate, and can be used to
snalyse any structure, The method developed here is therefore applicable
to all structures and the proposed technique can be used with any type of
W structural vibration, that is torsicnal, axial, flexural or combinations
of these, When testing one-dimensional structures, it was convenient to
use axial or torsicnal modes, but this is not practicable with shell-type

structures so the results presented here were obtained using flexural

Earlier work in the department(zo’zl) had been concerned with high-

performance composite materials and this investigation was initially

" designed to develop a non-destructive test for structures fabricated from
:"fibr'e reinforced materials,  Accordingly, most of the tests have been
carried out on composite structures., However, the method is equally
pﬁlicable to metal structures. Indeed, the natural frequencies of metal
1‘ components can usually be found to greater accuracy than those of

composite structures, sc the method would be more sensitive with metals.

At this stage, no attempt was made to apply the method to structures
in 81ty since this would have added unnecessary complicatiohs to this
-initial investigation of the technique. There is, however, no reason
why the test should not be applied to structures in situ, provided that

the boundary conditions applied to the structure do not vary significantly
between successive sets of measurements,

Structural damping was not monitored in the tests described here,
though the results of References 1-5 indicate that the damping would

increase with damage. It was felt that changes in dynamic stiffness

would be eagier tc measure than the associated changes in damping.

1,5 Research programme

The main object of the work was to develop the non-destructive test

described in References 11 and 12 for use with multi-dimensicnal structures,

The major theoratical aspects of the programme involved the develop-
ment of a dynamic finite element program and the production of a routine

for the location of damage from measured frequency changes. It was




- decided to write a dynamic finite element program rather than to modify an
existing program because, at the start of the work, it was not clear how
much the basic program would have to be amended for the purposes of the

- damage location routine and it is often difficult to carry out major

e

alterations on programs written in other contexts.

The transient mathod for measuring structural natural frequencies
described by, for examp’e, White(s’ﬂ was to be investigated as a possible
alternative to the conventicnal steady state techniques., Having developed
a method for the experimental determination of structural natural _

- frequencies, the freguency and mode shape predictions made using the finite

element program were to be compared with experimental results.

The feasibility of the non-destructive testing technique and the
~accuracy of the damage location routine with different forms of damage were
“then to be investigated on a variety of shell-type structures including

~two obtained from the aerospace industry.



CHAPTER 2

*DYNAMIC ANALYSIS AND THEORY OF DAMAGE LOCATION

2.1 Thé dynamic analysis

2,1,1 The choice of element

The requirements for the element to be used in this work were that it
ould be capable of the analysis of shell-type structures fabricated from
gomposite materials and that it should be able to accommodate irregularly
ghaped boundaries without the need to use large numbers of elements which
would be costly in terms of computer time and store.

The element chosen was the 8-node, 40 degree of freedom configuration

9
(22,23) The element is formulated from

described by Zienkiewicz et al.
the equations of three-dimensional elasticity, making the assumption that
£ the stress normal to the mid-plane 1s zero.  This means that the

(19)

roblems with element conformity normally associated with elements

| derived using standard plate theory are avoided. The element can
iccommodate irregularly shaped boundaries and may be deformed to represent
i curved shell structure by means of readily implemented co-ordinate

¢ transformations,

Five degrees of freedom, three displacements of the middle plane and
two rotations of the normal about axes parallel to the middle plane are
etained at each node. The retention of the two rotations as independent
apiables means that the formulation retains the assumption that plane
ections remain plane but does not make the Kirchoff assumption that
ormals to the middle surface remain normal.  Transverse shear deformation,
hich can be significant with highly anisotropic materials at much higher

ength to thickness ratios than with isotropic ma‘terials,(%) is therefore

llowed for in a manner similar to that of Mindlin.(zs) Sun and Whitne§26)
have shown that this approach gives accurate results for the lower |
lexural modes of vibration with laminates of, for example, CFRP whers the

ransverse shear moduli do not vary drastically from layer to layer.

Thesé factors meant that the element appeared to be ideal for the
roposed work and all the results presented here have been computed using
this element, None of the analysis for the location of damage, however,
1g specifically dependent on this particular element, but can be applied

to any, suitable, type of element.
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2 - The formation of the element stiffness and mass matrices

=y

The element stiffness matrix, K~, is computed from the matrix of the

rivatives of the element shape functions, B, and the elasticity matrix,

), according to the equationflg)

K& = [ Bl p 8 av (1)
v

e elasticity matrix Is derived from the relations of three-dimensional
lasticity by setting the stress normal to the mid-plane equal to zero.
i'ﬁis is a reasonable assumption to make in shell situations since the

tress normal to the mid-plane is negligible by comparison with the in-
lane stresses, The nine stress and strain components of three-
limensional elasticity may be reduced to six by inc].uding ohly or;é' of each
air of complementary shear compoﬁénté in the aquations., Stféss, g, and

train, €, are then related according to an aquation of the form

E,’-.‘:C_g_ ()

; T
here ¢ = [EX’ €y €y Vypo Vux? ny] s

ja
[}

T
[UX, Uy, 0, Tyz, Tox? Txyj .

for a transversely isotropic material such as unidirectional CFRP with

axes as shown in Fig. 2, the matrix, C, is given by(27)
M - - - b
l/EX vxy/Ex \)Xy/Ex 0 0 o
~v_/E 1/8 ~v_/E o 0 0
X y yz ¥y
C= v /B VR L/E 0 0 0 | (3}
0 0 1/G 0 0
vz
0 0 0) 0 1/G 0
Xy
0 0 0 0 0 1/G
" Xy
on setting o, = 0, Equation (2) reduces to
e 1 [ 18, -v_/E 0 0 o 1o ]
X | . X Ry K pe
. ~v_ /E 1/5. 0 0 0 o
fy xy’ % & y )
= L
Yoz 0 0 1/Gyz 0 0 T (
y c 0 0 1/6 o |l
ZX Xy 1 =xr
0
-ny“ i C 0 0 0 1/ G:«:y)J T xy ]




- 10 -

pversion of Equation (4) vielids

ﬁo - o~ -
X “x
o €.
y ¥
- Y
yz = D}'yz ) (5)
ZX Yax
Y
" Xy4 - qu
here D is the elasticity matrix for the material and is givea by
- . 9
Ex/b vxy Ey/n 0
v _E /b E_/b 0
oy y
D= 0 0 G 0 0 s (6)
vz
0 0 0 G
XY
0 0 Q 0 5
k. XY ]

- - 2 .
hepre b = 1 \)xy EY/E;."’

The matrix may be transformed to a different axis system corresponding
the case, for example, of a CFRP lamina in which the fibras are not
aligned to the plate axes, by means of the standard relations given by,
for example, Lekhn'its‘ciig(27)

The integration required to form the alement stiffness matrix
{ndicated in Equation (1) was performed numerically using a2 Gaussian
quadrature scheme. It has been shoxm(%’?'s) that, in thin shell
gituations, it is =ssential to use two-point Intagration in the directions
parallel to the mid-plane. If a higher oxdeor of in+tegration is used, the
element becomes too stiff as the ratic of side length to thickness
increases. The formulation assumes a linear displacement variation
through the thickness of the element sco two-point integration in this

direction gave exact results,

When the elemant was used to analyse a layered structure, it was
ecessary to split up the integvation of Equation (1) so that the contri-
ution to the integral from each layer was evaluated saparately. Two=

point Gaussian integration across each layer was used in this case.

e . . . . N
The element mass matrix, M ., is computed from the materizl density,
p, and the matrix of the element shapsz functions, N, according to the
(19)

equation

M = f N' oN av (7)
v

This form of the mass matriy neglects the effect of rotary inertia. It

would ba possible to incivde this effect but it was felt that, for the thin

e
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tructures used in this investigation, the srror caused by neglecting

otary inertia would be negligible. The implewentation of the element
herefore included the effact of transverse sheoar deformation but not that
L ‘of rotary inertia. Thiz Is rcascnable with composite materials because
ansverse shear effects are significant at mueh higher length to thickness
atios than with isotropic ma*terials(zu} whereas the rotary inertia

ffects are similar i the two caseg and ars negligible with thin

tructures.

The integration of Equation (7) was carried out using the same

procedure as that used for the stiffness matrixz.
P

.1.3 The eigenvalue solution system

The routine implemented for the extracition of the natural frequeuncies

from the stiffness and mass matrices was largsly derived from that of

(19)

Assembly of the globali stiffness and mass matrices

This problem may te peduced to standard form by performing a Choleski

decomposition of the stiffness matrix,

where L is a lower triangular matrix.

1/w? and multiplying by L71, the

i

Substituting in (8), setcing u
inverse of L yislds
- «1+,T T

@ ML) - WLt x = 0 (9)

The equation is now in the standard form

H-wr=0 - (10)
—1\T :

with H = L™1 M(1"1)° and =L x

This equation may be solved for the hisghest eigenvalues, u, corresponding

' to the lowest natural frequency using vector iteration. The rate of

“convergence using simple iteration is very slow, particularly for eigen-—

- values which are closa together. This prcblem is particularly severe in

#_ . . .

In this dissertation, the vector, x, with elements %y, Xz, «¢+X
‘represents the mode shape vector while the symbol, x, without
“pubscripts represents a co-ordinate divection.

E
j
i
i
I




“

the free~free case because there are six rigid body wmodes. The conver-
g

gence vate is much improved by the use of an accelerator of the type

(30) This was implemented in the program

suggested by Irons and Tuck.
used to compute the resuits presented here. The higher natural
frequencies are obtained by deflating the matrix H so that the highest

eigenvalue in the systewm bacomas zero without the other sigenvalues being

changad.

The cost in tarms of compuher time and storage of a solution of
Equation (9) can be very high. The number of operations is roughly pro-
portional to n3 wheve n is the number of degrees of freedom. It is
therefore highly desirable to reduce the value of n, This may
conveniently be done by using the eigenvalue economiser technique described

(31) -

by Irons., This method retains oniy a small proportion of the nodal
deflections. These 'master' deflections appear in the aigenvalue

aquation (8) while the vemaining 'slave' deflactions take values which
minimise the strain energy. The number of master deflections may be as
small as 5 per cent of the total, yat the natursl frequencies obtained for
the lower structural modes of vibration are within one or two per cant of
those computed without the slimination process, This is due to Rayleigh's
principle, which states that a first order error in mode shape gives only

a second order errcor in estimated frequsncy.

The strain energy, S, of an n degree of freedom system is given by

!’Xl"
s =3 5? Kx = %[ﬁl, Koy eese x;}K Xo| . (11)
.Xn.j
Likewise, the kinetic energy, U, is given by
U = %2- _&T Mx . (12)

Suppose that the sth deflection is to be 2liminated. Diffasventiating

equation (11) with raspect to %, and setting the result zqual to zero in

order to minimise the strain energy with respect tc 2 gives

Ko % + Ks2 %, + .. .+ KSS % + . . . % st1 ® " Q. (13)

Substituting for x_ in Equation (11) gives

K = Koy Ky (K /) , 1,3 = L,n (14)

"h
M
>J
o)
)
0
£}
fi
ot
e ]
|-l-
Y
2
o
s
t
o
o
r+
o+
o
0
5
ol
',-l
()
5]
®
3
l.-l
[
et
o
o

where K& is a modified sti

|
{
I

H
i
4
I
3
i
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<) is " is’ Tss
s( il ~ )(K / ss) » 1,3 = L (15)
Ke =K .=M, =4, =20, all i,

Thus, row and cclumn s of ths stiffness and mass matrices may be
deleted giving the desired reduction in matrix size.
The master deflections should bz sslacted to be chiefly in the

direction of the motion which is to be investigated, The work describad

here was concerned mainly with the flexural modes of shell structures so

Fh

the master variables were sclectad to be mainly the lateral deflections o

the mid-plane.

i } 2.1.4 The solution of frea-fres problems

Consider a free-~free structure in which it is desired to eliminate all
the degrees of freedom in, for example. the x direction. There is a rigid
body mode in this divection, that is, cne which makes no contribution to
the strain energy. When all but one of the deflections in this dirszction
have been eliminated, the last cune will make no contribution to ths strain
energy. It is therefors meaningless to minimise the strain energy with
respect to this deflection so the elimination process cannot be carried out.
This means that, in a fres-free probiem, it is necessary to retain
sufficient deflections in each direction to overcome this difficulty. The

‘results presented here arc all from free-free structures and were computed
using a 6 x 6 mesh which gives 133 nodes and 865 degrees of freedom. This
was reduced to 53 master variables, comprising the lateral deflection at
each corner node plus four other variables selscted so that the singularity

problems were avoided.

For a free-free problem, the global stiffnaess matrix, K, is singular
The Choleski decomposition and inversion to form Equaticn (9) from
Equation (8) cannct, therefore, be performed. The simplest way to over-
come this difficulty is to add a constant times the mass matrix to each
term of Equation (8), This yields

[(x + o« M) - M(w? + @)] x =0
The matrix (K + o M) will, in general, be non-singular so the method cen
proceed as befcra, For the vector itepation process te converge rapidly

to the eigenvalues, the valug of o should be as small as possible. If o
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is too small, however, the matrizx (K + aM) approximates to K and the
inversion procass bescomes ill-conditioned.  Expwrience suggests that the
optimum value of o is approximately 2w;” where w; is the first non-zero

natural frequency.

2.2 The method of damage location

The change in the natural frequency of mode i of a structure due to
localised damage is a function of the position vector of the damage, r,
and the reduction in stiffness caused by the damage, §K.  Thus,

Gwi = g(8K, r) . a7

Expanding this function about the undamaged state (8K = 0) and ignoring

second order terms yields

Sug = g(0, £) + 6K -é—?%-@— (0, 1) . (18)
But g(0, r) = 0, for all r since there is no frequency change without damage.
Hence,

Sw; = 6K h,(z) . (19)
Similarly,

6wj = 8K hj(E) . (20)

Thus, provided that the changs in stiffness is independent of frequency,
Sw;  hy(r)

L e = 2z .

The ratio of the frequency changes in two modes is therefore only a function

(21)

of the damage location. Positions where the theoretically determined

ratio Gwi/éwj equals the experimentally measurad value are therefore

possible damage sites.

It is now necessary to compute the change in the natural frequencies
of the structure due to damage at a given site., The basis of the method
is to consider damage as a local decrease in the stiffness of the structure.

One way of computing the changes in the natural frequencies due to damaze

e

na
stiffness of that element and to repeat the dynamic analysis, This could

be done for each element in turn sc that the theoretical changes in

given element cf the finite element mesh would be to reduce the

frequency for damage at a number of sites would be found. The problem
with this method is that the amount of computer time involved would be

prohibitive.

2.3 The use of sensitivity analysis

A very attractive alternative to repeating the full dynamic analysis

in order to compute the changes in the natural frequencies due to localised

i e
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damage is to use a sensitivity analysis. By this method, the sensiti-~
vities of the natural frequencies of a system to small changes in the
stiffness are calculated from the mode shapes of the undamaged structure

produced by the initial full dynamic analysis.

From Secticn 2.1.3, the basic eigenvalue equation which is sclved in
the dynamic analysis is

(K-M)x=0 |, (22)
where A = w?.
Consider the effect of a smell change, 0K, in the stiffness matrix with
similarly dencted changes in the other parameters. Equation (22) then

becomes
{(K + 6K) ~ (M + SM)(Xx + M) Hx + 8x) = 0. (23)

¥ultiplying out and neglecting second order terms yields
KX~ AMx-28Mx+6Kx=-8Mx+Keéx=-2XMéx=0. (24)

But K x = A M x = 0 from Equation (22) and the model of damage used does
0. Equation (2u4) therefore reduces

it

not include a change in mass so &M

to

SKx -~ SAMx+Kdx~-2aMsx =0, (25)
Multiplying through by 5? gives

5? 8K x = 8x 5? Mx+ (§F K= X 5? M)8x = O, (26)

Since K and M ave symmetric matrices,(lg) the transpose of Equation (22) is

ET(K - AM) = 9_-
Post-multiplying by 6x gives
(x" K= A x' M)éx = O.
Hence, Equation (26) reduces to
T T -

X Kx=-86x Mx=0 s
T :
or &\ = Q;F_égiii . (27)
Mz

The sensitivities of the natural frequencies to changes in stiffness, &K,
may therefore readily be computed from the mode shape vectors and the mass

matrix of the undamaged system.

Equation (27) requires the full mode shape vector to be computed
whereas the dynamic analysis described in Section 2.1 only computes the
values of the master deflections left after the procedure to reduce the
number of variables in the eigenvalue prcblem has been carrisd out.,  When

the slave deflection, xs; is being eliminated, the condition which
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minimises the strain energv with vespect to x_ is {Equation (13) of
>

Section 2.1.3)

K.ox, + K 2+ g00 + K % + ¥ x =G
8171 g2t 0 0 s 8 0" " Ten'm

.

\ . h - N o .
where K T 1,0 is the 53 vow of the stiffness matrix. Thus, if ths

5 -

values of KS i = 1,n at this stage of the eliminaticn process ave storad,

e

X, may be compuied frow the values of the master Jdeflections. This was
accomplished by writing ths relevant row oF the stiffness matrix to

.

backing store for retwieval at the appropriats stage.
properhional
The denominator of Equation {27) is seualk o twize the kinetic energy
of the structure, This may be estimated from the mass matrix of the
structure after the elimination process and the vector of the master
deflections computed during the eigenvalue solution, It is therefore not

necessary to use the full mass matrix, which results in a considerable
saving of computer stors,

It is now necessary to compute the change in stiffness, 8K, dus to
damage at a point in the siwmcture, From Section 2.1.2, the elsment
stiffness matrix is given Ly

K& = J 8lpp av . (28)
v

Consider a changs in the stiffness of the element over some volumz R,
dencted by a new =lasticiiy matrix for this region, D¥, Then the change

in the stiffness matrix is given by
SK = J BT(D‘J‘ - D)B av . (29)
R
In two-dimensional structurcs, the damagsz is modelled as being of constant

severity thrcugh the thickness and affecting an arsa A. If the damaged

area is small then

[

8K = ( fBT(D* - D)E] Ad (303
wherg [BT(D* - D)B]r denotes that the expression within the brackets is
evaluated at the position of the damage site, r. For a three-dimensional

structure, the corpesponding expression would be
g T ole
8K = RiB"(D* - D)B s "
If it is assumed that the damage affects the stiffness by the same

proportion in all dirsctions then (D% - D) « D, If the damage is

equivalent to a hole, then I¥ = 0 and Equation (30) »aduces to

SK = - I [B‘DB A dmo (31)
t
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This expression may readily be evaluatad using the routines which
calculate the stiffness matrix in the dynamic analysis. Equation (27)
may then be used to output the sensitivities of the natural frequencies to

damage at any point of the structure, :

The results of the sensitivity analysis when the damage has been taken
to be the equivalent of removing a whole element have been compared with
those obtained by setting the stiffness of the element to zero and
repeating the dynamic analysis. Excellent agreement was obtained, so the
sensitivity analysis method was adopted for all the tests carried out in

this investigation.

2.4 Presentation of the results of the location scheme

Measurement of the frequency changes in one pair of modes will yield a
locus of possible damage sites, that is points where the ratio of the
experimentally determined changes equals the theoretical ratio. The loci
for several pairs of modes may b=z superimposed, tha actual damage site
being given by the intersection of the curves. With symmetrical structures,
two or more sites will be predicted, the number depending on the degree of
geometric symmetry and the elastic symmetry of ths structural material.

At least two mode pairs must be used in order to define the damage sitz
uniquely or to reduce the number of possible sites to the minimum dictated
by symmetry. However, because the frequency changes tend to be small and
the model of damage is unsophisticated, it is desirable to use a larger
number of mode pairs so that some averaging cof the results is obtained.
This scheme has besn implemented, but it was found to be difficult to
automatz the plotting of the loci which meant that they had to be plotted

manually. This procedure was very tedious, particularly when a large
number of mode pairs was used.

An alternative was to output the sensitivities at a series of grid
points and to compute an error function at sach point which was a measure

of the error in assuming the damage to be at that point. The pcint at

which the error was a minimum gave approximately the position of the damage.

Define the error in assuming the damage to be at position r, given

]

A

1S

{

frequency changes 8w, and Sw. in modes 1 and j respectively,
1 )

i R )
®pij ~ Gwi/dmj T s, Sw,
L . 3
Gw./émj Sp3 6wi
€ .. = -1 , =<
rij sr./sr. Sp. Sw .
— —" -—"J J
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In Equation (32), Swi and ij are the experimentally measured frequency
changes in modes i and j dus to the actual damage, which is at some unknown
position. On the other hand, S and S, 2TE the theoretical f?equency
changes due to damage at site r_ih modes i and § respectively, computed

from equations (27) and (31),

The valuz of the error function, erij’ is computed for each mode pair

according to Equation (32). These values are then summed to give a

measure, e , of the total error in assuming the damage tc be at position p,
given the experimentally measured frequency changes. Thus,
e, = z ) (33)
~ all pairs =
i3

tde

The most probable damage site is taken to be the one at which the
value of e, is a minimum. Let this minimum value be €in® It might be
thought that e in would be zerc at the damage site. However, due to
errors in the experimental measurements, the use of an unsophisticated
modzl of damage in the determination of the thecretical frequency changes
and the fact that only a finite number of possible positions, r, are
considered, this is unlikely to be the case. If more than the minimum
requirement of two mode pairs for the determination of the damage site are
used, some averaging of the results is obtained and the position at which

&, is a minimum can confidently be predicted tc be close to the damage site.

To aid interpretation, the final number output to the damage location

chart, E_, is the reciprocal of e, normalised with respect to € in® Thus,

— . -~

. et st

€
r

—

100 Sl :
E 2 | | (34)

The most probable damage site(s) 1s thervefore that (or those) whers

Er = 100 (i,e. &, = e ).
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It remains to decide how many grid points should be used. The finite
element described in Section 2.1 gives a quadratic displacement variation
across it which allows for a linear stress variation. The effect of
damage at a point in the structure is dependent on the stress at that
point, so it would be wasteful of computer time to use more than two grid
points along one side of the element. Values between the points could be
computed by interpolation, The results presented here have been computed
~using a 6 x 6 finite element mesh with two grid points per element side
giving 144 points in all, The accuracy obtained has not warranted the

use of interpolation between the points.

An example of the chart output is given in Fig, 3, the hole shown
being the actual damage in this case, The dotted lines show the finite
element mesh, In this case, four possible sites are indicated because of

symmetry.

2.5 The problem of directional damage

The mcdel of damage used in the preceding sections has assumed that
the local stiffness of the structure is reduced by the same proportion in
all directions., This would be approximately true with a hole in an
isotropic material but the assumption is no longer valid with a crack cr

with a hole in an anisotropic material,

Consider the situation shown in Fig. 4. The crack shown will have a
negligible effect on mode B since there is little stress across it,
whereas it will have a relatively large effect on modes A and C. However,
a hole at the same site would have a significant effect on all three mcdes.
The medel of damage used in the damage location scheme described in the

preceding sections was a hole, so erronecus results would be expected with
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mode pairs A,B and B.C. Howevzr, with mode pair A.C, because the stress
direction at the damage is the same in each mode, the ratio of the

frequency changes produced by thea crack would be tha same as the ratic of
& hole The damage location scheme would therefore

t-v—

the changses given b

give the correct »esult with mode pair 4,C.

This suggests that the damage location schems could be improved by
giving high weight to mcdes in which the directions of the stress vectors
at the point of intersst ave similar, and low weight to modes where there
is low similarity. This is rezdily achieved by weighting the error
according to the scalar product of the normalised stress vectors for the

two modes.  Thus, Equation (33) becomes

e = X & .. I . s (35)
. rij i
=~ all pairs = =
1, 3
where
U - L ] G ‘!
~rio Tz ; (36)
W pid = -
L3 T IG o !
l=pi] =23
mnlsa 8! 13 ] W =z Qs W I~
Thus, for the example shown in Fig. 4, W oAR oF} "oa0 1.
The values of stvess at the grid points may be computed during the
. . . (19}
dynanic analysis using standard techniques. The values of the

stresses obtainad depends on the position through the thickness at which
they are calculated, In flexural vibration, the direct stresses would be
zerc at the mid-plane. The stresses are therefore calculated at a point
avay from the mid-plans, the precise position being immaterial since only
the direction of the stress vector is required, not the magnitude,  The

oY

transverse shear stresses were sufficiently small to be neglected in all

the structures tested,

Many of the structures used in this investigation ware fabricated from .

layered materials which results in the direction of the stress vactor at a
given point through the thickness being dependent on the orientation of
the material at that point. Therefore, 1f the stress weighting procedure
is to bz used, an average stress vector nust be computed, This has been
achieved by defining a mean elasticity matrix for the ply configuration of
the structure and using this watrix in the stress computation rather than
one of the elasticity matrices of the individual layers which were used in
the formation of the elsment stiffness matrix described in Section 2.1.2.
The derivation of the mean elasticity metrix is given in Appendix A, An

glternative to this procedure would be to weight the error according to the




direction of the moment vector at the ralevant point.

In practice, in order to reduce the amount of deta required to be
output from the dynamic znalysis and hance 1o save owu the amount of disc
space required, the stresses were computed at the mid-points of the
elements. These values ware then assigned to all the grid points within
the element. This procedurs is sufficiently accurate provided the stress
directions do not change rapidly with position (rzpid change of magnitude
does not matter as thz stresses are normalised). This is the case with

the lower modas of vibration such as those used in this investigaticn.

The stress weighting procedure has been adopted in all the rasults
presented here. The results obtained without welghting were fairly
similar to those presented, particularly in cases where more modes were
used. This is probably beczuse the rssults tend to average out to give
the correct solution. The results with stress weighting tended to be
better defined and there was a marked improvement in some cases where onl

a few modes were used,

2.6 The problem of erronecus frequency measurem:nts

Occasionally, it was found that the results using the damage location
scheme described in the preceding sections were incorrect but that the
errors were rectified if the results wers computed without using the
readings from one mode. This could be due to sn error in the frequency
measurements, the appearance of a double resonance which was not ncticed,

a relatively large change in rode shape due to the damage (the location
scheme assumes that the wods shape is essentially unchanged) or the model
of damage not belng goocd encugh to predict the frequency change accurately.
A method was therefore sought to automate the procedure of checking whether

one mode was causing the fipzl result to be incorrect.

The technique develcped uses the fact that if one mode is causing
errors in the final results while the other modes give correct results,
rvemoving this mode will tend to make the damage site more clearly definsd
on the location chert, Thz sum of the numbers on the location chart will

therefore be reduced.

The modified location scheme computes the results with all the modes
included and with each mwoda neglocted in tuen. The final sclution is
taken as the ore with the lowest sum of numbers on the chart, When moee
than sixz modes are uscd, a facility is incorporated for neglecting two modes
but this was found to be rarely necessary. If less than five modes are

mzasured, then all the readings must be usad,
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egstimation of the mogritude of tha danage

The sensitivity analysis usss Equatioms (27) and (31) to output the
frequency change in each mode du2 to a hole of area A centred on zach of
the grid points in turn. Comparison of the measured frequency change in

a given mede with that given by the sensitivity analysis Tor a hole of

area A at the predicted damage site therefore gives an indication of the

severity of the damage in terms of the size of a hele equivalent to the

damage. The result variss considerably betwsen the modes, particulariy if

the damage is directional, sc an average value is taken.

The method gives a rough indication of the magnituds of the damags but
is clearly not accurats. The calculation is performed at the grid point
where the error is a minimum, but the damaged area may be between grid
points. This can introduce = substantial ervor into the calculation.

The model of damags used does not take into account the mass of material
ramoved by a hole, Thiz is peasonable with mest types of damage since
damage does not usually reducs the mass of the structure. An error is,
howaver, introduced in the cass of a hole. The sensitivity analysis is
probably only accurats for relatively small changes in the local stiffness
since it does not take account of the effect of stress concentrations

around the damage. This means that the effect of a hole is underestimated,
resulting in the area predicted from the measurad frequency changes being
larger than the actual size of the hole. Nevarthelaess, the method gives

a useful indication of the severity of the damages. The results show that

the predicted severity always increases as the amcunt of damage is increassd.

2.8 The final damags location scheme

The method implemented for these tests involved performing the dynamic
analysis, the sensitivity analysis and the stress calculations cn the
University ICL 4 -~ 70 computer, the results being output to disc or tape. .
The time taken by this program was approximately 50 per cent higher than
that required for a single dynamic analysis, so the saving in computer
time over repeating the dynamic analysis with each slement damaged in turn

was very large.

These vresults, tcgether with the experimental measurements, were then
used as input to the program which computad the relative srrors and
produced the location chart. This progrem could readily be adapted to
run on a micro~computer. Tha major computatiocnal effort is in performing
the original analysis. However, this nead only be performed once Tor a

given type of structure.
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CHAPTER 3

PRINCIPLES OF THE EXPERIMENTAL DETERMINATION OF THE
STIUCTURAL NATURAL FREQUENCIES

3.1 Requirements

The proposed NDT technique requires tha reproducible determination of
several of the lower natural frequencies of the structure under investiga-~
tion. The degree to which the frequencies are reprcducible directly
determines the minimum size of defect which can be detected. In the work
on one~-dimensional structures described in References 1l and 12, it was
possible to resclve the frequencias of small metal structures to about
t 0.01 per cent while, for composite components, the resclution was of the
order of * 0,05 per cent., The structures availabls for this investigation
had their lowar natural frequencies in the range 50-2000 Hz, mcst of the
modes of interest having frequencies balow 1000 Hz. A reproducibility of
+ 0,2 Hz represents an accuracy of * 0.05 per cent at 400 Hz so this was

the order of resoluticn required.

Structural natural frequenciss may be measured either by conventional
steady-state methods or by & transient test from the Fourier transform of
‘the response of the structure t¢ an impulse. The application of these

two methods to the present work is discussed in this chapter.

3.2 Steady-state methods

The steady-state method for structural dynamic testing is well

(32)

established and invelves tuning the frequency of the excitation
applied to the structure until the criterion for rescnance is satisfied.
The usual criterion to use with lightly damped structures is that of
minimum impedanc: (force/response). This may be simplified to maximum
response if the force is frequency indepencdent over the range of interest.
The problem with this method is that it is slow, requiring the manual |
tuning of an oscillator. It is possible to automate the process and use
a steady sweep but, if high resolution is required or if the structural
damping is lcw, the sweep rate must be very slow in order to allow the
response tc stabilise. Automation is considerably simplified if a
programmable digital synthesiser and a micro-computer are available., It
is then readily possible tc adjust the sweep rate according to the rate of
change of resnomnse with frequency and hence to use a2 very slow sweep rate

only around resonance. This results in & large reduction in test time.




3,3 The transient method

3,3,1 Introduction

is increasingly preferred to the conventlonal steady-state methods.

trend seems likely to continue a2s the cost of the digital equipment

the possibility of very rapid results output if on-line computing

who has also discussed the choice of forcing function,

The determination of ths dynamic characteristics of structures from

the Fourier transform of their response to a force of very short duration

required is reduced. The transient method is attractive because the test

time is very short, the measurements are simple to perform and there is

facilitiss are availabls. Tha basic method has been described by White

The spacing between the frequency points preducsd by th: Fourier
transform is 1/T where T is the time record length. If the resonant
frequency is taken to be that of the frequency point at which the response
magaitude is a maximum, the uncertainty in the value of the natural
frequency obtained is 1/2T. This means that, if improved frequency
resolution is required, the response must be recorded for a longer time.
The amount of store required and the time taken for the transform are
therefore increased. Even with low damping structures, however, the
amplitude of the motion is considerably reduced after a few hundred cycles,

so there is a limit to the times for which the response can be recorded

with an acceptable degree of accuracy. These factors effectively limit

the frequency resolution which can be cbtained from the type of test

described in Refersnces 6 and 7.

Several tachniques have been used to covercome these prohlems,

possibility is to use white noise excltation which is applied continuously

to the structure for the duration of the test, thersby removing the

difficulty of the motion being damped out and making it nmossibls to record

the response for a leonger time. This has the disadvantage that several

records must be averaged in order to ensure that the mean spectrum of the

excitation is flat over the frequency range of interest. This averaging

can be expensive in terms of computer time and alsc increases the duraticn

of the test.

Another possible way of decreasing the spacing between the freguency

peaks.

points is to add zercs to the end of the data records, hence incraasing
the recerd length., This cdoes pot mzan that more Iinformation is obtainead
from the test, but merely that the spectrum is sffectively computed at

more polnts whldh makes it sesier to defins the positica of the resonant
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Both the abeve methcds involve increasing ths number of data points,
n, used in the computation of the Feourier transform. The time taken for
the transform is proncrticnal to n logip n and the store required is
proportional to n, so it can be seen that the computation requirements
increase rapidly with n.  In practice, however, high frequency resolution
is usually only required in the reglon of the reszonant peaks, whevsas the
standard transform gives the same resclution throughout the spectrum. It
is possible to take advantage of this fact by rccording the response for a
sufficiently long time to give the required resclution at a sample rate
which is high enough to preven® aliasing.®™ This data is then fed through
a digital bandpass filter centred on the region of interest which outputs
a smaller number of peints on which the transferm is performed.  This
produces the spectrum cver the bandwidth of the filter with the desired
frequency resolution. The filtering process can then bs repeated for
other parts of the spectrum. This method gives large savings in time cver
performing the Fourisr {ransform on the whcle of the original data but a
considerable quantity of store is required. It is possible to perform
the filtering cn-line and so to eccnomise on stere, but this means that,
if several frequency rangss are to be investigated, the test must be
repeated for sach ona, This filtering technique has been implemented by
several digital equipment marufacturers and is known as 'zoom' or 'band-

selectable frequency analysis’.

The store available on the transient capture unit in the department
was 2048 peints on each of two channels and is fairly typical of currently
available systems. If the range 0-1 kHz were to bs investigated, a samnie
rate of at least 2 kHz would have to be used in order to prevent aliasing.

The response could therefore be recorded for about one seccnd giving a
spacing between the frequency points produced by the Fourier transform cf
1 Hz and a resolutiocn of + 0.5 Hz if the natural frequency wera to be
taken as the point of meximum response. It would bz possible tc add
zeros to the end of ths record and hence to computs the transform on more
points, but insufficient storc was available on the computer for this to
be practicable. The 'zoom' equipment would have bsen ideal for the
proposed test but is extremely expensive, costing upwards of £30,000., If

the proposed non-destructive test were to be widely applisd in industry

*Shannon's sampling thecrsem states that, for a signal to be faithfully
reconstituted from a set of samples, the sampling frequency must be at
least twice the frequency of the sipgnal, If the sample rate is less than
this, frequencies above Lalf the sampling frequency are misinterpreted as
lewer ones, This effsct is known as alissing.
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using the transient method for measuring freguencies, it would be essential
to develop a cheaper method for improving the resolution. Accordingly, an
alternative technique was developed which attampts to resolve the natural
frequencies to better accuracy than the spacing between ths freguency

points produced by the Fourier transform,

3.3.2 Theoretical background

The frequency response function of a lightly damped structure may
accurately be modzlled as the sum of the response functions of a series of
single degree of freedom mass, spring and viscous damper systems. The

Fourier transform of the Impulse response recordad for tims T of such a

system has been derived by Clarkson and Mercer(aa) and is given by
F(w) = o(X + iY) (37)
whers
= (0 2 — 23 - (EVE 2 _ 2y -
X (wn w<ly - (e y/L)La(wn w?) ZBcwnu]
Y = ~ 2co_wy + (elva/u)[?(w‘z - 02) + 2ccw Q]
po! el n

w, = undamp2d natural frequency = /i /m

w = freqguency

k = spring stiffnass

m = mass

§ = damping coefficient

¢ = damping ratic = Z/2vkm = proportion of critical damping

= 2 . .232 2, 2,.27¢
¥ = l/[(mn i Y4 + be w W J
u=w (1-c2)2
n
v = e
n

T = record length

i=v-1

a = u cos ul cos ol + » sin uT sin wT + v sin uT cos wT

B = u cos uT sin wT - v sin uT cos wT + v sin uT sin wT

¢ = amplitude factor

The magnitude of the response is therefore given by
1
P(u)) = ¢(x2 + YZ)? (38)

Using these equations, it is possible to compute the magnitude of the
response at any frequency due to a system of damping ratic ¢ and undamped
natural frequency W assuming the impulse rasponse of the system to have
been recorded for time T, The relative values of the response magnitude
at given points around the resonant peak are dependznt on the position of

the peak in relation to thess points. The Fourier transform algorithm
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cemputes the value of the transform at points spaced 1/T Hz apart. Using
the above equations, the relative valuss of the vesponse wmagnitude at thesa
pcints for a peak at any frequency can be calculated. A comparison of the
valuss computed from the experimental data with those froem Dquations (37)
and (38) for the resonant peak at different frequenciss cun be used to
estimate the natural frequency with better accuracy. This is conveniently
achieved by defining an errcr function which iz to be minimised with

respact to the freguency of the rescnant peak,

3.3.3 The choice of error finction

The approximate frequencies of the resonant peaks can be found by
locating the local maxima of the response magnituds derived from the
Fourier transform of the data from an impulse test on the structure. Let
there be a local maximum, P;, at frequency w;, the adjacent points being
Py at frequency w; - Aw and P, at frequency w) + Aw where Aw is the spacing
between the freguency points and is equal to 1/T. The more accurate
value of the resonant frequency is to be computed from the relative values

of PO, Pl and Pz.

It is desirablzs to chocse a function which is indepandent of the
absolute values of the responsz because the response function is modslled
locally as that of a single degree of freedom system whereas practical
structures are multi-dsegree of freedom systems so there are contributions
to the response from cther modes, Away from their respective resonant
peaks, however, the rate of change with frequency of the levels of the
other modes is small so they make an approximately equal {(unknown) contri-
bution to the values of Py, Py and Pp.  The presence of noise will tend
to have a similar, though less predictable, effsct.

Define gl(mp) as the thecretical value of the response magnitude at
frequency wy computsd from equations (37) and (38) fer a single degree of
freedom system of natural frequency wp and damping ratio equal to that of

mpulse respense is

e

the relevant mode of the structure undsr test, when the
recorded for time T, gg(wm) is therefore the theoretical value of the
response magnitude at frequéncy w; - Aw, while gz(wp) is the theoretical
value of the response magnituds at fregquency wiy + Aw, Then, when wy

» of tha structure under

equals the natural frequency of the relevant me
test,
go(wp) = Py - Xo
T = - 9
L4,1(11)13) P1 X1 (39)

I
!
[

¢ 22(w)) - X2

1
i
3
E
4
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k.
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woere ¢ is a scaling factor and x, is the contribution from other modes
plus any noise which is present.at the frequency correspouding to Pi'

Hence, if the valuss of ¥, X, and y3 are equal,

Py - P gilw ) - g )
1 o 2ilw) goluw)

: (40)

P1 - P2 " ailu ) - golu )

A suitable errvor function is therefors given by

{?1 - P mle ) - golw) 2

. . {41)

E({\) ) = ) - — !
P LPl = I gl(wn) - c:sz»_’\wﬁ)ﬂl

The value of E may be cnlculated for a number of values of W between
wy ~ Aw and w; + Aw, the frequancy at which E is a minimum being teken as
the rasonant frequency of the structurs. This fraquency, in fact,
corresponds to the undamped natural frequency, W The error will not be
exactly zerc at any value of W because of numerical inaccuracies and

because the values of x5, %1 and X2 will not, in fact, be equal,

This ervor function also has the advantage of being only a weak
functicn of the damping ratio, ¢, so it is not necessary to measure the
damping accurately before E is calculated. In the *ests described in
Section 6, the damping was computed from an estimatz of the half powar
points made using the values of the response magnitude produced by the
Fourier transform. Even with very low valuss of damping, this procedure

was found to be sufficiently accurate.

3.3.4  The expected accuracy of the mathod

The method assumes that *he frequency response functicn of the
system under test can be expressed as the sum of 2 number of independent
modes, each of which behaves like a single degree of freedom system with
viscous damping. This is a reasconable approximation for lightly damped
systems such as castings, rotor shafts or aircraft pansls whose natural '

modes typically have cdamping ratics lsss than 0.05,

Given that the above assumption holds, the accuracy of the technique
fer a given mode depends on the damping ratic, ¢, the time for which the
response is recorded, T, the accuracy of the analegue-to-digital

conversion and the level of any other noilse sources, the proximity of

other modes and the level of the response in the mode of interest compared

with the cther modes. With most computer systems the inaccuracies
introduced in the computation are sufficiently small to be neglected by
compariscon with the cther ervors, The accuracy of any of the techniques

userl to improve the frequency resolution is also dependent on the degrse
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orce is fia¥ over ths range of

*‘1

to which the specirum of the input f

intsrest. It is possible to compute the force spectrum and to find the
frequency response function by dividing the respcnse by the force spectrum,
but this procedure adds considerably to the computation and instrumentation

required,

As the damping is increased, the diffarence betwesn Py, Py and Py is
reduced so that the psuk becomes less well defined and the pradicted
position of the peak mors sensitive To errors in the computed values of the
response magnitudes. This is not too serious when comparing the method
with steady-state measurements as, in this instance also, the accuracy

obtainable decrsases with increased damping.

The spacing betwzen the spectral lines of the spectrum computad by
the fast Fourier transform algorithm is 1/T and the proposed method will
improve this resclution by a factor dependent on the other parameters.
This factor is independent of T, so the resolution is still improved by
increasing T, though with penalties in terms of computer time and storage.

Analogue~to~digital converters operate to a fixed nuwmber of levels,

typically 210 or 212, The conversicn process sffectively introduces
noise into the signal which results in a decrease in the accuracy of the
values of Py, Py and Pp.  The size of the pcssible error is independent
of the values of the response magnitude which means that it is more
significant when the differences between the values are smell. If noise
is a severe problem, the effect can be reduced by performing the Fourier
transform not on the response itself but on the autocorrelation of the
response as described by Kardiar (3;> This operation doubles the time
taken to prcduce the frequency response function. If this is critical,

the analogus-to-~digital converters could ba upgraded.

The method assumes that, within the region of interest, the response
may accurately be modelled as that of a single degree of freedom system.
This means that severe errors can be introduced if ancother peak is in
close proximity, the magnitude of the error depending on the damping in
each mode, 1@ inaccuracies caused by this phencmenon are less seriocus
with low damping systems as, in this case, the response decreases more
quickly away from resonance. The choice of errvor function to be one
which is unaffected by a constant added to the response magnitude helps to
minimise this error since, avay from the immediate vicinity of the peak,
the absolute value of the response function may be significant while the

rate of change with frequency is smally thus, the effect of this mode on

the respense at an adjacont neak approximates te the ac

Aition of a constan®
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added to the response in order to achisve battsr frequsncy resclution

to the response magnitude. problem is not enccuntered if zeros ars

since, with this method, no assumpticn is made as to the shape of the peak,
if this procedure is adopt=d, howsver, the cost in termz of computer time

and storage is high.

A perennial problem with impulse tests is that one mode tends to be
excited much more strougly than the rest, which means that a poor signal to
noise ratic is obtained in the other modes.  This problem could be overcome
by increasing the energy input at frequencies where the response was too
low.  However, this approach would rsquire prior knovledge of the spectrum
and would involve the computation of the force spzctrum, the frequency
response function being computed by the division of the response by the
force spectrum. In most impact tvpe tests, it is sufficiently accurate
to assume that the force spectrum is constant over the region of interest.
This solution could only be implemented if the forcing function wers
generated electrically as is the case with the swept sinewave discussed by
White.(6’7) It would not be practicable if a mechanical impulse, such as
the hammer blow employzd in the tests reported in Section 6, were to be
used, A more generally applicable solution tc the problem would ba to
carry out the Fourier transform on the autocorrelation of the response as

(34)

described by Kandianis, and hence improve the effective signal to noise

ratio,

Numerical tests performed using the proposed method indicate that with
a single degree of freedom system the natural frequency can be found to an
édcuracy of 0.05/T assuming a 10 bit analeogue~to~digital converter and a
damping ratio, ¢, of less than 0.05. With more than cne frequency present,

the resolution at a given spacing between tha peaks is strongly dependent

on the damping. With a damping ratic of 0.001 it was possible to compute
natural frequencies in the ratio of 1.02:1 t¢ an accuracy of 0.1/T,
whereas with a damping ratic of 0.01, in order *to achieve this order ¢f
accuracy, the ratio of the frequencies had to be 1.2:1. This still,
however, represents a very considerable improvement in accuracy at a low

cost in terms of computational effort.
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EXPERIMENTAL PROCEDURE

4.1 The choice between steady-state and transient testing

The numerical tests of the transient method for measuring natural
frequencies indicated that the technique would be ideal for the non-
destructive testing work since the frequencies would be found to the
required accuracy without the need for the tedious tuning of an oscillator,
This would result in a very short test time. The problem with the method
was that suitable equipment was not available. The department had
purchaszd a transient capture unit which ensbled the acquisition and
storage of 2048 time data points on sach of two channels at a pre-
selectable sample rate, These could then be written to tape for input to
a Prime 400 computer which was housed in the Faculty building.  However,
preliminary tests of the equipment showed that there were major faults in
it which resulted in the data becoming corrupted.  Problems were also
experienced with the computer interface which meant that the average time
from testing the structure to obtaining the frequencies was of the order
of three hours, These factors effectively ruled out the use of the
transient method of testing though, after the equipment was repaired, it
was possible to do a few tests to investigate the accuracy of the method
for improving the frequency rasolution described in Section 3.3: these
tasts are described in Section 6. Tha steady-state method was therefore

adepted for the investigation of the NDT technique.

The oscillatcr which was available for use in the test pregramme was
a sweep oscillator (B & K type 2010) which could be manually tuned to an
accuracy of * 0,01 Hz over the frequency range of interest (50-2000 Hz).

t would have been fairly difficult to automate the determination of
natural frequenciles using this instrument and it was decided mct to :
attempt to do sc. This decision was influenced by the fact that only a
relatively small number of tests was proposed and, in real applications of
the NDT technique, the transient method of frequency measurement would

prcbably be used.,

4,2 The support systen

The method used for supporting the structure during the determination
of the natural frequencies shcould be simple to set up and must be repro-
ducible. Thus, the constraint applied to the structure must either be

the same each time the frequencies are determined or must be nepligible.




. . s (11,32) . ..
Previous experience with one-dimensicnal structures’ indicatad

that hanging the structure so that it was effectively free~free readily
satisfied these requirements, the constraint applied to tha structure being
negligible. This procedure was therefors adepted for all the tests
described here, the structure being suspanded on nylon thread which was
passed through small hroles drilled near the edge of the gtructure, as

shown in Fig. 5. For industrial applications of the test, it would
probably be unacceptable to drill holes in the structure, sc a methed for
clamping an attachment to the structure through which to pass the support-
ing strings would have to be developed. An arrangemsnt which would

. 3[‘\ i
probably be suitable has been described by Clary. (3583

The NDT method is not dependent on a free-free configuration being
used, so there is no reason why, for example, the structure should not be
firmly clamped. However, ezperience suggests that, in this case, it is

difficult exactly to reproduce the constraint applisd tc the structure,

4,3 The excitation and monitoring of the structural response

4.3.i Requirements

It is desirable that the number of additions to the structure bs kept
to a minimum in order tc make the test easy to set up and also that the
transducers should be small enough to have a negligible effect on the mode
shapes of the structure. It would be possible o include the effect cf i
the transducers in the dynamic analysis, but this would add unnecessary

complications and uncertainties to the program,

It is essential to =nsures that any additions which are made are rigidly
‘attached to the structure so that the nature of the response is not affected
by the additioms. If the attachments are not rigid, the effect is similar
to adding a spring-mass system o the structure which can have the effect
cof producing a double peak at one of the rescnances, making it impossible

to define a single resonant frequency.

4,3.2 Methods of excitation

Four possible methods of exciting the structure have baen investigated:
a proprietary electrcdynamic shaker, a coil-magnet palr, a plezoelactric

strain gauge and a moving coil loudspeaker.

The use of an elactrodynamin shzker results in the addition of a
sizeable electro-mechanical system to tha structure. The vibration
response of the combined system camnot, therafore, he assumaed to be ths

same as that of the structure z2lone. The response of the structure itsell



may, however, be deduced if the force input to it is monitored. This may i
conveniently be achieved by attaching the shaker to the structure via an

impedance head which measures the force input to the structure and its ‘
acceleration. Resonance is then defined as the frequency at which the |
impedance (force/response) reaches a local minimum. The frequency analyser
used in these tests incorporated a feedback circuit which could be used to
keep the acceleration constant by controlling the current input to the
shaker.,  Resonance was therefore located by tuning to the minimum force
input to the structure. The method worked well but it was necessary to
ensure that the attachment to the impedance head was aligned accurat=ly.
This proved to be a tedious procedure and, since the method involved %
monitoring the force input, it was more complicatad than the other pessibla
techniques in which the force input to the structure could be considered

to be constant across a resonant peak of a structure with fairly low
damping. Since the proposed non-destructive tast only requires the
determination of the frequency of the resonant peaks, and not the

impedance at resonancz or the structural damping, it was not necessary to i

measure the force input to the structure when the cther metheds of

excltation were used. |
i

The coil-magnet method was used successfully in the work on one-

dimensional structures,(ll’lZ) It involved bonding a horseshoe magnet to

the structure and placing a current carrying coil betwsen the poles of the
magnet. This technique worked well with heavy structures, but the small
CFRP plates used in this investigation tendaed to exhibit a very low
frequency rigid body oscillation which caused the coil to collide with the
‘poles of the magnet. The force required to generate this oscillation was
probably produced by non-linearitids in the excitation system cr by air

currents, The effect was not noticed with heavier structures becauss tha

force required to produce significant amplitudes would he greater.

The applicetion of a voltage to a piezoslectric strain gauge causes

deformation of the piezoelectric material. If the gauge is bonded to a

structure at a peint of non-zero strain in the modes of interest, it is

possible to excite the required modes, This method was found to be very

successful, the gauges weighing laess than 0.5 gm, so their effect on the
response of even the lightest structures ussd was negligible.  The dis-
advantage of the method was that the gauges ccst approximately £5 each

and were difficult to remove from the structurse after being bonded on.

The use of a moving coil loudspeaker for excitation involved placing

the speaker in front of the structure and passing an alternating current %
g
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through the speaker coil.  This technique had the advantape of being non-
contacting and being simple to set up. The noise produced was not too
severe since the structures used had fairly low Zdamping and so required
little exciting force for the low amplitudes which were required.
Accordingly, this msthod was adopted for all the tests describad here
thcugh, in cther situations, it might be desirable to use one of the other

methods,

4.3.3 Methods for monitoring the response

The structural response to the loudspeaker excitaticn has been
successfully monitored using either an accelerometsr or a plezoelectric
strain gauge. The accelercometer was attached by screwiny it on to a stud
which was bonded to the structure at a point where the displacement vas
predictad to be non-zerc in the modes of interest, The strain gauge was

bonded direct to the structure at a point where the strain was predicted

to be ncn—-zere in the relevant modes. It was found that the accelercmeters

)

available represented a significant mass addition to the light, CFRP plates
used in some of the tests so a strain gauge was praferable in these cases.
However, when heavier structures, such as the aluminium plate described in
Sections 6 and 7.1 were tested, the accalerometer was satisfactory and had
the advantage that it could be re-used since only the stud was bonded tc
the structure. Strain gauges were used on all the CFRP components tested

but it is probable that an accelerometer would have been satisfactory on

the larger CFRP structures.

Rescnance was locatad by tuning to the maximum output of the trans-
ducer. With fairly low damping materials, such as those used in this

investipgation, this is a reasonable criterion to use and is much easier tc

apply than that of the 90° phase shift between input force and displacement

response, When an accelercmeter was used, the peak which was located‘was,
strictly speaking, the acceleration rather than the displacement ressonance.
However, with low damping structures the diffarence between the two is
negligible and, in any case, the frequencies befors and after damage were
measured using the same transducar sc the frequency change would be almost

the same in both cases.,

L.4 The effect of temperaturs on the natural frequencies

In order to cobtain accurzts measurements of the frequency changes du2
to damage, it is necessary to ensura either that the natural frequencies
of the structure beforz and after damage are measurad at the same ambient
temperature or that the measurements are corrected for changes in tempera-

ture., With aluminium plates, the rate of change of natural frequency
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with temperature was of the order of 0.03 per cent per degree Celsius
while, with CFRP plates, the effect of temperature could be an order of

magnitude greater than this, the size of the change being dependent on

whather the stress was chiefly taken by the fibres or the matrix in the

mode under consideration.

The tests described here were carried out in a constant temperature
enclosure made from poiythens sheeting on a metal framework. The air
temperature was maintained at 25 * 1 c by means of a thermostatically
controlled relay connected to a szt of light bulbs which acted as heaters,
Due to thermal inertia, the tempsrature variation of the structures under
test was probably less than * 1 “c. This was found to be sufficiently
stable to enable accurate frequency changes to be recorded. In an
industrial environment, the use of a constant temperature enclosure may be
impracticable so it would be desirable to develop a method of correcting
for ambient temperature changes. With metal structures, it was found to
be possible to apply a correction facteor based on the temperature coeffi-
cients of modulus and expansion, similar to that described in References
11 and 36. This approach wouid be difficult to apply to structures
fabricated from compesite materials since the different moduli have
radically different temperature coefficients and the coefficients of
expansion are diraection dependent. It would, hcwever, be a simple matter
to determine experimentally the changes in each natural frequency of o
interest with temperature, and hence to derive the appropriate correction

factors,

4.5 Fregquency variations with time

With recently-fabricated composite materials, some long-term i
frequency drift was cbserved., This was probably due to chemical changes
taking place in the matrix which affected the elastic moduli, particularly
the transverse Young's modulus and the shear moduli which are strongly |
dependent on the matrix properties, The effect was also possibly due to
slight warping of the structure caused by the relaxation of stresses
induced during manufacture. Experience with structures which had been
fabricated more than six months previously indicated that the time
dependency was much reduced but, since the effect is dependent on the
chenical nature of the matrix and the cure cycle, there was little point
in teying accurately *to quantify it at this stage. In industry, with the
carefully controlled production of large quantities of the same material,

it would readily be possible to produce data for the change in the

material propertiss with time. This would bes more difficult in the
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laboratory where the cure cycle tends to be mors variable and the matsrial

throughput is much smaller.

In the tests reported here, the effect of time on the natural
frequencies was eliminated by carrying out all the tests on a given
structure on the same day,  In practical applications, there would be a
much longer interval between tests so it would be necessary to corrasct for
any time dependence of the freoguencies This could be done by deriving a
correcticn factor based either on mzasured values of the time dependence
of the elastic moduli c¢r on measuremsnts of the natural frequenciss of a
typical structure at regular intervals. It is probable that the latter
method would be more satisfactcocry as the corrsction factor based on the
time dependence of the elastic moduli would not take into account any

warping which might cccur,

4.6 The determinaticn of the ncdal patterns

The thecretical predicticne of the mode shapes of the structures tested
were checked roughly by determining the nodal pattarns. The structure was
placed on sponge rubber blocks and excited by an electro-mechanical shaker,
Dry sand was spr@ad lightly over the surface of the structure., VWhen the
system was tuned to resonance, ths: sand particles migratad to the nodal
lines, giving a check on the theoretical predictions of their position.
This system cculd not be used for the determination of the natural

frequencies because the constraint applied by the sponge rubber varied each
time the test was set up as the position and load on each of the blocks
changed.  This could cause a five per cent variation in the measured
natural frequencies. However, the nodal patterns were changed very little

by this effect.

Some symmetrical structures have two or more modes at the same
frequency, the modas &xcited in practice being a combination of the two
depending on the position and nature of the excitaticn. In these 'cases,
it is impossible accurately to detarmine the mode shaps., Modes of this
type were therefore not used in the location scheme since this requires
knowladge of the mode shape. The existence of these modes is discusssd

further in Sscticn 5.3,

4.7 Test procadure

The support and excitation system used in all the tests reported here
is shown in Fig, 5. With the aluminium plate described in Sections 6 and
7.1, an accelercmeter was substituted for the strain gauge. This

apparatus was placed in the constant tempsraturs enclcsure. Figure 6
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shcws the supporting electronic equipment. The signal from the oscillator

was stable to * 0.01 Hz over the freguency range of interest (50-2000 Hz),

The frequency and mode shaps pradictions for sach structure to be
tested wers checked and the modes to be useld for the non-destructive test
were decided, Uo to ten modes were usually used, the minimum being five,
The actual number used depended on how many modes could readily he excited
using the systam described above, The natural frequencies of all the
modes used could be determined to within at least 0.5 Hz and most could be

found to within 0,2 Hz. With the aluminium plate described in Section 7.1,

the natural frequencies could be resolved to at least 0.06 Hz.

The test procedure was then to measure the initisl frequencies of the
structure at least twice, leaving half-an~hour betwean the réadings in
order to check that the frequencies were reproducible and the tempevature
stable. The structure was then removed from the snclosure, damaged, and
returned to the enclosure. After zllowing time for the temperature to
stabilise, the frequencies were again measured twice, The frequencies
quoted in Tables 15 and 16 are therefors the mean of at least two readings.
In ceses whare the extent of the damage was net cbvious, an ultrasonic

C-scan test was also carried out on the structurs,

Occasionally, the frequency of one mode would increase slightly after
damage. This was probably due to an error in the initial frequency
readings and meant that the mode cculd not bas used in the damage location
routine. In two instances, s rescnant peak bacame ill-defined after
damage with several local maxima being founi which made it impossible
uniquely to determine the resonant frequency. This could be a-useful
indication that damage was present but, again, the mode could not be used

in the location routine.




CHAPTER 5

INVESTIGATION OF THE ACCURACY OF
0

THE FREQUENCY AND
MODE PREDICTIONS

5,1 Introduction

This series of tests was designed to investigate the accuracy ¢f the
natural frequency and node shapa predicticns made using the dynamic analysis
described in Section 2.1. The *tests were carried out on square aluminium
and CFRP plates with a variety of ply configurations and on a trapezoidal,
cross-ply CFRP plate. The experimental arrangement was the same as that i
described in Section 4.7, the plates being suspended on nylon threz
The vibration was excited by a moving coil loudspeaker and detected by a

plezoelectric strain gauge bonded to the plate.

There have been few investigcations of the natural modes of free-free

. . (35) ., . . .
anisotropic plates. Clary" ) investigated thecretically and experi-

mentally the effect of fibre orientation on the first five flexural modes
of rectangular, unidirecticnal, boron-epoxy panels, The agreement

between theoretical and experimental natural frequencies was generally gocd,

though there were large errcrs in some of the predictions for the thinner
panels. Ashtcn(37) considered theoretically the effect of stacking
sequence and degree of orthotropy on the first four flexural modes of
square, free-free plates. The work described hers was therefore ths

first experimental investigation into the natural modes of free-free multi-

directional plates.

5.2 MYaterial properties

The compesite used in these tests was HT-S carben fibre in DX210 epoxy
resin. The plates were fabricated using nominally 60 per cent fibre
volume fraction, O.4 mm thick pre-nreg sheets. The plates had either 7 or
8 layers and a side length of the order of 200 mm, giving a side length/t
thickness ratio of over 70. Details of the plates used are given in
Table 1. The trapezoidal plate, No. 34, was made frem Plate 3 by cutting

along a line from the mid-point of one side to the opposite corner.

The material properties used in the theoretical predictions are given
in Table 2. The values for aluminium were generally accepted nublished
values while the significant CFRP properties were measured, The longi-
tudinal (Ex) and transverse (E_) flexural Young's moduli were established
using beam specimens cut from a unidirectional plate by measuring the
first, free-free flexural natural frequencies of the beams. The longi-

tudinal shear modulus, ny, was determined for a cylindrical specimzn by
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using the torsion pendulum described by Adame ot al. The values of
the major (vxy) and transverse (vyz) Poisson's ratios were obtained from
data shests. It was not felt %o be necessary te measurse these as the
mtural frequenciss are insensitive to changes in Poissen's ratio.
Numerical tests have shown that the maximum frequency change in the mddes
of interest in this study duz to changing the value of vxy frem 0.30 to
0.35 was of the order of 0,4 per cent. Tha density for each plate was

computed from the mass of the plate and its dimensions,
5.3 Results

The theoretical and experimental frequencies ars shown in Tables 3-§.
These have been expressed in non-dimensicnal form in crder to facilitats
comparisons between plates of different dimensions. The frequencies are

e

therefore swpressed in terms of the parametsr, ¥, defined such that

_faZ fo
B E
y

The errvor in frequency prediction is given by
) -
1Jexp wtheor
i
Ytheor

e =

The value of side length used in the calculation of ¢y for the trapezoidal

plats, No. 3A, was the side length of plate 3 from which plate 3A was made.

The nodal line patterns corresponding to the mode numbers given in
the taebles are shown in Figs, 7-12. The aluminium plate (No. 1) and the
+ 457 plate (No, 4) show instancas of multiple eigenvalues.  This means
that, owing to symmatry, thers are *wo possible mode shapes at the same
frequency. These are referrad to as A and B in the figures. Experi-
mentally, if the plate is excited at this frequency, a linear combination
of these modes will, in general, be obtained, the precise nature of the
meda produced depesnding on the position and method of excitation and the

support positions.

5.4 Discussion

The results presentsd in Tables 3~8 show generally good agreement
between the predicted and measured frequencies, the worst error being
6.3 per cent. The results of Clary(as) with 24 layer panels of similar
overall thickness to the plates used in this investigation show a worst
error of 14.4 per cent., The average error cbtained by Clary with the
24 layer panels was 4.4 per cent while ths average eyvor in the results

from the CFRP plates presented here was 2.8 per cent. The results of the
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tests on the trapezoidal plate demonstrate that the quality of the predic-
tions is not dependent on the elements remaining undistorted.

at

The ervors are probably largely dus to thickness variations across
the plates and property variations across a given plate and between the
plates, A one per cent change in thickness would give a one per cent
change in frequency, while a one per cent change in one of the zlastic
noduli would give up to a 0.5 per cent change in frequency, the magnitude
of the change being dspendent on the directions of the stresses in the
given mode.  The CFRP plates showed thickness variations of typically
+ 5 per cent on the average values used in the predictions. The worst
errors in the frequency predictions were in modes in which the material is
stressed chiefly in shear. The torsional rigidity of cross-ply beam
specimens cut from plates 3 and 4 was measured in the torsicn pendulum
described in Refersnce 38 and showed a * 4 per cent variation on the mean
value, indicating that the shear modulus varied significantly across the
plates, The errors due to variations in dimensions and material proper-

ties could therefore readily account for the srrors in the fraquency pre-

dictions,

The variaticn in thickness across the aluminium plate was * 1 per
cent on ths mean and it may be assumed that the material property variation
across it was relatively small, though there may have been some anisctropy
due to the rolling process. The results for this plate given in Table 3
show that the agreement between the theoretical and experimental frequencies
is, on average, congiderably better than for the CFRP plates, the worst
errcr being 2,6 per cent. This suggests that tha larger errors with the
CFRP plates were caused by variations in the thickness and the material
properties.

The number of elements used in the analysis affects the accuracy of
the predicticns. The theoretical frequencies quoted here were all calcu-
lated using a 6 x 6 mesh. The frequencies were alsc computed using a
5 x 5 mesh and the vresults were within 2 per cent of those obtained using
the 6 x 6 mesh, indicating that the results are close to the "exact”
solution. It is of interest to note that the use of 2 point integration
in the fermation of the element stiffness and mass matrices means that
convergence is no longer necessarily from above, so ths solution is not an
upper bound on frequency as is normally the case with the finite element

a

method.  Convergence is, however, fast enough for this not tc be a

serious procblen.
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The nodal line patterns cbssrved using sand were in good agreement
with these predicted, except where the theory showed a multiple eigenvalue.
In these cases, the pattern observed depended on the position of excitation.
It was found to be possible to obtain the predicted mods shapes by clamping
the plate at a point which lay on a nodal line of one of the possible modes
but at which there was motion in the other mode. Vibration in one of the

alternative modes was thus prevented.

The tests show that the dynamic characteristics of composite laminates
vary considerably with the ply orientations. The lowest frequency tinds
to be cne which stresses the material chiefly in shear., The lowest
frequency parameter and the average of the fipst six frequency parameters
for each of the CFRP plates are shown in Table 9, It can be seen that the
lowest frequency of the % 15” rlate (No, 4) is over 50 per cent higher than
those of the unidirectional plate (Nc. 2) and ths cross ply plate (No. 3).
The average of the first six frequencies of the unidirscticnal plate
(Nos 2) 1is 20 per cent lower than that of the other plates. The average
frequency of the * 45° plate is considerably higher than that of the other
square plates. The nodal patterns shown in Figs. 7-12 show that the mode
shapes are alsc strongly dependent on nly corientation. It is possible,
therefore, for the designer to exercise considerable control over the
dynamic response of a laminated composite structure simply by changing the

ply orientaticn.

It was noted that the mode shape of the third mode of the % 1y5° plate
(37)

(No. 4) was different frem that predicted by Ashton for a similar
.plate, It appeared unlikely that this change was due to the slightly
different material properties and ply orientation.  Accordingly, the eight
layer * 1y5° plata censidered by Ashton was analysed using the method
described in Section 2.1. The frequency parameters for the first four
modes are compared with the corresponding figures from Reference 37 in
Table 10, The material properties and plate data used are given in

Tables 1 and 2. The frequency parameter used in Reference 37 is defined
in a different way to that used here, so the results quoted in Reference 37
have been converted to facilitate comparison., The nodal patterns pre-
dicted using the method of Section 2.1 are similar to those shown in Fig. 10,
These agree with the predictions of Reference 37 apart from the third mode.
The third mode of Refefence 37 is shown as number 3T in Fig. 10. The
experimental results from the * 145° plate (No. 4) used in this investiga-
tion showed good agreement with the theoretical predictions made hers,

o . .
The predictions for the four layer # 457 plate given in Reference 37 were

B e e A R

i

T A e




also checked using the analysis described in Section 2.1. The results are

shown in Table 10. In this case, the nodal pattern predictions are
similar though the methods do not agree on which mode has the lowest
frequency. The results for the 0° and + 45° plates were also checked and
the agreement was found to be better than two per cent in frequency for ths
0° plate and better than six per cent for the + 35° plate. In both cases
the nodal pattern predictions were in good agreement, It appears,
therefore, that the mode shaps predicted for the third mode of the =ight
layer * 55° plate given by Ashton in Refarence 37 is incorrect.  Apart

from this, the presults of Referencs 37 are similar to those obtained here.

The plates used in these tests had ratiocs of side length to thickness
of the order of 70, In platss with high aspect ratios, even when they are
fabricated from a highly anisotropic material, transverse shear deformation
is not very significant in the lower natural modss. Shear deformation
becomes more significant in the higher modes as the ratio of wavelength to
thickness decreases. Therefore, the inclusion of transverse shear
deformation in the analysis does not make a large contribution to the
accuracy of the results guoted hers. This has been demonstrated by
increasing the transverse shear stiffnesses by a factor of 103, thus making
the element effectively non-shear-flexible, and repeating the dynamic
analysis. The maximum frequency increase was about three per cent in the
most ccmplex modes considered. Transverse shear effects would be mores
significant in thicker plates or in, for example, a sandwich construction
using CFRP skins on a softer core.(ag) Even with a sandwich construction,
however, the effects of transverse shear deformaition are not likely to be
significant with the lower modes of panels of aspect ratio greater than 50.
Two honeycomb panels were used in the testing of the NDT technigque but both
had aspect ratios of the order of 60 so the effect of transverse shear

deformation on the modes of interest was negligible,
5.5 Conclusions

The results show good agreement between the experimental natural
frequencies and nodal patterns and the theoretical predictions for all the
plates tested, the worst error in frequency being 6.3 per cent. The
accuracy obtained using the analysis of Section 2.1 appears tc be as gocd
as is warranted by the uniformity of the material. These results have
been obtained using a fairly coarse mesh comprising 36 elements, The
element is readily generalisable to shells and will accommodate irregularly
shaped boundaries. It is also shear-flexible, which is an advantage in
such configuraticns as, for example, CFRP skins on a soft core, an appli-

cation in which fibre reinforced materials are commwonly used.  The results,
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therefore, suggest that the element used is a good general purpose tool for

the analysis of structurss fabricated from composite materials,

The results show that the use of the analysis described in Ssction 2.1
readily satisfies the requirement of the dameps location scheme vhich is
that a reasonably accurate estimaste of the mode shapses of the structure ba
chtained, This program was therefore used for the dynmamic analysis of
all the structures used in the investipation of the NDT techuique. It is
possible that a simpler element would have given sufficiently accurate
results for the damage location scheme with the structures tested in this
investigation. Howevsr, the element described in Section 2.1 has ths
advantage that it can be used to analyse any shell-type structure so tha

same program could bs used with all two dimesnsional structures.
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CHAPTER 6

EXPERIMENTAL INVESTIGATION OF THE TRANSIENT METHOD 4
CF FREQUENCY MEASUREMEHNT ]

6.1 Apparatus

The equipment used in the sxperimental investigation of the method
for improving the frequency resolution obtained from a transient test
described in Section 3,3 consisted of a transient capture unit which could
stere 2048 samples on sach of two channels using a 10 bit analogue-to-
digital converter at a pre-selectad sampls rate, These time points were
then output to a Prime 400 computer on which the fast Fourier transform,
the calculation of the response magnitude, and the estimation of the
natural frequencies were performed. It was only possibls to carry ocut a

limited number of tests on the method because of the unreliability of the

transient capture unit and the computer interface.

6.2 Tests with a single frequency input

The first series of tests was carrisd cut using the signal from a
high-stability, variable-frequency oscillator as input to the system in

order to investigata the accuracy obtainable with the available equipment : |

for a single frequency input whose amplitude was comstant with time.

Five tests were carried out with different frequency inputs, the sample
rate in each case being 2 kHz, giving a thecretical maximum frequency of
1 kHz. The sample time to stora 2048 points was therefors 1.024 seconds,
giving a spacing between the frequency points of 0.977 Hz. If the ﬁ
computed input frequency had bzen taken to be that of the frequency point
at which the response function were a maxinum, the uncertainty in the

value of the frequency obtained would have been approximately % 0.5 Hz

(or = 1/2 T). The results are set out in Table 11 and the response magni-
tude curve for the case of the input at 195,80 Hz is shown in Fig. 13.

This curve was formed by plotting the values of spactral density obtained
from the Fourier transform, the points being joinad by straight limes. It
can be seen from Table 11 that the worst error was 0.06 Hz or approximately
0.06/T. This is about 16 times smaller than the spacing between the

frequency points produced by the transform.

6.3 Tests on an aluminium plate

A series of tests was alsc performed to determine the lower natural
frequencies of a fres-free aluminium plate of dimensions 450 x 350 x 6 mm.

The support system was identical to that described in Ssction 4.7, the
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plate being suspended on nylon thread passed thrcugh small holes near the
plate edge and the response being detected by an accelerometer. Excita-
tion was provided by an impulse from a hammer which had a force transducer
bonded to the head. A typical time record of the output from the force
transducer is shown in Fig. 14 and the corresponding spectrum over the
frequency rangzs of interest is shown in Fig. 15. In this test the
transient capture unit was triggered by the output from the force trans-
ducer exceeding a pre-set level with the inclusion of a pre-trigger
facility which stored the input to the unit for a fixed tims before the
trigger, thus enabling the leading adge of the force pulse to be recorded.
It can be seen that the spectrum is sufficiently flat for it to be
unnecessary to divide the response by the force in order to obtain the
frequency response curve. Indeed, it would probably be less accurate to
adopt this procedure since the local variations in the force spectrum are
probably due to noise rather than to variations in the true level, The
force was therefore not recorded in the main series of tests and the
transient capturs unit was triggered by the response exceeding a pre-set

level.

Five tests were performed on this system. The sample rate used was
again 2 kHz, giving a theoretical maximum frequency of 1 kHz. Anti-
aliasing filters were set at 1 kHz which meant that the effects of aliasing
were negligible in the freQuency range of intsrest in this test, 0-500 Hz,
A typical time record of the vesponse is shown in Fig. 16 and the corres-
ponding transform is given in Fig. 17. The computad values of the first
six natural frequencies .are given in Table 12, All the frequencies were
corrected for changes in the ambient temperature by using a correction
factor based on the temperature coefficients of modulus and expansion
similar to that described in References 11 and 36, It can be seen that
the largest error with respect to the mean values was 0,10 Hz, this being
in the mode at 302 Hz, Fig. 17 shows that this mode had very low ampli-~
tude compared with the others so the signal to noise ratio was poor; it
was also close to another mode which was excited strongly at 276 Hz. In
spite of these factors, the worst accuracy achieved was approximately
0.1/T which is 10 times better than the spacing betwesn the frequency
points produced by the Fourier transform and thz resolution obtained was

better than this in the other modes,

Table 12 also shows the valuss of the corresponding natural
frequencies obtained using steady-state excitation. The steady-state

frequencies quoted are the mean of three readings and the maximum deviation
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from the mean is also given in the table, The system used for this was
the same as that described in Section 4.7, the sexciting force being
provided by a moving coil loudspsaker. I+ can be seen that the steady-
state and transient frequencies are in good agreement, the worst error
being 0.13 Hz in the first mode which was difficult to excite using the

loudspeaker.

The modal damping ratios, ¢ (proportion of critical damping), were
determined approximately by exciting the structure at resonance using the
loudspeaker, then switching off the excitation and recording the decaying
response on a storage oscilloscope. The values cbtained were typically of
the order 6f 0.0003. The damping was too low to be measured accurately
from the transient response with the short record time used, though the
modal damping ratios were estimated from the transient data and were in

reasonable agreement with the values obtainad by the free~decay method.
6.4 Conclusions

The results show that it is possible to resolve the natural
frequencies of a structure to within one-tenth of the spacing between the
frequency points produced by the Fourier transform of the structural
response to an impulse. This represents an improvement, in the worst
case, by a factor of five over the resoluticon obtained if the resonant
frequancy is taken to be that of the frequency point at which the response
magnitude is a maximum. This worst accuracy recorded was achievad on a

mode which was only weakly excited by the impulse applied to the structure.

The results were obtained using an unsophisticated transient capture
unit which employed 10 bit analogue-to~digital converters and at a low cost
in terms of computer time and store. One of the limiting factors on the
accuracy of the method is the error introduced in the analogue—tO*digital‘
conversion, This means that if higher frequency resolution were required
it would be advantageous to use more accurata converters than the
customary 10 or 12 bit., The results indicate that this would be more cost
effective than, for example, doubling the store sc that a longer record
cculd be obtained and would be considerably less expensive in terms of

computer time,

The resclution obtained in these tests would be adequate for the
proposed non-dastructive test and the computaticn requirements of the
method are within the capabilities of a small mini-computer, so a unit to
perform the data capturs and extraction of the natural frequenciss would

be a fraction of ths cost of, for example, the 'zoom' equipment vefzrraed to
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in Section 3.3. A very short test time can therefore be achieved at a

realistic cost for a wide variety of possible applications.
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CHAPTER 7

INVESTIGATION OF THE NDT TECHNIQUE

The damage location charts for all the tests carried out are shown in
Figs. 3 and 18-40, In each case, the dotted lines show the finite element
mesh and the solid lines show the structure boundaries. The estimates of
the severity of the danage applied, in terms of the size of a hole
equivalent to the damage, computed by the method described in Section 2.7
are set out in Tables 13 and 1%, The values given in Tables 13 and 14 for
the measured size of the damage are the percentage of the area of the
structure over which damags was visible, In the case of saw cut damage,
the area was taken to be that of a circle whose diameter was the length of
the cut. This is a reasonable approximation since the effect of the cut '
on the stress field in a direction perpendicular to the cut is similar to
that of a hole, If the damage was not clearly visible, the affected area
was taken to be that indicated by an ultrasonic C-scan test. The experi-

mental procedurse for all the tests was that describaed in Section 4.7.

7.1 Tests with simple forms of damage

The first saries of tests was carried out on simple structures with
readily quantifiable forms of damage in order to chack the operation of the

technique and the supporting analysis.

An aluminium plate of dimensions 450 x 350 x 6 mm was damaged by
cutting a rectangular hole of size 25 x 19 mm at the site shown in Fig. 18,
which also shows the location chart produced by the analysis set out in
Section 2, It can be seen that the damage was successfully located within
the constraints imposed by symmstry. The discrepancy shown in Table 13
between the actual area removed and that predicted by the location routins
is probably due to the factors discussed in Section 2.7, i.e. the calcula-
tion is performed at the grid point which is predicted to be nearest to the
damage site, which may not coincide with the true centre of the damage;
the model of damage used does not take account of the mass of material
removed by the hole, since this is usually negligible in comparison with
the stiffness change, and the sensitivity analysis is only accurate for

relatively small changes in the local stiffness, .

The first test to be carried out on a CFRP component was on a square,
unidirecticnal plate of dimensions 250 x 250 x 3 mm. This plate was
damaged by cutting a square hole of side 21 mm at the site shown in Fig. 3.

Again, four possible sites were indicated because of symmetry. The
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discrepancy between the predicted and actual areas removed shown in
Table 13 is similar to that for the aluminium plate. This indicates the

order of accuracy which is to be expected from the routine which estimates

the magnitude of the damage.

Another unidirectional CFRP plate of similar dimensions to the first
plate was damaged with a series of saw cuts. The first was 20 mm long and
ran parallel to the fiobre direction at the site shown in Fig. 19. The
second cut was at the same site and the same length but was made at right
angles to the first. The location chart for the two sets of damage
together is shown in Fig. 20. Another cut, approximately 45 mm long, was
then made at the orientation shown in Fig. 21 which also gives the output
from the damage location routine for the three sets of damage together.

The charts in Figs, 19, 20 and 21 show that the damage was located in each
case within the constraints imposed by symmetry, though with a small error
in the third instance. This was probably because the damage was then
fairly severe, so the model of damage at a point was no longer accurate.
The predicted equivalent areas removed, shown in Table 13, increase with
successive applications of damage and give an indication of the severity of
the damage. The predicted area increases between the first and second -
cuts whereas the size of a hole surrounding the cuts remains constant
because the predicted area is the average of the size of hole required to
produce the observed frequency change in each mode. With a single cut,
the frequencies of medes in which the major stresses are parallel to the

cut are not changed significantly, so the size of hole is predictad to be
small.

The first multidirectional CFRP structure to be tested was a square,
cross-ply plate of similar dimensions to the unidiractional plates tested
previously. This was damaged by a saw cut of length 20 mm at the position
and orientation shown in Fig. 22. It can be seen from Fig. 22 that the
damage was correctly located. Again, four possibls sites were indicated
because of symmetry, The saw cut was then extended until the total length
was 45 mm, The damage was again detected and correctly located, as shown
in Fig. 23, It can ba seen from Table 13 that the predicted equivalent
areas removed give a reasonable indication of the ssverity of the damage,

bearing in mind the approximations made in the analysis,

This plate was then cut to a trapezoidal shape by removing the cormer
containing the damage. Damage was again applied in the form of saw cuts,
the first being 25 mm long at the position and orisntation shown in Fig. 24,

The structure was now asymmetrical, so the damage site is uniquely defined
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on the location chart. The second cut was of similar size but was
approximately at right angles to the first at the same site. The location
chart for damage comprising the two cuts togather is shown in Fig. 25 and
the frequency changes produced by the damage applied to this plate are set
out in Table 15, The order of magnitude of the changes is typical of that
obtained with all the types of damage investigated. One of the modes
tested showed a frequency increase after the first saw cut. This was

probably due to an error in the initial frequency measurements so this mode

was not used in the damage location analysis,

The frequency changes produced by the first cut were much smaller than
those producad by the second in spite of the fact that the cuts wers of
similar length. The predicted equivalent arca removed by the first cut
was 0.19 per cent of the plate area compared with the size of a hole
surrounding the cut which was 1.0 per cent of the plate area. This was
because the strass at the position of the saw cuts in the modes of interest
was mainly in a direction parallel to the first cut, which was close to,
and ran parallel to, the plate edge. Thus, a small hole at that site
would produce the same frequency changes as this cut. The value of the
equivalent area removed produced by the analysis of Section 2.7 must
thereforzs be viewed with caution if the damage is likely to be highly

directional.

If the technique described here were to be used as an in-gervice test
with measurements being made periodically, it would be important to be able
to detect and locate changaes in the condition of the structure, not only
with respect to the virgin condition but also with respect to a stage where
some damage was present. In order to test the method under these condi-
tions, a location chart was produced using the frequency changes between
the first and second sets of damage. This is shown in Fig., 26. It can

be seen that the damage is again successfully located.

7.2 Tests with more realistic forms of damage

Three types of damage, crushing, local heating and impact, which are
more representative of those likely to be encountsred with composite
componants in service, have been investigated. It has not been possibls
to examine the effect of fatigne or creep damage on the natural frequencies
because of the difficulty in inducing these on structures other than simple
specimens, Since this was a preliminary investigation into the non-
destructive testing method, it was felt that the effort required to perform
tests of this type was not warranted at this stags, though the method has

successfully been used to locate fatigue damege in one-dimensional

g
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The trapezoidal, cross-ply CFRP plate described in the previous g
section was damaged at the position shown in Fig. 27 by supporting it on a 3
thick-walled 35 mm diameter tube, resting a 25 mm steel ball on the plate :
at the centre line of the tube and pressing the ball into the plate using a
hydraulic press., This caused a circular dent, approximately 15 mm in
diameter, and a consicdzrable amount of fibre breakage within this areca.

The location chart shown in Fig. 27 was produced from the frequency changes
caused by the crushing with the ball bearing alone, that is using the

frequencies obtained with the two saw cuts as the initial condition.

The predicted equivalent area removed corresponding to the location
chart shown in Fig. 27 was 1.02 per cent of the plate area. (The case
given in Table 13 for crush demage plus two saw cuts corresponds to Fig. 35,
not to Fig. 27.) The area of the dent was approximately 0.5 per cent of
the area of the plate and it is rezasonable to assume that the actual
damaged area would spread somewhat beyond this. Thus, the predictad
damaged area of 1.02 per cent was of a similar order, bearing in mind the

assumptions and simplifications made, to the actual damagad area,

A square * u5° plate of dimensions 210 x 210 x 3 mm was damaged in the

same fashion at the site shown in Fig. 28. Again, the damage was
correctly located though, in this case, four possible sites were indicated
dus to symmetry. Good agreement is also shown betwsen ths predicted and

measured equivalent areas removed given in Table 1.

Another square CFRP plate, in this case of dimensiomns 250 x 250 x 3 mm
with plies oriented at 0,60,30,90,90,30,60,00, was damaged by heating with
a gas flame. This produced a blister and some surface cracking in the
area indicated on Fig. 29. The location chart given in Fig. 29 shows
that, in this instance, the damage was not correctly located but was
predicted to be at one of the sites marked B rather than the correct site
A. In this test the damage was spread over a significant proportion of’
the area of the plate which meant that the model used of damage at a point
was of doubtful validity. In addition, the stresses in most modes are
similar at sites A and B. Indzed, if only 0 and 90° plies were used, the
symmetry of the system would make it impossible to differentiate between
the two sites. These factors probably explain the poor dafinition on the
location chart and the fact that the wrong pair of sites was predicted.
This test illustrates the need for caution in intarpreting the location
chart in cases where the structure approximates fairly closely to a degree

of symmetry which it dces not, in fact, possess: that is, where a2 small
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structuresfll’lz)

The trapezoidal, cross-ply CFRP plate described in the previous

section was damaged at the position shown in Fig. 27 by supporting it on a
thick-walled 35 mm diameter tube, resting a 25 mm steel ball ou the plate
at the centre line of the tube and pressing the ball into the plate using a
hydraulic press. This caused a circular dent, approximately 15 mm in

diameter, and a considzrable amount of fibre breakage within this area.

The location chart shown in Fig. 27 was produced from the frequency changes
caused by the crushing with the ball bearing alone, that is using the f

frequencies obtained with the two saw cuts as the initial condition.

The predicted equivalent area removed corraesponding to the location
chart shown in Fig, 27 was 1.02 per cent of thes plate area. (The case
given in Table 13 for crush demage plus two saw cuts corresponds to Fig. 35,
not to Fig. 27.) The area of the dent was approximately 0.5 per cent of
the area of the plate and it is resasonable to assume that the actual
damaged area would spread somewhat beyond this, Thus, the predicted
damaged area of 1.02 per cent was of a similar order, bearing in mind the

assumptions and simplifications made, to the actual damaged area.

A square * y5° plate of dimensions 210 x 210 x 3 mm was damaged in the }
same fashion at the site shown in Fig, 28. Again, the damage was i
correctly located though, in this case, four possible sites were indicated
dus to symmetry. Good agreesment is also shown between the predicted and

measured equivalent areas removed given in Table 14, #

Another square CFRP plate, in this case of dimensions 250 x 250 x 3 mm
with plies oriented at 0,60,30,90,90,30,60,00, was damaged by heating with
a gas flame, This produced a blister and some surface cracking in the f
area indicated on Fig., 29. The location chart given in Fig. 29 shows |

that, in this instance, the damage was not correctly located but was

predicted to be at one of the sites marked B rather than the correct site
A, In this test the damage was spread over a significant proportion of’
the area of the plate which meant that the model used of damage at a point

was of doubtful validity. In addition, the stresses in most modes are

similar at sites A and B. Indeed, if only 0 and 90° plies were used, the
symmetry of the system would make it impossible to differentiate between

the two sites. These factors probably explain the poor definition on the

location chart and the fact that the wrong pair of sites was predictad.
This test illustrates the need for caution in intsrpreting the location

chart in cases where the structure approximates fairly closely to a degree

of symmetry which it dces not, in fact, possess: that is, where a2 small
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change in tha geometry or ply orientations would increase the degree of
symmetry of the structure. In practice, this is unlikely to be a major
problem. The predicted equivalent area of damage given in Table 14 was
0.95 per cent of the plate avea whereas the measured area was 6,7 per cent.
In fact, the predicted area is probably a reasonable estimate of the
severity of the damage because only the surface layers of the plate were
damaged by the flame so, although the blister covered 6.7 per cent of the
plate area, the damage was not equivalent to the removal of all the

material from this region.

The plate was then cut to trapezoidal shape so that the damaged area
was removed and was tested again, this time with impact damage. The plate
was supported on a thick wallad, 35 mm tube and a 25 mm diameter steel ball
was rested on the plate at the centre line of the tube. The ball was then
struck with a hammer. The resulting damage was almost invisible apart
from a small dent and some slight surface cracking. It has been the

(40)

experience of the asrospace industry that this type of damags can causg
a 50 per cent reduction in the strength of the laminate and is difficult to
detect other than by ultrasonic measursments which are not practicable for
the routine testing of large structures. It can be seen from Fig. 30 that
the damage was successfully located by the vibration measurements. In
this case, the structure was asvmmetrical so it was possible to define the
damage site uniquely. Again, the pradicted equivalent avea removed, shown
in Table 14, was considerably lower than the area of damage indicated by
the ultrasonic C-scan test. This was probably because the damagad region
still contained a large proportion of undamaged material so the predicted

area is likely to b2 a better estimatz of the severity of the damage.

7.3 Tests on honeycomb panels

Two structures were testad which are more representative of the ways
in which high quality fibre reinforced materials are used in industry. The
first of these was a 610 % 520 x 10 mm honeycomb pansl with CEFRP facings
which is used for floor panelling in aircraft. This was tested by pressing
a 25 mm diameter stzel ball into one face so that this face was damaged but
the other face was unblemished and the damags was invisible from the remote
side, The results of this test are shown in Fig. 31, It can be seen
that the damage was again correctly located (within the limits imposed by
symmetry) in spite of the fact that the measured area of the damage was
only 0.12 per cent of the totzl arsa. Tha predicted squivalent area given
in Table 14 was 0.18 per cent and gives a rsasonable astimate of ths

severity of the damage.
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The structure was then made asymmetrical by removing the corner con-
taining the original damage and was tasted again, this time by heating one
face with a gas flame. This produced a large blistsr on one face, but
again the damage was invisible from the remote side. Fig. 32 shows the
location chart produced for this cass. In this instance, the damage site
was uniquely defined due to the asymmetry of the structure. Good agreement

is shown between the predicted and measured aveas removed given in Table 14.

The second structure obtained from the asrospace industry was a honey-
cormb panel which had CFRP facings with layers oriented at O,90,+45,-450 and
which had CFRP inserts along each edge with a total of 45, 10 mm holes
drilled in them., The overall dimensions of the panel were 490 x 210 x
4 mm, The structurs was modellad crudely for the dynamic analysis by
ignoring the effect of the edge inserts and treating the component as a
uniform panel. Damage was applied by crushing with a 25 mm steel ball in
a hydraulic press, the first time with the opposite side supported on a
flat plate so that only ons face was damaged and the second time at the
same site with the remote side supported on a thick walled 35 mm diameter
tube, resulting in damege to both faces. The location chart for the first
set of damage is shown in Fig, 33, It can be seen that the damage was
predicted to be at one of the sites marked B rather than the correct site
A, though the sites A are zlso shown to have a high probability of being
damage sites. This result was caused by the fact that the structure
approximates very closely to one in which the sites A and B would be
indistinguishable by the vibration method due to symmetry. It is only
the presence of the thin layers at * 45° which reduces the degree of
symmetry, In this case, the damaged area was mzasured to be 0.1 par cent
of the total, and the frequency changes were correspondingly small, as
shown in Table 16. The wrong pair of sites was probably prediéted
because of small errors in the frequency changzs due to their being the
small differences in large quantities, This test again demonstrates the
need for caution in intsrpreting the location chart with structures which
approximate to a dsgres of symmetry which they do not possess. The two
cases where this effect caused srroneous results wers the only tests in
which the damage was not correctly located within the constraints imposed
by symmetry. The location chart for the seccond set of damage is shown in
Fig, 34, In this instance, the damage was correctly predicted to be at
one of the sites A. In view of the approximations made in the analysis,
reasonable agreement is shown between the pradicted and measured areas

removed given in Table 14,
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The natural frequency predictions made by the dynamic analysis were
considerably less accurate with the sandwich panels than with the CFRP
plates, the errors being of the ovder of 20 per cent with the first panel
and 30 per cent with the more complex structure. This was probably due to
uncertainty about the thickness of the CFRP skins and about their distance
from the neutral axis, both of which have a large effect on the flexural
stiffness. In the case of the more complex panel, the unsophisticated
model used in the analysis also contributed to the poor accuracy of the
frequency predictions. However, in both cases, the mode shape predictions
were sufficiently accurate for the purposes of the damags location routine,
This indicates that it is unnecessary to expend largs amounts of effort and
computer time in order to produce an accurate dynamic analysis of the
structure. The basic requirement that the mode shapes ba obtained

reasonably accurately is readily met.

7.4 Tests with more than one damage site

In the damage location analysis dascribed in Section 2, it is assumed
that the damage is at one site only. It would be difficult to amend the
method to take into account the possibility of two damage sites as the
number of unknowns would then incrsases to four (two positions and two
damage magnitudes) and this case would be falrly unusual in practice. Two

tests wers, however, carried out with damage at two sites.

The first involved the trapezoidal, cross-ply CFRP plate described in
Sections 7.1 and 7.2. This was damaged with two saw cuts at one site and
by crushing with a steel ball at another position. The location chart
shown in Fig., 27 and discussed in Saction 7.2 was for the crush damage
using as the 'undamaged stats' the frequencies measured after beth saw cuts
had been applied. This meant that, relative to the initial conditions,

damage was at one site only. The chart shown in Fig. 35 is for the case

of the saw cut and crush damage using the virgin frequenciss as the initial

conditions, The damage is thersfore at two sites relative to the initial
conditions: as expacted, erronsous results were producad. The presence
of damage was, however, still detected from the frequency changes. The
routine which estimataes the magnitude of the damags also assumes that the
damage is at a single site defined by tha grid point at which tha location
chart shows a valus of 100, The value of 3.85 par cent for the equivalent
area removed given in Table 13 for the case shown in Fig. 35 cannot
therefore be assumsd to be an accurate estimate of the severity of the
damage. It does, however, givs an Indication of the amount of damage

present.
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The second test was carried out on a 240 n 240 x 3 mm unidirectional
CFRP plate with one corner removed. A 10 mm hole was drilled at site A
shown in Fig. 36 and was subsequently enlarged to 15 mm.  Another hole was
then drilled at site B, the size being increased from 10 mm to 15 mm and
20 mm, Some delaminaticn occurred around site A so the extent of the
damage could not be related accurately to the area removed by the holes,
nor was it possible to define the exact position of the damage around
site A. The location charts for each sat of damage with respect to the
virgin frequencies are shown in Figs. 36-40, The apparent errors in the
pradicted locations shown in Figs. 36 and 37 were probably due to the
delamination which occurred in the fibre direction and which was more
severe after the hole at A was enlarged. In the third case, that of a
15 mm hole at A and a 10 mm hole at B, the damage was again predicted to be
close to site A as shown in Fig. 38. When both holes were of a similar
size, Fig. 39 shows that the predictsd site moved further away from site A
and when the second hole became the larger of the two the computed location
was again erroneous, although it had moved closer to site B, as indicated
by Fig. 40. In fact, the magnitude of the damage at site A was probably

still comparable with that at sitz B due to the delamination.

These tests indicated that, in situations where there are two damage
sites, the resulis from the location routinz are unreliable though, if the
damage at one site is much more severe than that at the other, the major
site will be predicted. However, even when the location routine gives
erronecus results, the presence of damage is detected by the frequency
changes. The predicted equivalent areas removed shown in Table 14
increase with increasing damage and give an indication of the severity of
the damage even though the routine which estimates the magnitude of the

defect also assumes a single sits.




- 55 =

CHAPTER 8

CONCLUSIONS ‘ 0

It has been shown to be pessible to detect, locate, and roughly to
quantify damage in structures by using measurements of the structural
natural frequencies, Tests have been successfully carried out on fibre- *§
reinforced structures, including two obtained from the aerospace industry, |
with a variety of types of damage, including impact damage which was almost
invisible but which is known to cause severe reductions in the strength of
the laminate., The test technique is equally applicable to metallic com-

ponents,

The proposed test requires access to only one point of the structure
and is potentially very quick to perform, One set of frequencies is
measured before the component is put into service and subsequent measure-
ments are used to determine whether the structure is still sound.  Alter-
natively, a set of frequencies measured at an intermediate stage can be
used as the initial frequencies and the growth of damage from this state

monitored,

The presence of damage is detected simply from changes in the natural

frequencies without the need for any analysis. The location and estima-
tion of the severity of the damage, however, requires a dynamic analysis

of the structure to be carried out, Only one such analysis is required

for each type of structurs to be investigated and tests have shown that

the model used need not be sophisticated since the technique requires that
the mode shapes of the lower structural natural frequencies be adequately

approximated - a criterion readily met by simpls representations of complex

structures. The results of the dynamic analysis may be stored on disc or
tape and, along with the experimentally measured natural frequencies, form
the input to the damage location program. This program could readily be
adapted to run on a micro-computer, If diffuse rather than localised
damage were present, due, for example, tc environmental attack, the
presence of damage would be detected from changes in the structural natural
frequéncies and it would be possible to monitor the progress'of the
degradation. The location routine could he adapted to test for overall
degradation rather than localised damage. This would require the
evaluation of the theoretical frequency changes owing to an overall
reduction in the structural stiffness and the comparison of the error in
assuming this structural state with the errors computed for damage at a

point.
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The method can be used to detect any form of damage which significantly
reduces the stiffness of the structure in the direction of the major

stresses induced by the type of vibration used. This means that a longi-

tudinal crack in a straight bar would not be detected by the use of axial k
vibration but it would have a significant effect on the torsional modes.
With shell structures, in most cases it is only practicable to use flexural
vibration, so it would be difficult to detect, for example, interlaminar
shear cracks in a laminated structure, Most other forms of damage would,

however, be detected by measurements of the flexural modes.

The results indicate that damage equivalent to the removal of the
order of 0.1 per cent of the arsa of a shell-type structure can be detected
when the natural frequenciess are measured tc the accuracy obtained in this
investigation (approximately + 0.05 per cent). It would be difficult to
achieve better raproducibility than this in practical situations since the
limiting factor on the accuracy is probably the degree to which a constant
temperature can be maintained, or changes be corrected for, In these
tests, the air temperature was constant to £+ 1 °Cc and this would be
difficult to improve upon in an industrial environment. If the test is to
be used with composite materials, more work must be done on their time-
dependent properties in order to develop a correction factor for the
changes with fime of the natural frequencies of structures fabricated frpm

these materials.

The estimated saverity of the damage in terms of the size of a hole
equivalent to the damage shown in Tables 13 and 14 always increased with
increasing damage, so the progress of the degradation could be monitored.
In spite of the fact that the analysis used to produce the estimate was
fairly unsophisticated and the accuracy of the prediction of the magnitude
of the damage was less than that of the damage location, the agreement
between the predicted and measured areas removed was generally gcod enough
for the predicted area to give a potentially useful indication of the

severity of the damage.

The finite element described by Zienkiewicz et al.(22’23) has been
shown to give accurate frequency and nodal pattern predictions for
structures fabricated from composite matsrials using a mesh comprising a
fairly small number of elements. The slement has the advantage that it
can be readily generalised to accommodate curved shells and allows for
transverse shear deformation., The results indicate that the element is a

good general purpose tool for the analysis of fibre composite structures.
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A method has been devzloped for improving the frequency resolution
obtained with the transient testing tachnique described by White.(6’7> It
as been shown to be possible to resolve the structural natural
frequencies tec within one~tenth of the spacing between the frequency
points produced by the Fourier transform. This result represents an
improvement by & factor of five over the commonly adopted technique and
has been obtained using an unsophisticated transient capture unit at a low

cost in terms of computer time and store.
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APPENDIX A

THE DERIVATION OF A MEAN ELASTICITY MATRIX
FOR A LAYERED MATERIAL

The strain energy of a structure at any instant is given by

s:f%TEdv , (A1)
v

g=Deg . (A2)
Thus, the strain energy is given by
s = %f elpe av (43)
)

It is required to derive a mean elasticity matrix for a structure
fabricated from n layers so that an average stress vector may be found.
This may be done by specifying that the strain energy of the structure
computed using the mean elasticity matrix according to Equation (A3) is
the same as that obtained by summing the strain energies of the individual

layers. That is,
n

%J'ETDeng=% Zf_e_‘TDk_g:_dV (A)
v k=1/V
where D° is the mean elasticity matrix and Dk is the elasticity matrix of
the kth layer, the integral on the right-hand side of the equation being
taken over the volume of the layer and that on the left being over the
volume of the structure. Cartesion co-ordinates have been used in all
the work described here and, in this case, Equation (A4) becomes
T e o T X
[jf g D gdxdydz = I [{[ £ D g dx dy dz (A5)
k=1

The elasticity matrices are not dependent on x and y so Equation (A5)

B!

reduces to

n
f E? p°® edz = I { E? Dk € dz (AB)
t k=1 'n,

where hk is the z co-ordinate of the top of the kth layer.

Flexural vibration has been used in the tests reported here, so it is
reasonable to assume a linear direct strain variation through the thickness
and a parabolic transverse shear strain variation. The strain vector for

the element used here is therefore given by:
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'ex ) ki z )

€ = Ey = K2 ;

- Ty k3 (1 = uz2/t2) (AT)
Yo (e (1 - 4z2/t?)
.YXYJ Ke 2 )

where Ki +.. kg ars functions of x and y.

Substituting Equation (A7) into Equation (46) and aquating similar

terms gives

n 4
e L k 2 .
Dij = :-t-—g- k§l Dij (h]: - h]3<'°l) i,j = 1,2,5

n (a8)
e 15 k 8 16
D,, = &= I D,.[(h = ) = ——(h3 - 1r3_ ) +=(h? - h>_.)
ij 8t k=1 ij hk hk 1 342 k k=1 gl k k-1

i, = 3,4 .

All the structures used here had symmetrical ply configurations about the
mid-plana, This means that
e - a2 _ e
Dysz = Dyy = D33 = Dy = D3
The average elastielity matrix, De, dafined by Equation (A8) has been
usad to compute the stress vectors for the layered materials used in

these tasts,
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TABLE 2, MATERTAL PROPERTIES
E E G
Material X Y | Yy vz
GN/m? | GN/m? | GN/m?

Aluminium 70.3 70.31 26.210.34(0.34
CFRP 112.5 7.89 | 4.4810.300.30
Properties used

in checking 100,0 10.0 5.0 } 0.30}0.30
predictions of

Ref. 37

TABLE 3, RESULTS FOR PLATE NO. 1 (ALUMINIUM)
Mode wexp wtheor % error
1 ]0.634(0.639 -0.8
2 10,961 10.936 +2.6
3 1.19 1.19 -0.4
4 1.66 1.65 +0.3
5 2.96 {3.00 -1.5
6 3.02 3.05 -1.0




RESULTS FOR PLATE NO. 2 (unidirectional CFRP)

Mode wexp wtheor 7 error
1 10.791 0.79 0
2 1.02 1.03 -1.0
3 11.84}1 1.92 -4.2
4 2.81 2.86 -1.8
5 13.60f 3.77 -4,5
6 | 3.98| 3.90 +2.1

RESULTS FOR

PLATE NO. 3 (cross—-ply CFRP)

Mode wexp wtheor %2 error
1 lo.76| 0.81 -6.2
2 | 2.421 2.48 ~2.4
3 |2.921 2.97 -1.7
4 13.13] 3.18 -1.6
5 13.51} 3.57 -1.7
6 |5.09] 5.23 -2.7
PLATE NO. 4 (*+ 45° CFRP)

RESULTS FOR

‘Mode wexp ¥ theor % error
1 1.27 1.23 +3.3
2 1.84 1.88 -2.1
3 12.47) 2.57 -3.9
4 13.91] 4.07 -3.9
5.35] 5.66 -5.5
6 5.81 6.01 -3.3




TABLE 7. RESULTS FOR PLATE NO. 5 (0,60,30,90,90,30,60,0° CFRP)

Hode wexp wtheor % error

T [T.01 | 0.95| +6.3 |
2 [1.95| 2.0l +3.0 ;
3 [2.48| 2.52] -1.6
4 {3.21] 3.23] -0.6
5 14.05) 4.01] +1.0
6 |4.63| 4.75( -2.5

TABLE 8, RESULTS FOR PLATE NO. 3A (trapezoidal cross—ply CFRP)

Mode wexp wtheor W7, error
1 1.02 1.07 -4.7
2 2.55 2.60 ~-1.9
3 3.06 3.14 -2.5
4 4.06 4.09 -0.7
5 5.72 5.92 -3.4
6 6.77 7.03 -3.7

TABLE 9.  THE VARIATION OF THE NATURAL TFREQUENCY PARAMETER WITH
PLY ORIENTATION

Plate Lowest Average ¢ for -
No. Y first six modes

2 0.79 2.38

3 0.81 3.04

4 1.23 3.57

5 0.95 2.91

3A 1.07 3.98




COMPARISON OF RESULTS FOR ¥ 45° PLATES WITH THOSE

TABLE 10,
OF REFERENCE 37
8 layer plate 4 layer plate
Mode ¥ 3 p from Ref. 37 ¥ ¢ from Ref. 37

1 1.15 1.27 1.14 1.23
2 1.52 1.53 1.20 1.21
3 2.26 2.54% 2.37 2.46
4 3.36 3.43 2.69 2.74

% Different mode shape




Results of the Single Frequency Input Tests

TABDLE 11

Frequencies/fz
Input Computed Error
195.80 195.78 - 0.02
250,50 250.49 - 0.01
500.00 500.03 + 0.03
750.00 750.05 + 0.05
800.10 800.04 - 0.06

TABLE 12

Results of Tests on Aluminium Plate

Mean of
Mean of Maximum steady Maximum Steady state
transient { deviation state deviation | - transient
Mode tests from mean tests from mean frequency
1 124.06 0.05 124.19 0.01 0.13
2 158.65 0.04 158.71 0.01 0.06
3 276.61 0.03 276.61 0.05 0.00
4 302.40 0.10 302.42 0.01 0.02
5 359.16 0.09 359.13 0.04 - 0.03
6 466.96 0.05 466.95 0.06 - 0.01

1/T = 0.977 Hz
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stress amplitude stress amplitude

stress amplitude

A B bar
N
1st mode
A B
0
2nd mode
A B
!
3rd mode
A B

Fig. 1 - Sketch of stress distribution in first three axial modes of
a free—-free bar.



fibre direction

Fig. 2 Co-ordinate system for unidirectional fibre reinforced
material.
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Displacement nodal lines
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Crack

Fig. 4 Illustration of the problem of directional damage.




Small holes

Fig., 5

Piezoelectric
strain gauge

Diagram of excitation system.

Support

[® ]

"\

J
7 ' Nylon thread
/y

~~.\“""Moving coil

loudspeaker




frequency meter

loudspeaker Structure
|__| Power High stability
amplifier sweep oscillator
Digital

Fig. 6

[ F—

Strain gauge

Frequency analyser

Dual beam
C.R.0.

Block diagram of electronic apparatus.
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Fig. 7 Nodal patterns of Plate 1 (Aluminium).
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Fibre direction
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Fig. 8 . Nodal patterns of Plate 2 (unidirectional CFRP).
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Direction of outer fibres

Fig. 9 Nodal patterns of Plate 3 (0, 90° CFRP)
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Fig. 10 Nodal patterns of Plate 4 (& 45° CFRP).
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Fig. 11
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Direction of outer fibres

Nodal patterns of Plate 5 (0,60,30,90,90,30,60,0° CFRP).



o

Direction of outer fibres

Fig. 12 Nodal patterns of Plate 3A (0, 90° CFRP). -
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saw cuts
Virgin frequencies taken as undamaged values.

Location chart for cross-ply, trapezoidal CFRP plate with

two saw cuts.

Fig. 25
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Frequencies after first cut taken as

two saw cuts.
undamaged values,
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area of blister

Location chart for 0,60,30,90,90,60,30,0O CFRP plate damaged

"~ by local heating.

Fig. 29
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Location chart for trapezoidal 0,60,30,90,90,30,60,0o

CFRP plate damaged by impact.

Fig. 30
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area damaged by crushing
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Location chart for sandwich panel with crush damage.

Fig., 31




0w oo ol S0 A~
\ \ A
1 \ \ \
© NN © 0 y® O M N
SR WU S U WU
o e Ty O v @
\ \ A\
\ \ x
N ole e e~
- ' \
\ \
f——— = —-—- —cn -
+ v, 0 - o)

Location chart for sandwich panel damaged by local heating.

area of blister

Fig. 32



damaged area
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Fig. 33 Location chart for sandwich panel with CFRP edge inserts

damaged on one face by crushing.
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Location chart for sandwich panel with CFRP edge inserts

damaged on both faces by crushing.
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Location chart for trapezoidal, cross-ply CFRP plate with

Fig. 35

Virgin frequencies taken as

saw cut and crush damage.

undamaged values.
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Location chart for unidirectional CFRP plate with 10 mm hole

at site A.

Fig. 36
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Location chart for unidirectional CFRP plate with 15 mm hole

at site A.

Fig. 37
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Location chart for unidirectional CFRP plate with 15 mm hole

at site A and 10 mm hole at B.

undamaged values.

Fig. 38

Virgin frequencies taken as
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Virgin frequencies taken as

Location chart for unidirectional CFRP plate with 15 mm

holes at sites A and B.

undamaged values.

Fig. 39



hole at site A and 20 mm hole at B.
taken as undamaged values.
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Fig. 40 Locatjon chart for unidirectional CFRP plate with 15 mm

Virgin frequencies





