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Abstract

The aim of this paper is to apply to a typical aeronautical structure a Vibration Based Method which detects
damage in structures when a ‘description of normality’ is provided. A model of the primary structure of a
wing is developed such that damage of different extent and type can be introduced. Despite the only slight
modification of the dynamic behaviour of the wing due to the presence of the fault, numerical simulations
demonstrate that damage of moderate extent in spar-flanges can be detected using this technique even if the
dynamic characteristics vary due to changes in the mass of the fuel.

Introduction

In the aerospace industry, one fundamental problem
that must be addressed concerns the monitoring of the
condition of aircraft structures. Maintenance checks
are expensive and inspection for structural damage is
usually performed at regular intervals following a spec-
ified number of flight hours. As such the monitoring
of the integrity of the structure is not continuous: the
aircraft is taken out of service and one or more non-
destructive ground tests are conducted. Clearly, from
this point of view, it would be extremely advantageous
to develop techniques which permit the aircraft to be
monitored continuously in-service when operating nor-
mally.

The capacity for rapid detection of damage in me-
chanical, aerospace and civil structures is becoming
increasingly important, such that a variety of Non De-
structive Evaluation methods have been developed.
Most of these techniques are capable of detecting small
defects close to the surface of the structure and near
the sensor position. Vibration Based Inspection is cur-
rently receiving increased attention, mainly due to the
capability of detecting faults at unmeasured locations
by monitoring, during the lifetime, the dynamic char-
acteristics of the structure under test. The concept
behind this category of techniques is based on the anal-
ysis of the dynamic response and observing the varia-
tions in its spectrum [1] [2].

During recent years, several algorithms have been in-
troduced to relate changes in the spectrum to the loca-
tion and size of the damage: some perform a pattern-
recognition task while others refer to the modal charac-
teristics of the structure. In order to permit a compar-
ison between different techniques, Rytter [3] proposed
the following classification:
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Level 1:  to indicate qualitatively that damage mi-
ght be present in the structure (detec-
tion).

Level 2:  to provide information about the proba-
ble location of the damage (localisation).

Level 3:  to quantify the extent of the damage (as-
sessment).

Level 4:  to evaluate the actual safety of the struc-

ture in a certain state of damage (conse-
quences).

Generally, techniques of level 2 and 3 can be applied
only in particular types of structures, due to their need
for an accurate mathematical model both of the struc-
ture under test and of the damage to be detected; it
is evident that such models may be developed only for
relatively simple structures. As a consequence there
is a need for more general techniques, ie. of level 1,
which may detect a damage in any type of structure
by comparing the current response characteristics with
measurements made previously at the same locations.
Furthermore, even if a level 1 technique does not give
any information on the geometrical properties of the
damage, the development of a good level 1 technique
is nevertheless a key feature for damage identification
procedures of higher levels; indeed, damage can be
identified only if it is detected.

In this article a method, recently proposed by Ruo-
tolo and Surace [4] [5] and based on the application of
the Singular Value Decomposition Technique to anal-
yse dynamic response data measured from the struc-
ture under examination, is utilised for monitoring the
condition of structures. Unlike other methods of dam-
age detection based on vibrations which require an ac-
curate mathematical model of the undamaged struc-
ture, the new technique described relies only on a ‘de-
scription of normality’ which is defined in terms of
features measured in operational conditions when the
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Figure 1: The wing under study

structure is known or assumed to be fault-free. For this
reason the method can be applied even to very com-
plex stuctures which operate in a range of conditions
with a corresponding variation in the dynamic charac-
teristics of the structure. For the case of an aircraft in
flight, examples are decrease in the effective mass due
to a reduction in fuel and a change in the flight speed.

To demonstrate the validity of the method for the
primary structure of a typical transport aircraft (see
figure 1), a finite element model of a wing was devel-
oped. Several mass configurations have been consid-
ered, corresponding to varying amount of fuel, together
with different levels and types of structural damage.
Using the results obtained it has been possible to assess
the sensitivity of the method to structural alterations
and analyse the influence of measurements noise on its
effectiveness.

Description of the SVD-Based Technique

This method was originally proposed in ref. [4] as a
means for detecting the presence of a fault in a struc-
ture even if the dynamic behaviour varies during nor-
mal operational conditions, eg. an offshore platform
which changes in mass: methods which consider only
the comparison of natural frequencies [6] [7] are not
able to detect damage, since a change in mass of the
* structure results in an alteration of the dynamic be-
haviour even if the structure is undamaged.

For each operating condition both in undamaged and
damaged states, it is possible to introduce a feature
vector {v} in which a particular characteristic of the
structure is represented, eg. individual natural fre-
quencies, modeshapes, frequency response functions,
transmissibilities etc. Due to the effect of damage on
the dynamic behaviour of the inspected structure, it is
assumed that a fault will alter the vibrational response
and, as a consequence, also the feature vectors. Hence,
the problem of damage detection can be addressed by
comparing the feature vectors {v} in order to discover
any significant deviation, which cannot be ascribable
to noise, from the given configurations; at this point it

is necessary to verify that:

{v}e # {v}:

where {v}; is related to a normal operational config-
uration and {v}. to the current condition, which may
correspond to a damaged state.

Viell,n], 1)

The feature vectors {v} can be arranged in a matrix ~
[ P]in the following way:

[P]={vh{v}e.. {v}nfv}e],

such that condition (1), which can be used to deter-
mine whether or not a structure is damaged, can be
checked by estimating the rank of the matrix [ P |.
Indeed, if the structure is undamaged, the feature vec-
tor {v}. will be equal to one of the feature vectors
{v}1...{v}n and the rank of the matrix [ P ] will be
equal to n. On the other hand, if the structure under
test is damaged, the rank of the matrix [ P ] will be
equal ton + 1.

As a consequence, a straightforward way of inves-
tigating the structural integrity is by evaluating the
rank of the matrix [ P ], which is built up by acquiring
and analysing the dynamic response of the structure.
Usually this computation is carried out by a Gaussian
elimination but, in practice, the rows of a matrix are
neither exactly orthogonal nor parallel, such that it
may be difficult to estimate the rank after perform-
ing this numerical procedure. On the other hand, it
is well known that a good way of evaluating the rank
is by using SVD, expecially if the matrix is large or
complex.

This method can be extended simply to the case in
which p feature vectors can be associated to each op-
erational condition, eg. in the case in which for each
configuration p functions are acquired.” As a conse-
quence, a feature matrix [ V ]; with p columns can
be introduced, where the jth column is a previously
defined feature vector {'u}gJ ). By following the same
procedure previously outlined, matrix [ P ] will be:

[PI1={VhIV]. . [VVI

which has p-(n+1) columns. If the structure is undam-
aged and the acquired functions are linearly indepen-
dent, for example when transmissibilities are acquired,

" the rank of matrix [ P ] will be p-n, while if the struc-~ =~

ture is damaged the rank will be greater than p-n and
less than or equal to p- (n + 1).

Effect of Measurement Noise

When dealing with experimental data, it is neces-
sary to consider the influence of measurement noise;
as a consequence the previous considerations about the
rank of matrix | P ] have to be re-considered. Firstly,
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singular values
=

Figure 2: First ten singular values for an undamaged
beam (four values greater than the threshold given by
the dash-dot line) [4]

singular values
-
o

Figure 3: First ten singular values for a damaged beam
(five values greater than the threshold given by the
dash-dot line) {4]

the evaluation of the rank of an experimental deter-
mined matrix will be more accurate using SVD than
a Gaussian elimination. Secondly, if the difference be-
tween a theoretically evaluated [ P ] matrix and the
corresponding experimentally determined matrix [ P, ]
depends only on measurement noise, the rank of these
two matrices should be equal. Furthermore, as opposed
to the case of matrix [ P ], all the singular values of ma-
trix [ P, ] will be greater than zero. Consequently, in
order to distinguish between singular values related to
the noise from those related to the state of the struc-
ture, a threshold level for the singular values related
to the noise is introduced, such that any singular value
greater than this threshold can be related to the state
of the structure.

When a real structure is monitored using this tech-
nique and the singular values of the matrix [ P, ] are
evaluated, it should be possible in principle to decide
whether the structure is damaged or not by looking at

AP = VIV

the number of singular values greater than the thresh-
old due to the measurement noise. By performing this
task periodically, an increase of the number of singular
values related to the state of the structure should pro-
vide an indication that the structure under investiga-
tion has altered its dynamic behaviour, ie. undergone
damage. Of course, as described above, any change of
operating conditions does not alter this number, such
that the method would be insensitive to a switching
between different operating conditions. An example is
shown in figures 2 and 3, which corresponds to a simple
cantilever beam with a concentrated mass at the free
end [4]. Figure 2 is related to the structure without
damage, while figure 3 is related to the beam with a
damaged element. Frequency response functions have
been used as feature vectors polluted by additive noise,
giving the threshold level indicated by the dash-dot
line of figures 2 and 3, ie. singular values related to
the additive noise are almost flat. It is possible to see
that when the structure is undamaged just 4 singular
values are greater then the threshold level (figure 2),
while 5 singular values are greater than this threshold
when the structure is damaged (figure 3).

The procedure to decide whether or not the struc-
ture is damaged has some problems to be applied to
experimental data, as described in [5], mainly because
experimental data are often corrupted by noise which
is at least partially multiplicative in nature. In this
case the noise is coloured, meaning that peaks in noise
correspond to peaks in the data, such as singular val-
ues related to the noise are no longer flat. As a con-
sequence; it is very difficult to introduce a threshold
level that permits the separation of singular values re-
lated to the state of the structure from singular values
related to the noise.

To deal with this situation and in order to increase
the distance between singular values related to the
state of the structure and those related to the noise, it
is advisable to introduce into matrix [ P ] more feature
matrices | V' ]; for each operational configuration; this
procedure could be seen as means of averaging the var-
ious measurements performed on the structure under
test at the same configuration. By collecting | mea-

surements for each one of the n configurations, matrix
[ P ] will be:

VI I I - V0],

Moreover, it is possible to take advantage of a prop-
erty of singular values [5] of matrix [ P ]. In order to
assist in the diagnosis of damage, the following damage
index can be formulated:

r+1
Di=a (H O'k([ P D) 1 (2)
k=1

where [ P ] is the matrix with multiple measurements
for each operational configuration, ot ([ P ]) is the kth
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singular value of this matrix, r is the number of sin-
gular values greater than the threshold due to noise
related to the undamaged structure and « is a con-
stant properly selected to normalise the index. The
main characteristic of damage index D; is that it varies
slightly by switching to a different normal operational
condition and, for a given configuration, it increases
when the structure is damaged.

Model of the Wing

The mathematical model of the wing has been de-
veloped according to the method proposed by Kapania
and Castel [8], which allows to build a one-dimensional
model of a wing with composite upper and lower pan-
els. The first step is to isolate a typical segment of the
wing, eg. from rib to rib, and then to transform it into
a wing-box element, shown in figure 4. This element
is considered as a beam, with a cross section which
can vary from one end to the other, as well as geo-
metric properties of stringers and skins. The builtup
structure consists of curved bottom and top laminated
skins, four webs and eight stringers as in figure 4. Ac-
cording to the classical empirical rules of aeronautical
engineering, webs are assumed to support only shear
stresses, while skins are subjected only to axial stresses.
Both transverse shear, according to Timoshenko the-
ory, and a correction factor which takes into account
the warping restraints induced by the boundary con-
ditions, are included in the formulation. Furthermore,
the code permits properties of members which are not
present in the layup, eg. webs or stringers, to be set
to zero.

The wing model considered in this study has the fol-
lowing properties:

e wing span of 26.6 m;
o chord of 5.223 m at root and 1.272 m at tip;
¢ sweep angle of -24° (backward);
e two webs;
o eight stringers;

e aluminium is used for all the elements of the
structure;

¢ one engine with mass Mg = 2000 kg is located
in the middle of the wing.

Configurations and Cases of Damage

In order to simulate real operatienal conditions, the
change in fuel mass stored in the wing is assumed to be
a free parameter, such that it introduces a variation in

Figure 4: The wing-box element
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Figure 5: Positions of concentrated masses and sensors
on the model of the wing

the dynamic behaviour of the wing, ie. different opera-
tional configurations. In particular, 10 different config-
urations were considered: in the first configuration, a
fuel mass of 4111.1 kg is stored in the wing, while in the
tenth configuration the fuel mass is of 4384.0 kg. As a
consequence, the difference in mass between two adja-
cent configurations is of 0.62%, referred to 4384.0 kg,
which is sufficiently low to consider these ten config-
urations as a continuous variation in the mass of the
structure.

The wing is discretised using eight elements, as shown
in figure 5, and the fuel mass is introduced as concen-
trated masses without rotational inertia at nodes no.
2,3 and 4, with a value of 5/12M}, 1/4M; and 1/12M;
respectively, where M/ is the mass of the fuel.

The finite element method allows the evaluation of
the mass [ M | and stiffness [ K ] matrices of the fol-
lowing equation:

[KJA+m{y}+[ MM HGY={F} (3

where 7 = 0.02 introduces a structural damping. The
previous equation highlights that the dynamic behaviour

. of the structure is a function of the fuel mass My; fig-_ .

ure 6 shows the modeshape for the first four modes of
the wing in configuration 1, ie. when M; = 4111.1 kg.

The variation in natural frequencies of the wing due
to the change of mass fuel during the flight, is shown
in table 1. It is possible to observe that the frequency
of the first mode does not change with the variation
of the fuel mass, while the other modes have a relative
variation in frequency which is 1.4%, 2.2% and 2.3%
for the second, third and fourth mode respectively. As
a consequence, the modification in the dynamic be-
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Configuration no.

1 2 3 4 6 7 8 9 10
fi[Hz] | 2353 2353 2353 2353 2.353 2.353 2.353 2.353 2.353  2.353
f2[Hz] | 8833 8825 8816 8807 8798 8790 8781 8772 8764 8755
f3 [Hz] | 19.428 19.397 19.366 19.335 19.305 19.275 19.245 19.215 19.186 19.157
fi [Hz] | 33.365 33.308 33.252 33.197 33.142 33.088 33.034 32.981 32.929 32.877

Table 1: First four natural frequencies of the wing for the various configurations

Damage in the web | Damage in the spar-flange
A B C D E F
10% 20% 30% | 10% 20% 30%

Table 2: Stiffness reduction for the various damage
cases

haviour of the structure can be approximated with a
continuous variation, as well as previously stated for
the mass variation.

In order to investigate on the effect of different type
of damage on the dynamic behaviour of the structure
under test, two kind of faults have been considered:

1. reduction of the stiffness of one web of the ele-
ment nearest to the clamped end of the wing;

2. reduction of the stiffness of the stringer no.1 (see
figure 4) for the element nearest to the clamped
end of the wing (this case is equivalent to de-
crease the stiffness of the spar-flange).

Each damage is entered by taking advantage of the pos-
sibility of introducing directly the Young’s modulus for
webs, stringers and skins. As a consequence, a reduc-
tion in stiffness of a given percentage is obtained by
decreasing the Young’s modulus of the same percent-
age. Moreover, damage of varying extent is introduced
into the web and the stringer, as shown in table 2.

In table 3 the first four natural frequencies of the
wing in configuration 1, ie. with the minimum amount
of fuel, and damaged according to table 2 are pre-
sented. It is possible to see that all the damage scenar-
ios give rise to a slight variation in natural frequencies;
in particular, damage in the web modifies only slightly
natural frequencies for modes 3 and 4, while damage
in the spar-flange affects all the four modes. Never-

theless, it is necessary to highlight that the maximum -

variation in natural frequencies for this kind of damage
is equal to -0.883% for mode no.3 and damage case F.
This variation is very low and therefore extremely dif-
ficult to detect by just comparing natural frequencies.

Application of the Technique

.

To apply the formulation described above to the case
considered, feature vectors were constructed using the

amplitude of frequency response functions H)(w) and
H®(w) of the structure related to the position of the
two sensors shown in figure 5 for a force applied at the
free end of the wing. As a consequence, feature matrix
[ V ]; has p = 2 columns:

[V]i=[{HD}: {E®};].

A first analysis was performed without noise on the
‘measurements’. Matrix [ P | is constructed by using
the feature matrix [ V ];, with two columns for each
operational configuration, and for the current condi-
tion. Each {H®}, is a vector obtained by evaluating
the amplitude of Hi(k)(w) in 241 equally spaced fre-
quency points in the range from 6 to 30 Hz, resulting
in a matrix [ P ] of dimensions 241 x 22.

Figures 7 and 8 show the values of the damage index
D; evaluated according to (2) in which r is set to 5. In
order to simulate a real-time monitoring of the struc-
ture, in figures 7 and 8 measurements are ‘acquired’ 8
times for each operational configuration. Furthermore,
in figures 7 and 8 dashed lines highlight the change
in operational configuration; at each time the current
configuration is indicated at the top of the figure, with
the label Np, where N refers to the configuration num-
ber, and D to the damage case. When the wing is
undamaged D is equal to 0. '

In figures 7 and 8 it is possible to see that the tran-
sition from configuration 1g to 14 and from 1, to 1p
is characterised by an increase in the index, meaning
that damage occurred. Moreover, these figures show
also that an increase of the extent of the damage with-
out a change in configuration, ie. mass of the fuel,
is characterised by an increase in the damage index.
Finally, both damage in the web and damage in the
spar-flange are detected.

To deal with a more realistic situation, multiplicative
noise is added to the frequency response functions. Ac-
cording to the procedure described in the previous sec-
tions, in this case in matrix | P ] more feature matrices
[ V )i for each operational condition are introduced in
order to average the noise. Matrix [ P ] is constructed
by using 5 feature matrices related to the structure at
the initial stage and for each operational configuration;
as a consequence if the current condition is not taken
into account, 100 columns are introduced in matrix
[ P ]: 2 frequency response functions x 10 configu-
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rations X 5 measurements for each configuration. In
order to give a similar importance to the current con-
dition, 25 feature matrices [ V' ]. obtained performing
on-line ‘measurements’, ie. related to the current con-
dition, are stored in [ P ].

Figures 9 and 10 show the damage index evaluated
for the damage in the web (cases A, B and C) and in
the spar-flange (cases D, E and F) respectively, when
the level of multiplicative noise is of 1%. Even if the
level of noise is relatively low, it is possible to see in
figure 9 that no sharp increase in the damage index
occurs, ie. damage is not detected even at the high-
est extent. On the other side, results shown in figure
10 demonstrate that damage in the spar-flange can be
detected also at the lowest level of 10% reduction in
stiffness. Similar results are shown in figures 11 and
12 for a multiplicative noise of 2%.

Conclusions

In this paper a Vibration Based Method for detecting
structural damage in structures with different operat-
ing conditions is applied to diagnose damage in the
primary structure of a typical wing of a transport air-
craft. "The technique uses a description of ‘normality’
of the structure, ie. it needs that some features of
the structure are acquired before the onset of damage.
Two types of damage are analysed: a reduction in the
stiffness of one of the two webs, and a reduction in
the stiffness of a stringer (equivalent to a damage in
the spar-flange). Both types of damage are introduced
close to the clamping end of the wing.

This method allows to detect the damage in the spar-
flange even if the noise in the ‘measured’ data is rela-.
tively high (2% of multiplicative noise), while damage
in the web is undetectable also with a lower level of
noise. Finally, it should be remembered that in this
case any direct comparison of natural frequencies is im-
practical, mainly due to the presence of different oper-
ating conditions and to the noise on the measurements.
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Damage cases
A B C D E F
fi[Hz] | 2353 2353 2353 2351 2.348 2344
fo [Hz] | 8832 8831 8830 8.810 8.784 8.755
fa [Hz] | 19.413 19.397 19.382 19.403 19.376 19.346
fa [Hz] | 33.326 33.287 33.246 33.342 33.317 33.289

Table 3: First four natural frequencies of the wing for the various damage cases

Mode no.2

Mode no.1

Mode no.4

Mode no.3

Figure 6: Modeshapes for first 4 modes of the analysed wing
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