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ABSTRACT

This paper presents a technique to predict the severity and the location of the
damage in beam-like composite laminates by using modal parameters as input for
an artificial neural network. A laminated cantilever beam is modelled using
ANSY S 5.60 finite element software. Normal mode dynamic analyses have been
performed for the first three natural modes of intact and damaged beams to find the
modal parameters. Damage has been modelled as a local reduction in stiffness of
the selected elements in the finite element model. Considering various stiffness
reductions at different locations along the beam, a variety of damage scenarios have
been created. Natura frequencies and corresponding displacement mode shapes
have been obtained from finite element analyses and the curvature mode shapes of
the beam have been calculated from the normalised displacement mode shapes by
using finite difference method. Following the sensitivity analyses aimed at finding
the necessary parameters for the damage detection, different input-output sets have
been introduced to various artificial neura networks for training. Finaly, a trained
feed-forward backpropagation artificial neural network is tested using new damage
cases and checks are made for severity and location prediction of the damage.

INTRODUCTION

Composite laminates have damage that mostly initiates at fibre/matrix level.
These micro-level local failures could be fibre fracture, fibre buckling, fibre
splitting, fibre pullout, fibre/matrix debonding and matrix cracking. Damages at the
laminate level can be considered as delamination between the layers of the
laminate, transverse cracks leading lamina failure and fibre-dominated failures. All
these different types of damage affect the life of the structure and they must be
carefully investigated.
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The effects of the common damage on the structure are changes in the natural
frequencies, mode shapes and structural damping. Therefore, damage detection
techniques based on measuring changes in the structural dynamic characteristics
have been studied by several researchers|[1, 2, 3,4, 5, 6].

From previous research, it is seen that change in natural frequencies helps to
characterise the severity of the damage. However, locating the damage from the
changes in natural frequencies alone is difficult as modal frequencies are global
properties of the structure and hence cannot provide spatial information about
structural changes. In order to overcome this drawback additional features (such as
displacement or curvature mode shapes) that provide spatial information about the
damage are needed. Moreover, for better estimation of severity and location of the
damage, multiple modes need to be considered. Since each natural frequency and
the corresponding mode are affected to different extents depending on the location
of the damage, analyses become too complicated to be handled. Therefore, artificia
neural network (ANN) can be used in the post processing of vibration-based data to
extract the patterns and to detect the trend.

ANN is an information-processing paradigm that is inspired by the way the brain
processes information. The brain has multiple neurons working together in paralld to
process information; similarly an ANN can be configured and trained through a
learning process by non-linear parameterised mapping between the input and the
output sets via their neurons (i.e. highly interconnected processing elements). The
main advantages of ANNSs are their applicability to problems that do not have an
algorithmic solution or for which an agorithmic solution is too complicated to be
found. Besdes this;, ANN offers other capabilities like sdlf-adaptiveness,
generaisation, abstraction capabilities and suitability for real-time applications.
Therefore, in recent years ANNs have been widdly used to characterise damage in
monotonic [7, 8, 9] and composites structures[10, 11].

The approach adopted here aims to utilise features extracted from the changesin
natural frequencies in the first three natural modes and the corresponding curvature
mode shapes as input to the multi-layer perceptron model using feed-forward
backpropagation algorithm to detect severity and location of the damage. In order
to generate these features that serve as input to ANN, the dynamic behaviour of the
undamaged and damaged composite beams were simulated by finite element
method.

FINITEELEMENT MODELLING

A one-dimensional composite beam is modelled in this paper since the primary
purpose hereis to demonstrate the feasibility of the proposed approach.

Cantilever composite beam model (Figure 1.) used in the analysis is made up of
four-layer, equal thickness, symmetric cross-ply [0°/90°/90°/0°] laminae with
following normalised geometrical properties.
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L, w and t are the length, width and total thickness of the beam respectively.
Dimensionless eastic properties [12] of the high modulus single fibre lamina are as
follows:
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where E's, G's and v’s are elastic moduli, shear moduli and the Poisson’s ratio
respectively.

MODELLING OF THE DAMAGE

Severity of the Damage

Structural damage causes alocal reduction in stiffness and increase in damping.
Since later has a relatively small effect in laminae with high modulus fibres,
damage is modelled as a local reduction in stiffness of the selected elements by
changing the modulus of elasticity to different values. Since damages having a
severity of less than 25% reduction in stiffness are of primary interest, a 2.5%
incremental reduction is used between the undamaged and the damaged beam up to
25% dtiffness reduction. For more severe damages, the incremental reduction in
stiffness is chosen as 5% from 25% local damage to 80%.

L ocation of the Damage

Six different locations have been selected along the beam span for introduction
of damage. These locations are 0.2L, 0.35L, 0.45L, 0.55L, 0.65L and 0.8L away
from the fixed end. For example, in Figure 1, the location of damage (grey area)
has been taken as 0.55L. The width and the length of the damage are kept constant
during the analyses as 0.1L that corresponds to four elements in the finite element
model.
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Figure 1. Finite Element Model of the Cantilever Composite Beam



Analytical Procedure

Modal analysis is performed to find the first three natural frequencies and
corresponding displacement mode shapes of the cantilever beam. Eleven points
aong the centre line of the beam are selected to obtain one-dimensiona
displacement mode shapes. In Figure 1, the white dots show the locations of these
points along the beam.

Since absolute differences in displacement mode shapes are not a good
indicator for the damage detection, absolute differences in curvature mode shapes
[5] are used as a damage index in the analysis. Curvature mode shapes, the function
of the second derivative of the deflected shapes, can be obtained from the
normalised displacement mode shapes with a central difference approximation.

SENSITIVITY ANALYS SOF FEATURES

In order to investigate the effect of the severity (percentage reduction in local
stiffness) and the location of the damage on natural frequencies in the first three
natural modes, variations of the percentage reduction in the frequencies should be
considered. Figure 2 shows the percentage reduction in natural frequencies with
different severities of the damage in different modes at different locations along the
beam. From the trends in this figure, it can be concluded that the reduction in natural
frequenciesincreases with the increasing severity and depending on the location of the
damage, different naturad modes of the beam are affected to different extents in
frequency reduction.

As can be seen in Figure 2a, there is a higher reduction in natural frequency in
Mode 1 when the damage is near the root of the beam (0.2L). On the other hand, in
Figure 2b, Mode 2 is much more influenced when the damage is located around mid-
gpan (0.55L) of the beam. This shows that it is important to consider more than one
mode of the beam (first three modes) for better prediction of the severity of the
damage.
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Figure 2a. Percentage reduction in natural Figure 2b. Percentage reduction in natural
frequencies (Damage located at 0.2L) frequencies (Damage located at 0.55L)
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absolute differences along the beam with absolute differences along the beam with
different severities (Damage located at 0.2L) different severities (Damage located at 0.55L)

After considering the effects of natura frequency reduction, the effectiveness of
maximum absolute differences in curvature mode shape is investigated to predict the
location of the damage. In Figure 3a, Mode 3 is considered with a damage located at
0.2L. It can be seen from the figure that the maximum absolute difference occurs near
the damage location, which is 0.2L. If another damage located at 0.55L in Mode 1 is
consdered, it can be observed from Figure 3b that the maximum absolute difference
still gives the information close to the damage location.

Therefore, the maximum vaue of the absolute difference in curvature and its
corresponding location aong the beam coming from three different modes would be
additional information serving asinput to ANN.

ANN FOR DAMAGE DETECTION

In this study, supervised feed-forward multi-layer back-propagation ANN in
MATLAB® Neural Network Toolbox [13] is used to estimate the severity and
location of the damage in beam-like composite structures.

Training Samplesand Validation

The most important criterion in the selection of the training samplesisto find the
idedl set that can represent al possible samples in the total space. In this analysis, 126
different damage scenarios are generated by using 21 different reductions in stiffness
a 6 different locations throughout the beam. 100 input-output pairs are given to the
ANN for training and the rest of the input-output pairs are used to check the
generdlisation of the learning. Input-output pairs are randomly distributed before
introducing them to neural network in order not to affect the learning process and
normalised [11] to avoid numerical difficulties.

The size of the ANN is very important since smal networks cannot represent the
system while larger networks can be over-trained. Hence optimisation in size of the
network is crucia. Therefore, different neural networks with one hidden layer are
designed to maximise performance in the prediction of the severity and location of the



Tablel. ANNs used in the analyses

Tablel!l. Test casesfor ANNs

Artificial Neural Networks Reduction (%) Location (L)

Input Output  Architecture 8 0.55
1 RNF DS 3:6:1 14 0.20
2 MADC DS 3:6:1 21 0.80
3 RNF&MADC DS 6:9:1 37 0.45
4 RNF DL 3:6:1 42 0.35
5 MADC DL 3:6:1 53 0.65
6 RNF&MADC DL 6:9:1 8 0.50
7 MADC&LOC DL 6:9:1 14 0.60
8 MADC DS&DL 3:8:2 21 0.30
9 RNF DS&DL 3:8:2 37 0.75
10 RNF&MADC DS&DL 6:12:2 42 0.25
11 RNF&MADC&LOC DS&DL 9:18:2 53 0.40

RNF: Reduction in natural frequency, MADC: Maximum absolute differences in curvature mode
shapes, LOC: Location where the maximum absolute difference occurs, DS: Severity of the damage,
DL: Location of the damage.

damage using input data considering the first three natural modes of the beam.
Table | shows all the ANNSs designed and used in the analyses with a variety of
input and output pairs. Vaues (separated with semicolon) used in the architecture
column of Table | show the total number neurons in the input, hidden and output
layers respectively.

Test Samplesand Simulation

Twelve different cases (Table I1) are used to test the trained neural networks. In
the first six cases, the damage locations are selected from training sets while in the
other six cases, new locations are considered. In both cases, six new reductions in
stiffness are introduced to ANN. After completing simulations with different ANN
architectures, the best three networks (first, seventh and eleventh ANNs in Table )
are selected on the basis of minimal error and better convergence.
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Figure 6a. ANN resultsfor severity prediction Figure 6b. ANN resultsfor location prediction
(Input: RNF&MADC&LOC) (Input: RNF&MADC&LOC)

In the first ANN, the reduction in natural frequencies is given as an input and
the severity of the damage is predicted as an output. After training and validation
runs, the first test with three inputs (reduction in natura frequencies from three
natural modes) is performed on 12 different cases. Figure 4 shows the results of
neural network regarding prediction of the severity of the damage. The symbols,
circles and crosses, indicate the first and the last six test cases used in Table Il
respectively. The dotted lines lying on both sides of the centre line indicate a 5%
deviation from the target values.

The seventh ANN test run is for the prediction of location of the damage. In this
case, the maximum absolute differences in curvature mode shape and their
corresponding locations along the beam in the first three natural modes are given as an
input to the ANN. The prediction of this ANN can be seen in Figure 5. Although
amost dl the predictions are within 5% limits, first six predictions (shown with
circles) are quite accurate when compared to the last six test case predictions. This
means better generalisation is needed for higher accuracy.

The eleventh ANN test run performed with nine inputs namely: reduction in
natural frequencies, maximum absolute differences in curvature mode shapes and
their corresponding locations along the beam from the first three natural modes. In
this case, the severity and the location of the damage are predicted at the same time.
Since the input and output pairs are larger in size and the association between the
features is much more complicated compared to previous runs, results show that there
Is dight overestimation in the prediction of severity (Figure 6a). On the other hand, in
the prediction of location of damage, the outputs are closer to target values with
acceptable deviations (Figure 6b).

CONCLUSIONS

In this study, features extracted from vibration-based analysis on beam-like
composite laminate were used as input to feed-forward backpropagation neural
network in order to predict the severity and location of the damage. Different input-
output pairs have been generated from various damage scenarios and used for the
training and validation of different types of ANNSs. The results obtained using new test



cases show that selection of features considered as an input data is crucia in accuracy
of prediction of damage. It can be concluded that athough reduction in natural
frequencies is considered as an indicator for the existence of the damage and its
severity, it did not provide any useful information about the location of the damage.
On the other hand, maximum absolute differences in curvature mode shapes and their
corresponding locations along the beam served as better indicators for the location of
the damage. Therefore, these features were used in the ANN as a separate inpui.

The combination of these three features i.e. reduction in natura frequencies,
maximum absolute differences in curvature mode shapes and their corresponding
locations when introduced to ANN show that the results regarding severity and
location of the damage are not as promising as the ones obtained with individua
inputs. Moreover, considering the computational time aspect, the trained ANN gives
quick response to online applications. Hence it can be concluded that two separate
ANNSs function more efficiently than one trained ANN using all the combined inputs.
Finaly, in order to achieve more accurate predictions in the damage detection, better
features providing additional information related to damage characteristics are needed.
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