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Abstract

Laminated composite materials are a staple of modern material development, with fibers stronger
than most conventional materials being combined with resins to form versatile and efficient engineering
structures. However, the advancements in material development must be accompanied by equally
advanced methods for damage detection, as these materials develop inherently unique failure modes.
This thesis aims to further the study of the use of modal shapes and their spatial derivatives to perform
damage localization in laminated composite rectangular plates. Ansys® is used to perform Finite
Element simulations of plates with several damage scenarios and damage mechanics models. Matlab®
is used to post-process these simulations results, namely by calculating the derivatives using the Finite
Difference Method, and applying three different Damage Indexes, including one that is being proposed
here. To mimic experimental conditions and testing the resilience of the derivatives degrees, different
noise levels are introduced in the results of the Finite Element simulations. A Quality Index is employed
to quantitatively evaluate the solutions, mainly regarding the response to the introduced noise. The
results show that the different Damage Detection Methods tested have comparable results in terms of
quality with a higher degree of success when the analysis is made mode by mode, with a penalty in
simplicity of analysis. These results also show that the damage detectability is higher when the damaged
areas coincide with high displacement areas of the mode shapes and that higher noise levels have a more

noticeable negative impact when employing higher order derivatives.
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1. Introduction

Composite materials are, by definition, the result
of the combination of more than one type of mate-
rial. Laminated composites combine high strength
fibers, such as carbon or glass, with a resin ma-
trix, which binds the fibers in place and evenly dis-
tributes the loads in each direction. As the fibers
are often laid out in the same direction in thin plies,
each ply has an anisotropic nature, with the fibers’
direction being much more rigid than the others;
for this reason, several plies are stacked in multiple
orientations to make a laminated part which can
respond to different load cases and perform as in-
tended [I]. The resultant materials have been hav-
ing a considerable impact on the development of
engineering solutions in the past decades, in all ar-
eas of activity, most notably in the aerospace indus-
try, with examples such as the Boeing 787 aircraft,
which is composed by 50% composite materials[2].
The main advantages of laminated composites in-
clude superior specific strength and stiffness [3],
with the main drawback being the high production
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costs.

The nature of laminated composites originates
unique damage mechanics, the most notable of
which are fiber-matrix debonding and delamina-
tion, as studied and modelled by previous authors
[]. The damage detection and location methods
proposed here are based on vibration modes, which
produce specific mode shapes and natural frequen-
cies, which is an approach that has been used for a
few decades for different types of materials[5]. The
damage detection is based on the difference between
the mode shapes of intact and damaged plates, as
well as their corresponding spatial derivatives cal-
culated through the finite difference method. The
use of these techniques has been continuously stud-
ied for several years for the use on beams, mainly
of aluminum, with both numerical and experimen-
tal validation of the results, most notably by au-
thors such as Pandey et al. [6], Abdel Wahab and
De Roeck [7], Sazonov and Klinkhachorn [§]. More
recently, other authors such as Araidjo dos Santos
et al. [9], Moreno-Garcia et al. [I0] applied them to



composite plates, which is the object of study of this
work, again with both numerical and experimental
data for a deeper understanding of the usefulness of
these techniques.

The damage detection methods are performed on
Finite Elements simulations run in Ansys® and
post-processed using Matlab®, for carbon fibre-
epoxy rectangular plates with specific material and
geometric properties. The damage is simulated on
specific areas on one or all plies of the laminate,
by manipulating the elastic constants through one
of two damage mechanics approaches. In order to
have a more comprehensive understanding of the
capabilities of the chosen methods, different vari-
ables are tested, such as boundary conditions, dam-
age severity and location, damage mechanics model,
damage depth, and introduction of noise in the mea-
surements to test the methods for field applications.
Each variable that is written with a tilde (e.g. @)
corresponds to a damaged plate.

2. Damage Detection Methods
2.1. Laminated composite materials, natural fre-
quencies and mode shapes

Composite laminated parts are designed to perform
a specific task, and must meet certain structural,
electrical or thermal requirements, amongst others.
The fiber’s and resin’s properties, as well as their re-
spective volumetric concentrations on the plies con-
tribute to the material properties of the composite;
there are different theories on the exact weights of
these contributions, however they are not explored
here, as the material properties used are those of
already studied and characterized composite plies.
The plate simulated in this analysis had its layer se-
quence and orientation proposed by Ladeveze and
Lubineau [4] to study one of the damage mechan-
ics models used here, being the plate dimensions,
mesh size, damage size and ply properties as the
ones used by Moreno-Garcfa et al. [10] to apply the
same type of modal analysis. The plate has a length
and width of 400 mm by 200 mm, a thickness of 0.75
mm and a stacking of [90/02]s. The plies are com-
posed of an AS4/Epoxy, with E; = 138 GPa, E; =
10.3 GPa, G152 = 6.9 GPa, v15 = 0.30 and p = 1.55
g/cm3. For the vibration analysis, the four edges of
the plate are clamped, except for some aspects on
which the behaviour of a free plate is also analyzed.

The proposed damage detection methods are
based on the dynamic behaviour of plates, which,
when excited to their natural frequencies, resonate
and produce their respective mode shapes. The dif-
ference between the behaviour of undamaged and
damaged plates should be detectable by comparing
the frequencies and mode shapes of both, as well
as the spatial derivatives of the mode shapes. As a
general notion, it can be assumed that a less rigid
structure will have lower natural frequencies to a

similar but more rigid one, and as such the predic-
tion is that the natural frequencies are lower for the
damaged plates.

2.2. Finite Element Method

The numerical simulation of the laminated plate
is made using the commercial software Ansys®,
though a Mechanical APDL® script. The plate’s
domain is divided in SHELL181 square elements
with a side dimension of 5 mm, being the lay-up
(called Section in the software) defined according to
the staking sequence and the layer properties spec-
ifications - for both undamaged and damaged lami-
nates. The element size of 5 mm is chosen according
to the study of the optimal sampling presented by
Moreno-Garcia et al. [10] with important compro-
mises made due to the fact that several different
degrees of derivation are used and the computation
time needs to be managed - with the chosen siz-
ing, each simulation and computation routine takes
from 5 minutes to 2 hours, depending on the chosen
index. This choice intends to minimize the influ-
ence of the noise and errors in the data. It should
be noted that experimental techniques usually only
allow the measuring of the mode shapes and modal
rotations [I1]; this justifies the need to apply nu-
merical differentiation techniques to experimental
data to obtain the modal curvature and higher de-
gree derivatives.

The damage is simulated by multiplying the elas-
tic constants of each ply by coeflicients called dam-
age parameters, being each damage parameter se-
lected according to the employed model of dam-
age mechanics. The first method used here is pro-
posed by Ladevéze and Lubineau [4] and it studies
the microcracking in the matrix while the compar-
atively much stronger fibers are considered intact;
several sets of values are tested for this model, and
the one selected for further analysis is denominated
DC1, on which Ey = Fy % 0.21, G = G1g * 0.42,
and the remaining elastic constants are kept un-
changed. The method used by Moreno-Garcia et al.
[I0] uses a much simpler approach of multiplying
all of the elastic constants, except the Poisson’s ra-
[D(e)]H =
(1 —d®) « |[D)]||; as before, different values of
d(®) are tested and the one which is found most suit-
able is denominated DC2 where d(¢) = 0.7; through
the analysis of the damage indices, it has been con-
cluded that DC2 is about ten times more severe
than DC1, which is a difference suitable to test the
response of the damage detection methods to dif-
ferent severity levels.

tio, by a damage parameter, such that ’

2.3. Finite difference method

The employed damage indices are based on the dif-
ferentiation of the transverse displacement of each



node on the plate. The numerical differentiation
process chosen for this operation is the Finite Differ-
ence method, which uses the values of the displace-
ment and their spacing, uniform in each direction,
to approximate the derivatives.

The formula for the first derivative can be found
on Equation , and the subsequent degrees are
calculated by substituting the variable on the equa-
tion by the equation itself (i.e. f”(x) = f'(f'(x)))
and simplifying the resulting fraction. To obtain
different values of accuracy in the operation, dif-
ferent orders of the finite differences can be used.
However they require more points, thus disabling
the possibility to compute the derivative on nodes
close to the edges of the plate. In view of this, a
choice was made to restrict the computations using
only the second order central finite difference.
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2.4. Damage indices

Three different damage indices are used, two of
which were already applied in previous studies and
one is proposed in this work.

Moreno-Garcia et al. [I0] proposed the use of the
DFD (Difference in Field Derivatives) damage in-
dex, which calculates the derivatives in the z di-
rection up to the fourth order, as shown in Equa-
tion 7 for each mode.
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Aradjo dos Santos et al. [9] proposed the use of
three damage indices which calculate the difference
between the averages through the first ten modes
of the displacements and first two derivatives, as
shown in Equation , where in each derivative or-
der the Euclidean norm of the derivative’s vector’s
components is used, and the derivative vectors are
shown in Equation ({4)); here, the equivalent vectors
for the damaged plates are implied and are calcu-
lated in the exact same way.
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The SFD (Sum of Field Derivatives) method con-
sists of a mix of the characteristics of both the pre-
vious ones: the performing of the derivatives in one
direction only up to the fourth order, and the use
of the average displacements of the first ten modes,
as shown in Equation .
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2.5. Results post-processing

The FE simulation results are post-processed in
Matlab® to calculate the derivatives and the dam-
age indices, as well as creating figures that show the
results.

2.5.1 Results quality index

For a single damaged area, a quality index p was
proposed by Moreno-Garcia et al. [12], which mea-
sures how concentrated the peaks of the damage in-
dex are, and is calculated as shown in Equation @
DI is used to represent the nodal value of any dam-
age index is chosen to apply this method, which is
normalized to 1, as denoted by the hat, and NN is
the number of nodes.

NN 5ro
k=1

w=1 NN DI<1 (6)

Paired with this quality index, a damage severity

indicator is used, which is the maximum value of the

damage index found in a specific damage case. This

indicator is a better tool to compare damage cases,

which sometimes show similar quality in detection.

Both are used in context, using the figures to have

a qualitative evaluation of the quality, as well as in
comparison with different damage cases.



2.5.2 Noise simulation

The present simulations, as well as the set up lab
conditions, have very little to no noise or interfer-
ence. These conditions are invaluable to test the
damage indices performance, however they do not
account for the parallel between the sensitivity to
small disturbances to the mode shapes, of which
both damage and noise are comprised. To test the
resilience of the chosen methods to the presence of
noise, a randomized field of values is added to the
displacement field, with a mean of 0 and a stan-
dard deviation of 1076. As the displacements are
normalized to 1, this level of noise doesn’t have a
noticeable impact on the results of any of the oper-
ations performed; thus, the defined value of noise is
multiplied by a noise level N L, taking values from
1 to 10000.

2.5.3 Damage depth variation

The damage scenarios in the simulations described
so far in the literature are comprised of a manip-
ulation of the elastic constants on all plies on the
laminate, on a specific area. However, for field ap-
plications, a study on the behaviour of the damage
indices when the damage in contained in the inside
layers is relevant, as this would hamper visual de-
tection of the damage. For this reason, simulations
are run where the damage is present in only one
of the six layers of the laminate, and the damage
detectability is compared.

3. Results

The mode shapes 1 and 7, as well as the average
of the first ten modes, are shown in Figure[I} these
two modes show very different behaviours of the
displacement field across the plate, and should thus
provide different responses from the damage index
DFD.
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Figure 1: Displacement fields.

3.1. Damage indices
3.1.1 DFD index

As this index is used to perform the damage detec-
tion on a mode-by-mode basis, only the most sig-
nificant cases are shown here. Figures 2] and [3]show
the response of the DFD damage index to a center
damage scenario, with DC1. As the behaviour of

the two mode shapes on the center of the plate is so
different, so is the damage detection: Mode 1 gives
a much clearer detection than Mode 7, and shows ef-
fective damage detection using rotations (DF Dél))7
whereas using Mode 7 the detection only becomes
effective using the curvatures (DF D((f)) or the third
derivative of the displacements (DF D,(Ig)).

Figure [4 shows the damage detection of a center
+ corner damage scenario, where both damaged ar-
eas are equal in size and damage severity, using the
curvatures. Modes 1 and 8 show a very distinct
response to the damage, as the former highlights
only the center damaged area, and the latter shows
similar peaks for both. For each one of the first
ten modes, more diverse responses to this situation
can be found, illustrating the importance of having
several modes to ensure that no areas are prone to
concealing damage.
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Figure 4: Center + Corner damage scenario, DC1.

3.1.2 TD, SD and CD indices

As these damage indices require the average of the
first ten modes to be calculated, no specific modes
need to be selected. Figures [5] and [f] show the re-
sponse of these damage indices to a center damage
scenario with DC1 and DC2, respectively. The use
of the displacements (TD) provides no meaningful
and clear damage localization. However, the ro-
tations (SD) and curvatures (CD) show increasing
clarity on the peaks on the damaged area, being
this more visible for the curvature, justified by its
higher order derivative.
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Figure 5: Center damage scenario, DC1.
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Figure 2: Center damage scenario, DC1, Mode 1.
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Figure 3: Center damage scenario, DC1, Mode 7.
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Figure 6: Center damage scenario, DC2.

Figure [7] shows the response of these indices to
a center + corner damage scenario, with the two
damaged areas being the same size and severity.
The center damage is much more pronounced in
this detection, which is likely a result of the higher
sensitivity of most of the mode shapes to this area.
These indices show this clear disadvantage, where
only one figure can be analyzed, and the blind spots
created by the majority of the mode shapes can not
be avoided; however, this presents a much higher
simplicity in analysis, which can increase efficiency
in damage detection if the blind spots are known
and accounted for.
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Figure 7: Center + corner damage scenario, DC1.

3.1.3 SFD index

The response of this damage index to a center dam-
age scenario with DC1 can be seen on Figure |8 as

these figures show a very clear damage localization
for this damage case and all degrees of derivative,
the same happens when DC2 is applied, only with
higher values on the peaks.

The results with SFD damage index, depicted
in Figures [§ and [0} show a clear identification of
damage in the center scenario and both locations of
damage in center + corner damage scenario, being
the damage detection more clear with the derivative
order increase. If we compare the results of the SFD
damage index with the ones obtained with the other
damage indices for the second damage scenario, the
peaks at center of the plate are less noticeable than
the ones at the corner. In this case, it is possible
to identify both damages starting from the second
order derivative, contrary to the other damage in-
dices.
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Figure 8: Center damage scenario, DC1.

Just as when using the TD, SD and CD indices,
the tendency of the majority of the modes is to be
more sensitive to the center damage than that on
the corner, which creates a blind spot. In this case,
the higher number of degrees of derivation is shown
to have a positive impact on the detectability of
both damaged areas.
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Figure 9: Center + corner damage scenario, DC1.

3.2. Frequency analysis

All simulations run produced lower frequencies for
the damaged plates than those of the undamaged
plates, and the same happens between DC1 and
DC2, for all modes, as listed on Table [l Fig-
ure |10 shows the average displacement on all nodes
of the damaged area (for an undamaged plate) for
each mode with columns, and the value of the rel-
ative frequency difference with lines, for both the
clamped plate that has been studied so far and one
that is free; this shows a correlation between the dis-
placement and the difference in frequency, although
stronger for the more severe damage case DC2 and
weaker for the free plate, which suggests that the
different values of FD for the modes can be used
along with the mode shapes to locate damage, if
the only measurements available are those of the
frequencies.

Table 1: Natural frequency comparison for DC1 and
DC2

Mode f,(Hz) 'f,(Hz) 'FD, 2f,(Hz) 2FD,
1 159,87 159,64 0,14% 153,92  3,72%
2 178,93 178,87 0,03% 178,57  0,20%
3 224,44 22359 0,38% 216,93  3,35%
4 301,59 301,29  0,10% 298,74  0,94%
5 409,54 407,69 0,45% 396,34  3,22%
6 433,61 433,49 0,03% 426,92 1,54%
7 446,03 44548  0,12% 44512  0,20%
8 473,75 47348  0,06% 469,11  0,98%
9 524,20 522,78  0,27% 521,64  0,49%
10 546,23 54520  0,19% 535,35  1,99%

Clamped plate Free plate

I 01

(a) Clamped plate (b) Free plate

Figure 10: Average displacement on the damaged
area.

3.3. Influence of noise on detection

This analysis is made in two complementary ap-
proaches: a qualitative analysis of the figures de-
picting the damage indices and a statistical analysis
of the behaviour of the quality index u, according to
different noise levels. Figure [I1] shows the border-
line between detectable and undetectable damage,
which is found to be at p = 0.85 across all differen-
tiation orders and for multiple damage cases.

In order to obtain statistically relevant data re-
garding the behaviour of the derivative degrees
when dealing with each noise level, 200 differ-
ent simulations are performed for each noise level,
where in each one a novel random field of noise
is added to the mode shapes and the damage in-
dices are calculated. This minimizes the impact
that incidental high or low values of noise could
have on the results. Figure shows the average
of the quality index p for the 200 simulations, and
there is a clear correlation between derivative order
and resilience to noise in the measurements, where
the first derivative has a lower quality damage de-
tection, but is also much more immune to noise -
more that 10x higher than the fourth derivative of
the displacements. While using the higher order
derivatives produces clearer damage detection, their
sensitivity to the disturbances in the mode shapes
caused by the presence of damage is also a weak-
ness when dealing with the disturbance of noise;
this dichotomy underlines the importance of hav-
ing reliable and precise measurements to produce
good quality damage detection.

3.4. Influence of damage depth

Using the SFD damage index, the maximum value
of the index was found for six simulations, each of
which corresponds to each one of the plies of the
laminate being damaged, for a center damage sce-
nario with DC1. The results shown in Figure [13|re-
veal a clear decrease in detectability when the dam-
age is located in the center plies for all derivative
orders, by a factor of 10 to 100, being the 1 and 6 the
top and bottom layers, respectively. Having in mind
the motivation of this analysis - the perceived lower
visibility of damage in the interior plies -, these re-
sults suggest that modal analysis, in the form that
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Figure 11: Damage detection with noise, SFD?_)lO, DC2.
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Figure 12: Detection quality according to noise
level.

is proposed here, may not be the most suitable so-
lution to detect this type of damage. Moreover, if
one wants to detect damage in interior layers of a
laminate, the quality of measurements are of ut-
most importance, since noisy data will easily mask
the perturbations due to damage.

—

1 2 3 4 5 6
Damaged layer

Figure 13: Damage severity according to damage
depth.

4. Conclusions

Several aspects of the use of modal analysis for dam-
age detection on composite plates are explored in
this work, namely the use of different derivative
techniques, the importance of pairing a quantitative
analysis of the values of interest with the qualitative
analysis of the generated figures, the importance of
studying the mode shapes for a more comprehen-
sive evaluation of the results - both for the damage

indices and the frequency -, and some limitations of
these techniques, namely the influence of noise and
damage depth of the quality of the detection. A new
damage index is proposed, which shows improved
quality of multiple damage detection. A study on
the influence of damage depth on detection was also
successfully performed, examples of which have not
been found in the reviewed literature.

Future work in this area should take into account
some aspects which are not discussed here, such
as measurement techniques for field applications,
noise or error quantification for the modal shapes
and frequency values, the testing of more complex
structures to test the derivation process in different
conditions, and validating the data processing on
real-world setups.
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