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ABSTRACT

This work is concerned with physical testing of carbon fibrous laminated composite panels with low
velocity drop-weight impacts from flat and round nose impactors. Eight, sixteen, and twenty-four ply
panels were considered. Non-destructive damage inspections of tested specimens were conducted to
approximate impact-induced damage. Recorded data were correlated to load-time, load-deflection,
and energy-time history plots to interpret impact induced damage. Data filtering techniques were also
applied to the noisy data that unavoidably generate due to limitations of testing and logging systems.
Built-in, statistical, and numerical filters effectively predicted load thresholds for eight and sixteen ply
laminates. However, flat nose impact of twenty-four ply laminates produced clipped data that can only
be de-noised involving oscillatory algorithms. Data filtering and extrapolation of such data have received
rare attention in the literature that needs to be investigated. The present work demonstrated filtering and
extrapolation of the clipped data using Fast Fourier Convolution algorithm to predict load thresholds.
Selected results were compared to the damage zones identified with C-scan and acceptable agreements
have been observed. Based on the results it is proposed that use of advanced data filtering and analysis
methods to data collected by the available resources has effectively enhanced data interpretations with-
out resorting to additional resources. The methodology could be useful for efficient and reliable data anal-

ysis and impact-induced damage prediction of similar cases’ data.
© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Widely used drop-weight impact testing and damage measur-
ing procedures of laminated plates are documented in

Carbon fibre thin laminates are being widely used as building
blocks of aircraft and modern light-weight structures due to their
high elastic modulus and high strength. However, their behaviour
under the flat nose low velocity tool (tool box) drop impacts during
part assembly, manufacturing, normal service, and maintenance
operations is a major concern. Such impacts could cause barely vis-
ible internal damage. The invisible damage could severely reduce
compressive strength of the impacted sub-component during
future operations and might result in un-expected catastrophic
failure. Extensive investigations are being carried out on various
aspects of the topic in order to maintain level of quality and safety
required to avoid failure. Selected and most relevant studies are
referred below for further details.
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(ASTM: D7136). Impact damage resistance and damage tolerance
of fibre reinforced laminated composites using different
approaches to assess impact induced damage are reported in
[1,2]. Effect of impactor shapes and geometries were investigated
in [3-5]. The damage response on multilayer plates and stacking
sequences is reported in [6,7]. Mainly utilised non-destructive
techniques in aircraft industry consisting of: visual inspection,
ultra-sonic C-scans and Eddy-current are reported in [8,9]. The
techniques produce a planar indication of the type and extent of
damage to detect certain kinds of damage distribution and pro-
gression without causing any major damage to the laminate that
can be re-used or further tested. Main disadvantages and limita-
tions of using the techniques are: whole structure has to be
inspected, inspection process causes interruptions in normal oper-
ations and delays, and produces two-dimensional scan plots where
multi-plane delaminations are projected on a single plane [10-12].
Hence, the techniques need to be supplemented with the data
analysis for impact induced damage interpretations and analyses.
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Common difficulty in measuring data, analysis, and damage detec-
tion is the contamination of noise due to vibration of impactor, tar-
get, rig, and other apparatus at different frequencies [13].

Damage detections in impacted composite laminates using
de-noising and frequency response methods are described in
[14]. De-noising the impact produced data and damage detection
by means of electrical potential techniques are reported in
[15,16]. The studies report that the impact produced noise could
amplify and distort data interpretation and analysis [17]. It has
been reported that three-dimensional elasticity theory based finite
element analysis combined with the low velocity impact tests
could reduce the noise in [18]. Another study to reduce the diffi-
culty with data analysis based on coupled finite element and
Kalman filter is proposed in [19]. A new sigma-point (linear regres-
sion based) Kalman filter was proposed in [20] to address nonlin-
earities induced by inter-laminar lay-ups. The filter uses the first
order Taylor series expansion and accordingly updates statistics
of the structural state. Improved estimates on delamination state
and parameter identification via joint Kalman linear statistical fil-
ters are reported in [21].

In addition to the traditional data filtering and time signal aver-
aging techniques, the Fast Fourier Transforms are also being
applied to filter and analyse data in material damage detection
for many years [22,23]. Filtered curves were used in conjunction
with the unfiltered curves to predict the threshold load [24].
Laminates of three types of lay-ups: eight, sixteen and
twenty-four were tested using round and flat round nose impact
profiles. Components of higher frequencies were filtered so that
only harmonics of fundamental frequency level responses could
be seen as reported in [25]. Experimental results have shown sig-
nificant improvement in accuracy with using the
FFT-Convolution techniques as signal analysis tool greatly aid in
interpretation of the data [23].

Impact generated data were filtered, threshold loads were pre-
dicted, compared and correlated to the relevant C-scan identified
damage zones and were found within acceptable (+12%) devia-
tions. The results proposed that use of advanced data filters can
enhance interpretation of the data recorded with the available
resources and make the investigation more efficient and reliable.

2. Materials of laminated composite panels

Carbon fibre composites were developed by combining two or
more engineering materials reinforced with strong material fibres
to obtain a useful third material that exhibits better mechanical
properties and economic values. Most of the composite materials
are made by stacking several distinct layers of unidirectional lam-
ina/ply made of the same constituent materials: matrix and fibres.
The laminates used in this study were donated by industry, made
of aerospace grade carbon fibre reinforced toughened epoxy
infused Fibre dux 914C-833-40 embedded with satin weave fibre
horn technique of every fifth ply. Stacking sequence code is
[0/45/-45/90],;s for the symmetrical laminates where the subscript
‘s’ stands for symmetric and ‘n’ varies from 1, 2, and 3 for repetition
of the lay-ups. In-plane dimensions of the laminates consist of
plane dimensions of 150 mm x 120 mm. Panels have average vari-
able thickness: 2.4 (+0.02), 4.8 (+£0.023), and 7.2 (+0.026) mm
respectively as shown in schematic view Fig. 1.

The uniform material properties of individual layer in the lam-
inates were assumed as given in Table 1.

3. Outline of the study

An outline of the investigation is depicted in flowchart Fig. 2.
Physical tests were conducted of the panels shown in Fig. 1.

Non-destructive examinations of the impacted specimens were
performed. Impact produced data were analysed using built-in,
statistical, numerical and fast Fourier filters. Data analysis assisted
using filters to remove the low frequency impact response so that
they could not dominate the high frequency signals.

4. Impact tester and drop-weight impact testing

The tests were performed analogous to the actual impact event
of real materials using an instrumented drop-weight testing sys-
tem, INSTRON™ Pneumatic Dynatup System 9250HV (Products,
2011) shown in Fig. 3. The drop-weight machine represents situa-
tions such as accidentally falling of drop hammer, tool (box) during
fabrication or maintenance, kitchen van etc. The test system is suit-
able for a wide variety of applications requiring low to high impact
energies using an instrumented falling weight with no energy stor-
age device. The maximum impact energy is limited by the adjusta-
ble falling height. The target clamping fixture sandwiches laminate
between two rectangular steel plates that had circular central
holes for 50 mm diameters test area. Flat and round nose shape
steel impactors were used in the study. The flat type impact is
regarded as common danger in aerospace industry hence the nose
shape was fabricated in the university workshop. Selected specifi-
cations of the machine requiring power 240V are given below.
Force transducer type: strain gauge/piezoelectric, measurement
of drop mass (maximum load = 80.5 kg): electrical with strain
gauge load cell. Position transducer (max energy =1603]; min
pressure = 0.414 MPa): optical encoder. Position accuracy: equal
of less than +0.2 mm or +0.05% of displayed reading. Position
repeatability: +0.015 mm; speed accuracy: +0.1% steady value.
Velocity (max velocity =20 m/s) detector display accuracy:
+0.25%; and velocity accuracy: 2% of set value.

The laminates were tested mostly following the accepted
American standard testing method for measuring damage resis-
tance of a fibre-reinforced polymer matrix composite to a drop
weight impact event (ASTM: D7136). The design of the testing
was restricted to the analysis of low velocity below 5 m/s to avoid
penetration. Prior to impacting, the laminate was tightly clamped
around edges. As it is expected, these stable structures provided
more logical experimental results. All tests were performed at
room temperature. During each test, initial height was adjusted
from the drop-weight height release levels to hit the laminate with
a selected velocity at the centre of the laminate under the impactor
head. To calibrate the brake system, the impactor was lowered to
touch the surface of the laminate. Once the machine was set to
its correct configuration and all data acquisition software running,
the impactor was released to impact the laminate. Experiments
start from minimal damage to the laminate under varied impact
velocities ranging from approximately 1.6 to 4.3 m/s. Three differ-
ent experiments were performed at the same impact velocity and
the same conditions because there may be loose connection,
defected samples or errors in sensors. Histories of impact loading
were recorded using a PC-controlled high-speed A/D converter
during every test.

5. Non-destructive damage inspection

Specimens were impacted at constant weight and different
impact velocities to examine step by step damage. Results from
relatively thin panel (8-Ply laminate) are well documented and
are not being reported [1,8,10,15,18,26]. Similarly, Visual inspec-
tions and Eddy-current diagnosis methods provide quick and
in-expensive general assessment but low velocity impact damage
is internal and invisible. The C-scan maps of impacted laminates
provide information on the damage mechanisms more particularly
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24-Ply

8-Ply

16-Ply

Thickness:

Thickness:
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2.4 mm

(d) Panel images

Fig. 1. Plies with fibre rotations, stain weave, stack, and laminated panels.

Property Units Fibredux 914C-833-40
Tensile modulus (Eq1) GPa 230

Tensile modulus (E;; = E33) GPa 21

Shear modulus (Gy3) GPa 88

Out-of-plane shear modulus (G3) GPa 11

Poisson’s ratio (vq2) 0.33

Longitudinal tensile strength MPa 1453

In-plane transverse strength MPa 32

Longitudinal compressive strength MPa 650

Out-of-plane transverse strength MPa 15

Laminate

Drop-weight impact

to calculate the damage area which can be related to the load
threshold and dissipation of energy during the impact. To correlate
growth of impact induced damage in laminates up to the penetra-
tion, the impact induced damage areas need to be approximated.
The amount of damage is quantified by the damage sustained area
of the impacted laminate, approximated by counting the number
of pixels occupied or meshing grids. A plane coordinate system is
assumed to locate initial and final positions of the diameter of
the damaged area. The damage length and width as shown in
Fig. 4a radiating from the impact site at the centre is calculated
by measuring distance with errors around 5% due to the ambigu-
ous boundaries. The damaged area is assumed to map on ellipse/-
circles by adding or subtracting rectangular mesh elements/cells
(width: 8 and length: 6 are indicated by double arrows) as shown

Non-destructive damage detection |

i 4

Material properties

Constraints
Loading

| Analysis of specimen

| Data analysis and data filtering |

8-, 16-, & 24-Ply

Yc

More
testing

Flat & Round

Eddy -current Ultrasonic scan

Limitations

Built-in

Statistical

Moving averages

Numerical

Limitations

| Unpractical for inaccessible parts |

| Project multi-plane onto a single

| | Less sensitive with changes |

| Extensive scan for a small region |

| Not useful for clipped data |

Isolate/remove functional part

Over-filtering corrupts data |

Inversely lead & lag with oscillatory

data

Can process
clipped data

—
\‘_

Il

Fast Fourier Transform

Data retains
quality

—

Fig. 2. Flowchart depicting stages of present work.
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Fig. 3. INSTRON™ 9250 HV impact test machine.
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Fig. 4. Schematic of impact (a) damage area; (b and c) grid map of damage area.

in Fig. 4b. The damaged area is then divided by the laminate area to
obtain an approximate damage percentage. Dimensions of the pan-
els are defined in Fig. 1. Only visible damage can be approximated
[26].

5.1. Comparison of results for 16-Ply laminates

Damaged areas detected by C-scan tests were approximated for
16-Ply panel of uniform scale as in Fig. 5a impacted at velocity: 1.7,
2,2.2,2.4,and 3.4 m/s by flat nose impactor. The figures show vari-
ations in damaged zones in the scanned images for five typical
laminates subjected to increasing impact force levels. The approx-
imated damaged area in each laminate corresponds to the impact

loads that grew smoothly showing a relation between impact force
and the damage size. In a relatively low loading case given in
Fig. 5a and b, no obvious damage can be observed visually near
contact zone at the laminate surface by naked-eyes though it
existed inside the laminate as detected by scan. Furthermore, for
impact with slightly higher impact load, increased damage can
be observed in Fig. 5d and e. This indicates a direct proportion
between the loading cases and the macroscopic damages.

5.2. Comparison of results for 24-Ply laminates

To further explore validation of the FFT filtered and extrapo-
lated results, the 24-Ply laminates impacted at velocity range

l.

120 mm
(a) (b) (©

(d) (e) ()

Fig. 5. C-scanned images of impact damaged are ratios (%).
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3.1-4 m/s were selected for comparison. Similar discussion applies
to the results. The comparison of C-scan detected approximate
areas of 24-Ply laminate impacted by flat nose impactor are shown
in Fig. 6a-f damage area ratios (21%) that corresponding plot is
shown in Fig. 7 against load of 24 kN compares well to filtered
results in depicted load 22 kN. In-plane scales of all the panels
are the same as shown in Fig. 6a.

To visualise the relationship, the history of the load and damage
quantities approximated by C-scan images were put together to
observe the correlation in plot. Corresponding best-fit plot of load
versus damage area ratios up to (23%) is shown in Fig. 7. The linear
regression relation shows peak load value up to 25kN to the
(22-23%) damage area. The roughly linear relation between the
damage area and load drop of the pulse correlates well for charac-
terising the load threshold where damage initiates.

However, non-destructive inspections are limited as shown in
Fig. 2.

6. Correlation of filtered data to load threshold
6.1. Load-deflection and load-time correlation to damage modes

During a weight-drop impact, the force-time curve includes
significant oscillations with relatively close peak forces and inter-
vals that complicate the characterisation of the delamination initi-
ation and damage mechanisms. Thus, it is reasonable to consider
the correlation between the damage size and the first impact force
pulse (load threshold), such as its peak force, peak impact power,
impulse, and transmitted impact energy. The maximum damage
size of the laminate is expected to correlate mainly with the first
impact force pulse such that the contribution of the subsequent
pulses can be ignored. The load-deflection curves show the lami-
nate’s stiffness (slope of the curve), the maximum displacement
and some information about absorbed energy (area under the
curve). For the maximum impact energy, they globally divided
the curve into four main parts [26]. The first part of the curve is lin-
ear and represents the stiffness of the non-damaged laminate. The
second part of the load-deflection curve shows a load drop as a
clear change in stiffness, indicating damage initiation. Third and
fourth parts are concerned with through-thick and perforation.
The proposed oscillations and changes in load-deflection curve
due to fibre breakage, matrix cracks, de-lamination, and ply failure
in plots of impact generated data were utilised to correlate and
interpret threshold load of the impacted panels Fig. 8. Energy-time
history traces can also be used to correlate and predict strain and
elastic energy levels during impact event.

6.2. Data filtered with data acquisition system (built-in filters)

6.2.1. 8-Ply laminate versus impact velocities

Drop-weight impact tests were conducted out on 8-Ply
laminate using flat nose impactors at velocity: 2.2, 2.41 and
A i ¥
Vel (m/s): 3 1 32 | 3.6

: . ;
1150 mm ) ’ 1 -
: 4 Tb 1B
| |
DR (%): 1 ! 2 ! 4
120 mm

(a) (b) (©

S

U. Farooq, P. Myler/Results in Physics 5 (2015) 206-221

25

15

Load kN
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Fig. 7. Comparison of load versus C-scanned damaged area ratio (%).

3.12 m/s. Data recorded from two impact tests at velocity 2.2 m/s
were filtered and plotted in Fig. 9a. Curves show consistent beha-
viour and a load drop at around 7 kN that indicates failure.
Built-in filtered data recorded from impacts at velocity 2.41 and
3.12 m/s are plotted in Fig. 9b. Comparison of the plot shows differ-
ent levels of curves for different impact velocities. Load drops
around 5.5 kN indicate failure due to severe cracking Fig. 8. This
indicates that the data acquisition system and built-in filter can
gather and filter data for this range of impact velocities and
laminates.

6.2.2. 8-Ply laminate versus impactor nose profiles

Drop-weight impact tests were conducted on 8-Ply laminate
using flat and round nose impactors at velocity: 2.2 and 2.8 m/s.
Data were recorded for two tests and filtered. Data from impact
at velocity 2.2 m/s are plotted in Fig. 10a. The curve representing
data plot from flat nose impactor shows a load drop around 7 kN
while round nose curve shows a load drop around 3.5 kN [18].
Similarly, data from two tests were recorded and filtered from
impact at velocity 2.8 m/s and plotted in Fig. 10b. The curve repre-
senting flat nose impactor shows a load drop at around 8 kN while
round nose curve shows a load drop around 4 kN. The plot shows
that flat nose impactor creates more damage than the round nose
impactor when laminates are relatively thin. Consistent behaviour
can be seen from the plots where load drops in all the cases indi-
cate failure. This confirms that filtering the noisy data can be useful
to interpret and analyse impact behaviour of laminated composites
for this range.

6.2.3. Comparison of velocity, load, and deflection history

Graphical comparisons of the test generated and filtered data
were correlated to the irregularities in applied load to interpret
useful information about how the material behaves during the

3.7

39 1

16 21

C)) (e) ()

Fig. 6. C-scanned images of 24-Ply panels: velocity versus damage area ratio (DR: %).
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Fig. 11. Velocity-, load- and deflection-time history compared to data in [1].

impact process. Selected plot of deflection curves under flat nose
impact of 8-Ply laminate at velocity 2.2 m/s trace in Fig. 11a were
compared to curves in Fig. 11b [1]. Both the results show a severe
load drop at around 7 kN that indicates ply level failure. This con-
firms that prediction of threshold load from interpretation of
recorded and filtered data of the impact events are reliable and
realistic.

Drop-weight impact tests were performed to investigate influ-
ence from the flat and round nose impacts of 8-Ply laminates of
at velocity 1.6 m/s. The test generated data were recorded during
the impact process and column-chart was plotted. No sud-
den/abrupt fluctuation of load drop can be seen from
column-chart for both the impactor shapes. The comparison of
load-deflection quantities created from the flat and round nose
impactors is shown in Fig. 12. This confirms that impact-induced
damage from round and flat nose impactors do not show much dif-
ference for the impact velocity range up to 1.6 m/s using built-in
filters.

Based on the comparisons, supported by the non-destructive
methods [26], the limitations could be attributed to: low velocity
range, thin laminate, impacting machine, and data logging sys-
tems. Since data gathered and filtered by built-in system with
the velocity range below 1.7 m/s of 16-Ply and 24-Ply laminates

0 12 14

Load kN
0.8

0.5 025 075 1 1.25

Deflection mm

have also shown similar limitations hence results for these panels
are not reported.

6.3. Data filtering with statistical methods

Moving average method is the widely used statistical method
for data filtering and data extrapolation in science and engineering
applications. Common moving average (smoothing) methods are:
moving averages, weighted moving averages, and centred moving
average. Higher order methods can be used to smooth large
amounts of oscillatory and for missing data. The moving averages
method consists of computing an average of the most recent data
values for the series and using this average to predict the value
of the time series for the next period. Cases in which time series
is fairly stable one can use such smoothing methods to average
out the irregular component of the time series. Moving averages
are useful if it is assumed that the item to be predicted stays fairly
steady over time designed. To predict the missing value a
three-point moving average method was utilised [26].

6.3.1. 16-Ply laminate impacted versus impactor nose profiles
Drop-weight impact tests were conducted on 16-Ply laminate
using flat and round nose impactors at velocity: 3.12 m/s.

Impactor nose:

= Flat
Round

1.5 175 2 225 25 275 3

Fig. 12. Load-deflection response of 8-Ply impacted at velocity 1.6 m/s.
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Fig. 13. Load-deflection response of 16-Ply panel with round and flat nose impacts.

Recorded data were filtered and are plotted in Fig. 13a and b that
depicts closed loops. The elastic impact and rebound curve for
round nose shows consistent behaviour to some extent, the load
drops around 11 kN that indicates failure. However, filtered data
gathered from flat nose impact show slightly inconsistent beha-
viour. Instead of load drop it shows negligible constant loading line
like plastic behaviour after load range 14 kN.

6.3.2. 24-Ply laminates impacted versus impactor nose profiles
Drop-weight tests were performed on 24-Ply laminates
impacted by flat and round nose impactors at impact velocity
3.74 m/s. Data filtered and recorded by built-in data acquisition
system were plotted. Fig. 14 shows load drop after 13 kN in curve
representing round nose impact while inconsistent tendencies
after 17 kN can be seen in curve that represents flat nose impact.
A straight horizontal line is recorded after peak the load when a
load drop was expected indicates a constant resistance of the lam-
inate to the applied load. This could be due to the laminates’ larger
thickness and flat nose of the impactor. Generally, thickness factor

Impactors:«= Round Flat

18

16

12 14

Load kN
10

0 S o1 1.5 2 25 3 3.5

Deflection mm

Fig. 14. Load-deflection of 24-Ply laminate impacted versus impactor nose profiles.

increases proportional to the flexural rigidity that causes a dissipa-
tion of impactor energy into absorbed energy and frictional noise
between laminate and impactor.

6.3.3. Comparison of velocity, load, and deflection history

Comparisons of the test generated data for 24-Ply laminate
impacted by flat and round nose impactors at velocity 3.74 m/s
are plotted in Fig. 15a and b. Curves relating to flat nose impact
for velocity and deflection parameter also show consistent beha-
viour. However, load history shows an inconsistent behaviour
and no load drop. The comparison of round nose data plot also
shows similar patterns and trends. Based on the results of compar-
ison it can be argued that data generated from such impact events
cannot be readily filtered using conventional data filtering
techniques.

The moving average process lags behind increasing data and
leads the decreasing data values. The methods require sufficient
historical data values. Some of the other limitations of the statisti-
cal methods are shown in Fig. 2.

6.4. Data filtering using numerical techniques

More reliable and robust methods are based on numerical anal-
ysis techniques. Extrapolation of numerical values consists of using
the curve fitting techniques to estimate data quantities and then
extend predictions based upon the estimated data [26]. The widely
used algorithms are numerical integrations that could more
reliably lead to a band of future quantities. One such method is
the modified Simpson’s rule regarded as inherent filter.
Simpson’s rule is a method of finding areas under a curve using
an approximate integration method. The next part of Simpson’s
rule is regression. This results in an equation for velocity that can
be used to calculate other values such as displacements by similar
integration. The other value that can be obtained from this is the
force if mass of free falling weight and the acceleration are known.
The modified Simpson'’s rule was selected for data filtering herein.
As interval [a, b] is split up in n sub-intervals, with n an even num-
ber where equidistant x values are X, X1, ..., X, the step width
being h :“’%‘”. The composite Simpson’s rule given by the 2nd
order polynomials (parabolas) for approximating the curve to be
integrated can be written as:

n/2"! n/2

b
[ 0= (7@ 560 +2 3 Fo -4 S| (1)

k=1 k=1



214

o0
n Displacement mm
° B
|
\n
= Load kN
-
z =
e < I:
g -
B -
Z o)
2
- . — -
——Velocity m/s v
- <+
0 2 4 6 8 1 12 14 1.6

Time ms
(a) Round nose impact

Deflection mm

U. Farooq, P. Myler/Results in Physics 5 (2015) 206-221

o

- <

°

2 \ )
zZ < === Load kN
.
= -l £
g
[ g
o~ Deflection mm wn| €
2 2 - 8
2 =
g o)
= o - =]
g © Velocity
L/ 3

« )

e v

0o 2 4 6 8 1 12 14 16

Time ms
(b) Flat nose impact

Fig. 15. Velocity-, load-, and deflection- time history of 24-Ply laminate.

The area needs to be divided into equally spaced intervals of
uniform width. The algorithm uses Eq. (1) to compute area:

(2)

where a, b are first and last values of the given sequence and k var-
ies from 1 to the total number of points N in the sequence. A is sum
of first and last ordinates; B is the sum of remaining ordinates, and C
is the sum of even ordinates and h is width of a strip. Application of
the algorithm is illustrated for the flat nose impact of 24-Ply panels
impacted at velocity 3.74 m/s in plots of Fig. 16 below.

Area :g(A +2B+40)

6.4.1. Energy-time history of 24-ply laminate impacted with 3.74 m/s

The energy-time history traces show influence of impactor nose
profiles in respect of impact-induced damage. It can be seen that
despite the same velocity both the impactors attain slightly differ-
ent impact energy levels Fig. 16. Looking at the curves the
increased impact energy, absorbed (two phases), elastic energy
zones depict the difference. The energy absorbed by the panel dur-
ing impact can be quantified by evaluating the area under the
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Fig. 16. Energy history of 24-Ply laminate impacted at velocity 3.74 m/s.

curve. The impact energy converted to elastic vibrations has also
been reversed for different nose profiles. This can be attributed
to the thickness of the laminates. Impact energy history curve rep-
resenting round nose impact shows exceeded elastic/vibration
energy phase. The laminate in such case (impacted by round nose)
absorbs more energy through converting the impact energy into
elastic vibrations. Thus, the laminate impacted by round nose gen-
erates high elastic energy that results in more failure modes and
mechanisms. Moreover, a small change (kink) in the curves rate
can also be seen in the curve representing impact from the flat
nose at around 14 J. This negligibly small change can be attributed
to the flexure deformation of the laminate. Impact, elastic, and
absorbed energy levels depicted in the plot with using numerical
filters indicate recorded data were genuine and could be used to
interpret the impact response.

6.4.2. Load-time history of 16-, 24-ply laminate impacted with 3.74
m/s

To further confirm the inconsistent behaviour, data from round
and flat nose impact tests of 16- and 24-Ply laminates were
recorded, filtered, and plotted in Fig. 17a and b. Consistent and
expected behaviour was observed in velocity, deflection, and
energy history time plots. Load-time histories were found to be
as expected. However, the elastic impact curves for flat nose
impactor of 24-Ply laminates show inconsistent behaviour to some
extent and load curves show plastic type behaviour near 17 kN.
The inconsistent behaviour in load-time plot before reaching
80 kN of machine’s specification cut-off of frequency indicates lim-
itations of data logging and impact system. This could be attributed
to the flat nose type of impactor and relatively thick laminates con-
sisting of 24-Ply. The data of Fig. 17b were filtered utilising numer-
ical algorithms but not much improvement was achieved.

The numerical filtering process is complicated and involves a
combination of numerical methods to reach a reliable future value.
Parts of data consisting of little interference or noise and parts of
significant peaks could be lost due to heavy filtering. Removal of
force and energy from critical regions will give rise to incorrect
quantitative data during further analysis. Numerical integration
requires reliable initial value to predict next estimates. Moreover,
numerical method based filters cannot readily improve
data-bands consisting of straight lines (slope is zero). Useful infor-
mation cannot be extracted from data plots due to narrow band of
data points for slope of clipped-data.
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7. Advanced data filtering methods 1N )
xXn] =< X[ke>™ N, k=0,1, ..., N-1 (5)
N 0
n=

7.1. Fast Fourier algorithms

The fast Fourier algorithm is widely used in solving many engi-
neering challenges, designing filters, performing spectral analysis,
estimation, noise cancellation and benchmark testing devices and
systems. The algorithm considerably reduces time taken to evalu-
ate a discrete Fourier transform (DFT) on a digital computer and
depends on the number of multiplications involved in the slowest
operations, particularly when high number of sample is involved.
The standard DFT involves a lot of redundant calculations and
forces one further assumption that number of data points (N) is
an integer multiple of 2. This allows certain symmetries to occur
reducing the number of calculations. e!: time-varying term has
unit magnitude and rotates counter-clockwise in the complex
plane at a rate of wy rad/s (fyrotations/s). Maximum frequency
(fmax) depends on the sampling interval and the frequency resolu-
tion determined by the signal record length. The N samples of a
time signal recorded during a finite duration of T with a sampling
period of At (N = T/nAt) can be transformed into samples in the fre-
quency domain between —f,.x and +fi,ax according to:

1 1
fmax:mv Af:T (3)

Roots of unity (w) and periodic symmetry facilitate to compute
the root once and split it into odd and even using basic relations
e"™ = cosnn +isinnm = (—1)" shown in Fig. 18.

Given N, the N-point DFT of x[n] is defined as a vector, where it
could also be readily useable for computing the inverse transforms
as:

N-1
Xk} =Y x[ne ¥ for k=0,1,2,....N—1 (4)
n=0
To compute the DFT, we wuse only the values:
x[0], x[1], ..., x[N — 1]. Hence if the signal is non-zero outside this
range of n, the DFT loses some information. However, if the
non-zero only for n=0, 1, ..., N—1 we recover it from {X[k]}

via the formula:

The algorithm rearranges the DFT series into two parts: a sum
over the even numbered discrete-time indices n=[0, 2, 4, ...,
N — 2] and a sum over the odd numbered indices n=[1, 3, 5, ...,
N — 1]. This is called decimation in time because the time samples
are rearranged in alternating groups, each with length N/2, by
grouping even and odd-indexed samples proceed as:

Xk =Y Wi = 3 xinwik+ 3 xmwik (6)
n=0 n=odd n=even

Let n=2r in the first and n=2r+ 1 in the second sum:

N2 1 Nj2°1
X(ky = " x2AWR + 3" x2r + WY with g[r]
r=0 r=0
= x[2r]h[r] = x[2r + 1] (7)

The N/2-point terms uses symmetry and the identities:

S9n 272 2my 2
Wi = e — e FF(F) 0, ®

The Wy (nth root of unity) values are the coefficients of the FFT
and are often referred to as twiddle factors (complex exponential
values). Because of its shape the basic computational unit of the
FFT is called a butterfly (because of its crisscross appearance), sim-

plified by factoring out a term W from the lower branch as illus-

trated in Fig. 19. The factor that remains is Wj/> = —1. Each of the
building blocks has the following structure:

The FFT algorithm provides spectral components of signals
between 0 and 0.5 sampling frequencies that require less compu-
tational time and effort than DFTs. It passes the spectral contents
of an input data/signal in a certain band of frequencies filtering
transfer functions in the frequency domain window as filters
which include low pass, high pass, band pass, and band stop to
selectively change the wave shape, amplitude and frequency char-
acteristics of a signal in a desired manner. Use of transfer function
allows ratios of output and input noise to be separated and
removed from the original data so as to build a clear image of true
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X(0) = a, +jbo
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Fig. 19. Schematic of possible values at first and second stages.

data. Proceeding with the transformation to obtain transfer func-
tion the algorithm can be re-written in gain form by suppressing
low and upper limits:

Giwl = [ g(tye ™ ©
and integrating by parts produces:
2

Assuming c = —1 and e~ ™" ~ 1 gives by multiplying the top and
bottom by 2 — iwn and re-factoring:

2
Gliw] = 2g_(t34m (11)

This is the transfer function from the time domain to the fre-

quency domain. To convert back to the time domain the function
uses:

80 = 5. [ Giwle ™™ (12)

where G[iw] is called phase of the system; jw is the phasor notation
of s; and g(t) is the input signal/information. Hence a given system

defined by its impulse response h(t), the output, y(t) can be found
by convolving the input x(t) with the Laplace transform (low case
change to upper case and t changes to s) as:

Y(s) = H(s)X(s). (13)

It shows convolution in the time domain is equivalent to multi-
plication in the Laplace domain. Replacing s by Q, the equation can
be obtained as:

Y(Q) = HQ)X(Q) (14)

which describes the frequency response of the system where Y(Q)
indicates output, X(Q) the input and H(Q) as the filter. For a signal
x[n], the DFT X(Q) it is a 27 - periodic function of continuous vari-
able, the frequency Q. The sampling frequency f, = Tls (in Hz) or

Q, = 22 (in rad/s). Magnitude of the transfer function, |[H(Q)|, is con-
sidered when the characteristics of various filters are studied that
maps time domain and frequency domains through Fourier
Transform. Once the input and output signal have been converted
from time domain to the frequency domain further manipulation
is required to put the data into a suitable format so that filtering
can take place. The convolution integral can be difficult to deal with
because of the time shift. But, the Laplace transform for the convo-
lution integral turns it into a simple multiplication.
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7.2. Circular convolution of Fourier algorithms to filter data

The Fourier methods transform data into circular domain and
transform non-periodic data into periodic forms. Hence, periodic
convolution of Fourier filter alters the frequency response (both
magnitude and phase) of a signal. The sample sequence of complex
values: {x[nT]} =x[0], x[T], ..., X[(N — 1)T] where n is the sample
number from n=0 to N — 1 can be periodically sampled at regular
time intervals T to form a circle (waveform). The process of filter-
ing the circular sequence in time domain is called convolution. The
Fourier transform can be considered to be a bank of band-pass
filters that takes in a signal and the magnitude of the output.
Each of the filters convolves input with a set of filter coefficients
(sinusoidal in nature) with the frequency of oscillation equal to
the centre frequency of the filter. The relationship between the
input x(t) and output y(t) signals of invariant systems is described
in terms of the impulse response h(t) of the system. The time
invariant system can be completely characterised by its impulse
response applied (at time t =0 or n = 0). This is easily achieved in
the discrete time convolution where the input is set equal to an
impulse §(n) where an arbitrary input signal can be expressed as
the weighted superposition of time shifted impulses x(t)=x(t)
&(t — 7) where 7 varies and responses as:

drf/h

Digital systems require that the convolution sum replaces the
convolution integral and is defined by:

y(t) = /; h(t — 1) (t —)dt (15)

00

ym) = > x(kh(n - k) (16)

k=—00

Moreover, to be tractable x(n) and h(n) are nonzero only over a
finite interval and the variable T known as singularity shifts the
function if it is nonzero.

Y(k) = X(k)H(k) (17)
IDFT{Y (k1) — LS Y ek — 1Nk ke e
yin] = { {<}}=*Z (k)e!~ :NZ (k)H(k)e!~

e
N

NZ{ Zh Je TRTKX (ke Rk
k= k=0
—1

= him]x[n-
=0

Z

m) Discrete Fourier in two sequences. (18)

3

The sequence values need not be sampled at a rate which is at
least double the highest significant frequency component of the
signal (known as the Nyquist rate). If the signal is not sampled at
least twice the frequency of the highest frequency component,
the high frequency signals are aliased down to a lower frequency.
In most applications, an anti-aliasing (low-pass) filter is used to
attenuate unwanted data prior to sampling. In the time domain
the process of filtering is a convolution:

y(t) =x(t) @ h(t) (19)
where y(t) denotes the output signal; x(t) the input signal; h(t): the
impulse response of the filter and ® denotes convolution. Input of a
perfect impulse (i.e., a delta function) is,

h(t) = 6(t) ® h(t) (20)

Eqgs. (16) and (17) are related by the Fourier Transform (F) as:
Y(Q) = Fly(t)]
X(Q) = Flx(t)] 21)
H(Q) = Flh(t)]

In the frequency domain the filtering process is a simple case of

multiplication Eq. (14). The inverse Fourier Transform (F~') gets us
from the frequency to the time domain:

y(t) =F'[Y(Q)]
X(t) = F ' X(Q)] (22)
h(t) = F ' [H(Q)]

Eq. (15) above is for continuous (analogue) signals and filters.
The equivalent for discrete (digital) systems is:

2m-1

Vo= @M (23)
k=0

The algorithms recursively partitions a sequence into two
half-length sequences of even and odd-indexed time samples.
The outputs of these shorter sequences are reused to compute
many outputs, thus greatly reducing the total computational cost.

7.3. Implementation of the data filtering algorithms

The decimation-in-time FFT algorithm, the butterfly computa-
tion requires only N/2 twiddle-factor multiplies per stage. The
same radix-2 decimation-in-time can be applied recursively to
the two (N x N) length N? DFTs to save computation. Shuffling of
the input sequence takes place due to the successive decimations
of x[n]. Instead of directly evaluating coefficients ayandb, the
coefficients:

2m-1 2m-1

1 . i
k 13
k= - kgo c.e™ where ¢, = go yie™n k=0,1,...

,2m—1

(24)

are computed first.

Once the constants ¢, were determined, a; and b, could be
recovered. The integer nk repeats for different combinations of k
and n; secondly W;'," is a periodic function with only N distinct val-
ues. Considering N=8 the FFT, it can be seen that: Wg = —W§,
Wi = —W3, We = W3, W] = —W3. Also, if nk falls outside the
range 0-7, it still gets one of the above values. The N-point DFT
can be obtained from two N/2-point transforms, one on even input
data G(k) and one on odd input data H(k).

X(k) = G(k) + WEH(k) (25)

Although the frequency index k ranges over N values, only N/2
values of G(k) and H(k) need to be computed since they are peri-
odic in k with period N/2. Where n is the sample number from
n=0 to N—1 and index k ranges over N values. There were
16,000 data points for each drop-weight tests. The original twiddle
matrix is of 16,000 by 16,000 in MATLAB™ code corresponding to
test generated data points. Selecting 8 points from the start of the
clipped data for N=8 the algorithm proceeds splitting the input
data points in even f[0] f[2] fl4] f]6] and odd sequences f [1] f [3]
fI5] f[7] using Eq. (25):

X[0] = G[0] + WSHIO]
X[1] = G[1] + WgH[1]
X[2] = G[2] + W3H[2]
X[3] = G[3] + W2H]3]
X[4] = G/4] + WgH[4] =G[0] — WgH[O]

X[5] = G[5] + W3H[5] = G[1] — WgH[1]
X[6] = G[6] + WSH[6] = G[2] — W3H[2]
X[7) = G[7] + WiH[7] = G[3] — W;H][3]
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Hence, a typical computation procedure applied to 8 = 2° data
points is described for direct calculations of the complex constants
in the 4 steps. The algorithm computes complex constants c; for a

8-data points {(x;y;)}/ as follows:
Step 1:

2m-1

Ck = Zyj'emj#v k:0~ 17 RN 2m—1.
j=0

Co=Yo+Y1+Y2+Ys+Ya+Vs+Ys+Vs
cr=Yo+ () +iva + (S3)vs v — (C3)ys - ivs - (3)r
C2=Yo+ V1 =Y Y3 +Ya+1¥s — Vs — Vs

& =Yo+ (G =2+ (93)ys —va— ()5 +ivs - (“3)y
Ca=Yo—Yi+Y2 —Ws+Ya—Ys+¥6 — 7
& =0 = (it () —var (s - et ()
C6 =Yo— V1 — Yo +1Y3+Ya— s — Vs + 1V
a=Yo— (G =2 = (93)ys —va+ ()5 +ivs + (43)ys

(i+1)

Step 3
eo =1 (do+ds); e f%(do —dy); e *%(1(11 +ds);
es =3(idi — ds); es =5 (d2 +ds);
es =3 (dx — dg); €6 =5 (ids +dy); €7 = 3 (ids — dy)
Step 4
fo=

3 (€0 +e€q); f1=7(e0 —ea); fr =73 (ier +es); f3=7(ier —es);

o= (e s ((B)o-e)

oo a)e - ()
Defining:

3
F(x) = %che"‘" where ¢ =
k0

3
3 e (26)
k=0

So lexe ™ = gy +ib for k=0, 1, 2, ...,
Using divide and conquer algorithm:

2m—1and 2 m=8.

2m-1 2m-1

ck+ck+m72ye" +Zye‘f"mT

2m-1 k
—Zyj‘f”ﬁ (1+4eim) fork=0,1,2, ..., m—1
(27)
where:
2 if j is seven
1+€™={ 0if jis odd. (28)

As N is a power of 2, the above process on the two N/2-point
transform were repeated, breaking them down to N/4-point trans-
forms, etc until we came down to 2-point transforms. For N =8,
only one further stage was needed. Once operation performed on
a pair of complex numbers, there was no need to save the input
pair. Therefore, the output pair was stored in the same registers

as the input. Thus, only one array of size N was required. The com-
putations were performed in-place, the input sequence that x[n]
stored in non-dimensional order. For 1024 samples data sequence,
the DFT requires N?> complex multiplications for a matrix of
1024 x 1024 = 1,048,576; and the FFT requires complex multipli-
cations N/2 log,N that come down to (1024/2) x log (21%%4) = 5120.

7.4. Numerical example

Implementation of the algorithm is described with the typical
example:
hinj={1, 3, -1, -2} and x[n] = {1, 2, 0, —1}.

The output is the product of the two sets:

Y(0) = X(0).H(0) =2
Y(1) =X(1).H(1) = *13 —-jn
Y(2) =X(2)H(2) =

Y(3) =X(3).H3 )::—13+411

The IDFT would yield the output in discrete time domain:

Y(0) =3[Y(0)+Y(1)+Y(2) +Y(3)] = -6
Y(1) =4[Y(0) + (l)ef2 +Y(2)e* +Y(3)e 7] 7
Y(2) = 1[Y(0) + Y(1)e" + Y(2)e™ + Y(3)e’F] = 6
Y(3) = 3[¥(0) + Y(De +Y(2)e™ + Y(3)ef] = 5.
The system and signal sequences: hin] =

{1, 3, =1, -2} and x[n] = {1, 2, 0, —1} have a common period
of 4 samples. To see that the output sequence y[n] are again 4 sam-
ples long in the interval [0-3] and repeating itself, the circular con-
volution is verified and shown in Table 2 and utilised in Egs. (9)
and (14).

The last row of the table is identical to the answer obtained
with circular convolution Egs. (9) and (14). The filtering process
considerably reduces computing time since the same values of
W,"V" were computed and convolved many times as the computa-
tion proceeds; where n is the sample number from n=0to N — 1
and index k ranges over N values.

7.5. Threshold load prediction utilising convolution algorithms

7.5.1. 16-Ply panel impacted with round nose impactor

The drop-weight impact test generated data obtained for 16-Ply
laminates at velocity: 3.6 and 3.7 m/s were filtered using fast
Fourier algorithms (convolution based) and extrapolated to corre-
late to load drop in the curve indicating load threshold. It can be
seen from the curves that drops occur approximately around
16 kN around 1.4 mm deflection for both the cases. Comparison
of the curves in Fig. 20a and b shows that filtering process had
raised the peak load quantities from 16 to 18 kN. Moreover, load
drops occur at peak load (threshold) indicating matrix cracking

Table 2

Circular convolution of two sequences.
N 0 1 2 3
x[n] 1 2 0 -1
x[n-1] -1 1 2 0
x[n - 2] 0 -1 1 2
x[n - 3] 2 0 -1 1
h[0] x [n] 1 2 0 -1
h[1] x [n—1] -3 3 6 0
h[2] x [n —2] 0 1 -1 -2
h[3] x [n - 3] -4 0 2 -2
Yc[n] -6 7 6 -5
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Fig. 21. Filtered load-deflection plot of 16-Ply under flat and round nose impact.

failure. No significant straight line portions of curves depicting
clipped data can be seen. The results suggest that the threshold
could be predicted without resorting to advanced filtering algo-
rithms for these types of impacts.

7.5.2. Panels of different thickness versus impactor nose profiles

Another set of data obtained for 16-Ply panels impacted at
velocities 3.8 m/s were filtered using fast Fourier algorithms (con-
volution based) and extrapolated to correlate to predict load
threshold. It can be seen from the curves that drops occur approx-
imately around 15 kN around 1.5 mm deflection for round nose
impactor and load drop occurs at 20 kN under flat nose impact at
2.5 mm deflection in Fig. 21a. The data filtering algorithm success-
fully predicted threshold load as expected for the relatively thin
panel.

Separate tests were conducted of relatively thick 24-Ply panels
impacted at 4 m/s velocity with flat nose impactor. Load-deflec-
tion curves for un-filtered data show straight line of clipped data
after around 18 kN as shown in Fig. 21b. Data were filtered utilising
the convolution algorithm, the curve representing the filtered data
raised the load level up to 22 kN where a load drop occurred. The
straight line portion of the curve depicting clipped data was fil-
tered and extrapolated to predict quantity of threshold (failure at
peak load). The predicted threshold value agrees well when

compared with the results obtained from non-destructive tech-
niques Fig. 7.

7.5.3. Relatively thick 24-Ply panel impacted with flat nose impactor

The same filtering and extrapolating process was applied to the
data obtained from impacts of relatively thick 24-Ply panels at 3.74
and 4.2 m/s velocities impacted with flat nose impactors. Plots of
the filtered and un-filtered data are shown in Fig. 22. It can be seen
that the load level increased from19 to 23 kKN with velocity
3.74 m/s where expected load drop occurred Fig. 22a. The plot of
impact with 4.2 m/s velocity shows increase in the load level from
20 to 24 kN and where load drop occurred (peak load as the thresh-
old load) Fig. 22b. Comparisons of the results confirmed that the
threshold load can be predicted from clipped data obtained from
impact events using time-domain convolution filters and FFT
algorithms.

8. Conclusions

Physical tests analogous to actual impact event of real carbon
composite panels were conducted to create damage and data.
Non-destructive inspections of the impacted specimens and data
analysis of the test generated were performed to interpret the
impact-induced damage. The data were filtered to interpret dam-
age characteristics by comparing with damage parameters, and
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to correlate and predict threshold load (where severe damage ini-
tiates) from load drops in the plots. Due to limitations of testing
machine and data logging system the recorded data from flat nose
impacts of twenty-four laminates were clipped that corrupted
load-time plots, the expected load-drops that link damage to the
load did not appear. Hence, advance data filtering and extrapola-
tion techniques based on Fast Fourier Transforms Convolution
algorithms were utilised that successfully predicted the load
threshold. The following conclusions could be drawn from the
observations and comparisons of the results:

e Selected laminates were C-scanned to identify damage and
quantify damage zone ratios (%). The load quantities were plot-
ted against the development sequence of the damage ratios by
C-scan experiments. Comparison and correlation of the damage
ratios to the FFT filtered load inflicted up to the threshold have
been observed in a nearly linear relationship.

e The built-in filters were used to de-noise data produced from
the impact of 8-Ply laminates and to predict threshold load.

o Statistical and numerical filters were used to filter impact
induced data from 16-Ply laminate impacts to predict threshold
loads up to acceptable levels.

e Advance oscillatory data filtering and extrapolation techniques
based on Fast Fourier Transforms Convolution algorithms were
utilised that successfully predicted the load threshold from
clipped data.

e The expected linear relation was utilised to evaluate the
impact-induced threshold load and estimate damage evolution
in impacted panels.

Based on the results it is proposed that use of advanced data fil-
ters can enhance data interpretation and make the investigation
more efficient and reliable. The proposed methodology could be
useful for efficient and reliable data analysis and impact-induced
damage prediction of similar case data.
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