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Abstract

Sandwich panels are used in industrial fields where lightness and energy
absorption capabilities are required. In order to increase their exploitation, a
wide knowledge of their mechanical behaviour also in severe loading
conditions is crucial. Light structures such as the one studied in the present
work, sandwich panels with aluminium skins and Nomex honeycomb core, are
exposed to a possible decrease of thaructural integrity, resulting from a

low velocity impact. In order to quantitatively describe the decrease of the
sandwich mechanical performance after an impact, an experimental
campaign of Compression After Impact tests (CAI) has been performed.
Sandvich panel specimens have been damaged during a low velocity impact
test phase, using an experimental apparatus based on a free fall mass tower.
Different experimental impact energies have been tested. Damaged and
undamaged specimens have been consequentsted adopting a
Compression After Impact procedure. A deep analysis on the experimental
data has been carried out in order to find relation between the residual
strength of the panel and the possible relevant parameters. The results show a
clear reducton of the residual strength of the damaged panels compared with
undamaged ones. Nevertheless, a reduced dependency between the impact
energy and the residual strength is found above a certain impact energy
threshold. Afterwards micromechanical finite elemeé models have been
adopted to reproduce sandwich panels subjected to CAl tests. The results of
the numerical model, regarding both the estimation of the buckling load and
OPAAEI AT60O OEAPAR AITOAI U [ AOAE OEA
analytical madels for intact sandwich panels have been evaluated and the
thin face approximation value, a parameter above which the sandwich panels
are considered as thin face sheet composites, has been modified for sandwich
panels with aluminium skins and Nomex honeyob core. Moreover an
empirical factor (K) has been defined and multiplied with analytical formulae

in order to allow the analytical model to predict the critical load of impacted
sandwich panels. The results of the analytical models for intact sandwich
panels and for the impact ones (corrected by means of K) well fit the
experimental data.

Key words: Compression After Impact; sandwich panels; Nomex honeycomb
core; experimental tests; micromechanical finite element model; Analytical
Model
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1

Introduction

A typical composite material is a system of materials composing of two or
more materials (mixed and bonded) on a macroscopic scal&enerally, a
composite material is composed of reinforcement (fibers, particles, flakes,
and/or fillers) embedded in a matrix (polymers, metals, or ceramics). The
matrix holds the reinforcement to form the desired shape while the
reinforcement improves the overall mechanical properties of the matrix. If
composite is designed properly, the new combinedhaterial exhibits better
strength than would each individual material. When composites are
selected over traditional materials such as metal alloys or woods, it is
usually because of one or more of the following advantages:

Long term durability

Light weight

High strength-to-weight ratio
Directional strength and/or stiffness
Corrosion resistance

Weather resistance

Low thermal conductivity

Low coefficient of thermal expansion

(el el el el e el el et

Strengthto-weight ratio is a crucial factor in transportation. Therefore
demands br new materials with higher strength to weight ratios have been
dramatically increased and it created a great growth in composite
technology. Using composite materials can lead to a significant reduction of
the overall weight of vehicles, aircrafts, trais, etc. Weight reduction results
in a drop in fuel consumption, while keeping a relevant reliability and a
good performance as well.

Among all, a sandwichstructured composite is a special class afomposite
materials that is fabricated by attaching two thin but stiff skins to a


http://en.wikipedia.org/wiki/Composite_material
http://en.wikipedia.org/wiki/Composite_material
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lightweight but thick core, Figure 1- 1. The core material is normally low
strength material, but its higher thickness provides the sandwich composite
with high bending stiffness and overall low density. Usually core is made
using materials such as Aluminium, Polymers or Foams, while the skins are
made from metallic materials or composites.

Core (

ERREEEDY —= g e

Figure 1- 1. Schematic configurabn of Sandwich composite with cellular (honeycomb) core

In the present research the chosemomposites,Figure 1- 2, are sandwich
panels with Aluminium Alloy Skins and Nomex honeycomb Core which are
commonly used in actual applications like in helicopter frames. The
mentioned sandwich panels have two combinations of skin and core, one is
made by skins with thickness of 0.9 mm and core thickness of 20.2 mm and
the other one has skin thickness of 1.5 mm and core tkness of 19 mm;
however in both cases the total thickness is equal to 22 mm. A contingent
environment can expose such sandwich panels to a wide range of possible
damage scenarios and, among them, one of the most severe regards low
velocity impacts. The lav velocity impact loading condition is also one of
the reasons for the choice of adopting aluminium for skins. Aluminium alloy
is a weight efficient ductile material able to absorb energy by localized
deformation. According to[1] low velocity impacts on sandwich panels can
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lead to a 50% decrease on their structural strength. Hence it is clear why
such events are so important to study. The present work can be considered
as an evolution of[2]. In that paper low velocity impacts have been
experimentally and numerically investigated an experimental campaign,
using a drop tower apparatus, was carried out to study the low velocity
impact behaviour of such sandwich panels.

The main aim of this work is toinvestigate the structural integrity or
residual strength of the impacted panels. To achieve the project goal, a deep
analysis is done on the experimental data collected in [2]. According to
reference [2] the impact tests have been done by varying the inagt energy
on both configurations (panels with skin thickness of 1 mm and with skin
thickness of 1.5 mm). Subsequently, the Compression After Impact tests
have been performed for both Impacted (damaged) and Umpacted
(healthy) Panels. The experimental di@a are studied statistically by means
of ANOVA (Analysis of Variance) method in order to examine the influence
of various possible parameters on the residual strength of impacted panels.

Figure 1-2: The chosen Sandwich pels for the research (Honeycomb sandwich composite
with Aluminium skins and Nomex core)

The idea is to find a methodology able to describe, effectively and
guantitatively, the residual strength of the damaged panels in order to
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optimize their design. The aopted solution is to develop a compression
after impact (CAl) experimental campaign following the C 364/C 364N 07
standard [3]. The literature mainly contains papers concerning CAI tests on
full composite sandwich panels where skins are manufactured in composite
material too. As previously mentioned, although metallic materials do not
AGEEAEO EECE OOAEY,ithéiEdudidy ishah Geresing AADAAET
property in a balanced design process where impact loadings are a possible
and an actual rsk. The research carried out inf4] regards a CAI test on
similar sandwich panels with thin brassskins and a Nomex honeycomb
core. An image correlation technique was applied to track the changes of
the damage shape as a function of the applied load. Results show how an
initial almost circular damage tends to become elliptical with an increasing
load, Figure 1- 3. The authorsfurther underlined how the indentation is a
localized phenomenon, thus the results are unaffected by the boundary
conditions. Many other papers instead refer to full composite sandwich
panels where skins are manufactured in composite material too.
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Figure 1- 3: Evolution of the dent under compression after impact loading [3]

In [5] the authors studied a sandwichpanel having a Nomex honeycomb
core but a woven fabric carbon epoxy faceheet. They also developed a
semi empirical model able to describe the CAI test. I{f6] the authors
studied experimentally the impact am the CAIl test on sandwich panels
having a foam core and Kevlar skins. A similar experimental set was used in
[7] where the authors studied sandwich structures with a PVC foam core
and woven carbon/epoxy face beets. In[8] the authors experimentally
studied sandwich panels with a foam core demonstrating that the CAI
strength decreases with an increasing impact damage size. The authors of
[9] built a curve relating the CAI strength to the impact energy for the
honeycomb sandwich panels with FRP (fibre reinforced polymer) skins.
Instead of the CAI test, to assess the residual strength of the impacted
panels, a 4 points benthg test was exploited in[10] to evaluate panels
having aramid paper foldcores and carbonfibre reinforced plastic (CFRP)
skins. In [11] the same investigations were done into sandwich panels with
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skins fabricated by commercially available carbon/epoxy tapes. In this
paper the evaluations were done on three different skin thicknesses and
results show that the failure load decreases with increasing impact energy
Figure 1- 4. According to authors the impact energy at a threshold values
did not affect thefailure load for the 6 and 8 mm plates, whereas for the 4
mm plate it reduces the failure load by 18%Impact on sandwich panels
with a Nomex honeycomb core and aluminiunskins was studied in[12]
and [13] but in both cases the impact velocity is much higher than in the
current research (160-800 m/s versus 7 m/s).

500

25T

Failure Load (KN}

—8— 4mm
—&—&mm
el ELITIT1

40 60 80
ImpactEnergyiJ)

Figure 1-4: Impact Energy vs. Failure Load for different skin thicknesses [11]

Later on, the research is followed by Numerical Analysis by means of
commercial software Abaqus 6.12. At first, a preliminary numerical
investigation is performed to find the best possible approach for simulating
in-plane or edgewise compression tests. Afterwards the entire sandwich
panels are reproduced (by Abaqus) as much accurate as possible for both
impacted and intact panels. Since numerical simulation of cqptex
components are very time consuming, it is common to design either a 3D
solid core having equivalent mechanical properties as real core or a set of
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springs with equivalent stiffness as the honeycomb core (in this case
instead of each cell a spring cahe placed). Authors in [4] has modeled the
Hexagonal Nomex Honeycomb by a grid of neimear vertical springs
placed geometrically on the same position of honeycomb vertical edges,
shown in Figure 1- 5. In [14] the FE numerical model is a micromechanical
model which means that each hexagonal cell of honeycomb core has been
reproduced with a high detail level. This kind of approach can be found also
in literature [15] and [16]. Alike, in the present work the entire sandwich
panel is reproduced micromechanically. The results of Finite Element (FE)
model are validated by comparing with experimental data.

Tz = 0 (knifes) )/‘/I,’l

Damaged area

4
y x : .
Nonlinear spring

Tz,Rx,Ry,Rz set to 0 for the non-indented skin

Figure 1-5: Equivalent Finite Element Model for Compression after impact [4]

In [17] and [18] an analytical model is defined to predict the buckling load
of sandwich columns with different boundary conditions. [19] deals with
the theoretical prediction of buckling loads for sandwich columns with
metallic and laminated facings and foam ohoneycomb core. Authors of
[20] have introduced several analytical models predicting the buckling load
of intact sandwich panels. In this book, a thin face approximation (a
parameter above which sandwich panels are considered as thin face sheet



8 Chapter 1

composite and vice versa) is defined for sandwich panels with aluminium
faces and PVC foam core.

In the last chapter of the present thesis, two analytical models for intact
sandwich panels are evaluated. Comparing the results with experimental
data, the parameter @ thin face approximation for Sandwich panels with
Aluminium Skins and Nomex Honeycomb Core is modified. Finally, an
empirical factor (K) is defined and multiplied with analytical formulae in
order to allow the analytical model to predict the critical loadof impacted
sandwich panels and as a result to predict the residual strength of impacted
sandwich panels.
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Analysis of Experimental Data

To obtain the objective of the project a series of experimental teshas to

be done. Thereforeseveral Impact tests with diverse impact energies on
both configurations are needed in order to determine the mechanical
behavior of the sandwich panelsFollowing in-plane compression tests on
the impacted and unrimpacted panels allows estimating the residual
strength of the impacted panelsThe experimental testswere done already

in a previous work (master thesis of Eng. Michelalcardi[21]). What is
missing in above mentioned thesis is a deep analysis of experimental data
which will be addressedin the presert work.

It is important to mention that the total thickness of both configurations is
same and equal to 22 mm. It means that the sandwich panels with skin
thickness 0f0.9 mm have a core with thickness of 2@ mm, while the ones
with skin thickness of 1.5 mm have a core with thickness of 19 mm.
Although the total thickness(0 ¢0) of both configurations is same, the
skin thickness to core thickness ratio(0 ] 0) differs. A schematic view of
sandwich panels can b@bservedin Figure 2- 1.

A5 B A

v
ST T

Figure 2- 1: Sandwich Panel Configuration
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2.1 Low Velocity Impact test

The Low Velocity Impact Tests have been done by free fall of the masses on
the sandwich panels, shown irFigure 2 - 2. Sze of the panels for this test
was 400x400 mm2. Also in this figure it is possible to see the impacting
mass. To reduce the dissipation of the energy due to the aompression
under the mass tube (while mass islropping) some holes had been placed
with equal distances.Furthermore, proper frames have been considered to
hold the specimen while mass is droppingrigure 2- 2.

Figure 2- 2: a) Configuration of DropTestApparatusb) Impacting mass or mass tube
View of theframeswhich hold the sandwich panel for impact test
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It was possible to perform impact tests with different heights and different
masses; hence, it was possible to ahge the initial potential energy of the
impacting mass. The mass could be selected in a range between 1.9 Kg and
7.45 Kg, and the height could increase up to about 3.5 m. Therefore it was
possible toadjust the potential energy in a range fromaround 15 Jto 240 J.
Though it is possible to simply convert the potential energy to kinetic
energy, it was not performed in this research Because insuch a case the
dissipation of the energy (due to contact of slider with the walls, air
compression and so on) hado be neglected and the calculated value could
not be precisely the same as the real impact energy. Therefore a laser
device,shown in Figure 2 - 3, and asystem of data acquisition have been
usedto measure the caorect energy in the impact moment. The laser device
could measure the velocity of mass tube in the impact momenhanks to
the data acquisition systemwhich was connected to the laser device and
could analyze the output signal from the instrument.

Figure 2- 3: Laser device measuring the velocity of mass tube at the impact moment

After Impact tests, damages on the spémens had to bemeasuredto study
the mechanical behavior and response of sandwich panels to impact test,
and it has been donéby a Coordinate Measuring Machind CMM), Figure 2 -

4. The Coordinate Measuring Machine was of the typ&eiss Prismo 5
HTG[22].
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Figure 2- 4. Configuration of @ordinate Measuring Machine (Zeiss Prismdi3 G)

Each specimen measurement has been performed ian area of240x240

mm?2 to assure that it coversthe entire deformed region. The measurements
have been done invarious orientations, including vertical, horizontal and

two diagonal,Figure 2- 5. Theorigin of the coordinate machine was set on
the minimum point of surface deformation which is the maximum depth of
penetration and scan was doneacquiring the deformation every 0.1 mm.

For instance, alongX direction the measurement was carried out from-120

mm to +120 mm and the deformation of 200 points were measured.
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Figure 2- 5: Coordinate Measuring Machine performing measurementaomimpacted
specimen

Finally, the results of the measurements of the profile of damage for each
specimen (including both configurations with skin thickness 00.9 mm and
1.5 mm)in X and Y directionsare shownin Figure 2- 6, Figure 2- 7, Figure

2 - 8 and Figure 2 - 9. The results for diagonal directions are depicted in
Figure 2- 10, Figure 2- 11, Figure 2- 12 and Figure 2- 13. As can be seen
there is no considerable diféerence between damage profiles in different
i AAOOOAT AT O T OEAT OACET T O ET A1 OAET ¢ 8h 9h
For panels with skin thickness of 1.5 mmit was possible to perform all the
tests with different impact energies(ranging from 15 J to 241 JJwithout
any failure. But for other configuration, containing thinner skins, in two last
impact tests with Impact Enerdes of 185 J and 217 J, there was rupture;
hence, theyhave beenomitted from measurements and data analysisSome
samples of impacted sandwich panels wit and without rupture are
demonstrated in Figure 2- 14.
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Deformation of the panel in Z direction [mm]
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Figure 2- 6: Damage profile measured by CMM in X direction for the panels with skin
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Figure 2- 7: Damage profile measured by CMMYrdirection for the panels with skin

thickness 00.9mm
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Figure 2- 8: Damage profile measured by CMMXdirection for the panels with skin

thickness of 15 mm
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Figure 2- 9: Damage profile measured by CMMYrdirection for the panels with skin

thickness of 15 mm
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Figure 2- 10: Damage profile measured by CMMdragonal direction j
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Figure 2- 11: Damage profile measured by CMMdragonaldirection §
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Figure 2- 12: Damage profile measured by CMMdiagonaldirectionj 8 f6r @e panels with
skin thickness of 5mm
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Figure 2- 13: Damage profile measured by CMMdiagonaldirectionj 9 for@e panels with
skin thickness of 5mm
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Figure 2- 14. a) Upper and lower located skins of an impacted panel but ftom b) Upper
and lower located skins of an impacted ruptured panel

By means of 3BPlot feature of Matlab software, it has been possible toqd
data obtained from the Coordinate Measuring Machine in order to have a
good overview on the shape of the damage resulting from impact teshs an
example, such a graph has been plotted using data exported for the
specimen impacted by impact energy 217 J, shownin Figure 2- 15.
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Figure 2- 15: a) 3D Overview of the deformation of the surface of the specimen impacted by
impact energy of 217 J b) Rescaled plot of the same specimen to have better observation on
deformed area

For each specimen two parameters which can reveal more or less the
characteristics of the damage profile are introduced. They ar®aximum
Depth of Penetration (MDP) and Opening Width (OW) of the damagea the
following we will discuss how to find these two facbrs from measured data.

To find OWa convention has been casidered by which all the points with
depth more than 0.1 mm are taken into account as the damaged points.
Moving on one of the four given directions, thereforezangive us theOW of
the damagein such a way that the coordinates ofthe first point with the
depth more than 0.1 mm is conslered as the starting point and the
coordinates of the last point with the depth more than 0.Inm is considered
as theend point, as shownin Figure 2- 16, below. Finally, by subtracting
the coordinates of starting and end point,the OW can be calculated For
instance, in Figure 2 - 16 the red line is our convention that the points
under it are cansidered as deformed points and the points above it are
considered as undeformed points and the blue line is the measured depth
of 2400 consecutive points on one direction of the damaged skin. Therefor
to find OW of the damage we have to start from lefbtright (it can be done
from right to left as well) and the intersections of the convention line and
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depth line are the starting and ending of OW and as can be seen all the
points between these two intersections have a depth more than 0.1 mm.

The evaluatons of OW were done for all four directiongor each specimen
At last, the final value of OW for eachmpacted panelwas calculated by
averaging the four OWsneasuredfrom four different orientations.

-120 -80 -40 0 40 80 120
Lo [ T OpeningWidth ™ 7" o )
o | L > : !
q o pQdmm o AN e b ]
—_ : Ending Point
2 b o N\Nsl /o TE° ding Point ;
£ ' Starting P
E '3 [pieaita i e A T e e e |
o | | | |
N I :
= | | - Damage Profile
T I
Y S S /S —— Opening Width
; Threshold Line

X direction [mm]

Figure 2- 16: The wayto measurethe Opening Width of the damage X direction for the
specimen tested by the impact energy of 96.911 J

As it was explained in the beginning of this section, the measurements of
skin deformation by Coordinate Measuring Machine was performed ifour
directions for each specimen. So it is highly possible that the MDP is not met
in one measurement (for example in the measurement on X direction) or it
can be said that it is highly possible that one measurement direction does
not pass from the pointwhich has the maximum deformation.Therefore,
since it islikely that the CMM does not face with the maximum DMP in one
measuring try (in only one direction) and since for each direction there was
just one try of measuring in the experience, therefore, fdinal value of MDP
for each specimen the maximum value among all four directions has to be
considered not the averaged one like OW.

The values of OW and MDP for each direction and the finakhlues are
reported in Table 2- 1 and Table 2- 2.
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Table 2-1: Values of Opening Width (OW) of all four directions and their average
for all specimes with both skin thicknesses of 0¥®mand 1.5 mm

Impact Oowx oWy OWEQ| h2e&Q OWave

Energy [J] [mm] [mm] [mm] [mm] [mm]

= 1 141.56 102 104 111.72 106.07 105.95
7 E 2 173.35 102 140 115.97 107.48 116.36
% g 3 59.90 82 90 89.10 83.44 86.13
g 8 4 112.73 100 121 111.72 121.62 113.59
= 4] 5 31.60 70 79 96.17 93.34 84.63
é —S 6 78.69 101 102 120.21 98.99 105.55
"= 7 16.33 62 63 75.20 70.85 67.76
. 8 96.91 117 114 107.48 103.24 110.43
% E 9 217.07 143 135 132.94 131.52 135.61
= To) 10 241.69 173 181 168.29 181.02 175.83
i, % 11 59.64 91 86 94.75 90.51 90.57
qé % 12 83.93 124 111 134.35 123.04 123.10
T = 13 187.07 135 113 154.15 117.38 129.88
hE |14 12626 124 132 | 15274 | 12587 & 133.65
15 15.29 65 64 79.95 67.04 69.00

Table 2- 2: Values of Maximum Depth of PenetratigMDP) of all four directions and
their average for all specimens with both skin thicknesse® 8fmm and 1.5mm

Impact MDPx MDPy MDFE Q MDF& Q MDPinal
Energy [J] [mm] [mm] [mm] [mm] [mm]

c__ 11 141.56 -8.93 -9.04 -8.92 -8.92 -9.04
i’ E 2 173.35 -9.56 -9.47 -9.59 -9.54 -9.59
= g 3 59.90 -5.52 -5.53 -5.52 -5.55 -5.55
% 8 4 112.73 -1.47 -71.57 -7.65 -7.54 -7.65
% § 5 31.60 -3.80 -3.86 -3.94 -3.87 -3.94
;-;. E’ 6 78.69 -6.62 -6.66 -6.78 -6.67 -6.78
- 7 16.33 -3.00 -2.96 -3.76 -3.81 -3.81
cE 8 96.91 -6.14 -6.10 -6.09 -6.06 -6.14
< € 9 217.07 -9.34 -9.28 -9.26 -9.25 -0.34
% E 10 241.69 -10.05 | -10.13  -10.21 @ -10.93 -10.93
@5 11 59.64 -4.28 -4.36 -4.28 -4.29 -4.36
Gé Q 12 83.93 -5.38 -5.31 -5.53 -5.38 -5.53
S S 113 187.07 -8.26 -8.24 -8.34 -8.22 -8.34
7] E 14 126.26 -6.89 -6.88 -7.29 -6.99 -7.29
15 15.29 -2.29 -2.27 -2.27 -2.27 -2.29
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For better understanding the variation of the damage characteristics for
different tests, the graphs of the MDP and OW versus [mact Energy (E)
have been plottedin the following, Figure 2- 17 and Figure 2- 18.
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Figure 2- 17: Effect of Impact Energy on Maximum Dépdf Penetration for both sk
thicknesses 08.9 mmand 1.5 mm
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Figure 2- 18: Effect of Impact Energy on Opening Width of the damage for tshin
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In Figure 2- 17 it is demonstrated that as theO'Gncreases O O Uraises (up
to rupture). The best interpolation which fits well with experimental data is
a linear interpolation, thus the relation between"O'@nd 0 ‘O Ocan be almost
considered linear as below:

000 $2°00 8 (2-1)

Where 0 and 6 are constant and depend on material and geometry of the
component.For Sandwich Rnelswith Aluminum Skins (with thicknesses of
0.9 mm and 1.5 mm) and Nomex Core (with thickness of 19 mmjhe
amount of0 and 6 arereported in Table 2- 3.

The amount ofd ‘O Ofor Sandwich Panels (with skin thickness 00.9 mand
1.5 mmand core thickness 020.2 mm and19 mm, respectively) tested by
other impact energies can be estimated usingquation 2-1 and Table 2- 3.
Moreover it is notable that almost for all the impact energies thé ‘O Ufor
the panel with thinner skins is approximately 20% less than thed ‘O Ofor
the panel with thicker skins, regardless of the negligible difference in
curves slopes In other words, when the core-to-facethickness ratio (0 j 0)

changes from12.7 to 22.4 the amount ofd ‘O dreduces by 20%.

Table 2- 3: Values of the Constants of equatiorlZor the sandwich panels with
Aluminum skirs and Nomex core

| < < OO |
D | 8 UU0Qw 8 00O D | 8000w 00
= [ = I
TSI 0 WU apuTp TBIoT L CHT WT

Although by increasing the'O'@he U o escalates like thed ‘O 0 there s a
non-linear relationship between ‘'O@nd OW, shown inFigure 2- 18. It can
be stated that the0 'O Dis more sensitive to 'O@hanges than( & to "O0
variation because by increasingO'Qunlike the O 'O Ocurve, the slope of U @
curve versus ‘O@radually drops. Thebehavior of 0 w with respect to "'OGs
governed mostly by a powerequation as:

66 0z00 (2-2)
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Where 0 and ¢ are constant and depend on material and geometry of the
specimen.The amount of0 and ¢ for the Sandwich Panelsvith Aluminum
Skins (with thicknesses 0f0.9 mm and 1.5 mm) and Nomex Core (with
thickness 0f20.2 mm and19 mm, respectively) are reported in Table 2- 4.
Thus for other impact energiesthe amount of OW can be exported
interpolating data. Considering ‘O@onstant, the amount of Opening Width
for the panel with thicker skins is always higher, regarding td=igure 2- 18,
and as the impact energy rises this difference increases.

Table 2- 4: Values of the Constants of equatior2Zor the sandwich panels with
Aluminum skins and Nomex core

| 4« OO |
1 8DDQ<_I|I= 8 00O 1 8[|E|Q<1% 00O
L . L .
o®uu T8 (pT C@xUu ™ WY o

Changing the skin thickness of sandwich panels, it is interesting to notice
the behavior of both indices (MDP and OW). As can be seen in the previous
graphs, damage in the panels with thinner skins is more lodakd, since for
the same impact energy, there is more penetration but less opening.
Alternatively, it can be stated thatthe energy of impact is distributed in
larger areafor the panels with thicker skins That is why in such panels the
OpeningWidth of the damage is higher and Penetration is lower.
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2.2 Compression after impact Test

2.2.1 Test Procedure and setup

The knowledge of damage profile is not definitely sufficient to predict the
residual structural integrity of a damaged structure.It is necessary to
define a quantity index that provides some information of the performance
of a damaged structure which can quantify the degradation of the
structure's resistance.Iln some cases it is possible not to have even any
visible damage on the kin due to impact but undoubtedly even in such a
case there is a drop in the strength of the sandwich panel.

Nowadays in the industrial world, hence, to conduct a review on the
reduction of resistanceof a sandwich panel due to the impacin-plane or
edgewise compression is performed an they are generally called
Compression After Impact test (CAl)shown inFigure 2- 19. This type of
test allows evaluating quantitatively the decrease of resistance of a panel
impacted with resped to the undamagedone. To investigate the reduction
of strength or integrity of the component it is necessary to perform the
same test (edgewise compression) on undamaged sandwich panels as well.
So that it can be possible to have a comparison between timpacted and
not impacted sandwich panel in order to evaluate the reduction of strength
in the damaged panelvith respect to undamaged one.

thatisM

ooy oM
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The CAl tests have been performed respeQ E $tapda@ Test Method for

Edgewise Compressive S&T COE T £ 3 AT Ax EAETMEBROOOOAOQE]
C364m-07) [23]. Therefore the size of the specimens, test setup, equipment

and procedure have been considered by respecting to the mentioned

standard. Ac¢ OAET ¢1 Uh OEA OPAAEI AT 08 AEI Al OEI
recommended range reported in ASTMC364/C 364m-07. RegardingFigure

2 - 20, the recommended ranges are reported ifiable 2- 5.
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Figure 2- 20: a) Edgewise Compression Test Setup &dest Specimen Dimensions
according to ASTM C364/C 3646V [23]

Table 2- 5: Recommended ranges for specimens under edgewise compression t&g] by [

Dimension Reommmended Range

Length0 & & 0 yzo

Width,®» & & VT 0 O czop  T2oQda @

Total panel thicknessy & & As required, in order to be representative of intended u
Facesheet thickness, & & As required, in ordera be representative of intended us¢
Core thickness) & a As required, in order to be representative of intended u.

According to recommended ranges, hence, the dimsional ranges for the
considered sandwich panels in the present workmust be as below
(dimensions are in mm):
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0 W¢g px@a

VT @ O Tth pa@&tTdd

Another limitation for dimension selection is the size of the head of the
compression setup. The width of the panel cannot exceed the diameter of
the head of the apparatusConsidering all the constraints, finally, the values

of Width and Length of specimens for edgewise compression test have been
chosen both as 137.5 mm.

2.2.2 Analysesof data

The impacted components have been subjected to edgewise compression
test and & a result thedata corresponding totransverse displacement and
unilateral load has been collected From the collected dataand by means of
Matlab software, the Load-Displacement curvesfor both configurations
have been plotted,Figure 2- 21 - Figure 2- 24, in which a sudden drop of
the load for each specimencan be seen This sudden drop of the force
regards to the failure moment of the components in which they are buckled.
Figure 2 - 25 shows this failure during experimental tests.The Force and
Displacement regarding to the failureinstant are called Critical load and
displacementrespectively and they are reported inTable 2- 6 and Table 2-
7.
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Figure 2- 21: Load-Displacement curves for Uimpacted Panels (with skins thickness of 1.5

mm) subjected to Compression After Impact test
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Figure 2- 22: LoadDisplacemat curves for UAmpacted Panels (with skins thickness 6f9

mm) subjected to Compression After Impact test
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Figure 2- 23: LoadDisplacement curves fdmpacted Panels (with skins thickness of 1.5 mm)
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Table 2- 6: Critical transverse diglacement and critical load of buckling for the

Damaged

Undamaged

H

N o oA WON RPN 0o WDN P

sandwich panés with skins thicknes8.9mm

Impact Energy Ciritical transvers Critical unilateral

[J]
141.563
173.349
59.895
112.727
31.603
78.688
16.331

0

O O O O O O

disp. [mm]
0.734
0.796
0.86
0.71
0.911
0.777
0.976
1.415
1.162
1.066
1.43
1.19
1.116
1.072

load [KN]

18.28

24.99

19.898
20.694
30.916
24.156
38.701
55.514
36.149
29.397
76.802
48.141
36.78

37.534

Table 2- 7: Critical transverse displacement and critical load of buckling for the
sandwich panel with skins thickness 1.5 mm

Impact Energy Ciritical transvers Critical unilateral

Damaged

Undamaged

#

8
9
10
11
12
13
14
15
8
9
10
11
12
13
15

[J]
96.91
217.074
241.688
59.635
83.93
187.067
126.264
15.291

0

O O O oo o

disp. [mm]
0.825
0.654
0.943
0.881
0.636
0.644
0.768
1.266
151
1.594
1.219
1.29
1.425
1.154
1.322

load [KN]
24.174
21.348
20.267
29.606
29.722
24.161
33.348
44,581
80.139
84.12
52.779
81.41
78.844
47.863
61.959
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Figure 2- 25: Failure moment of Sandwich Panels subjected to Compression After Impact test

Afterwards, to better understand the behavior of the sandwich panels
under CAI test deep analysis has been done ithe following sections in
order to see the effect of impact energgnd Maximum Depth of Penetration
on the critical load of buckling which is oneof the key fedures, compare the
impacted and unimpacted panels and finally to compare different
sandwich panel configurations The following analyses are necessary to find
the most effective parameterswhich guarantee the safe operation of the
structure.

2.2.3 Preliminary investigation of effective parameters

To figure out which factors are significantly effective, the curves of different
parameters with respect to CAIl strength are plotted and then discussed.
The first question to be addressed is whether the presence of any impact
damage has an effect on the sandwichapel performances in terms of
compression strength. It is reasonable to predict that the presence of
damage will facilitate buckling instability which is indeed well reflected in
the data reported in Figure 2 - 26. All the panel pecimens have been
divided into two categories, namely impacted and nofimpacted. The
experimental impact energy range has been selected to guarantee the
production of a plastic damage on the aluminium skin and this grouping
corresponds to the damagez undamaged classification. Although the
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compression strength appears to be widespread, especially for the intact
panel configuration, a clear reduction of the CAI strength is apparent when
looking at the calculated average trend.
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© Experimental Data

——Average Trend

o
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o

T

B0 Q) A

CAI Strength [kN]

20 f--------

R

0 0.2 0.4 0.6 0.8 1
Impact 0=no, 1=yes)

Figure 2- 26: Effect of the impact condition (undamageddamaged) on the compression
strength

The second factor to be investigated is the sandwich panel skin thickness
with the aim to understand its effects on the compression strength. In
particular, the question to be addressed is whether it is worth or not (from
the point of view of buckling resistance) to increase the aluminium skin
dimension, inducing an inevitable increase of the structural weight. An
increment of the skin thickness from0.9 mm to 1.5 mm leads to a 44%
increment of the overall panel weight. In practice, the global panel
thickness is kept constant (22mm), thus the increase of the skin thickness is
associated to an equivalent reduction of the core thickness. The entire
experimental database available is considered irFigure 2 - 27.a, where
impacted and nonimpacted specimens have been included. The
intensification of the compression strength due to @&7% increase of skin
thickness (from 0.9 mm to 1.5 mm) can be evaluated referring to the
average trend and corresponds to about &%. In the other words due to
43% decrease of core-to-face thickness ratio, there is an increase of
compression strength by 31%. Nevertheless, the experimental data
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dispersion is very high corresponding to a 500% average trend increase,

which makes difficult to draw any conclusion about the influence of the

selected factor. The same is valid when looking &igure 2- 27.b andFigure

2 - 27.c, where only the impacted and the intact specimens have been
respectively included. However, it is clear that the skin thickness has a
higher contribution to compressive strength when the panel is undamaged

(Figure 2 - 27.c), while the factor becomes less evident after the impact

damage has been inducedHigure 2- 27.b).
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Figure 2- 27: Effect of the panel skin thickness on the compression strengtlfepall the
spedémens,(b) onlyimpacted specimens ang) only undamaged specimens.
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The third investigated factor is the impact energyTherefore, the graph of
Buckling loads versus Impact energes has been plotted,Figure 2- 28. The
points on the left side of thefigure are the averaged values of critical loads
of buckling of the undamaged specimens. As it was expected the cunfe
the panels with thicker skins are above the curve of the components with
thinner skins. It means that the load neded to buckle the sandwich panels
is more for the panels with higher skin thickness to core thickness ratio, in
both un-impacted and impacted (with same Impact Energy)cases which
was less visible and understandable in last figure and evaluation

By looking at this graph Figure 2 - 28) it is evident that for low impact
energies there is a sharp reduction of compression strength, while for
higher energies the compression strength is approximately unchanged. But
to evaluate the infuence of impact energy better and more preciseatio of
critical load of damaged component and critical load of undamaged
component (K) which shows the Reduction of CAl Strength versus Impact
energy ha been plotted, Figure 2 - 29. Alternatively, this graph can be
explained as the graph oftie normalised CAI strength as a function of the
impact energywhich has beennormalised with respect to the average CAl
strength measured for the intact specimens, so that the percentage ineh
reduction of the performance is more apparent.

As it can be seerfor both configurations there is a sharp transitionfor CAl
strength from undamaged parel to first damaged one which regardgo the
lowest impact energy (around 15 J). Thus it can be statethat having an
impact even so small has a huge influence on the strength of sandwich
composite. FromFigure 2 - 29, it is clear that for the minimum impact
energy which is around 15 J there is a reduction in CAI strength equal t
20% for the component having the skin thickness d.9 mm, and of 40% for
the component having the skin thickness o1.5 mm.In fact this graph can
be divided into two parts as it is shown in theFigure 2 - 29. The first part
regards the impact energy ranges from 0 to 50 J in which the influence of
Impact Energy on CAI strength reduction iselevant and the CAI strength
drops dramatically. The reduction of CAI strength in the first part is about
50%. Whilst the second partof the graph includes impact energieshigher
than 50 J. In this part there is a little influence of Impact Energy on CAI
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strength reduction and by increasing the impact energy from 50 to around
150 J the CAI strength reduces only about 15%.
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Figure 2- 28: Investigation of effect of impact energy on critical load of buckling
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Figure 2- 29: Evaluation of influence of Impact energy on Reduction of CAIl strength
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In the last evaluation which was done regrding to Figure 2- 28 and Figure

2 - 29, it was noted thatfor the smallestimpact energy which is around 15 J
there is a reduction in CAl strength equal to 20% and 40% for thepecimen
having the skin thickness of0.9 mm and 1.5 mm, respectivelyRegarding
Figure 2- 29, it is understandable that in the first part the reduction of CAI
Strength for the panels with thicker skins is about 55%, whereas this
reduction for the one with thinner skin is around 45%. Thus it becomes as a
matter of importance whether the panel with thicker skins is more
sensitive to this parameter (Impact Energy). To define this issue the same
curves asFigure 2 - 26 for two different configurations are plotted in the
following, Figure 2- 30-a andFigure 2- 30-b. Regarding these figures it can
be seen that for the configurations with skins thickness of 1.5 mm the
decrement of aerage compression strength from inact to impacted panels
is about 60%. While this value for the configurakons with thinner skins is
45%. Therefore, it can be deduced that sandwich panels with thicker
aluminum skins is more sensitive to impact conditionlt means that having
damage can influence CAl strength of the thicker skin configurations more
than thinner skin ones.
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Finally, as the last evaluationtiis interesting to study whether there is any
relation between Ciritical Load (or CAl Strength) and Maximum Depth of
Penetration; hence, thegraph of Critical load vesus MDP has been plotted
Figure 2 - 31. It has been found that as the MDP of damage increases, the
critical load or CAIl strength drops by a power relabnship which is
described below.

86" R GB0 00 (2-3)

Where the amount of®and ¢ for the Sandwich Panelsvith Aluminum Skins
(with thicknesses 0f0.9 mm and 1.5 mm) and Nomex Core (with thickness
of 20.2 and19 mm) are reported in Table 2- 8, below.

Table 2- 8: Coefficients of equation ¢3) for both sandwich panel configurations
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Figure 2- 31: Investigation of the influence of Maximum Depth of Penetration on Critical load
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In this section the influence of different parameters on CAI strength was
evaluated. Now to have btter view on the influence of each parameter on
CAl strength, the results of all evaluation are summarized ifiable 2 - 9,
below.

Table 2- 9: Summary of the influences of effective parameters on StAdngth

Parameters Effect of the parameters on CAIl Strength
All Specimens | Panels witho m@od & | panels witho p&a d
Impact 44% reduction 59% reduction
Condition 53% reduction Less sensitive to More sensitive to
impact condition impact condition
All Specimens Intact Specimens Impacted Specimens
SKi 52% increment 12% increment
an . Highly sensitive to
thickness 34% increment Skin Thickness Little Influence
variation
(mpack Impact energy less than 50 ] Impact energy higher than 50 J
Energy 50% reduction 15% reduction
High influence Little influence
(Mpact MDP less thar.l 5mm MDP higler thah 5mm
Energy 59% _reduct|on 1_5% _reductlon
High influence Little influence

2.2.4 Satistical sensitivity analysis

A statistical sensitivity analysis is performed in this section to verify the
assumptions made in Section2-2-3, based on the interpretaion of the
graphical data representation. The method ofANalysis Of VAriance
(ANOVA) has been adopted hereafter and MINITAB software has been used
to implement it. The application of the ANOVA theory for the current paper
is presented in Section2-2-4-1. Comments on the obtained results are
provided in a separate Sectior2-2-4-2.

2.2.4.1 Analysis of Variance

ANOVA is a statistical technique that allows inferring the influence of a set
of variables (namely, the factors) over a dependent variable (namelyhe

observed parameter). In rigorous terms, the ANOVA falls inside the
statistical hypothesis testingframework and is used here to analyse the
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means of the observed parameters for different factor configurations in

order to decide whether or not they areequal. In a typical hypothesis

testing framework, the ANOVA inference can be based upon the following
scheme:

Ho:it,=t,=..=t,=0

H,:$ilt,, O (2-4)

— — oD:

Where t is the effect of a factor atQ level on the global mean of all the
observations andwis the number of levels for the selected factofO is the
null hypothesis implying that there is no effect of the level chosen for the
selected facta, being all the w groups simply random samples from the
same global distribution. If 'O is true, this will mean that there is no
sufficient evidence against it and the variation of the factor levels appears
to have no influence on the observed varidb. If O is rejected it means that
there is some evidence of the dependence of the observed variable on the
investigated factor levels.

Furthermore, it is necessary to fix the required significance level for the
test, or the rate of thefirst type eror | , which is the probability to declare

a false dependence on a selected factor, set here to 10%. This parameter
has to be chosen as a compromise with theecond type errorf , which is
the probability to un-reject 'O when some effect of the fetor exists and
depends upon the significance level (the smaller is, the biggerf will be),

as well as on the sample size and the observed variable distance that wants
to be distinguished. The distance is an index of the model sensitivity and
the probability to statistically distinguish two outputs at a certain distance

is an index of test power. Selecting a bigger distance can reduce second type
errors but it can at the same time indicate a lower resolution of the
statistical model. The solution adopte in this paper is the choice of
compromising values summarizing always the statistical error for two
distance levels of the output variable (the CAl strength).

The main output of the ANOVA inference is th®_value or the smallest

significance level thatallows the rejection of the null hypothesis. A small
P_valuendicates large evidence to discard the null hypothesis, thus there is

influence of the investigated factor on the observed dependent variable. For

each hypothesis test, if the®_valueis smallerOEAT | h OEA 1011 EUD
discarded and the dependence of the considered factor on the dependent

variable is declared.
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Three points have to be verified to validate the output from the ANOVA
inference:

1 Normality of the residuals, based here on th&ndersonDarling test.
1 Independence of the residuals, based here on a graphical verification.
1 Homoscedasticity of the residuals, based here on thevenegest.

A more detailed explanation of the tests for the residual analysis is beyond
the scope of the presnt work and the interested reader can refer tq24]
and [25] for a deeper insight into the ANOVA method. The only necessary
information is that a positive outcome from the tests requires the
associatedP_valueto be above a predefined significance leve| (is set to
5% for the residual tests). In case one or more of the requirements are not
met, one can resort to data transformation; in particular, theBoxCox
transformation has been successfully adopted in the current framework,
when necessary.

Finally, it is important to consider that ANOVA can be used to
contemporaneously test the influence of many factors on an observed
variable. In a multi-factor framework, one can study the influence of factor
interaction (higher order factors). For the purposes othe current activities,

a preliminary application of a twoways ANOVA evidenced the non

influence of higher order factor interactions and only the first order factors

are therefore be considered hereatfter.

Following the factor scheme investigated in Seaih 2-2-3, three main tests
have been performed:

1 impact (damaged/undamaged) influence on the compressive
strength of a sandwich panel

1 skin thickness influence on the compressive strength of a sandwich
panel

91 impact energy influence on the CAl strength of aaadwich panel

It is however important to underline that, while some tests concerning the
skin thickness and impact condition factors have been repeated, only one
test has been performed at each level of the impact energy.

In order to apply the ANOVA methodlogy to evaluate the influence of the
impact energy, data have been grouped into bins according to the impact
energy range they belongo (Figure 2- 32). In particular, three groups have
been established, as reped in Table 5 (Energyz Case 1), namely [0 50J],
[50 - 130J] and [130- 250J] and the influence of the impact energy on the
CAl strength has been evaluated, including only the impacted specimens
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into the inference process. Another test has been execuaten which only
those impact cases falling into the second and third group (EnergyCase 2)
have been compared.

All the results of the statistical inference problem have been summarised in
Table 2- 10 to Table 2- 12 and are commented on in detail in the following
Section. In particular, the ANOVA results are presented irable 2- 10 while
the positive outcomes from the ANOVA valation tests on the residuals are
shown in Table 2- 11. Finally, having fixed the first type error deliberately
to 10%, an estimation of the second type error is provided iffable 2- 12
for each inference test.

2.2.4.2 Analysis of the results

The first analysed case is the influence of the impact on the compressive
strength of the sandwich panel, as previoushassessed inFigure 2 - 26.
Impacted specimens have been compared with intact specimens to
highlight any systematic reduction of the CAI strength due to impact. The
obtained P_Valueis clearly below the 0.1 )-threshold defined above,
demonstrating the dependence of the CAdtrength on the occurrence of the
impact damage. The test power (and consequently the second type error)
has been reported inTable 2 - 12. It has been calculated assuming an
average sample size of 15 and a standhdeviation of 13.3kN, based on the
data reported in Table 2 - 10. According to the specific dataset, the
probability to miss a 10kN reduction of the CAI strength is 35.8%, while it
reduces to 0.9% if a 20kN redugbn is considered. Nevertheless, as clearly
visible in Figure 2 - 26, the average CAI strength reduction is much higher
than 20kN and has been detected successfully.

The focus is now transferred onto the skin thickess influence on the panel
compressive strength. If the overall data are considered (impacted and
intact specimens), and if a maximum 10% probability to declare false input
output correlations is admitted, thickness has no influence on the
compressive stength. Nevertheless, given the sample size, the estimated
standard deviation and the selected first type error rate, the probability to
miss even a 20kN reduction of the compressive strength has been
guantified as 16.0%. As depicted alsm Figure 2- 27, a net increase of the
inference precision can be obtained considering impacted and intact
specimens separately. ANOVA declares that skin thickness has no influence
on the CAl strength for the impacted specimens wid it does have an effect
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on compressive strength for the intact, undamaged, specimens.
Nevertheless, it is important to consider the probability of the second type
error, especially when the null hypothesis is not rejected (as happens for
the impacted parels). Based on the results reported infable 2 - 12, the
probability to have missed a 10kN variation of the CAI strength is 17.8%,
while it is reduced to 0.1% if a 20kN variation is considered. As a
conclusion, skn thickness has an effect on compressive strength unless the
impact damage occurs on the panel skin. In practice, the flexural stiffness of
the panel increases if a thicker skin is adopted. Nevertheless, the presence
of an impact damage induces an asymmsatron the panel which facilitates
bucking, thus eliminating the benefits of a more rigid skin.

Finally, the influence of the impact energy over the CAI strength of
sandwich panels is analysed. Referring tdrigure 2 - 29, it has been
anticipated that the impact energy influences the CAdtrength; nevertheless
this influence remains almost constant above a certain threshold (about
50J). For this reason, data have been grouped firstly in three ranges (Case
1), namely [0 - 50J], [50- 130J] and [130- 250J], as shown irFigure 2- 32.a
ANOVA indicates dependence of the CAIl strength on the impact energy.
Nevertheless, when only the second and third ranges are compared (Case
2) no sufficient evidence is present on the available data to reject the null
hypothesis, thus no influence of the impact energy on the CAI strength is
declared for impact energies above 50J. Again it is important to check the
test power and the second type erro rate. Six samples are present on
average in each range and a standard deviation of 7.3kN has been estimated
based on the data presented iffable 2- 6 and Table 2- 7 (considering only
the impacted specimens Given a 10% first type error rate is fixed, the
probability to miss a 10kN reduction of the CAI strength is 28.7%, while it
reduces to 0.3% if a 20kN reduction is consideredAs a conclusion, the CAI
strength reduceswhile the impact energy increases; nevertheless this is
valid up to a certain threshold (50 J), above which no influence of the
impact energy on the CAI strength has bedmghlighted. However, it should

be taken into consideration that there is 28.7% probhility that the CAI
strength reduces by 10kN in the [50z 250J] range. Furthermore, referring

to Figure 2 - 29, the influence of the skin thickness on the identified
threshold appears to be minimal, in agreement wh the results obtained
while investigating skin thickness influence over the impacted specimens.
The threshold curve corresponding to 50J has been plotted iRigure 2 -
32.b, in terms of mass and velocity that preide 50J kinetic energy. It allows
guantifying in a more physical way the impact condition above which the
CAI strength remains practically unaffected.
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Table 2- 10: Summary of the ANOVA results

Influence Influence
Inference Database P_value . on CAI
criterion
strength
Impact occurrence All 0.000 P_value < 0.1 YES
Skin thickness Al 0282 P_value<0.l  NO
(case 1) -
Skin thickness Impacted specimens 0.472 P_value < 0.1 NO
(case 2)
Skin thickness Undamaged specimens  0.015 P_value<0.1 YES
(case 3)

Impacted specimens

ImpactEnergy 1 5031 vs. [50130J] Vs.  0.001 P value<0.1  YES

(Case 1) [130i 250J]
Impact Energy Impacted specimens
(Case 2) [50-130J] Vs. [130 2503] O-105  P_value<0.1 ~ NO

Table 2- 11: Summary of results for the ANOVA test validation

Inference Normality of residuals  Independence Hor;forz(;?gjzlt;mty
(AndersonDarling test)  of residuals (Levene test)
Impact YES (P_value=0.403) YES YES (P_value=055)
occurrence
Skin thickness  ves (p_value=0.149) YES YES (P_value=0.205)
(case 1)
Skin thickness  ves (p_value=0.729) YES YES (P_value=0.851)
(case 2)
Skin thickness - ves (p_value=0.836) YES YES (P_value=0.923)
(case 3)
Impact Energy — =
(Case 1) YES (P_value=0.926 YES YES (P_value=0.341)
IMPact ENergy  ves (p_value=0.836)  YES YES (P_value=0.180)

(Case 2)
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Table 2- 12: Evaluation of the test power and the second type error

Estimated Required : Test
Samp . First type Second type
Inference e size standard distance error [%] power error [%]
deviation [kN] [kN] [%]
occurrence ' 20 10.0 99.1 0.9
in thi < 10 10.0 38.0 62.0
Skin thickness 15 1.5
(case 1) 20 10.0 84.0 16.0
Skin thickness 8 24 10 10.0 82.2 17.8
(case 2) ' 20 10.0 99.9 0.1
(case 3) ' 20 10.0 73.1 26.9
Impact 10 10.0 71.3 28.7
Energy (Case 6 7.3
1&72) 20 10.0 99.7 0.3
7 12
a ) Thk0.9mm-Experimental data b) —Threshold energy curve
Thk0.9mm -Polynomal fit Hr ® Exp. trials range 0-50J
60y © Thk 1.5mm - Experimental data’ 10 X O Exp. trials range 50-130J
_ Thk 1.5mm - Polynomial it flasentio o b .| @ Exp. trials range 130-250J
iso—‘\ | : 7 ] | " »
= { H i E ‘ @ ® @
Bl DR . > (| " S R
£ N ‘ f : g \o\ :
i ° z 3
Range 1 Range 2 © Range3 _ 2‘ ‘ ‘
1% 50 100 150 200 250 W2 3 4 5 & 7
Impact Energy [J] Impact Mass [kg]

Figure 2- 32: (a) CAl strength as a furtion of impact energy, data allocation to three ranges
for the ANOVA application anb) threshold velocitymass curve relative to 50J impact and

different velocitymass combinations adopted during experiments.
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Preliminary Nu merical analysis

Nowadays in order toreduce the cost of projects and to accelerate works
progress, Virtual Tests (Numerical simulations) are often performed beside
the common experimental tests. The numerical method has mainly aim to
help designers to séve complex problems. In the present work the

1 O0i AGEAAT [T AOET A EO OOAA AU 1 AATO 1T £ OER
P8pco8

Since for FE simulation of edgewise compression test there are several
different approaches, according to [26], and since FE modelirgf sandwich
panels are quite slow due to their complexity, it is better to investigate the
most reliable approach to simulate edgewise compression test by
evaluating simple cases such as simple bar, plate, etc. Therefore, in order to
develop a rigorous irvestigation method, the adopted methodology
consisted into several progressive steps. Starting from simple analysis and
ending by the most complex ones (but with a strong knowledge background
obtained from the first investigations). Thus, the virtual testsare started by
considering a simple column, then undamaged plate, following by damaged
plate and finally switching to the micromechanical simulation of the intact
and damaged composite sandwich panels. Each step of the numerical
analyses is validated eitler by experimental tests, analytical models, or
both of them. For simple cases such as simple column and simple plate the
validation is carried out only by means of analytical method since the
analytical models for such simple cases are well known and ahkdy largely
validated in the literature. While for the validation of the complex cases,
which means Sandwich Panels, both experimental tests and analytical
models are considered.

The main reason of beginning from the simulation of columns and plates,
rather starting directly from the composite panel, is due to the choice to
assess the most reliable approach to simulate iplane compression (or
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buckling) in FEM (by means of ABAQUS software). Because working on
simple cases do not take a lot of time (as wonkg on complex composite
simulations) and in shorter time it is possible to try several different
approaches. Afterwards the approach which is selected as the best one, in
the preliminary investigations, can be used to model the Composite
Sandwich PanelsWe should use the ensured and verified approach to
simulate sandwich panels because their simulation is much more time
taking and hence it is not feasible, and neither reasonable, to investigate
directly such complex model.

By studying the documentation ofthe ABAQUS software [26] it can be

understood that the buckling (or in-plane compression) problem can be
OEi 01 AGAA EI c AEEEAOAT O xAUuOG8 4EA 1Al
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In the following, all these approaches are implemented to simulate simple

bar and plate under unilateral loading condition. Then the result of each

simulation is compared with the corresponding analytical model and

different aspects (such as Critical load value, &al-displacement curve,

shape of the specimen while performing the test, final shape of the

specimen after failure, etc.) are discussed. Accordingly, the best method is

selected to be used for simulating the composite sandwich panels.

3.1 Investigation of simple bars

As it was explained before in the present work the virtual tests are divided
in several steps started from the simplest case and ended by the most
complex one. Evaluations of the first steps are to determine the best
approach to simulate the case of iaplane compression. In this section all
the three mentioned methods are used to simulate a simple bar and the
results are checked and discussed comparing with the analytical model.
Therefore this section is divided into three main parts. In thdirst part an
analytical approach to model columns is presented. And in the second part
diverse numerical approaches are discussed. Lastly, different approaches
are compared with analytical model and their pros and cons are argued.
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3.1.1 Analytical Method to model In-Plane Compression of bars

In this section the best analytical model to simulate a simple bar under
unilateral loading condition is presented. It is unanimously believed that
the best analytical model to simulate buckling is Euler modePR[/].

In reference [27] the stability of columns are discussed and thduler
formula is derived. By means ofEuler formula the critical load and the
corresponding critical normal stress in the columns can be determined. In
the present work the derivation ofthe Euler formulais not shown and only
the final result is presented below. Considering a columABwith the length
of L under unilateral loading condition (load P), Figure 3 - 1, the Euler
formula is presented n Equations 31 to 3-4.

“ 0

0
Ry : 3-1
0 " 0iji (3-1)
Where
q, One fixed end, one free end
, Both ends pinned (3-2)
’ ™ , One fixed end, one pinned enc
™ , Both ends fixed
‘O
L (3-3)
0
And
&
0 — (3-4)

O
a)
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Figure 3 1. View of the column AB with the length of L under unilateral load P before and after
buckling

In Euler formula (Equation 3-1) Ois the modulus of elasticity,’Gs moment
of inertia of the section,i is the radius of gyration,0 is length of the column
and 0 is the effective length of the column which is formulated according
to the length of the column0. Value of the effective lengtih depends on
the boundary conditions which areshown in Figure 3- 2.

0 ji is called slenderness ratio of bar and it defines the condition in which
the Euler formula is valid. Euler formula (Equation 3-1) is inversely
proportional to slenderness ratio of the column. As slenderness ratio
decreases the critical load increases up to a point at which Euler critical
stress, becomes higher than yield strength, . If the value obtained for
critical stress,, is larger than yield strength,, of the material, this value
is of no interest to us, since the column will yield in compression and cease
to be elastic before it has a chance to buckle.

To better understand this condition the diagram of, versus 0 ji is
plotted by considering yield strength of Aluminium alloy Al2024T3 (which
is equal to 269276 MPa),Figure 3- 3. From this graph it is evident that to
use the Euler formula for a column made by Aluminium alloy Al2024°3,



Preliminary Numerical Analysis 51

the geometry and ending conditions have to be such that the slenderness
ration is less than 51.

Figure 3 2: Effective length of column for various end conditions. a) One fixed end, one free end
b) Both ends pinned) One fixed end, one pinned end d) Both ends fixed
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Figure 3 3: Graph of Critical Stre€h. ,versus slenderness raﬂq’ mwvhich shows the condition
of the Euler formula validation
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In order to have a comparson between analytical and numerical models
the geometry and mechanical properties of the bar in both simulations have
to be same. To have a similar mechanical properties and the same boundary
conditions as the experimental tests, the material of the basiconsidered as
Aluminium alloy Al2024-T3 and both ends of the bar are assumed to be
clamped. Afterwards an arbitrary geometry is selected respecting to the
conditions showed in Figure 3 - 3. The section of the baris considered
square with the area of w. The selected geometry and mechanical
properties are summarized inTable 3 1.

Table 3 1: The selected geometry and mechanical propertiekeobar with squared section
made by Aluminium alloy Al20273

+oo |doo |Fd ¢ v |d,00 | koo 4 7>
30 1000 72400 0.3 500 67500 57.74 > 51 (OK
* Ref. [28]

Before using Euler formula to calculate the ctical load for such a column
the slenderness ration has to be checked whether it is more than 51 or not.
Using Equations 32 to 3-4, the slenderness ratio was calculated and the
value is about 58 which is more than 51 and it means that we can use the
Euler formula to determine the critical load. Afterwards, considering the
selected geometry and mechanical properties reported in above table, the
critical load was calculated by means of Equation-3. The data of the
slenderness ratio and critical load is sumrarized in Table 3 2.

Table 32: Calculated Slenderness ratio and Critical load
L
J- OO ELono =|iT> "‘J"L L d

500 67500 57.74 > 51 (OK 192.9
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3.1.2 Numerical Methods to model In-Plane Compression of bars

As it has been explained at the beginning of this chapter, there are three

different approaches to simulate inplane compression by means of
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three approaches are implemented to simulate a bar with the same

geometry and mechanical properties that was used to solve the analytical

model, reported inTable 3 1.
3.1.2.1 Linear Perturbation -Buckle Approach

The first and the most popular approach to simulate buckling numerically is
the Linear Perturbation-Buckle. So as the first attempt, the column is
simulated using this approach. To simulate the column using Linear
Perturbation approach, the part was considered 2BPlanar and in Sketch
module a line with the length of 1000 was drawn. Then in property Module
the properties reported in Table 3 1 was introduced and assigned to the
column, also a square section with dimension of 30x30 was assigned to it.
| £FOAOXxAOAO ET 30AD i1 AOI AABEAS Ox £0 AADT O,
Finally, different mesh sizes and mesh element types have reeonsidered
and the results have been collected. The resulting critical loads were
compared with the calculated critical load in section 3l-1 and the errors of
the numerical results with respect to analytical one were computed. The
collected data and thecalculated errors aresummarized in Table 3 3.

At first glance, it can be stated that this approach can simulate well the
buckling problem, according to the value of critical load since the error is
always lessthan 1% and even 0 in some cases. Moreover, it is clear that the
effect of mesh size or number of elements along the length of the column is
negligible. Increasing the element number by twenty times the error is
unchanged. Another important thing which isevident from Table 3 3 is
that the influence of the element type is negligible as well.
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Table 3 3: Results of the Numerical simulations of the column using Linear PerturBataie
Approach

Number of elements  Elementtype  [lu,. oo bd  fu,r. LEd Error %
5 Linear 193.55 192.93 0.32
10 Linear 192.97 192.93 0.02
20 Linear 192.93 192.93 0.00
30 Linear 192.93 192.93 0.00

100 Linear 192.93 192.93 0.00
5 Quadratic 192.41 192.93 0.27
10 Quadratic 191.28 192.93 0.86
20 Quadratic 191.20 192.93 0.90
30 Quadratic 191.20 192.93 0.90

100 Quadratic 191.20 192.93 0.90

Regarding shape of the specimen, it can be said that this method can show
different buckling modes (Figure 3 - 4) which are not as a matter of
importance for us and only first mode is important, which corresponds to
first failure instant of the column. Unfortunately, this approach does not
give us any information about the shape, stress, displacementcetduring
the test and it only can represent the final results for different modes of
buckling and it can be considered as a disadvantage for it.
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Figure 3 4: Overview of the first 6 buckling modes of a column undiéateral loading
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3.1.2.2 GeneraiStatic Riks Approach

The LoadDisplacement (also called Riks) analysis is generally used to
predict unstable, geometrically nonlinear collapse of a structure [26].
Geometrically nonlinear static problems sometines involve buckling or
collapse behavior, where the loaelisplacement response shows a negative
stiffnress and the structure must release strain energy to remain in
equilibrium. Several approaches are possible fomodeling such behavior.
One is to treat thebuckling response dynamically, thus actually modeling
the response with inertia effects included as the structure snaps. This
approach is easily accomplished by restarting the terminated static
procedure and switching to a dynamic procedure when the stati solution
becomes unstable. In some simple cases displacement control can provide a
solution, even when the conjugate load (the reaction force) is decreasing as
the displacement increases.

Static Riks analysis gives us the result of Load proportionalitifactor (LPF)
versus Displacement. The actual load can be calculated by multiplication of
the LPF and the applied load (in Load Module). Moreover, as a limitation,
the maximum value for LPF, Displacement or both of them can be
introduced in Step module. Hovwever as the second attempt a simple bar,
with same geometry as the one used in linear perturbation analysis has
been modelled using Static Riks in step module. But after performing the
analysis there was no buckling (no sudden change in LHBisp. diagram)
and the reason was that there was no nonlinearity in geometry, since Static
Riks can be applied for analysis of geometrically nonlinear problems,
claimed by [26].

Therefore, some nonlinearity like a small notch or a hole should be
introduced or as the bes solution the column can be placed slight oblique
(with respect to load direction) to give a chance to the column in Static Riks
analysis to buckle. If we consider ordinate as the load application direction,
the column was designed such that the centraife of the column was 0.06
degree oblique with respect to ordinate, ashown in Figure 3 - 5. In this
figure to have a better representation the obliqueness of the column was
exaggerated.
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Figure 3- 5: View of the oblique column designed for Static Risk analysis

After making the column oblique with respect to load direction, the
buckling happened according to LPWisplacement graph since there was a
sudden drop which corresponds tobuckling of column. By multiplying the
applied load with LPF the actual load was calculated and the graph of Actual
Load versus Displacement was plottedsigure 3- 6. As can be seen the rate
of load increasing vesus displacement has a sudden change which is
indicated in the graph and it regards the failure of the column.
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Figure 3 6: Graph of Actual load versus Displacement for the column under unilateral loading

On the contrarywith Linear Perturbation Method, in Static Riks approach it

is possible to check the shape, displacement, stress, etc. of the specimen
during the test. This time even if the static Riks approach can show the
variation of shape, stress and displacement dumg the test, but it cannot
give us a good final result representing critical load of buckling, buckling
mode and shape of the component after failure. As can be seerfigure 3-

7 (which represents the shape of lhe column after failure) the shape of the
column is totally different from the expected one that was well simulated
by previous method shown inFigure 3- 4-mode 1.

Many tries have been done to optimize the simation and get a result close
to analytical one. Tries were done changing the maximum displacement,
changing load, number of increments and finally mesh size. fable 3 4
results of some of theries are reported. In the worst case there is an error
of 960% and after many attempt the best case had an error of 98%
compared to analytical solution. Therefore, due to big error in results and
buckling shape, it has been concluded that Static Riks approach is not a
goodone for our case.
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Table 34: Summary of some tries to optimize the Static Riks Method

# |%,.<>D"-‘J ||-#,=|=.=|=EJ Error %
1 2045.96 192.93 960.46
2 1062.34 192.93 450.63
3 405.58 192.93 110.22
4 384.9 192.93 99.50
5 383.53 192.93 98.79
6 382.62 192.93 98.32
7 382.23 192.93 98.12

0¢ 13 1803335 Doy ligme Tire 2013

Figure 3 7: Final shape of the column under unilateral loading using Static Riks method



60 Chapter 3

3.1.2.3 General-Dynamic Explicit Approach

The explicit dynamics procedure performs a large number of small time
increments efficiently. An explicit centratdifference time integration rule is
used; each increment is relatively inexpensive (compared to the direct
integration dynamic analysis procedure available in Abaqus/Standard)
because there is no solution for a set of simultaneous equations. The
explicit central-difference operator satisfies the dynamic equilibrium
equations at the beginning of the increment, t; the accelerations calculated
at time t are used to advance the velocity solution to tim® Y®¢ and the
displacement solution to time® YO [26].

An explicit dynamic analysis is computationally efficient for the analysis of
large models with relatively short dynamic response times and for the
analysis of extremely discontinuous events or procgses and can be used to
perform quasi-static analyses with complicated contact conditions.

The use of small increments (dictated by the stability limit) is advantageous
because it allows the solution to proceed without iterations and without
requiring tangent stiffness matrices to be formed. It also simplifies the
treatment of contact.

The explicit dynamics procedure is ideally suited for analyzing higispeed
dynamic events, but many of the advantages of the explicit procedure also
apply to the analysis ofslower (quasi-static) processes.In a quaststatic
analysis it is expedient to reduce the computational cost by either speeding
up the simulation or by scaling the mass. In either case the kinetic energy
should be monitored to ensure that the ratio of kietic energy to internal
energy does not get too large, typically less than 10926].

Regarding our case (implane compression of the bar), the procedure of
simulation after step module has to be changed. Step module must be
defined as GeneraDynamic Explcit and in this module the time period of
the test has to be determined which is a key factor and can strongly
influence the test results because changing the time period changes the
speed of the test. In the following the way how this factor was studiets
explained.
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One of the best ways to simulate buckling with Dynamic Explicit approach
is to compress the column unilaterally by imposing displacement to one
side of thecolumn, Figure 3- 8. Thenthe reaction force on the other side of
the column is measured in order to obtain the Loadisplacement curve.
The amount of imposed displacement is significant because first of all it has
to be high enough to guarantee the buckling of the column will happen and
secondly t influences the speed of the irplane compression test as much as
the time period affects it. In this problem, the total imposed displacement
over time period defines the test speed. Regarding test speed, attention has
to be particularly paid to ratio of kinetic energy to internal energy which
was explained previously (the ratio of kinetic energy to internal energy has
to be typically less than 10%).

shm—> Imposing
displacement to the

~raliimn

Measuring the
= E reaction force

Figure 3 8: column under imposed displacement

The graph of Load andisplacement versus Time corresponding to one the
tries is presented in Figure 3 - 9. In this graph the displacement is
measured from top of the column that is imposed and Load is measured
from the bottom of the mlumn. By exporting data of Displacement and Load
it was possible to plot the graph of Load versus Displacemeriigure 3- 10.
As can be seen from both graphs in the instant of the failure there is a
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sudden drop n LoadDisp. and LoadTime curves. The correspondindoad
is considered as critical load.

Displacement
Force

Titne

Figure 3 9: Graph of Load and Displacement versus Time using Géharaimic Explicit
approach
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Figure 3 10: Graph of Load versus Displacement using Geignadmic Explicit approach

A number of tests have been performed by changing speed of the test
(varying displacement and time) and mesh size. At first, the mesh size was
kept constant and the effect ofest speed on the results was evaluated. The
global mesh size was selected as 10mm and the test speed was changed
from 400 to 1mm/s. At each time the graph of load versus displacement
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was plotted and the critical load was extracted from the graph. Afterwas
critical loads exported from numerical analyses were compared with the
one calculated analytically in section 3l-1 and the errors were computed.
The collected and computed data including critical loads and errors are
summarized in Table 3 5. To understand better the influence of speed on
the results the graph of error versus inverse of speed is plotted, shown in
Figure 3- 11.

It is evident that as the inverse of thedst speed increases, which means the
test speed reduces, error decreases up to about zero. As can be seen the
error for high speeds is large while for low speed it is impressively low
even negligible. Therefore the influence of the test speed on the ressilin
GeneraltDynamic Explicit approach is highlighted.

It is important to evaluate whether test speed is really the main factor or
for different combination of displacement and time which make same test
speed there are variations in critical load. In ordeto figure out it, hence,
three different analyses have been performed by considering three various
combinations of Disp. and time having the same speed. Then for each
analysis the loaddisplacement curve was plotted and critical load has been
exported. The collected data for these three different analyses are
demonstrated in Table 3+ 6. As can be observed there is a negligible
variation and almost it can be stated that different combinations of disp.
and time which results in same speed have no effect on the critical load of
buckling and only test speed can influence the buckling load.
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Table 35: Influence of test speed on Critical load in GeAByalamic Explicit approach for
global mesh size of 10

Global mesh size = 10
disp. . speed 1/speed Error
# [mm] time [s] [mm/s] [s/mm] | e 00 Ld ”'4% > +II'_ 4 %
1 -20 0.05 400 0.0025 991.38 192.93 80.54
2 -20 0.1 200 0.005 750.21 192.93 74.28
3 -20 0.2 100 0.01 523.09 192.93 63.12
4 -10 0.5 20 0.05 302.18 192.93 36.16
5 -10 1 10 0.1 248.69 192.93 22.42
6 -10 2 5 0.2 219.35 192.93 12.04
7 -8 4 2 0.5 198.81 192.93 2.96
8 -8 8 1 1 193.27 192.93 0.18
100 : : : : :
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Figure 3 11: Graph of Error of critical load versus inverse of speed which shows the influence of
test speed on Critical load GeneraDynamic Explicit approach for global mesh size of 20

1/Speed [s/mm]
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Table 36: Influence of different combinations of Displacement and Time which make same test
speed on Critical load

Global mesh size = 10
disp. . speed 1/speed Error
mm] e e simm] s oot s 454 T
1 -8 4 2 0.5 198.81 192.93 2.96
2 -10 5 2 0.5 199.04 192.93 3.07
3 -20 10 2 0.5 198.56 192.93 2.84

The influence of meh size on critical load can be studied by keepirlge
speed of the test unchanged and varying the mesh size. Accordingly, this
evaluation was done by keeping the speed test one time as 20 mm/s and
another time as 5 mm/s. Then at each time 3 different mesh sizes were
studied (global mesh sizes of 15, 10ral 5 mm). Data corresponding to this
evaluation is demonstratedin Table 3- 7. It can be seen that by reducing the
mesh size from global size of 15 to 10 and then to 5 mm, for both speeds of
20 mm/s and 5 mm/s, difference between numerical critical load and
analytical one increases, so that error increases. Since Global mesh sizes of
10 and 5 mm for a component with the geometry reported iTable 3 1 are

not too small (resuting in calculation errors), it can be deduced that the
effect of the test speed and mesh size are dependent and they cannot be
defined separately. It means that if a specific speed test can give us a good
result it is not sure if it can be a good choictr other mesh sizes. Therefore
finer mesh does not always guarantee better results in Gener&lynamic
Explicit Method (for the case of simple bar). Consequently, they have to be
studied together and tere has to be a tradeoff between test speed and
meshsize if we want to obtain a good result.
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Table 37: Influence on Mesh size on critical load in GerAgyalamic Explicit approach

# speed (,f/:obal L J L
(mm/s] esh s oo by, o4 Error %
size
15 266.15 192.93 27.51
1 20 10 302.19 192.93 36.16
5 315.71 192.93 38.89
15 191.03 192.93 1.00
2 5 10 219.35 192.93 12.04
5 231.01 192.93 16.48

GeneralDynamic Explicit Method not only @n give us good results for the
value of the critical load, but also it can represent well the shape of the
component both during the test and after failureFigure 3- 12 shows how
well this approach can demonstrée the way that column buckles (it gives
us information about stresses, displacements, etc. before during and after
failure). It can be considered as an advantage for this method compared
with Linear Perturbation-Buckle one, because Linear PerturbatioBucdkle
approach cannot give any information about the component during the test,
it only gives us information of the final step.
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Figure 3 12: Shape of the column under unilateral loading simulated by GeBgramic
Explicit @proach before, during and after failure
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3.1.3 Conclusion corresponding to simple bar evaluation

In section 3-1-2-1 we saw that corresponding to simulation of a simple bar
the Linear Perturbation-Buckle approach can represent well bottthe final
value of critical load and final shape of the component but it cannot give
any information about the column when it is under loading but not buckled
yet.

Later in section 31-2-2 we studied about GeneralStatic Riks approach and
we have seen thatin simulation of in-plane compression it is a poor
approach and the results of the critical load and buckling shape both are
totally wrong.

In section 31-2-3 the GeneralDynamic Explicit approach was evaluated
and it was concluded that it is a good appmch for simulating buckling
problem because by means of this method it is possible to reach good
results for both final value of critical load and final shape of the component.
Moreover this approach can show us the changes in the component while
time pases. We can see the changes in stresses, displacements, component
shape, etc. while test is going on and we can plot the curve of Load versus
Displacement from the beginning of the test till end. This can be considered
as the main advantage of this method ith respect to Linear Perturbation
Buckle one.

On the other hand, it was depicted in section-3-2-3 that the test speed has
to be low to obtain good results and it makes the analysis very time taking.
Therefore, although it is possible to see the phenomea step by step in
Dynamic Explicit analysis, it is time consuming and it lasts much longer
than Linear Perturbation one. In some cases this very slow velocity of the
test makes the analysis last for several days. And it is the main shortcoming
of DynamicExplicit method.

However, according to investigation of a simple bar, it is not easy to decide
which approach is the best one to simulate kplane compression. Some
further studying is needed which are done in the following sections.
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3.2 Investigations of Simple Plates

After evaluating the simplest case which is a simple bar and after evaluating
different possible approaches to simulate buckling problem numerically,
now this is the time to go to the next step and investigate a simple plate.
Investigation should start from analytical model and then performing
previously accepted numerical models which are Linear Perturbation
Buckle and GeneraDynamic Explicit. Finally they are compared with the
analytical model and their pros and cons are discussed.

3.2.1 Analytical Method to model In-Plane Compression of Plates

To be closer to experimental tests we will consider a plate with same
boundary conditions as the experimental tests for sandwich panels (two
sides free and two sides clamped which is called CF) and same geometry
and material as skins of the composites. So the size of the component is
considered as 137.5x137.5x1.5 miand its material as Aluminium alloy
Al2024-T3. When an inplane compression test is performed on a plate with
such a constrains (CFCF) the plate can be considered as a wide column
theoretically while the slenderness ratio limitation is respected which
depends of the geometry and material. Therefore, if the slenderness ratio is
more than the limitation we can consider the plate as column and we can
use the Euler Formula to find the buckling load. Regardingigure 3 - 3 in
section 31-1, the slenderness ration for this material (Aluminium alloy
Al2024-T3) has to be more than 51. SO this ndition was inspected and it
was deduced that it is possible to use Euler Formula to find the critical load
of such a plate because the slenderness ratio for our plate is 159 which is
more than 51. The considered geometry and the calculated slenderness
ratio are reported in Table 3 8.

Table 38: Geometry and slenderness ratio of the considered Plate

+0o0 Jmrlad (400 gdht 0| 4

15 137.5 68.75 72400 | 0.3 | 159 >51(OK
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Finally the critical load for such geometry was calculated by means of Euler
Formula (Equation 3-1) and the result is shown inTable 3- 9.

Table 39: Critical load of the plate calculated by Euler Formula
i L
Constraint 4,00 Loo 4 7> (FRCE ‘

CFCF 68.75 38.67 159 > 51 (OK) 5.846 ‘

3.2.2 Numerical Methods to model In-Plane Compression of Plates

In section 31-1 different numerical approaches were discussed for bars
and it was seen that he Static Riks method is not a good method to model
in-plane compression problems while the other two models, Linear
Perturbation-Buckle and GeneraDynamic Analysis, seem good for such
investigations. In section 31-3 advantages of these two models were
remarked and it was concluded that they are comparable and they have to
be studied more. In this section the mentioned plate in section-3-1 is
modeled using Linear PerturbationBuckle and GeneraDynamic Explicit
methods and again their pros and cons wilbe discussed.

3.2.2.1 Linear Perturbation -Buckle Approach

Since one of the best approaches to simulate a simple bar is Linear
Perturbation-Buckle, approved in section 31-2, it is considered as the first
attempt to simulate in-plane compression of plags. The plate can be
simulated with 3D-Solid or 3D'Shell elements. In this section the evaluation
are divided into two parts the first evaluation is done on the plate
simulated by 3D-Solid elements and the second part on the plate simulated
by 3D-Shell elanents. Figure 3- 13 shows two plates, one designed by 3D
Solid elements and the other one by 3[3hell elements.Different mesh
sizes have been considered and the results have been compared with the
result of the analytical solution. A summary of results considering different
mesh size and mesh elements is depicted Trable 3 10.

Table 3 10 is divided into three parts, in the first part different element
types are considered while mesh size is kept unchanged. It is evident that in
each fixed mesh size by switching from Linear elements to Quadratic one
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the error is reduced but it needs too much RAM of PC due to high number of
nodes.Although the Quadratic mesh element type can improve the results,
its effect is not highly considerable and it can be almost negligible.
Therefore, since the effect of changing from Linear element type to
Quadratic is negligible and since the Quadratic onmake the analysis so
slow due to high number of nodes, it was decided to use Linear element and
optimize the mesh size.

In the second part the effect of the number of elements in the side of the
plate (plate thickness) is evaluated. It is clear, indeedhat by increasing the
number of elements from 1 to 2 and then to 3 on the plate side error
decreased and results have become better. But by increasing the number of
elements of the plate side from 3 to 5 the error starts increasing. Therefore
attentions must be paid not to increase number of elements on the plate
side too much because by increasing the number of elements in fact we are
reducing element size and it may lead to calculation and mathematical
errors. As a result of second section evaluation, nuper of elements on the
plate side will be considered 3 in the following section and it will stay
unchanged while total mesh size will be altered.

In the third section total mesh size is decreased gradually from 13 to 1,
while mesh size on the plate side mmains 0.5. As the global mesh size
dropping from 13mm to 8mm the error is reducing from 3.5% to 0.1%, but
then by decreasing more the global mesh size from 8 to 1 the error starts
increasing from 0.1% to 4%. It is remarkable that there is an optimal global
mesh size which is 8mm in this case. Thus in this approach when simulating
plates, tries should be done to find the optimal mesh size. Compare to
section 3-1-2-1 (Linear Perturbation-Buckle for simulating bars) it is clear
that this method is much more sasitive to mesh size in simulation of plates
than bars. The graph of Error versus Global Mesh Size only for third section
is plotted in Figure 3- 14. In this graph by increasing the test number the
global mesh sie is decreasing and it is obvious by looking afable 3 10.
According to this graph again it can be seen that by moving from left to
right (reducing mesh size) at first error decrease up to the optimum point
with error less than 1% and then it grows again.
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Figure 3 13: Two plates designed by a)-3lid elements and b) by Ehell elements

Table 3 10: Effect of mesh size on the critical leaglng 3Dsolid elements in Linear
PerturbatiorBuckle Approach

Global
# elzlrirgr?fglglg mesh El_?ment bse o otd upr. L4 Error %
plate thickness size Vleis
3 3 Linear 5.66 5.85 3.2
3 3 Quadratic 5.70 5.85 2.6
! 5 2 Linear 6.09 5.85 4.0
5 2 Quadratic 6.04 5.85 3.2
1 3 Linear 63.79 5.85 90.8
5 2 3 Linear 478 5.85 22.3
3 3 Linear 5.63 5.85 3.8
5 3 Linear 6.09 5.85 4.0
3 13 Linear 6.06 5.85 3.5
3 11 Linear 5.95 5.85 1.8
3 9 Linear 5.89 5.85 0.7
3 3 8 Linear 5.84 5.85 0.1
3 7 Linear 5.79 5.85 0.9
3 5 Linear 5.73 5.85 2.0
3 3 Linear 5.66 5.85 3.2
3 1 Linear 5.62 5.85 4.0
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Figure 3 14: Graph of Error versus Global Mesh Size while number of elements on the plate side
is constartBy moving from left to right the global mesh size is decreasing

After evaluation the Linear PerturbationBuckle method while usng 3D-
Solid elements for simulation of the plate, now this is the time to investigate
this approach while 3DShell elements are used for simulation of the plate.
Therefore, the plate was design using 33hell elements Figure 3 - 13-b)
and like the previous part different mesh sizes were evaluated. This time
we cannot decide about the number of elements in the plate side
(thickness) since we have used Shell elements and only we can change the
global mesh size. Manyttempts were done by changing the global mesh
size and mesh element type but it was seen that mesh size has no effect on
the results and the error stays approximately constant by changinglobal
mesh size and mesh element type. Data demonstrating thestteanpts are
summarized inTable 3- 11. Accordingto this table the Global mesh size was
changed from 5 to 1 and in all cases both Linear and Quadratic element
types have been considered but the error of numericalritical load with
respect to analytical one was always about 7.5%. Consequently, it is
concluded that using 3Dshell elements in simulation of Plates with two
sides free and two sides clamped under #plane compression is not good
and it is better to use -Solid elements.
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Table 311: Effect of mesh size on the critical leaging 3BShell elements in
Linear PerturbatiosBuckle Approach

Cloaimesh  EMN hpoold yup g3 Eroros
5 Linear 6.36 5.85 8.1
5 Quadratic 6.31 5.85 7.3
4 Linear 6.34 5.85 7.8
4 Quadratic 6.31 5.85 7.3
3 Linear 6.33 5.85 7.6
3 Quadratic 6.31 5.85 7.3
2 Linear 6.32 5.85 7.4
2 Quadratic 6.31 5.85 7.3
1 Linear 6.31 5.85 7.3
1 Quadratic 6.31 5.85 7.3

Regarding shape of the specimen, as it was highlighted in sectiorl2-1, it
can be said that this method can show different buckling modes (shown in
Figure 3- 15) which are not as a matter of importance for us and only first
mode is important, which shows the first failure instant of the column.
Again it is remarked that this approach does not give us any information
about the shape, stress, displacement etduring the test and it only can
represent the final results regarding different modes of buckling and it can
be considered as a disadvantage for it.
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Figure 3 15; Different modes of buckling of the plate with CFCEteaints and under in
compression loading simulated using Linear PerturbaBiookle Approach

3.2.2.2 GeneratDynamic Explicit Approach

The logic of GeneraDynamic Explicit approach was explained in section-3
1-2-2. The steps of simulation by means ofhis approach were also
discussed in that section. With same procedure as simple bar, the
mentioned plate (single skin) with the geometry and material reported in
Table 3 8 was simulated considering 3D Solid defonable elements and
CFCF as constraints. This time since we have -8dlid elements to impose
displacement and to measure the reaction force, itnteraction Modulethe
two clamped sides were coupled with two reference points a little further
than the sides(in the middle plane of the plate), shown irFigure 3- 16.
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The upper reference point
where displacement is imposed
downward

The lower
reference point
where reaction

‘i.force is measured\)

Zz X

Figure 3 16: Representation of the Coupling between the two clamped side of the plate with
two reference points

As itwas explained in section 31-2-2 the main parameters to be studied in
this approach areSpeed tesand Mesh SizeAccordingly, in the first part by
keeping the test speed unchanged the effect of mesh size on the critical load
is investigated and then in he second part by keeping the mesh size (which
is chosen in the first part) constant the influence of test speed on the results
is studied.

To evaluate the influence of the mesh size, the test speed was made fixed as
60 mm/s and the mesh size was changedb6th Global mesh size and
number of elements in the plate thickness). Firstly, the Global Mesh Size
was kept unchanged as 5mm and the number of the elements in the plate
side was changed from 1 to 3 and then to 5 (During all these tests the test
speed wasconstant and equal to 60 mm/s). Secondly the number of
elements in the plate side kept constant as 3 and the Global Mesh Size was
changed from 8 to 5 and finally to 3. Data of the evaluation of mesh size is
presented inTable 3 12.

From the first part of the Table 3 12 it is evident that by increasing the
number of elements along plate thickness and keeping all other parameters
including global mesh size and test speed uhanged, the results get better
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and error reduces. In other words by refining the mesh size along the plate
side the error drops. According to evaluations as the number of elements
along thickness increases from 1 to 5 (maintaining other parameters
constant, Global mesh size 5mm and test speed 60 m/s) the error of the
numerical critical load with respect to the calculated analytical one reduces
from around 88% to 79%.

Studying the second part of thelable 3- 12, it can be said that by reducing
the global mesh size while other factors (number of elements along
thickness and test speed) are kept constant, the difference of numerical
critical load and calculated analytical one reduces. As can be seen from this
table, when the Global mesh size decreases from 8 to 3 the error drops from
about 85% to 80%.

Therefore it can be concluded that as the mesh size is being refined the
results are improved. But the important problem is that by refining the
mesh size the analysis beguoes slower and then more time consuming.
Moreover attentions have to be paid because by refining the mesh size a lot,
it can result in the computational or mathematical errors.

Table 312: Effect of Mesh Size on the Criticahd.&eeping Test Speed unchanggeheral
Dynamic Explicit Approach
Test Speed = 60 mm/s

Global Number of
# Mesh elements along |k . oo L4 by, o4 Error %
size thickness
5 1 49.98 5.85 88.30
1 5 3 34.41 5.85 83.01
5 5 27.83 5.85 78.99
8 3 39.81 5.85 85.31
2 5 3 34.41 5.85 83.01
3 3 29.75 5.85 80.35




78 Chapter 3

Afterwards to study the effect of speed test on the critiddoad the Global
Mesh Size and the number of mesh elements along thickness were kept
constant and speed of the test was changed from very high speeds to very
low ones. To do this evaluation the Global mesh size was fixed on 3mm and
the mesh size along thekness was fixed on 0.5mm (3 elements on the plate
side), then test speed was changed gradually from 1000 mm/s to 1mm/s
and at each test the loadlisp. Curve was made and the critical load was
exported. The values of exported critical load were compared i the
analytical critical load calculated in section 2-1 and the error was
calculated. Table 3 13 shows the collected numerical critical loads and
their errors with respect to analytical model for different tes speeds. From
this table it is clear that like the previous case (simple bar) as the speed of
the test reduces the error of Numerical critical load with respect to
Analytical one decreases too. By reducing the test speed from 1000 mm/s
to 1 mm/s the error drops from about 94% to around 1.5%. Since this type
of analysis (Dynamic Explicit) in low speed tests are so time consuming, for
the simulations of simple plates the speed test was not reduced more than 1
mm/s, but by plotting the figure of error versus inverse of test speed
(Figure 3- 17) it is obvious that by decreasing more the speed the error
tends to zero.

Table 313: Effect of Test Speed on the Critical Load keeping mesh stzngedGeneral
Dynamic Explicit Approach

Global mesh size = 3 Mesh size along Thickness= 0.5

# e tmefs] | PR g oold | g b S

1 -10 0.01 1000 0.001 93.49 5.85 93.75
2 -10 0.1 100 0.01 32.83 5.85 82.19
3 -10 0.5 20 0.05 9.56 5.85 38.84
4 -10 1 10 0.1 7.23 5.85 19.15
5 -10 2 5 0.2 7.24 5.85 19.23
6 -6 2 3 0.33 6.73 5.85 13.15
7 -6 4 15 0.67 6.73 5.85 13.15
8 -6 6 1 1 5.94 5.85 1.62
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Figure 3 17: Graph of Error versus inverse of test speed for simulation of plates by means of
Dynamic Explicit Method

In section 3-1-2-2 it was seen that this approach can represent well the
shape of the component before, during and after failure for a simple bar.
Here in Figure 3 - 18 again this advantage of Dynamic Explicit method is
remarked by showing the shape of the plate before, during and after the
failure. Using this method it is possible to know the changes of the
component during the test and it is an advantage compared with Linear
Perturbation approach. But this method only give good results (for kplane
compression problem) when test speed is so low and it means that this
approach is too time taking and comparedvith Linear Perturbation one it
is a big shortcoming.
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Figure 3- 18: Shape of the Plate (simulated by Gen&ghamic Explicit approach) before,
during and after failure

3.2.3 Conclusion corresponding to simple plate evaluation

In section 32-2-1 we saw that corresponding to simulation of plates the
Linear Perturbation-Buckle approach is more sensitive to mesh size than
the previous case for simple bar. It means that as the component gets more
complex the sensitivty of the approach to mesh size increases. Moreover, it
was shown that always by reducing the mesh size the results does not get
better and an optimal mesh size has to be found. This behaviour can be

considered as another drawback for this method because A AT 180 ET 1 x
what is the optimum mesh size when the geometry and material of the
ATTPITAT O AEAT CAOG8 101 A O 1 1TO0A ATI DI A«

analytical model or experimental data to validate the test results, this
method is not reliable. Howeverin this case (simulation of plates) after
finding the optimum mesh size, it can represent well both the final value of
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critical load and final shape of the component but it cannot give any
information about the column when it is under loading but not bucled yet.

In section 32-2-2 the GeneralDynamic Explicit approach was evaluated
and it was concluded that it is a good approach for simulating buckling
problem because by means of this method it is possible to reach good
results for both final value of criical load and final shape of the component.
Moreover this approach can show us the changes in the component while
time passes. We can see the changes in stresses, displacements, component
shape, etc. while test is going on and we can plot the curve of dozersus
Displacement from the beginning of the test till end. This can be considered
as the main advantage of this method with respect to Linear Perturbation
Buckle one.

On the other hand, it was depicted in section-3-2-2 that the test speed has
to below to obtain good results and it makes the analysis very time taking.
Therefore, although it is possible to see the phenomena step by step in
Dynamic Explicit analysis, it is time consuming and it lasts much longer
than Linear Perturbation one. In some cses this super slow velocity of the
test make the analysis last for several days. And it is the main shortcoming
of Dynamic Explicit method.

However, according to investigation of a simple bar and plates, it can be

concluded that the GeneraDynamic Explidt approach is more reliable than

Linear Perturbation-Buckle one. Because in Generllynamic Explicit

approach by refining the mesh size until a reasonable value (which does not

result in computational errors) and by reducing the test speed ,even if it is

time taking, results tend to a final value and by reducing more the test
OPAAAh OEA OAOGOI O xiI 180 CAO x1 OOA8 4EA
velocities and try to reduce the test speed, after each try we can compare

the result of the test with the previousone whenever we reach to a result

that has negligible difference from its previous one it can be considered as

the final result of the test. But Linear PerturbationBuckle method is highly

i AOE AAPAT AAT O AT A AU OAAOAET Cdt®dEA 1 AOE
final value and an optimal mesh size has to be found which is hard to be

found when there is no analytical model or experimental data for verifying

the numerical results.
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In conclusion, although it was deduced that Linear PerturbatioiBuckle
model is not reliable for the cases that there is no analytical model or
experimental data, still it is soon to ignore this approach because for the
sandwich panel we have reliable experimental data (chapter 1) and once
the optimal mesh size is found it can be table. Therefore, still further
studying is needed which are done in the following sections by simulating
the damaged plates.
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3.3 Numerical Investigations of Damaged Plates

To find the best method to simulate the ifplane compression est it is
needed to evaluate the damaged plates as well as simple bars and plates
with both Linear Perturbation-Buckle and GeneraDynamic Explicit
approaches. This section is divided into four parts. In the first part we
investigated how to simulate a damged plate (impacted skin) which is
needed later when we want to simulate damaged or impacted Composite
Sandwich Panels. In the second part the designed damaged skin is analysed
using Linear Perturbation-Buckle approach and in the flowing part the
designed damaged skin is analysed using Gener@llynamic Explicit
approach. And finally in the last part the methods are compared, pros and
cons of each one is discussed and one method is selected as the best
method to simulate composite sandwich panels.

3.3.1 Designing of Damaged Plate

For simulation of damage plates, data coming from experimental impact
tests has been used. As it was explained in sectionl?2 the damage profile
has been measured by means of Coordinate Measuring Machine (CMM) in
four different directions, two diagonals, one vertical and one horizontal. To
model such a plate in commercial software Abaqus the best way is to
import data of half of a measurement direction into Abaqu$?’DE and
revolve it to obtain a damaged skin. But there is a majproblem that even if
we can import the experimental points in Abaqus and pass a spline through
all the point and even if we can revolve it and make a skin with it, due to
dispersion in experimental data it is not easy for Abaqus to mesh and
analyse such askin. Therefore, the best approximation is to find the best
curve which fit with experimental data and use that curve instead of
experimental data. In such a way we have smoother curve and it is easier
for Abaqus to Mesh and Analyse such a smooth curve.

In order to find the best fit, the considered data (which regards the
experimental coordinates of half of a measurement direction) was imported
into Matlab Software. Then by means of CFTOCkigure 3 - 19, tries were

done to find the best fit. In this graph the blue points are imported points
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from experimental data (the ones measured by CMM) and the red curve is
the best fit calculated by Matlab software. Then the equation of the best fit
was exported from Matlab toExcel software in order to calculate similar
points with experimental ones by means of the fit equation. In Excel X
coordinate was considered from 0 to 120 and 1200 points were considered
which means the difference between each two consecutive points isldike
the Experimental Measurements. Then by using the fit equation, the
coordinate of the points on Y direction was calculated for each point. Thus
now we have 1200 pairs which represent smoothly the damage profile.

Finally by importing the calculated mints (from excel software) and
substituting them into codes in Abaqus PDE a spline representing half of
the damage profile of one direction was drawn. Then the drawn spline was
duplicated and placed parallel to the first spline with the distance equal to
skin thickness. Afterwards the sketch was closed by two simple lines as
long as skin thickness. Now to build the skin the closed sketch was made
revolving 360 degree around a line which was parallel to the depth
direction and passing from the maximum depthof penetration. But the built
skin is circular and is needed to be cut. Thus by using cut extrude feature
the skin was cut to be in square shape like an impacted skin. A brief
schematic description of the mentioned procedure is depicted ifigure 3 -
20.

f(x) = (0.1448*x"3 + 3.54*x"2 - 1635*x + 145.6) / .
(x"3 +1.061*x"2 + 172.6*x - 15.28)

| | | | | | | | | |
10 20 30 40 50 60 70 80 90 100 110

Figure 3 19: curve fitting using Matlab softwareBlue dots are the points imported from
experimental data and red curve is the fitted curve for which the equation is given
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Figure 3- 20: Schematic explanation of the procedure of simulation of the damage pl















































































































































































































