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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 their structural 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. 
Sandwich 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 consequently tested 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 reduction 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 element models have been 
adopted to reproduce sandwich panels subjected to CAI tests. The results of 
the numerical model, regarding both the estimation of the buckling load and 
ÓÐÅÃÉÍÅÎȭÓ ÓÈÁÐÅȟ ÃÌÏÓÅÌÙ ÍÁÔÃÈ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÄÁÔÁȢ !Ô ÔÈÅ ÅÎÄȟ Ô×Ï 
analytical models 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 honeycomb 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 scale. Generally, a 

composite material is composed of reinforcement (fibers, particles, flakes, 

and/or fi llers) 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 combined material 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: 

ü Long term durability 

ü Light weight 

ü High strength-to-weight ratio 

ü Directional strength and/or stiffness 

ü Corrosion resistance 

ü Weather resistance 

ü Low thermal conductivity 

ü Low coefficient of thermal expansion 

 

Strength-to-weight ratio is a crucial factor in transportation. Therefore 

demands for 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, trains, etc. Weight reduction results 

in a drop in fuel consumption, while keeping a relevant reliability and a 

good performance as well. 

Among all, a sandwich-structured composite is a special class of composite 

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.  

 

 

Figure 1 - 1: Schematic configuration of Sandwich composite with cellular (honeycomb) core 

 

In the present research the chosen composites, 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 thickness 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 low 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 

Core 

(Honeycomb)  

Skin 

Skin 

Glue 

Glue 

http://en.wikipedia.org/wiki/Bending
http://en.wikipedia.org/wiki/Stiffness
http://en.wikipedia.org/wiki/Density
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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 to investigate 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 impact 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 Un-impacted 

(healthy) Panels. The experimental data 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 panels for the research (Honeycomb sandwich composite 

with Aluminium skins and Nomex core) 

The idea is to find a methodology able to describe, effectively and 

quantitatively, the residual strength of the damaged panels in order to 
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optimize their design. The adopted solution is to develop a compression 

after impact (CAI) experimental campaign following the C 364/C 364M ɀ 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 

ÅØÈÉÂÉÔ ÈÉÇÈ ȰÔÁÉÌÏÒÉÎÇȱ ÄÅÓÉÇÎ ÃÁÐÁÂÉÌÉty, their ductility is an interesting 

property in a balanced design process where impact loadings are a possible 

and an actual risk. The research carried out in [4] regards a CAI test on 

similar sandwich panels with thin brass skins 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 authors further 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 sandwich panel having a Nomex honeycomb 

core but a woven fabric carbon epoxy face-sheet. They also developed a 

semi empirical model able to describe the CAI test. In [6]  the authors 

studied experimentally the impact and the CAI 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 sheets. 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 bending test was exploited in [10] to evaluate panels 

having aramid paper fold-cores and carbon-fibre 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 the failure 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 aluminium skins 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).  

 
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 complex 

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 can be placed). Authors in [4] has modeled the 

Hexagonal Nomex Honeycomb by a grid of non-linear 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. 

 

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 or honeycomb 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 
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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 of 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 load of impacted 

sandwich panels and as a result to predict the residual strength of impacted 

sandwich panels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2 
Analysis of Experimental Data  
 

To obtain the objective of the project a series of experimental tests has to 

be done. Therefore several Impact tests with diverse impact energies on 

both configurations are needed in order to determine the mechanical 

behavior of the sandwich panels. Following in-plane compression tests on 

the impacted and un-impacted panels allows estimating the residual 

strength of the impacted panels. The experimental tests were done already 

in a previous work (master thesis of Eng. Michela Icardi[21]). What is 

missing in above mentioned thesis is a deep analysis of experimental data 

which will be addressed in the present 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 of 0.9 mm have a core with thickness of 20.2 mm, while the ones 

with skin thickness of 1.5 mm have a core with thickness of 19 mm. 

Although the total thickness (ὸ ςὸ) of both configurations is same, the 

skin thickness to core thickness ratio (ὸ ὸϳ ) differs. A schematic view of 

sandwich panels can be observed in Figure 2 - 1. 

 

 
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 in Figure 2 - 2. Size 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 air compression 

under the mass tube (while mass is dropping) some holes had been placed 

with equal distances. Furthermore, proper frames have been considered to 

hold the specimen while mass is dropping, Figure 2 - 2. 

 

 
Figure 2 - 2: a)  Configuration of Drop Test Apparatus b) Impacting mass or mass tube c) 

View of the frames which hold the sandwich panel for impact test. 

 

a) b) 

c) 
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It was possible to perform impact tests with different heights and different 

masses; hence, it was possible to change 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 to adjust the potential energy in a range from around 15 J to 240 J. 

Though it is possible to simply convert the potential energy to kinetic 

energy, it was not performed in this research. Because in such a case the 

dissipation of the energy (due to contact of slider with the walls, air 

compression and so on) had to 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 a system of data acquisition have been 

used to measure the correct energy in the impact moment. The laser device 

could measure the velocity of mass tube in the impact moment thanks to 

the data acquisition system which 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 specimens had to be measured to study 

the mechanical behavior and response of sandwich panels to impact test, 

and it has been done by a Coordinate Measuring Machine (CMM), Figure 2 - 

4. The Coordinate Measuring Machine was of the type Zeiss Prismo 5 

HTG [22].  
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Figure 2 - 4: Configuration of Coordinate Measuring Machine (Zeiss Prismo 5 HTG) 

 

Each specimen measurement has been performed in an area of 240x240 

mm2 to assure that it covers the entire deformed region. The measurements 

have been done in various orientations, including vertical, horizontal and 

two diagonal, Figure 2 - 5. The origin of the coordinate machine was set on 

the minimum point of surface deformation which is the maximum depth of 

penetration and scan was done acquiring the deformation every 0.1 mm. 

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

mm to +120 mm and the deformation of 2400 points were measured. 
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Figure 2 - 5: Coordinate Measuring Machine performing measurement on an impacted 

specimen 

 

Finally, the results of the measurements of the profile of damage for each 

specimen (including both configurations with skin thickness of 0.9 mm and 

1.5 mm) in X and Y directions are shown in 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 difference between damage profiles in different 

ÍÅÁÓÕÒÅÍÅÎÔ ÏÒÉÅÎÔÁÔÉÏÎÓ ÉÎÃÌÕÄÉÎÇ 8ȟ 9ȟ 8ȭ ÁÎÄ 9ȭȢ  

For panels with skin thickness of 1.5 mm, it was possible to perform all the 

tests with different impact energies (ranging from 15 J to 241 J) without 

any failure. But for other configuration, containing thinner skins, in two last 

impact tests with Impact Energies of 185 J and 217 J, there was rupture; 

hence, they have been omitted from measurements and data analysis. Some 

samples of impacted sandwich panels with and without rupture are 

demonstrated in Figure 2 - 14. 
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Figure 2 - 6: Damage profile measured by CMM in X direction for the panels with skin 

thickness of 0.9 mm 

 

 
Figure 2 - 7: Damage profile measured by CMM in Y direction for the panels with skin 

thickness of 0.9 mm 
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Figure 2 - 8: Damage profile measured by CMM in X direction for the panels with skin 

thickness of 1.5 mm 
 

 
Figure 2 - 9: Damage profile measured by CMM in Y direction for the panels with skin 

thickness of 1.5 mm 
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Figure 2 - 10: Damage profile measured by CMM in diagonal direction ɉ8ȭɊ for the panels with 

skin thickness of 0.9 mm 

 
Figure 2 - 11: Damage profile measured by CMM in diagonal direction ɉ9ȭɊ for the panels with 

skin thickness of 0.9 mm 
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Figure 2 - 12: Damage profile measured by CMM in diagonal direction ɉ8ȭɊ for the panels with 

skin thickness of 1.5 mm 

 

 
Figure 2 - 13: Damage profile measured by CMM in diagonal direction ɉ9ȭɊ for the panels with 

skin thickness of 1.5 mm 
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Figure 2 - 14: a) Upper and lower located skins of an impacted panel but non-torn b) Upper 

and lower located skins of an impacted ruptured panel 

 

By means of 3D-Plot feature of Matlab software, it has been possible to plot 

data obtained from the Coordinate Measuring Machine in order to have a 

good overview on the shape of the damage resulting from impact test. As an 

example, such a graph has been plotted using data exported for the 

specimen impacted by impact energy of 217 J, shown in Figure 2 - 15. 

 

a

) 

b

) 
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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 are Maximum 

Depth of Penetration (MDP) and Opening Width (OW) of the damage. In the 

following we will discuss how to find these two factors from measured data.  

To find OW a convention has been considered 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, therefore, can give us the OW of 

the damage in such a way that the coordinates of the first point with the 

depth more than 0.1 mm is considered as the starting point and the 

coordinates of the last point with the depth more than 0.1 mm is considered 

as the end point, as shown in 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 considered as deformed points and the points above it are 

considered as un-deformed 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 left to right (it can be done 

from right to left as well) and the intersections of the convention line and 

a) 

b) 



20 Chapter 2 

 

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 evaluations of OW were done for all four directions for each specimen. 

At last, the final value of OW for each impacted panel was calculated by 

averaging the four OWs measured from four different orientations . 

 

 
Figure 2 - 16: The way to measure the Opening Width of the damage in 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 in four 

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 point which has the maximum deformation. Therefore, 

since it is likely  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, for final 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 final values 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 specimens with both skin thicknesses of 0.9 mm and 1.5 mm 

 
# 

Impact 
Energy [J] 

Owx 
[mm] 

OWy 
[mm] 

OWȄΩ 
[mm] 

h²ȅΩ 
[mm] 

OW-ave 
[mm] 

S
p

e
ci

m
e
n

s
 w

ith
 s

k
in

 

th
ic

k
n

e
ss

 o
f 0

.9
[m

m
] 1 141.56 102 104 111.72 106.07 105.95 

2 173.35 102 140 115.97 107.48 116.36 

3 59.90 82 90 89.10 83.44 86.13 

4 112.73 100 121 111.72 121.62 113.59 

5 31.60 70 79 96.17 93.34 84.63 

6 78.69 101 102 120.21 98.99 105.55 

7 16.33 62 63 75.20 70.85 67.76 

S
p

e
ci

m
e
n

s
 w

ith
 s

k
in

  

th
ic

kn
e
ss

 o
f 

1
.5

 [
m

m
] 

8 96.91 117 114 107.48 103.24 110.43 

9 217.07 143 135 132.94 131.52 135.61 

10 241.69 173 181 168.29 181.02 175.83 

11 59.64 91 86 94.75 90.51 90.57 

12 83.93 124 111 134.35 123.04 123.10 

13 187.07 135 113 154.15 117.38 129.88 

14 126.26 124 132 152.74 125.87 133.65 

15 15.29 65 64 79.95 67.04 69.00 

 
Table 2 - 2: Values of Maximum Depth of Penetration (MDP) of all four directions and 
their average for all specimens with both skin thicknesses of 0.9 mm and 1.5 mm 

 
# 

Impact 
Energy [J] 

MDPx 
 [mm] 

MDPy 
 [mm] 

MDPȄΩ 
[mm] 

MDPȅΩ 
[mm] 

MDP-final 
[mm] 

S
p

e
c
im

e
n

s 
w

ith
 s

ki
n
 

th
ic

kn
e
s
s 

o
f 0

.9
 [
m

m
] 1 141.56 -8.93 -9.04 -8.92 -8.92 -9.04 

2 173.35 -9.56 -9.47 -9.59 -9.54 -9.59 
3 59.90 -5.52 -5.53 -5.52 -5.55 -5.55 

4 112.73 -7.47 -7.57 -7.65 -7.54 -7.65 

5 31.60 -3.80 -3.86 -3.94 -3.87 -3.94 
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 

S
p

e
c
im

e
n

s 
w

ith
 s

ki
n
 

th
ic

kn
e
s
s 

o
f 
1
.5

 [
m

m
] 8 96.91 -6.14 -6.10 -6.09 -6.06 -6.14 

9 217.07 -9.34 -9.28 -9.26 -9.25 -9.34 
10 241.69 -10.05 -10.13 -10.21 -10.93 -10.93 
11 59.64 -4.28 -4.36 -4.28 -4.29 -4.36 
12 83.93 -5.38 -5.31 -5.53 -5.38 -5.53 
13 187.07 -8.26 -8.24 -8.34 -8.22 -8.34 
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 Impact Energy (IE) 

have been plotted in the following , Figure 2 - 17 and Figure 2 - 18.  

 
Figure 2 - 17: Effect of Impact Energy on Maximum Depth of Penetration for both skin 

thicknesses of 0.9 mm and 1.5 mm 

 
Figure 2 - 18: Effect of Impact Energy on Opening Width of the damage for both skin 

thicknesses of 0.9 mm and 1.5 mm 
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In Figure 2 - 17 it is demonstrated that as the ὍὉ increases ὓὈὖ raises (up 

to rupture).  The best interpolation which fits well with experimental data is 

a linear interpolation, thus the relation between ὍὉ and ὓὈὖ can be almost 

considered linear as below: 

ὓὈὖ ὃ ὍzὉὄ (2-1) 
 

Where ὃ and ὄ are constant and depend on material and geometry of the 

component. For Sandwich Panels with Aluminum Skins (with thicknesses of 

0.9 mm and 1.5 mm) and Nomex Core (with thickness of 19 mm), the 

amount of ὃ and ὄ are reported in Table 2 - 3. 

The amount of ὓὈὖ for Sandwich Panels (with skin thickness of 0.9 m and 

1.5 mm and core thickness of 20.2 mm and 19 mm, respectively) tested by 

other impact energies can be estimated using equation 2-1 and Table 2 - 3. 

Moreover it is notable that almost for all the impact energies the ὓὈὖ for 

the panel with thinner skins is approximately 20% less than the ὓὈὖ for 

the panel with thicker skins, regardless of the negligible difference in 

curves slopes. In other words, when the core-to-face thickness ratio (ὸ ὸϳ ) 

changes from 12.7 to 22.4, the amount of ὓὈὖ reduces by 20%.  

Table 2 - 3: Values of the Constants of equation 2-1 for the sandwich panels with 
Aluminum skins and Nomex core 

◄◄▫◄  □□ 

◄ █  Ȣ □□ Ǫ ◄ ╬  Ȣ □□  ◄ █  Ȣ □□ Ǫ ◄ ╬   □□  

═ ║ ═ ║ 

πȢπσωυ σȢρυτρ πȢπστυ  ςȢστωτ  

 

Although by increasing the ὍὉ the ὕὡ escalates like the ὓὈὖ, there is a 

non-linear relationship between ὍὉ and OW, shown in Figure 2 - 18. It can 

be stated that the ὓὈὖ is more sensitive to ὍὉ changes than ὕὡ to ὍὉ 

variation because by increasing ὍὉ, unlike the ὓὈὖ curve, the slope of ὕὡ 

curve versus ὍὉ gradually drops. The behavior of ὕὡ with respect to ὍὉ is 

governed mostly by a power equation as: 

ὕὡ ὑ ὍzὉ (2-2) 
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Where ὑ and ὲ are constant and depend on material and geometry of the 

specimen. The amount of ὑ and ὲ for the Sandwich Panels with Aluminum 

Skins (with thicknesses of 0.9 mm and 1.5 mm) and Nomex Core (with 

thickness of 20.2 mm and 19 mm, respectively) are reported in Table 2 - 4. 

Thus for other impact energies the amount of OW can be exported 

interpolating data. Considering ὍὉ constant, the amount of Opening Width 

for the panel with thicker skins is always higher, regarding to Figure 2 - 18, 

and as the impact energy rises this difference increases. 

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

◄◄▫◄  □□ 

◄ █  Ȣ □□ Ǫ ◄ ╬  Ȣ □□  ◄ █  Ȣ □□ Ǫ ◄ ╬   □□  

╚ ▪ ╚ ▪ 

σχȢυυυ πȢςςρτ ςωȢφχυ  πȢςωψφ  

 

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 localized, since for 

the same impact energy, there is more penetration but less opening. 

Alternatively, it can be stated that the energy of impact is distributed in 

larger area for the panels with thicker skins. That is why in such panels the 

Opening Width 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. In some cases it is possible not to have even any 

visible damage on the skin 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 resistance of a sandwich panel due to the impact, in-plane or 

edgewise compression is performed an they are generally called 

Compression After Impact test (CAI), shown in Figure 2 - 19. This type of 

test allows evaluating quantitatively the decrease of resistance of a panel 

impacted with respect to the undamaged one. 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 the impacted and 

not impacted sandwich panel in order to evaluate the reduction of strength 

in the damaged panel with respect to undamaged one.  

 
Figure 2 - 19: Edgewise compression setup 
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The CAI tests have been performed respeÃÔÉÎÇ ȰStandard Test Method for 

Edgewise Compressive StrÅÎÇÔÈ ÏÆ 3ÁÎÄ×ÉÃÈ #ÏÎÓÔÒÕÃÔÉÏÎÓȱ ɉASTM C364 / 

C364m-07) [23]. Therefore the size of the specimens, test setup, equipment 

and procedure have been considered by respecting to the mentioned 

standard. AccÏÒÄÉÎÇÌÙȟ ÔÈÅ ÓÐÅÃÉÍÅÎÓȭ ÄÉÍÅÎÓÉÏÎÓ ÓÈÏÕÌÄ ÆÏÌÌÏ× ÔÈÅ 

recommended range reported in ASTM C364/C 364m-07. Regarding Figure 

2 - 20, the recommended ranges are reported in Table 2 - 5. 

 
Figure 2 - 20: a) Edgewise Compression Test Setup and b) Test Specimen Dimensions 

according to ASTM C364/C 364m-07 [23] 

Table 2 - 5: Recommended ranges for specimens under edgewise compression test by [23] 

Dimension Recommended Range 

Length, ὒ άά ὒ ψz ὸ 

Width, ὡ άά  υπ ὡ ὒȠὡ ςz ὸȠὡ τz ὧὩὰὰ ύὭὨὸὬί 

Total panel thickness, ὸ άά  As required, in order to be representative of intended use 

Facesheet thickness, ὸ άά  As required, in order to be representative of intended use 

Core thickness, ὸ άά As required, in order to be representative of intended use 

 

 

According to recommended ranges, hence, the dimensional ranges for the 

considered sandwich panels in the present work must be as below 

(dimensions are in mm): 

a

) 
b) 
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ὒ ψz ςς ρχφ άά  

υπ ὡ ὒȠὡ ττȠὡ ρωȢπτ άά  

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 apparatus. Considering 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   Analyses of data 

The impacted components have been subjected to edgewise compression 

test and as a result the data corresponding to transverse displacement and 

unilateral load has been collected. From the collected data and by means of 

Matlab software, the Load-Displacement curves for both configurations 

have been plotted, Figure 2 - 21 - Figure 2 - 24, in which a sudden drop of 

the load for each specimen can 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 failure instant are called Critical load and 

displacement respectively and they are reported in Table 2 - 6 and Table 2 - 

7. 
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Figure 2 - 21: Load-Displacement curves for Un-impacted Panels (with skins thickness of 1.5 

mm) subjected to Compression After Impact test 

 

 
Figure 2 - 22: Load-Displacement curves for Un-impacted Panels (with skins thickness of  0.9 

mm) subjected to Compression After Impact test 
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Figure 2 - 23: Load-Displacement curves for Impacted Panels (with skins thickness of 1.5 mm) 

subjected to Compression After Impact test 

 

 
Figure 2 - 24: Load-Displacement curves for Impacted Panels (with skins thickness of 0.9 mm) 

subjected to Compression After Impact test 
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Table 2 - 6: Critical transverse displacement and critical load of buckling for the 
sandwich panels with skins thickness 0.9 mm 

 

# 
Impact Energy 

[J] 
Critical transvers 

disp. [mm] 
Critical unilateral 

load [KN] 
D

a
m

a
g

e
d 

1 141.563 0.734 18.28 

2 173.349 0.796 24.99 

3 59.895 0.86 19.898 

4 112.727 0.71 20.694 

5 31.603 0.911 30.916 

6 78.688 0.777 24.156 

7 16.331 0.976 38.701 

U
n

d
a

m
a

g
e
d 

1 0 1.415 55.514 

2 0 1.162 36.149 

3 0 1.066 29.397 

4 0 1.43 76.802 

5 0 1.19 48.141 

6 0 1.116 36.78 

7 0 1.072 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 

[J] 
Critical transvers 

disp. [mm] 
Critical unilateral 

load [KN] 

D
a

m
a
g

e
d 

8 96.91 0.825 24.174 

9 217.074 0.654 21.348 

10 241.688 0.943 20.267 

11 59.635 0.881 29.606 

12 83.93 0.636 29.722 

13 187.067 0.644 24.161 

14 126.264 0.768 33.348 

15 15.291 1.266 44.581 

U
n

d
a

m
a

g
e
d 

8 0 1.51 80.139 

9 0 1.594 84.12 

10 0 1.219 52.779 

11 0 1.29 81.41 

12 0 1.425 78.844 

13 0 1.154 47.863 

15 0 1.322 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 in the following sections in 
order to see the effect of impact energy and Maximum Depth of Penetration 
on the critical load of buckling which is one of the key features, compare the 
impacted and un-impacted panels and finally to compare different 
sandwich panel configurations. The following analyses are necessary to find 
the most effective parameters which 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 CAI 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 sandwich panel 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 specimens have been 

divided into two categories, namely impacted and non-impacted. 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 damage ɀ undamaged classification. Although the 

Increasing load  

Failure          Instant  

Increasing load  
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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. 

 
Figure 2 - 26: Effect of the impact condition (undamaged - damaged) 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 from 0.9 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 in Figure 2 - 27.a, where 

impacted and non-impacted specimens have been included. The 

intensification of the compression strength due to a 67% increase of skin 

thickness (from 0.9 mm to 1.5 mm) can be evaluated referring to the 

average trend and corresponds to about 34%. In the other words due to 

43% decrease of core-to-face thickness ratio, there is an increase of 

compression strength by 34%. 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 at Figure 2 - 27.b and Figure 

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 induced (Figure 2 - 27.b). 

 

 
Figure 2 - 27: Effect of the panel skin thickness on the compression strength for (a) all the 

specimens, (b) only impacted specimens and (c) only undamaged specimens. 
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The third investigated factor is the impact energy. Therefore, the graph of 

Buckling loads versus Impact energies has been plotted, Figure 2 - 28. The 

points on the left side of the figure are the averaged values of critical loads 

of buckling of the undamaged specimens. As it was expected the curve of 

the panels with thicker skins are above the curve of the components with 

thinner skins. It means that the load needed 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 influence of impact energy better and more precise, ratio of 

critical load of damaged component and critical load of undamaged 

component (K) which shows the Reduction of CAI Strength versus Impact 

energy has been plotted, Figure 2 - 29. Alternatively, this graph can be 

explained as the graph of the normalised CAI strength as a function of the 

impact energy which has been normalised with respect to the average CAI 

strength measured for the intact specimens, so that the percentage in the 

reduction of the performance is more apparent. 

As it can be seen, for both configurations there is a sharp transition for CAI 

strength from undamaged panel to first damaged one which regards to the 

lowest impact energy (around 15 J). Thus it can be stated that having an 

impact even so small has a huge influence on the strength of sandwich 

composite. From Figure 2 - 29, it is clear that for the minimum impact 

energy which is around 15 J there is a reduction in CAI strength equal to 

20% for the component having the skin thickness of 0.9 mm, and of 40% for 

the component having the skin thickness of 1.5 mm. In fact this graph can 

be divided into two parts as it is shown in the Figure 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 is relevant and the CAI strength 

drops dramatically. The reduction of CAI strength in the first part is about 

50%. Whilst the second part of the graph includes impact energies higher 

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%.  

 

 
Figure 2 - 28: Investigation of effect of impact energy on critical load of buckling 

 

 
Figure 2 - 29: Evaluation of influence of Impact energy on Reduction of CAI strength 
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In the last evaluation which was done regarding to Figure 2 - 28 and Figure 

2 - 29, it was noted that for the smallest impact energy which is around 15 J 

there is a reduction in CAI strength equal to 20% and 40% for the specimen 

having the skin thickness of 0.9 mm and 1.5 mm, respectively. Regarding 

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 as Figure 2 - 26 for two different configurations are plotted in the 

following , Figure 2 - 30-a and Figure 2 - 30-b. Regarding these figures it can 

be seen that for the configurations with skins thickness of 1.5 mm the 

decrement of average compression strength from intact to impacted panels 

is about 60%. While this value for the configurations with thinner skins is 

45%. Therefore, it can be deduced that sandwich panels with thicker 

aluminum skins is more sensitive to impact condition. It means that having 

damage can influence CAI strength of the thicker skin configurations more 

than thinner skin ones.  
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Figure 2 - 30: Effect of the impact condition (undamaged - damaged) on the compression 

strength of the panels with skins thickness of a) 0.9 mm and b) 1.5 mm 
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Finally, as the last evaluation it is interesting to study whether there is any 

relation between Critical Load (or CAI Strength) and Maximum Depth of 

Penetration; hence, the graph of Critical load versus MDP has been plotted, 

Figure 2 - 31. It has been found that as the MDP of damage increases, the 

critical load or CAI strength drops by a power relationship which is 

described below. 

ὅὃὍ ὛὸὶὩὲὫὸὬ ὥz ὓὈὖ (2-3) 
 

Where the amount of ὥ and ὲ for the Sandwich Panels with Aluminum Skins 

(with thicknesses of 0.9 mm and 1.5 mm) and Nomex Core (with thickness 

of 20.2 and 19 mm) are reported in Table 2 - 8, below. 

 
Table 2 - 8: Coefficients of equation (2-3) for both sandwich panel configurations 

◄◄▫◄  □□ 

◄ █  Ȣ □□ Ǫ ◄ ╬  Ȣ □□  ◄ █  Ȣ □□ Ǫ ◄ ╬  □□  

╪ ▪ ╪ ▪ 

φτȢφφω πȢτωρ ψχȢυυ  πȢχςς  

 

 

 
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 better view on the influence of each parameter on 

CAI strength, the results of all evaluation are summarized in Table 2 - 9, 

below. 

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

Parameters  Effect of the parameters on CAI Strength  

Impact 
Condition  

All Specimens Panels with ὸ πȢω άά panels with ὸ ρȢυ άά 

53% reduction 
44% reduction 

Less sensitive to 
impact condition  

59% reduction 
More sensitive to 
impact condition  

Skin 
thickness  

All Specimens Intact Specimens Impacted Specimens 

34% increment 

52% increment 
Highly sensitive to 

Skin Thickness 
variation  

12% increment 
 

Little Influence  
 

Impact 
Energy 

Impact energy less than 50 J Impact energy higher than 50 J 

50% reduction 
High influence  

15% reduction 
Little influence  

Impact 
Energy 

MDP less than 5 mm MDP higher than 5 mm 

50% reduction 
High influence  

15% reduction 
Little influence  

 

 

2.2.4   Statistical sensitivity analysis  

A statistical sensitivity analysis is performed in this section to verify the 
assumptions made in Section 2-2-3, based on the interpretation of the 
graphical data representation. The method of ANalysis 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 Section 2-2-4-1. Comments on the obtained results are 
provided in a separate Section 2-2-4-2. 
 

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 (namely, the 
observed parameter). In rigorous terms, the ANOVA falls inside the 
statistical hypothesis testing framework 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 are equal. In a typical hypothesis 
testing framework, the ANOVA inference can be based upon the following 
scheme: 
        

í
ì
ë

¸$

====

0:

0...:

1

210

i

a

iH

H

t

ttt
                   (2-4)

    

Where † is the effect of a factor at Ὥ  level on the global mean of all the 
observations and ὥ is the number of levels for the selected factor. Ὄ  is the 
null hypothesis, implying that there is no effect of the level chosen for the 
selected factor, being all the ὥ groups simply random samples from the 
same global distribution. If Ὄ  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 variable. If Ὄ  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 the first type error  ‌, 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 the second type error ‍, which is 
the probability to un-reject Ὄ  when some effect of the factor exists and 
depends upon the significance level (the smaller is ‌, the bigger ‍ 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 adopted in this paper is the choice of 
compromising values summarizing always the statistical error for two 
distance levels of the output variable (the CAI strength). 

The main output of the ANOVA inference is the P_value, or the smallest 
significance level that allows the rejection of the null hypothesis. A small 
P_value indicates 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 P_value is smaller ÔÈÁÎ ɻȟ ÔÈÅ ÎÕÌÌ ÈÙÐÏÔÈÅÓÉÓ ÉÓ 
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: 

¶ Normality of the residuals, based here on the Anderson-Darling test. 
¶ Independence of the residuals, based here on a graphical verification. 
¶ Homoscedasticity of the residuals, based here on the Levene test.  

A more detailed explanation of the tests for the residual analysis is beyond 
the scope of the present work  and the interested reader can refer to [24] 
and [25] for a deeper insight into the ANOVA method. The only necessary 
information is that a positive outcome from the tests requires the 
associated P_value to be above a predefined significance level (‌ 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, the Box-Cox 
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 of the current activities, 
a preliminary application of a two-ways ANOVA evidenced the non-
influence of higher order factor interactions and only the first order factors 
are therefore be considered hereafter.  

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

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

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

¶ impact energy influence on the CAI strength of a sandwich 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 methodology to evaluate the influence of the 
impact energy, data have been grouped into bins according to the impact 
energy range they belong to (Figure 2 - 32). In particular, three groups have 
been established, as reported in Table 5 (Energy ɀ Case 1), namely [0 - 50J], 
[50 - 130J] and [130 - 250J] and the influence of the impact energy on the 
CAI strength has been evaluated, including only the impacted specimens 
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into the inference process. Another test has been executed in which only 
those impact cases falling into the second and third group (Energy ɀ Case 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 in Table 2 - 10 while 
the positive outcomes from the ANOVA validation 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 in Table 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 previously assessed in Figure 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_Value is clearly below the 0.1 ɻ-threshold defined above, 
demonstrating the dependence of the CAI strength on the occurrence of the 
impact damage. The test power (and consequently the second type error) 
has been reported in Table 2 - 12. It has been calculated assuming an 
average sample size of 15 and a standard deviation 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 reduction 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 thickness 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 strength. 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 
quantified as 16.0%. As depicted also in 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 CAI strength for the impacted specimens while 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 panels). Based on the results reported in Table 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, skin 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 asymmetry on 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 to Figure 2 - 29, it has been 
anticipated that the impact energy influences the CAI strength; 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 in Figure 2 - 32.a. 
ANOVA indicates dependence of the CAI 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 error 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 in Table 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 considered. As a conclusion, the CAI 
strength reduces while 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 been highlighted. However, it should 
be taken into consideration that there is 28.7% probability that the CAI 
strength reduces by 10kN in the [50 ɀ 250J] range. Furthermore, referring 
to Figure 2 - 29, the influence of the skin thickness on the identified 
threshold appears to be minimal, in agreement with the results obtained 
while investigating skin thickness influence over the impacted specimens. 
The threshold curve corresponding to 50J has been plotted in Figure 2 - 
32.b, in terms of mass and velocity that provide 50J kinetic energy. It allows 
quantifying 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 

Inference Database P_value 
Influence 
criterion 

Influence 
on CAI 

strength 

Impact occurrence All  0.000 P_value < 0.1 YES 

Skin thickness 

(case 1) 
All  0.282 P_value < 0.1 NO 

Skin thickness 

(case 2) 
Impacted specimens 0.472 P_value < 0.1 NO 

Skin thickness 

(case 3) 
Undamaged specimens 0.015 P_value < 0.1 YES 

Impact Energy 

(Case 1) 

Impacted specimens  

[0-50J] Vs. [50-130J] Vs. 

[130 ï 250J] 

0.001 P_value < 0.1 YES 

Impact Energy 
(Case 2) 

Impacted specimens  
[50-130J] Vs. [130 ï 250J] 

0.105 P_value < 0.1 NO 

 

 
 

 

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

Inference 
Normality of residuals  

(Anderson-Darling test) 

Independence 
of residuals 

Homoscedasticity 
 of residuals  
(Levene test) 

Impact  

occurrence 
YES (P_value=0.403) YES YES (P_value=0.755) 

Skin thickness  

(case 1) 
YES (P_value=0.149) YES YES (P_value=0.205) 

Skin thickness  

(case 2) 
YES (P_value=0.729) YES YES (P_value=0.851) 

Skin thickness 
 (case 3) 

YES (P_value=0.836) YES YES (P_value=0.923) 

Impact Energy 

(Case 1) 
YES (P_value=0.926) YES YES (P_value=0.341) 

Impact Energy 

(Case 2) 
YES (P_value=0.836) YES YES (P_value=0.180) 
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Table 2 - 12: Evaluation of the test power and the second type error 

Inference 
Sampl
e size 

Estimated 
standard 

deviation [kN] 

Required 
distance 

[kN] 

First type 
error [%] 

Test 
power 

[%] 

Second type 
error [%] 

Impact 

occurrence 
15 13.3 

10 10.0 64.2 35.8 

20 10.0 99.1 0.9 

Skin thickness 

(case 1) 
15 11.5 

10 10.0 38.0 62.0 

20 10.0 84.0 16.0 

Skin thickness 

(case 2) 
8 7.4 

10 10.0 82.2 17.8 

20 10.0 99.9 0.1 

Skin thickness 

(case 3) 
7 15.6 

10 10.0 30.6 69.4 

20 10.0 73.1 26.9 

Impact 

Energy (Case 

1 & 2) 

6 7.3 
10 10.0 71.3 28.7 

20 10.0 99.7 0.3 

 

 

 

 
Figure 2 - 32: (a) CAI strength as a function of impact energy, data allocation to three ranges 
for the ANOVA application and (b) threshold velocity-mass curve relative to 50J impact and 
different velocity-mass combinations adopted during experiments. 
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3  

Preliminary Nu merical analysis  
 

Nowadays in order to reduce 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 solve complex problems. In the present work the 

ÎÕÍÅÒÉÃÁÌ ÍÅÔÈÏÄ ÉÓ ÕÓÅÄ ÂÙ ÍÅÁÎÓ ÏÆ ÔÈÅ ÃÏÍÍÅÒÃÉÁÌ ÓÏÆÔ×ÁÒÅ Ȱ!"!153-

φȢρςȱȢ  

Since for FE simulation of edgewise compression test there are several 

different approaches, according to [26], and since FE modeling of 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 investigation 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 tests are 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 either 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 already 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 in-plane 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 working 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 Panels. We 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 of the ABAQUS software [26] it can be 

understood that the buckling (or in-plane compression) problem can be 

ÓÉÍÕÌÁÔÅÄ ÉÎ σ ÄÉÆÆÅÒÅÎÔ ×ÁÙÓȢ 4ÈÅ ÍÅÎÔÉÏÎÅÄ ÍÅÔÈÏÄÓ ÁÒÅ Ȱ,ÉÎÅÁÒ 

Perturbation-"ÕÃËÌÅȱȟ Ȱ'ÅÎÅÒÁÌ-3ÔÁÔÉÃ 2ÉËÓȱ ÁÎÄ Ȱ'ÅÎÅÒÁÌ-$ÙÎÁÍÉÃ %ØÐÌÉÃÉÔȱȢ 

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, load-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 in-plane 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 the first 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 model [27]. 

In reference [27] the stability of columns are discussed and the Euler 

formula is derived. By means of Euler formula the critical load and the 

corresponding critical normal stress in the columns can be determined. In 

the present work the derivation of the Euler formula is not shown and only 

the final result is presented below. Considering a column AB with the length 

of L under unilateral loading condition (load P), Figure 3 - 1, the Euler 

formula is presented in Equations 3-1 to 3-4. 

 

ὖ

ὃ
„

“Ὁ
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 (3-1) 

 
Where 

 

ὶ
Ὅ

ὃ
 (3-3) 

 

And  

Ὅ
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One fixed end, one free end 

(3-2) 
Both ends pinned 
One fixed end, one pinned end 
Both ends fixed 
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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) Ὁ is the modulus of elasticity, Ὅ is moment 

of inertia of the section, ὶ is the radius of gyration, ὒ is length of the column 

and ὒ is the effective length of the column which is formulated according 

to the length of the column ὒ. Value of the effective length ὒ depends on 

the boundary conditions which are shown in Figure 3 - 2. 

 ὒ ὶϳ 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 ὒ ὶϳ is 

plotted by considering yield strength of Aluminium alloy Al2024-T3 (which 

is equal to 269-276 MPa), Figure 3 - 3. From this graph it is evident that to 

use the Euler formula for a column made by Aluminium alloy Al2024-T3, 
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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 c) One fixed end, one pinned end d) Both ends fixed  

 

 
Figure 3 - 3: Graph of Critical Stress Ɑ╬► versus slenderness ratio ╛▄►ϳwhich shows the condition 

of the Euler formula validation 
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In order to have a comparison 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 bar is considered 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 bar is considered 

square with the area of ὥ. The selected geometry and mechanical 

properties are summarized in Table 3- 1. 

 

Table 3- 1: The selected geometry and mechanical properties of the bar with squared section 
made by Aluminium alloy Al2024-T3 

╪ □□  ╛ □□  ╔ᶻ╜╟╪ ⱨᶻ ╛▄ □□  ╘ □□  ╛▄Ⱦ► 

30 1000 72400 0.3 500 67500 57.74 > 51 (OK) 

* Ref. [28] 

 

 

Before using Euler formula to calculate the critical load for such a column 

the slenderness ration has to be checked whether it is more than 51 or not. 

Using Equations 3-2 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 3-1. The data of the 

slenderness ratio and critical load is summarized in Table 3- 2. 

 
Table 3- 2: Calculated Slenderness ratio and Critical load  

╛▄ □□  ╘ □□  ╛▄Ⱦ► ╟╬►╚╝ 

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 in-plane compression by means of 

!"!153 ÓÏÆÔ×ÁÒÅ ×ÈÉÃÈ ÁÒÅ Ȱ,ÉÎÅÁÒ 0ÅÒÔÕÒÂÁÔÉÏÎ-"ÕÃËÌÅȱȟ Ȱ'Åneral-Static 

2ÉËÓȱ ÁÎÄ Ȱ'ÅÎÅÒÁÌ-$ÙÎÁÍÉÃ %ØÐÌÉÃÉÔȱȢ ȱȢ )Î ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÓÅÃÔÉÏÎÓȟ ÔÈÅÓÅ 

three approaches are implemented to simulate a bar with the same 

geometry and mechanical properties that was used to solve the analytical 

model, reported in Table 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 2D-Planar 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. 

!ÆÔÅÒ×ÁÒÄÓ ÉÎ 3ÔÅÐ ÍÏÄÕÌÅ ÔÈÅ Ȱ,ÉÎÅÁÒ 0ÅÒÔÕÒÂÁÔÉÏÎ-"ÕÃËÌÅȱ ×ÁÓ ÃÈÏÓÅÎȢ 

Finally, different mesh sizes and mesh element types have been considered 

and the results have been collected. The resulting critical loads were 

compared with the calculated critical load in section 3-1-1 and the errors of 

the numerical results with respect to analytical one were computed. The 

collected data and the calculated errors are summarized 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 less than 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 is evident 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 Perturbation-Buckle 
Approach 

Number of elements  Element type  ╟╬►▪◊□╚╝ ╟╬►╪▪╪╚╝ 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, displacement etc. during 

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 under unilateral loading  

 

 

 

 

 

 

 

 

Mode 1 Mode 2 Mode 3 

Mode 6 
Mode 5 Mode 4 
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3.1.2.2   General-Static Riks Approach 

The Load-Displacement (also called Riks) analysis is generally used to 

predict unstable, geometrically nonlinear collapse of a structure [26]. 

Geometrically nonlinear static problems sometimes involve buckling or 

collapse behavior, where the load-displacement response shows a negative 

stiffness and the structure must release strain energy to remain in 

equilibrium. Several approaches are possible for modeling such behavior. 

One is to treat the buckling 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 static 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 proportionality Factor (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. However 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 LPF-Disp. 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 best 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 central line of the column was 0.06 

degree oblique with respect to ordinate, as shown 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 LPF-Displacement graph since there was a 

sudden drop which corresponds to buckling of column. By multiplying the 

applied load with LPF the actual load was calculated and the graph of Actual 

Load versus Displacement was plotted, Figure 3 - 6. As can be seen the rate 

of load increasing versus 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 contrary with 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 during 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 seen in Figure 3 - 

7 (which represents the shape of the column after failure) the shape of the 

column is totally different from the expected one that was well simulated 

by previous method shown in Figure 3 - 4-mode 1.  

 

Many tries have been done to optimize the simulation and get a result close 

to analytical one. Tries were done changing the maximum displacement, 

changing load, number of increments and finally mesh size. In Table 3- 4 

results of some of the tries 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 

good one for our case. 
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Table 3- 4: Summary of some tries to optimize the Static Riks Method 

# ╟╬►▪◊□╚╝ ╟╬►╪▪╪╚╝ Error %  

1 2045.96 192.93 960.46 

2 1062.34 192.93 450.63 

3 405.58 192.93 110.22 

4 384.90 192.93 99.50 

5 383.53 192.93 98.79 

6 382.62 192.93 98.32 

7 382.23 192.93 98.12 

 

 
Figure 3 - 7: Final shape of the column under unilateral loading using Static Riks method 
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3.1.2.3   General-Dynamic Explicit Approach  

The explicit dynamics procedure performs a large number of small time 

increments efficiently. An explicit central-difference 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 time Ô ЎÔςϳ  and the 

displacement solution to time Ô ЎÔ, [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 processes 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 high-speed 

dynamic events, but many of the advantages of the explicit procedure also 

apply to the analysis of slower (quasi-static) processes. In a quasi-static 

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 kinetic energy to internal 

energy does not get too large, typically less than 10% [26]. 

 

Regarding our case (in-plane compression of the bar), the procedure of 

simulation after step module has to be changed. Step module must be 

defined as General-Dynamic Explicit 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 studied is 

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 the column, Figure 3 - 8. Then the reaction force on the other side of 

the column is measured in order to obtain the Load-Displacement 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 it influences the speed of the in-plane 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%). 

 
Figure 3 - 8: column under imposed displacement  

The graph of Load and Displacement 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 column. By exporting data of Displacement and Load 

it was possible to plot the graph of Load versus Displacement, Figure 3 - 10. 

As can be seen from both graphs in the instant of the failure there is a 

Imposing 

displacement to the 

column 

Measuring the 

reaction force 
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sudden drop in Load-Disp. and Load-Time curves. The corresponding load 

is considered as critical load. 

 
Figure 3 - 9: Graph of Load and Displacement versus Time using General-Dynamic Explicit 

approach 

 
Figure 3 - 10: Graph of Load versus Displacement using General-Dynamic 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 of test 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. Afterwards 

critical loads exported from numerical analyses were compared with the 

one calculated analytically in section 3-1-1 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 the test 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 results in 

General-Dynamic 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 order to 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 load-displacement 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 3- 5: Influence of test speed on Critical load in General-Dynamic Explicit approach for 
global mesh size of 10 

Global mesh size = 10 

# 
disp. 
[mm] 

time [s] 
speed 

[mm/s] 
1/speed 
[s/mm] 

╟╬►▪◊□╚╝ ╟╬►╪▪╪╚╝ 
Error 

% 

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 

 

 

 
Figure 3 - 11: Graph of Error of critical load versus inverse of speed which shows the influence of 

test speed on Critical load in General-Dynamic Explicit approach for global mesh size of 20 
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Table 3- 6: Influence of different combinations of Displacement and Time which make same test 
speed on Critical load 

Global mesh size = 10 

# 
disp. 
[mm] 

time [s] 
speed 

[mm/s] 
1/speed 
[s/mm] 

╟╬►▪◊□╚╝ ╟╬►╪▪╪╚╝ 
Error 

% 

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 keeping the 

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, 10 and 5 mm). Data corresponding to this 

evaluation is demonstrated in 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 in Table 3- 1 are 

not too small (resulting 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 choice for other mesh sizes. Therefore 

finer mesh does not always guarantee better results in General-Dynamic 

Explicit Method (for the case of simple bar). Consequently, they have to be 

studied together and there has to be a trade-off between test speed and 

mesh size if we want to obtain a good result.  
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Table 3- 7: Influence on Mesh size on critical load in General-Dynamic Explicit approach 

# 
speed 

[mm/s]  

Global 
Mesh 
size 

╟╬►▪◊□╚╝ ╟╬►╪▪╪╚╝ Error %  

1 20 

15 266.15 192.93 27.51 

10 302.19 192.93 36.16 

5 315.71 192.93 38.89 

2 5 

15 191.03 192.93 1.00 

10 219.35 192.93 12.04 

5 231.01 192.93 16.48 

 

 

General-Dynamic Explicit Method not only can 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 failure. Figure 3 - 12 shows how 

well this approach can demonstrate 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 Perturbation-Buckle 

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 General-Dynamic 

Explicit approach before, during and after failure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 Chapter 3 

 

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 both the 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 3-1-2-2 we studied about General-Static Riks approach and 

we have seen that in 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 3-1-2-3 the General-Dynamic 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 critical 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 Load versus 

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 3-1-2-3 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 phenomena 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 Dynamic Explicit method. 

However, according to investigation of a simple bar, it is not easy to decide 

which approach is the best one to simulate in-plane compression. Some 

further studying is needed which are done in the following sections. 
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3.2   Investigation s 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 General-Dynamic 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 CFCF) and same geometry 

and material as skins of the composites. So the size of the component is 

considered as 137.5x137.5x1.5 mm3 and its material as Aluminium alloy 

Al2024-T3. When an in-plane compression test is performed on a plate with 

such a constraints (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 a column and we can 

use the Euler Formula to find the buckling load. Regarding Figure 3 - 3 in 

section 3-1-1, the slenderness ration for this material (Aluminium alloy 

Al2024-T3) has to be more than 51. SO this condition 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 3- 8: Geometry and slenderness ratio of the considered Plate 

╪ □□  ◌░▀◄▐□□  ╛▄▪▌◄▐ □□  ╛▄ □□  ╔ ╜╟╪ ⱨ ╛▄Ⱦ► 

1.5 137.5 137.5 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 in Table 3- 9.  

 
Table 3- 9: Critical load of the plate calculated by Euler Formula 

Constraint  ╛▄ □□  ╘ □□  ╛▄Ⱦ► ╟╬►╚╝ 

CFCF 68.75 38.67 159 > 51 (OK) 5.846 

 

3.2.2   Numerical Methods to model In-Plane Compression of Plates 

In section 3-1-1 different numerical approaches were discussed for bars 

and it was seen that the Static Riks method is not a good method to model 

in-plane compression problems while the other two models, Linear 

Perturbation-Buckle and General-Dynamic Analysis, seem good for such 

investigations. In section 3-1-3 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 3-1-1 is 

modeled using Linear Perturbation-Buckle and General-Dynamic Explicit 

methods and again their pros and cons will be 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 3-1-2, it is considered as the first 

attempt to simulate in-plane compression of plates. 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 elements. Figure 3 - 13 shows two plates, one designed by 3D-

Solid elements and the other one by 3D-Shell 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 in Table 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 one make 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, indeed, that 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, number 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 remains 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 sensitive 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 size is decreasing and it is obvious by looking at Table 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) 3D-Solid elements and b) by 3D-Shell elements 

 
Table 3- 10: Effect of mesh size on the critical load-using 3D-solid elements in Linear 
Perturbation-Buckle Approach 

# 
Number of 

element along 
plate thickness 

Global 
mesh 
size 

Element 
Type 

╟╬►▪◊□╚╝ ╟╬►╪▪╪╚╝ Error %  

1 

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 

2 

1 3 Linear 63.79 5.85 90.8 

2 3 Linear 4.78 5.85 22.3 

3 3 Linear 5.63 5.85 3.8 

5 3 Linear 6.09 5.85 4.0 

3 

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 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 

a) b) 
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Figure 3 - 14: Graph of Error versus Global Mesh Size while number of elements on the plate side 

is constant-By moving from left to right the global mesh size is decreasing 

 

After evaluation the Linear Perturbation-Buckle method while using 3D-

Solid elements for simulation of the plate, now this is the time to investigate 

this approach while 3D-Shell elements are used for simulation of the plate. 

Therefore, the plate was design using 3D-Shell 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. Many attempts 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 changing global 

mesh size and mesh element type. Data demonstrating these attempts are 

summarized in Table 3- 11. According to 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 numerical critical load with 

respect to analytical one was always about 7.5%. Consequently, it is 

concluded that using 3D-shell elements in simulation of Plates with two 

sides free and two sides clamped under in-plane compression is not good 

and it is better to use 3D-Solid elements. 
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Table 3- 11: Effect of mesh size on the critical load-using 3D-Shell elements in 
Linear Perturbation-Buckle Approach 

Global mesh 
size 

Element 
Type 

╟╬►▪◊□╚╝ ╟╬►╪▪╪╚╝ Error %  

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 section 3-1-2-1, 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 etc. during 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 CFCF constraints and under in-
compression loading simulated using Linear Perturbation-Buckle Approach 

 

 

3.2.2.2   General-Dynamic Explicit Approach  

The logic of General-Dynamic Explicit approach was explained in section 3-

1-2-2. The steps of simulation by means of this 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 deformable elements and 

CFCF as constraints. This time since we have 3D-Solid elements to impose 

displacement and to measure the reaction force, in Interaction Module the 

two clamped sides were coupled with two reference points a little further 

than the sides (in the middle plane of the plate), shown in Figure 3 - 16.  

Mode I Mode II  Mode 

III  

Mode IV Mode V 

!ÎÄ ÓÏ ÏÎ ȣȣȢ 
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Figure 3 - 16: Representation of the Coupling between the two clamped side of the plate with 
two reference points  

 

As it was explained in section 3-1-2-2 the main parameters to be studied in 

this approach are Speed test and Mesh Size. Accordingly, in the first part by 

keeping the test speed unchanged the effect of mesh size on the critical load 

is investigated and then in the 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 changed (both 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 was constant 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 in Table 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 unchanged, the results get better 

The upper reference point 

where displacement is imposed 

downward 

The lower 

reference point 

where reaction 

force is measured 
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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 the Table 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 becomes 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 3- 12: Effect of Mesh Size on the Critical Load keeping Test Speed unchanged-General 
Dynamic Explicit Approach 

Test Speed = 60 mm/s 

# 
Global 
Mesh 
size 

Number of 
elements along 

thickness 
╟╬►▪◊□╚╝ ╟╬►╪▪╪╚╝ Error %  

1 

5 1 49.98 5.85 88.30 

5 3 34.41 5.85 83.01 

5 5 27.83 5.85 78.99 

2 

8 3 39.81 5.85 85.31 

5 3 34.41 5.85 83.01 

3 3 29.75 5.85 80.35 
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Afterwards to study the effect of speed test on the critical load 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 thickness 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 load-disp. Curve was made and the critical load was 

exported. The values of exported critical load were compared with the 

analytical critical load calculated in section 3-2-1 and the error was 

calculated. Table 3- 13 shows the collected numerical critical loads and 

their errors with respect to analytical model for different test 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 3- 13: Effect of Test Speed on the Critical Load keeping mesh size unchanged-General 
Dynamic Explicit Approach 

Global mesh size = 3 Mesh size along Thickness= 0.5 

# 
disp. 
[mm] 

time [s] 
speed 

[mm/s] 
1/speed 
[s/mm] 

╟╬►▪◊□╚╝ ╟╬►╪▪╪╚╝ 
Error 

% 

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 1.5 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 in-plane 

compression problem) when test speed is so low and it means that this 

approach is too time taking and compared with Linear Perturbation one it 

is a big shortcoming.  
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Figure 3 - 18: Shape of the Plate (simulated by General-Dynamic Explicit approach) before, 

during and after failure 

 
 

 

3.2.3   Conclusion corresponding to simple plate evaluation  

In section 3-2-2-1 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 sensitivity 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 ×Å ÄÏÎȭÔ ËÎÏ× 

what is the optimum mesh size when the geometry and material of the 

ÃÏÍÐÏÎÅÎÔ ÃÈÁÎÇÅÓȢ !ÌÓÏ ÆÏÒ ÍÏÒÅ ÃÏÍÐÌÅØ ÃÁÓÅÓ ÔÈÁÔ ×Å ÄÏÎȭÔ ÈÁÖÅ ÁÎÙ 

analytical model or experimental data to validate the test results, this 

method is not reliable. However in 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 buckled yet. 

In section 3-2-2-2 the General-Dynamic 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 critical 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 Load versus 

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 3-2-2-2 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 phenomena step by step in 

Dynamic Explicit analysis, it is time consuming and it lasts much longer 

than Linear Perturbation one. In some cases 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 General-Dynamic Explicit approach is more reliable than 

Linear Perturbation-Buckle one. Because in General-Dynamic 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 

ÓÐÅÅÄȟ ÔÈÅ ÒÅÓÕÌÔ ×ÏÎȭÔ ÇÅÔ ×ÏÒÓÅȢ 4ÈÅÒÅÆÏÒÅ ×Å ÃÁÎ ÓÔÁÒÔ ÆÒÏÍ ÈÉÇÈ 

velocities and try to reduce the test speed, after each try we can compare 

the result of the test with the previous one 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 Perturbation-Buckle method is highly 

ÍÅÓÈ ÄÅÐÅÎÄÅÎÔ ÁÎÄ ÂÙ ÒÅÄÕÃÉÎÇ ÔÈÅ ÍÅÓÈ ÓÉÚÅ ÔÈÅ ÒÅÓÕÌÔÓ ×ÏÎȭÔ ÔÅÎd to a 

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 Perturbation-Buckle 

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 reliable. 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 in-plane compression test it is 

needed to evaluate the damaged plates as well as simple bars and plates 

with both Linear Perturbation-Buckle and General-Dynamic Explicit 

approaches. This section is divided into four parts. In the first part we 

investigated how to simulate a damaged 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 General-Dynamic 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 section 2-1, 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 Abaqus-PDE and 

revolve it to obtain a damaged skin. But there is a main problem 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 a skin. 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 CFTOOL, Figure 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 to Excel 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 is 0.1 like 

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 points (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 depth of 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 in Figure 3 - 

20. 

 
Figure 3 - 19: curve fitting using Matlab software ς Blue 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 plates 
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