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Oz

Bu ¢aligmanin amaci bes farkli geometrik konfigiirasyona sahip CFRP kompozit silindir sandvi¢ yapilarin basma
mukavemetlerini ve enerji absorbelerini sayisal olarak incelemek ve birbirleri ile mukayese etmektir. Calismada
farkli ¢ekirdek yapilari i¢in kompozit sandviglerin ezilme performanslart (Maksimum ezilme kuvveti (PCF),
ortalama ezilme kuvveti (MCF), Ezilme kuvveti verimliligi (CFE), enerji emilimi (EA) ve spesifik enerji emilimi
(SEA)) ve meydana gelen hasar tiirleri belirlenmis. Basma analizleri LS DYNA sonlu elemanlar programinda
MAT-54 malzeme modeli kullanilarak Hashin hasar kriteri, Kohezif Bolge Modeli (CZM) ve Bilinear traction-
separation yasasinin kombinasyonuna dayali ilerlemeli hasar analizi ile gergeklestirilmistir. Caligmada bes farkli
numune arasinda PCF degeri en yiiksek eksenel oluklu ¢ekirdek yapili Trapeozidal olurken en diisiik ise dairesel
oluklu ¢ekirdek yapilt Arc shaped olmustur. Eksenel arc shaped SEA degeri en yiiksek sandvi¢ yap1 olurken,
dairesel sinusoidal oluklu ¢ekirdek ise SEA degeri en diisiik sandvi¢ yap1 olmustur. Eksenel ve dairesel oluklu
¢ekirdek arasinda sinusoidal yapinin CFE degeri en yiiksek olarak belirlenmistir. Sandvig¢ yapilarin deformasyon
davranislarina ¢ekirdek yapisinin etkisinin yiiksek oldugu goriilmiistiir.

Anahtar kelimeler: Dairesel sandvi¢ kompozit, Basma testi, Ezilme dayanimu, Ilerlemeli hasar analizi,
Sonlu elemanlar yontemi
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Abstract

The aim of this study is to numerically investigate and compare the compressive strength and energy
absorption of CFRP composite cylinder sandwich structures with five different geometric configurations.
The crushing performances (Peak crushing force (PCF), Mean crushing force (MCF), Crushing force
efficiency (CFE), energy absorption (EA) and specific energy absorption (SEA)) of the composite cylinder
for different core configurations and the failure types were determined. Compression analyses were
performed in LS DYNA finite element program using MAT-54 material model with progressive failure
analysis based on the combination of Hashin failure criterion, Cohesive Zone Model (CZM) and Bilinear
traction-separation law. Among the five different specimens in the study, the highest PCF value was
Trapeozidal with axial corrugated core while the lowest was Arc shaped with circular core. Axial arc shaped
core was the sandwich structure with the highest SEA value, while circular sinusoidal corrugated core was
the sandwich structure with the lowest SEA value. Between axial core and circular core, the CFE value of
the sinusoidal core specimen was determined to be the highest. It was observed that the effect of core structure
on the deformation behavior of sandwich structures was high.

Keywords: Circular sandwich composite, Compression test, Crashworthiness, Progressive failure analysis, Finite
element method
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1. Introduction

Sandwich composite structures with high strength/weight and high energy absorption capacity are actively
used in many sectors, especially in the aerospace industry [1]. Sandwich structures are indispensable
structures for engineers, especially in components and sections with high energy absorption requirements.
Sandwich structures are generally composed of a part called core, which is placed between the upper and
lower facesheets [2]. Although the facesheets are usually in the form of plates, different configurations are
used in the core structure. Especially with the development of manufacturing technology and production
techniques, many different core structures have been produced and their strength values have been studied
by researchers. Different types of adhesives such as epoxy or Araldite are used to join the facesheets to the
core [3, 4]. Sandwich structures can be produced as flat plates or cylinders depending on the area of use [5].
There is a great need especially in areas where cylindrical structures are used, such as airplane parts, wing
sections and bicycle bodies, where lightness and high strength come to the fore.

The main purpose of using corrugated structures in sandwich structures is to reduce the total mass. Even if
they are not as light as thin lattice structures, these structures with high strength values can have the strength
values required by engineers. If instead of using a corrugated structure, only a hollow and shapeless body
was used, it would not be preferred much due to its high weight. It is also known that weight has a great
impact on fuel consumption. By using lighter structures, environmental failure can also be minimized.
However, since the strength effect also changes with the change of core type, it is an area that can be
intervened and controlled for researchers [6-8]. In addition, the effects of strength values of different
composite types (such as glass fiber, carbon fiber, kevlar) or alloy types (such as aluminum, steel) can be
examined [9].

Many studies have been conducted to improve the strength performance of corrugated sandwich composite
structures [2, 10-17]. Zhang et al. [18] investigated the compression performance and failure modes of square
honeycomb core sandwich cylinders by experimental measurement, analytical modeling and numerical
simulation. Wu et al. [19] investigated four possible failure modes (Euler buckling, axisymmetric buckling,
local buckling and face panel crushing of the sandwich cylinders) and their corresponding strength values
under compression loading of low density pyramid lattice core sandwich cylinders made of plain woven
carbon fiber fabrics. Ge et al. [20] experimentally and numerically investigated the compression behavior
and failure modes of a new sandwich structure with bidirectional corrugated cores produced by 3D printing.
The study shows that corrugated buckling and fracture are the main failure modes in flat compression.
However, the front panels mostly support the loading in the edge direction and no significant deformation is
observed. Zhu et al. [21] experimentally, numerically and analytically investigated the axial compression
behavior of trapezoidal staggered corrugated truss, bidirectional corrugated truss and hexagonal honeycomb
core sandwich plates. Zhu et al. [22] experimentally and numerically investigated the axial and lateral
compression behaviors and failure modes of inner square tube, corrugated core and outer square tube
produced by hot pressing method. Chen et al. [23] experimentally and numerically performed compression
tests to determine the failure modes of the number and core configurations (regular, perpendicular and
symmetrical) of multilayer corrugated sandwich panels produced by hot pressing. Han et al. [24] investigated
the compression behavior of honeycomb corrugated hybrid core aluminum sandwich structures both
experimentally and theoretically.

In this study, unlike the literature, compressive strength values (Peak crushing force (PCF), Mean crushing
force (MCF), Crushing force efficiency (CFE), energy absorption (EA) and specific energy absorption
(SEA)) and failures of five different cylindrical corrugated sandwich carbon composite structures
(Trapezoidal, Rectangular, Arc-shaped, Triangular and Sinusoidal) were determined numerically and
compared with each other. Compression simulations were performed in LS DYNA finite element program
using MAT-54 material model based on Hashin failure criterion, Cohesive Zone Model (CZM) and Bilinear
traction-separation laws.
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2. Numerical Study

2.1. Finite element model

The compression behavior of carbon fiber cylindrical composite sandwich structures with different core
configurations was investigated using the LS DYNA finite element program [25]. The solution
methodology of the program includes material cards that provide failure models based on the continuous
failure mechanism (CDM) [26]. By using models based on CDM, it is possible to see structural failure
in a progressive manner. When creating the numerical model, it is important that all specimens are
under the same limit and under the same standards. Because in this study, no experimental study was
taken as a reference, only the compression behaviors were compared with each other. Therefore, it is
important that all specimens are under the same conditions.

In order to determine and compare the compressive strength and energy absorption capabilities of
sandwich composite structures, it is necessary to determine crashworthiness parameters. These
parameters are calculated from force-displacement curves. Figure 1 shows an example force-
displacement curve obtained from a compression test. During the crushing behavior of cylindrical
sandwich structures, there are three distinct stages. First stage, plateau stage and densification stage. In
the first stage, the crushing force increases rapidly with the crushing distance until it reaches the initial
peak force (PCF). This is followed by the plateau stage, characterized by the development of folds in
the tubes, causing fluctuations in the crushing force. This fluctuation is caused by the buckling, bending
and collapse of the cell walls. Finally, in the densification stage, the crushing force experiences a
significant increase due to densification.

A

First stage Plateau stage Densification stage

.

gé@@ee

PCF

Force

Displacement Amax

Figure 1. Example force-displacement curve obtained from compression testing

Here, the area under the graph gives the absorption energy (EA) or total inner energy (TIE) (1).
EA(dx)=f, F (x)dx (1)
where dy is the crush distance and F(x) is the crush force as a function of the crush distance of x.

_EA
SEA=Z 2)
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Energy per unit of mass is denoted by SEA, where m is mass.
Crushing force efficiency (CFE) represents the ratio of mean crushing force (F mean) to peak crushing
force (PCF) and is defined as:

_McCF
CFE=—— ©)
Peak breaking force (PCF) is the maximum force value of the system. Mean crushing force (MCF) is
considered as the average force.

Uy = uy =0,u; #0 Constant speed 1.5 m/s

1-Top rigid plate
2- Bottom rigid fix plate
3- Composite specimen

Figure 2. FEM model

In the study, the element mesh size was taken as 2 mm x 2 mm considering the analysis time, efficiency,
specimen thickness and 8-node brick solid element (ELFORMZ1) was used as the element type. It is the
most commonly used element type as a solid model in the literature [27]. Figure 2 shows the
compression test finite element model of cylindrical sandwich composites. The specimens are placed
between the upper and lower rigid plates. The lower plate motions were kept constant in the x, y and z
directions, while the upper plate was allowed to move freely in the z direction. The compression speed
of the top plate was set as 1.5 m/s considering the processing time and efficiency.
"CONTACT_AUTOMATIC_SURFACE_TO_SURFACE" contact card was defined between the top
plate and the composite. 'CONTACT_AUTOMATIC_SINGLE_SURFACE' contact card was used to
prevent interference between the elements in the composite specimens.
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Both dynamic and static friction coefficients were defined as 0.2 [27]. For the quasi-static compression
test of the composite specimens, the upper plate was moved in the z direction using the
BOUNDARY_PRESCRIBED_MOTION_ SET card. The bottom plate was assigned as fixed. To avoid
dynamic effect, the initial speed was increased linearly starting from O up to 1.5 m/s and then kept
constant. Different core structures shown in Figure 3 were used in the study. The diameter x length
dimensions of the axial corrugated core specimens are 100 mm x 100 mm while the circular core
specimens are 115 mm x 140 mm. The unit cell dimensions and weights of these core structures are
given in Table 1. Cell widths and cell heights are the same. In order to make their weights the same, it
was tried to equalize their weights by reducing the material thickness and entering their densities in the
finite element program. The maximum difference between the weights is 1.65%. Therefore, a healthy
comparison can be made under the same boundary conditions by considering the cell width, cell height
and weights equal. From each figure given in Table 1, two different corrugated core structures, axial
and circular, were formed by bending. It is shown in Figure 4 in stages. The specimens used in the study
and the pictures of the core structures are given in Table 2.

Trapezoidal

Rectangular

Triangular

Sinusoidal

Figure 3. Different corrugated core structures used in the research

120



Firat Univ Jour. of Exp. and Comp. Eng., 4(1), 115-135, 2025

1. Bozkurt

Table 1. Dimensions and masses of corrugated core structures

Cell name Cell Shape Axial Mass (gr) | Circular Mass(gr)
591
S
Trapezoidal 11 145.778 231.931
2.9
28
|a— > |
I =
0.78
Rectangular 11 145.879 220.000
3
28
| »
~ gl
Arc-shaped 144.997 230.559
11
Triangular 146.666 223.775
1.1
l< 28 >l
!
11
Sinusoidal 147.394 223.775
1.09
vl 28 ~
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b)

Circular corrugated core

Axial corrugated core

Figure 4. Specimens (a) axial corrugated core, (b) circular corrugated core
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Table 2. Compression specimens

Specimens

Axial corrugated core

Circular corrugated core

Trapezoidal

Rectangular

Arc-shaped

Triangular

Sinusoidal
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2.2. Material models

It is very important to determine the material model in LS DYNA finite elements. Because the strength
values and failure deformations in the structure exposed to load are realized according to the determined
criterion. There are many material models to define the composite structure in LS DYNA. Among these,
the most widely used material models by researchers are MAT 22, MAT 54/55, MAT 58, MAT 59 and
MAT 162. The main difference between these material models is the failure criterion and material
behavior as a result of loading. Strength parameters (transverse compressive strength, longitudinal
compressive strength, transverse tensile strength and shear strength) are used to determine the failure to
the material. is needed. Among these material models, the MAT-22 material model based on the Hashin
failure criterion, which is the most widely used in the literature, was used in the study. When defining
the MAT54 material model, 25 input values are needed. Of these, 15 parameters are material constants
given in Table 3. The remaining 10 numerical parameters (shown in Table 4) are obtained by calibrating
through finite elements [28].

Table 3. Mechanical parameters of the CFRP composite [27]

Symbol Property Value Unit
p Density 1500 kg/m?®
E. Ep Young modulus a and b direction 43.7 GPa
E, Young modulus in ¢ direction 15 GPa
Vap Poisson’s ratio in ab plane 0.21 -
Upe Poisson’s ratio in bc plane 0.21 -
Uca Poisson’s ratio in ca plane 0.21 -
Gap Shear modulus in ab plane 14.18 GPa
Gpe Shear modulus in bc plane 14.65 GPa
Geq Shear modulus in ca plane 14.65 GPa
Sar Tensile strength a direction 0.589 GPa
Sac Compressive strength a direction 0.1096 GPa
Spr Tensile strength b direction 0.589 GPa
Spe Compressive strength b direction 0.1096 GPa
Sab Shear strength in ab plane 0.1082 GPa

Table 4. Failure parameters of the CFRP composite.

Symbol Description Unit
DFAILM Transverse matrix failure strain experimental 0.0
DFAILS Shear failure strain experimental 0.0
DFAILT Tensile fiber failure strain experimental 0.0
DFAILC Compressive fiber failure strain experimental 0.0
TFAIL Timestep for element deletion computational 0.16
Alpha Shear stress parameter failure dependent 0.0
Soft Strength reduction factor failure dependent 0.7
FBRT Reduction factor for X; failure dependent 1
YCFAC Reduction factor for X failure dependent 3
EFS Efective failure strain computational 0.90
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2.3. Modeling of adhesive layer

In sandwich structures, the core structure and the upper and lower facesheets structures need to be
bonded to each other. Different types of adhesives such as resin or Araldite 55 are used to ensure this
bonding. These adhesives are applied to the contact points of the core and facesheet structures and
adhesion is achieved by waiting for a certain period of time at room temperature. This adhesion is of
great importance in absorbing the force coming to the upper facesheet in case of impact and distributing
it homogeneously to other areas. Therefore, this adhesion and separation due to impact is based on some
mechanical principles. In the literature, it is characterized as CZM with a bilinear traction-separation
law. This law is based on the application of 3 independent parameters. The traction t,, between the
layers when the force is applied, the separation distance &, when the failure starts and the G, under this
curve. After the impact occurs, the separation between the layers occurs according to this principle
(Figure 5).

o+
o

Traction

Ge

Area under the curve

8 Separation 8.

Figure 5. Bilinear traction-separation law

The connection between the core and the facesheet can be achieved in two ways in FEM. First, it can be
achieved by assigning a thin film material here. Or instead, this adhesion can be achieved by providing
a connection between the surfaces. Dogan et al [29] determined that this method is effective instead of
using intermediate material. In this study, The CONTACT_AUTOMATIC SURFACE TO SURFACE
TIEBREAK contact card was used to bond the top and bottom cover to the core material in between.
While adhesion is achieved here, separations occur based on the Bilinear traction-separation law.With
this contact card, the nodes making contact in the beginning connect with each other according to the
following criterion.

lonl \2 | (losl )2
(s) +Gis) 21 Q
Here, while a,, and g, are the current normal and shear stresses, NFLS and SFLS are respectively the
interface and shear strength. When the condition of Equation (5) is met, interface node stress is decreased
to zero and the connection between the nodes is released. The contact parameters for Araldite 2015,
which was used as the adhesive material in this research, are provided in Table 5.

Table 5. Cohesive parameters between core and face sheets interfaces [30]

Contact Tiebreak Variable Description Value Units
NFLS Peak traction in normal direction 21.63x10° Pa
SFLS Peak traction in tangential direction 17.9x10° Pa
PARAM Exponent of mixed-mode criteria 1 -
ERATEN Energy release rate for Mode | 430 N/m
ERATES Energy release rate for Mode Il 4700 N/m
CT2CN Ratio of tangential stiffness to normal stiffness 1 -
CN Normal stiffness 8080 Pa/m
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2.4. MAT _54-55: Enhanced composite failure model

It is the most widely used material model in the analysis of composite structures. In the material model,
it is assumed that the material is orthotropic and linear elastic in the absence of any failure. In this
model, MAT 54 failure criterion was proposed by Chang and MAT 55 failure criterion was proposed by
Tsai-Wu. The operating principle of this material model is the same as that of MAT 22, but additionally

includes a compression failure mode. The Chang—Chang criterion (MAT -54) is given below [27];
Tensile fibre (o7, > 0).

(&) +7=1 ©®)

All moduli and Poisson’s ratios are set to zero when the tensile fibre failure criteria are met, that is E; =
E, =G, = 01, = Uy =0 All the stresses in the elements are reduced to zero, and the element layer has
failed.

Failure mode for compressive fibre (o7, > 0),

2
gu) —
(&) =1 )
Failure mode for tensile matrix (o;; > 0),
2
22 - _
(sz) tr=1 8)
Failure mode for compressive matrix
2
022 G2\ _qlo22 . = _
(2512) + [(2512) 1] C, t7=1 ©)

Where E; andE, are the longitudinal and transverse elastic moduli, respectively, G,, is the shear
modulus, vy, and v, are the in-plane Poisson’s ratios.

3. Results and Discussion

The force-displacement plots of axial corrugated core and circular corrugated core cylindrical sandwich
composite structures under axial load are shown in Figure 6a and 6b respectively. Figure 6a shows the
graphs of five different axial corrugated core structures as well as the without core specimen after
compression test. The PCF value for the without core specimen is 24.5 kN while the MCF value is 4.22
kN. Core was added to this without core specimen in five different configurations and compression
simulations were performed again. The aim here is to increase the crashworthiness performance without
increasing the weight too much. When the graphs are analyzed, the load for all specimens increased to
the maximum point and then decreased [27]. It is seen that the specimen with the highest PCF value is
the specimen with Trapeozidal core.
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a) Axial corrugated core
—— Without core

Trapeozidal

80 Rectangular

.. .Eée@eo e

4 Without core specimen
4

@
3

Sinusoidal

Load (kN)

&
S

20

0 15 30 45 60 75
Displacemenet (mm)

—— Without core

——Rectangular

—— Arc shaped

———Triangular
Sinusoidal

40
b) Circular corrugated core
30

20 |

Load (kN)

Displacemenet (mm)

Figure 6. Force-displacement results for a) Axial corrugated core and

It was observed for all specimens that the force value increased to the maximum point, the force
decreased slightly and then increased again. The reason for this is that fluctuations occur on the structure
due to the load. After the load drop, the force value continued at a certain value until the end of the
crushing test [31]. This value is obtained in parallel with the MCF value. According to this, it is seen
that the MCF value of the specimen with Arc shaped core structure is higher than the others. This is
because these force values are averaged when determining the average force value. Since densification
occurred in the material structure due to the effect of crushing force in the last section, the load value
increased [32].

Figure 6b shows the graphs of five different circular corrugated core structures and without core
specimen after compression test. The PCF value for the without core specimen is 19.11 kN while the
MCF value is 1 KN. When the graph is analyzed, it is seen that the force reached the maximum point
and then the force value decreased sharply. Then, it was observed that crushing occurred at an average
force value. In the last section, it was determined that an increase in the load value occurred due to the
densification situation. It is noticed that the last part of the Without core specimen has a later
densification effect unlike the other specimens. The reason for this is the absence of core structure and
the amount of material for densification is less than the other specimens.

Figure 7 shows the PCF and EA results for sandwich composites with axial and circular corrugated core
structure after compression test. When the PCF values are examined in Figure 7a, the maximum peak load
value was obtained in the axial corrugated core Trapeozidal specimen with 80.53 kN. The minimum was
26.69 kN for the Arc shaped specimen. Accordingly, the PCF value for the axial corrugated core increased
by a maximum of 2.28 times compared to the without core specimen. When the maximum PCF value
obtained from the circular corrugated core specimen is compared with the without core specimen, an increase
of 0.74 times is observed. When the EA values are analyzed in Figure 7b, the maximum EA value among all
specimens was obtained as 1626.2 J for the axial corrugated Arc shaped core specimen. The minimum value
occurred in the circular sinusoidal specimen with 452 J. When the energy absorption values of with core and
without core specimens are compared, the maximum value is increased 3.82 times for axial core structures
and 5.71 times for circular core.
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Figure 7. a) PCF and b) EA results

Although the EA value increases by using circular core, the maximum value remains low when compared to
axial core. But what is important here is the SEA value. That is, the energy absorbed per weight. The results
regarding this will be given in the following section.

At the end of the compression test, many results are obtained about the mechanical structure and strength of
the material. These results provide vital information about the structure and provide researchers with
important information about the behavior of the structure under load and its strength limits [33]. The PCF
value is an important parameter for assessing crashworthiness [6]. But the most important parameter affecting
the energy absorption capacity is MCF. Because the energy absorption value is calculated from the area under
the MCF. In some cases, the PCF value may be too high while the MCF value may be too low. Therefore,
the higher the MCF value, the higher the energy absorption capacity. Here the CFE value expresses the
efficiency between these two. It should be as high as possible to control the energy absorption efficiency
without any failure during an accident [34]. Figure 8a-c shows the SEA, MCF and CFE results of the
specimens at the end of the compression simulation. When the SEA results in Figure 8a are examined, the
axial corrugated arc shaped core specimen is the sandwich structure with the highest SEA value with 11.2
J/g, while the circular sinusoidal corrugated core with 2.02 J/g is the lowest sandwich structure. By using
axial corrugated core structure, the maximum SEA value increased by 65% compared to without core
structure. By using circular corrugated core structure, the maximum SEA value increased by 136.7%
compared to without core structure. When the MCF results are analyzed in Figure 8b, the MCF value of the
axial corrugated arc shaped core specimen is the highest with 20.33 kN, while the circular sinusoidal
specimen has the lowest value with 4.3 kN. Already in Figure 6, these results are clearly seen in the graphs.
Figure 8c shows the crushing force efficiency (CFE) results. Here, the highest CFE value means that the
higher the energy absorption capacity in case of accident or loading. In other words, the
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CFE value is always the highest value, which is a desired result for researchers working in this field.
Among the axial core and circular core specimens, the CFE value of the sinusoidal core specimen was
the highest. The lowest was Arc-shaped for Axial core and rectangular core for circular core.

The deformations of axial and circular corrugated sandwich composite structures are given in Figure 9
and Figure 10 respectively. After the load is applied to the sandwich structure, it gradually increases
with displacement and no significant deviation in linear behavior is observed until the peak [18]. Here,
the structure can resist up to a point while the load increases [35]. Then a sharp drop in load occurs. This
is the scenario that generally occurs when any specimen is tested in compression [36]. Depending on
the type of specimen used, the peak crushing force value and the average load amount with sudden load
drop may vary.

Figure 9 shows the deformations of axial core sandwich structures. Due to the difference in the structural
configuration of the five different specimens, the failure types or initial failures are different from each
other. In the trapeozidal specimen, buckling failure and facesheet failure were observed in the center of
the specimen due to loading. In Rectangular, the first failure started at the base of the specimen, while
both buckling and facesheet failure were observed in the arc shaped specimen. In the triangular
specimen, the specimen was folded with shrinkage failure, while in the sinusoidal specimen, large
deformation occurred in the failure. Figure 10 shows the deformation pictures of circular core sandwich
structures. When the post-compression deformations of all specimens were examined, it was seen that
the deformation rate was higher in axial core structures. As the compression rate increased, the folding
rate also increased. While some specimens showed face sheet failure (rectangular and arc-shaped), most
of them were deformed by folding.

4. Conclusions

In this study, the crushing performance of sandwich composite structures with different core configurations
(Trapezoidal, Rectangular, Arc-shaped, Triangular and Sinusoidal) under quasi-static compression loading
was determined using the finite element method. The numerical model was applied by performing
progressive failure analysis with MAT-54 material model in LS DYNA finite element model. In the study, the
performances (Peak force (PF), Mean crushing force (MCF), Crushing force efficiency (CFE) and specific
energy absorption (SAE)) and failure types for different core structures and core orientations (axial-circular)
were determined. Based on the data obtained at the end of the study, the results can be summarized as follows:

¢ Among the five different specimens, the Trapeozidal specimen with axial corrugated core has the
highest PCF value while the Arc shaped specimen with circular core has the lowest PCF value.
Accordingly, the PCF value for the axial corrugated core increased by a maximum of 2.28 times
compared to the without core specimen. The maximum PCF value obtained from the circular
corrugated core specimen increased by 0.74 times compared to the without core specimen.

e When the EA values were analyzed, the maximum EA value among all specimens was the axial
corrugated Arc shaped specimen, while the minimum value was the circular sinusoidal specimen.
When the energy absorption values of with core and without core specimens are compared, the
maximum energy absorption value for axial core structures increased by 3.82 times and 5.71 times
for circular core.

e Using the axial corrugated core, the energy absorption value increased by a maximum of 3.82 times,
while with the circular corrugated core, the energy absorption value increased by a maximum of
5.72 times.

e Axial corrugated arc shaped core specimen was the sandwich structure with the highest SEA value,
while circular sinusoidal corrugated core was the sandwich structure with the lowest SEA value. By
using the axial corrugated core structure, the maximum SEA value increased by 65% compared to
the without core structure. By using circular corrugated core structure, the maximum SEA value
increased by 136.7% compared to without core structure.

e The MCEF value of the axial corrugated arc shaped core specimen was the highest while the circular
sinusoidal specimen had the lowest value. Among the axial core and circular core specimens, the
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CFE value of the sinusoidal core specimen was the highest. The lowest value was Arc-shaped for
axial core and rectangular core for circular core.

e The deformation behavior of corrugated sandwich structures mainly depends on the core type.
Folding shape, bending type, facesheets failure differ according to the core type.

e This numerical research has the potential to make a great contribution to the literature by being
supported experimentally in future studies.

Nomenclature

CFE: Crushing force efficiency
CZM: Cohesive Zone Model
EA: Energy absorption

MCF: Mean crushing force
PCF: Peak-crushing force

SEA.: Specific energy absorption
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