
R E S E A R CH AR T I C L E

Effect of geometric configurations and curvature angle
of corrugated sandwich structures on impact behavior

Ilyas Bozkurt

Department of Mechanical Engineering,
Architecture and Engineering Faculty,
Mus Alparslan University, Mus, Turkey

Correspondence
Ilyas Bozkurt, Department of Mechanical
Engineering, Architecture and
Engineering Faculty, Mus Alparslan
University, Mus 49250, Turkey.
Email: i.bozkurt@alparslan.edu.tr

Abstract

The aim of this study is to numerically investigate the low-velocity impact

behavior of carbon fiber reinforced orthogonal woven fabric composite sand-

wich structures with five different geometric configurations and four different

curve angles. Low velocity impact simulations were performed in LS DYNA finite

element program to investigate the effects of core configuration and curve angle

on peak contact force, energy absorption efficiency and damage mode. A progres-

sive damage analysis based on the combination of the Hashin damage criterion

and the Cohesive Zone Model (CZM) with bilinear traction-separation law was

performed using the MAT-54 (ENHANCED_COMPOSITE_DAMAGE) material

model. Among the five different cores, Trapezoidal core has the highest peak force

average of 2.9 kN while Triangular core sandwich structure has the lowest with

1.23 kN. Absorbed energy efficiency average was highest for rectangular core

with 0.95 and lowest for sinusoidal core with 0.69. The specific absorbed

energy value was highest for Triangular core with 0.312 J/g and lowest for

Sinusoidal core with 0.178 J/g. The damage area on the structure increased

with increasing curve angle. It was determined that the core structure and

curve angle is an effective parameter on peak force and energy absorption

efficiency.

Highlights

• Impact behavior of sandwich composite structures was examined.

• The effects of core type and curve angles on peak force, energy absorption

efficiency and specific absorption energy were investigated.

• Specific absorption energy rates were compared with studies in the

literature.
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1 | INTRODUCTION

Composite materials are used in many sectors, especially
in the defense industry, due to their high strength-
to-weight ratio and excellent energy absorption capacity.1

Sandwich composite structures stand out especially in
parts and components where energy absorption is
required. Sandwich structures are a type of composite
consisting of core structures with different shapes and
structures between the upper and lower facesheet. With
the development of manufacturing technology and
production techniques, it has become possible to produce
composite structures in many different structures and
configurations.2 They can be manufactured from differ-
ent materials according to the sector to be used and the
component at the application point. When the studies on
composite structures are examined, it is seen that the
interest in curved surfaces has increased in the last
decade. It is seen that curved surface structures are used
in aircraft noses, wing and body structures in the aviation
industry, military vehicles in the defense industry, bullet-
proof clothing, ship structures and motor boats. Due to
the superior properties of sandwich composite structures,
they can be used in many different areas and components
and can be exposed to very different loading conditions.
However, sandwich composites are susceptible to impact
damage due to the complexity of their micro-mechanical
structures and energy absorption system under load.3

The invisible damages in the structure directly affect the
stiffness and lifetime of the structure. Therefore, deter-
mining the impact behavior of these structures and
obtaining detailed information about the damage mecha-
nisms is of great importance for safety.4

The main purpose of using corrugated structures is to
reduce the total weight of the system. Especially in metal
structures, when corrugated structure is used instead of
the whole volume, the total weight is significantly
reduced.5 This is very important in the aviation industry
where weight is an important influence on fuel consump-
tion. In recent years, with the improvement of the
mechanical performance of composite structures, the use
of composites in applications requiring mechanical
strength is increasing. It is seen that curved composite
structures have entered our lives from bicycle body to
vehicle and aircraft parts.

Many studies have been conducted to improve the
mechanical performance of corrugated sandwich com-
posite structures.6–12 Cao et al.13 experimentally investi-
gated the impact behavior of multilayer corrugated
sandwiches. They also compared the experimental results
on the velocity sensitivity of single-layer and multilayer
sandwiches. Kilicaslan et al.14 experimentally and numer-
ically investigated the impact behavior of interlayer

sandwich panels with corrugated aluminum core and
aluminum alloy surfaces using spherical and flat striking
tips. Yu et al.15 investigated the low-velocity impact
response of hollow extruded aluminum alloy corrugated
sandwich beams used in the bodies of high-speed trains.
The damage mechanism map of the corrugated sandwich
beam under low-speed impact was obtained by theoreti-
cal analysis, which was verified by experimental and
finite element simulation results. He et al.,9 experimen-
tally and numerically investigated the low-velocity
impact response and post-impact bending behavior of
hybrid sandwich structures composed of carbon fiber
reinforced polymer (CFRP) surface layers and aluminum
alloy corrugated cores. Li et al.16 investigated the perfor-
mance and energy absorption of Kirigami corrugated
core sandwich structures under dynamic crushing
through pendulum impact tests. Acanfora et al.17 con-
ducted experimental and numerical investigations to
determine the mechanical behavior of lightweight sand-
wich composite structures with polypropylene core and
carbon fiber reinforced polymer facesheets in shock
absorption applications. The investigated sandwich struc-
tures used a Designed for Additive Manufacturing
(DfAM) core to maximize their performance in terms of
energy-to-weight ratio and damping of impact loads.
Garofano et al.18 performed numerical simulations to
determine the stresses and accelerations on the occupants
during an aircraft collision. They numerically studied the
side impact of an airline passenger with a World SID-
based dummy positioned in the window-side seat of an
aluminum commercial aircraft fuselage. The numerical
results were cross-matched with literature experimental
data. Rong et al.19 numerically investigated the impact
and crushing performance of geometric configurations of
corrugated cores. Zhao et al.20 investigated the behavior
of glass fiber reinforced double corrugated sandwich
composite structures under low velocity impact. Shui
Yang et al.21 investigated the impact strength and dam-
age mechanisms of carbon fiber composite circular corru-
gated sandwich cylindrical panel produced by hot press
molding method. They used validated finite element
analysis (FEA) models based on Hashin failure criteria to
investigate the effects of relative density, impact energy
and impact location on impact responses.

Cheng et al.22 experimentally and numerically investi-
gated the low-velocity impact behavior of U-type corru-
gated sandwich panels. Boonkong et al.23 experimentally
and numerically investigated the low-velocity impact
behavior, energy absorption performance and damage
mechanisms of lightweight aluminum sandwich panels
with curvilinear aluminum alloy cores. Yellur et al.24

experimentally and numerically examined the effects of
upper and lower facesheet thicknesses on impact
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behavior in polypropylene honeycomb sandwich struc-
tures. They used the LS-DYNA finite element model
for numerical analysis. Susainathan et al.25 numeri-
cally investigated the impact behavior of innovative
wood-based sandwich structures with plywood cores and
coatings made of aluminum or fiber-reinforced polymer
(carbon, glass or flax composite coatings). Numerical
models were created with LS DYNA. Shirbhate et al.26

examined the explosion response of a hexagonal honey-
comb sandwich structure with holes along the cell height
of the core compared to conventional honeycomb cores.
They performed detailed numerical analysis to accurately
reproduce the deformation process by finite element
analysis using the open LS-DYNA software.

Many different tests and laboratories are needed to
produce composite structures, which have a wide range
of applications, to test the produced specimens and to
determine their mechanical performances.27 The limited
and high cost of the materials needed in the production
processes and the trial-and-error testing of the produced
specimens using high-cost testing equipment limit the
researchers.28 Due to these high costs, researchers have
carried out the production and testing stages with
the help of finite element programs.29 However, although
the accuracy of finite element analysis has increased with
the advances in finite element technology, the accuracy
rate decreases when these analysis results are not sup-
ported by experimental work. In order to overcome this
problem, the researchers created a numerical model
with reference to experimental studies that were previ-
ously conducted with high costs and difficulties.30–32

Setoodeh et al.33 used a three-dimensional elasticity-
based FEM approach coupled with layered laminated
plate theory to perform low-velocity impact analysis of
fiber-reinforced laminated composite plates. Khalili
et al.34 investigated the dynamic and quasi-static
impact behavior of cylindrical structures using finite
element method. The effects of cylindrical composite
plate and shell structures and various edge/thickness
ratios were investigated. In order to support the finite
element results, the results of previous composite plate,
curved composite laminate, composite thick cylinder
and composite thin cylinder experiments in the litera-
ture were taken as reference.

In this study, unlike the literature, the low-velocity
impact behavior of carbon fiber reinforced orthogonal
woven fabric composite sandwich structures with five dif-
ferent geometric configurations (Trapezoidal, Rectangu-
lar, Arc-shaped, Triangular and Sinusoidal) and four
different curvature angles (0�, 90�, 120�, 150�) were
numerically investigated. A previous experimental study
is taken as a reference to support the numerical model.
In order to investigate the effects of core structure and

curve angle on peak contact force, impact energy absorp-
tion and damage mode, low velocity impact tests were
performed in LS DYNA finite element program. At the
end of the study, the specific energy absorption values
were compared with the studies in the literature.

2 | EXPERIMENTAL STUDY

It is important that the numerical model to be used in
the study is supported by an experimental study in order
for the analysis to give accurate results. Therefore, in this
study, firstly, the numerical model was created by taking
the experimental study of Reference 21, the numerical
model was created with reference to the experimental
study.

In the study, hot press molding method was used to
produce carbon fiber composite circular corrugated sand-
wich cylindrical panels using carbon fiber reinforced
orthogonal woven fabric composite. The macro mechani-
cal properties of the material listed in Table 1 were tested
using Instron 5505 test rig in accordance with ASTM
D695-9635 and ISO 527-4 guidelines.36 The dimensions
given here correspond to d = 11mm, H = 160mm, f a
= 5.91mm, α = 120� ve θa = 53.5�. The test setup for the
impact test is given in Figure 1.

In low velocity impact tests, many graphs and data
about the mechanical performance of the material are
obtained. In these graphs and outputs, it is decided
whether the material is suitable for the component or
position to be used or not by comparing according to the
standards. In the weight drop experimental test setup,
these data are obtained by reading from the tip of the
impactor. Along with the changes in the kinetic energy
and velocity of the impactor, displacement graphs are
extracted from its position. Equations (1)–(4) are used
to obtain the changes in velocity, displacement and
energy with respect to the impact timing of the impac-
tor. Data on contact force, displacement and absorbed
energy obtained from the tip of the impactor were
evaluated.

v tð Þ¼ viþ gt�
Z t

0

F tð Þ
m

d tð Þ ð1Þ

Here, t is the time of the first contact of the impactor to
the specimen, which is t¼ 0; v tð Þ is the velocity of the
impactor at time t; vi is the velocity of the impactor at
time t¼ 0; and F tð Þ is the impact contact force measured
at time t.

δ tð Þ¼ δiþ vitþgt2

2
�
Z t

0

Z t

0

F tð Þ
m

dt

� �
dt ð2Þ
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δ is the displacement of the impactor at time t, while
δi is the displacement of the impactor from the reference
point at time t¼ 0.

Ea tð Þ¼m v2i � v tð Þð Þ2� �
2

þmhδ tð Þ ð3Þ

Here, Ea tð Þ is the absorbed energy at time t, m is the
weight impact, and g is the gravitational acceleration.
To evaluate the weight efficiency of the energy absorp-
tion of a structure, the specific energy absorption (SEA) is
generally used.

SEA¼Ea

m
ð4Þ

Here, m is the mass of the crash structure. Higher SEA
values indicate better energy-absorbing efficiency of the
structures.

3 | NUMERICAL STUDY

3.1 | Finite element model

Low velocity impact behavior of carbon fiber reinforced
orthogonal woven fabric composite sandwich structures
with different geometric configurations and curvature
angles was investigated using LS DYNA finite element
program.37

The solution methodology of the program includes
material cards that provide damage models based on the
continuous damage mechanism (CDM).38 By using
models based on CDM, it is possible to see structural
damage in a progressive manner. Impact tests were per-
formed numerically for all specimens used in this study
with dimensions of 140 � 160 mm. The drawings of the
sandwich structures formed by the combination of
the core structure placed between the upper and lower
surfaces were made in Solidworks program. In the study,

TABLE 1 Dimensions and masses of corrugated core structures.

Cell name Cell shape Mass (gr)

Trapezoidal 47.8

Rectangular 61.2

Arc-shaped 46.9

Triangular 43.6

Sinusoidal 45.2

4 BOZKURT
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8-node brick solid element (ELFORM1) was used for all
elements. Mesh convergence study was performed and it
was seen that the most compatible mesh structure with
the experimental study was 2 � 2 mm. Moreover, when
criteria such as analysis time and proximity to the experi-
mental study were evaluated, this mesh structure was
determined to be the most suitable. Figure 2 shows the
FE model used in the study and different corrugated core
structures used in the research. The diameter of the
hemispherical steel impactor is 12 mm, length is 36 mm
and weight is 8.37 kg. The tests were carried out by set-
ting the impactor to.

15 J impact energy. The direction of movement of the
impactor is restricted for x and y directions. It is only
allowed to move in the z direction. The upper and lower

holders are considered completely fixed. That is, its
movement is restricted for x, y and z directions. These
boundary conditions are based on the experimental
study. Because the results in FE analysis are appropriate
and close to the experimental study depends on these
boundary conditions. A total of 82,709 nodes and 54,784
solid elements were used in the modeling. The upper and
lower holders were modeled with 11,668 nodes and 5312
solid elements.

CONTACT_AUTOMATIC_SURFACE_TO_SURFACE
contact card was used to model the contact force between
the sandwich composite and the impactor and to prevent
the specimen from moving between the holders during
impact. The static and dynamic friction coefficients were
entered as 0.2 and 0.3 respectively.27 The CONTACT

FIGURE 1 (A) Dimensions of

the test specimen, (B) Corrugated

core, (C) face sheet, (D) impact test

apparatus, (E) specimen and

clamping apparatus for impact test.21

BOZKURT 5
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AUTOMATIC SINGLE SURFACE card was used to pre-
vent all elements from interfering with each other due to
the impact.

Five different (Trapezoidal, Rectangular, Arc-shaped,
Triangular and Sinusoidal) corrugated core structures with
different geometric configurations and curve angles were
investigated in the study. Figure 2B shows the shapes of
the Trapezoidal, Rectangular, Arc-shaped, Triangular and
Sinusoidal core structures used in the study. Core dimen-
sions and curve shapes of these structures are given in

Tables 1 and 2 respectively. Their masses were found by cal-
culating their volumes in FE. The thickness value and face
sheet thickness of all specimens are 1 mm. The cell width
and cell heights used in all structures are equal.

3.2 | Material models

There are many material models that describe composite
materials in the LS-DYNA finite element program.

FIGURE 2 (A) FE models of the low velocity impact test, (B) Different corrugated core structures used in the research.

6 BOZKURT
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The choice of these models varies according to the
intended use. MAT-54 material model was used in this
study. In this material model, fiber damage, matrix dam-
age and delamination behavior under impact loading can
be determined based on the progressive damage princi-
ple. Hashin damage criteria39 are applied with this mate-
rial model. A total of 24 parameters are required to
introduce the MAT-54 material model to the program.
Details of these parameters are given in Tables 3, 4.

3.3 | 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 adhe-
sives are applied to the contact points of the core and
facesheet structures and adhesion is achieved by wait-
ing 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 t0, between the layers when the
force is applied, the separation distance δ0 when the dam-
age starts and the GC under this curve. After the impact
occurs, the separation between the layers occurs accord-
ing to this principle (Figure 3).

Adhesion here can be achieved in two ways. First, it
can be achieved by defining a thin interfacial material

between the top cover and the core in the middle. Or it
can be achieved by using a bonding surface that performs
the same function. Dogan et al.40 found this method to be
effective instead of using an intermediate material. In this
study, The CONTACT_AUTOMATIC SURFACE TO
SURFACE TIEBREAK contact board 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.

σnj j
NFLS

� �2

þ σsj j
SFLS

� �2

≥ 1 ð5Þ

Here, while σn and σs 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.

3.4 | MAT_54–55: Enhanced composite
damage 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 damage. In this model, MAT 54 damage cri-
terion was proposed by Chang and MAT 55 damage crite-
rion was proposed by Tsai-Wu. This material model has the

TABLE 3 Mechanical parameters

of the GFRP composite.21
Symbol Property Value Unit

ρ Density 1523 kg/m3

Ea,Eb Young modulus a and b direction 63 GPa

Ec Young modulus in c direction 11 GPa

υab Poisson's ratio in ab plane 0.063 -

υbc Poisson's ratio in bc plane 0.32 -

υca Poisson's ratio in ca plane 0.063 -

Gab Shear modulus in ab plane 4.2 GPa

Gbc Shear modulus in bc plane 4.2 GPa

Gca Shear modulus in ca plane 4.2 GPa

SaT Tensile strength a direction 0.756 GPa

SaC Compressive strength a direction 0.557 GPa

SbT Tensile strength b direction 0.756 GPa

SbC Compressive strength b direction 0.557 GPa

Sab Shear strength in ab plane 0.118 GPa

8 BOZKURT
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same operating principle as the MAT 22 model but addition-
ally includes a compression damage mode. The Chang–
Chang criterion (MAT_54) is given below;

Tensile fiber (σ11 > 0).

σ11
S1

� �2

þτ¼ 1 ð6Þ

All moduli and Poisson's ratios are set to zero
when the tensile fiber failure criteria are met, that is
E1 = E2 = G12 = υ12 = υ21 = 0 All the stresses in the ele-
ments are reduced to zero, and the element layer has
failed.

Failure mode for compressive fiber (σ11 > 0),

σ11
S12

� �2

¼ 1 ð7Þ

Failure mode for tensile matrix (σ11 > 0),

σ22
S2

� �2

þτ¼ 1 ð8Þ

Failure mode for compressive matrix.

σ22
2S12

� �2

þ C2

2S12

� �
�1

� �
σ22
C2

þτ¼ 1 ð9Þ

where E1 and E2 are the longitudinal and transverse elas-
tic moduli, respectively, G12 is the shear modulus, υ12
and υ21 are the in-plane Poisson's ratios.

TABLE 4 Failure parameters of the GFRP 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 damage dependent 0.0

Soft Strength reduction factor damage dependent 0.7

FBRT Reduction factor for Xt damage dependent 1

YCFAC Reduction factor for Xc damage dependent 3

EFS Efective failure strain computational 0.90

TABLE 5 Cohesive parameters between core and face sheets interfaces.41

Contact tiebreak variable Description Value Units

NFLS Peak traction in normal direction 21.63 � 109 Pa

SFLS Peak traction in tangential direction 17.9 � 109 Pa

PARAM Exponent of mixed-mode criteria 1 -

ERATEN Energy release rate for Mode I 430 N/m

ERATES Energy release rate for Mode II 4700 N/m

CT2CN Ratio of tangential stiffness to normal stiffness 1 -

CN Normal stiffness 8080 Pa/m

FIGURE 3 Bilinear traction-

separation law.
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4 | RESULTS AND DISCUSSION

The contact force-time and kinetic energy-time graphs
obtained from low velocity impact of five different
corrugated sanwich composite structures with differ-
ent configurations and curve angles are given in
Figure 4. The impactor energy was set to 15 J. When

the contact force-time plot of Figure 4A is examined,
it is seen that the result obtained with the FE model
is close to the experimental study. The difference
between the experimental and numerical results is
1.8% for peak force. It is seen that the contact
force value increases with the effect of the impact.42

After the force value reaches the peak value, it is

FIGURE 4 (A) Contact force-

time and (B) energy-time plots of

trapezoidal sandwich structure under

impact load, (C) deformations in the

sandwich structure as a result of

impact.

10 BOZKURT
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seen to decrease sharply. Here, the upper facesheet
structure was damaged and the force was wasted.43 At
this point, it is seen that there is a big difference

between experimental and numerical results. In other
words, the force drop was higher in the numerical
result.

FIGURE 5 Contact force-time graphs for (A) trapezoidal, (B) rectangular, (C) arc-shaped, (D) triangular and (E) sinusoidal core.
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The reason for this is that in the FE model, when the
stress values on an element reach a certain critical value,
the element is erased.44 Therefore, when the elements in
contact with the impactor tip are erased, the force value
decreases. But in the experimental study, even if the ele-
ments are damaged, they contact the impactor tip and
generate a small force.45 Therefore, due to this force
difference, the force drop in the experimental study
was less. It is seen that there are oscillations as the
force value increases to the peak point. These oscilla-
tions are due to the propagation of the force between
the elements as it increases and the stress accumula-
tion in the layers.46 After the force decreased, it
increased again. However, the force value did not
increase as much as at the first contact moment.

Because the stability of the system was weakened.8

Then, the force value reaching the second peak value
decreased and the force value became 0. When the
force value is 0, it means that the energy of the impac-
tor runs out and returns and stops contact with the
sandwich structure. This is seen in the energy graph in
Figure 4B. In Figure 4C, the deformations caused by
the impact are given experimentally and numerically.
The experimental deformation pictures of the sand-
wich structures are taken from Ref. [21]. In Figure 4C,
the places shown in blue in the FEM represent the
undamaged places. The locations shown in red repre-
sent the damaged locations. When the experimental
study and FEM damage area are compared, it is seen
that they are close to each other. In FEM, the elements

FIGURE 5 (Continued)
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at the damaged point were deleted. In the experimental
study, it collapsed inward due to pressure. In both
experimental and FEM, the damage did not reach the
interior. In other words, the entire damage was
absorbed by the upper facesheets and core structure.
Because the core structure provides support below the
point of contact of the impactor. There are points in
the core structure where the core structure does not
contact or support. If the impact is applied to these
points, the amount of damage will be greater because

there is no core support.27 Another important parame-
ter affecting the damage magnitude is the impact
energy.47

When composite structures are subjected to impact,
they try to absorb the impact with damage types such as
matrix damage, delamination and fiber fracture. The
biggest energy absorbing damage type is matrix damage.48

When fiber fracture occurs, the damage process is com-
pleted in the structure. In materials such as aluminum,
this impact reaction is not as complex as in composite

FIGURE 6 Energy-time and velocity-time graphs (A) and (B) for trapezoidal, (C) and (D) for rectangular, (E) and (F) for arc-shaped,

(G) and (H) for triangular and (I) and (J) for sinusoidal core.
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structures. Since they have a homogeneous structure,
there is liner up to a certain critical value. In composite
structures, on the other hand, it is more complex to pre-
dict the mechanical behavior under load because there
are many different factors. Because there are many fac-
tors such as the type of matrix used, fiber thickness,
matrix-fiber adhesion compatibility, production tempera-
ture, etc. All these factors are important in terms of engi-
neering as they affect the mechanical performance of the
structure.

With the numerical model supported by the experi-
mental study, the impact performances of specimens with
five different core structures and curve angles were ana-
lyzed. The same boundary conditions as the experimental
study were used in these analyses. Figure 5 shows
the contact force-time graphs for (A) Trapezoidal,
(B) Rectangular, (C) Arc-shaped, (D) Triangular and
(E) Sinusoidal core sandwich specimen with different
curve angles (0�, 90�, 120�, 150�). When the contact
force-time graph in Figure 5A is for trapezoidal core
examined, the force first reached the maximum point
and then decreased sharply for all four angle values. It is

seen that the impact reactions are parallel even if the
curve angles are different. For the trapezoidal core struc-
ture, while the peak force was 3.52 kN at 0�, it decreased
to 2.16 kN at 150�. Therefore, the peak force value
decreased by 38.6% with the change of curve angle.
Figure 5B–E shows the graphs of rectangular, arc-shaped,
triangular and sinusoidal core structures respectively.

Figure 6 shows the energy-time and velocity-time
graphs (A) and (B) for Trapezoidal, (C) and (D) for
Rectangular, (E) and (F) for Arc-shaped, (G) and (H) for
Triangular and (I) and (J) for Sinusoidal core structure
with different curve angles (0�, 90�, 120�, 150�). When
the energy-time graph of Figure 6A is examined, it is seen
that the initial energy of the impactor is 15 J. After the
impactor contacts the specimen, its energy is 0 and then
the impact test ends with a certain energy. Absorbed
energy efficiency (η) value should be determined to
determine the energy absorption performance of the
specimens or sandwich structures with different core
structures and to compare them with each other. When
calculating this value, the difference between the
initial and final energy is divided by the initial energy.

FIGURE 6 (Continued)
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For example, for the sample α = 90�, the absorbed energy
efficiency (η) value of 0.947 is obtained when the differ-
ence between the initial energy (15 J) and the final energy

value (0.79 J) is divided by the initial energy. Figure 6B
velocity-time graph shows the velocity curves of the
impactor. When the graph is examined, it is seen that the

FIGURE 7 Variation of peak force and

absorbed energy efficiency in sandwich structures

as a result of impact.
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impactor velocities change from positive to negative.
Here the direction of the impactor is assigned as þz.
Since the impactor moved in the opposite direction of the
z direction, that is, in the �z direction, while returning
from the specimen surface, it entered the negative area in
the graph. It is seen that the energy graphs are parallel to
the velocities. Figure 6C–J shows the graphs of rectangu-
lar, arc-shaped, triangular and sinusoidal core structures
respectively.

In the Figure 7 contact force and energy absorption
efficiency results for (A) Trapezoidal, (B) Rectangular,
(C) Arc-shaped, (D) Triangular and (E) Sinusoidal core

sandwich specimen with different curve angles (0�, 90�,
120�, 150�). In the Figure 7A when the results for the
trapezoidal core sandwich structure are analyzed, the
peak force value decreases by 38.6 kN% as the angle α
increases (i.e., from 0� to 150�). To show this decrease
more clearly, the yellow colored decrease curve has been
added. Absorbed energy efficiency value varies according
to the angle α. In other words, while the energy efficiency
is 0.99 when α = 0�, it becomes 0.84, 0.99 and 0.81 when
α= 90�, 120�, and 150� respectively. Therefore, the
energy efficiency of trapezoidal core sandwich structures
varies according to the angle. In this study, numerical

FIGURE 8 Damage to the (A) trapezoidal, (B) rectangular, (C) arc-shaped, (D) triangular and (E) sinusoidal core sandwich structure.
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simulations were performed for 0�, 90�, 120� and 150� for
α only. In order to determine exactly which angle is the
turning point, that is, after which angle the energy effi-
ciency changes, the angle increment ratio should be kept
low and many numerical simulations should be per-
formed. When the results for the Figure 7B rectangle core
sandwich structure are examined, it is seen that as the
curve angle increases, the peak force value first decreases,
then increases and then decreases again. The highest
peak force value is 2.55kN for α = 120�. The energy effi-
ciency also started at the highest, then decreased and
finally increased again. Figure 7C shows the arc-shaped
results. It is seen that the peak force values here have the
opposite effect of the Sinusoidal sandwich structure given

in Figure 7D. When the absorbed energies are compared,
it is seen that the arc-shaped structure has a more stable
effect, while the energy efficiency is clearly affected by
the change of the curve angle in the Sinusoidal structure.
In Figure 7E, when the results for the triangular sand-
wich structure are analyzed, it is seen that the peak force
value is the lowest for the other four different corrugated
core structures. The average peak force (i.e. the average
peak force for the four different angles) is 1.22 kN. The
core structure with the highest peak force average is the
Trapezoidal core sandwich structure with 2.88 kN. When
absorbed energy efficiency is compared; the highest
absorbed energy efficiency average is rectangle with 0.95
and the lowest is sinusoidal core with 0.69.

FIGURE 8 (Continued)
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Composite structures are used in many sectors and
components due to their superior mechanical properties.
Therefore, they can be exposed to many loads and
impacts according to the type of usage area. When com-
posite structures are subjected to impact, depending on
the severity of the impact, it may leave some permanent
damage to the structure. These damages are sometimes
visible and sometimes occur as delamination damage
between layers and are not visible. These damages may
grow during use and with the effect of fatigue and may
cause sudden major damages and disasters.49 Therefore,

it is important to know the damage behavior of compos-
ite structures well. When composite structures are sub-
jected to impact, they absorb this impact by matrix
damage, fiber fracture and delamination damage to
absorb the impact. With the impact of the incoming
impact, damage to the matrix structure occurs first.50

Then delamination damage occurs in the layers. The
damage process is completed with the occurrence of frac-
ture in the fibers. Figure 8A–E shows the deformations of
sandwiches with trapezoidal, rectangular, arc-shaped,
triangular and sinusoidal core structures respectively.

FIGURE 8 (Continued)
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For each core structure, isometric and section view are
added separately for each curve angle. Cross section in
x direction was used for section view of the core struc-
ture. In the damage pictures, the elements shown in blue
color represent the undamaged elements. The elements
shown in red color represent the damaged elements.
When all damages are analyzed, it is seen that the biggest
damage occurred in the top facesheets structure.9 No
damage occurred in the bottom facesheet for all speci-
mens. Therefore, the top facesheets and core absorbed all
the impact energy. It is seen that the damage areas

increase with increasing curve angle. In trapezoidal, rect-
angular and arc-shaped structures, the core structure
showed impact resistance and was damaged. In the trian-
gular structure, the core structure changed shape and
absorbed the energy.

In addition, since there was no support under the
apex of the triangular structure, the peak force value was
also the lowest.51

Since a real-time impact test occurs very quickly, it
is not possible to visually see or follow the damage
progression. However, it is possible to see the damage

FIGURE 8 (Continued)
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progression by slowing down the image with technologi-
cal cameras. This also requires high cost. Thanks to FE
theology, it is possible to see all the damage phases from
the beginning to the end of the impact test with all the
details.33 Figure 9 shows the end of contact force-time of
arc-shaped and rectangle core sandwich structures with
curve angle (α) 120. In the graph, the onset of the first
damage, the damage state after the peak force and the final
damage state are gradually added. After the impactor con-
tacts the specimen surface, stresses occur in the elements at
the point of contact. Damage starts when the stress values
at this point reach the critical value threshold of the mate-
rial due to the impact effect.52 The first damage onset is

0.8 ms for arc-shaped and 0.52 ms for rectangle. Due to the
flexible shape of the arc-shaped structure, the damage
started later. Immediately after the contact force reaches its
peak, there is a sharp drop in force.

Damage and element deletion occurred in the upper
facesheet structures. At the end of the impact simulation,
matrix damages occurred in the top facesheets and core
for both specimen structures. It is seen that the damage
area in the rectangle structure is higher than the arc-
shaped structure. Because the energy absorption effi-
ciency is higher.

Impact simulations were performed for a total of
20 different specimens, including five different core

FIGURE 8 (Continued)
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structures used in this study and four different curve
angles for each core structure. Specific energy absorption
(SEA) values were calculated and compared in Figure 10.
SEA is calculated by dividing the energy absorbed by the
specimen by the core mass.27 In addition, the SEA values
of sandwich structures in the literature9,53–55 were cal-
culated and added to the graph. Triangular core has
the highest SEA value with 0.312 J/g close to the other
structures because it is lighter even though its energy
absorption value is close to the other samples. Sinusoi-
dal core has the smallest SEA value with 0.178 J/g. The

SEA value of the Triangular core structure with a curve
angle of 0� is 3.4% lower than Ozen et al,50 6.3% higher
than Yalkin et al55 and 25.6% higher than Damghani
et al53 The important point here is the type of perfor-
mance required by the sector or component where
sandwich structures will be used. SEA value is very
important in the aviation sector where light weight is
important. However, in the vehicle industry where
energy absorption during impact is very important, the
appropriate core structure should be selected by con-
sidering energy absorption efficiency.

FIGURE 9 Damage images of

the arc-shaped and rectangle core

sandwich specimens.

FIGURE 10 Comparison of SEA

values.
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5 | CONCLUSIONS

In this study, the low-velocity impact behavior of five dif-
ferent carbon fiber reinforced orthogonal woven fabric
composite sandwich structures with different geometric
configurations and curve angles were numerically inves-
tigated. Low-velocity impact tests were performed in LS
DYNA finite element program to investigate the effects of
core type and curve angle on maximum contact force,
energy absorption efficiency, specific absorbed energy
and failure mode. The results of the study can be summa-
rized as follows;

In the trapezoidal core sandwich structure, the peak
force value decreased by 38.6 kN % as the angle α
increased (from 0� to 150�). In other structures, the load
change was not linear with the curve angle change.
Among the five different cores, the peak force average
was the highest for the trapezoidal core with 2.9 kN and
the lowest for the triangular core sandwich structure with
1.23 kN.

Absorbed energy efficiency average was highest for
rectangular core with 0.95 and lowest for sinusoidal core
with 0.69.The specific absorbed energy value was highest
in triangular core with 0.312 J/g and lowest in sinusoidal
core with 0.178 J/g. As the curve angle increased, the dam-
age area on the structure also increased. It was determined
that core structure and curve angle is an effective parameter
on peak force and energy absorption efficiency.
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