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A new type of composite structure with a metal foam is reinforced by the metal corrugated core, 

called metal-foam-filled sandwich panel with a corrugated or V-frame core, is modelled, simu-

lated, and studied in this article. All types of samples with different relative densities of the foam 

are tested and analyzed under the drop hammer load. The sandwich panel included two alumin-

ium face-sheet, aluminium foams, and aluminium corrugated or V-frame cores. Mathematical 

and finite element models were also been developed to predict the effects of the relative density 

of the foam and other geometric parameters on the energy absorption. In addition, the mathe-

matical equations based on a mass-spring-damper problem with two degree-of-freedom (DOF) 

were derived to evaluate the kinetic and kinematic parameters of the sandwich panel, such as 

velocity, acceleration, contact force, and energy absorption. It was found that the models could 

represent the dynamic response of the sandwich panel. Finally, in order to improve the perfor-

mance of the sandwich panel, an optimization method was utilized for finding the optimum pa-

rameters which play an important role. 
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1. Introduction 

Sandwich panels have been widely used for con-
structing bridge decks, temporary landing mats and 
thermal insulation wall boards due to better perfor-
mance in comparison to other structural materials in 
terms of enhanced stability, higher strength to 
weight ratios, better energy absorbing capacity and 
ease of manufacturing and repair. In sandwich pan-
els, low-density material, known as the core, is usu-
ally adopted in combination with high stiffness face-
sheets to resist high loads. The main functions of core 
materials are absorbing energy and providing re-
sistance to face-sheets to avoid local buckling [1]. In 
sandwich panels with corrugated cores, it has been 
envisioned that this may be achieved if proper lateral 
support to core members against plastic yielding and 

buckling is supplied. To this end, recently, Yan et al. 
[2] inserted high porosity close-celled aluminium 
foams into the interstices of corrugated sandwich 
panels made of 304 stainless steel. A combined ex-
perimental and numerical study of the hybrid-cored 
sandwich was carried out under quasi-static com-
pressive loading. It was found that the foam filling 
into the core of an empty corrugated sandwich could 
increase the compressive strength and energy ab-
sorption capacity of the hybrid sandwich by 211% 
and 300%, respectively, and the specific energy ab-
sorption by 157%. Yan et al. [3] theoretically and ex-
perimentally studied the behaviour of sandwich 
beam with aluminium foam-filled corrugated cores 
under three-point bending.  

The bending stiffness, initial failure load, and 
peak load of the sandwich structure were predicted 
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by theoretical analysis. They concluded that the fill-
ing of aluminium foams would lead to dramatically 
increase of bending stiffness, initial failure load, peak 
load, and sustained load-carrying capacity relative to 
an unfilled corrugated sandwich panel. Yu et al. [4] 
investigated the crushing response and collapse 
modes of metallic corrugate-cored sandwich panels 
filled with close-celled aluminium foams using Finite 
Elements Method. They showed that at low compres-
sion velocities, the foam-filled panel was more effi-
cient in energy absorption compared to the empty 
panel due to the lateral support provided by the fill-
ing foam against strut buckling if the foam relative 
density was sufficiently large. 

Yazici et al. [5] experimentally investigated the in-
fluence of foam infill on the blast resistivity of corru-
gated steel core sandwich panels and numerically 
studied through the Finite Elements Method. After 
verifying the finite element model, numerical studies 
were conducted to investigate the effect of face-sheet 
thickness, corrugated sheet thickness, and boundary 
conditions on the blast performance. Experimental 
and numerical results were found to be in good 
agreement with R2 values greater than 0.95. The 
greatest impact on the blast performance came from 
the addition of foam infill, which reduced both the 
back-face and front-face deflections by more than 
50% at 3 [ms] after blast loading at a weight expense 
of only 2.3%. Foam infill benefits were more promi-
nent for Simple Supported edge case than encastre 
Supported edge case. 

Han et al. [6] explored the physical mechanisms 
underlying the beneficial effect of filling aluminium 
foams into the interstices of corrugated plates made 
of stainless steel with finite element simulations. Rel-
ative to unfilled corrugated plates of equal mass, this 
effect was assessed based on elevated peak stress 
and enhanced energy absorption under quasi-static 
out-of-plane compression. Upon validating the FE 
predictions against existing measurements, the influ-
ence of key geometrical and material parameters on 
the compressive response of foam-filled corrugated 
plates was investigated. Four new buckling modes 
were identified for foam-filled corrugations.  

Based upon these deformation modes of post-
buckling, collapse mechanism maps were con-
structed. Due to the additional resistance provided 
by foam filling against buckling of the corrugated 
plate and the strengthening of foam insertions due to 
complex stressing, both the load bearing capacity and 
energy absorption of foam-filled sandwiches were 
greatly enhanced. 

Recently, Damghani et al. [7-9] the numerically 
and experimentally studied the energy absorption in 

aluminium foam and corrugated core sandwich panel 
structures by drop hammer test.  

In this article, the effect of the core density on the 
energy absorption of the foam-filled corrugated core 
sandwich panels through the mathematical model 
and numerical simulations has been investigated. In 
addition, the effects of the foam relative density are 
evaluated by the mathematical model. Thus, the kin-
ematic and kinetic parameters could be predicted by 
this model. The result of the theoretical and numeri-
cal studied have good agreement with each other. 
Also, an optimization method was used to improve 
the performance of the sandwich panel, such as min-
imizing the maximum peak of the contact force and 
maximizing the internal energy (energy absorption).  

In summary, in this study, first, the mathematical 
model would be derived. Second, the model will be 
validated by comparing its results to those obtained 
by the numerical method. Third, the optimum values 
of the important parameters would be found in order 
to improve the performance of the sandwich panel. 

2. Mathematical Model 

2.1. Dynamic Stiffness of Top Face-Sheet of the Cor-
rugated core Sandwich Panel 

Rigidly supported sandwich panels would experi-
ence only local deformation of top face-sheet. Many 
of the theoretical methods for determining the local 
deformation involve Hertzian contact methods [10]. 
Since the local deformation causes transverse deflec-
tions of the entire top face-sheet and core crushing, 
those Hertzian contact laws are inappropriate for 
finding local indentation response. Other methods 
for determining the local deformation and core com-
pression include modelling the top face-sheet on a 
deformable foundation [11, 12].  

Turk and Hoo Fatt [13] presented a theoretical so-
lution for the local indentation of a rigidly supported 
composite sandwich panel by a rigid, hemispherical 
nose cylinder. They modelled the sandwich compo-
site as an orthotropic membrane resting on a rigid-
plastic foundation model. The solution was found to 
be within 15% of experimental results that involved 
face-sheet indentations that were several times the 
face-sheet thickness [13]. Abrate [14] gave an ex-
pression for the local indentation of a simply sup-
ported plate on the elastic foundation. 

When the panel is clamped around the edges, it 
experiences two types of deformations [14]. First, 
local deformation of the top face-sheet into the 
core material, δ, and second, global panel bending 
and shear deformation, Δ. The local deformation is 
the local indentation of the top face-sheet as the 
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core crushes. The global deformation is under-
stood as the bending and shear deformation of a 
sandwich panel that has not experienced any local 
face-sheet indentation and core crushing. Both the 
local and global deformations are coupled [15].  

The principle of minimum potential energy is 
again to derive approximate solutions for simply sup-
ported panels. Using the actual series solution for the 
deformations is not practical because a very large 
number of terms would have to be retained before 
the convergence of the series solution. So, the local 
load-deflection response is [16]: 

(1) 𝑷 = 𝑲𝒈𝜟 

where the local stiffness is [16]: 

(2) 

𝑲𝒈 = [(𝟒𝑭𝟏𝑭𝟓 − 𝑭𝟒
𝟐)(𝟒𝑭𝟑𝑭𝟓 −𝑭𝟔

𝟐) + 

(𝟐𝑭𝟐𝑭𝟑 −𝑭𝟒𝑭𝟔) × (𝑭𝟒𝑭𝟔 − 𝟐𝑭𝟐𝑭𝟓)]/ 

[𝟐𝑭𝟓(𝟒𝑭𝟑𝑭𝟓 −𝑭𝟔
𝟐)]

 

which the 𝐹𝑖  , (𝑖 = 1, … ,6) are ratios derived by mini-
mizing the energy [17]. The following section describes 
the simple dynamic models for the impact response. Re-
garding Fig. 1, the equations of the motion for the 2-DOF 
mass-spring-damper system are [16]: 

(3)
 

(𝑴𝟎 +𝒎𝒇)(𝜟̈ + 𝜹̈) + 𝑲𝟏𝒅𝜹 +𝑸𝒅 = 𝟎 

where 𝑸𝒅 is the dynamic crushing resistance of the 
core that can be experimentally evaluated. 𝒎𝒇 is the 
effective mass of the top face-sheet, and 𝒎𝒔 is the ef-
fective mass of the sandwich. Furthermore, 𝑲gd is the 
dynamic global stiffness of the sandwich panel. 𝑲𝟏𝒅 
is the dynamic local stiffness of top face-sheet. In ad-
dition, it can be assumed that the mass of the sand-
wich panel is negligible compared to the mass of the 
projectile for simplicity. Therefore, the solution for δ 
given by [15, 16] is:  

 𝛿 =
𝛿̇

𝜔
𝑠𝑖𝑛 𝜔 𝑡 +

𝑄𝑑

𝐾1𝑑
𝑐𝑜𝑠 𝜔 𝑡 −

𝑄𝑑

𝐾1𝑑
,      

, 𝜔 = √
𝐾1𝑑𝐾𝑔𝑑

(𝐾1𝑑+𝐾𝑔𝑑)𝑀0
  

(4) 

The velocity and acceleration of top face-sheet are 
found by differentiating Eq. (4). Consequently, the 
impact force given by [15, 16] is: 

(5)
  

𝑭(𝒕) = −𝑴𝟎(𝜟̈ + 𝜹̈) = −𝑴𝟎(𝟏 +
𝑲𝟏𝒅

𝑲𝒈𝒅
)𝜹̈

  

The maximum impact force occurs when 
𝒅𝑭

𝒅𝒕
=

𝟎, given by [15, 16] is: 

(6) 𝐹𝑚𝑎𝑥 =
𝑀0

𝐾𝑔𝑑

(𝐾𝑔𝑑+𝐾1𝑑)𝜔

√(𝑄𝑑𝜔)
2+(𝛿̇0𝐾1𝑑)

2

̇
× (𝛿̇0

2
𝐾1𝑑 +

𝑄𝑑
2𝜔2

𝐾1𝑑
)  

Maximum impact force occurs when: 

(7)
 

𝒕𝒎𝒂𝒙 =
𝟏

𝝎
𝐭𝐚𝐧−𝟏(

𝜹̇𝟎𝑲𝟏𝒅

𝑸𝒅𝝎
)
 

Maximum strain rate is also given by: 

(8)
 

𝜀𝑚̇𝑎𝑥 =
𝜀𝑐𝑟𝜔

tan−1(
𝛿̇0𝐾1𝑑

𝑄𝑑𝜔
)
 

2.2. Global Deformation of the Corrugated Core 
Sandwich Panel 

Fig. 2 shows a sandwich panel with a corrugated 
core or V-frame. The core density of triangular sand-
wich structure is formulated respectively as [18]: 

(9) 𝜌𝑐 =
2𝑡1

𝐿 𝑠𝑖𝑛 2𝜔
𝜌  

where 𝜌 is the density of the base material of the core 
sheets, 𝐿 = 𝐻𝑐/sin 𝜃 for the triangular core as shown 
in Fig. 3. Thus, the relative density for the triangular 
core could be expressed as [19]: 

(10) 
𝝆̄ =

𝟐𝒕

𝒍 𝒔𝒊𝒏𝟐𝜽
 

 

 
Fig. 1. A discrete model of projectile impact on the simply 

supported panel [16] 

 

 
Fig. 2. Corrugated lattice sandwich structure unit cell dimen-

sions [18] 
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Fig. 3. The geometry of the triangular core 

 

In addition, in a foam-filled corrugated core, the to-
tal average density of the sandwich core may be ex-
pressed as [2]: 

(11) 𝝆𝒕𝒐𝒕𝒂𝒍 = 𝝆𝒄𝒗𝒄 + 𝝆𝒇(𝟏 − 𝒗𝒄)  

where 𝑣𝑐 is the volume proportion of the core occu-
pied by corrugated plate and 𝜌𝑓 is the density of the 
foam. Then, the total average density of the sandwich 
core can be written as: 

(12) 𝝆𝒕𝒐𝒕𝒂𝒍 =
𝟐𝒕𝟏

𝒍 𝒔𝒊𝒏𝟐𝜽
𝒗𝒄 + 𝝆𝒇(𝟏 − 𝒗𝒄) 

Based on the static relationship [20], the overall 
shear deflection of the Web-Foam core is the sum of 
the web and foam shear deflections: 

𝜏𝑥𝑦 = 𝜏𝑤𝑉𝑤 + 𝜏𝑓𝑉𝑓 (13) 

in which, 𝜏𝑥𝑦 , 𝜏𝑤 and 𝜏𝑓 are the shearing stress of 
web-foam core, web, and foam, respectively. Also, 𝑉𝑤  
and 𝑉𝑓 are the volume ratio of web and foam, respec-
tively. The geometrical relationship is: 

(14) 𝜸𝒙𝒚 = 𝜸𝒘 = 𝜸𝒇 

where 𝛾𝑥𝑦 ,𝛾𝑤 and 𝛾𝑓 are the shear strain of web-foam 
core, web, and foam, respectively. By using Hooke’s 
law, the corresponding stresses are: 

(15) 𝝉𝒙𝒚 = 𝜸𝒙𝒚𝑮𝒙𝒚,   𝝉𝒘 = 𝜸𝒘𝑮𝒘,   𝝉𝒇 = 𝜸𝒇𝑮𝒇 

in which, 𝐺𝑥𝑦 , 𝐺𝑤 and 𝐺𝑓 are the shear modulus of 
web-foam core, web, and foam, respectively. Conse-
quently, the elastic modulus of the corrugation when 
loaded in 𝑥3 direction can be expressed as [21]: 

𝐸3 = 𝐸𝑠𝜌̄ 𝑠𝑖𝑛
4 𝜃 (16) 

where 𝐸𝑠 is Young’s modulus of the parent material. 
By using the same method, the effective shear modu-
lus of the corrugated core 𝐺1 can be expressed as: 

(17)  𝑮𝟏 =
𝑬𝒔𝝆̄ 𝒔𝒊𝒏

𝟐 𝟐𝜽

𝟒
=

𝑬𝒔 𝒔𝒊𝒏
𝟐 𝟐𝜽

𝟒
(
𝟐𝒕𝒗𝒄

𝒍 𝒔𝒊𝒏𝟐𝜽
+ 𝝆𝒇(𝟏 −

𝒗𝒄)) 

In a foam-filled corrugated core, the elastic modu-
lus is given by: 

(18) 

𝑬𝒕𝒐𝒕𝒂𝒍 = 𝑬𝒗𝒄 +𝑬𝒇(𝟏 − 𝒗𝒄) 

=
𝟐𝒕𝑬𝒔 𝒔𝒊𝒏

𝟒𝜽

𝒍 𝒔𝒊𝒏𝟐𝜽
𝒗𝒄 +𝑬𝒇(𝟏 − 𝒗𝒄) 

Compressive strength, 𝜎3 as well as transverse 
shear strength, 𝜎1 of the corrugated core are: 

(19) 

𝝈𝟑 = 𝝈𝒄𝝆̄ 𝒔𝒊𝒏
𝟐 𝜽 

= 𝝈𝒄 𝒔𝒊𝒏
𝟐 𝜽 (

𝟐𝒕𝒗𝒄
𝒍 𝒔𝒊𝒏𝟐𝜽

+ 𝝆𝒇(𝟏 − 𝒗𝒄)) 

𝝈𝟏 = 𝝈𝒄
𝝆̄

𝟐
𝒔𝒊𝒏𝟐𝒘 

=
𝝈𝒄
𝟐
𝒔𝒊𝒏𝟐𝒘(

𝟐𝒕𝒗𝒄
𝒍 𝒔𝒊𝒏𝟐𝜽

+ 𝝆𝒇(𝟏 − 𝒗𝒄)) 

then: 

(20) 

𝝈𝒄 = (𝝈𝟑 + 𝝈𝟏) × [(
𝟐𝒕𝒗𝒄

𝒍 𝒔𝒊𝒏𝟐𝜽

+ 𝝆𝒇(𝟏 − 𝒗𝒄)))

× ((𝒔𝒊𝒏𝟐𝜽 +
𝒔𝒊𝒏𝟐𝒘

𝟐
)]
−𝟏

 

The dynamic stiffness is given by [15] and substi-
tuting it in Eq (2), where: 

𝐹1 =
2240

1575
(
4𝑡𝐸𝑠 𝑠𝑖𝑛

4𝜃

𝑙 𝑠𝑖𝑛2𝜃
𝑣𝑐 + 2𝐸𝑓(1− 𝑣𝑐)), 

(21) 

F2 =
1344

1575
a(
2tEs sin

4 θ

l sin2θ
vc + Ef(1− vc)), 

F3 =
1

1575
(204[a2

2tEs sin
4 θ

l sin2θ
vc + Ef(1

− vc)] 

+2016[
2tEs sin

4 θ

lsin 2θ
vc + Ef(1− vc)]

+ 2040[
4tEs sin

4 θ

l sin2θ
vc

+ 2Ef(1− vc)]), 

F4 =
1344

1575
a(
2tEs sin

4 θ

lsin 2θ
vc + Ef(1− vc)), 

F5 =
1

1575
(204a2[

2tEs sin
4 θ

l sin2θ
vc + Ef(1

− vc)] + 

2016[
2tEs sin

4 θ

lsin 2θ
vc + Ef(1− vc)]

+ 2040[
2tEs sin

4 θ

l sin2θ
vc

+ Ef(1− vc)]), 

F6 =
4032

1575
(
4tEs sin

4 θ

l sin2 θ
vc + 2Ef(1− vc)) 
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Consequently, the final stiffness and deformation 
by substituting Eq. (21) in Eq. (11) and Eq. (2) would 
be obtained. In addition, velocity and force or accel-
eration in terms of time could be derived by Eq. (6) 
and making a derivative from Eq. (4). 

3. Numerical Study 

4.1. Numerical Modelling of Corrugated-Core Sand-
wich Panels 

This section is intended to give a brief review on 
the capabilities of LS-DYNA finite element code for 
simulation of an impact event. The numerical simula-
tion is used for interaction between a rigid impactor 
and a sandwich panel with a corrugated core during 
impact. The impactor is modelled and meshed using 
quad elements with material type 20 (rigid), [7-9]. 
Material constants for the steel impactor are pre-
sented in Table 1. 

The face-sheets and sandwich cores were made of Al-
uminium, and the detailed material parameters are 
summarized in Table 2. The corrugated core members 
were meshed by structural shell element S4R and quad-
ratic structural element. With symmetry boundary con-
ditions, displacement-controlled quasi-static uniaxial 
compression was applied to the top face-sheet while the 
bottom face-sheet was fixed. A plastic-kinematic model 
with material number 3 is used for Aluminium Plate 
Plastic-kinematic model with material number 3 is used 
for Aluminium plate [7-9]. 

It does not take much for finite element analysis to 
produce results. However, for results to be accurate, 
we must demonstrate that results converge to a solu-
tion and are independent of the mesh size. Mesh con-
vergence determines how many elements are re-
quired in a model to ensure that the results of an 
analysis are not affected by changing the size of the 
mesh. System response (stress, deformation) will 
converge to a repeatable solution with decreasing el-
ement size. Following convergence, additional mesh 
refinement does not affect results. At this point, the 
model and its results are independent of the mesh.  

Convergence studies vary the sizing and configura-
tion of the FEA mesh. Using an iterative method, the 
size of elements increased along each side and solved 
the simulation. The complexity of the model vs. re-
sponse was recorded. For us, complexity is the size of 
elements and the subsequent degree of freedom. Our 
response of interest is the maximum Von Mises 
stress. We can then plot the maximum Von Mises 
stress vs. the size of elements in the model. At a point, 
the response of the system converges to a solution. 
Refinement of the mesh (the addition of more ele-
ments) has little or no effect on the solution. We also 
can plot the solved time and Von Mises stress vs. the 

size of elements. The addition of elements increases 
the solution time. At a point, more elements increase 
solution time with no refinement in solution. Refine-
ment past this point is an inefficient application of 
FEA. The results of an FEA model must be independ-
ent of the mesh size. A convergence study ensures the 
FEA model captures the behavior of the system while 
reducing solving time [7, 21]. 

According to Fig. 4 and upon performing a mesh sen-
sitivity study, an element size on the order of 1.5 was 
shown to be sufficiently refined for ensuring the accu-
racy of the numerical results. The upper indenter was 
simulated using eight-node solid elements, and the 
lower platform was defined to be rigid.  

An automatic surface-to-surface contact was de-
fined between the upper indenter and the sandwich 
panel. Meanwhile, an automatic single surface con-
tact was considered to simulate self-contact of core 
sheets during deformation. An automatic one-way 
surface-to-surface contact was defined between the 
face-sheets and core members. For this reason, a 
speed of 2 𝑚/𝑠 was adopted in the simulation [7-9].  
Scale factors used for Fig. 5.b is 10 while for Fig. 7.b, 
it is 12. 

FE model of the triangular corrugated sandwich 
panel is shown in Fig. 5. Also, Fig. 6 shows the kinetic 
and kinematic parameters of the sandwich panel. 

Table 1. Properties of steel impactor [7-9] 

Material 

property 
ρ (kg/m3) E (GPa) ν 

σY 

(MPa) 

Value 7800 210 0.3 400 

Table 2. Properties of Aluminum [7-9] 

Mate-

rial 

prop-

erty 

ρ 

(kg/m3) 
E(GPa) ν 

𝜎𝑦 

(MPa) 

𝜎𝑢 

(MPa) 
𝜀𝐷 

Value 2700 70 0.3 117 124 0.2 
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Fig. 4. Mech convergence study for element size and solving 
time. 

 

(a) 

 
(b) 

 

Fig. 5. a) undeformed. b) deformed finite element model of 
the triangular corrugated sandwich panel. 

According to Section 4, the derived theoretical 
model was verified by comparing with the numerical 
methods. As can be seen in Fig. 5, we just modelled 
and simulated the sandwich panel with face-sheet 
and corrugated core, and the result is a good agree-
ment with the theoretical model (Fig. 6). In the next 
sections, we are going to consider the results of the 
theoretical model in other types of the cores, such as 
foam-filled core and foam-filled with the corrugated 
or V-frame core. 

4.2. Numerical Modelling of Sandwich Panels with 
Foam Core 

In this section, the numerical simulation is used for 
interaction between a rigid impactor and a sandwich 
panel with foam core during impact. Aluminium foam 
is modelled using the Deshpande-Fleck foam model 
by choosing material number 154 in LS-DYNA, [22-
24]. Fig. 7 shows the model of the sandwich panel 

with Aluminium Foam. The material constants for 
the Aluminium foam are presented in Table 3, [7-9]. 

 
Fig. 6. Time-series of impactor displacement, velocity, and ac-

celeration, imposed force of impactor, and impactor kinetic 

energy for a triangular corrugated-core sandwich panel. 

In some models such as Deshpande-Fleck foam 
model, it may be not possible to reduce the step time. To 
solve this problem in LS-DYNA, the element erosion 
method is used to remove the heavily distorted ele-
ments. Several criteria are used to this end. Although, in 
the present work, the maximum strain criterion is uti-
lized, the maximum stress criterion is applicable [22].  

For the case of Aluminium foam, the maximum 
strain of 0.3 is used from the experimental results. 
"MAT-add-erosion" is an auxiliary tool to remove the 
elements of the impressed [25-28]. 

According to Figs. 8 to 10, there is good agreement 
between the numerical method and theoretical 
model of the sandwich panel with the foam-filled 
core in three conditions of the relative density of the 
foam. 
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(a) 

 
(b) 

 

Fig. 7. a) undeformed. b) deformed finite element 

model of foam-core sandwich panel. 

Table 3. Properties of Aluminum foam [7-9] 

 Relative Density 

Material property (18%) (23%) (27%) 

E (MPa) 1500 1660 1800 
υP 0.05 0.05 0.05 
α 2.1 2.1 2.1 

γ (MPa) 4.3 5.26 7 
𝜀𝐷  1.63 1.48 1.33 

𝛼2 (MPa) 48 55 65 
Β 5.5 4.6 3 

𝜎pl (MPa) 3.8 4.7 5.4 
𝜀cr 0.1 0.1 0.1 

4.3. Numerical Modelling of Metal-Foam-Filled 
Sandwich Panels with a Corrugated or V-Frame 
Core 

In this section, we are going to compare the nu-
merical method and theoretical model in the 
metal-foam-filled sandwich panels with a corru-
gated or V-frame core (Fig. 11). In the case of the 

foam-filled panel, the symmetry boundary condi-
tion was applied on the two side-faces of the foam 
insertion.  

Also, both the front and back face-sheet of the 
sandwich panel was assumed to be stiff enough to 
be modelled as rigid bodies. The foam insertions, 
the face-sheets, as well as the struts,  were also 
perfectly bonded at the interface [7-9]. 

According to Figs. 12 to 14, there is good agree-
ment between the numerical method and theoreti-
cal model of the sandwich panel with the corru-
gated foam-filled core in three types of the relative 
density of the foam. In the next step, we are going 
to use an optimization method to improve the per-
formance of the sandwich panel and find the opti-
mum parameters which play an important role. 

 

Fig. 8. Time- series of impactor displacement, velocity, and accel-
eration, imposed force of impactor, and impactor kinetic energy 

for the foam-core relative density of 18%. 



256 M. Nouri Damghani, A. Mohammadzadeh Gonabadi/ Mechanics of Advanced Composite Structures 6 (2019) 249 - 261 

 

 

Fig.  9. Time- series of impactor displacement, velocity, and accel-
eration, imposed force of impactor, and impactor kinetic energy 

for the foam-core relative density of 23%. 

4. Optimization 

This part of the article aims to investigate the opti-
mum parameters of the sandwich panel in order to 
improve the performance. We used a nonlinear opti-
mization method, genetic algorithm (GA) algorithm 
provided in MATLAB, to minimize the energy absorp-
tion as the objective function in the crashworthiness 
optimization.  
For the planar impact, we found from the curves of 
response vs. time that the peak of the contact force 
and internal energy both increases as the wall thick-
ness t increases, and then, a multi-objective optimi-
zation problem was performed. 

Before running the optimization, to make more 
sense, we were trying to find the relationship be-
tween the parameters and the objective functions, 
internal energy and the peak of the contact force, 
which are provided in Figs. 15 to 20. 

Therefore, we formulated the design problem in 
the penalty function as a multi-objective optimiza-
tion framework: 

(22) 

{
 
 

 
 

𝐌𝐚𝐱𝐢𝐦𝐢𝐳𝐞: 𝑰𝒏𝒕𝒆𝒓𝒏𝒂𝒍 𝑬𝒏𝒆𝒓𝒈𝒚

𝐌𝐢𝐧𝐢𝐦𝐢𝐳𝐞: 𝑷𝒆𝒂𝒌 𝑭𝒐𝒓𝒄𝒆
𝐎𝐫 𝐭𝐨𝐭𝐚𝐥𝐲 𝐌𝐢𝐧𝐢𝐦𝐢𝐳𝐞: 𝒑𝒆𝒏𝒂𝒍𝒕𝒚 𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏

𝐂𝐨𝐧𝐬𝐭𝐫𝐚𝐢𝐧𝐭𝐬:
𝟏𝒆𝟗 < 𝑬 𝒄𝒐𝒓𝒆 𝒂𝒏𝒅 𝒇𝒐𝒂𝒎 < 𝟏𝒆𝟏𝟎
𝟏𝒆 − 𝟑 < 𝒕𝒉𝒊𝒌𝒏𝒆𝒔𝒔 < 𝟓𝒆 − 𝟑
𝟏𝟎 < 𝒂𝒏𝒈𝒍𝒆 < 𝟕𝟎

 

 

(23) 

where:  
Penalty Function = |(𝑤1

− |𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦|)|
+  𝑤2 × |𝑃𝑒𝑎𝑘 𝐹𝑜𝑟𝑐𝑒| 

𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦
= 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑓𝑜𝑟𝑐𝑒 𝑣𝑠.  𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡, 
𝑃𝑒𝑎𝑘 𝐹𝑜𝑟𝑐𝑒 = 𝑚𝑎𝑥 (𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑓𝑜𝑟𝑐𝑒), 
𝑤1 = 20 , 𝑤2 =
0.01,𝑤ℎ𝑖𝑐ℎ 𝑎𝑟𝑒 𝑡ℎ𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑛𝑢𝑚𝑏𝑒𝑟𝑠  

 

 

Fig. 10. Time- series of impactor displacement, velocity, and ac-
celeration, imposed force of impactor, and impactor kinetic en-

ergy for the foam-core relative density of 27%. 
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(a) 

 
(b) 

Fig. 11. a) undeformed. b) deformed finite element model of 

the sandwich panel with the corrugated foam-filled core 

Fig. 21 shows the history of the optimization 
method to reach the best value of the multi-objec-
tive function, which means the value of the maxi-
mum contact force and internal energy. As can be 
seen in the plot, after around 50 iterations, the 
function converges to 63.95, and the optimal de-
sign variables are: 

(24)
 

𝐸𝑐𝑜𝑟𝑒 = 10
9 [Pa] 

𝐸𝑓𝑜𝑎𝑚 = 10
9 [Pa] 

𝑡 = 0.005 [m] 

𝜃 = 65.7415 [deg] 

The maximum energy absorption (internal en-
ergy) is 11.0854 J, and the maximum contact force 
is 5.5043 N. 

5. Discussions 

Fig. 6 plots the crushing force vs. time and inter-
nal energy vs. time curves. From the comparison with 
Hou et Al. [18] and Damghani et al. [7-9], it is known 
that the deformation patterns to a certain extent, de-
termine the energy-absorption and the peak crush-
ing force. For the low-velocity impact load, all the 
core cells were deformed, which lead to high internal 
energy absorption. Obviously, much bigger crushing 
force is needed for the latter to make the structure 
completely deform than for the former to make it de-
form locally. So, the plot has a good agreement with 

the statement. In addition, in Fig. 8, we see much big-
ger crushing force is needed for the sandwich panel 
with a core-foam, and it will be increasing by increas-
ing the foam density. This trend has a good agree-
ment in comparison with results obtained by 
Damghani et al. [7], Hoo et al. [15-17], and Turk et al. 
[13]. Fig. 21 shows the errors of the optimization 
during each iteration, which its trend has a good 
agreement with Hou et Al. [18]. Therefore, it could be 
concluded that after approximately 20 iterations, the 
convergence of the penalty function would be satis-
fied. 

 
Fig. 12. Time- series of impactor displacement, velocity, and accel-

eration, imposed force of impactor, and impactor kinetic energy 

for a sandwich panel with the corrugated foam-filled core with a 

relative density of 18%. 
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Fig. 13. Time- series of impactor displacement, velocity, and ac-
celeration, imposed force of impactor, and impactor kinetic en-
ergy for a sandwich panel with corrugated foam-filled core with 

relative density of 23%. 

6. Conclusions 

This article aims to investigate the effects of the 
key shape and dimensional parameters on the crash-
ing behavior of corrugated sandwich panels and op-
timize the sandwich cores for crashworthiness crite-
ria. Mathematical and numerical methods were used 
to characterize the failure response of foam-filled 
corrugated core sandwich panels under the low-ve-
locity impact. A two-degree-of-freedom is used to 
theoretically predict the local and global deformation 
behavior of a simply supported panel. The results re-
vealed a good correlation between the theoretical 
and numerical predictions; Furthermore, the kine-
matic and kinetic parameters of the metal-foam-
filled sandwich panels with a corrugated core were 
predicted. The effect of foam-core relative density on 

the impact properties of sandwich panels showed 
that the impact resistance and rate of energy absorp-
tion would be increased by densifying the foam-core. 
When the face sheets thicknesses, core height, and 
core density were kept constant, the core cell shape 
has a relatively small effect on the low-velocity local 
impact responses, but they have significant influ-
ences on the planar impact responses. The optimal 
core cell shapes were obtained using energy absorp-
tion as the objective function in the crashworthiness 
optimization. It was found that there is a close rela-
tionship between the deformation process and the 
crushing force vs. time history curve.  

 
Fig. 14. Time- series of impactor displacement, velocity, and ac-
celeration, imposed force of impactor, and impactor kinetic en-

ergy for a sandwich panel with corrugated foam-filled core with a 
relative density of 27%. 
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Fig. 15. maximum contact force vs. the elastic modulus and 

the thickness of the core 18% 

 
Fig. 16. maximum contact force vs. the elastic modulus of the 

core and foam 18% 
 

 
Fig. 17. maximum contact force vs. the angle and thickness of 

the core 18% 

 
Fig. 18. Internal energy vs the elastic modulus and the thick-

ness of the core 18% 

 
Fig. 19. Internal energy vs. the elastic modulus of the core and 

foam 18% 

 
Fig. 20. Internal energy vs. the angle and thickness of the core 

18% 
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Fig. 21. convergence history of the optimization method 
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