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ABSTRACT

Analysis for Influence of internal imperfections on impact 

characteristics of a ultra-light weight sandwich panel with truss cores

 

Sun Hyang Sun

Advisor : Prof. Ahn Dong-Gyu, Ph. D

Dept. of Mechanical Engineering

Graduate School of Chosun University

 Energy depletion has increased the need for highly energy-efficient products, and the 

tightening of environmental regulations due to environmental problems has raised. 

Especially, industries using transport carriers like automobile, aircraft and shippings are 

leading the way in increased product performance through high strength, high 

crushworthiness implementations ultra light structures for the purpose of developing 

passenger safety as well as increased energy consumption efficiency.

Also, there have been performed the analysis of reaction characteristic of those materials 

for the occurred impact force at using the structure frame in the transport industry 

A prior study had been performed the analysis by supposing almost it's perfections during 

the finite element analysis in oder to analyze/deduct the impact characteristic of sandwich 

panels with truss core. However, It have been reported that mechanical properties and 

impact characteristic are to be decided with shape of occurred core/weld zone imperfections 

in producing process of the panels

 So, It have been performed research the influence on the impact characteristics of 

sandwich panels with Truss cores by the initial imperfections in this paper. therefor, It 

have been performed the impact tests and non-linear finite element analysis using the 

impact systems of way to drop load for ISB panels on the plane strain boundary condition.  

 From the results of impact analysis/tests, considered force-deflection, deformation 

characteristics , absorption of th impact energy characteristics and failure characteristics with 



ISB panels on each initial imperfection conditions. The three dimensional finite element 

analysis has been carried out using a commercial code ABAQUS v6.5. 

 First, Modeling of finite element analysis has been developed and verified in the case of 

plane strain boundary condition to perform three dimension finite element analysis. From 

the results of the FEA, the deformation/failure pattern of the inner structures, the variation 

of the stress and strain distribution in the ISB  panel have been quantitatively evaluated 

when the impact energy is applied to the ISB panel.

 Also, There is picked up the dominant dimensionless parameters to FM model based on 

the finite element analysis results for ISB panels with Truss core on the plane strain 

boundary conditions, deducted the Failure-Map on the weight/ velocity parameters for it's 

models and analyzed the influence of imperfections on each conditions

In order to examine characteristics of material deformation and failure three-points bending  

 test has been performed. In the three-points bending test, the expanded metal with a 

pyramidal shape and woven metal are employed as an internally structured material. 

Through the three-points bending test, the influence of design parameters for ISB panel on 

the specific stiffness, the failure mode and the failure map has been found. In addition, it 

has been shown that ISB panel with expanded metal is prefer to that with woven metal 

from the view point of optimal design for ISB panel.

 Thus, through the comparison of the results of the impact tests and those of the analyses, 

it could have been analyze/research the influence of occurred initial imperfections when 

producted the specimen to the absorption characteristic of impact energy and strain 

characteristic in the plane strain boundary conditions.

 As a result of study, It could have decided to realize the product performance of high 

efficiency when the specimen are producted by comparing/deciding the influence with those 

imperfections for the ISB panels with Truss core used in the transport industry of a 

vehicle/flight/ship etc. As a results of experimental impact tests and those of the three 

dimension finite element analysis, The ISB panel has been considered very efficient and 

suitable materials at automobile /aircraft/shipping/space industry to require superior impact 

characteristics
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Fig. 1 Examples of sandwich plate with Three-dimensional inner structures 
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Fig. 2 Flow chart of Research 
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Fig. 3 Structures of expended metal with pyramid shapes
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4.5 mm, 7 mm , 

0.4 5mm Fig. 3 

. 
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.

(Multi point resistance welding) 

.

Fig. 4 

.25)

Fig. 4 Manufacturing process of the sandwich panel with multi point resistance welding
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 ISB (Internally Structured Bonded) 

/ . ISB , 

1. 
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. Fig. 4 ISB 
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Fig. 5 Initial imperfections of inner structures in the sandwich panel
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Fig. 6 Modeling of intial imperfections on the inner structures
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3 . 3

.

Standard-Mode 

. 

Sym . 

. Anti-Sym 

"S" .

, . Sym 

Anti-Sym , 

0 ~ 4 , 

. Fig. 7 

Sym Anti-Sym 

2 4 . 



- 10 -

(a) Symmetry-Mode 

(b) Anti-Symmetry-Mode

Fig. 7 The number of initial imperfections on the inner structures

(a) Symmetry-Mode 

(b) Anti-Symmetry-Mode

Fig. 8 A location of initial imperfections on the inner structures
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. , Fig. 9 , 

, 

, 

.

Fig. 9 The welding of initial imperfections on the weld zone

. 

Fig. 10 

, 
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Fig. 10 The area of welding of initial imperfections on the weld zone

, 

0 , 

2 , 

4 .

, 

(Strut) 

, /

50 1.06 

mm Fig. 11 .

Fig. 11 The welding modeling through actual measurement of the weld zone imperfections 

on the impact specimen
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Fig. 12 FE model of the impact analysis of sandwich panel

Fig. 12 . 
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Fig. 13 .

Fig. 13 Unit-cell modeling of initial imperfections on the sandwich panel

(Explicit time integration finite element 

method) . ABAQUS V6.5 
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(a) A full model                         (b) A half model

Fig. 14 Finite element model of the sandwich panel. (a) A full model (b) A half model

, 

, Fig. 14 (b) 

1/2 . 

8 

(8-node linear element) . , 

3 . 

, . 

4 (shell) (4-node linear element) . 

4 

8 (8-node linear 

element) . 

Table 1 .

Table 1 Number of nodes and elements of three-dimensional finite element analysis

Specimen (EA) Die (EA) Rubber (EA)

Node 52,620 4,998 1,986

Element 37,200 13,920 1,990
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2. 3

Fig. 15 Boundary condition of FE analysis

Fig. 15 
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. 

Table 2 .
25)

Table 2 Material properties of stainless steel (SUS 304) and CSP 1N 

SUS 304 (Sheet) CSP 1N (Core)

E (GPa) 180 176

υ 0.28 0.32

σt (MPa) 667 302

3

(SUS 304) . 

, 

Johnson-Cook 26), 

Fig 16 

.25)

Fig. 16 Stress-Strain curves for stainless steel (SUS304)
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2 

3  

Fig. 17 Schematics for plane strain type of impact test

Fig 17 , 

. , 11.1 kg 

30 mm . 

30 mm 60 mm ISB (SUS 304) 

20 cm (Ein = 11.01 J) 

. 

/

. Table 3 

ISB .

Table 3 Design of specimen for plane strain type of finite element analysis

Specimen width (mm) Length (mm) Thickness (mm)

ISB panel 2.22 100 2.71
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Mode Ein(J) Eab (J) χ (%)
Pw,max

(N/mm)
δt=0.015(mm)

Experiment 22.01 8.98 40.80 8.83 34.02

Standard 22.01 10.16 46.16 12.39 36.68 

SYM 22.01 8.74 39.70 8.96 33.85 

Anti-SYM 22.01 8.15 37.03 10.67 33.90 

1. 

, 

/ .

Standard-mode, Symmetry-Mode Anti-Symmetry-Mode 3 , 

20 cm / .

Table 4 Comparison of characteristic data of impact analysis for shape of initial 

imperfections of ISB panels in the plane strain boundary conditions (H=20 cm)

Table 4 20 cm 

, , , , 

0.015 sec 3 .
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(a) Force - deflection curves

(b) Absorbed energy - deflection curves

Fig. 18 Influence of initial imperfections of the inner structures on the fore - deflection 

and the absorbed energy - deflection curves of ISB panel with Truss core

Fig. 18 (a) 

Standard-Mode . , Sym 
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Anti-Sym , Standarde 36.68 mm 

. Standard 

, Sym Anti-Sym

.

, Fig 18 (b) , 

Anti-Sym 8.15 J 

. 

. 

Sym Standard 

.

Fig. 19 Variation of Effective stress distributions for shape of initial imperfections at 

0.015 sec

Fig. 20 Variation of Principal strain distributions for shape of initial imperfections at 

0.015 sec
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Fig. 19 Fig. 20 

. Sym 

. Anti-Sym 

0.015 sec , 33.90 mm 

, Sym 

. 

, 

Fig. 21 

.

Fig. 21 Change of Sym-Mode strut during the load on ISB panels
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Mode Ein(J) Eab (J) χ (%)
Pw,max

(N/mm)
δt=0.015(mm)

Experiment 22.01 8.98 40.80 8.83 34.02

SYM 2개 22.01 8.16 37.07 11.28 33.12 

SYM 4개 22.01 8.74 39.70 8.96 33.85

Anti-SYM 2개 22.01 9.81 44.57 10.12 37.77

Anti-SYM 4개 22.01 8.15 37.03 10.67 33.90

2. 

Symmetry-Mode Anti-Symmetry-Mode 2 , 

2 4

20 cm / .

3 Table 5 , 

, , .

Table 5 Comparison of characteristic data of impact analysis for the number of initial 

imperfections of ISB panels in the plane strain boundary conditions (H=20 cm)
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(a) Force - deflection curves

(b) Absorbed energy - deflection curves

Fig. 22 Influence of the number of initial imperfections of the inner structures on the 

fore - deflection and the absorbed energy - deflection curves (Symmetry-Mode)

Sym  

, Fig. 22 

4 , 2 , 

0.015 sec . 
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4 , 

, 2

. 

, 4

2 0.6 J 

, 4 2.7 % 0.7 mm 

. 4

, 2

. 

Fig. 23 Variation of Effective Stress distributions for the number of initial imperfections 

at maximum stress (Symmetry-Mode)

Fig. 24 Variation of Principal strain distributions for the number of initial imperfections 

at maximum stress (Symmetry-Mode)
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Fig. 23 Fig. 24 0.015 sec 

, . Sym 

2 , 4 0.015 sec 

. 

. 

, Sym 2

0.9176 . Fig 25 

.

Fig. 25 The section of maximum principal strain for Sym-Mode (2EA) at 0.0015 sec
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(a) Force - deflection curves

(b) Absorbed energy - deflection curves

Fig. 26 Influence of the number of initial imperfections of the inner structures on the 

fore - deflection and the absorbed energy - deflection curves 

(Anti-Symmetry-Mode)

Anti-Sym , Fig. 26 2

4 4 mm 
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0.015 sec , 2

.

, 

2 4

. , 

2

. , 

4 . 

, 

.

Fig. 27 Variation of Principal strain distributions for the number of initial imperfections 

at maximum stress (Symmetry-Mode)

Fig. 28 Variation of Principal strain distributions for the number of initial imperfections 

at maximum stress (Symmetry-Mode)
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Fig. 27 Fig. 28 Anti-Sym 

0.015 sec . 

2 , 4

, 

4 . 

. 

, 2 4

, Fig. 29 Strut 

. 

.

Fig. 29 The section of maximum principal strain for Anti-Sym-Mode (2EA) at 0.0015 

sec



- 30 -

Mode Ein(J) Eab (J) χ (%)
Pw,max

(N/mm)
δt=0.015(mm)

Experiment 22.01 8.98 40.80 8.83 34.02

SYM Front 22.01 8.16 37.07 11.28 33.12

SYM Rear 22.01 9.32 42.34 9.62 35.95

Anti-SYM Front 22.01 9.81 44.57 10.12 37.77

Anti-SYM Rear 22.01 8.73 39.66 15.49 33.98

3. 

( 0 ) Symmetry-Mode 

Anti-Symmetry-Mode 2 , 

(Front) (Rear) 

20 cm / .

Table 6 Comparison of characteristic data of impact analysis for the positions of initial 

imperfections of ISB panels in the plane strain boundary conditions (H=20 cm)

(a) Force - deflection curves
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(b) Absorbed energy - deflection curves

Fig. 30 Influence of a location of initial imperfections of the inner structures on the 

fore - deflection and the absorbed energy - deflection curves (Symmetry-Mode)

Fig. 30 Sym 

- - . 

Front 

0.0125 sec . 

1 , 

. 

, , 

Front 

Rear . 

, 

. , 

Rear , 

, .
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Fig. 31 Variation of Effective stress distributions for the position of initial imperfections 

at loading maximum stress (Symmetry mode)

Fig. 32 Variation of Principal strain distributions for the position of initial imperfections 

at loading maximum stress (Symmetry mode)

Fig. 31 Fig. 32 Sym 0.015 sec 

. Sym Front , 

Rear , 

. , 

. 0.015 sec 

Front Rear 

Strut .



- 33 -

(a) Force - deflection curves

(b) Absorbed energy - deflection curves

Fig. 33 Influence of the number of initial imperfections of the inner structures on the 

fore - deflection and the absorbed energy - deflection curves 

(Anti-Symmetry-Mode)

Anti-Sym Fig. 33 

Rear 

Front 4.2 mm . 
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. 

, Rear 

Front . 

Anti-Sym , 

, 

.

Fig. 34 Variation of Effective stress for shape of positions of initial imperfections at 

t=0.015 sec (Anti-Symmetry mode)

Fig. 35 Variation of Principal strain for shape of positions of initial imperfections at 

t=0.015 sec (Anti-Symmetry mode)
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Fig. 34 Fig. 35 Anti-Sym 0.015 sec 

. Rear , Front 

, Front 

. 

, 

, Rear 3 

Strut 

.
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Mode Ein(J) Eab (J) χ (%) Pw,max(N/mm) δt=0.015(mm)

Experiment 22.01 8.98 40.80 8.83 34.02

weld zone 0개 22.01 10.16 46.16 12.39 36.68

weld zone 2개 22.01 8.80 39.98 12.68 33.67

weld zone 4개 22.01 9.17 41.66 12.71 33.38

4. 

20 cm , 

0.015 sec 3 .

1) Standard-Mode

Table 7 Comparison of characteristic data of the number and shape of initial imperfections 

of ISB panels for the plane strain conditions of impact analysis (H=20 cm)

Table 7 Fig. 36 Standard 

. 

Fig. 36 Energy absorption on the weld zone area of standard mode
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( ) Fig. 36 

0 , 2 4 1.2 ~ 1.3 J 

, 0

. 0

, 

( )

.

2

0.015 sec 

. , 4

2

. , Fig. 37 

, 

.

0 , 

.

Fig. 37 Variation of Effective stress for shape of positions of initial imperfections at 

t=0.015 sec (Standard Mode)
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weld zone Ein(J) Eab (J) χ (%)
Pw,max

(N/mm)
δt=0.015(mm)

Experiment - 22.01 8.98 40.80 8.83 34.02

Front

0개 22.01 8.16 37.07 11.28 33.12

2개 22.01 9.98 45.34 11.93 35.15

4개 22.01 7.76 35.26 12.35 28.09

Rear

0개 22.01 9.32 42.34 9.62 35.95

2개 22.01 8.68 39.44 11.39 33.73

4개 22.01 9.40 42.71 11.29 34.61

Strut 4개

0개 22.01 8.74 39.71 8.96 33.85

2개 22.01 9.63 43.75 11.09 35.19

4개 22.01 7.86 35.71 11.98 31.03

2) Symmetry-Mode

Table 8 Comparison of characteristic data of the number and shape of initial imperfections 

of ISB panels for the plane strain conditions of impact analysis (H=20 cm)

Table 8 Fig. 38 Symmetry-Mode 

Front, Rear Strut 4EA 

. 

Symmetry-Mode Table 

8 , Front 

2

. , 2

0 4

. , 4

2 .
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Fig. 38 Absorbed Energy and displacement according to weld zone area on the Standard 

mode

Rear , Fig. 38 

0 2 4 0.72 J 

. 4

. , 2

4 , , 

.

4

Strut 4 , 

0 2 

0.9 J . 

, 

. , 4
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.

Fig. 39 Variation of Effective stress according to the number of weld zone area on the 

Symmetry Mode

Fig. 39 Sym 3

. Front Strut 4

/ , Rear 

.
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weld zone Ein(J) Eab (J) χ (%)
Pw,max

(N/mm)
δt=0.015(mm)

Experiment - 22.01 8.98 40.80 8.83 34.02

Front

0EA 22.01 9.81 44.57 10.12 37.77

2EA 22.01 10.84 49.25 14.01 34.69

4EA 22.01 9.75 44.30 14.38 31.67

Rear

0EA 22.01 8.73 39.66 15.49 33.98

2EA 22.01 10.80 49.07 14.34 34.48

4EA 22.01 8.78 39.89 13.32 27.59

Strut 4개

0EA 22.01 8.15 37.03 10.67 33.90

2EA 22.01 11.06 50.25 13.17 35.28

4EA 22.01 9.76 44.34 14.30 31.92

2) Anti-Symmetry-Mode

Table 9 Fig. 40 Anti-Symmetry-Mode 

Front, Rear Strut 4

.

Table 9 Comparison of characteristic data of the number and shape of initial imperfections 

of ISB panels for the plane strain conditions of impact analysis (H=20 cm)

Table 9 

Front 

, 2

4 1.1 J , 2

5 % 
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Fig. 40 Absorbed Energy and displacement according to weld zone area on the 

anti-Symmetry mode

. 2

. 4

Strut 4 Fig. 40 

, 2

. 

Rear , 

0 , 2 4 2.1 J , 2

4

. , 2

0 4

. 4 , 

0

. 2
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, 

.

4 Strut 4

, 

, 0 4

. , 2

. 4 , 

2 , 

0 . 

Fig. 41 Variation of Effective stress according to the number of weld zone area on the 

Anti-Symmetry Mode
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Fig. 42 Variation of Principal strain according to the number of weld zone area on the 

Anti-Symmetry Mode

Fig. 41 Fig. 42 Anti-Sym 3

. 0 , 2

4 / , 

0 (Strut 4 ) 2 (Front) 

. 

, , 

Anti-Sym 

.
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5. 

 FE 

ISB 

, 

, - -

(Dominant imperfections 

mode) . 3

.

Fig. 43 The final design for sandwich panels with initial imperfections

Fig. 43 Sym 

4 Strut 4 , Table 10 Fig. 32 

.

Fig. 44 Comparisons of between finite element analysis and impact specimen of 

experiment 
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Fig. 44 

. 0.015 sec 

0.99 mm 

. 

, 

0.99 mm 

. 

Fig. 45 Variation of effective stress and principal stress distributions for dominant 

imperfections model

Fig, 45 

. , 

5.88 J , 

Fig. 47 
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3

. 

Sym 

Strut 4

. ISB 

.

Fig. 46 Specimen of impact test on loading force in plane strain boundary conditions

Fig. 47 Section of maximum tensile stress of the final model in analysis
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weld zone Ein(J) Eab (J) χ (%)
Pw,max

(N/mm)
δt=0.015(mm)

Experiment - 22.01 8.98 40.80 8.83 34.02

Sym-Mode

strut 4개
0개 22.01 8.74 37.71 8.96 33.85

 Table 10 

0.13 N/mm . , t 

0.015 sec 0.17 mm 

Sym 0

Strut 4 .

, 

0.13 (N/mm) 0.3 J ,  Fig. 48 

- -

.

Table 10 Comparisons of the result between finite element analysis and impact specimen of 

experiment 

(a) force - deflection curves                 (b) Eab - deflection curves

Fig. 48 Comparisons of between impact test and finite element analysis curves
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3 , 

/ . , /

.

, 

. Table 

11 .

Table 11 Table of analysis for failure map design
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, 

.

0.25 kg ~ 11.1 kg 

8 50 mm, 100 mm, 150 mm 200 mm 

/ .

(No-Failure), (wrinkling), (Buckling), (Crack) 

(Tearing) 5 , 

.

  

Table 12 Comparison with the impact input energy (J) of failure models

Table 12 (Ein) 

. 

, (1) . 

.

                                   (1)
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. 

(Φ), (Π), (Γ) , 

.


 


                            (2)

(2) (M), (ρ), (H) 

(b) .











                            (3)

(3) (V) (σy) .

 


                                (4)

(4) (R) : (L) 

.

, 2 m/s . , 

0.125 ~ 0.375 .
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Fig. 49 Comparison of the displacement (mm) of failure models at 0.015 sec

Fig. 49 

0.015 sec . 11.1 kg 150 

mm 200 mm 

. 

. (5) 

, (6) 

(Ek) . 

                                   (5)

  


                                 (6)
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Fig. 50 Variation of Effective Stress for the weights and heights of impact head of 

          failure models

 Fig. 50 2.775 kg ~ 11.1 kg 0.015 sec 

(Effective Stress) . 
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, 

, 1000.5 MPa 

. 5.55 kg, 200 

mm .

Fig. 51 Variation of Principal Strain for the weights and heights of impact head of 

failure models
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Fig. 51 

(Principal Strain) .

, 

. 2.775 kg 150 mm 

, 11.1 kg 100 mm 

. , 

0.4 

.

Fig. 52 

(Failure Map) . , (Γ) 

0.125 . (Failure) (Fracture) 2

. , 

(Face-Wrinkling), (Strut-Buckling) (No-Failure) , 

(Strut-Crack) (Skin-Tearing) . 

Fig. 52 Failure Map for impact characteristic of the failure models

                (Failure and Fracture)
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Fig. 53 Strain shape (Skin-Tearing) and variation of Effective Stress and Principal Strain 

for failure model (11.1 kg - 200 mm)      

 

Fig. 54 Strain shape (Strut-Crack) and variation of Effective Stress and Principal Strain 

for failure model (8.325 kg - 200 mm)

 Fig. 53 ~ 54 . Fig. 53 , 

Fig. 34 

. Fig 53 

. 

. Fig. 54 8.325 kg 

200 mm 

. 

0.4 “

(Crack of inner structures)” .
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Fig. 55 Strain shape (Strut-Buckling) and variation of Effective Stress and Principal 

Strain for failure model (8.325 kg - 100 mm)  

 Fig. 55 ~ 56 . Fig. 55 

8.325 kg 100 mm 

. “ (Strut Buckling)" 

Strut 

.

 Fig. 56 (a) 0.25 kg 150 mm Failure 

, 

“

(Skin Wrinkling)” . , Fig. 56 (b) 0.25 kg 50 mm 

(Rebound) 

“ (No-Failure)” . 
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(a) Skin Wrinkling                      (b) No-Failure

Fig. 56 Strain shape (Skin Wrinkling and No-Failure) and variation of Effective Stress 

and Principal Strain for failure models

/ Fig. 53 ~ 56 

, 

(Rebound) 

. , 2.775 kg 100 mm 

0.028 sec 21.65 mm , 

.

, 2.775 kg 150 mm , 

. 

, 

. Fig. 57 

.

Fig. 57 Strain shape of fracture on the model (2.775kg 200 mm)
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. Table 13 

.

Table 13 Comparison with maximum displacement (mm) of the failure models
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Table 13 / , 

(Failure Map) Fig. 

58 .

Fig. 58 Failure Map (Γ = 0.125) for impact characteristic of the failure models

       (Failure and Fracture)

(No-Failure), 

(wrinkling), (Buckling), (Crack) (Tearing) 

. 32 (Buckling) 

(Crack) , 

(Buckling) 

50 % . , 3.9 ☓ 106 

14.6 ☓ 103 (No-Failure) 

(Tearing) .

, 

(Buckling) , 

.

, 

30 mm 
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