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Abstract
The nonlinear dynamic response of steel I-core sandwich panels under three multiple consecutive blast scenarios using five

different explosive charges has been numerically investigated. The obtained results are compared with available experi-

mental data to verify the developed finite element model, and good agreement is observed. Special emphasis is placed on

the evaluation of maximum displacements of cover plates and energy dissipation of different parts of the panels. According

to the results, sandwich panels show better performance than equivalent solid plate with the same mass and material when

subjected to consecutive blasts. Overall responses of panels are dependent on not only blast pressure, but also the sequence

of loading. In this regard, three different phases of deformation based on blast pressure and sequence are observed in the

response of panels when subjected to multiple blasts.
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1 Introduction

Sandwich structures are of interest in different applications

such as marine, protective structures, military, aerospace

and transportation due to their high strength-to-weight

ratio. These structures are especially effective under

dynamic loads such as blast and impact because of their

excellent energy dissipation capacity, and therefore,

researchers have focused on the response of such structures

under blast loads particularly in the last decade. Tradi-

tionally, most of these studies are experimental, but in

recent years development and availability of powerful

processors and finite element analysis packages facilitated

the numerical study of blast-loaded sandwich structures.

In general, research works on blast-loaded metallic

sandwich panels can be categorized in experimental

(Rathbun et al. 2006; Zhu et al. 2008; Nurick et al. 2009),

experimental–numerical (Shim et al. 2013; Yazici et al.

2014; Schiffer and Tagarielli 2014; Li et al. 2014; Arora

et al. 2017), numerical (Zhu et al. 2009; Remennikov and

Kong 2012; Vatani Oskouei and Kiakojouri 2015; Ebra-

himi et al. 2016; Zhang et al. 2017) and analytical studies

(Fleck and Deshpande 2004; Fatt and Palla 2009; Andrews

and Moussa 2009). In most of the published numerical

study of blast-loaded sandwich panels, commercial finite

element packages were used such as Abaqus (Yazici et al.

2014; Schiffer and Tagarielli 2014; Vatani Oskouei and

Kiakojouri 2015; Ebrahimi et al. 2016; Arora et al. 2017),

AUTODYN (Li et al. 2014) and LS-DYNA (Zhu et al.

2009; Remennikov and Kong 2012; Shim et al. 2013;

Zhang et al. 2017).

Blast tests to study the behavior of metallic honeycomb

sandwich panels were reported by Dharmasena et al.

(2008). Tests were performed at three levels of explosive

charges on the sandwich panels and solid plates with the

same weight and material. According to results, at the

lowest intensity, considerable front cover plate bending and

cell buckling were observed at the midpoint of the panels

closest to the blast source. The honeycomb sandwich

panels suffered significantly less back face deflections than

solid plates of equal weight (Dharmasena et al. 2008).

The response of metallic trapezoidal corrugated core

sandwich panels under blast is experimentally studied by

Zhang et al. (2015). Results showed that the displacement

and damage of sandwich panel increased with the decrease
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in standoff distance. The effect of front cover plate thick-

ness on the midpoint deflection is more important than that

of the back plate. Increasing the core thickness and cor-

rugation angle improved the performance of panel with a

lower deflection, while increasing the core height led to a

larger localized deflection at the front plate and a lower

displacement of back cover plate (Zhang et al. 2015).

In recent years, some researchers have focused on

complicated or multihazard scenarios including underwater

explosion (Mori et al. 2009), effects of extreme tempera-

tures on blast response of sandwich structures (Tasdemirci

et al. 2016; Fahr et al. 2016), combined shock and pro-

jectile impact (Ebrahimi et al. 2016), combined blast and

fragment loading (Zhang et al. 2017) and multiple intense

shocks (Ebrahimi and Vaziri 2013).

The mechanical response and fracture of metallic

sandwich panels subjected to multiple impulsive loads

were investigated for panels with honeycomb and folded

plate core by Ebrahimi and Vaziri (2013). The performance

when subjected to multiple blast loads is quantified by the

maximum displacement of the cover plates and the core

strain. According to results, the panels with a relative core

density of 4–5% have minimum cover sheet displacement.

Results also show that sandwich panels perform better than

solid plates with same weight and material. For panels

clamped at their boundary, the failure mechanisms are core

failure, face failure and tearing at the boundary (Ebrahimi

and Vaziri 2013).

It should be noticed that in different scenarios such as

battle, terroristic attacks and even fire conditions in certain

infrastructures, the structures are subjected to multiple

consecutive blast scenarios, and therefore, the influence of

iterative blast loads on the structures and structural

response to such scenarios can be very important. Although

large numbers of reports on blast-loaded metallic sandwich

panels and their dynamic responses can be found in the

Fig. 1 Numerical models:

a model 1 and b model 2
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literature, the effects of multiple blast loads on dynamic

response, deflection and energy dissipation capacity of

I-core sandwich structures are not well understood. In this

paper, the nonlinear dynamic response of steel I-core
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sandwich panel under three multiple consecutive blast

scenarios using five different explosive charges is numer-

ically investigated. Numerical results are compared with

available experimental data to verify the developed FE

model. Special emphasis is placed on the evaluation of

midpoint displacements of cover plates and energy dissi-

pation of different part of the panels. The results provide

useful insight into the dynamic response and energy

absorption of steel I-core sandwich panels subjected to

multiple consecutive blast scenarios.

2 Finite Element Modeling and Analysis

2.1 Geometry of Panels

The dimensions of numerical models are 1 9 1 m2. The

overall assembly of model structures is shown in Fig. 1.

Thickness of cover plates is 0.008 m. Two arrangements

are considered for core elements; while model 1 has 4 core

plates, model 2 has 8 core elements. The thickness of core

elements for model 1 and model 2 is 0.002 m and 0.001 m,

respectively. Therefore, both models have identical weight.

The distance between two cover plates is 0.1 m.

2.2 Material Property

Both cover plate and core element are made of steel plates.

A multilinear elastic–plastic model with rate-dependent

hardening is used for material definition. The model

assumes von Mises plasticity with isotropic hardening. The

elastic part is defined by Young’s modulus and Poisson’s

ratio. The plastic part is defined as the true stress and

plastic strain. Abaqus calculates values of yield stress from

the current values of plastic strain and approximates the

stress–strain behavior of steel with a series of straight lines

joining the given points to simulate the material behavior.

In this study, multilinear curve is used. The material

behaves as a linear elastic up to the yield stress, and after

this stage, it goes into the strain hardening stage until

reaching the ultimate stress. In this paper, the yield stress of

all models is 300 MPa and Young’s modulus is 210 GPa.

Poisson’s ratio is 0.3, and the density is 7850 kg/m3. The

plastic part is defined using multilinear curve as shown in

Fig. 2.

In the case of high-rate loading such as blast and impact,

strain-rate dependency is very important; therefore, strain-

rate effects are included by adjusting the material dynamic

yield stress according to Eq. 1 (Kurtaran et al. 2003).

ry ¼ r0 1þ _e
D

�
�
�
�

�
�
�
�

1
n

" #

ð1Þ

where ry and r0 are dynamic and static yield stresses and _e
is strain rate. D and n are experimental constants. On the

basis of this relation, static and dynamic yield stress ratio

depends on deformation speed. In this paper, values for

D and n are: D = 40 s-1 and n = 5 (Kurtaran et al. 2003).

2.3 Blast Loading and Boundary Condition

The threat for the conventional bombs is defined by two

basic parameters: charge weight and the standoff distance.

As shown in Fig. 3, time-history of blast pressure of con-

ventional bombs is divided into a positive phase and a

negative phase. In the first phase, maximum overpressure,

Ps
?, is developed suddenly and decays to atmospheric

pressure, P0, in the time T?. For the negative phase, the

maximum pressure, Ps
-, has lower amplitude and longer

duration (T-). The pressure time-history in Fig. 3 can be

approximated by Eq. 2 (Ngo et al. 2007).

PðtÞ ¼ Pþ
s 1� t

Tþ

� �

e
�bt
Tþ ð2Þ

Table 1 Comparison of experimental and numerical results

S t (m) D (m) W (kg TNT) R (m) d/t (experimentala) d/t (numerical, LS-DYNAa) d/t (numerical, Abaqusb)

2 0.02 1 3.75 0.2 2.70 2.62 2.50

4 0.01 0.5 0.468 0.1 2.60 2.59 2.46

2 0.02 1 8.75 0.2 5.35 5.24 5.83

aAs presented by Neuberger et al. (2007)
bPresent study
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where P(t) is overpressure at time t, Ps
? is maximum over

pressure, and b is an experimental constant.

In Abaqus/Explicit, the ConWep model can be used for

air blast loading on structures. The loading effects due to

blast in air can be defined by empirical data provided by

the ConWep model in conjunction with the incident wave

loading definition. The ConWep model uses a scaled dis-

tance based on the distance of the surface from the source

of the blast and also the explosive charge weight (Simulia

2010). In ConWep, the total pressure on a surface due to

the blast wave is a function of the incident pressure, the

reflected pressure and the angle of incidence The total

pressure is defined by Eq. (3) (Simulia 2010).

PðtÞ ¼ PincidentðtÞ 1þ cosðhÞ � 2 cos2ðhÞ
� �

þ PreflectðtÞ cos2ðhÞ ð3Þ

where P(t) is total pressure, Pincident(t) and Preflect(t) are

incident pressure and reflected pressure, respectively, and h

is angle between the normal of the loading surface and the

vector that points from the surface to the explosion source.

In this paper, five different values of explosive charges

(2, 4, 6, 8 and 10 kg TNT) are used. The standoff distance

is 0.5 m for all models and charges. Loading time-history

is considered so that simulate three multiple consecutive

blast scenarios. The interval between each consecutive

blast is 0.02 s. The explosive charges are selected based on

the weight of small terrorist bomb (pipe bomb or briefcase

bomb) and/or land mines. Consecutive blast interval is

chosen in a way that the vibration of previous blast does

not interfere with the response of the structure under next

blasts. ConWep model produce time-dependent non-uni-

form distribution of blast pressure on the target surface.

Figure 4 shows blast pressure time-history for model 1

when 2 kg explosive charge is applied. Slight differences

between peak overpressures are due to the deformation of

front plate under previous blasts. Figure 5 shows time-
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dependent distribution of blast pressure on front face of

model 1.

Clamped boundary conditions are used for both models

in all of the numerical analysis. The boundary conditions

are applied to both cover plates.

2.4 Finite Elements and Analysis Approach

Abaqus/Explicit is used for numerical analysis. The fourth

nodded doubly curved shell element, S4R, is used to model

cover plates and core’s elements. The S4R is a general-

purpose, quadrilateral, stress/displacement shell element

with reduced integration, a large-strain and enhanced

hourglass control (Simulia 2010). While using reduced

integration, S4R is very robust and suitable for a wide

range of applications and successfully used in structures

under extreme loadings (Imbalzano et al. 2016, 2018).

Although there is no evidence that hourglassing is a

considerable problem in the analysis (by comparing artifi-

cial strain energy to internal energy), hourglass control is

employed in the analysis. The influence of material

damping is not considered in this study because damping

has little importance in controlling the maximum response

of structures subjected to blast loads (Chopra 1995).

3 Finite Element Validation

In order to validate the present numerical model, a circular

plate subject to blast loads as described by Neuberger et al.

(2007) is considered. The plate has a radius of 1 m and a

thickness of 0.05 m. The density of the material is

7850 kg/m3, Young’s modulus is 210 GPa, and Poisson’s

ratio is 0.28. The plastic property is modeled with an iso-

tropic hardening bilinear model, with yield stress of

1000 MPa and hardening plastic modulus Ep = 2 GPa.
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Explosive charge is 50 kg TNT and located 0.5 m directly

above the center of the plate. The TNT charges were

hanged in air using fisherman’s net and were ignited from

the center of the charge. The explosive test was performed

for two scale factors: S = 2 and S = 4. An explicit non-

linear dynamic analysis is performed for a period of 4 ms.

The S4R elements with sufficient fine mesh size are used in

finite element modeling. Clamped boundary conditions are

applied to the plate. Midpoint displacements are used for

comparison and verification.

Table 1 shows a comparison between experimental–nu-

merical results presented by Neuberger et al. and obtained

numerical results. In this table, S is scale factor and t, D,

W and d are thickness of plate, diameter of model, weight of

explosive charge and maximum midpoint deflection under

blast loads, respectively. Numerical models show a good

agreement with measured test results for maximum dis-

placement, so the multilinear elastic–plastic model has suf-

ficient accuracy for numerical modeling of blast-loaded

structures. Comparison of displacement time-histories of

numerical and experimental model is shown in Fig. 6.

4 Results and Discussion

4.1 Midpoint Displacement

Figure 7 shows midpoint displacements of model 1 under

five blast scenarios. As expected, front faces have more

deflection than back faces because of energy dissipation in

core elements. In general, the differences between dis-

placements of two face plates increase as charge weight

increases. When 2 kg TNT is applied, midpoint node

vibrated and reached a peak displacement of 35 mm for

front face and 22 mm for back face. In this case, the dif-

ference between deflections of front face and back face is

not considerable in first or second blast, because explosive

charge is not enough to use complete plastic dissipation

capacity of sandwich structure, but for 6 kg TNT or more,

differences between deflection of front face and back face

are considerable even at first blast.

Figure 8a–e shows midpoint displacements of model 2

when subjected to mentioned blast loads. In comparison

with model 1, model 2 has less midpoint displacement for
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the all blast simulations. This phenomenon is partially

because of larger elastic stiffness in I-core due to better

distribution of core elements.

Figure 9 shows time-history of midpoint displacement

of equivalent solid plate with same material and weight. As

illustrated in this figure, sandwich structures have essen-

tially better performance than solid plate. With the increase

in blast intensity or number of blasts, this priority is

intensified. It should be noticed that in blast-loaded sand-

wich panels the amplitude of vibration after 0.02 s is

negligible, because of high energy dissipation in sandwich

structures. In this case, the remained slight oscillation

cannot affect the dynamic response after second and third

blasts. On the other hand, in blast-loaded plate the vibra-

tions amplitude is not negligible at 0.02 s after each blast

and it is necessary to apply second and third blasts at the

time before or after 0.02 s to achieve maximum response.

This phenomenon is intentionally neglected in this study,

because this change cannot alter the overall response and

comparisons remain solid. Figures 10, 11 and 12 summa-

rize displacement time-history of all numerical models

under 2, 6 and 10 kg TNT, respectively. Better perfor-

mance of sandwich structures in comparison with solid

plates when subjected to multiple consecutive blasts is

visible in these figures. Displacement counters of numeri-

cal models under 6 kg TNT are shown in Fig. 13.

Table 2 summarizes maximum deflection under differ-

ent charges for all numerical models. In this table, super-

scripts illustrate the occurrence of absolute maximum

deflection for each scenario. For all front plates and also for

solid plate, the absolute maximum deflection occurs after

third blast. (Except for solid plate under 2 kg TNT, the

cause has been described.) That means midpoint dis-

placement of front plates increases after each blast. The

Fig. 13 Displacement counter of model structures under 6 kg TNT at the end of the analysis

Table 2 Maximum deflection

under different charge weights
Charge weight Model 1 Model 2 Solid plate

Front face Back face Front face Back face

2 kg TNT 0.035c 0.022c 0.038c 0.021b 0.030b

4 kg TNT 0.066c 0.034b 0.076c 0.027a 0.047c

6 kg TNT 0.101c 0.038a 0.104c 0.033a 0.065c

8 kg TNT 0.126c 0.046a 0.121c 0.044c 0.086c

10 kg TNT 0.0140c 0.060c 0.135c 0.056c 0.096c

aPeak occurs after first blast
bPeak occurs after second blast
cPeak occurs after third blast
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rate of increase is mainly dependent on the state of

deformation in I-core. On the other hand, for back plate,

maximum absolute deflection occurs at second or third

blast for lower blast load. With the increase in charge

weight, the absolute maximum deflection will occur at first

blast (model 1 under 6–8 kg TNT and model 2 under

4–6 kg TNT). Depending on the models configurations,

after specific blast load (charge weight), the absolute

maximum deflection of back plate occurs again after third

blast (e.g., 10 kg TNT for model 1 and 8 kg TNT for model

2). Three different phases in the behavior of sandwich

panels under consecutive blast scenarios are observable. In

the first phase, deflection of front and back faces is almost

equal, because I-core elements have enough elastic

capacity to transfer forces to back face without intense

plastic deformations. In the second phase, core’s element

start to considerable plastic deformation (but not crushing

and direct contact between two cover plates) and most of

the blast energy dissipated in front face and I-core elements

by plastic dissipation, as results deflection of back plate is

negligible in comparison with front plate. In the third

phase, almost complete crushing of core element especially

in the middle of the panel is expected and back plate starts

to deform because of direct contact between elements and

therefore, the deflections of back cover plates increase.

Figure 14 shows these three phases schematically.

Fig. 14 Behavior of sandwich

panels under consecutive blast

scenarios

Fig. 15 Cross sections of

deformed shapes of model 1 at

the end of the analysis a under

2 kg TNT, b under 6 kg TNT

and c under 10 kg TNT
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Figure 15 shows deformed cross sections of model 1 under

2, 6 and 10 kg TNT at the end of the analysis.

4.2 Energy Dissipation of the Models

Comparison of the internal energy and the total plastic

dissipation shows that most of the energy by the blast loads

is dissipated by plastic deformation even for lower blast

loads. With the increase in explosive charge weight, this

effect is intensified. Figures 16 and 17 show a comparison

of total internal energy and plastic energy time-history for

2 kg and 10 kg explosive charges in model 1. The same

results are also observed for model 2.

Figures 18, 19 and 20 compare plastic dissipation in

core and face plates for model 1. As shown in these figures,

for 2 kg explosive charge, most of the energy dissipation
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Fig. 20 Plastic dissipation of model 1 under 10 kg TNT
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occurred in I-core. In this case, back face remains almost

elastic. For larger charges, plastic deformation progres-

sively increases in front face that leads to a considerable

increase in energy dissipation of front face in comparison

with I-core. While plastic deformation is more sever in

core elements, the total plastic dissipation is bigger in front

face because larger area and more material are in cover

plates in comparison with I-core.

Figures 21 and 22 compare total plastic dissipation in

numerical models. Energy dissipation in sandwich panels is

much larger than solid plate. Dissipation in two sandwich

models is almost equal, especially for larger blast loads. It

should be noticed that the only difference between two

sandwich structures is in their core elements and after the

crushing of I-core elements, same plastic dissipation

potential is anticipated. With the increase in charge weight

and subsequently blast pressure, difference in energy dis-

sipation between plate and sandwich structures is

increased.

5 Conclusions

In this paper, the nonlinear dynamic response of steel

I-core sandwich panels under three multiple consecutive

blast scenarios is investigated using finite element method.

Numerical results are compared with available experi-

mental data to verify the developed finite element model,

and good agreement is observed. Special emphasis was

placed on the evaluation of maximum midpoint deflection

of cover plates and energy dissipation of different parts of

sandwich panels.

According to results, sandwich panels have essentially

better performance than solid plate with the same material

and mass when subjected to multiple consecutive blasts.

With the increase in blast pressure or number, this priority

is increased.

Results also show that midpoint displacement of front

plate increased after each blast scenario. On the other hand,

for back plate, occurrence of maximum absolute deflec-

tions depends on blast pressure and model’s configuration.

In this regard, three different phases in the behavior of

sandwich panel under consecutive blast scenario are

observed. In first phase, due to sufficient elastic capacity in

core elements, deflection of front and back plates is almost

identical. In the second phase, core’s element start to

considerable plastic deformation and most of the blast

energy dissipated in front plate and core element and as

results deflection of back plate is negligible. In the third

phase, almost complete crushing of core element occurred

and back plate starts to deform due to the direct contact

between elements. The obtained results provide better

insight into the behavior of steel I-core sandwich panel

under consecutive blast scenarios.

In this paper, consecutive blast interval is chosen in a

way that the vibration of the previous blast does not

interfere with the response of the sandwich panels under

next blasts. Further study is still required to investigate the

effects of interaction between consecutive blasts and its

influences on the dynamic response of steel sandwich

panels subjected to multiple consecutive blast scenarios.
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