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ABSTRACT:

Protective steel doors are widely used in buildings due to their high resistance against the impact loads.
However, its heavy weight has been always considered as a major drawback for these doors. In this paper,
a new optimized stiffened impact-protective steel door incorporating sandwich panel with aluminum
foam core (OSSA) is examined. This door consists of two face sheets, main and secondary stiffeners, and
aluminum foam as the inner core. In order to optimize the door, at first the rigidity and weight functions
of the stiffened steel door were extracted. Then an optimal door weighing 42% less than the primary door
was obtained. Due to the high energy absorption capacity of the combined foam core and stiffened steel
door structure, the use of aluminum foam core in the optimized steel door was proposed. By doing
numerical analysis, and depending on the thickness of the face sheet of 0SSA, 20 to 32% reduction in the
maximum displacement was observed. The results also showed that, with 67% increase in the peak
overpressure, OSSA has kept almost the same maximum displacement as that of the steel door without
an aluminum foam. In other words, by using aluminum foam core in the optimized stiffened door, the

door will resist 67% more impact load.
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1. Introduction

Accidental or intentional impact load must be
considered in the analysis and design of buildings.
Designing fully impact-protective structure is not a
realistic and economical option. However,
structural engineers intend to make new and
existing buildings more resistant against the effects
of impact loads. Therefore, many studies have
investigated the effect and behavior of impact loads
(Ngo et al. 2007; Guzas and Earls, 2010; Jankowiak
et al. 2014; Abbasi and Nia, 2020; Palta et al. 2018;
Shrivastava et al. 2020; Xu WI, et al. 2019).

Today, it is important to design impact-
protective structures to reduce financial and human
life losses. An efficient method in the dissipation of
the energy of impact, is the use of impact-protective
doors. These doors reduce casualties and increase
the possibility of relief. Various types of impact-

protective doors were designed for different
applications (Anderson M, Dover D, 2003; Koh C, et
al. 2003). A common type of these impact-protective
doors is steel plates with stiffeners (Veeredhi and
Rao 2003). Stiffeners increase the stiffness and
energy dissipation, they are commonly used to
produce impact-protective lightweight structures
such as buildings, military shelters, impact-
protective doors (Zheng et al. 2016; Tavakoli and
Kiakojouri 2014; Jen and Tai 2010). Goel, et al.
(2011) studied the dynamic response of stiffened
plates and investigated the effects of stiffener
configuration. They found out that the stiffened
plate with cross stiffener configuration had the
highest response reduction. One of the most
common types of impact loads is the blast load,
which can cause serious damages to the structure
and its occupants. Nurick et al. (1995, 1996) and
Rudrapatna et al. (2000) investigated possible
failure modes of a stiffened plate under blast load
numerically and experimentally. Louca et al. (1998)
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compared dynamic responses of stiffened and
unstiffened plates by numerical methods. To
prevent local failure, secondary stiffeners, thinner
and denser stiffeners, were employed to form
structures named hierarchical (Wang et al. 2015;
Wang et.al 2017; Sun et al. 2016). Fan et al. (2008)
proposed  anisogrid  hierarchical stiffened
structures to create light structures and prevent
local and overall buckling. Sui et al. (2016) also
developed isogrid hierarchical panels. Veeredhi et
al. (2015) studied the impact-protective door made
of steel plate with stiffeners. The results showed
that increasing the size of the stiffeners reduces the
maximum displacement. Meng et al. (2016)
designed and tested a hierarchical stiffened door
made of Sheet Molding Compound (SMC) with main
and secondary stiffeners. The results showed that
these doors are light and stiff enough to resist blast
loads. In another study, Zhang et al. (2018, a)
presented the dynamic response of a hierarchical
panel consisting of main and secondary stiffeners.
Due to the high pressure in some places and the
cracks created in the door designed by Meng et al.
(2016), by changing the location, number, and
shape of the stiffeners, Zhang et al. (2018, b)
designed and tested another door, including the
main and secondary stiffeners of SMC materials
without FRP. The results showed a 65% reduction
in maximum displacement.

Another method to increase the impact energy
dissipation is the use of sandwich panels. These
panels are lightweight structures that can
significantly absorb the energy of impact loads (Xie
et al. 2014; Yurddaskal and Baba 2016; Rashad and
Yang, 2018). A sandwich panel with metal foam
consists of a metal foam core located between two
metal face sheets. The metal foams have a good
performance against impact load due to the low
density and high strength to weight ratio (Liang et
al. 2017; Darvizeh and Davy 2015; Liang et.al 2019;
Zhang et al. 2013). Among metal foams, aluminum
foams are widely used (Cai etal. 2020; Lietal. 2017;
Chen et al. 2019; Santosa et al. 2017). Santosa et al.
(2017) analyzed sandwich panels with an
aluminum foam core and steel and aluminum face
sheets against the blast load. The results showed an
effective reduction in the maximum displacement.
Langdon et al. (2010) performed experiments to
investigate the behavior of sandwich panels with an
aluminum foam core with different face sheet
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Fig. 1. (a) A typical hierarchical orthogrid-stiffened impact-protective door, (b) simplified blast wave curve
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thicknesses under blast load. The results showed
that by using aluminum foam core, the thickness of
the face sheet could be reduced. Lui et al. (2013)
conducted experiments to study the response of
sandwich panels with aluminum foam cores under
blast load. The results showed that the aluminum
foam core absorbs the blast energy to a large extent.

Today, well known factories produce impact-
protective doors. These doors are usually made of
steel, concrete, or a combination of steel and
concrete. They are easy to install and have a
relatively reasonable price, but they are heavy. This
paper proposes a new optimized stiffened impact-
protective steel door incorporating a sandwich
panel with aluminum foam core (OSSA). This study
consists two parts: In the first part, the stiffened
impact-protective steel door is investigated and the
dimensions of the main stiffeners and consequently
the steel door are optimized. The second part
involves the use of aluminum foam as a sandwich
panel in the door structure, optimized in the first
part.

2. Optimized stiffened impact-protective
steel door

Steel, has several advantages such as fast
installation, easy construction, high tensile and
compressive strength, high ductility and durability,
recyclability (up to 85%) and easy strengthening, is
a favorite material in the construction industry. A
major disadvantage of steel is that it loses its
strength and softens at high temperatures.
However, fire-resistant coatings and sprays can
improve its performance under such conditions. In
this study therefore, impact-protective doors made
of steel components are examined.

A hierarchical stiffening system made of Sheet
Molding Compound (SMC) material was suggested
by Zhang et al. (2018, b), where two types of main
and secondary stiffeners were employed to enhance
flexural rigidity of an impact-protective door. Such
a system is shown in Fig.l.a, where the main
stiffeners include five transverse and three
longitudinal stiffeners. Secondary stiffeners are
thinner but denser, and are designed to prevent the
local failure of the face sheet.
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Typically, to investigate the damage of the
structure, it is necessary to set limit values for some
representative measures of the structure’s
response. Suitable criteria for structures such as
impact-protective doors are the maximum rotation
of supports denoted by 6 and ductility ratio denoted
by p, which is defined as the ratio of maximum
displacement (x,) to elastic displacement
equivalent to the yield strength (xz) shown in Eq.

(1).

=z (1)

According to Unified Facilities Criteria (UFC)
(2008), for the level of performance with moderate
safety, the upper limit of the ductility ratio is taken
to be 10, and the rotation angle is limited to 6
degrees. Therefore, these two limit values are used
to determine whether or not the impact-protective
door is within the specified level of performance. In
addition to the mentioned criteria, it is always
desirable to design a lightweight impact-protective
door. To achieve minimum weight, the dimensions
of the door components must be determined so that
constraints on the criteria of selective level of
performance are met (the value of 8 must be less
than 6 degrees and the value of p must be less than
10).

In this study, due to practical considerations, the
thickness of the face sheet is considered to be a fixed
value of 5mm. Moreover, due to a minor
contribution of the secondary stiffeners in the total
weight of the door, only the height and thickness of
the main stiffeners are considered as the main
parameters of the optimization process.

To control the performance criteria, the values of
pand 6 should be determined by analyzing the door
under impact load using Ls-Dyna, and compared
with the upper-limit values. To limit the number of
analyses, the following procedure is adopted: For a
given weight of the door, the height and thickness of
the main stiffeners are determined by maximizing
the flexural rigidity of the stiffened panel. Then, the
door with these stiffeners is fully modelled and
analyzed in Ls-Dyna (c.f. section 2.2), and thus, the
values of pand 0 are calculated. We proceed then by
explaining the flexural rigidity of stiffened panel and
provide the details of the modeling in Ls-Dyna.

2.1. Flexural rigidity of stiffened panel

The flexural rigidity of the stiffened panel can be
obtained from equivalent theory (Zhang et al. 2018,
c) which has been verified using finite element
simulation results (Zhang et al. 2018, a). The basic
principle of the equivalent theory requires that the
stiffened panel have equal bending and extensional
rigidity to the equivalent homogeneous panel. As
shown in Fig. 2, the equivalence process consists of
two steps. The first step is to smear the hierarchical

stiffened panel to a stiffened panel and the second
step is to smear the stiffened panel to a homogenous
panel. 0

. @

Fig. 2. Schematic of the equivalence process in the
two step

Fig. 3. shows the considered hierarchical
stiffened panel and the corresponding two sections.
In this model, the thickness of the face sheet is hy,
and the height and thickness of the secondary
stiffeners are hg and b, respectively. The height of
the main stiffeners is h,,. To simplify the analyses,
the thickness of the main longitudinal and
transverse main stiffeners is considered the same
and denoted by b,,. The distance between two
adjacent longitudinal stiffeners is denoted by d, and
the distance between two adjacent transverse
stiffeners is denoted by d,. The distance from the
natural plane to the mid-plane of the panel,
including longitudinal stiffeners, is shown by z,,.

In contrast, the distance from the natural plane
to the mid-plane of the panel, including transverse
stiffeners, is shown by z,,. By applying the two steps
of equivalence theory, the flexural rigidity (D, and
D, ) of stiffened panel is obtained as Eq. (2), where E
is the Young’s modulus and v is the Poisson’s ratio
of steel.

{Dx} Ehy  Ehp {zﬁyo +(1+ a)z,%y} )

Dy§ T12(1-v2) T (1-v2) ZEo + (L + B)ziy
{(Iyo + I'y)/dJ’}
(Ix() + Ix)/dx
Where:
_ bghs _ bshs
= _dyhp ’ )8 - dxhp

Znxo= Zpyo=
X0 3 (bshs+dyhy) 7 Y0 2 (bshstdyhy)

7 = bmhm (hm+hp) 7 = bmhm (hm+hp)
"X 2 [bmhm+ 4B dxhp]l ™Y 2 [bmhm+(1+a)dyhp]

_ bsh3 hs hp 2
Ixo_ 12 + bshs (? + P ano)
_ bsh3 hs hp 2
IyO_ 12 + bshs (? + 5 Znyo) (2)
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Fig. 3. (a) details of the hierarchical stiffened panel, (b) section A-A, (c) section B-B

2.2. Modeling sof the impact-protective door in
Ls-Dyna

Ls-Dyna is employed to model the impact-
protective steel door. Due to the symmetry, a
quarter of the door is modelled. MAT-PLASTIC-
KINEMATIC with solid elements is adopted to model
the behavior of steel. This model, according to
researches, is in good agreement with laboratory
results (Abedini et al. 2021; Stawinski et al. 2017).

The dimension of the mesh for hexahedron
elements is 1mm. To reduce the computation time
and prevent the occurrence of hourglass energy, the
full integral algorithm is employed. The steel used in
this study is ST52, with properties given in Table 1.
According to study done by Zhang et al. (2018, b), to
model the frame as rigid steel supports, the MAT-
RIGID model is used, and all displacements and
rotations are constrained. In addition, AUTOMATIC-
SURFACE-TO-SURFACE contact is considered

between the door and the frame. As shown in Fig.4,
the door is simply supported on two longitudinal
sides.

Like the SMC door of Zhang et al. (2018, b), the
height of the door is 1760mm, and its width is
860mm. The main stiffeners have 15mm thickness
and 80mm height. Secondary stiffeners have a
thickness of 3mm and a height of 15mm. The
stiffeners are placed on a 5mm thick bottom face
sheet. The width and the thickness of the frame are
85mm. As shown in Fig. 5, the load is applied
uniformly on the face sheet of the door the load is
applied uniformly on the face sheet of the door,
according to the impact load curve shown in Fig. 1b.
We use the same method for modeling the SMC door
as presented by Zhang etal. (2018, b) to validate this
model. The details are given in Appendix A, in which
the results indicate a close correlation with that of
the experimental tests.

Table 1. Properties of the applied steel

Density Young's modulus

Yield stress

Plastic modulus Poisson’s ratio

7850 (Kg/m?) 210 GPa

400 MPa

1 GPa 0.3

2.3. Optimization

The weight function is obtained from the
dimensions of the door’s components (including the
frame) and the density of steel. Since the secondary
stiffeners make only 2% of the total weight of the
door, only the height and thickness of the main
stiffeners are selected as parameters affecting the
optimization process. Therefore, the weight
function (in kg) is written only in terms of these two
parameters and by applying numerical values of the
other parameters, the weight function is obtained as
follows:

W=91.912+0.5864 h,,+0.0636 hypby, (3)

For a given weight of the door, the optimization
process at first requires to maximize the flexural
rigidity of stiffened panel. To this end, Eq. (3) helps
to write b,, as a function of h,, for a given W. Now,
D, and Dy in Eq. (2) are given as functions of h,, and
thus we can maximize a function such as
D=(D,+D,)/2 to obtain the optimized value of h,,,. By
placing the optimal value of h,, in Eq. (3), we can
obtain the corresponding value of b,,,.
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Fig. 4. A quarter model of the stiffened steel door
modeled in Ls-Dyna
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Fig. 5. Impact loading applied to the door

This process is performed for various values of
W to determine the corresponding values of h,, and
b,,. The results are summarized in Table 2 for
selected values of W in the range of 115kg<W<160
kg. The optimization process continues with
modeling these doors in Ls-Dyna, as explained in
section 2.2. The values of ductility ratio and rotation
angle are calculated and compared with their upper
limits related to the selected performance level,
summarized in Table 2.

The results presented in Table 2 show that the
amount of rotation angle is greater than 6° for
W<115kg. Moreover, for doors with the weight of
160, 145, 140, 135, 130 and 125Kg, the ductility
ratio is larger than the defined limit, i.e., 10.
However, the value of this criterion for doors of 155,
150,120 and 115kg weight is less than this limit.
Thus, the door with a weight of 120kg, including the
main stiffeners with a height of 31mm and a
thickness of 5mm, which is the minimum weight in
the permissible limit of both ductility ratio and
rotation criteria for the level of performance with
moderate safety, can be introduced as an optimized
door. As a result, with a 42% reduction, the weight
of the stiffened steel door is reduced from the initial
value of 206kg (related to the impact-protective
door presented by Zhang et al (2018b), if we replace
the SMC material with steel) to the optimal value of
120kg. Notably, the maximum displacement for this
optimal door is obtained as 25.8mm

Table 2. Summary of the results of optimized steel door analysis

Weight(kg) h,, (mm) by, (mm) M 0" 1 <10 6<6
160 79 4.3 12.6 2.1 X v
155 72 4.6 9.8 3.1 v v
150 65 5 5.53 3.86 v v
145 61 4.5 11.6 4.2 X v
140 55 4.5 11.9 4.6 X v
135 50 4.5 12.97 4.8 X v
130 43 4.8 114 4.98 X v
125 37 4.8 10.27 5.2 X v
120 31 5 7.77 5.36 v v
115 24 5.5 6.73 6.1 v X

[t is instructive to study the sensitivity of results
to variations of h,, and b,, in the optimal door. First,
a set of doors containing the main stiffener with
h,,=31mm and variable thicknesses from 4.5 to 5.5
mm (with an increase of 0.1mm in each step) are
considered, and the ductility ratio and rotation
angle values for these doors are calculated. The
results are shown in Fig. 6.

As Fig. 6.a shows, for a constant value of height,
increasing the thickness of the main stiffener
decreases the value of the ductility ratio and for
b,,<5mm, the ductility ratio is more sensitive to the
changes of b,,. Fig. 6.b also shows that the thickness
alterations for constant height of the main stiffener
do not have a significant effect on the rotation angle.

A set of doors containing the main stiffener with
b,=5mm and variable height from 40 to 80mm
(with an increase of 10mm in each step) is
considered next. The values of ductility ratio and
rotation angle for these doors are calculated. The
results are shown in Fig. 7. As Fig. 7.a shows, for a
constant value of thickness, increasing the height of
the main stiffener decreases the value of the
ductility ratio, and for h,,>60mm, the ductility ratio
is more sensitive to changes of h,. Fig. 7.b also
shows that the rotation angle decreases almost
linearly with increasing height.
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Fig. 8. The construction steps of OSSA for a quarter of the model

3. Stiffened impact-protective steel door
incorporating sandwich panel with
aluminum foam core

To absorb more energy and enhance the
efficiency of the stiffened impact-protective steel
door, the effect of the combination of stiffeners and
aluminum foam is investigated. The mechanism of
behavior of aluminum foam core sandwich panels is
that the face sheet which is in front of the impact
load begins to deform. While the foam core becomes
compressed, it rapidly transfers the momentum to
the back face sheet. The excellent compressibility of
the foam core facilitates energy dissipation during
impact loading (Ganchao et al. 2019).

To make the stiffened impact-protective steel
door incorporating sandwich panel with the
aluminum foam core (0OSSA), the foam is applied
inside the steel door which was optimized in section

2. In this regard, the space between the stiffeners is
covered with aluminum foam. According to the
concept of sandwich panel, the second face sheet
must be used on the foam. This sheet is made of steel
with 5mm thickness, similar to the main face sheet.
However, various thicknesses of this face sheet will
be examined. The construction steps of OSSA are
shown in Fig. 8.

3.1. Modeling in Ls-Dyna

Details of the modeling of the stiffened impact-
protective door were given in section 2-1. Here, we
provide further details regarding the foam core that
is added to the door structure.

There exist several material models in Ls-Dyna
to model the aluminum foam, including
CRUSHABLE-FOAM, HONEYCOMB, and
DESHPANDE-FLECK-FOAM. In  this  study,
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CRUSHABLE FOAM model is used due to its proper
adaptation with laboratory results (A.G.Hansssen et
al. 2001). ALPORAS type aluminum foam is selected
and its stress-strain diagram is shown in Fig.9 based
on laboratory results (Jianhu Shen et al. 2010). The
specifications used in the modeling are listed in
Table 3 (Wei Li et al. 2014).

The CONTACT-AUTOMATIC-SURFACE-TO-
SURFACE-TIEBREAK model is used to model the
contact between the face sheets and the foam core
(Wei Li et al. 2014). The tiebreak failure criterion at
this contact is defined as:

N WA U

Stress (MPa)

(4] 0.2 04 0.6 08
Strain

Fig. 9. Stress-strain diagram of ALPORAS aluminum
foam (Al+1.5%Ca+1.5%Ti)

Table 3. Specifications of ALPORAS aluminum foam

Rate sensitivity via damping

Density Young’s modulus Poisson’s ratio Tensile curve Cutoff 2.
coefficient
230 (Kg/m?) 1.1GPa 0.33 1.6MPa 0.1
( lonl )2 . ( |os| )2 51 (4) in Fig. 11, the maximum displacement is 25.7mm.
NFLS SFLS) Since the maximum displacement of the optimized

Where, 0, is the normal stress and o is the shear
stress. In addition, NFLS is the normal failure stress,
and SFLS is the shear failure stress, which are
considered as 12MPa and 2.47MPa, respectively
(Wei Li et al. 2014). In this contact model, it is
important to consider the orientation of elements
and parts in contact.

The CONTACT-AUTOMATIC-SINGLE-SURFACE
model is used to model the contact between the face
sheets and the foam core to penetration. The static
and dynamic friction coefficients of the contact are
0.28 and 0.2, respectively (Wei Li et al. 2014). The
CONTACT-INTERIOR model is used to prevent foam
self-penetration, which occurs under high pressure
and may lead to negative volume.

3.2. Results

Fig. 10. shows the stress and displacement
distribution of the protective steel door with
the aluminum foam core under the dynamic
impact load shown in Fig. 1.b. The result show
that the maximum stress occurs at the main
stiffeners, and the maximum displacement occurs at
the central point of the door.

3.2.1. Increase in load

To further evaluate the OSSA, the peak
overpressure of the impact load, according to
FEMA428 (2003) is elevated from 0.45MPa to a
maximum value of 0.75MPa, and the door is
analyzed with the same other conditions. As shown

steel door without foam with an overpressure of
0.45MPa is 25.8mm, it is observed that if the
aluminum foam is used, with 67% increase in peak
overpressure, the maximum displacement remains
almost unchanged.

3.2.2. Decreasing the weight of OSSA

The dimensions of the main stiffeners of the steel
door were optimized in Section 2. In this section, in
order to reduce the weight of the OSSA, the effect of
reducing the thickness of the second face sheet of
the sandwich panel located on the foam is examined.
0SSA, including optimized steel door introduced in
section 2 and aluminum foam with a second face
sheet with different thicknesses, is analyzed in Ls-
Dyna.

Furthermore, the values of the ductility ratio in
the steel part and the rotation angle are calculated
and the results are summarized in Table 4. As Table
4 indicates, after reducing the thickness of the
second face sheet to 1mm, the obtained OSSA,
weighing 135kg, shows lower values of ductility
ratio and rotation angle than the optimal steel door,
and has a better performance. Also, the results show
that the use of foam in OSSA, depending on the
thickness of the face sheet, reduces the value of the
ductility ratio by 26-33% and the rotation angle by
17-30%.

For a better comparison, the time variation of
maximum displacement of the OSSA with 5mm and
Imm thickness of the second face sheet and the
optimized steel door without foam (presented in
section 2) are shown in Fig. 12.
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As shown in Fig. 12, the OSSA with 5mm
thickness of the second face sheet has a maximum
displacement of 17.5mm, and the OSSA with 1mm
thickness has a maximum displacement of 20.8mm
while the optimized steel door without foam has a
maximum displacement of 25.8mm.

Therefore, OSSA with a 5mm thick second face
sheet has 32%, and OSSA with a 1mm thick second

face has 20% less maximum displacement than the
optimized steel door without foam. Thus, it is
observed that the use of aluminum foam as a
sandwich panel has significantly reduced the
maximum displacement, which enhances the

impact-protective door’s efficiency. Furthermore,
foam can act as a sound and heat insulator as well.

(b)

Fig. 10. Numerical simulated results: (a) displacement cloud diagrams, (b) Mises-stress cloud diagrams
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Table 4. Summary of OSSA analysis results with different thicknesses of the second face sheet

Door type Second face sheet thickness (mm) Weight (kg) U 8’
Optimized steel door without foam 0 120 7.77 5.36
0SSA 5 185 5.22 3.73
0SSA 2 150 5.57 4.32
0SSA 1 135 5.73 4.44

Maximum displacement {mm)

] 0 20 £ 40 50

Temed msec)

Fig. 11. The time history of maximum displacement
of OSSA with a peak overpressure of 0.75MPa.

30 1258
25

20
15
10

0 10 20 30 40
Time (msec)

= OSSA with 5 mm thick second facesheet

e OSSA with 1 mm thick second facesheet

= Optimized steel door without foam

Fig. 12. The time variation of maximum
displacement of the doors: OSSA with 5mm and
Imm thick second face sheet and optimized steel
door without foam

4., Conclusions

In this study, the hierarchical stiffened impact-
protective steel door was investigated. This door
was relatively heavy, so it was optimized, and as a
result, the door’s weight was reduced by 42%. Then,
to reduce the maximum displacement, the use of
aluminum foam as a sandwich panel for the
optimized stiffened steel door was proposed, which,
depending on the thickness of the second face sheet,
led to a 20 to 32% reduction in maximum
displacement. The results showed that OSSA with
5mm thick second face sheet, under peak
overpressure of 0.75MPa, has almost the same
maximum displacement compared to the optimized

steel door without aluminum foam under peak
overpressure of 0.45MPa. In other words, using
aluminum foam, the door can resist 67% more load
with the same maximum displacement. Therefore, if
impact-protective doors are needed in conventional
buildings, the use of OSSA, presented in this paper,
is recommended. Also, the OSSA can act as an
insulator against sound and heat and is also
resistant to the penetration of projectiles.
Therefore, the summary of the results obtained
from this study can be listed as follows:
e Introducing an optimal door weighing 42% less
than the primary door.

e Obtaining 20 to 32% reduction in maximum
displacement by combining foam and stiffened
door.

It is suggested for future studies to evaluate the
performance of the OSSA door against the projectile
penetration.

Appendix A-Validation

To validate the model used in this study, the SMC
door designed by Zhang et al. (2018, b) was
modeled in Ls-Dyna. The results of the analysis were
compared with experimental and numerical results.

For modeling the SMC door, the MAT-ELASTIC
model was employed. According to the experiments,
the density was 1850kg/m3. The elastic modulus
was set as 7.1GPa and the Poisson's ratio was 0.32.
The mesh dimension adopted for hexahedron solid
elements was 1mm. Also, for modeling rigid frame
made of steel, the MAT-RIGID model was adopted in
which all displacements and rotations were
constrained. The density was 7850kg/m? with
210GPa elastic modulus and 0.25 of Poisson's ratio.

The SMC door designed by Zhang et al. (2018, b)
was investigated under two blast loads. The first
load is that shown in Fig.13. The other one was that
shown in Fig.1.b and measured in the experiment
performed by Meng et al. (2016).
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Fig. 13. Simplified blast wave curve according to the
experiment performed by Zhang et al. (2018, b)

After modeling in Ls-Dyna, the maximum
displacement value obtained from our analysis
under the load shown in Fig.13 was 4.41mm at the
central point of the door. However, the maximum
displacement  obtained from  experiments
performed by Zhang et al. (2018, b) was 3.84mm,
and the maximum displacement obtained from the
numerical results of Zhang et al. (2018, b) was
4.35mm.

Also, the maximum displacement value obtained
from our analysis under the load shown in Fig. 1.b,
was 28.09mm at the central point of the door. In
comparison, the maximum displacement value
obtained from the numerical results of Zhang et al.
(2018, b) was 28.53mm.

Thus, as shown in Fig. 14, there is a close
agreement between the results of our modeling in
LS-DYNA with the experimental and numerical
results performed by Zhang et al. (2018, b).

We also note that, compared to SMC door
designed by Zhang et al. (2018, b), the OSSA
presented in this study, with a 5-mm thick second
face sheet has 39% less maximum displacement and
the OSSA with a 1mm thick second face sheet has

27% less maximum displacement. Also, the
optimized steel door without foam has 10% less
maximum displacement than the door designed by
Zhang et al. (2018, b) under the load shown in Fig.
1.b.

28.09 28.53

Fig. 14. Validation of the model used in this study
(a) under the load shown in Fig. 9 and (b) under the
load shown in Fig. 1.b.
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