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We present the results of our numerical simulation of the dynamic response and deforma-
tion of 1 m diameter circular DH-36 steel plates and DH-36 steel-polyurea bilayers, sub-
jected to blast-like loads. Different thicknesses of the polyurea are considered and the
effect of polyurea thickness on the performance of steel plates under blast loads is inves-
tigated. For each polyurea thickness, we have simulated three cases: (1) polyurea cast on
the front face (loading face); (2) polyurea (of the same thickness) cast on the back face;
and (3) steel plate of a suitable thickness such that the areal density remains the same
in all three cases. Two types of loading are applied to the polyurea-steel system: (1) direct
application of pressure on the bilayer system, (2) application of pressure through a sepa-
rate medium (soft polyurethane or water). The resulting differences are demonstrated
and discussed throughout the paper. For the constitutive properties, we have used phys-
ics-based and experimentally-supported temperature- and rate-sensitive models for
DH-36 steel and polyurea, including, in the latter case, the pressure effects.

Results from the simulations reveal that, when the polyurea layer with enough thickness
is cast on the back face of the plate, the bilayer demonstrates superior performance relative
to the other two cases. The differences become more pronounced as the polyurea thickness
(maintaining the same areal density in the three cases) becomes greater.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The dynamics response of steel plates and metal sheets
has been a topic of interest for many years. Numerous
applications of steel plates in defense, marine, aviation
and car industries have called for a thorough investigation
of the dynamic response, and failure and fracturing of steel
plates under various loading conditions. For this, in addi-
tion to direct experiments, analytical, experimental, and
numerical methods have been employed.

Theoretical attempts to address this problem go back to
1940s, when Taylor (1975) and Richardson and Kirkwood
(1950) investigated the plastic deformation of thin steel
plates subjected to underwater explosion. Several reviews
have been written on dynamic plastic behavior of steel
plates; see Jones (1975); Jones (1978a); Jones (1978b);
Jones (1981) and Nurick and Martin (1989a). Early
approaches considered only bending action and predicted
small deflections. Further studies, some using energy
methods, added membrane effects and membrane stretch-
ing action to bending effects and assumed different shape
modes to predict larger deformations. Wierzbicki and Nur-
ick (1996) have solved the initial boundary-value problem
by eigenfunction expansion method to predict the early
motion of steel plates, and, combining this with a modal
solution for late motion, have arrived at results that are
in good agreement with experimental data. Lee and
Wierzbicki (2005a,b) have predicted the transient response
and fracture of thin plates to explosive loading of various
spacial and temporal distributions and intensities, using
analytical and numerical methods.

Various experimental techniques have been employed
to investigate the dynamic response of structures such as
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Fig. 1. A typical deformation of circular steel plates under axi-symmetric
blast load before fracture. The steel plate cross-section before deforma-
tion is illustrated at the top panel. After the blast, the circular plate is
shaped into a bowl. Failure Mode I occurs at point A due to excessive
tension. Failure Modes II and III occur at points B and/or C.
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beams and plates. In their review paper, Nurick and Martin
(1989b) have summarized some of the tests where the
structure is subjected to air pressure waves created by
explosive devices, underwater explosive forming, direct
impulsive loading using plastic sheet explosives and spring
loaded arms. Outcomes of these experiments are primarily
the final deformed shape, which is relatively easy to obtain,
and, much more challenging, the deflection time-history,
which is measured by methods that include high-speed
photography, stereophotogrammetric techniques, strain
gages, condenser microphones, and light interference
techniques.

The Finite Element Method (FEM) offers great flexibility
for solving dynamic problems with acceptable level of er-
rors. For analytical solutions, however, many simplifying
assumptions are necessary, including simplification of the
governing equations, types of loads, boundary conditions,
and constitutive relations to represent the plastic response
of materials, none of which are required for a FEM
approach. Balden and Nurick (2005) have used FEM to
simulate the post-failure motion of steel plates subjected
to blast loads. Neuberger et al. (2009) have estimated the
spring-back response of circular clamped armor steel
plates subjected to spherical air-blast loads. Amini et al.
(2010d); Amini et al. (2010c); Amini et al. (2010b); Amini
et al. (2010a) have shown that a steel plate with a layer of
polyurea, an elastomer, coated on its back (with respect to
the blast load direction) delays the rupture of the steel
plate, while when the polyurea is cast on its front face,
the shock effect is magnified, promoting the plate’s failure.

Polyurea is a well-known reaction and abrasion resistant
polymer and has been extensively used in coating industry in
solid form (e.g. tunnels, bridges, roofs, parking decks, storage
tanks, freight ships, truck beds). In addition to its coating
applications, polyurea has surprised researchers over the
past decade by its exceptional mechanical, physical and
chemical properties and has found its applications in armor
and automotive industries. For example, to increase the
resistance of military armor to ballistic loads polyurea coat-
ing is used (Roland, 2007). Xue and Hutchinson (2007) have
investigated the neck retardation and enhanced energy
absorption in metal-polyurea bilayers.

Introduced in 1989 by Texaco Chemical Company, poly-
urea is derived from the reaction product of an isocyanate
component and a synthetic resin blend component. Poly-
urea can exhibit a wide range of overall properties based
on the volume fraction of its components and the mixing
procedure. Mechanical properties of polyurea highly de-
pend on temperature, pressure and rate of deformation.
The glass transition temperature, Tg , of polyurea is around
�50� (Knauss, 2003) which is conveniently low compared
to its service temperature. Roland et al. (2007) have re-
ported stress strain measurements for an elastomer poly-
urea in uniaxial tension over a range of strain rates from
0.06 to 573 s�1. Sarva et al. (2007) have reported on the
uniaxial compression stress strain behavior of a represen-
tative polyurea and a representative polyurethane over a
wide range in strain rates, from 0.001 s�1 to 10,000 s�1.
They have compared their data to other researcher’s data
and observed that polyurea undergoes transition from a
rubbery-regime behavior at low rates to a leathery-regime
behavior at highest rates. Above the glass transition
temperature, polyurea has a nearly-elastic volumetric
response and a viscoelastic shear response at moderate
pressures and strain rates. At room temperature, polyurea
is highly elastic, resistant to abrasion and can undergo up
to 800% elongation prior to rupture. Amirkhizi et al.
(2006) have systematically studied the viscoelastic proper-
ties of polyurea over a wide range of strain rates and tem-
peratures, including high-pressure effects. Based on this
study, a pressure, temperature, and strain-rate sensitive
model has been developed and implemented into
LS-DYNA, a commercial finite element package. The model
involves only a finite number of internal variables and is
specifically well-suited for use in an explicit finite-element
code.

In this study, we have investigated the blast-induced
dynamic response of circular steel plates with and without
a layer of polyurea. Different thicknesses of polyurea are
considered, examining the influence of the position of
polyurea relative to the direction of the blast loading; i.e.
whether polyurea is cast on the side facing the blast or
on the opposite side of the plate. The finite element simu-
lations are conducted, using LS-DYNA, with user-defined
material models. For polyurea, we have used the model
by Amirkhizi et al. (2006) and for steel plate, we have used
the model developed by Sia Nemat-Nasser (2003) to char-
acterize DH-36 Naval structural steel; in Section (3.2),
these material models are summarized.
2. Problem description

In the following section, the details of the problem are
described and the objectives and the methods to achieve
them are explained.
2.1. Circular steel plate subjected to blast

When an axi-symmetric impulsive load is applied to a
circular plate, it may be assumed that the deformation is
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axially symmetric until failure/fracture occurs. Fig. 1 is a
sketch of possible axially symmetric plate deformation.
Experimental observations show that the failure process
generally produces non-symmetric fracture patterns. For
relatively thin plates, two different failure modes have
been observed (Nurick and Shave, 1993; Teeling-Smith
and Nurick, 1991; Menkes and Opat, 1973; Nurick and
Shave, 1996): (1) large inelastic deformation near the cen-
ter of the plate (around point A) due to excessive in-plane
stretching that leads to necking or shearbanding; and/or
(2) tearing at the plate’s edges (points B and C) due to
shearing. The latter failure process depends on the bound-
ary conditions and the manner by which the edges are con-
strained. This failure pattern may be controlled by suitable
edge-constraint design (Amini et al., 2010c; Amini et al.,
2010b). We focus our attention on the possibility of the
first failure mode, and calculate and compare, for various
cases, the time variation of the effective plastic strain as
a measure to characterize this failure mode (Amini et al.,
2010d; Amini et al., 2010a).

2.2. Geometry and boundary assumptions

A numerical problem is designed and proposed to
serve as a framework for our study on polyurea-steel
plate bilayer composites. Fig. 2, which is an axi-symmet-
ric view of a 3D model, illustrates details of the proposed
problem. A 3 cm layer of polyurea is cast on a circular
steel plate of diameter 1.4 m. The position of polyurea
with respect to the steel plate and its thickness can vary.
We refer to the side of the steel plate receiving the pres-
sure pulse as front face, and the side which does not face
the loading as back face. For example, in Fig. 2, polyurea
is cast on the back face. This bilayer system of polyurea-
steel plate is subjected to an impulsive load with a
defined shape- and time-history. In this study, the
time-varying pressure pulse is applied to the system in
two ways:

� Indirect: The pressure pulse is applied to a medium with
a relatively low impedance (polyurethane in Fig. 2). The
pressure pulse is transmitted to the bilayer system
Fig. 2. Axi-symmetric view of the proposed 3D model. The time-varying impuls
piece which is radially confined. The steel plate is wedged at the edge to avoid
through this medium. Such medium ensures capturing
the physics behind the impact phenomenon and wave
interactions. In Section (4.3), water is used instead of
polyurethane and the differences resulting from this
substitution are described.

� Direct: The pressure pulse is directly applied to the
bilayer system. The shape of the pressure pulse can be
uniform or non-uniform. In this study, a Gaussian distri-
bution for the pressure pulse is assumed which will be
discussed in Section (4.4).

Polyurethane, a soft and incompressible material, is
radially fixed. As a result, the pressure pulse travels
through polyurethane without distortion. The circular
steel plate is designed such that it experiences the high-
est stresses and deformations at its central regions, lead-
ing to the first mode of failure explained in Section (2.1).
More specifically, the edge of the steel plate is designed
to be wedge shaped. The outer edge of the wedge is
fixed in both translation and rotational degrees of
freedom. Polyurea layer is extended to the inner edge
of the wedge, and no constraint is applied to its outer
face.
2.3. Impulsive loading: time-varying pressure pulse

The impulsive pulse applied to the bilayer system is as-
sumed to vary in time as depicted below:

P
Pmax

¼ ptðtÞ ¼
1
2 1� cosðp t

t0
Þ

� �
for t < t0;

e�
t

t0 for t > t0:

8<
: ð1Þ

Here, t0 is the rise-time, and Pmax is the maximum pressure.
Fig. 3 shows the pressure pulse as a function of time.
3. Numerical simulations

In the following section, the finite element model,
material models and the different cases which were simu-
lated are explained in detail.
ive load (uniform here) is applied on top of the polyurethane cylindrical
undesirable failure modes. In this case, polyurea is cast on the back face.



Fig. 3. The normalized pressure time-history. The pressure rises within
40 ls and exponentially decays, with a decay constant of 40 ls.
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3.1. Finite element model

The proposed problem is numerically modeled and ana-
lyzed in an explicit finite element framework. LS-DYNA, a
commercially available software package well-established
in impact engineering, is used as the FEM solver. Fig. 4
shows the finite element representation of one quarter of
the 3D model. All parts have 8-node Lagrangian brick ele-
ments; except the wedge, for which 6-node Lagrangian
wedge elements are used.
3.2. Material models

For polyurea, an experimentally-based material model
is used which is pressure- and temperature-sensitive and
has been developed and tested by Amirkhizi et al. (2006).
This model is based upon incremental updates of stress
components and assumes linear viscoelasticity at each
time step. It evaluates bulk and shear moduli at each step
based upon state variables (i.e. temperature, pressure and
strain rate). In other words, it explicitly evaluates the
following hereditary integral:

rðtÞ ¼ 3jðTÞ lnJ
J

1ð2Þ þ
Z t

0
2Gðt; s; T; PÞ : D0ðsÞds; ð2Þ

where j is infinitesimal bulk modulus, G is the shear relax-
ation function J is the Jacobian of the deformation gradient
Fig. 4. The finite element mesh. 8-node brick elements are used in all parts excep
is refined to the extent that an element-size independent solution is achieved.
and D0 is the deviatoric part of deformation-rate tensor. For
bulk deformation, the model assumes

The temperature dependence of the bulk response is
experimentally evaluated and introduced int the model as

jðTÞ ¼ jðTref Þ þmðT � Tref Þ; ð3Þ

where Tref is the reference temperature and m is a material
constant. The shear relaxation function of Eq. (2) also de-
pends on the temperature and pressure in a more elaborate
way using time–temperature–pressure superposition:

Gðt; s; T; PÞ ¼ TðsÞ
Tref

Gref nðtÞ � nðsÞð Þ; ð4Þ

where

nðtÞ ¼
Z t

0

ds
aTðsÞ

ð5Þ

aT ¼ 10
AðT�Ctp P�Tref Þ
BþT�Ctp P�Tref ; ð6Þ

are the reduced time variable and the time–temperature
shift functions. Here, P is the pressure, Ctp is a material con-
stant representing the effect of pressure on relaxation time
scales by replacing an increase in pressure with an equiv-
alent reduction in temperature, and A;B and Tref are mate-
rial parameters of the shift function, which are given by
Knauss (2003) for polyurea; see Table 1. A four-term
ðn ¼ 4Þ Prony series defines the relaxation function is used
for the reference relaxation function (polyurea master-
curve):

Gref ðtÞ ¼ G1 1þ
Xn

i¼1

pie
�t=qi

 !
; ð7Þ

where pi and qi are Prony series coefficients. The tempera-
ture, T, at each time step is evaluated assuming that the
dissipated work is entirely transformed into heat which
is trapped in the material and only accounts for tempera-
ture changes via heat capacity Cv . For the detailed calcula-
tion of the dissipated heat, see Amirkhizi et al. (2006).

Table 1 lists the numerical values used for the parame-
ters in polyurea material model. This model seems to be a
good representation of the experimental results (Amirkhizi
et al., 2006).
t for the wedge part for which 6-node wedge elements are used. The mesh



Table 1
Numerical values of parameters in polyurea material model used for our
simulations.

Tref (K) A B Ctp (K/GPa)
273 �10 107.54 7.2
Cv (J/mm3/K) m (GPa/K) jref G1

1:997� 10�3 �0.015 4.948 0.0224

p1 p2 p3 p4

0.8458 1.686 3.594 4.342
q1 q2 q3 q4

463.4 0.06407 1:163� 10�4 7:321� 10�7

Fig. 5. Simulated cases based on position of the cast polyurea with
respect to applied pressure: NPU (no polyurea), BPU (polyurea on back
face) and FPU (polyurea on front face). Different thicknesses of polyurea
are considered for each case which are listed in Table 2.
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A physics-based material model based on dislocation
theory is available for DH-36 Naval structural steel. Sia
Nemat-Nasser (2003) have conducted a series of experi-
ments on this material and reported the following results:

1. The plastic flow stress of DH-36 strongly depends on
the temperature and strain rate. Temperature sensiti-
vity is greater for temperatures below 400 K and very
low above that.

2. Dynamic strain aging occurs at almost all strain rates,
over a temperature range of 500–1000 K.

3. The microstructure of the material does not evolve in a
manner to affect its flow stress, as the temperature and
strain rate are changed.

Based on the concept of dislocation theory and with an
insight from experimental data, a physically based model
is developed by Nemat-Nasser and Isaacs (1997); Nemat-
Nasser et al. (1999) and Nemat-Nasser and Guo (1999),
and applied to several polycrystalline metals. This model
expresses the flow stress (effective stress), s, as a function
of temperature, T, effective plastic strain, c, and effective
plastic strain rate, _c, as follows:

s ¼ s00
a þ s0

ac
n1 þ s0 1� T

Tc

� �1=q
( )1=p

; ð8Þ

for forT 6 Tc , and

s ¼ s00
a þ s0

ac
n1 ; ð9Þ

otherwise. Here,

Tc ¼
G0

k
ln

_c
_cr
; ð10Þ

where k=G0 ¼ 6:6� 10�5=K, _cr ¼ 2� 1010=s, p ¼ 2=3;
5emq ¼ 2; n1 ¼ 1=4, s00

a ¼ 70 MPa; s0
a ¼ 750 MPa, and

s0 ¼ 1500 MPa are material parameters extracted from
experiment and k is the Boltzmann constant. These con-
stants are given by Sia Nemat-Nasser (2003) for DH-36
and are used in our simulations. Polyurethane is modeled
using LS-DYNA incompressible Moony–Rivlin rubber
material model (LSTC, 2007; Ogden, 1984) with and equiv-
alent shear modulus G ¼ 16 MPa, Poisson’s ratio m ¼ 0:495
and mass density q ¼ 1:19 g=cc.

3.3. Finite element model details

The finite element mesh is generated in Altair Hyper-
mesh and an LS-DYNA input file is prepared for an explicit
finite element analysis. The mesh is refined to achieve
element-size independent results.

The pressure time-history curve, Eq. 1, is used to apply
the pressure on the free end of the polyurethane column
(in the -y-direction in Fig. 4). The model uses the LS-DYNA
automatic surface to surface contact algorithm to model
the polyurethane-bilayer interface interaction.

The outer nodes of the polyurethane column are radi-
ally fixed; i.e. ux ¼ uz ¼ 0, but are free to move in the y-
direction. The outer nodes of the steel plate and the wedge
are also fixed in all directions. The Flanagan–Belytschko
integration hourglass-control algorithm is used to elimi-
nate zero-energy modes.
3.4. Simulated cases with polyurethane and uniform pressure

In this study, the main goal is to determine how casting
a layer of polyurea on a steel plate affects the performance
of the steel plate when subjected to blast loads. The effect
of polyurea thickness on overall response of the bilayer
system to blast loads is also investigated. Therefore, the
following cases are simulated (Fig. 5):

� BPU (Polyurea on back face): Polyurea is cast on the side
of the steel plate opposite to the blast. Four cases with
different polyurea thicknesses are simulated: 1 cm,
2 cm, 3 cm and 4 cm. The thickness of steel is kept
constant at 1 cm.
� FPU (Polyurea on front face): Polyurea is cast on the side

of the steel plate which receives blast loading. Four
cases with different polyurea thicknesses are simu-
lated: 1 cm, 2 cm, 3 cm and 4 cm. The thickness of steel
is kept constant at 1 cm.
� NPU (No polyurea): In this case, no polyurea is cast on

the steel plate. However, the thickness of steel plate is
increased to have the same areal density as the corre-
sponding BPU and FPU cases: 1.14 cm, 1.28 cm,
1.42 cm and 1.56 cm.



Table 2
Specifications of the simulated cases. In these cases, polyurethane is used as
the pressure transmitting medium and a uniform pressure is applied.
Parameters, Pmax , and, t0, are defined in Section (2.3).

Configuration Steel
thickness

Polyurea
thickness

Pressure
type

Pmax

(MPa)
t0

(ls)

NPU (NO PU) 1.14 cm 0.0 cm Uniform, indirect 200 40
BPU (PU-Back) 1.0 cm 1.0 cm Uniform, indirect 200 40
FPU (PU-Front) 1.0 cm 1.0 cm Uniform, indirect 200 40
NPU (NO PU) 1.28 cm 0.0 cm Uniform, indirect 200 40
BPU (PU-Back) 1.0 cm 2.0 cm Uniform, indirect 200 40
FPU (PU-Front) 1.0 cm 2.0 cm Uniform, indirect 200 40
NPU (NO PU) 1.42 cm 0.0 cm Uniform, indirect 200 40
BPU (PU-Back) 1.0 cm 3.0 cm Uniform, indirect 200 40
FPU (PU-Front) 1.0 cm 3.0 cm Uniform, indirect 200 40
NPU (NO PU) 1.56 cm 0.0 cm Uniform, indirect 200 40
BPU (PU-Back) 1.0 cm 4.0 cm Uniform, indirect 200 40
FPU (PU-Front) 1.0 cm 4.0 cm Uniform, indirect 200 40
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In Table 2, the simulation specifications for each case
are listed. In all cases, the pressure is uniform and a poly-
urethane column is used to transmit the load to the bilayer
system.
4. Results

In this section, the results from the simulations of
Section (3.4) are presented. In Section (4.1), the metric
which is used to compare different cases is introduced
and described. In Section (4.3), the effect of having water
instead of polyurethane is explored. In Section (4.4), results
Fig. 6. Steel plate after deformation. To compare performance of steel plates unde
measured and analyzed for each case.

Fig. 7. Time-history of average effective plastic strain within a central circle of d
this polyurea thickness, the difference in performance between the considered
from direct application of impulsive load to the steel plate
is presented.

4.1. Comparison metric

To analyze the performance of steel plates under impul-
sive loading, we compare the volume average of effective
plastic strain in a circular region of diameter 10 cm at the
center of the plates. The effective plastic strain is defined as:

cðtÞ ¼
Z t

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3

Dp : Dp

r
dt ð11Þ

where by Dp is the plastic part of the deformation rate.
Based on their experimental results, Amini et al. (2010d);
Amini et al. (2010c); Amini et al. (2010b); Amini et al.
(2010a) have reported a correlation between this metric
and the fracture of DH-36 steel plates and have used this
metric as measure of the plate’s resistance to failure/
fracture.

Fig. 6 illustrates the cross-sectional view of a deformed
steel plate and depicts the area for which the average effec-
tive plastic strain is calculated and compared for different
cases (circle A). The largest plastic deformation occurs
within circle A and, therefore, the fracture/rupture is
believed to initiate whithin this region.

4.2. Comparing BPU, FPU and NPU cases

In this section, volume average of effective plastic strain
at the center of steel plates for the cases explained in
r impulsive loading, volume average of effective plastic strain in circle A is

iameter 10 cm of the steel plate with a 1 cm thick polyurea coating. With
cases is negligible.



Fig. 8. Time-history of average effective plastic strain within a circle of diameter 10 cm at the center of the steel plate, with polyurea thickness of 2 cm. The
difference in performance between cases becomes apparent when the thickness of polyurea is equal to, or greater than, 2 cm.

Fig. 9. Time-history of average effective plastic strain within a circle of diameter 10 cm at the center of the steel plate for polyurea thickness of 3 cm. The
performance difference between cases becomes more pronounced when polyurea thickness is increased.

Fig. 10. Time-history of average effective plastic strain within a circle of diameter 10 cm at the center of the steel plate for polyurea thickness of 4 cm.
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Section (3.4) are presented and discussed. The results are
categorized based on the effective polyurea thickness, i.e.
for each polyurea thickness (or no polyurea, with the same
areal density), the average effective plastic strain is plotted
for BPU, FPU and NPU cases.

Fig. 7 shows the time-history of volume average of
effective plastic strain within circle A for cases with 1 cm
polyurea. It is observed that in the presence of polyurea
the performance of the steel plate is slightly improved,
but the difference between various cases is negligible.

In Figs. 8–10 the time-history of the volume average of
the effective plastic strain within circle A are plotted for
cases with 2, 3, and 4 cm polyurea thicknesses, respec-
tively. In all cases, it is seen that 1 cm steel with polyurea
performs better than the bare steel of an equivalent
aerial density. Also, polyurea cast on the back face (BPU)



Fig. 11. Comparing water and polyurethane as momentum transmitting media. Time-history of average effective plastic strain within a circle of diameter
10 cm in the central region of the steel plate with polyurea thickness of 3 cm.

Table 3
Specifications of cases simulated for direct pressure. In these cases, no
pressure transmitting medium is used and a pressure with a Gaussian
spatial distribution is directly applied to the bilayer system. Parameters
Pmax and t0, are as defined in Section (2.3).

Configuration Steel
thickness

Polyurea
thickness

Pressure
type

Pmax

(MPa)
t0

(ls)

NPU (NO PU) 1.00 cm 0.0 cm Gaussian, direct 530 40
NPU (NO PU) 1.14 cm 0.0 cm Gaussian, direct 530 40
BPU (PU-Back) 1.0 cm 1.0 cm Gaussian, direct 530 40
FPU (PU-Front) 1.0 cm 1.0 cm Gaussian, direct 530 40
NPU (NO PU) 1.42 cm 0.0 cm Gaussian, direct 530 40
BPU (PU-Back) 1.0 cm 3.0 cm Gaussian, direct 530 40
FPU (PU-Front) 1.0 cm 3.0 cm Gaussian, direct 530 40
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demonstrates a better performance than the other two
cases (FPU and NPU). The differences become more
pronounced as the polyurea thickness is increased.
Fig. 12. Time-history of average effective plastic strain at a circle of diameter 10 c
is negligible difference in performance between BPU and NPU cases.
4.3. Water vs. polyurethane

We have also used water instead of polyurethane in
our simulation as the pressure transmitting medium.
We have compared the corresponding results with those
reported above for cases with 3 cm polyurea. In Fig. 11,
the volume average of the effective plastic strain within
circle A is plotted for NPU, BPU and FPU cases with 3 cm
polyurea. The same overall trend is observed when
water is used instead of polyureathane; i.e. BPU per-
forms better than FPU and NPU. These conclusions agree
with previous results by Amini et al. (2010d); Amini
et al. (2010c); Amini et al. (2010b); Amini et al.
(2010a). However, in the case of water, the momentum
transmitted is lower and a smaller plastic deformation
occurs at the central region. This variation underline
the need to model the structural response with the nec-
essary detail. The observed results here, therefore, are
not only due to the material effects of the bilayer, but
m within the center of the steel plate for polyurea thickness of 1 cm. There



Fig. 13. Time-history of average effective plastic strain within a circle of diameter 10 cm at the central region of the steel plate for polyurea thickness of
3 cm. As seen, there is negligible difference in performance between BPU and NPU cases whenp ressure is directly applied to the bilayer system.
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loading and boundary conditions also significantly affect
the behavior. This issue is further discussed in the next
section.
4.4. Direct application of the impulsive load

We now report our numerical results when a pres-
sure-pulse is directly applied to the bilayer system. A
Gaussian distribution with variance of 20 is assumed
for pressure which varies with time in the same manner
as discussed in Section 2.3; i.e., we have used the
following equation for the spatial variation of the
pressure:

P
Pmax

¼ expð� x2

2 � 202Þ � ptðtÞ; ð12Þ

where ptðtÞ is the time-varying function given in Section
(2.3). In Table 3, specifications of these simulated cases
are given.

In Figs. 12 and 13, the volume average of effective
plastic strain in a circle of 10 cm at the center of the
steel plate is plotted for the cases with 1 cm and 3 cm
polyurea. The response of the steel plates to a direct
pressure loading is clearly different from its response to
the loading cases considered in Section (3.4) where a
uniform pressure is applied to the bilayer system
through a separate medium. The results suggest that
with this type of loading the effectiveness of polyurea
layer is not distinguishable in our computations. How-
ever, as is also seen, more energy is transmitted to the
bilayer system and higher plastic deformations are ob-
served in the elements at the central part of steel plates
for the FPU cases.

The results of this section clearly indicates the coupled
structural and material nature of these simulations. When
the pressure is applied to the same material (steel) and for
the same total mass, the response is almost identical. On
the other hand, when the material that first experiences
the pressure pulse is changed, the bahavior of the bilayer
is substantially modified.
5. Summary and conclusion

In the present study, the effect of polyurea on the per-
formance of bilayer polyurea-steel plates under blast loads
is investigated. A numerical problem is designed and sim-
ulated using an explicit finite element model in LS-DYNA.
The primary objective is to determine the effectiveness of
polyurea; and subsequently, determine the manner in
which the thickness of polyurea affects the results. In order
to achieve this, different cases have been developed and
simulated. To ensure obtaining accurate results, reliable
material models and mesh-size independent finite element
models have been generated.

Our numerical results suggest that when polyurea is
cast on the back face (the side of steel plate which is oppo-
site to the blast loading), the average plastic strain at the
central region of the steel plate is less than when polyurea
is cast on the blast-receiving side (front face). Compared to
our previous work in this area, these examples are also
notably affected by the structural response as well as the
stress wave energy propagation in the material. The
difference in the kinetic energy transfer is not substantial.
Nevertheless, the more realistic the simulation, the more
pronounced the material effect of polyurea and its location.

It has been shown that polyurea thickness is an essen-
tial factor in effectiveness of its use for blast mitigation.
When a thin layer of polyurea is cast on either side of the
steel plate, the change in performance is negligible. How-
ever, when the thickness of polyurea is increased, its ben-
eficial effect becomes clear.

The effect of loading type is also investigated. It is
shown that there is a numerically observable difference
between direct and indirect application of pressure to the
bilayer system. Also shown here is that for the indirect
application of the pressure pulse, loading through water
causes qualitatively the same response but much lower
levels of total plastic strain. This observation indicates dif-
ferences between pressure pulse loading versus other
methods of simulating blast effects. However, among all
cases, the most effective blast mitigation case is found to
be that in which polyurea is cast on the back face.
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