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a b s t r a c t

We summarize the results of the response of monolithic steel plates and steel-polyurea
bilayer plates to impulsive blast loads produced in direct pressure-pulse experiments,
focusing on the deformation and failure modes of the plates. In these experiments, an
impulsive pressure pulse is applied to a steel plate through water or soft polyurethane that
simulates shock loading with a peak pressure of �80 MPa and duration of �50 ls, followed
by a cavitation period and a post-cavitation peak pressure of �40 MPa and �400 ls dura-
tion. The pressure pulse is produced by a projectile that impacts either a confined water- or
soft polyurethane-layer which in turn transmits the pulse and loads the sample supported
by a hollow steel cylinder. Using high-speed photography, the deformation and fracturing
of some of the plates are also captured. In addition, the total force acting on the steel plate
is measured as a function of time in several selected cases.

The experimental results suggest that the presence of polyurea on the back face (opposite
to the load-receiving side) of the steel plates can enhance the energy absorption of the
plates and help to mitigate their failure. On the other hand, when polyurea is placed on
the front face (load-receiving side), it will magnify the initial shock effect and promote fail-
ure. These experimental results are paralleled by numerical simulations of the entire
experiment, employing physics-based models for the DH-36 steel and polyurea (Amini
et al., 2010b.

� 2009 Published by Elsevier Ltd.

1. Introduction

Enhancing the energy absorption and improving the dy-
namic fracture resistance of steel plate structures have
been the focus of many studies for decades. Coating the
steel plates with a polyurea layer has proven to signifi-
cantly affect the survivability of such structures under high
intensity impulsive loads, including those encountered in
blast events. Polyurea is an inexpensive, fire-resistant,
light-weight, soft, and abrasion-resistant retrofit for steel
plates. It can be easily applied through spray-cast tech-
niques to large steel panels (e.g., ship hulls).

There are only a few published experimental studies on
the effect of polyurea on the blast resistance of steel plates,
as controlled laboratory-scale blast experiments are diffi-
cult to perform. In a recent study, Amini et al. (2010a) em-
ployed a reverse impact experimental technique to
investigate the effect of polyurea on the impulsive re-
sponse of steel plates. Using direct penetration tests, Mock
and Balizer (2005) report that a polyurea layer cast onto
the back face of a steel plate can change the response of
the plate from full penetration of the impacting projectile
to its full arrest.

In the present experimental study, we have examined
the deformation and failure modes of steel (DH-36) and
steel-polyurea bilayer plates to impulsive pressure loads,
using a direct pressure-pulse technique. In these experi-
ments, an impulsive pressure pulse is applied to a steel
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plate through water or soft polyurethane that simulates
shock loading with a peak pressure of about 80 MPa and
duration of about 50 ls, followed by a cavitation period
and a post-cavitation peak pressure of about 40 MPa and
400 ls duration. This experimental method allows us to
assess the shock resistance, dynamic response, and fractur-
ing of monolithic steel and steel-polyurea bilayer plates.
High-speed photography is also employed to investigate
the time variation of the deformation and the subsequent
failure of some of the plates.

2. Materials and samples

2.1. Materials

2.1.1. DH-36. Steel
The plates are made out of DH-36 steel sheets. DH-36

steel is a high-strength steel used in naval applications.
The stress–strain behavior of this material has been sys-
tematically studied by Nemat-Nasser and Guo (2003) over
a wide range of strain rates and temperatures. Nemat-Nas-
ser and Guo also developed a physics-based (PB) constitu-
tive model for this material. It is known that the
mechanical properties of steel may vary depending on
the rolling direction and other production details. In order
to compare the high strain rate properties of the present
DH-36 with those reported in Nemat-Nasser and Guo
(2003), a set of Hopkinson bar experiments are performed
at various strain rates. It is observed that the plate used in
the current study has approximately 10% higher flow stress
compared with the one reported in Nemat-Nasser and Guo
(2003). Considering this difference, minor changes are ap-
plied to the PB model presented by Nemat-Nasser and Guo.
This modified PB model is incorporated into the commer-
cially available finite-element code, LS-DYNA, and used to
predict the experimental results (Amini et al., 2010a).

2.1.2. Polyurea
The bilayer plates are comprised of polyurea and DH-36

steel. Polyurea’s physical and mechanical properties vary
with its composition. The polyurea used in this study is
prepared at CEAM/UCSD, using Isonate 2143 (The Dow
Chemical Company, 2001) and Versalink P1000 (Air Prod-
ucts and Chemicals, Inc., 2003). The viscoelastic properties
of this polyurea have been experimentally studied by Ami-
rkhizi et al. (2006) over a wide range of temperatures and
strain rates, including its pressure sensitivity. Based on this
study (Amirkhizi et al., 2006), a pressure, temperature, and

strain-rate dependent model has been developed by these
authors and implemented into LS-DYNA.

2.2. Monolithic DH-36 steel plate samples

The monolithic circular steel plates used in these exper-
iments are EDM machined from a 4.77 mm thick steel
sheet. The plates have a nominal thickness of 1 mm at
the inner portion and a nominal outer diameter of
76 mm. All of the plates have a rim on the outside. The
rim has a nominal inner diameter of 57 mm, nominal outer
diameter of 76 mm, and nominal thickness of 4.75 mm.
The plates have a radius of curvature on the edge of the in-
ner section of 1.6 mm. Fig. 1 shows the dimensions of the
monolithic steel plate. The actual thickness of a typical
steel plate at the central portion varies from 0.97 mm to
1.05 mm. The thickness of each plate is measured at sev-
eral points and recorded. The details of the monolithic steel
plates are presented in Tables 1 and 2.

2.3. Steel-polyurea bilayer samples

The steel-polyurea bilayer samples have two configura-
tions: polyurea on the back face and polyurea on the front
face. In the former case, polyurea is cast into the inner por-
tion of the sample’s dish side. In the latter case, polyurea is
cast onto the flat side of the plate, first on the central re-
gion of 57 mm diameter (corresponding to the opposite-
face of the dish portion). Then a thin Teflon band is placed
on the lateral surface of the polyurea and new polyurea is
cast onto the remaining portion of the plate’s flat side.
Fig. 2 shows a monolithic steel plate (right) and two con-
figurations of the polyurea-steel bilayer plate. By casting
the polyurea on the flat side in two steps, the stretch
enhancement in the central region of the plates will be
similar for the two configurations. The thickness of the
polyurea layer is about 3.75 mm for most samples, but sev-
eral samples with smaller thicknesses are also fabricated
and tested; see Tables 1 and 2 for sample data and test
conditions.

3. Experimental techniques

Two sets of direct impact experimental setups, denoted
by DB-I and DB-II, are used to characterize the dynamic re-
sponse and fracture resistance of the samples. In the first
set, each sample is loaded by a projectile that impacts a
confined soft polyurethane layer that rests against the

Fig. 1. Nominal dimensions of the monolithic steel plate (quarter of plate).
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sample, while, in the second set, a layer of confined water
is used in some of the tests and soft polyurethane in others.
These techniques are developed at UCSD’s Center of Excel-
lence for Advanced Materials’ gas gun facilities laboratory.
They are discussed in what follows.

3.1. DB-I setup

A schematic view of the cross section of this experimen-
tal setup is presented in Fig. 3. In this setup, a 7075 alumi-
num projectile with a nominal mass of 832 g is propelled

Table 1
Conditions of the direct pressure-pulse experiments: DB-I.

Specimen Projectile

Test Plate type Polyurea cast Thickness (mm) Mass (g) Mass (g) Velocity (m/s)

Steel Polyurea

S-52 Monolithic N/A 1.02 N/A 90.4 832.6 71.5
S-53 Monolithic N/A 1.05 N/A 91.3 832.6 65.1
S-55 Monolithic N/A 1.02 N/A 90.6 832.6 62.2
S-57 Monolithic N/A 1.03 N/A 90.6 832.6 61.6
S-58 Monolithic N/A 1.04 N/A 91.2 832.6 65.2
S-59 Monolithic N/A 1.04 N/A 91.0 832.6 65.2
S-60 Monolithic N/A 1.03 N/A 90.7 832.6 64.9
S-66 Monolithic N/A 1.04 N/A 91.5 832.6 63.1
S-62 Monolithic N/A 1.03 N/A 90.9 832.6 63.4
S-63 Monolithic N/A 1.02 N/A 90.8 832.6 63.5
S-64 Monolithic N/A 1.04 N/A 91.3 832.6 63.1
SP-35 Bilayer Dish side 0.98 3.75 101.9 832.6 62.8
SP-50 Bilayer Dish side 1.04 3.75 105.1 832.6 60.6
SP-33 Bilayer Dish side 0.97 3.75 102.5 832.6 71.3
SP-37 Bilayer Dish side 1.00 3.75 101.9 832.6 64.4
SP-38 Bilayer Dish side 0.98 3.75 101.6 832.6 63.0
SP-40 Bilayer Dish side 1.04 3.75 104.0 832.6 67.9
S-67 Monolithic N/A 1.05 N/A 91.0 832.6 62.2
S-69 Monolithic N/A 1.05 N/A 91.2 832.6 62.4
S-70 Monolithic N/A 1.03 N/A 90.7 832.6 62.7
S-72 Monolithic N/A 1.04 N/A 91.2 832.6 62.3
S-34 Monolithic N/A 1.04 N/A 92.7 832.6 64.7
S-49 Monolithic N/A 1.04 N/A 94.6 832.6 65.1
SP-74 Bilayer Flat side 1.05 3.75 108.4 832.6 68.0
SP-83 Bilayer Dish side 1.04 3.75 100.5 832.6 68.4
SP-81 Bilayer Flat side 1.02 3.75 108.0 832.6 65.7
SP-91 Bilayer Flat side 1.03 3.75 108.9 832.6 62.4
SP-104 Bilayer Dish side 1.03 3.75 103.9 832.6 64.9
SP-103 Bilayer Dish side 1.02 2.44 100.4 832.6 64.7
SP-130 Bilayer Dish side 1.01 3.75 101.9 831.8 63.8
SP-105 Bilayer Flat side 1.01 3.75 111.8 831.8 64.0
SP-114 Bilayer Dish side 1.02 1.85 98.6 831.8 63.9
SP-115 Bilayer Dish side 1.02 1.22 96.1 831.8 66.1
SP-100 Bilayer Flat side 1.01 1.86 102.4 831.8 64.7
SP-101 Bilayer Flat side 1.02 1.13 99.5 831.8 64.8
SP-97 Bilayer Flat side 1.00 3.75 103.8 831.8 64.0

Table 2
Conditions of the direct pressure-pulse experiments: DB-II.

Specimen Projectile

Test Plate type Poylurea cast Thickness (mm) Mass (g) Loading medium Mass (g) Velocity (m/s)

Steel Polyurea

S-113 Monolithic N/A 1.02 N/A 92.9 Water 1685.4 42.2
S-102 Monolithic N/A 1.01 N/A 92.7 Water 1685.4 43.9
S-117 Monolithic N/A 1.02 N/A 93.2 Water 1685.4 48.1
S-119 Monolithic N/A 1.03 N/A 92.8 Water 1685.4 48.5
SP-95 Bilayer Dish side 1.00 3.75 102.5 Water 1685.4 48.4
SP-98 Bilayer Flat side 1.00 3.75 111.1 Water 1685.4 48.6
SP-116 Bilayer Dish side 1.01 2.35 99.2 Water 1685.4 48.1
S-121 Monolithic N/A 0.99 N/A 90.3 Polyurethane 1685.4 47.8
S-123 Monolithic N/A 1.01 N/A 90.9 Polyurethane 1685.4 48.5
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by a gas gun at a controlled velocity, which is measured
using velocity sensors placed at the end of the gas gun
muzzle. The aluminum projectile loads a 25.4 mm-thick
cylindrical soft polyurethane of 40A durometer hardness,
resting against the sample within the confining cylinder.
The polyurethane loads the plate that sits on a cylindrical
step, machined as an integral part of the confining cylinder.
A pair of steel bars and sleeves is used to transfer the load
from the cylindrical support to a 3-in. Hopkinson output
bar.

The experimental setup is housed in a metal enclosure
to prevent damage due to flying debris. The shield has a
transparent window to allow for the high-speed photo-
graphic recording of the deformation and possible fractur-
ing of the sample, using a Hadland Imacon 200 image
acquisition system. The camera has sixteen channels which
can be programmed to record a sequence of separate
images at prescribed time intervals. Images are acquired
at an angle relative to the path of the projectile. The cam-
era is geometrically calibrated for parallax and alignment
to achieve accurate results. The camera is indirectly trig-
gered by the velocity sensor, through a digital delay gener-
ator, and it in turn triggers the flash strobes. Fig. 4 shows
various views of the setup, depicting different aspects of
the system. The experimental conditions and the corre-
sponding specifications are summarized in Table 1. The
projectile velocities range from 60 m/s to 72 m/s, providing
a projectile kinetic energy of up to 2129 J.

3.2. DB-II setup

A schematic view of the cross section of this experimen-
tal setup is presented in Fig. 5. In this setup confined water
or polyurethane is used as a loading medium. This setup is
used to assess the use of polyurethane instead of water to
load the samples. This assessment is done by comparing
the force transmitted through the plate for each loading
medium (polyurethane or water). In this setup, a 7075 alu-
minum projectile with a nominal mass of 1685 g is pro-
pelled by a gas gun at a controlled velocity, which is
measured using velocity sensors placed at the end of the
gas gun muzzle. The projectile loads an impedance-
matched 7075 aluminum piston within a cylindrical con-
finement. The piston loads the confined water column (or
a soft polyurethane cylinder) that in turn loads the plate
that rests on a cylindrical step at the end of the confining
cylinder. The load is transferred from the support to a
3-in. Hopkinson output bar and measured by the strain
gauges that are mounted on the bar.

The water column is set up by partially filling a steel
confinement of internal diameter 76.2 mm, making a
25.4 mm thick layer. The confinement is capped at one
end with the piston, while the plate (sample) is placed at
the opposite end. The piston and the hollow confining cyl-
inder have O-ring seals to prevent leakage. In addition, the
piston has a bleed valve to ensure that air is not trapped in
the water column. To use polyurethane as the loading
medium, the water column is replaced by a 25.4 mm-thick
cylindrical polyurethane of 40A durometer hardness. Fig. 6
shows various parts employed in this setup. The experi-
mental conditions and the corresponding specifications
are summarized in Table 2. The projectile velocities range
from 42 m/s to 49 m/s, providing a projectile kinetic en-
ergy of up to 1981 J. It should be noted that the DB-II setup
projectile has a lower velocity compared to the DB-I setup
one, so as to compensate for its mass which is approxi-
mately twice that of the projectile used in the DB-I setup.

4. Results and discussion

A total of 36 plates were tested using the DB-I setup and
nine samples were tested using the DB-II setup. The de-
formed plates are carefully examined for any visible signs
of failure. Based on their response, the deformed plates
are subdivided into three categories: no failure, moderate

Fig. 2. Three different plate configurations: monolithic steel plate (left), bilayer plate with polyurea on front face (middle), and bilayer plate with polyurea
on the back face (right).

Fig. 3. Schematic view of the DB-I experimental setup.
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failure, and severe failure. The plates in the first category
did not have any cracks but multiple parallel necks were
visible in the central region of some of them. The second
category samples developed severe necking, with crack ini-
tiation and minor petalling. Finally, the last category sam-
ples had radial and circumferential cracks with petalling
and possibly discing or edge tearing. A typical sample of
each category is shown in Fig. 7. The experimental condi-
tions and the corresponding results are summarized in Ta-
bles 3 and 4.

4.1. Effect of steel plate thickness

The membrane stiffness varies linearly with the plate
thickness while the bending stiffness relates linearly to
the square of the thickness. At low velocity impact where
the input energy is small, the plate deflection is relatively
small and hence the bending is dominant, while the

Fig. 4. Various views of the DB-I experimental setup and components.

Fig. 5. Schematic view of the DB-II experimental setup.
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stretching effect becomes significant at high impact veloc-
ities that produce large tensile in-plane stretching. For
large deformations, the plastically dissipated energy in
the membrane deformation is larger than that of the bend-
ing deformation. Hence, the major portion of the energy
dissipated by the specimen’s plastic deformation has a lin-
ear relation with the thickness when the impact energy is
high, producing large deformations. In other words, at con-
stant impact velocity, as the thickness of the specimen in-
creases, the kinetic energy converted into the deformation
energy increases linearly with thickness. Therefore, the ini-
tial kinetic energy per unit thickness of the steel layer may
be used to quantify the energy-dissipation efficiency of the
structure. Our experimental results show that the input ki-
netic energy per unit thickness of the steel plate correlates
well with the onset of plate failure and can be used as a
predictive parameter in our experiments. The experimen-
tal results suggest that when the impact kinetic energy
per unit thickness is greater than an experimentally-ob-
tained critical value, the sample fails. This critical value de-

pends on the experimental conditions. All the monolithic
steel plates tested in the DB-I setup with energy per unit
thickness of greater than 15,600 J/cm failed severely.
Monolithic steel plates S-67 and S-69 failed at slightly low-
er energy per unit thickness values, which may have been
caused by thicknesses imperfections.

4.2. Effect of relative position of polyurea

Fig. 8 shows the final configuration of a set of bilayer
samples with polyurea on the back face (top row) and poly-
urea on the front face (bottom row). While the monolithic
plates all failed at 15,600 J/cm or greater energy per unit
thickness, samples with a 3.7 mm thick polyurea on the
back face did not fail even up to 21,682 J/cm energy per
unit thickness. This shows that the presence of a polyurea
layer on the back face (opposite to the impact face) im-
proves the resistance of the plates by more than 38%. On
the other hand, it is observed that when a polyurea layer
of the same thickness is present on the front face (impact
face) the sample fails at energy per unit thickness as low
as 15,692 J/cm. This comparison reveals the significance
of the relative position of the polyurea layer with respect
to the loading direction.

Experiment SP-33 was performed with an initial kinetic
energy per unit thickness of 21,681 J/cm. A sequence of
photographs showing the transient response of this bilayer
plate at 40 ms time intervals is presented in Fig. 9. These
photos reveal that SP-33 did not fail because of biaxial
stretching at the center but sheared off at the edge. This
may be explained by considering the initial shock effect.
When polyurea is cast on the impact side (front face), it is
loaded in compression. Experimental study at CEAM/UCSD
(Amirkhizi et al., 2006) has shown that polyurea is a highly
pressure-sensitive elastomer, with its shear and bulk stiff-
nesses increasing remarkably with increasing pressure.
When the confined polyurea is loaded in compression, its
bulk stiffness can increase by more than 10-fold, thereby
attaining a better impedance match with the steel plate.
Consequently, more energy is transferred to the plate. On
the other hand, when polyurea is cast onto the opposite
side of the pressure-pulse (back face), the soft polyurethane
(or water) loads the steel plate first and then a part of this
energy is transferred to the polyurea, compressing it and
thereby increasing its stiffness, and hence increasing the
amount of the energy that it captures. This pressure-pulse
then travels through the polyurea layer and reflects off its
free-face as a tensile release wave, resulting in a substan-
tial decrease in the polyurea’s shear stiffness and concom-
itantly substantial increase in its dissipative ability due to
its viscoelasticity. In addition to the significant shock ef-
fect, the polyurea layer has a secondary effect. Provided
that the plate does not fail during the initial shock loading,
the presence of a polyurea layer, either on the front or on
the back face of the steel plate, increases the effective tan-
gent modulus of the bilayer. Therefore, if the steel plate in
a bilayer system does not fail and the polyurea does not de-
tach during the initial shock loading, the presence of the
polyurea tends to delay the onset of the necking instability,
as has been pointed out by Xue and Hutchinson (2007).

Fig. 6. DB-II experimental setup and components.
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4.3. Effect of polyurea layer thickness

The effect of the thickness of the polyurea layer on the
fracture resistance of bilayer plates is investigated by test-
ing bilayer plates with various polyurea thicknesses, rang-
ing from 1.1 mm to 3.7 mm. Fig. 10 shows tested bilayer
samples with polyurea on the front face (top row) and sam-
ples with polyurea on the back face (bottom row). All the
samples with polyurea on the front face failed whereas
the samples with polyurea on the back face did not fail.
Sample SP-115 with 1.2 mm polyurea cast on the back face
did not fail at energy per unit thickness of 17,832 J/cm
which is 15% above the monolithic plate’s failure thresh-
old. It is also observed that the thickness of the polyurea
layer affects the de-bonding of the polyurea such that the
reduction of the polyurea layer thickness retarded the
de-bonding. A more comprehensive set of experiments is
necessary to completely understand the effect of the thick-
ness of the polyurea layer on the dynamic response and
fracture resistance of the bilayer plates.

4.4. Dynamic loading of plates

The force transmitted through the sample in the DB-II
setup is measured using strain gauges mounted on the 3-
in. Hopkinson output bar. The time-histories of the trans-
mitted stress-pulse demonstrate a consistent pattern with

only some slight differences depending on the loading
medium and the mode of sample failure; see Fig. 11. Four
distinct stages of loading can be detected in all cases:
Shock loading (pre-cavitation), cavitation, post-cavitation
loading, and unloading. These stages can be described as
follows:

1. Shock loading (pre-cavitation loading). In this stage, the
initial transmitted shock pulse is transferred to the
sample causing its initial deformation. The duration of
this loading stage is less than 50 ms and the amplitude
of the load-peak is approximately 350 KN.

2. Cavitation. During this stage which lasts about 100 ms,
the particle velocity of the sample is higher than the
particle velocity of the loading medium (water or poly-
urethane). This particle velocity discontinuity causes a
pressure drop in the loading medium and consequently
a pressure relief stage results, during which the plate
continues to deform under its own kinetic energy.

3. Post-cavitation loading. The plate’s particle velocity
decreases during the cavitation stage and continues
until the water (or polyurethane) catches up and loads
the sample again. The duration of this stage is approxi-
mately 300 ms and the amplitude of the loading plateau
is approximately 175 KN, displaying distinctly different
features than those of the pre-cavitation. As shown in
Fig. 11, comparing the load history of the fractured

Fig. 7. Top view (left column) and side view (middle column) of a selected sample for each category of deformed steel plates: severely failed, moderately
failed, and not failed.
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and unfractured samples, it follows that the fracturing
of the sample reduces the loading duration of this stage
by 75 ls.

4. Unloading. After the post-cavitation loading stage, the
sample is unloaded and the average pressure in the
loading medium drops back to zero. This stage is com-
pleted within 150 ms after the post-cavitation loading.

4.5. Comparison of water and polyurethane

We have used both water and soft polyurethane as the
medium through which the pressure pulse is transmitted
to load the sample. The corresponding transmitted load-
histories are presented in Fig. 11. The first stage of the
loads has the same characteristics for both media in terms

Table 3
Results of the direct pressure-pulse experiments: DB-I.

Specimen Test condition Result

Test Plate type Load-receiving layer Initial kinetic energy per unit thickness (J/cm) Failure

S-52 Monolithic Steel 20,892 Severe
S-53 Monolithic Steel 16,793 Severe
S-55 Monolithic Steel 15,768 Severe
S-57 Monolithic Steel 15,315 N/A
S-58 Monolithic Steel 17,035 Severe
S-59 Monolithic Steel 16,998 Severe
S-60 Monolithic Steel 17,117 Severe
S-66 Monolithic Steel 15,921 Severe
S-62 Monolithic Steel 16,316 Severe
S-63 Monolithic Steel 16,519 Severe
S-64 Monolithic Steel 15,955 Severe
SP-35 Bilayer Steel 16,713 N/A
SP-50 Bilayer Steel 14,678 N/A
SP-33 Bilayer Steel 21,682 N/A*

SP-37 Bilayer Steel 17,362 N/A
SP-38 Bilayer Steel 16,874 N/A
SP-40 Bilayer Steel 18,538 N/A
S-67 Monolithic Steel 15,348 Severe
S-69 Monolithic Steel 15,413 Moderate
S-70 Monolithic Steel 15,805 Severe
S-72 Monolithic Steel 15,521 N/A
S-34 Monolithic Steel 16,826 Severe
S-49 Monolithic Steel 16,905 Severe
SP-74 Bilayer Polyurea 18,399 Moderate
SP-83 Bilayer Steel 18,781 N/A
SP-81 Bilayer Polyurea 17,548 Moderate
SP-91 Bilayer Polyurea 15,693 Moderate
SP-104 Bilayer Steel 17,052 N/A
SP-103 Bilayer Steel 17,075 N/A
SP-130 Bilayer Steel 16,704 N/A
SP-105 Bilayer Polyurea 16,804 Moderate
SP-114 Bilayer Steel 16,590 N/A
SP-115 Bilayer Steel 17,835 N/A
SP-100 Bilayer Polyurea 17,152 Severe
SP-101 Bilayer Polyurea 17,082 Severe
SP-97 Bilayer Polyurea 17,044 Moderate

* This sample did not fail by stretching at the central region of the plate but sheared off at the edge.

Table 4
Results of the direct pressure-pulse experiments: DB-II.

Specimen Test condition Result

Test Plate type Load-receiving layer Initial kinetic energy per unit thickness (J/cm) Failure

S-113 Monolithic Steel 14,681 N/A
S-102 Monolithic Steel 16,058 N/A
S-117 Monolithic Steel 19,105 Severe
S-119 Monolithic Steel 19,280 Severe
SP-95 Bilayer Steel 19,799 N/A
SP-98 Bilayer Polyurea 19,877 Severe
SP-116 Bilayer Steel 19,367 N/A
S-121 Monolithic Steel 19,412 Severe
S-123 Monolithic Steel 19,699 Severe

M.R. Amini et al. / Mechanics of Materials 42 (2010) 628–639 635
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Fig. 8. Selected bilayer samples deformed at different input energy per unit thickness: bilayer samples with polyurea cast onto front face (top row), and
bilayer samples with polyurea cast onto back face (bottom row).

Fig. 9. Selected set of photos showing the sequence of the deformation and edge tearing (Frame 10) of steel-polyurea bilayer plate, SP-33 (polyurea on the
back face). The frame number is marked at the upper right corner of each photograph. The frames are taken at 40 ls time intervals.

Fig. 10. Selected bilayer samples with indicated polyurea thickness, deformed at different (indicated) input energy per unit thickness. Bilayer samples with
polyurea cast onto front face (top row), and bilayer samples with polyurea cast onto back face (bottom row).

636 M.R. Amini et al. / Mechanics of Materials 42 (2010) 628–639



Author's personal copy

of peak force and load duration, while the cavitation period
of the plates loaded through the polyurethane is shorter by
�20 ms compared to the samples loaded through water.
However, the main difference between the two cases oc-
curs during the post-cavitation loading stage, since poly-
urethane can sustain tension which results in its
unloading at about 100 ms earlier than that for water. This
comparison shows that we can use polyurethane in place
of water as the loading medium and thereby simplify the
experimental process considerably.

4.6. Transient response of plates

High-speed photography of the transient response of the
plates provides additional information to understand their
deformation and failure process. It is shown that this failure
has three stages: hoop cracking, radial cracking, and tangen-
tial cracking. In the first stage, the hoop cracking, a crack is
formed in a circular pattern near the center of the plate.
The hoop cracking then leads to radial cracks that extend to-
ward the edge of the plate. As the radial cracks propagate to-
ward the edge, they may change direction and then extend
further in the tangential direction, provided that sufficient
driving energy exists. Fig. 12 consists of a sequence of photo-

graphs, showing the deformation and failure of a monolithic
steel plate, S-64, at 40 ls time intervals. The photographs
depict all three cracking stages; see also Fig. 13. Since the ini-
tiation of the failure is imperfection sensitive, the radius of
the initial hoop crack is sensitive to the geometrical and
material imperfections. In certain cases, these imperfections
may eliminate the initial hoop cracking, resulting in fracture
initiation by the radial cracks emanating from the near cen-
ter of the plate, as is demonstrated in Fig. 14 for a monolithic
steel plate, S-70; the photographs are taken at 40 ls time
intervals. It is also noted that the de-bonding of the polyurea
and steel in the samples with polyurea on the back face ini-
tiates at the edge and develops towards the center. The ex-
tent of polyurea and steel de-bonding varies from a
complete de-bonding to a partial de-bonding, depending
on the energy per unit thickness of the steel plate and the
thickness of the polyurea layer. Fig. 15 shows a sequence
of photographs of the deformation of the bilayer samples,
SP-37. The high-speed photography also reveals that the
failure process of the bilayer plates with polyurea on the
front face is similar to that observed in the monolithic plates.
Fig. 16 shows a sequence of photographs of the deformation
and failure of the bilayer sample, SP-74. Visual inspection of
the bilayer samples with polyurea on the front face, reveals
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Fig. 11. Force history curves recorded by the strain gauges mounted on the 3-in. Hopkinson output bar. Polyurethane is used as loading medium for
experiments S-121 and S-123 and water is used as the loading medium for the remaining of the experiments.

Fig. 12. Selected set of photos showing the sequence of deformation and failure of the monolithic steel plate, S-64. The frame number is marked on the
upper right corner of each photograph. The frames are taken at 40 ls time intervals.
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that the de-bonding of polyurea and steel initiates at the
center and develops toward the edge.

5. Summary and conclusions

Two experimental setups are used to study the fracture
resistance and dynamic response of monolithic and bilayer
plates. The transient response and fracture process of these
plates are captured employing high-speed photography. In
addition, the time-history of the force transmitted through
the samples is measured. The most significant result of our
study is that, when a polyurea layer is cast onto front face
(the impact side), its presence promotes failure during
the initial shock effect. Under pressure, the stiffness of
the polyurea layer increases substantially, attaining a bet-

ter impedance match with the steel and thereby increasing
the energy that is transferred to the plate. On the other
hand, when polyurea is cast onto the back face (opposite
to the impact side), the initial shock loads the steel plate
first and then a part of the shock is captured and dissipated
by the polyurea layer because of its viscoelasticity. Poly-
urea can also increase the effective tangent modulus of
the bilayer and thus delay the onset of the necking instabil-
ity, if the steel plate does not fail during the initial shock
loading. The other noteworthy results are as follows:

� Four stages of loading are detected: shock loading (pre-cav-
itation), cavitation, post-cavitation loading, and unloading.

� Use of polyurethane instead of water as the loading
medium is assessed. It is shown that the time-history
of the pressure imparted to the plate through soft poly-
urethane is essentially the same as that imparted
through water, i.e., the pulse shape, its duration, and
its magnitude.

� Three stages of failure of the plates are detected: hoop
cracking, radial cracking, and tangential cracking.

� It is observed that the de-bonding of the bilayer plates
with polyurea on the back face initiates at the edge
and develops towards the center, whereas when the
polyurea is cast onto the front face, the detaching ini-
tiates at the center of the plate.

These experimental results are supported by systematic
computational simulations of the entire experiment,
employing realistic physics-based constitutive models for
the steel (DH-36, in the present work) and polyurea, the re-
sults of which are reported in a separate article (Amini
et al., 2010b).

Fig. 13. Three crack types developed in sample S-64: hoop crack, radial
crack, and tangential crack.

Fig. 14. Selected set of photos showing the sequence of the deformation and failure of the monolithic steel plate, S-70. The frame number is marked on the
upper right corner of each frame. The frames are taken at 40 ls time intervals.
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